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THESIS ABSTRACT
REACTIONS OF IRON-SULFUR CLUSTERS IN PROTEINS

S.E.J. FAWCETT, ST JOHN'S COLLEGE

D. PHIL., TRINITY 1998

This thesis describes the investigation of reactions of iron-sulfur clusters in 

proteins using direct electrochemistry. The influence of potential on metal uptake to 

generate the [M3Fe-4S] cluster from the [3Fe-4S] cluster of Desulfovibrio africanus 

Fd III is studied. The influence of potential was complex: rapid and reversible 

interconversions (M = Fe and Zn) occurred only between the states [M3Fe-4S] + and 

[3Fe-4S]°, with [3Fe-4S] 1+ having little affinity for M. The [M3Fe-4S] 1+ cubanes and the 

hyper-reduced [3Fe-4S]2" were relatively unreactive.

The reactivity of the transformed cluster, [M3Fe-4S] (M = Fe, Zn, Co), from the 

7Fe Fd of Desulfovibrio africanus was studied and was found to react with a number of 

small thiol molecules, indicating that either ligand addition or exchange takes place at the 

transformed M site of the cluster. No reaction was observed with oxygenic ligands. In 

all cases, with the exception of imidazole, negative shifts in reduction potentials were 

observed.

Reactions of the [2Fe-2S] cluster from the ferredoxin of Clostridium 

pasteurianum and a number of site-directed mutants of this ferredoxin are studied. The 

cysteine ligands of the cluster were identified and evidence was obtained for serinate 

ligation of the cluster in a number of mutants. The reduction potentials of these serinate- 

ligated clusters were found to have a notable dependence on pH. A mutant ferredoxin 

containing only three cysteine ligands was investigated, which was found to interact with 

an exogenous thiolate ligand and, in addition, displayed a second reduction couple, 

indicating the formation of the [2Fe-2S]° state.

Reactions of the [3Fe-4S] cluster and various [M3Fe-4S] adducts, from the 

ferredoxin of the hyperthermophile Pyrococcus furiosus, are studied. The [3Fe-4S] 

cluster exhibited a complex pH dependence over a wide pH range. The formation of the 

hyper-reduced [3Fe-4S]2" state was observed, which required 3H+ for the overall 3e~ 

reduction from [3Fe-4S] 1+ . Metal uptake reactions for M = Fe, Zn, Cd, were found to 

be slower than for its mesophilic counterpart, the 7Fe Fd III from Desulfovibrio 

africanus. Conversely, Tl uptake was found to be rapid, suggesting that co-ordination of 

Tl does not require reorganisation of the protein structure.
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'Is there anybody there?' said the Traveller,
Knocking on the moonlit door;

And his horse in the silence champed the grasses
Of the forest's ferny floor

The Listeners 1912, Walter de la Mare
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INTRODUCTION

1.1 FES CLUSTERS IN BIOLOGY
In 1960 iron-sulfur clusters were discovered as a new functional group in biological 

systems. ] Since then, the diversity of proteins which contain these clusters and the 

variety of their function have become increasingly apparent. 2 Iron-sulfur (FeS) proteins 

are present in almost all known organisms, ranging from the most primitive and ancient 

members of the biosphere to the most advanced. FeS clusters are represented in the 

most complex enzyme systems known, for example the multi-subunit, membrane-bound 

mitochondria! complexes (responsible for energy transduction) and ribonucleotide 

reductase (necessary for the synthesis of DNA). So far there have been well over one 

hundred different types of FeS proteins isolated and this list continues to grow. 2'6

FeS clusters are often found along with other redox-active centres in proteins such as in 

the mitochondria! complexes, in which their role is likely to be the efficient transfer of 

electrons across large distances of insulating protein matrix. Many FeS proteins, such as 

ferredoxins, contain one or more FeS clusters as their only prosthetic group. Initially the 

role of such proteins was believed to be simply electron transfer, but whilst this is likely 

to be the case in many systems, the ability of some simple clusters to catalyse complex, 

non-redox chemistry has been demonstrated. The best known example of a cluster 

operating in a non-redox role is aconitase, which converts citrate to isocitrate, and is an 

enzyme of the citric acid cycle. 7 Subsequently further members of the dehydratase group 

(as aconitase is) were discovered e.g. serine dehydratase. 8- 10 Two further systems, in 

which FeS clusters are implicated as the active-site, are the Fe-only hydrogenases 1 ] and 

nitrogenase, 12 ' 13 which also contains a complex Mo/Fe/S cluster.
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The more recent discovery that some DNA/RNA binding proteins contain FeS clusters in 

a regulatory role, rather than a redox capacity, has once again extended the domain of 

these ubiquitous metal centres. Two important examples are the iron regulatory protein 

(IRP), 14 ' 15 and the fumarate nitrate reduction (FNR) protein, a redox responsive 

regulator that activates and represses genes enabling anaerobic or aerobic metabolism in 

Escherichia co//. 16'18 Indeed, the disassembly and reassembly of FeS clusters as a result 

of changes in the levels of O2 (FNR) or iron (IRP) may be a common mechanism by 

which gene expression is regulated. 15 A further example of the regulatory function of 

FeS proteins is provided by the SoxR protein of E. coll. Although its mechanism of 

action is unknown, it is thought that the oxidation [2Fe-2S] 1+ to [2Fe-2S]2+ by dioxygen 

provides the signal for activation of a defence mechanism against superoxide (O2")- 19"21

The diversity of function of FeS clusters does not end here: FeS clusters are implicated in 

the formation and stabilisation of radicals in proteins such as ribonucleotide reductase 

(RNR),22 lysine 2,3 amino mutase,23 biotin synthase,24 and ferredoxin-thioredoxin 

reductase.25 '26 Ferredoxins containing as many as 12 [4Fe-4S] clusters have been 

isolated from archae and these have been suggested to be Fe-storage proteins. 27 Further 

to this, there are also a number of FeS proteins whose in vivo role has yet to be 

discovered e.g. rubrerythrin28 and nigerythrin.29

It is therefore clear that the expanding field of biological FeS cluster chemistry requires a 

concerted effort, using a variety of techniques (EPR, MCD, !H NMR and 

electrochemistry) in order to understand their varied chemistry and function. The work 

in this thesis will combine the use of voltammetric methods with site-directed 

mutagenesis (SDM) and spectroscopy in order to answer, at a fundamental level, some 

of the questions which still surround FeS cluster chemistry.
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1.2 CLUSTER STRUCTURE AND LIGATION
The term 'ferredoxin' (Fd), 'redox protein containing iron', was first used by Mortenson 

et al. in 1962 when they reported the isolation of a low molecular weight, brown protein, 

containing an unusually high concentration of non-haem iron, from the bacterium 

Clostridium pasteurianum.^ Subsequently it was found that a considerable number of 

other organisms also contained a similar protein, and that in addition to the unusually 

high iron content, these proteins contained inorganic sulfide, since they released H2 S 

upon acidification. 31 Chemical assays showed that the ratio of iron to acid-labile sulfur 

was close to unity, and always indicated that at least two or more iron atoms were 

present - so initiating the first thoughts of iron 'clusters' in these proteins. 31 Electron 

Paramagnetic Resonance (EPR) spectroscopy at cryogenic temperatures revealed a 

signal, (g = 1.94) which was unprecedented for iron proteins at the time and it was 

proposed that the signal resulted from non-haem iron. 1 '32 By 1966 the EPR signal from 

a [2Fe-2S] centre was shown to be consistent with tetrahedral co-ordination of the iron 

centre by sulfur (either inorganic or cysteine sulfur), with antiferromagnetic coupling 

between high spin Fe3+ and Fe2+ within the cluster. 33

It was not until two decades later that the first structures of proteins containing FeS 

clusters were solved by X-ray crystallography. The structures, a mononuclear Fe 

centre, 34 a dinuclear [2Fe-2S] centre35 and a cubane [4Fe-4S] cluster36 ' 37 are illustrated 

in Figure 1.1. In each case inorganic sulfide and cysteinyl complete tetrahedral co­ 

ordination of the Fe centres. More recently, further types of FeS clusters have been 

identified by X-ray crystallography, including the important [3Fe-4S] cluster,3 (in both 

cubic and linear forms)39-42 and several higher nuclearity clusters4312 >44,45

a The [3Fe-4S] cubane cluster was initially incorrectly identified as a novel ring structure linked by

labile sulfide atoms38
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Figure 1.1 Structures of biological FeS clusters

(a) a mononuclear centre (b) [2Fe-2S] (c) [3Fe-4S] (d) [4Fe-4S]
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1.2.1 Mononuclear Centres

Mononuclear Fe centres are known as 'rubredoxin-type' centres and are found in a 

variety of different bacterial proteins. Although strictly speaking rubredoxins (Rds) are 

not FeS clusters, since they contain only one Fe atom and no inorganic sulfide, they are 

included here for discussion because the central iron is tetrahedrally surrounded by four 

cysteinyl S atoms. They may therefore be regarded as a core unit, from which the more 

complex clusters are composed. The mononuclear centre may be found either on its 

own, as in rubredoxins and desulforedoxins (Dxs), or together with a hemerythrin-type 

dinuclear Fe centre, as in rubrerythrin28 and nigerythrin. 29 Reduction potentials for the 

Fe3+/2+ couple vary between +20 and -60 mV in Rds and Dxs, but may be as high as 

281 mV and 213 mV, for rubrerythrin and nigerythrin respectively.2 Specific roles for 

Rds have not been identified, except as electron-transfer agents in the hydroxylation of 

fatty acids or as electron donors to nitrate reductase. 2

The arrangement of co-ordinating cysteine residues, the -Cys-X2-Cys- motifsb near the 

C- and N-terminus, is highly conserved in all Rds and similar motifs are observed in 

rubrerythrin. Desulforedoxin, however, is co-ordinated with the motifs -Cys-X2-Cys- 

and -Cys-Cys-. This imposes considerable distortion upon the FeS4 core unit because of 

the adjacent cysteines.46

1.2.2 [2Fe-2S] Clusters

[2Fe-2S] clusters have a Fe2(u/2-S)2 core, c normally with four cysteine residues 

completing the tetrahedral co-ordination of the two iron atoms. A variation of this is 

presented by the Rieske subclass of 2Fe ferredoxins, in which the ligation is not confined 

to cysteine, instead two histidines and two cysteines co-ordinate each of the two iron 

atoms respectively. The core charge of [2Fe-2S] clusters may be either 2+ or 1+, thus in 

the oxidised state, [2Fe-2S]2+, the two Fe atoms are both Fe3+ . These two Fe3+, S = 5/2 

centres are antiferromagnetically coupled to give a diamagnetic ground state (S = 0). In 

the reduced state the irons are also antiferromagnetically coupled (Fe2+ ; S = 2 and Fe3+ ;

Where Cys is the three letter code for the amino acid cysteine, X denotes any amino acid, the 
subscript numbers denote the number of 'X' amino acids between the cysteines. A complete list of the 
three and single letter codes for the amino acid residues is given in the Abbreviations section.
/>

}j.2 implies that the sulfur is bridging two atoms, similarly fi3 implies the sulfur is bridging three atoms.
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S = 5/2), but give a paramagnetic S = 1/2 ground state. Furthermore, Mossbauer 

spectroscopy indicates that [2Fe-2S] 1+ clusters tend to contain a valence localised Fe3+ 

site and a valence-localised Fe2+ site. 6 The reduction potentials for the 2+/1+ couple are 

widespread, covering a range from 300 mV to -460 mV. [2Fe-2S] clusters occur in a 

wide range of both simple and complex proteins and their function is generally electron 

transfer. One notable exception is the regulatory protein SoxR which is a homodimer, 

contains two [2Fe-2S] clusters and controls the expression of several genes whose 

products are made in response to O2". 20

There are many different types of [2Fe-2S] containing proteins which can be arranged 

into several smaller sub-classes. The 'plant-type' or 'chloroplast-type' ferredoxins are 

extremely similar to each other and all have reduction potentials between -300 mV and 

-460 mV, with uniform spectroscopic properties. The arrangement of the co-ordinating 

residues, -Cys-X4-Cys-X2-Cys-X29-Cys-, and NMR studies indicate that the first two 

cysteines co-ordinate the Fe2+ site in the reduced cluster.47 Similar to the clusters of the 

plant-type ferredoxins are those which are found in photo synthetic bacteria and 

halobacteria, differing only in the spacing between the third and fourth cysteine residues 

in the motif above.

There are numerous examples of other sub-classes of [2Fe-2S] clusters, having different 

spectroscopic properties to the plant-type ferredoxins, however, due to the lack of X-ray 

crystallography data these are difficult to characterise. For example, the hydroxylase 

class includes adrenal ferredoxin (adrenodoxin) and Pseudomonas putida ferredoxin 

(putidaredoxin). The [2Fe-2S] ferredoxins from Clostridium pasteurianum (Cp) and 

Azotobacter vinelandii (Av\ both nitrogen fixing bacteria, provide examples of other 

sub-classes. The Cp Fd (see Chapter 5) has a highly unusual ammo acid sequence, and 

its function at present is unknown, although it has been suggested to be involved in 

nitrogen fixation, since it displays a highly specific electrostatic interaction with the 

nitrogenase MoFe protein of Q?.48

Rieske clusters, also a subclass of [2Fe-2S] clusters, are prominent in both 

photosynthetic and respiratory chains, and are most obviously different from other 

[2Fe-2S] clusters in that their reduction potentials are markedly higher, ranging from
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140 mV to 350 mV. In addition to this they display anomalous EPR properties, 

gav = 1.90 compared to gav = 1.96 for Fd-type [2Fe-2S] 1+ centres. 49 Mossbauer, 14N- 

ENDOR, ESEEM and resonance Raman studies all indicate that these characteristic 

properties are a result of non-cysteinyl ligation at the Fe2+ site. The cluster is co­ 

ordinated by two cysteines and two nitrogenous residues. Studies upon phthalate 

dioxygenase from Pseudomonas cepacia have provided strong evidence that one of the 

ligands, co-ordinated to the Fe2+ site is a histidine. 50 The use of consensus sequence 

alignments also indicates that all Rieske-type [2Fe-2S] clusters are ligated by a -Cys-X- 

His-Xi6/i?-Cys-X2-His- motif. A summary of sequences, showing binding motifs for a 

number of different 2Fe clusters, is shown in Table 1.1.

Bacterial dioxygenases, contain mononuclear non-haem Fe in addition to the Rieske cluster, have 
reduction potentials ranging from -155 mV to 0 mV for the Rieske centre.
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LIGATING SEQUENCE FERREDOXIN

NFT -Xn-Cys -X4-Cys-X2-Cys-X29-Cys-Xn-CO

3+NH +-Xn-Cys-X5-Cys-X2-Cys-X36/37-Cys-Xn CO2 ~

Cys-Xn-CO2 "

NH3 +-Xn-Cys-X2-Cys-X9-Cys-X31 -Cys-XrCys-Xn-

CCV

NH3 +-Xn-Cys-X-His-X ]6 -Cys-X2-His-Xn-CO2 "

NH3 +-XrrCys-X-His-X I7-Cys-X2-His-Xn-CO2 -

NH3 +-Xn-Cys-X-His-X2-Cys-X 14-Cys-X-Cys-His-Xn
CO,"

Plant-type Fds4

Hydroxylase-type Fds4

Biotin synthases""'

( 'lostridium

pasteurianurn Fd-"" 2

Benzene dioxygenase Fd53

Dioxygenases-

Rieske proteins"" 3

Table LI Binding motifs of [2Fe-2S] clusters found in biology

Those residues in bold are established to be ligating residues to the cluster, based upon 

X-ray crystallography, sequence homology, site-directed mutagenesis or spectroscopic 

evidence. NH3 and CO2 represent the ammo and carboxylic terminal functionalities 

of the protein chain.

1.2.3 [4Fe-4Sj Clusters

Iron-sulfur clusters containing 4Fe atoms, existing in the 'cubane' form (Figure l.l(d)), 

are one of the most common electron-transfer groups in biology. Clusters in which all 

the Fe atoms are co-ordinated by cysteine residues are the most common type of 4Fe 

ferredoxins, and are principally electron-transfer agents. A minority of 4Fe cubane 

clusters which have one of the iron atoms co-ordinated by a residue other than cysteine 

are thought to take part in more complicated reactions other than electron transfer, as 

discussed in Section 1.2.4.

Redox States

[4Fe-4S] clusters can theoretically occur in any one of five oxidation states (0, 1+, 2+, 

3+, 4+) but the most frequently found electron-transfer reactions are the [4Fe-4SJ 2+/1+ 

and [4Fe-4S] " couples. However, no individual cluster is known to cycle through
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both of these redox reactions under physiological conditions. Two types of 4Fe cluster 

exist in nature. 'Ferredoxin' type clusters are confined to the [4Fe-4S]2+/1+ couple and 

have reduction potentials covering a range between +80 and -700 mV. 2 The 'HiPEP' 

clusters (High Potential Iron Protein) cycle between the 3+ and 2+ oxidation states and 

have reduction potentials in the range +100 to +450 mV. 2 Factors determining which 

reduction couple the cubane is confined to are not clearly understood, despite the 

existence of several high resolution X-ray crystal structures. Crystallographic and 

resonance Raman studies of bacterial ferredoxins and HiPIPs have shown that the 

structures of the clusters are very similar but that there are major differences in their local 

environments. These include the ammo acid sequence, folding pattern, location and 

position of cysteines and the hydrogen bonding network. It is thought that the number 

of hydrogen bonds from the peptide (between the amide N-H and sulfur ligands) to the 

[4Fe-4S] cluster (five in HiPIPs compared to eight in Fds) may be crucial, since the 

NH...S bonds will help to stabilise the less positively charged (1+) reduced states. 54'57 

Other factors to consider include hydrophobic interactions, solvent exposure and the 

electric field gradient close to the cluster. Clusters in HiPIPs are known to be totally 

inaccessible to water and surrounded by hydrophobic residues, causing a further decrease 

in the reduction potentials, whilst ferredoxin clusters are generally in a more hydrophilic 

environment and more accessible to water. 57'58 These differences in the local 

environment of the two different clusters result in a shift of the reduction potentials of 

both the 3+/2+ and the 2+/1+ transitions. As a result the second transition, which is 

observed in bacterial ferredoxins, is shifted out of the biologically useful potential range 

for HiPIPs, whilst the first transition becomes feasible.

The third, only recently identified, redox transition of cubane clusters, is the [4Fe-4S] 1+/0 

couple, which generates an all-Fe2+ 4Fe cluster. Other examples of biological FeS 

clusters which have been generated in the all-Fe2+ state include the Rieske [2Fe-2S]° 

centre of complex III, 59 the [2Fe-2S]° centre mAnabaena variabilis ferredoxin60 and the 

all-ferrous [3Fe-4S]2" cluster, as observed in a number of 7Fe Fds. The latter example is 

discussed further in Section L2.4. 61 The [4Fe-4S]° cluster from the iron protein in 

nitrogenase was tentatively reported in 1994, 62 but has only recently been more carefully 

characterised by Burgess et a/. 63 A synthetic all-ferrous [4Fe-4S] cluster with phosphine
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ligands has also been recently reported. 64 Similarities can be drawn between this species 

and the [3Fe-4S]2" state - both have very low reduction potentials and were thought 

originally not to exist because of inherent instability as a result of the excess negative 

charge localised over the cluster. As described in Section 1.2.4, this effect may be offset 

by proton binding at or near to the cluster as indicated by a well-defined pH dependence 

of the reduction potential. However, this is unlikely to be the case for the [4Fe-4S] 

cluster from the iron protein in nitrogenase, since the reduction potential is apparently 

independent of pH. 63

Structure

The [4Fe-4S] core (illustrated in Figure 1.1) has been described as two interlocking 

tetrahedra of 4Fe and 4S, with the Fe tetrahedron being smaller than that of the S atoms 

(the average Fe-Fe distance is 2.75 A and the S-S distance is 3.55 A). The magnetic and 

electronic properties of [4Fe-4S] clusters are understandably more complex than those of 

2Fe Fds, and the Mossbauer and EPR data have often been rationalised in terms of 

antiferromagnetic interactions between pairs of Fe atoms:

[4Fe-4S]3+ (S = 1/2) from {Fe3+/Fe3+ (S = 5)} coupled to {Fe^/Fe34^ = 9/2)}

[4Fe-4S]2+ (S = 0) from {Fe2+/Fe3+ (S = 9/2)} coupled to {Fe2+/Fe3+ (S = 9/2)}

[4Fe-4S] 1+ (S = 1/2) from {Fe2+/Fe2+ (S = 4)} coupled to {Fe2+/Fe3+ (S = 9/2)}.

Both [4Fe-4S] 1+and [4Fe-4S]3+ clusters are S = 1/2 but they are readily distinguished by 

EPR. [4Fe-4S]3+ clusters give rise to axial EPR signals (typically gii = 2.12 and 

g_L= 2.04) with gav > 2, whereas [4Fe-4S] 1+ clusters give rise to (usually) rhombic EPR 

signals (typically g = 2.06, 1.92, 1.88) with gav < 2. 2 As listed above, [4Fe-4S] 1+ 

clusters exhibit the S=l/2 ground state, but there are several cases of [4Fe-4S] 1+ clusters 

which exist in both S = 1/2 and 3/2 ground states. The nitrogenase Fe-protein provided 

the first example,65 but further studies have documented a number of other examples 

including Pyrococcus furiosus Fd,66 CO-dehydrogenase and glutamine 5- 

phosphoribosyl-1-pyrophosphate amidotransferase from Bacillus subtilis. 67 A further

10
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example of a [4Fe-4S] 1+ cluster existing in the S = 3/2 ground state is the transformed 

cluster [Fe3Fe-4S] 1+ (Section 1.3.3) from Desulfovibrio africanus Fd III. 68

Ligating Patterns

Some of the known arrangements of cysteines involved in co-ordinating [4Fe-4S] 

clusters are shown in Figure 1.2. For 8Fe ferredoxins there is a consensus sequence 

involving two -Cys-X2-Cys-X2-Cys-X3-Cys-Pro- groupings. Each cluster is co­ 

ordinated by three cysteines from one group and one from the other e.g. Peptococcus 

aerogenes Fd, (Figure 1.2). On the basis of sequence/structure comparisons it has been 

postulated that 8Fe Fds are the common ancestor of all 4Fe or 3Fe Fds. 69 Fds which 

only contain one cluster e.g. Bacillus thermoproteolyticus Fd (see Figure 1.2) contain an 

a-helix which has been proposed to replace the second cluster in the sequence.

1.2.4 [3Fe-4S] Clusters

The [3Fe-4S] cluster type is the most recently established of all the simple core 

ferredoxin structures. FeS clusters containing only 3Fe atoms were first identified in 

1980 as a result of Mb'ssbauer studies of Azotobacter vinelandii Fd I by Miinck and co- 

workers. 70 Initially the X-ray crystal structure of this 7Fe Fd was misinterpreted as a 

cyclic [3Fe-3S] core for one cluster, in addition to the cubane [4Fe-4S] cluster. 

However, the cyclic structure was completely at variance with the spectroscopic 

evidence, in particular EXAFS data for [3Fe-4S] and [4Fe-4S] clusters were extremely 

similar and showed no evidence for the long Fe-Fe distances (> 4 A) that the cyclic 

[3Fe-4S] cluster would require. Subsequent re-investigation of this Fd at 1.9 A 

resolution40 and the solution of the X-ray crystal structures of inactive aconitase (2.1 A 

resolution)71 and Desulfovibrio gigas Fd II (1.7 A resolution)72 showed that a [3Fe-4S] 

core stoichiometry with a Fe3 (|i3-S)((i2-S)3 structure was in fact correct. This can be 

visualised as a cubane cluster with one of the corner Fe atoms missing (Figure l.l(c)). 

Apart from the linear [3Fe-4S] cluster in partially unfolded aconitase, all [3Fe-4S] cluster 

cores examined to date can be assumed to take up this configuration, as evidenced by 

their homologous spectroscopic properties.

11
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Originally it was thought that [3Fe-4S] clusters were only formed via oxidative 

degradation of [4Fe-4S] clusters - generally as a result of aerobic purification. 73 This is 

certainly the case for aconitase and a number of [4Fe-4S] ferredoxins. However, 

examination of amino acid sequences, and investigation of systems purified anaerobically 

and in vivo detection with EPR has shown that [3Fe-4S] clusters are native to a number 

of proteins. Notable examples are found in succinate dehydrogenase, 74 fumarate 

reductase,74 nitrate reductase,75 hydrogenase, 11 glutamate synthase76 '77 and many other 

simple ferredoxins.4

Redox States

Under physiological conditions, [3Fe-4S] clusters may undergo a one electron transfer 

(1+/0), with reduction potentials covering the range +70 to -420 mV. In the oxidised 

state, [3Fe-4S] 1+, three Fe3+ ions (S= 5/2) are antiferromagnetically coupled to give an 

S = 1/2 ground state, which gives rise to an isotropic or axial EPR signal with gav usually 

between 1.96 and 2.01 and the low-field g-value close to 2.02. In the reduced state, 

[3Fe-4S]°, MCD, Mossbauer, EPR and saturation magnetisation studies indicate an £ = 2 

ground state that arises from antiferromagnetic interaction between a valence delocalised 

Fe2+/Fe3+ pair (S = 9/2) and a valence-trapped Fe3+ site S = 5/2. 78

More recently, a further two-electron reduction couple to give the [3Fe-4S]2" state has 

been reported for a number of 7Fe Fds containing 3Fe clusters. This fully reduced state, 

the 'hyper-reduced' state contains three Fe2+ subsites, and has been partially 

characterised by EPR, MCD and UV/Vis spectroscopy in the 7Fe Fd from Sulfolobus 

acidocaldarius. 61 '19*^ It has also been observed in the 7Fe Fds of Desulfovibrio 

africanus,61 and Azotobacter vinelandii . 61 Protein film voltammetry over a wide pH 

range shows that in all three examples, the reversible 2e~ reduction of the 3Fe cluster is 

pH dependent - there is a net uptake of three protons, concomitant with reduction from 

[3Fe-4S] 1+ to the all-Fe2+ state. It is not yet known where the protons are bound, 

whether at or near to the cluster, but they are likely to help to stabilise the cluster, by 

neutralising the high negative charge density produced by adding 3e~. The observed 

reduction potentials at equilibrium are very negative, for the 7Fe Fds mentioned above 

the reduction potential [3Fe-4S]0/2' is < -700 mV at pH 7.3, 0 °C. 61

12
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Ligating Patterns

In Figure 1.2 some common ligating patterns of both 3Fe and 4Fe clusters are illustrated. 

The cysteine pattern which accompanies the [3Fe-4S] cluster in proteins is varied but has 

a common theme: the arrangement contains two closely spaced cysteines and one other 

remote cysteine. These have been found to be -Cys-X2-Cys- in aconitase, -Cys-Xs-Cys- 

in Desulfovibrio gigas Fd II, Pyrococcus furiosus Fd, Sulfolobus acidocaldarius Fd, 

succinate dehydrogenase, fumarate reductase, nitrate reductase, and -Cys-X7-Cys-, as in 

Azotobacter vinelandii Fd I and Thermus thermophilus Fd. Since facile interconversion 

between [3Fe-4S] and [4Fe-4S] clusters may occur in aconitase and a number of 

ferredoxins (Section 1.3.3) it is useful to compare these [3Fe-4S] binding motifs with the 

co-ordination of a typical [4Fe-4S] cluster. The motif for a typical 4Fe cluster is, -Cys- 

Xi-Cys-Xj-Cys-Xn-Cys-, whilst for a 3Fe Fd, the ligating sequence may simply differ by 

the replacement of the second cysteine, in this group, by another amino acid residue. If 

this residue can co-ordinate an Fe atom, a 4Fe cluster may be formed. Such a cluster, 

with a non-cysteinyl ligand, is likely to show different chemical reactivity to conventional 

all-cysteine ligated clusters (Section 1.3.3). In the case where an aspartate is believed to 

be the co-ordinating residue, as for Pyrococcus furiosus Fd and Desulfovibrio africanus 

Fd III, a [4Fe-4S] cluster can be assembled, but it is readily converted, under oxidising 

conditions, to a [3Fe-4S] cluster. Alternatively, if the replacement residue is unable to 

co-ordinate an Fe atom - for example alanine, as in Streptomyces griseolus Fd I (-Cys- 

X2-Ala-X2-Cys-Xn-Cys-) - a 3Fe cluster is formed, and conversion to a 4Fe cluster does 

not occur. An alternative cluster ligation pattern which produces 3Fe cluster assembly is 

the insertion of two additional residues between the second and third cysteines in the 

sequence above, such that the second cysteine is moved to a position remote from the 

cluster, as in Azotobacter vinelandii Fd I (Figure 1.2). It is necessary, however, to 

exercise caution when comparing sequences and cluster ligation patterns - there are 

further variations possible to those that have been mentioned: proline (often found 

directly after the fourth cysteine in 7Fe Fds and expected to confer rigidity) may be 

absent, or there may be five or six additional residues between the second and third 

cysteines of the second grouping - as in photo synthetic 8Fe Fds. Furthermore, different 

arrangements are known to exist for the [4Fe-4S] clusters in HiPEPs, E. coli 

endonuclease III and for aconitase. 2
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1.2.5 Higher Nuclearity Clusters

Higher nuclearity FeS clusters, which contain more than four Fe atoms, are found in 

biology. One of the best characterised examples of this class of cluster is in the enzyme 

nitrogenase, which catalyses the reduction of dinitrogen to ammonia.

N2 + 8H" + 8e + 16MgATP -> 2NH3 + H2 + 16MgADP + 16 Pi Equation 1.1

Molybdenum-containing nitrogenase is composed of two separate proteins - the 
Fe-protein and MoFe-protein. Dinitrogen reduction is catalysed by the MoFe protein 
following electron transfer (ET) from the Fe-protein. X-ray structures of both proteins, 
from Azotobacter vinelandiiu>43 >44$ 1 and from Clostridium pasteurianunfi2 have been 
reported. The Fe-protein contains a single [4Fe-4S] cubane cluster bridging two 
identical subunits and the MoFe-protein contains two metallo clusters: the FeMo- 
cofactor (Figure 1.3 (a)) and the P-cluster (Figure 1.3(b)).

O2CCH2

CH2CH2CO2"

Figure 1.3(a) The FeMo-cofactor of nitrogenase12
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si —^ s^ si

pOX pN

Figure 1.3(b) A structural representation of the Pox and PN forms of the P-cluster 

from nitrogenase

The bonding of the central sulfur (81) to the Fe atom furthest away is shown as a dotted 

line, because the Sl-Fe distance (2.92 A) is longer than the normal Fe-S bond 

distance. 12 (r denotes the P-cluster in the dithiomte-reduced state or native state.) 

The refined structure of the P-cluster has recently been amended, and is now believed to 

be composed of an [8Fe-7S] cluster rather than a [8Fe-8S] cluster. 12 The most 

significant changes occurring during oxidation or reduction of the MoFe-protein are 

confined to the P-cluster. 12 In the oxidised state the P-cluster contains a bridged 

[4Fe-4S] and [4Fe-3S] cluster. In this form, the central sulfur (SI) is four-co-ordinate: 

three Fe atoms from the cubane and one Fe atom from the partial cubane (Figure 

1.3(b)). Reduction of the P-cluster involves movement of (wo Fe atoms, coloured red in 

Figure 1.3(b). Thus, in the reduced state PN , the central sulfur adopts a distorted 

octahedral environment, with six surrounding Fe atoms. The large difference between 

the oxidised and reduced forms of the P-cluster may explain why this protein was
/ \\7

riginally proposed to contain a [8Fe-8S] cluster - a 'combination' structure from P ' 

and PN
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In the oxidised state the P-cluster is co-ordinated to the MoFe-protein by six cysteinyl 

ligands - Cys62 and Cysl54 co-ordinate Fe3 and Fe2 respectively, whilst Cys88 is a 

bridging cysteinyl ligand which co-ordinates both Fe4 and Fe5. Similarly, Cys70 and 

Cysl53 co-ordinate Fe7 and Fe6 respectively, with Cys95 a bridging ligand which binds 

both Fel and Fe8. In addition to these aforementioned cysteinyl ligands two further 

protein ligands complete the Fe co-ordination: Cys88 co-ordinates Fe5 through a 

backbone amide nitrogen ligand and the Oy of Serl88 co-ordinates Fe6. In the reduced 

state these latter ligands (of Fe5 and Fe6) are replaced by interactions with the central SI 

sulfur (Figure 1.3(b)) Thus in both the Pox and PN forms of the P-cluster all the Fe 

atoms remain four-co-ordinate.

These redox-mediated structural changes of the P-cluster ligands suggest a possible role 

in coupling electron and proton transfer in nitrogenase. Oxidation of the P-cluster is 

accompanied by co-ordination of Serl88 and the amide nitrogen of Cys88 to cluster Fe 

atoms. Both of these ligands will be protonated in their free states and may be 

deprotonated in their bound states. This therefore suggests that two-electron oxidation 

of the P-cluster will simultaneously release two protons. Hence, the observed ligand 

exchange reaction may be enforcing unidirectional electron flow through the P-cluster, 

by controlling protonation of the exchangeable ligands. 12 This complex reaction, 

composed of both structural and redox-dependent changes, is rare in FeS clusters, but 

demonstrates their ability to function in multiple roles.
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1.3 CLUSTER FUNCTION AND REACTIVITY
1.3.1 Cluster Oxidation States

As described in Section 1.2, each cluster type is able (in principle at least) to exist in a 

number of different oxidation states, and it is this ability which is the fundamental basis of 

cluster reactivity. A summary of cluster oxidation states for 1, 2, 3 and 4Fe clusters is 

given in Table 1.2 and the ranges of the corresponding reduction potentials are shown in 

Figure 1.4.

Fully Reduced.
Fe2+

[2Fe-2S]°
[3Fe-4S]2-

[4Fe-4S]°

Fe3+

[2Fe-2S] 1+

[3FC-4S]1'

[4Fe-4S] 1+

[2Fe-2S]2+

[3Fe-4S]°
[4Fe-4S]2+

....................I

[3Fe-4S] 1+

[4Fe-4S]3+

Fully Oxidised*/

f4Fe-4SJ4+

Table 1.2 Oxidation states for iron-sulfur clusters 

Bold - is typical 

Plain - is rare 

Italic - undetected in biological FeS clusters
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[4Fe-4S] 3+/2+ (HiPEP) 

[4Fe-4S]2+/1+

[3Fe-4S] 1+/0 

[2Fe-2S] 2+/1+ (Rieske) 

[2Fe-2S] 2+/1+ 

[Fe(Cys)4] 3+/2+

-1000 -800-600-400 -200 0 200 400 600

Potential/mVvsSHE

Figure 1.4 Reduction potentials of biological FeS clusters

(Reduction potentials of [4Fe-4S]° and [3Fe-4S]2~ are not shown since these are not yet 

proved to be universal oxidation states.)

1.3.2 Electron Transfer

Ferredoxins are small mobile electron-carrier proteins, typically of mass 6-12 kDa, and 
generally containing [FeCCys^f71', [2Fe-2S]2+/1+, [3Fe-4S] 1+/0' [4Fe-4S]3+/2+/1+ centres, i.e. 

Rds, Dxs, 2Fe-, 3Fe-, 4Fe, 7Fe- and 8Fe Fds, and HiPIPs. They are electron 

donors/acceptors for a tremendous range of plant, mammalian and bacterial enzymes. 

Some are thought to be specific to a single system, others may be able to transfer 

electrons to or from more than one centre - as for example the Chloroplast 2Fe Fds 

which accept electrons from photo system I and can transfer them to nitrite reductase, 

sulfite reductase, glutamate synthase, thioredoxin reductase or NADP+ reductase. 83

FeS clusters are also important for intra-molecular electron transfer in complex enzymes 

such as membrane bound respiratory enzymes - for example in mitochondria! Complexes 

I, II and III.2 FeS clusters, however, play a similar role in many soluble redox enzymes 

and are able to function as one-electron donors/acceptors to many different active site 

co-factors - for example, binuclear Fe-oxo centres, Mo/W-pterin, Ni and flavin. An 

excellent example of the complexity of the electron-transfer properties of multiple FeS
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clusters is provided by the NiFe hydrogenase of Desulfovibrio gigas. In the small 

subunit there are three FeS clusters (two 4Fe and one 3Fe cluster), with the 3Fe cluster 

being placed halfway between the two 4Fe clusters (Figure 1.5). These three clusters 

appear to form an obvious 'wire' through the protein matrix, 84 ' 85 but the reduction 

potential of the 3Fe is much higher than that of the other two clusters. Alternative 

suggestions for the roles of the 3Fe cluster include a structural function, 86 '87 or with such 

a high reduction potential, the role of the 3Fe cluster may be defensive, i.e. protection 

against oxidative damage by Oz. 86'88
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Cys219

[4Fe-4S]

Actixe-Site

His219
Cysl?

[4Fe-4S]

Cys249 I
Cysl 48

Cys246 [3Fe-4S]

Electrons 
to/from external His 185 
donor/acceptor

Figure 1.5 The proposed electron-transfer pathway in the nickel-iron hydrogenase 

from Desulfovibrio gigas*4

1.3.3 Cluster Interconversions

Over the last decade it has been reported that some FeS clusters have the innate ability to 

change their structural type, as a response to environmental factors such as exposure to 

air, chemical oxidation or reduction, pH changes, or changes of the ligating residues to
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the cluster (by site directed mutagenesis). The first example of cluster transformation 

was the interconversion of 2^6282] 1+ to [Fe4S4]2+ in synthetic complexes, 6 whilst other 

examples include, [4Fe-4S]2+ and [3Fe-4S] 1+ interconversion in Desulfovibrio gigas Fd 

II89 and aconitase. 90 This latter interconversion (Equation 1.2), between the 3Fe and 

4Fe forms of the cubane cluster, has been found in a number of different cases, both 

biological and synthetic.

[3Fe-4S]° + Fe2+ -» [Fe3Fe-4S]2+ Equation 1.2

The primary example of this interconversion is found in the FeS enzyme, aconitase. 

Aerobically purified, aconitase is inactive and contains a [3Fe-4S] cluster. 90 However, if 

it is then placed under reducing conditions with an excess of Fe2+, the cluster is 

converted to the active [4Fe-4S] form. Many other proteins which contain a [4Fe-4S] 

cluster, including dehydratases and ferredoxins which have non-cysteinyl ligation of an 

Fe atom in the cluster, are particularly susceptible to this type of reversible cluster 

interconversion. Notable examples include Desulfovibrio africanus Fd III and 

Pyrococcus furiosus Fd, both of which are considered in greater detail in the following 

chapters of this thesis. These 'labile' clusters have been exploited to synthesise a 

number of mixed metal clusters in biologically viable systems. A wide range of metals, 

other than Fe2+, have been successfully incorporated into such receptive [3Fe-4S] 
clusters including: Zn, 91 '95 Co, 91 '96 - 97 Ni, 92 >97> 98 Cd, 94 > 95 > 97> 99 Tl, 100 > 101 Cu, 99 > 102 Mn, 91 

Cr99 and Ga. 103 Other 4Fe Fds which do have complete cysteinyl ligation to all Fe atoms 

are susceptible to oxidative degradation, which gives the apoprotein. This usually 

requires more extreme measures than brief exposure to 02, e.g. prolonged exposure to 

air and/or treatment with ferricyanide, as is the case for the [4Fe-4S] cluster of the 7Fe 

Fd I from A vinelandii™4-™5

Alternatively, interconversion between 3Fe/4Fe clusters may be accomplished with the 

use of site directed mutagenesis. Altering a critical residue in the binding domain of the 

FeS cluster can result in structural changes as seen in both Escherichia coll fumarate 

reductase106 and dimethyl sulfoxide reductase (DMSO) reductase. 107 If the residue [Z] 

in -Cys-X2-[Z]-X2-Cys-X3-Cys-Pro- is changed from valine to cysteine, the 3Fe cluster
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in E. coll fumarate reductase is converted into a 4Fe cluster. Conversely in DMSO 

reductase, if the residue [Z] in the same sequence is changed from a cysteine to one of 

either Trp/Ser/Phe/Tyr, the native 4Fe cluster is converted to a 3Fe cluster.

Aconitase, additionally, undergoes a further structural transformation as shown in Figure 

1.6. If the inactive protein is placed in highly alkaline conditions (pH 9-10.5) or urea is 

added, the [3Fe-4S] 1+ form is converted into a linear [3Fe-4S] 1+ species, known as the 

'purple form'(Figure 1.6). This has unique electronic and magnetic properties, with a 

ground state of S = 5/2. The major protein rearrangement, from cuboidal to linear form, 

involves cysteine ligand swapping. The linear form retains two of the original cysteines, 

two 'new' cysteines are recruited from a distant a-helix and the third 'original' cysteine 

ligand is released. Reduction of the purple aconitase in the presence of Fe2+ leads to the 

formation of [4Fe-4S]2+/1+ clusters, but without Fe2+ present only breakdown products 

are observed which include [2Fe-2S]2+/1+ clusters. There are no known linear [3Fe-4S] 

clusters functionally active in biology.

1+
(Cys)S S——Fe

S——Fe

A S(Cys)

Fe2+, + e

(Cys)S//
'

(Cys)S
Fe

- Fe2+

+Fe2+, +e

Fe
\./ V

(Cys)S. S 

Fe — !-

S —— Fe

1+

,S(Cys)

S(Cys)

\S(Cys)

pH>9.5

\
1+

Figure 1.6 Cluster transformations in aconitase
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Conversion from [4Fe-4S] to [2Fe-2S] clusters is rare, but does occur in the iron protein 

from nitrogenase. [4Fe-4S] 2+ to [2Fe-2S]2+ conversion follows binding of MgATP to the 

oxidised protein in the presence of iron chelators such as a,a-bipyridyl. 108 > 109 A similar 

reaction is observed in the regulatory protein FNR: upon exposure to air the 

yellow/green active form of FNR turns deep red, as an almost quantitative conversion of 

the cuboid cluster to the dinuclear centre occurs. 110 As in the case of the nitrogenase 

Fe-protein, the conversion of the FNR protein is reversible - addition of cysteine, Fe2+ , 

DTT and the NifS protein restores the absorption spectrum and DNA binding capabilities 

associated with the presence of a [4Fe-4S]2+ cluster. 110 This type of cluster conversion 

is relatively uncommon in comparison to the [4Fe-4S] <-> [3Fe-4S] cluster conversions 

discussed previously. Recently it has been proposed that sub-unit bridging [4Fe-4S]2+/1+ 

clusters, which undergo oxidative degradation to [2Fe-2S]2+ clusters during purification, 

are a common feature of FeS enzymes that function using a radical mechanism 

(homolytic cleavage of C-H or C-C bonds) such as biotin synthase, anaerobic 

ribonucleotide reductase, pyruvate formate lyase, lysine 2,3-aminomutase and lipoic acid 

synthase. 111 It has also been proposed that oxidative cluster conversion to [2Fe-2S]2+ 

clusters may play a physiological role in these radical enzymes, by providing a method of 

regulating enzyme activity in response to oxidative stress, without irreversible cluster 

degradation. 111

1.3.4 Proton Transfer

In biology it is through the translocation of protons across membranes, concomitant with 

the movement of electrons that energy is converted, and the coupling of electron transfer 

to proton transfer is an area of intense current interest. Whilst FeS clusters are well 

known agents of electron transfer they have not, until recently, been implicated in 

coupled proton transfer. A centre involved in coupling must be able to undergo redox 

transitions, as well as protonation, and one of the main ways in which coupling is 

brought about is through the addition or loss of an electron, changing the pK of a centre 

and causing protonation or deprotonation. A further result is that the change in charges 

is compensated for, allowing further reduction or oxidation to occur.
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Although FeS clusters are frequently found in nature in cases where both electron and 

proton transfer events occur (most obviously in the transmembrane proteins of the 

mitochondrial respiratory chain) suggestions that FeS clusters may themselves facilitate 

proton transfer have been speculative. 112 In cases where FT exchange does occur, there 

is direct evidence for the involvement of FeS clusters in proton transfer activity in 

catalysis e.g. at the FeMo cofactor of nitrogenase (N2 + 8H+ + 8e" -> 2NH3 + H2) 12 > 113 

and the H-cluster of Fe-only hydrogenases (2KT + 2e~ -» H2). n Both these enzymes 

facilitate the coupling of protons and electrons when FeS clusters are the only prosthetic 

groups available.

In model studies of nitrogenase, reducing the dinitrogen molecule at either the Fe-S or 

Mo-S sites of the cofactor in nitrogenase requires prior protonation of S donors. 114 

Proton uptake coupled to electron transfer has been monitored, 115 but the precise 

mechanism of this process is not well understood. Recent evidence has shown that 

structural and redox-dependent changes of the P-cluster may dictate the coupling of 

proton and electron transfer (see Section 1.2.5). Similar processes may also be relevant 

in other FeS cluster containing enzymes, e.g. Ni-hydrogenases, 86 CO dehydrogenase116 

and sulfite reductase (Table 1.3). 117 These proteins contain additional prosthetic groups 

which may also be involved in coupling proton and electron transfer.

Reaction FeS Enzyme Prosthetic Group

2H+ + 2e' -> H2

CO + H20

S032" + 6H* + 6e

Ni-hydrogenase

CO dehydrogenase

Sulfite reductase

Ni

Ni

Haem

Table 1.3 Enzymes containing FeS clusters

There are likely to be many more reactions which use FeS clusters to couple electron and 

proton transfer. In-depth studies have proved to be difficult due to the complex nature 

of these reactions but as discussed below, electrochemistry is proving to be particularly 

amenable to the study of coupled reactions. 118' 119
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There are several reports of protonation accompanying electron transfer in simple, non 

catalytic 2Fe and 4Fe centres, including non-protein analogues, ferredoxins and the 

Rieske [2Fe-2S] cluster from Complex III. 120'123 However, almost all protein-bound 

clusters show only weak interactions between protons and clusters or, alternatively, 

protonation of a nearby amino-acid residue in the protein occurs instead. In the Rieske 

clusters, which are ligated by two cysteine and two histidine residues, the ligating 

histidine residues are able to be protonated and hence the reduction potential of these 

clusters is pH dependent. 124' 125 In contrast, extensive studies on the [3Fe-4S] clusters 

of various 7Fe ferredoxins suggest that one distinguishing factor of [3Fe-4S] clusters is 

their ability to undergo protonation. 61 '80 Reduced [3Fe-4S]° clusters were first observed 

(MCD spectroscopy) to undergo a one-proton uptake reaction when a sample of 

Azotobacter chroococcum 7Fe Fd was shown to exhibit two pH-dependent forms for the 

reduced [3Fe-4S]° cluster. 126 This was followed by similar reports for the 7Fe Fd from 

Azotobacter vinelandii121-™ and also the [3Fe-4S]° from the 7Fe Fd of Sulfolobus 

acidocaldarius. 79

The ability of [3Fe-4S] clusters to accept protons can be partly rationalised in terms of 

the electronic structure. The large number of electrons and the weak interactions 

between the transition metals in a cluster means that gaining an accurate picture of the 

electronic structure of a cluster is not easy. In the fully oxidised state the five d-electrons 

on each iron are only slightly delocalised amongst the metal sites. In contrast, there is 

significant delocalisation for the S atoms. 131 Upon reduction of the cluster most of the 

added charge (56 to 70 %) migrates onto the sulfur atoms, as a result of changes in the 

orbitals which formally accept the extra electron. 132 ' 133 Thus the orbitals on the sulfide 

groups, in a simple FeS cluster, have the capability to act as electron pair donors and 

acceptors. It is clear that this acid/base behaviour will depend on the redox state of the 

FeS cluster.

The bonding model, as described above, is only very generalised. For 2Fe, 3Fe and 4Fe 

clusters, the varying geometries of these clusters, i.e. if there is more than one bonding 

type of sulfur atom: [i2 and fo,3 , means that there will be a considerable difference in 

cluster basicity. The |12-S atoms are more basic due to their higher electron density, and
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will therefore be more likely to undergo protonation reactions. The cluster with the 

greatest possibility for protonation is therefore the [3Fe-4S] cluster, which has a 'crown' 

of three (I2-S atoms, providing possible site(s) for protonation. Indeed, in a number of 

well-documented examples, this 'crown' of S atoms is well known to co-ordinate a metal 

atom and hence exhibit Lewis basicity - examples include aconitase, Desulfovibrio 

africanus Fd III, Desulfovibrio gigas Fd II, Pyrococcus furiosus Fd and the non-protein 

cluster analogue [Fe3 S4(LS3)] 3", where (LS3) is a tripodal ligand134'136 .

1.3.5 Substrate Binding and Activation

If an FeS cluster is to perform effectively as an enzyme's active site then it is required to 

selectively bind substrate. Functionalisation of FeS centres for substrate binding requires 

special cluster composition and/or different ligation patterns. Two notable ways in which 

this is achieved are non-cysteinyl metal ligation and/or replacement of Fe by another 

metal. Heterometallic clusters contained in enzymes which are able to bind substrates 

include CO dehydrogenase and nitrogenase. The nitrogenase enzyme contains a Mo-Fe- 

S cluster but, although it has been studied for many years, the actual mechanism is still 

under debate (Section 7.2.5). 12

Homometallic FeS centres are found in the active sites of Fe-hydrogenases and a number 

of (de)hydratases. This latter class of FeS cluster enzyme is known to bind its substrates 

at the FeS cluster which features a unique Fe site serving as a Lewis acid catalyst for 

binding and activating the substrate. Many different types of (de)hydratases are known 

including those with mononuclear Fe, [2Fe-2S] and [4Fe-4S] active sites.2 Spinach 

dihydroxy acid dehydratase137 contains a [2Fe-2S] cluster which displays significant 

changes in its EPR spectrum upon substrate binding - indicative of binding of the 

substrate at or very near to the cluster.

(De)hydratases which contain [4Fe-4S] centres are much more common and include 

aconitase, phosphogluconate dehydratase, maleate hydratase, serine dehydratase, 

isopropylmalate isomerase and fumarase. 10 Aconitase is the most thoroughly 

characterised7 and is a citric acid cycle enzyme which catalyses the stereo specific 

isomerization of citrate to isocitrate via the intermediate c/s-aconitate. The active site
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contains a [4Fe-4S] cluster which readily loses a specific Fe upon oxidation. As deduced 

from Mossbauer, EPR and ENDOR studies in the absence of substrate this unique Fe site 

is four co-ordinate with the fourth ligand a solvent hydroxyl. Substrate binding occurs 

with protonation of the bound hydroxyl, and involves co-ordination via the hydroxyl and 

the p-carboxyl (for citrate) or the cc-carboxyl (for isocitrate), resulting in a six-co­ 

ordinate Fe site (Figure 1.7).

"Fe- 
S^F,e<-T"Cys

^-PF\,

o

Figure 1.7 Citrate co-ordinated to the [4Fe-4S] cluster in aconitase7

1.3.6 Regulatory Processes

The possibility that FeS centres may participate in regulating gene expression was 

suggested following the discovery that the mammalian iron regulatory protein (IRP, 

formerly the iron responsive element binding protein, IRE-BP) was actually cytoplasmic 

aconitase. IRP regulates the synthesis of the iron-storage protein ferritin and the 

transferrin receptor which are involved in the storage and uptake of Fe respectively. 

Translational regulation of these proteins in the cytoplasm is due to the following control 

system. The messenger RNAs (mRNAs) for the transferrin receptor and for ferritin, 

contain iron-responsive elements (IREs), these are stem-loop structures that occur in the 

un-translated regions. The IREs bind with high affinity to the IRP. IRP is a ca. 100 kDa 

protein which is found in all higher forms of life from molluscs to insects and vertebrates. 

IRP is activated during an iron deficiency and is inactivated when plentiful iron is found 

in the cytoplasm.
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The inactive form of IRP is identical to the cytoplasmic form of aconitase which lacks its 

[4Fe-4S]2+1+ cluster. 7 The FeS cluster participates in the regulation of iron uptake by 

undergoing cluster changes according to the Fe concentration in the cell. 15 When the 

iron concentration is high a [4Fe-4S] cluster is formed in the ERF, resulting in the 

blockage of any interaction with IREs. This has the result that when the cellular iron 

content is high, iron uptake is decreased and iron storage is increased. When the 

complete FeS cluster is present, the protein also has aconitase activity.

When the iron concentration is low, the [4Fe-4S] cluster is lost and the IRP protein is 

able to bind to the IREs - having the net effect that iron storage is decreased and the 

iron uptake increased. In this case, it appears that the cluster must be completely 

disassembled rather than just losing one Fe atom before the IRP acquires the capacity to 
bind RNA with the affinity seen in vivo, although the mechanism of 

assembly/disassembly is not known. 7' 14 Flint has suggested that the transformation may 

perhaps be due to oxidation with 62 or (V or a NO derivative. 10 A similar role, 
involving DNA binding in response to cellular Fe concentration, was subsequently 

proposed for Azotobacter 7Fe Fds. 138

A further example of the regulatory role of FeS clusters is provided by the E. coli FNR 

protein (fumarate nitrate reduction), a redox-responsive transcription regulator which 

activates and represses a family of genes required for anaerobic and aerobic 

metabolism. 16 When anaerobically purified the active form of the FNR protein is 

dimeric and contains two [4Fe-4S]2+ clusters per dimer. 17 On exposure to air these 

clusters are rapidly converted to [2Fe-2S]2+ clusters; these are more stable to oxygen but 

unable to sustain biological activity (e.g. DNA binding). 18 ' 110 The presence of the 4Fe 

cluster in the anaerobically purified form of FNR is associated with an increase in specific 

DNA binding compared with the aerobically purified form, which lacks the 4Fe 

cluster. 139 The loss of this cluster, as well as the loss of specific DNA binding, upon 

exposure of FNR to oxygen, suggests that the [4Fe-4S] cluster serves as an oxygen 

sensor.
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An oxygen sensing role has also been proposed for the [4Fe-4S] cluster in Bacillus 

subtilis glutamine phosphoribosylpyrophosphate amidotransferase. This enzyme 

catalyses the first step in purine nucleotide biosynthesis and contains a [4Fe-4S] cluster. 

The FeS cluster is essential for enzymatic activity and has a low reduction potential at E° 

< -600 mV. Under limiting growth conditions, the internal concentration of O2 

increases, and the need for the de novo synthesis of purines declines. The increased O2 

levels tend to oxidise and destroy the FeS cluster, making the enzyme susceptible to 

proteolysis, since the structural support is lost. Loss of activity when the protein is 

exposed to C>2, correlates with the degradation of the cluster - hence the effect of O2 on 

the cluster regulates the rate of purine synthesis. In this way the cluster is acting as a 

'fuse', i.e. the weak link which can be removed when there is no further need for the fully 

functioning enzyme.
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1.4 ELECTROCHEMICAL TECHNIQUES
1.4.1 Cyclic Voltammetry

Electrochemical techniques have been employed for over a century to investigate the 

kinetics and thermodynamics of electron transfer and associated reactions. The most 

important aspect is the ability to control the electrochemical potential - in cyclic 

voltammetry this is varied either continuously or in steps or pulses, and the current 

response is recorded. In this way an immediate picture of the redox processes is 

obtained, including both the thermodynamics and kinetics of the electron transfer, and 

whether any chemical or other processes are occurring. Cyclic voltammetry is the 

simplest method and, as a result, the most clearly understood electrochemical 
procedure. 140' 141

In a cyclic voltammetry experiment the potential is swept linearly with time, forward and 

backward between two previously set limits, as shown in Figure 1.8, and the current is 

recorded simultaneously as a function of time. The applied potential at time, t, is defined

by,

E(t) = Ei + vt(-l)(j+1) Equation 1.3

where v is the scan rate in V sec" 1 , t is the time (in seconds) from the starting potential Ei 

and 5 is the segment number.
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Eapp

time

Figure 1.8 The variation of potential with time for analogue cyclic voltammetry

Defined by Equation L 3

Typically a three-electrode cell is used for cyclic voltammetry, as shown in Figure 1.9. 
The current measured must be characteristic of only the processes of interest which 
occur at the working electrode (WE). Current flows though the WE/counter electrode 
(CE) circuit - the CE is designed to allow free electron flow and thus not limit reactions 
occurring at the WE. The three electrode cell thus avoids passing current through the 
reference electrode (RE), and thus the RE is unaffected by electrolysis and maintains its 
constant potential. The potential of the working electrode is controlled, relative to the 
reference electrode (typically a calomel electrode Hg/Hg2Cl2), by a potentiostat.
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Figure 1.9 A three electrode cell

For the reversible reduction of the species Ox by n electrons, to the species Red, as 

represented by the half-cell reaction,

Ox + we" -» Red Equation 1.4

the relationship between the concentration of Ox and Red and the potential of the 

solution E, under equilibrium conditions (i.e. no current) is defined by the Nernst 

Equation (Equation 1.5).

RT [ [Ox] 1 
nF [[Red]/

Equation 1.5

where the Faraday constant, F, is the charge per mole of electrons, R is the universal gas 

constant and T the absolute temperature. The reduction potential, E°, at which 

[Red]=[Ox], is a direct measure of the Gibbs free energy for the reduction reaction:

AG° = -nFE° Equation 1.6

When a cyclic voltammetric experiment is carried out, there are two contributions to the 

observed current, the non-faradaic current and the faradaic current. 142
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1. Non-faradaic current - this originates from the charging of the double layer at the 

electrode-solution interface. It is analogous to charging a capacitor (and is also called 

the capacitance or charging current) and is termed non-faradaic because no electrons 

actually cross the electrode-solution interface (Figure 1.10(i)).

2. Faradaic current - this is due to the oxidation or reduction of molecules at the 

electrode - electrons are exchanged between the electrode and molecules either in 

solution or confined to the electrode surface (Figure 1.10(ii)).
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(i)

(ii)

Potential

Potential

Figure 1.10 The potential and current profiles of a cyclic voltammetric sweep

(i) A typical non-faradaic response ('buffer blank')

(ii) A cyclic voltammogram of a freely diffusing, redox active species. The reduction

potential is given by the average of the oxidation and reduction peaks i.e. (E
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1.4.1.1 The Free Diffusion Configuration

When a working electrode (WE) is placed into a protein solution the current response, as 

the potential is changed, is due to the reversible transfer of electrons between the 

electrode and redox centre in the protein molecule. It is likely that before this can 

happen protein molecules must be transiently adsorbed onto the electrode surface, and 

then desorb after the electron transfer has occurred. This is illustrated in Figure 1.11, 

where ks is the rate of heterogeneous electron transfer between Ox/Red and the 

electrode, (dependent on potential), while kads and kdes are the rates of adsorption and 
desorption.

Ox ~+ ———— +~ Ox ~* ———— +~ Redsoln ~ ———— ~ ads ~* ———— +~ ads

Figure 1.11 The free diffusion configuration

Cyclic voltammetry on a simple redox couple in solution (with a stationary planar 

electrode) gives a characteristic current-voltage profile as shown in Figure 1.10(ii). The 
measured reduction potential (E°) is usually given by the average of the oxidation (Epa) 
and reduction peaks (Epc). If the solution contains the oxidised form (4) and the scan 

starts at a more positive potential (Ei) than the formal reduction potential for the 
reaction, E°, only a non-faradaic current will be initially observed. As the electrode 

potential approaches E° a faradaic current will then begin to flow, and A will gradually 

begin to be reduced (B). This current response grows to a peak ip as the rate of 

heterogeneous electron-transfer increases with potential, and will then diminish (but not 

to zero) as the concentration of the redox-active form becomes depleted at the electrode 

surface (for a macroelectrode). However, on reaching E2, the potential is then swept 

back, re-oxidising the reduced species previously formed and current in the opposite 

sense is thus observed.
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The theoretical response of a freely diffusing Nernstian system in a voltammetric 

experiment is well established. 142 The peak current for the oxidative sweep, ip in 

amperes, is given by the Randles-Sevcik equation:

F
i - 0.4463nFACJ —- v 1/2 D 0 1/2 Equation 1.7

where A is the electrode area (cm2), D0 the diffusion coefficient for oxidised species 

(cmV 1), C0 the concentration of oxidised species (mol cm"3), v the scan rate (V s" 1 ) and 

R, T and F take their usual meanings.

The peak separation, AEP is

RT 
E pa - EPc = 1.109—— = 59 / n mV at 298 K Equation 1.8

where Epa and Epa are the anodic and cathodic peak heights respectively, and the 

reduction potential, E°, is defined as,

(Epa +Epc)
Eo = V_P———*_L Equation 1.9

Equations 1.7 to 1.9 describe an ideal voltammetric response when the dominant mode 

of transport to the electrode is linear diffusion - a macroplanar electrode. The following 

conditions for the system must be assumed:

1. The rate of heterogeneous electron transfer, ks, between Oxads and Redads and the 

electrode is fast.

2. The reactants and products do not undergo chemical changes during the lifetime of 

the experiment.

3. The diffusion coefficients for the oxidised and reduced forms are similar.
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If these conditions are not met, or the system is more complicated than a straightforward 

electron transfer, deviations will occur in the shape of the voltammogram. If adsorption 

is strong then the waveform will appear more symmetrical - the extreme case of this is 

the immobilised configuration as discussed in the next section. A slower electron 

transfer rate constant will result in a larger peak separation. If there is a gross change in 

the shape or form of the voltammogram this indicates that the reactants or products are 

undergoing a chemical change (or catalytic) reaction.

1.4.1.2 The Immobilised Configuration

In the immobilised configuration, the protein is strongly adsorbed to the electrode 

surface, ideally as a monolayer or submonolayer. Therefore electron transfer does not 

involve adsorption and desorption or transport of the protein to the electrode, because 

the redox active molecule is already 'semi-permanently' bound.

Redads

Figure 1.12 The immobilised configuration

For simplicity, adsorption upon the electrode is assumed to behave as described by the 

Langmuir isotherm, 143 ' 144 which assumes that strong adsorption of the redox-active 

species gives rise to a coverage, (monolayer or less) which consists of a non-interacting, 

and homogeneous ensemble of molecules.

Using the Nerast equation (Equation 1.5) to generate the current-potential profile is 

straight-forward since the current is the result of maintaining the equilibrium population 

of the oxidised and reduced species, as a function of potential (Figure 1.13).
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"pa

Current

Figure 1.13 Cyclic voltammogram of a species immobilised on an electrode

A reversible voltammogram. The non-faradaic response has been omitted for clarity.

The peak current ip is given by

lp 4RT vAT Equation 1.10

where F* is the total surface concentration of redox-active species, other terms are as 

defined previously and the ratio of anodic to cathodic peak currents (ipa/ipc) is equal to 1. 

The direct proportionality between the peak current and v for an adsorbed species 

(Equation 1.10) can be contrasted with the v 172 relationship observed in molecules 

diffusing linearly to the electrode (Equation 1.7) and can be used diagnostically in this 

way. Several further idealised differences are also apparent:
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1. There is zero peak separation for an adsorbed species at equilibrium, i.e.

AEP = Epa - EpC = 0 Equationl.il

2. The peak width at half-height, 6, is given by

RT 0.083
5 = 3.53—— = ——— mVat 273 K Equation 1.12 

nF n

Thus, it can be seen that co-operative multi-electron transfer reactions (n > 1) will 

result in both peaks having a narrower half-height peak width and the peak height will 

be correspondingly greater because ip is proportional to n2 (Equation 1.10).

3. The area under the i-E curve, corrected for any background (i.e. non-faradaic) 

current, corresponds to the charge passed in reducing (or oxidising) the layer of 

adsorbed species Ox (or Red). Therefore the number of electroactive centres can be 

calculated from the area under the i-E curve.

Area under peak * „ . „ „„ ———————-—— = nFAT Equation 1.13

41



CHAPTER 1: Introduction

1.5 BlOELECTROCHEMISTRY 

1.5.1 Introduction

The major technique used in this thesis to probe and explore biological iron-sulfur cluster 

chemistry is dynamic electrochemistry - monitoring the current flowing through a system 

as the driving force is varied with time. 142 ' 145 Although this is a relatively new method 

of studying biological systems it offers unusual and unique insights which are often 

difficult to gain by conventional methods. 146'149

Despite the fact that dynamic electrochemistry has long been successfully applied to 

study the thermodynamics and kinetics of small molecule systems, the general opinion 

was that it would be of little use for biological systems. Biological redox 

electrochemistry has therefore often been confined to the status of a static technique i.e. 

potentiometry - a well-used method of measuring a reduction potential. Here, small 

molecules (usually organic redox-active dyes) are used to facilitate attainment of 

equilibrium between the solution and the electrode during spectroscopically monitored 

redox titrations. 150 This method is however, restrictive in several ways: it is available 

only to stable species with a spectroscopic signal; the potential window is confined to the 

redox dyes; large quantities of protein are required, which is then contaminated with the 

redox dyes and it is time consuming. Also it gives only thermodynamic, and not kinetic 

information. Since biological redox processes do not occur at equilibrium, a technique 

which is able to interrogate systems in 'real' time is invaluable. In this respect dynamic 

electrochemistry (voltammetry) is an essential tool, because the time as well as the 

potential dependence of reactions can also be easily observed. There are two variations 

of direct voltammetry, both of which have been used in this thesis: the diffusion 

configuration (Section 1.4.1.1) and the immobilised configuration (Section 1.4.1.2).
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1.5.2 A Historical Perspective

Hill and Kuwana and their co-workers were the first to achieve reversible, difrusion- 

controlled voltammetry of a protein (cytochrome c) at a solid electrode without 

mediators and with no sign of denaturation. 151 - 153 This work has lead to investigators 

being able to directly observe the protein interacting with the electrode, being able to 

control and monitor the redox status both in the time and potential domains, which in 

turn can lead to deconvolution of both the thermodynamic and kinetic data. 146 ' 154

Previously it had been the general belief that reversible and direct electrochemistry would 

be unfeasible due to slow rates of diffusion and the buried redox centres, although these 

argument have since been dispensed with as the course of research has progressed. 146 

Denaturation of protein at the electrode surface has however proved an ongoing 

problem, especially in the case of early experiments. Hence the dropping mercury 

electrode was introduced because the surface of the electrode (crucial for success) was 

continually renewed and therefore kept clean. 142' 145 Voltammograms, however, did not 

produce results which were consistent with the reduction potentials of the native 

species155'158 and were often complicated by the appearance of large signals, attributed 

to strongly adsorbing species, most frequently denatured proteins. 146 Strong adsorption 

of the electroactive species is not itself a problem and, in fact aids the biological 

electrochemist. However, if this is accompanied by denaturation and serious changes to 

the protein active site it is disadvantageous, as the true mechanism of the protein will be 

obscured.

As mentioned above, the first major breakthrough in direct protein electrochemistry was 

achieved by two groups who separately reported reversible electron transfer between 

cytochrome c (cyt c) and an electrode. Eddowes and Hill observed electrochemistry at a 

gold electrode151 ' 152 using 4,4'-bipyridyl to modify the electrode surface. As the 

reduction potential of this organic molecule is much lower than that of cyt c, it was 

argued that it takes no part in the electron-transfer mechanism. At the same time, Yeh 

and Kuwana reported the reversible electrochemistry of cyt c at a Sn-doped indium oxide 

electrode, without a mediator. 153 Although this electrode was naturally functionalised at
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the surface by its stable oxide groups, it neatly demonstrated that the use of a mediator 
was not required for direct reversible protein interaction.

From these early beginnings the search began for improved electrode surfaces and 

electrochemical promoters. The term promoter* was introduced for compounds which 
enhance the electrochemical response but do not take part in the redox reaction in 
contrast to mediators. 151 Hill and co-workers suggested that the success of gold 
electrodes in combination with 'XY' promoters was due to the group X having a high 
affinity for the electrode surface and the Y moiety having a weakly basic group which is 
able to interact with the protein. Alternatively, it was found that unpromoted 
electrochemistry of cyt c was possible at a carbon surface, and that the response was 
improved by creating a high density of oxide groups on the surface. 159

1.5.3 Carbon Electrodes

Carbon electrodes are suitable for protein film voltammetry for the following reasons,

1. The large potential window over which the electrodes can be used means that carbon 
electrodes may access potentials which are well outside the limits obtainable with 
chemical reductants in aqueous solution

2. They allow a large variation of pH to be used
3. Varied surface functionalities are available for experiments

Pyrolytic graphite is formed by deposition of carbon from the vapour phase, and ideally 
is a single 'crystal' of graphite - it therefore provides two different types of electrode 
surface - either basal or edge plane. A basal plane electrode is produced by cleaving 
parallel to the layers of aromatic carbon, whereas an edge plane electrode is produced 
by cleaving across the aromatic rings. Cleaving the basal plane produces few C-O 
functionalities (conduction between planes is poor) and the resulting surface is 
hydrophobic - this often results in poor electrochemistry. 159 Edge cut graphite produces 
highly reactive carbon atoms (with unsaturated valence) which react with dioxygen or

e In this thesis, the term 'co-adsorbate' is used in place of promoter, as this more accurately describes 
the process occurring. Large positively charged molecules such as polymyxin and neomycin are used to 
promote the co-adsorption of the negatively charged ferredoxins.
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water to form a layer of C-0 functionalities including: carboxylates, alcohols, aldehydes, 

ketones and quinones, and is also a much better conductor. 159' 161 To produce an active 

and clean electrode surface pyrolytic graphite edge (PGE) plane electrodes are polished 

using alumina powder and then sonicated extensively before use. The negative surface of 

a PGE electrode means that positively charged proteins, like cyt c, are more likely to 

interact, for purely electrostatic reasons. When the pH of the cyt c solution is lowered, 

the electrode surface groups are protonated and the electrochemical response from cyt c 

is attenuated. The opposing effect is observed when Fe(CN)63 " was added. 159

In contrast to cyt c, most proteins possess an overall negative charge on their surface, 

and so their electrostatic interaction with pyrolytic graphite edge electrodes is limited. 162 

The electrochemical response of these systems can be improved by the addition of 

promoters, which are positively charged, to combat the repulsive forces between the 

negatively charged protein and the negative electrode surface. Addition of cationic 

reagents (M4+ > M3+ > M2+ » M+ in order of effectiveness) induces stable, well defined 

voltammetry for bacterial and chloroplast ferredoxins, rubredoxin, flavodoxin and 

plastocyanin. 159 ' 163 " 165 Much stronger interactions can be produced if complex 

polyamines (which possess a rigid spatial array of -NH3 groups) are used as 

promoters. 166 ' 167 These include the amino glycosides neomycin and tobramycin and also 

the polyamine, polymyxin. However, not all protein/promoter combinations work as 

well as might be predicted from this simplistic electrostatic model - this is indicative of 

other forces also playing a significant role in protein/electrode interactions, for example 

lateral protein-protein interactions. 159 ' 168

This directed use of promoters was originally used to facilitate electrochemistry of 

molecules freely diffusing in solution. Indeed, many studies have been carried out using 

this method. However, the use of promoters to help adsorption of protein molecules on 

the surface, has lead to the development of the immobilised configuration.
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1.6 THE IMMOBILISED CONFIGURATION AND ITS ADVANTAGES
When a protein is adsorbed on the surface of the electrode in the immobilised 

configuration, it is possible to extract more information than with the diffusing system. 

The ideal scenario is as follows:

1. Redox-active protein molecules are adsorbed strongly at the surface of an electrode.

2. Adsorption occurs with minimal disruption of the native conformation.

3. Electron transfer between the electrode and protein active sites is reversible and 

Nernstian equilibrium is maintained at each value of the applied potential.

4. The protein forms up to, but not more than, a monolayer on the electrode surface. 

Each active site behaves independently of, but identically to, those in neighbouring 

proteins.

A schematic representation of the immobilised configuration is shown in Figure 1.14.
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Electrolyte
protons, metal ions, ligands, substrates etc,

Protein 
molecule

ELECTRODE

Electrons

Redox centre

Co-adsorbate 
or electrode 
modification

Figure 1.14 Schematic representation of a monolayer
Protein molecules immobilised on the surface - the 'idealised configuration '
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The advantages of all protein molecules being confined to the electrode surface are 

described below.

1. Wave form analysis

With the protein freely diffusing in solution, information contained in the voltammetric 

wave-form is very often too convoluted to be of any help. However, for the immobilised 

configuration the information is easily accessible: the number of actual electroactive 

molecules can be derived by integration; the peak height and width give information to 

determine the number of electrons which are involved in the transition state (Equation 

1.12); and the cooperativity of the reaction can be determined, i.e. if more than one 

electron is involved. Additionally the peak separation, AEp, and its dependence on scan 

rate can be used to derive rate constants for electron exchange between the electrode and 

the redox sites. 144 Furthermore, if asymmetry is seen in the voltammetry this can 

indicate the presence of coupled reactions and the voltammetry can be analysed to obtain 

rates of these.

2. Sample economy

Protein film voltammetry is a useful technique for samples which are only available in 

limited quantities. A typical protein film at a standard electrode (ca. 0.2 cm2) requires 

only about 10~ 12 mole of protein. This is approximately 0.5 % of the amount which is 

required for an EPR measurement.

3. Control of the redox status of all the centres in the sample

Since it is possible to control the redox status of all the centres exactly, any chemical 

activity which is dependent upon the redox state of the protein can be carefully 

monitored in the time domain through changes in the applied electrode potential.

4. Instantaneous change of environment

Strong adsorption of the film onto the electrode surface allows the protein to be directly 

transferred from one electrolyte solution to another. These solutions may have a 

different chemical environment - and thus the effect which this has upon the sample can 

be readily seen. This technique has been used extensively in this thesis. An example, in 

which the technique of protein film voltammetry excels, is the investigation of biological
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systems at extremes of pH. Many samples would not survive a macro dialysis into a 

solution at pH 2, but an experiment under these conditions becomes possible with 

protein film voltammetry.

5. Sensitivity and stoichiometry

The very small sample size being examined means that reactions which occur between 

the protein active site and reagents from the electrolyte can be quantified at a very low 

concentration level e.g. thallium co-ordination to a [3Fe-4S] cluster, as discussed in 

Chapter 6.
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1.7 COUPLED ELECTRON TRANSFER
1.7.1 Square Schemes

Many redox reactions in biology involve more than just electron-transfer, and often 

conformational change, proton binding or substrate binding and catalysis can be 

dependent on the redox state of the bio-active centre. In some cases a chemical reaction 

or a conformational change may be required before electron transfer can occur. Such 

processes which are both electron-transfer reactions and chemical reactions are said to be 

coupled processes. Coupled reactions can, like 'pure' electron-transfer reactions, be 

observed and studied in cyclic voltammetry experiments. They can be identified using 

electrochemistry, because of the characteristic differences which they display compared 

to an idealised 'electron-only-transfer' reaction. A simple scheme of a coupled reaction 

is shown in Figure 1.15.

B

Chemical Steps

Electrochemical 
Steps

B

Figure 1.15 A 'square scheme'
A square scheme illustrating how a chemical reaction (A to B') follows reduction of the 

species A. For the re-oxidation, B' must first undergo a chemical reaction to A.

The figure above (Figure 1.15) shows a generalised 'square scheme', 169 ' 170 where the 

electrochemical and chemical reactions are assumed to occur separately (horizontal and 

vertical reactions respectively). A redox reaction is said to be 'gated' if its rate is 

controlled by a chemical reaction, i.e. B" -» A, rather than an electrochemical reaction
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A" -> A. With cyclic voltammetry, it is possible to separate out the kinetics of these 
reactions by altering the timescale over which the experiment is carried out, i.e. by 

varying the potential scan rate. Thus voltammetry is ideally suited to investigation of 
coupled reactions. In Figure 1.16, an example of the voltammetry of a coupled reaction 
is shown.

Current

Figure 1.16 Example of the voltammetry of a gated redox reaction

A typical response of a gated redox reaction (bold) compared to a non-gated redox 
reaction. The reductive electron-transfer of the gated reaction is followed by conversion 
to an electrochemically inactive form (B~ in Figure 1.15). The reductive wave is 
sharper and at a higher potential due to the ET equilibrium being 'pulled across'. The 
oxidative scan is considerably broadened as ET cannot occur before a chemical or 

conformational conversion occurs i.e. it is 'gated'.

In the above example (Figure 1.16) an electron-transfer reaction is coupled to a non- 
catalytic chemical reaction e.g. proton transfer. It is clear from Figure 1.16 that the 
reduction process is facilitated (peak is sharp) while the oxidative process is retarded 
(peak is broad). Thus the oxidative reaction is 'gated' i.e. a chemical reaction is required 
before oxidation can occur.
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In Figure 1.15, the time for interconversion between the reduced state A" and the more 

stable B" is comparable with the timescale of the experiment. If B' is electroinactive, then 

the reductive and oxidative scans will be no longer symmetrical (as for the ideal case of 

electron-transfer only). The reduction potential will be characteristic of the diagonal 

interconversion between A and B" instead of the simple A -> A" reaction. As a direct 

result of this, the re-oxidation of B" is gated because it must first convert to A" before 

oxidation can proceed. Thus the species A" is said to be transient, similar transient states 

in biology may occur and be functionally relevant, though it is apparent that their 

detection with conventional methods may be difficult. 171

If the scan rate of this system is slowed down, the oxidative and reductive waves 

become symmetrical and the reduction potential reflects the thermodynamic distribution 

of species. Alternatively if the scan rate is increased further then the voltammetry will 

revert to that expected for electron-transfer alone, A -> A" i.e. as shown in Figure 1.13, 

where the oxidation and reduction waves are symmetrical. Thus, any deviation from 

total symmetry of the oxidative or reductive peaks can be indicative of a coupled 

electron-transfer reaction.

1.7.2 Red ox Coupled Ligand Transfer

If a chemical reaction of an electroactive species depends upon the oxidation state of that 

species, then it will be manifested in the observed voltammetry. An example of this is the 

rapid and reversible, redox-coupled binding of an exogenous ligand to an FeS cluster. 

As described in Section 1,3.3 a number of [4Fe-4S] Fds do not have all cysteinyl ligated 

clusters and in some instances one cysteine is replaced by an aspartate residue. It has 

been shown that it is possible to observe an interaction between these specific clusters 

(with aspartate ligation) and exogenous ligands, in particular thiolate ligands. 172 On 

introducing an adsorbed Fd film to a solution containing the ligand, changes are observed 

in the voltammetry. Most noticeably, an interaction with many of the ligands is not seen 

until the cluster is reduced, [M3Fe-4S] 1+ . It is not known whether the reaction is a 

substitution of a cluster ligand (e.g. the aspartate) or an additive reaction, but many 

ligand interactions impose a change of reduction potential on the cluster and these
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reactions are thus dependent on the redox state of the cluster. These reactions are 

explored and commented on in Chapter 4.

1.7.3 Redox Coupled Proton Transfer

Electron transfer can be represented by the simple half-cell reaction

Ox + n€ —» Red

However, if this reaction is coupled with the transfer of y protons, the situation can be 
represented pictorially as a square scheme as shown in Figure 1.13.

Eo/ 
alk

Ox + we" * * Red

Kred

ft) ft)

Ox-.yHT + nQ <—————> Red-j/H"
•t> acid

Figure 1.17 A square scheme for redox coupled proton transfer

and Kred are the equilibrium dissociation constants for proton binding to the oxidised 
and reduced species respectively; E0| fl/jt and E°'acid are the reduction potentials in the limit 
of high and low pH; ks is the heterogeneous electron transfer rate; and kf and kb are the 
rates of the forward and backward reactions in the proton dissociation equilibrium and

are defined such that Kred = k

1.7.3.1 Thermodynamics

Proton transfer, if coupled to a redox reaction, can be detected by voltammetry as a 

variation in the reduction potential with pH. Protonation on or near the redox-active 

group in the protein means that the relative energy difference between the oxidised and 

reduced state (i.e. Ox and Red-^H*) is influenced by the positive charge of the proton (or 

the negative charge of the deprotonated acid). If the Nernst equation is applied to the 

redox-equilibria in the square scheme (Figure 1.17) the variation of the reduction
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potential with pH (and also Kr^, Y^x, n, and y) can be quantified. The derivations of 
these equations are given in Appendix A.

Relative to reduction potential in the acid limit, E°'acid,

nF Equation 1.14

or relative to the reduction potential in the alkali limit, E°'calk-

alk
RT
^nF

In ^nd

\ "X,
Equation 1.15

A schematic plot of the reduction potential versus pH is shown in Figure 1.18 where 
pKOJC = -logioK^ and pKred = -logi0Krec/.

acid
Ox

E01
alk

Figure 1.18 Schematic plot of E0f versus pH

From the gradient of this plot (in between pKoX and pKred) the proton to electron ratio 

can be estimated as follows (at 0 °C):
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AE/ApH = -54.2 mV per pH unit for one proton per electron (y/n =1.0) 

(i.e. dE/dpH = -2.303RT)Y/iF)

These calculations apply when there is strong coupling between the protonation and 

electron transfer. If the coupling is weaker, for example if the protonation site is far 

from the redox centre, then the gradients will not follow this idealised scheme, because 

and pKre£/ may be very similar.

1.7.3.2 Kinetics

The kinetics of redox-coupled proton transfer can also be resolved by direct voltammetry 

and modelled to determine the kinetic parameters ks, &/, and kb . If the rate of proton 

transfer becomes slower than the voltammetric scan rate applied, the coupled reactions 

of the square scheme can be resolved within the timescale of the voltammetry. Electron- 

transfer rates can be modelled according to Butler-Volmer theory144 or, more recently 

using Marcus theory. 173' 174 Consideration of the immobilised film configuration with 

respect to Marcus theory has recently been investigated by Armstrong et a/. 118 ' 175

1.7.4 Summary

As described, the techniques of immobilised film voltammetry enable very detailed 

studies of complex biological molecules to be undertaken. They are especially useful 

when the protein is in short supply, and for observing redox centres which lie beyond the 

potential boundaries of commonly used chemical reductants and oxidants. The method is 

also useful for centres which are normally labile, and allows the kinetics of coupled 

reactions to be examined.
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1.8 OTHER TECHNIQUES
1.8.1 EPR

A universal technique in bioinorganic chemistry today is Electron Paramagnetic 
Resonance (EPR) spectroscopy. Although not used directly as a tool in this thesis a 
short descriptive section is included here because EPR is so widely used in discussions, 
not only on FeS clusters, but on almost all bioinorganic molecules. EPR measures the 
interaction between a paramagnet and an applied magnetic field. Classically, the electron 
in a vacuum spins on its own axis creating a moving electric field and causing a magnetic 
moment. When an external magnetic field is applied the paramagnet can align either 
parallel or anti-parallel to the applied field. This energy difference between the two 
states is proportional to the field strength.

AE = hv = g |LiBB Equation 1.16

where, AE is the separation of the two Zeeman levels, v, the frequency of radiation, UB is 
the Bohr magneton, B is the applied field and g is the 'g factor'.

A free electron in a vacuum exhibits an EPR resonance with a g value of 2.0023. 
Differences from this value are due to the spin-orbit interactions between the paramagnet 
and the environment, which are inherently dependent upon the chemical environment, 
and on the symmetry of the system. By comparisons and theoretical considerations g 
values obtained from experimental observations can enable identification of compounds.

Proteins containing FeS clusters possess broad and ill-defined UV/Vis spectra which 
makes elucidation and characterisation difficult. However they are ideal candidates for 
EPR investigation because they contain paramagnetic centres. The first example was 
carried out in 1960, by Beinert and Sands who detected a 'g = 1.94' signal in frozen 
biological samples and proposed this to come from non-haem iron. 1 Since then EPR has 

become an extremely useful technique for studying FeS cluster containing proteins. 176

The EPR transitions of a compound are determined by the quantum mechanical spin (S) 
of the paramagnet. Thus the EPR signal of FeS clusters is dependent upon the oxidation
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state, i.e. the number of unpaired electrons. The paramagnetism of a FeS cluster is due 
to spin coupling of high spin d5 Fe3+ ions (S = 5/2) and d6 Fe2+ ions (S = 2). This can 
occur in two ways: ferromagnetically (with parallel aligned spins) or 
antiferromagnetically (anti-parallel spins) and, hence, when there are more than two iron 
atoms the situation can be complex. It has been found by Mb'ssbauer spectroscopy, 
NMR studies and theoretical calculations that the magnetic substructures of 4Fe and 3Fe 
clusters are made up of ferromagnetically coupled dimers. 78' 133 > 177 These are then 
coupled antiferromagnetically to give the total spin of the cluster. Some typical values 
for FeS clusters are given in Table 1.4.

Species

[4Fe-4S] 2+

[4Fe-4S] 1+

[3Fe-4S] 1+

[3Fe-4S]°

[2Fe-2S] 2+

[2Fe-2S] 1+

gobs value Spin

EPR silent S=9/2
(Fe2+-Fe3+)

gwl.94 8=912
(Fe2+-Fe3+)

g»2.01 S=2
(Fe3+-Fe3+)

g*8-12 S=9/2
(Fe3+-Fe2+)

EPR silent S = 5/2
Fe3+

g»1.96 S=5/2
Fe3+

of dimers

S=9/2
(Fe2+-Fe3+)

S = 4
(Fe2+-Fe2+)

S=5/2
Fe3+

S=5/2
Fe3+

S=5/2
Fe3+

S = 2
Fe2+

Spin of

cluster
£=0

5=1/2

S=\/2

S = 2

S = Q

5=1/2

Table 1.4 Spin states of FeS clusters
For the reduced [2Fe-2S]1+ cluster, the two iron atoms are not equivalent and can be 
described as one Fe3+ and one Fe2+ ion (i.e. valence localised). In the oxidised cluster 
[2Fe-2S]2+, the sulfur bridge allows for magnetic interaction between the two iron 

atoms.
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1.8.2 MCD

As for EPR, magnetic circular dichroism (MCD) exploits the Zeeman splitting of 
electronic levels which occur when a paramagnetic sample is placed in a magnetic field. 
It is an optical technique which measures the differential absorption of left and right 
circularly polarised light by molecules in a magnetic field - a phenomenon first observed 
by Faraday in 1846. MCD is much more informative about FeS proteins than UV/Vis 
spectroscopy and can provide an informative fingerprint of the cluster type. 178 MCD 
signals are field and temperature dependent - a property that can be used to gain 
information about the ground-state g-values and spin values in the form of magnetisation 
curves (a record of signal intensity whilst the field or temperature is varied). The 
generation of magnetisation curves from frozen protein solutions did not routinely take 
place until 1980 due to limitations in electro-magnet design.

Although EPR has been the most convenient method of observing the presence of FeS 
clusters in proteins, the MCD magnetisation properties have provided an alternative way 
of characterising the spin and zero-field parameters of electronic ground states. The 
MCD spectra of FeS clusters are complex because of the range of electronic states and 
also the exchange coupling of the spin, on two or more centres, may relax the spin 
selection rules. If a cluster contains both high-spin Fe2+ and high-spin Fe3+ this means 
that a multitude of d states will be generated by exchange coupling, and with three or 
four Fe ions involved, the density ofd states becomes very high. However, the allowed 
optical transitions from an exchange-coupled ground state will be minimal at very low 
temperatures, when the cluster is frozen into a single ground state component. Thus, at 
low temperature the MCD spectra of FeS clusters contains reasonably well resolved 
features - these will be due to thiolate-to-Fe3+ and S2" -to-Fe3+ transitions. MCD spectra 
of all FeS clusters generally show features (i.e. optical transitions) across the whole 
spectrum from 200 to 2000 nm. 178

MCD has been used to identify a pH-dependent form of both Azotobacter chroococcum 
Fd and the closely related ferredoxin I from Azotobacter vinelandii. Both of these 
proteins have been shown to take up one proton when reduced to the n = 0 oxidation 
level. 126 ' 179 The exact position of protonation has not yet been established although an 
inorganic sulfur atom was proposed to be the site of protonation on the basis of the
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changes observed in the MCD spectrum. 126 ' 128 More recently the [3Fe-4S]° cluster 
present in the 7Fe Fd from Sulfolobus acidocaldarius (So) has also been shown to 
undergo redox-linked protonation.79 In addition, the fully reduced cluster, [3Fe-4S] 2", 
from Sa has also been characterised by MCD spectroscopy. 61 The spectrum of 
[3Fe-4S]2" shows little intensity at wavelengths longer than ca. 400 nm, which is 
consistent with the UV/Vis absorption spectrum, and the spectrum is similar to that of 
the Fe2+ state of the rubredoxin centre. Thus, the MCD transition of the hyper-reduced 
cluster lies in the region expected for Fe2+-thiolate complexes and indeed, charge-transfer 
transitions involving Fe2+ and S2" are also expected to be at similar wavelengths.
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1.9 AIMS OF WORK
Since the discovery of FeS clusters in proteins, their varied forms together with their 

ability to encompass a wide range of oxidation states, means that they are an essential 

part of many biochemical redox reactions. Their growing role in more complicated 

reactions, other than simple electron-transfer, has meant that the study of the simpler 

cluster species, and understanding how these react and can change within their protein 

framework, has become essential in understanding how the more complex systems work. 

The work in this thesis encompasses FeS cluster chemistry and in particular the 

investigation of reactions other than simple electron transfer in 2Fe, 3Fe and 4Fe 

clusters.

1.9.1 The influence of cluster potential upon heterometal cluster formation

Although a number of studies have been carried out on heterometal clusters (e.g. 

[M3Fe-4S]) - in particular their spectroscopic characteristics - no previous work has 

investigated the mechanism of formation of these intriguing clusters. Understanding the 

factors which determine the formation of these clusters will help to explain why they are 

formed readily in vitro but are rarely (as yet) detected in vivo e.g. the FeMo cofactor of 

nitrogenase. Protein film voltammetry allows the potential, and hence redox state of the 

cluster, to be precisely controlled: Chapters 3 and 6 describe the use of this technique to 

investigate the potential dependence of metal uptake in both Desulfovibrio africanus Fd 

III and Pyrococcus furiosus Fd.

1.9.2 The transient nature of exogenous ligand binding to Desulfovibrio africanus 

Fdm

Ligand transfer is a recognised function of a number of FeS proteins e.g. aconitase, but is 

not a universal trait of FeS clusters. Recently the discovery that ligand exchange occurs 

at the P-cluster of nitrogenase, and is likely to be directing the coupled electron/proton 

transfer, has increased the prominence of these reactions. 12 However, because of the 

transient nature of ligand transfer the reactions are often difficult to study. Protein film 

voltammetry is an ideal method because of the ease of transfer of an adsorbed protein 

film between different solutions. The direct redox control which is imposed can also be 

used to investigate the redox 'coupled' nature of these chemical reactions.
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1.9.3 The influence of the protein co-ordination sphere of a 2Fe ferredoxin
The [2Fe-2S] ferredoxin from Clostridium pasteurianum belongs to an unusual subclass 
of 2Fe Fds and its function is unknown, although it has been proposed to interact with 
Cp nitrogenase.48 When this study was initiated the residues ligating the cluster were not 
known, and a series of site directed mutants were therefore constructed to determine 
which residues co-ordinate the cluster. This provided a unique opportunity to investigate 
the influence of the different co-ordination spheres upon the cluster electrochemically.

1.9.4 Characterisation and investigation of the 4Fe Fd from Pyrococcus furiosus

The hyperthermophilic archaeon Pyrococcus furiosus exists at very high temperatures 
(Topt =100 °C) and consequently its proteins are adapted to an extreme environment. 180 
Pyrococcus furiosus contains a 4Fe ferredoxin and comparisons can therefore be made 
between those 4Fe Fds obtained from mesophilic organisms and Pf Fd. Pyrococcus 
furiosus 4Fe Fd is also unusual in that it contains a convertible 4Fe cluster, which readily 
loses an Fe atom to become a 3Fe cluster. The absence of any other clusters which 
would complicate the response add to the suitability of this protein for electrochemical 
investigation. Thus, the [3Fe-4S]° cluster previously observed in 7Fe Fds61 can be 
investigated in a protein which does not contain the additional [4Fe-4S] cluster. In 
addition, metal uptake reactions can be investigated in a hyperthermophilic protein and 
comparisons made with its mesophilic counterpart (Section 1.9.1).
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CHAPTER 2

EXPERIMENTAL METHODS

This chapter details the experimental methods and procedures which were used in this 

thesis. Where particular experiments required specific procedures, these are detailed in 

the relevant chapters.

2.1 PROTEIN PREPARATION AND PURIFICATION
2.1.1 Sources of Protein

Cells of Pyrococcus furiosus (Pf) (strain vcl) DSM 3638 were supplied by Drs. N. 

Raven and R. Sharp (Centre for Applied Microbiology and Research, Porton Down, 

UK). 1 The ferredoxin was isolated and purified (Section 2.1.4) using a similar 

methodology to that which had been used successfully to purify similar ferredoxins e.g. 

the 7Fe Fd from Sulfolobus acidocaldarius.2^ The 7Fe ferredoxin (Fd III) from 

Desulfovibrio africanus (Da), strain Benghazi (NCEB 8401), was provided by Dr. E. C. 

Hatchikian (Laboratoire de Chimie Bacterienne, CNRS, Marseilles, France) and had been 

purified as described in the literature.4 The recombinant 2Fe ferredoxin and various 

mutants, from Clostridium pasteurianum (Cp) were provided by Dr. J. Meyer (CEA, 

Grenoble, France) and these were prepared and purified as described in the literature. 5 '6 

All proteins were stored as concentrated 'beads' in liquid nitrogen until required.

2.1.2 Diafiltration

For all experiments in this thesis, protein samples were dialysed into the desired buffer- 

electrolyte solution using an Amicon 8MC unit. For small sample volumes (< 1 ml) this 

unit was equipped with a microvolume assembly, for large volumes (> 5 ml), an Amicon 

8010 unit was used. Diafiltration of samples was achieved using a YM3 membrane
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(excluding molecular weights > 3 kDa) for all the ferredoxins studied. The system was 

operated at 2 bar nitrogen gas in a refrigerator at 4 °C. Buffer exchange was assumed to 

be complete when a volume of fresh buffer equivalent to five times the initial volume, 

had passed through the membrane.

2.1.3 Protein Concentration

Protein concentration of the ferredoxins was determined from the UV/Vis absorption 

spectrum, using the published extinction coefficients quoted in Table 2.1. Spectra were 

recorded using a Hitachi U-3210 spectrophotometer fitted with 1 cm, (1 ml) quartz 

cuvettes (Hellma).

Ferredoxin

Desulfovibrio africanus Fd III7

Pyrococcus furiosus 4Fe Fd8

Pyrococcus furiosus 3Fe Fd8

Extinction Coefficient

A, (nm)

408

390

408

e (ivrW1)
28,600

17,000

18,000

Table 2.1 Extinction coefficients of the ferredoxins investigated

Extinction coefficients for the oxidised forms of the cluster, [3Fe-4S]1+ and [4Fe-4S]2+

2.1.4 Purification of Pyrococcus furiosus Ferredoxin ;

The ferredoxin was isolated and purified using a similar methodology to that which had 

been used successfully to purify similar ferredoxins e.g. the 7Fe Fd from Sulfolobus 

acidocaldarius. 2^ After each stage the protein sample containing the ferredoxin was 

concentrated in an Amicon using a YM3 membrane and dialysed into the buffer required 

for the next stage.
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2.1.4.1 Primary Purification of Pf¥d* 

Preparation of cell-free extract

The cells were suspended in 50 mM Tris/HCl buffer (Sigma) at pH 7.6, containing 2 mM 
dithiothreitol (Sigma), 5 mM MgCl2 (BDH), 0.1 mg ml" 1 DNase I (Sigma), 20 fiM 
pepstatin (Sigma) and 20 uM leupeptin (Sigma). Lysozyme (Sigma) 1 mg ml" 1 was 
added to the cell suspension and the resultant mixture was agitated on a shaker for 2 
hours at 37 °C. This mixture was then centrifuged at 30,000 g for 30 minutes at 4 °C, to 
separate the insoluble matter from the soluble proteins. The supernatant was 
subsequently decanted and ultracentrifuged at 150,000 g for 3 hours.

Anion exchange chromatography

The supernatant was loaded onto a column (2 x 40 cm) of DE-52 DEAE-cellulose 
(Whatman) which had been pre-equilibrated with 50 mM Tris-HCl buffer pH 7.6, 2 mM 
dithiothreitol. The ferredoxin was eluted with a linear gradient of NaCl (0-0.6 M in 50 
mM Tris-HCl, pH 7.6). Fractions were assayed, and those with a A39o/A28o ratio greater 
than 30 % of the maximum A39o/A28o ratio were retained.

Gel filtration

The retained fractions from the anion exchange chromatography were concentrated and 
subjected to chromatography on a column (2 x 100 cm) of Sephacryl S100HR 
(Pharmacia). The column was equilibrated and eluted using a pump (Pharmacia; flow 
rate 0.6 - 0.8 ml min" 1) with 50 mM Tris/HCl buffer, containing 100 mM NaCl, 2 mM 
dithiothreitol, pH 7.6. Fractions were kept if their A39o/A28o ratio was greater than 50 % 
of the maximum.

In total the purification procedure for P/Fd was carried out on three separate occasions. 
No differences were observed between any of the three different preparations. The 

typical yield was 25 mg ferredoxin per 100 g of Pf cells.

a All stages of the primary purification of P/Fd were carried out aerobically. Although it was known 
that this would lead to degradation of some of the 4Fe clusters, a complete anaerobic purification was 
impractical. This 'mixture' of 4Fe and 3Fe protein obtained after the primary purification was separated 
into pure samples by the secondary purification stage using FPLC (Section 2.1.4.2).
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2.1.4.2 Secondary Purification of Pf¥d

Degradation of the 4Fe cluster to the 3Fe cluster was found to have occurred as a result 

of the aerobic preparation of the protein, hence a mixture of products was isolated. It 
was thus necessary to perform a second purification step, by FPLC, to ensure a 
homogeneous protein sample. This step was carried out under anaerobic conditions.

In the initial preparation the retained fractions obtained from the gel filtration column 
were concentrated and dialysed into 50 mM Tris-HCl buffer pH 7.6 and loaded onto a 
Mono-Q anion exchange column (Pharmacia). The protein was then eluted with a linear 
0-1.0 M NaCl gradient. Two major fractions were collected. On the basis of their 
UV/Vis spectra, Fraction 1 (Xmax = 390 nm) and Fraction 2 (Xmax = 408 run) 
comprised, respectively, the [4Fe-4S] and [3Fe-4S] forms of the ferredoxin (Figure 2.1). 
Approximately 60 % degradation of the 4Fe cluster to the 3Fe cluster occurred as a 
direct result of the aerobic purification.

This was determined by a preliminary cyclic voltammetry experiment (see Chapter 6).
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408 nm
1.4 --

[3Fe-4S] 1+

300 350 400 450 500 550 600

Wavelength /nm

Figure 2.1 UV/Vis spectra of Pyrococcm furiosus ferredoxin (oxidised)
Spectra recorded using a MG-6000 diode-array spectrometer unit (Hi-Tech Scientific, 
Salisbury, UK). Both the [4Fe-4S]2+ and [3Fe-4S]1+ forms of the ferredoxin are shown, 
protein concentrations are 56 fjM. and 70 juM respectively. Peak maxima for each 
species are marked.

The secondary purification stage was then further refined to collect a minimum of 95 % 
of the Fd in one form. This was achieved by pre-oxidising the combined Fd sample 
obtained from the gel filtration column, before loading onto the Mono-Q column. Pre- 
oxidation was achieved by heating the sample to 60 °C for 30 minutes in the presence of 
a five-fold molar excess of ferricyanide (Aldrich). This ensured that almost all of the 
protein was subsequently in the 3Fe form before loading onto the Mono-Q column. 
Thus, maximum yields of the Fd in only the 3Fe Fd state were obtained. Manipulation of 
the 3Fe Fd form could then be carried out to generate the other forms of Pf Fd, (see 
Chapter 6 for a full description of these methods). Pf Fd also contains a disulfide 
bridge9 and so the final stage of purification was to determine the status of the disulfide 

bridge.
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2.1.5 Determination of the Bisulfide Bridge Status (see also Section 6.2.3)

The free thiol content of the various protein preparations was determined 
spectrophotometrically by their reaction with Ellman's reagent, 5,5'-dithio£/X2- 
nitrobenzoic acid) (DTNB; Aldrich) as described by Riddles et al. }0 This reagent is 
water-soluble, may be used at neutral pH with few side-reactions and its reaction with

rt

thiols is fast. It is a very sensitive test - the sensitivity originates from the high molar 
absorption co-efficient of the 2-nitro-5-thiobenzoate anion (TNB2~), which is produced 
together with the mixed disulfide from the reaction of a thiolate anion (RS~) with DTNB 2" 
(Figure 2.2).

RS

DTNB

s—s

2-

-ooc

R—S—S •NO,

COO- COO-

TNB2-

Figure 2.2 The reaction of free thiol with DTNB

The stock buffer for the spectroscopic assay was 0.1 M phosphate, 1 mM EDTA at pH 
7.27. The stock solution of DTNB was 7 mM DTNB, made up in the stock buffer. To 
measure the free thiol content of a protein, the following procedure was used. In a

° Reaction may be slower for proteins which have their thiol groups 'buried' so making them less 
accessible to DTNB.
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cuvette a known amount of the protein solution was added to the stock buffer and the 

absorbance at 412 nm was recorded for 1- 2 minutes to ensure a steady baseline. An 

aliquot of the 7 mM DTNB reagent was added (total volume 1.0 ml), the cuvette was 

stirred well to ensure complete mixing of the reactants, and the absorbance at 412 nm 

monitored until no further change was observed (generally no longer than 30 minutes). 

The AA4n allowed the concentration of the free thiol in the protein to be calculated using 

a value of 8412 - 14,150 M' 1 cm' 1 for TNB2'. 10

AA412 = Afinai - A^tia! - ADTNB Equation 2.1

AA412 = £412 [R-SH] Equation 2.2

Where A^iai is the absorbance at 412 nm of the buffer and protein solution, Afmai is the 

final absorbance at 412 nm after reaction is complete and ADTNB is the absorbance 

contribution at 412 nm of the added DTNB reagent.

Knowing the concentration of free thiol in the solution allows the ratio of 

free thiol:protein to be calculated because a known amount of protein was added to the 

cuvette. A typical titration of the protein with the disulfide bridge broken, FdB, gave a 

free thiol content of 2 ± 0. 1 moles of -SH per protein molecule. Samples of FdA did not 

show any reactivity when the reagent DTNB was added (i.e. increase in A4i2 was 

negligible). A scheme for the various interconversions of Pf Fd, in either the 4Fe or 3Fe 

Fd, is given in Chapter 6.

Concentration of the protein solution was determined prior to the experiment, using the molar 
absorption co-efficient as listed in Table 2.1.
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2.2 BUFFERS AND CO-ADSORBATES
The vast majority of electrochemical experiments in this thesis were carried out in an 
anaerobic glove box (Belle Technology, Dorset, UK) under an inert nitrogen atmosphere 
(02 <2ppm). For the few experiments which were carried out aerobically, the 
electrolyte solution in the electrochemical cell was thoroughly degassed by passing argon 
through it immediately prior to commencing a voltammetric scan. For bulk electrolysis 
experiments, the catalysts in the Belle Technology glove box were freshly regenerated to 
obtain a very low partial pressure of O2 (< 1 ppm). All buffers were thoroughly 
degassed with argon before introduction into the glove box.

Previous electrochemical investigations of proteins have shown that metal ion 
contamination must be kept to a minimum for optimal results, 11 consequently, deionised 
water of resistivity 18 MHm (Millipore) was used for preparing all solutions and washing 
glassware. Throughout this thesis all the chemicals used were of at least analytical 
reagent grade. Glassware was rinsed thoroughly with the chelator EGTA (ethene glycol- 
0,O'-bis(2aimnoethy\)-N,N,N',N'-tetra-3iCQtic acid; Aldrich) before use and 
electrochemical cells were stored containing a solution of approximately 25 mM EGTA.

2.2.1 pH Measurement

The pH of solutions were recorded at the temperature at which the experiments were 
performed, using an Accumet 950 pH-meter (Fisher), equipped with a combination glass 
pH electrode (BDH). The pH-meter was calibrated at the required temperature with 
three standard buffers (BDH) immediately before use.

2.2.2 Buffer-electrolyte solutions
Buffers were selected to cover a pH range of approximately ± 0.5 pH units either side of 
their pKa . The supporting electrolyte was generally 0.1 M NaCl (BDH). Buffers used 

are listed in Table 2.2.
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Buffer

Acetic acid

Mes

Hepes

Tris

Taps

Chemical name

Glacial acetic acid

2-[Af-morpholino]ethanesulfonicacid

N-[2-hydroxyethyl]piperazine-jV-[2- 

ethanesulfonic acid]

tri[hydroxymethyl]aminomethane, Trizma base

Af-tris[hydroxymethyl]methyl-3-amino- 

propanesulfonic acid

pKa

4.8

6.1

7.4

8.1

8.4

Supplier

BDH

Sigma

Sigma

Sigma

Sigma

Table 2.2 Biochemical buffers

For studies covering a wide pH range, a 'mixed buffer' was used, containing 5 mM each 

of acetic acid, Mes, Hepes, Taps and 0.1 M NaCl. The pH of a buffer solution was 

adjusted by adding aliquots of aqueous NaOH (BDH) or HC1 (BDH). Care was taken to 

record the final pH of the buffers only after all additions had been made to the buffer, 

e.g. after addition of any co-adsorbate which may have caused a shift in the pH. To 

ensure accuracy of electrolyte solutions, the pH values were checked routinely after each 

experiment. All solutions were retained after experiments for subsequent inspection if 

needed.

2.2.3 Co-adsorbates

Co-adsorbates were prepared as concentrated stock solutions and adjusted to pH 7.0 

with aqueous NaOH or HC1 as required. They were stored as concentrated stock 

'pellets' in liquid nitrogen and added to buffer-electrolyte solutions as required.

Common name

Polymyxin

Neomycin

Chemical name

Polymyxin B sulfate

Neomycin sulfate

Concentration of stock

20mg/ml« 15 mM

0.2 M

Supplier

Sigma

Sigma

Table 2.3 Stock concentrations of co-adsorbates
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Polymyxin was used for film experiments (see Section 2.3.1) since it was found to induce 
a stronger adsorption than neomycin, probably because polymyxin has a larger -NH3 + 
array.4 Neomycin was used preferentially for bulk solution voltammetry and bulk 
electrolysis (see Section 2.3.2) because neomycin is known to promote a weaker 
adsorption response than polymyxin, this allows greater/more efficient difrusional 
exchange at the electrode.

2.2.4 Metal Ion Salts

Investigation of metal ion interaction with both Desulfovibrio africanus Fd III and 
Pyrococcus furiosus Fd was a significant aspect of the work described in this thesis, and 
therefore metal ion solutions of accurate concentrations were critical. To avoid 
disturbance of the composition of the buffered electrolyte solution, small aliquots 
(ca. 5-50 uJ) of concentrated stock solution of metal ion were added to the buffer- 
electrolyte in order to achieve the required concentration. Stock solutions of the metal 
ions were prepared in a glove box (Belle Technology) and used immediately.

Metal Ion
Fe2+

Zn2+

'cSp~~
T11+

Cd2+

Cu2+

Salt

(NH4)2Fe(SO4)2.6H20

ZnSO4.7H2O 
orZn(NO3)2 .6H2O

CoCl2 .6H2O

TlOOC.CHs

Cd(N03)2

CuSO4.5H2O

Supplier

BDH

BDH

BDH

BDH

BDH

BDH

Table 2.4 Metal ion solutions used
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2.2.5 Ligand Solutions

Aliquots of concentrated stock solution of ligand were added to the buffered electrolyte 
to give the required concentration in bulk solution. Solutions of ligands were made up 
and used immediately.

Ligand

Mercaptoethanol

Glutathione

L-cysteine

Coenzyme M

Thioacetic acid

Thiomalic acid

Thioglycolic acid
Catechol

Oxalacetic acid

Oxalic acid

Concentration of 
Stock Solution/M

0.20

0.20

0.20

0.20

0.20

0.20

0.30

0.18

0.20

0.20

Supplier

Fluka

Sigma

Sigma

Sigma

Sigma

Sigma

Sigma

Sigma

Sigma

Sigma

Table 2.5 Ligand solutions
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2.3 ELECTROCHEMICAL APPARATUS

2.3.1 Film experiments

The pyrolytic graphite edge (PGE) electrodes used in this thesis were constructed 
according to the following method. Cuboid pieces of pyrolytic graphite (Le Carbone, 
France) were cut to expose the 'edge' plane surfaces. A piece of graphite (ca. 4x4x8 
mm) was then affixed, using conducting silver epoxy glue (RS Components; Northants), 
to the end of a brass rod so that the upper most surface (4 x 4 mm) (i.e. the finished 
electrode surface) was 'edge' plane. The brass rod was then glued into a Teflon sleeve. 
A mould was placed over the top of the extending piece of graphite and Epoxy resin 
(Araldite™; Ciba Geigy) poured into the mould to seal the surface. When the glue was 
dry the mould was removed and the excess Epoxy filed down with sandpaper to expose 
the edge plane graphite. Electrodes were polished immediately prior to use with an 
aqueous alumina slurry (Buehler Micro-polish; 1.0 j^m), and then sonicated extensively 
to remove traces of A1 2O3 .

Brass rod

Insulating teflon sleeve

Silver conducting glue 

Pyrolytic ^edge' plane graphite

Insulating glue

Figure 2.3 Pyrolytic graphite edge plane working electrode
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The electrochemical cells used were based on a 'three-electrode cell' arrangement 12 with 
a working, reference and counter electrode. The precise design of the cells used was 
based on one developed by Armstrong et al. 13 The working electrode was inserted into 
the sample pot which also contained the platinum wire counter electrode. The reference 
electrode, a saturated calomel electrode (SCE), was housed in a separate compartment 
from the working solution, connected via a 0.1 mm Luggin capillary, which prevented 
mass transfer between the chambers. This arrangement allows the reference electrode to 
be at a minimum distance from the working electrode, thereby reducing any potential 
drop across the solution. 12 The sample compartment was enclosed in a water jacket 
which was held at the desired temperature using a water circulator (Neslab). The 
reference electrode was allowed to equilibrate to the ambient room temperature and a 
note of this temperature was taken. At 22 °C the correction factor used was +243 mV 
to convert the measured potential (SCE) to a potential versus the Standard Hydrogen 
Electrode (SHE). 12 All potentials quoted in this thesis are versus SHE.

In the majority of experiments, especially those investigating metal exchange or ligand 
binding, where sequential exposure of the protein film to different solutions was required 
and hence the electrode was required to be moved, a 'multipot' cell was used (Figure 
2.4). This differs from the typical 'single' electrochemical cell in that it has four 
separate compartments, for different experimental solutions, which are connected radially 
to one central reference compartment, as described by Armstrong et a/. 14 The addition of 
an interconnecting water jacket around each of the working electrode compartments was 
added as a modification for the experiments in this thesis.

The protein films were formed by application of the protein solution (typically 100 uJVI), 
with a capillary glass pipette, directly onto the electrode surface. It was noted that 
careful and adequate polishing of the electrode was a factor which strongly influenced 
the quality of the protein film.
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2.3.2 Bulk electrochemistry and bulk electrolysis

The electrochemical cell used for bulk solution electrochemistry and bulk electrolysis 

was based on that previously used by Armstrong et a/. 13 This design has undergone 

various modifications, 11 and the working electrode used in this thesis (Figure 2.3) was 

found to be highly efficient for carrying out bulk electrolysis. 3 The working electrode 

consisted of a small graphite pot, with a capacity of 200-600 |ul. It was constructed in 
such a way as to give a maximal surface area of graphite in contact with the protein 
solution.

The version of the working electrode used in this thesis was developed by J.L.C. Duff. 15 
The working electrode was constructed from a cylindrical block of pyrolytic graphite, 
which had been bored out to give a hole (1 cm in diameter) such that the inside walls 
were 'edge' surface. This block was then glued onto a graphite base, (using insulating 
epoxy) which also projected an 'edge' plane surface into the pot. The walls and the base 
were connected to the potentiostat independently using silver wire (diameter: 0.127 mm) 
glued with conducting silver epoxy (RS Components) and dried in an oven at 60 °C for 3 

hours. The graphite surface was then filed down and polished with 1 urn A^Os until the 
surface was smooth. The graphite pot was glued into a Teflon housing and the 
connections of silver wire attached to electrical plugs on the circumference of the 
housing. These were then covered with epoxy glue for protection. The pot was 
rigorously polished with 0.3 p,m A12O3 (Buehler) slurry before each experiment.

The Teflon housing containing the graphite pot was placed inside a glass circulating 
jacket which was part of an all-glass cell supporting the reference (SCE, Luggin capillary 
junction) and auxiliary (Pt, salt-bridge 'Vycor' junction) side arms, each projecting into 
the sample solution (Figure 2.5). The entire cell was set up in an anaerobic glove box 
(Belle Technology), O2 < 2ppm. For typical cyclic voltammetry of the protein solution in 
the graphite pot only the base of the pot was connected. For bulk electrolysis all parts of 
the electrode were connected (both walls and base) and the solution was stirred with a 
magnetic micro-flea to ensure all the solution was in contact with the surface. If 
experiments required additions to be made to the protein solution in the working

86



JTHAPTER2: Experimental Methods

electrode pot, this was easily accomplished by adding liquid via a syringe, fitted with a 
cannula, through an opening at the top of the glass cell.

Counter Electrode 
Side Arm

Conducting 
Glass Plug

Reference Electrode 
Side Arm

Luggin Capillary Tip

Water Circulator

Graphite Pot

Figure 2.5 Bulk cell apparatus
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2.3.3 Potentiostats and recorders

Cyclic voltammetry was carried out using either an analogue potentiostat (Ursar 
Instruments) or digital AutoLab potentiostat (Eco-Chemie, Utrecht, The Netherlands). 
Voltammograms were recorded on a Kipp and Zonen BD90 XY recorder or using a 486 
PC running Eco-Chemie GPES3 software. Bulk electrolysis was monitored on a Kipp 
and Zonen BD41 YT recorder. The output of the potentiostats was calibrated by 
measuring the potential difference between working and reference electrodes of the 
electrochemical cells using a Beckman Industrial 310B Digital Multimeter.

2.4 UV/VISIBLE SPECTROSCOPY
UV/Visible absorption spectra of ferredoxin solutions were measured using either a 
Hitachi U-3210 spectrophotometer fitted with 1 cm, 1 ml quartz cuvettes (Hellma) or a 
spectrometer cell-block located in the glove box and linked by fibre-optic cables to a 
MG-6000 diode-array spectrometer unit (Hi-Tech Scientific, Salisbury, UK). For 
observing the uptake of Fe2+ by the 3Fe FdA/B of Pf, UV/Vis spectra were recorded using 
the latter system and recording spectra at equal time intervals (Chapter 6).

2.5 MCD SPECTROSCOPY
Low-temperature MCD spectroscopy was carried out in collaboration with Dr. Jacques 
Breton and Prof. Andrew Thomson at the University of East Anglia, Norwich.

Low-temperature MCD measurements were made using a Jasco J-500D dichrograph and 
an Oxford Instruments split-coil superconducting magnet SM-4. Procedures for 
measuring MCD spectra are described in detail by Thomson et a/. 16 Protein samples were 
diluted with ethylene glycol to 50% v/v (to enable the formation of optical quality glasses 
upon freezing) and transferred using a syringe to a 1 mm pathlength MCD cell.
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CHAPTER 3

THE POTENTIAL DEPENDENCE OF

[3FE-4S] ^ [M3FE-4S] CLUSTER

TRANSFORMATIONS 

(M = Fe, Zn, Cd) IN FERREDOXIN III FROM

Desulfovibrio africanus

3.1 INTRODUCTION
In nature there are several examples of FeS clusters in proteins which undergo 

interconversion between the [3Fe-4S] and [M3Fe-4S] forms (Figure 3.1). The factor 

common to all these systems is that the clusters are co-ordinated by three cysteinyl 

ligands (to three of the four Fe atoms), the fourth metal being co-ordinated by a non- 

cysteinyl ligand. The best known example of such a cluster is undoubtedly that of 

aconitase, 1 but this type of chemistry is also displayed by Fd III from Desulfovibrio 

africanus (Da Fd III),2'7 and the Fd from Pyrococcus furiosus (Pf Fd). 8-13 The 

ferredoxin from Desulfovibrio gigas (Dg Fd II) also contains a [3Fe-4S] cluster which 

can be converted to various [M3Fe-4S] forms, but unlike aconitase, Da Fd III and Pf Fd 

the [M3Fe-4S] cluster is co-ordinated by four cysteines.*15-17 The ligand X, co-ordinated 

to M in [M3Fe-4S] as shown in Figure 3.1, may be an amino acid from the protein 

structure, an exogenous ligand e.g. H2O or "OH, or an enzyme substrate. The process of 

metal incorporation and its subsequent co-ordination by X is dependent on the nature of

3 The [3Fe-4S] cluster of Dg Fd II is ligated by the cysteines at 8,14 and 50. The cysteine at position 11 
was found to extend away from the cluster and is modified, most probably by a methanethiol group. 14



CHAPTER 3: The Potential Dependence of Metal Uptake for Da Fd 111

both M and X, on the immediate cluster environment, the protein structure and also the 
cluster oxidation level. The latter determining factor, i.e. the potential dependence of 
[3Fe-4S] to [M3Fe-4S] cluster transformations, is the subject of this chapter.

V."

M

Figure 3.1 [3Fe-4SJ <r* [M3Fe-4SJ cluster conversion

The effects of varying M and X and the immediate environment of the cluster can be 
studied both in proteins and in non-protein analogues. The most recent studies of non- 
protein analogues present a detailed picture of metal uptake in these systems. 18 Of all 
the low-nuclearity FeS clusters (2Fe, 3Fe and 4Fe) the [3Fe-4S] cluster was the last to 
be chemically synthesised outside a protein environment, 19 -20 and this has permitted the 
reactions of the [3Fe-4S]° core with a variety of heterometals, to be studied. 
Consequently, this has allowed the determination of binding affinities, the relative 
stabilities of cluster products, and the influence of the heterometal on the reduction 
potential to be studied. 18 Previously the synthesis of analogue heterometal clusters had 
involved self-assembly systems, utilising tetrathiometalates as the source of the 
heterometal,21 rather than direct reaction of Mn+ with a preformed [3Fe-4S] cluster. 
Heterometal incorporation into the preformed (synthetic) [3Fe-4S] cluster has been 
successful for Fe, Cu, Ag, Tl, Co and Ni, 18 but the Mn, Zn and Cd heterometal clusters 
could not be formed by this method. Zhou et al ascribed this lack of conversion to the 
fact that the native protein [3Fe-4S] cluster has enhanced stability, due to the protein
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structure, in comparison to the synthetic cluster, [3Fe-4S(LS3 )] (LS3 = l,3,5-tris((4,6- 
dimethyl-3-mercaptophenyl)thio)-2,4,6-tris(/7-tolylthio)benzene(3-). 18 It is also 
suggested that subsite ligation by the protein controls affinity for Fe vs. other metals.

Although the non-protein analogue chemistry of FeS clusters has advanced considerably 
in recent years, these studies cannot take into account the important aspect of protein 
structure - to gain a more realistic picture, experiments must be carried out on clusters 
'in-situ' in the protein. In Da Fd III and PfFd the [3Fe-4S] cluster is co-ordinated by an 
unconventional sequence, -C-X2-D-X2-C-Xn-C-, in which an aspartate (D) is found in 
the central position normally occupied by a cysteine (C) in a typical [4Fe-4S] 2+/1+ 
cluster binding motif (Figure 3.2). Da Fd III contains seven cysteines, and the 
remaining four ligate a comparatively inert [4Fe-4S] cluster in the conventional way. 22 
It has been shown by ! H NMR for Pf Fd that the labile Fe in the [Fe3Fe-4S] cluster is 
ligated by Aspl423 '24 and similarly it is postulated that in Da Fd III, Asp 14 is the non- 
cysteine ligand. 2 >6 '22 Furthermore, the addition of M to the [3Fe-4S] core of both Da Fd 
III and Pf Fd produces a [M3Fe-4S] cluster which is capable of binding exogenous 
ligands such as "CN and thiolates, this topic is dealt with in detail in Chapters 4 and
5.25,26

1 1
N /-1 - —— C

1

C

61

1 14 17
ys— Asp— Cys\ i /
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Figure 3.2 Amino acid sequence of Desulfovibrio africanus Fd ni showing cluster 
binding

A wide range of metal ions have now been incorporated into the [3Fe-4S] cores of Da 
Fd III and Pf Fd: Fe, 3 >27 Cu,5 Zn,3 - 11 * 13 ' 16'27 Tl,4 > 12 Co, 13 ' 15 ' 17 '27 Ni, 10 - 11 ' 17 Mn, 13
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Cd3 ' 17 '27 and Ga,28 and the resulting heterometal clusters characterised using, in 

particular, EPR, MCD and Mossbauer spectroscopies. Conventionally, heterometals are 

incorporated into the cluster by adding very high concentrations of the metal ion in 

question to a solution of the reduced protein (usually in the presence of dithionite), and a 

period of time is then allowed to elapse before the protein is purified, prior to analysis. 

The high metal concentrations used can, however, lead to partial, or complete 

destruction of the cluster, especially if the metal is thiophillic e.g. Pb2+ or Cd2+ . The 

limited stability of some of the oxidised [M3Fe-4S]2+ clusters and their tendency to 

'eject' the metal can also make subsequent characterisation difficult. Protein film 

voltammetry, however, offers an alternative to this procedure. The protein, adsorbed 

onto an electrode, can be placed into solutions containing the metal ion of interest and 

held at different potentials. 3 '27'29 If metal uptake is favoured, heterometal cluster 

formation will result and a direct readout from the voltammetry can be obtained. Major 

attributes of this method are that it allows heterometal cluster formation and destruction 

to be viewed directly, in the time domain, under ambient conditions, and with the 

strictest control of potential.

The 7Fe Fd from Da (containing one 3Fe and one 4Fe cluster) is very well suited to the 

investigation of metal ion uptake by protein-film voltammetry and several previous 

studies have already exploited this fact. First, the 3Fe cluster is known to be very labile 

and is able to respond quickly to changes in conditions whilst adsorbed on the electrode 

as a protein film. 2-7 Second, metal uptake by the 3Fe cluster is easily observed in the 

voltammetry - the characteristic signals of the [3Fe-4S] centre, due to the [3Fe-4S] 1+/0 

and [3Fe-4S]0/2" couples (A1 and C respectively), are replaced, upon conversion, by the 

new signal D 1 - due to the [M3Fe-4S]2+/1+ couple. This new redox couple, D', is 

observed at a potential which is characteristic of the identity of the heterometal of the 

[M3Fe-4S] cluster (Table 3.1). The redox couple B', associated with the native 

[4Fe-4S]2+/1+ cluster, remains unchanged throughout the process of metal uptake by the 

3Fe cluster. All these redox couples (A1 , B 1 , C 1 and D 1 ) are displayed and labelled in 

Figure 3.6. Recently the influence of pH upon metal uptake by the 3Fe cluster in Da Fd 

III has also been established. 27 The uptake of Fe, Zn and Co was found to depend upon 

the ionisation state of a group with a pK of 5.5 (± 0.3), which supports congruence of 

the products, and is also indicative of the involvement of AspH.27
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3.1.1 Aims of this Investigation
The aim of the work described in this chapter is to establish reactivity relationships 
amongst [3Fe-4S] and [M3Fe-4S] clusters, and to define more closely the conditions for 
their interconversion, placing particular emphasis upon the influence of the cluster's 
redox state. The basis of the experimental approach was to utilise the ease by which a 
cluster's redox state can be manipulated by altering the potential applied to a protein film 
adsorbed on an electrode surface. The full range of oxidation states accessible to a 
[3Fe-4S] core, and how these are linked by electron-transfer and metal uptake reactions, 
is illustrated in Figure 3.3.
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Figure 3.3 Core scheme for electron-transfer and metal uptake for [3Fe-4S]
The [3Fe-4Sf~ state has not been directly observed in a biological system.

The reactions as defined in Figure 3.3 depict the stability of different core species as a 
function of metal ion and potential, although they do neglect the influence of the protein. 
Reaction 1 is the normal one-electron redox reaction of the [3Fe-4S] 1+/0 cluster; reactions 
2 and 3 are, together, the co-operative two-electron redox reaction of the reduced 
cluster - the [3Fe-4S]0/2~ couple. 30 The intermediate [3F6-4S] 1 " has not yet been isolated 
in a biological system but has been generated in a non-protein analogue in aprotic 
solvents at very low potentials. 19 '20 The [3Fe-4S]2" and [M3Fe-4S]2" states are the fully 
reduced forms of the 3Fe and cubane clusters respectively and have only been recently 
identified. Examples include the 7Fe Fd of Sulfolobus acidocaldarius?Q the fully 
reduced state of a water soluble fragment of a Rieske protein, 31 the [3Fe-4S]° cluster 
from the fully reduced forms of spinach and parsley 2Fe ferredoxins32 and the [4Fe-4S]° 
cluster from the Fe protein of nitrogenase. 33 Reaction 9 is the [4Fe-4S]2+/1+ one-electron 
redox reaction of the standard cubane-type 4Fe cluster, whilst Reaction 8 is the one- 
electron redox reaction of a high potential iron protein (HiPIP), the [4Fe-4S]3+/2+ 
couple. 34-35 There are thus three possible, reversible pathways for metal uptake, 
occurring without coincident electron transfer - Reactions 4, 5 and 7. Uptake of
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monovalent metal ions such as T11+ may involve Reaction 4 or 5,4 but Reaction 4 occurs 
specifically for divalent metal ions such as Fe, Zn and Cd. 2 -3 '7 The pathway for Cu 
addition may be either Reaction 4 or 5, depending on whether Cu adds as the 
monovalent or divalent ion, Cu 1+ or Cu2+ respectively. 5

3.2 EXPERIMENTAL
All experiments were carried out as detailed in Chapter 2. Metal ion uptake experiments 
were carried out in a 'multipot' cell so that transfer of the electrode, carrying an 
adsorbed protein film, could be easily effected. An intermediate pot, containing only 
buffer electrolyte, was used in metal ejection experiments, so that any excess metal ion 
solution adhering to the electrode could be rinsed off, after formation of the heterometal 
cluster, and before poising of the electrode to promote metal ion release. It was 
imperative that all of the electrode transfers were carried out rapidly to avoid 
degradation or disruption of the protein film whilst not in the solution. All of the 
experiments described in this chapter were carried out at a scan rate of 500 mV s" 1 - this 
was found to be the optimum scan rate since it was not fast enough to cause 
complications from i-R drop but was fast enough to avoid any significant changes 
occurring to the film composition during scanning.

3.3 RESULTS
3.3.1 Metal Uptake of the [3Fe-4S] Cluster in Different Oxidation States

3.3.1.1 Mathematical Representation
For the uptake reaction (Reaction 5 in Figure 3.3),

[3Fe-4S]° + M2+ -> [M3Fe-4S]2+

can be defined as,

C' C
^ [3Fe-4S]° ^M2+~^—————— Equation 3.1

[M3Fe-4S]2+
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where C'[3Fe-4S] and C'[M3Fe-4S] + are surface populations on the electrode surface, and 
CM2+ is the concentration of M2+ in bulk solution.

To derive an equation taking account of the influence of the applied potential (Eappiied) it 

is necessary to incorporate the Nernst Equation (for couples A and D'), which governs 

the relative populations of oxidised and reduced species.

The total population of [3Fe-4S] clusters (without a bound heterometal) at equilibrium is

iequil T =[3Fe-4S] [3Fe _4S]1+ [3pe _4S]0
. s-\i+C .Equation 3.2

1+/0The Nernst equation for the [3Fe-4S] couple can be written as,

Mequil
[3FC-4S]1* [3Fe-4S]T " f 

[

[3Fe-4S]° [3Fe-4S]°

where 9A is the ratio of oxidised cluster to reduced cluster.

Equation 3.3

2+/1+Similarly for the [M3Fe-4Sr cluster:

C'
[M3Fe-4S]2+ C'

[M3Fe-4S]2+

[M3Fe-4S]1+ [MFe-4S] T - [M3Fe_4S] 2+ RT 

Equation 3.4

Substituting C'[3Fe-4S]0 and 

Equation 3.1 gives,

^ as derived from Equations 3.3 and 3.4, into
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/

=C
M 2 +

V

\

/

Cf
[3Fe-4S]T

f"̂
[M3Fe-4S]T /

Equation 3.5

where the subscript T denotes 'total' concentration.

As Kd must remain constant, when CNC+ = Kd the ratio C'[M3Fe-4S]T/C'[3Fe-4S]T will vary with 

, as described by (l+9D)/{ 6D(l+9 A)}. This is illustrated in Figure 3.4 for M2+ =
Fe2+ .

3 -r

-0.6 -0.4 -0.2 

E/V(SHE)

0 0.2

Figure 3.4 Variation of the [Fe3Fe-4S] cluster population with applied potential

Variation of the ratio (l+OFj/(OFe(l+QA)) with applied potential. As plotted here for 

Cpe2+ = KA the ratio is equivalent to the population ratio C'[M3Fe-4sjT/C'[3Fe-4sjr (Equation 

3.5).

It is apparent that in the region Eappiied > E0|A' this ratio of cluster populations approaches 

zero, since all clusters are in the [3Fe-4S] 1+ state, while for Eappiied < E°'DTC the ratio tends 

to infinity since the population of [3Fe-4S] clusters is very small. At 

Eappiied = (E°'A'+ EolDTe)/2 the ratio is unity - since Equation 3.5 collapses to the definition 

of Kd given in Equation 3.1.
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3.3.1.2 Established Values For
During the experiments and analysis it was necessary to use the previously measured 
values (as defined in Equation 3.1) for Fe2+, Zn2+ and Cd2+, which are listed in Table 3.1. 3 
Reduction potentials for the heterometal clusters have also been previously determined, 3 
and the values are in agreement with those measured during this work.

M2+

Fe

Zn

Cd

Kd/^M

30 ±15

1.6±1.0

0.8 ±0.5

E°'[M3Fe-4S] 2+/1+

/mV

-393 ± 10

-492 ± 10

-569 ± 10

Table 3.1 Dissociation constants and reduction potentials for the heterometal 
clusters of Da Fd

3.3.1.3 Experimental Protocols
Two experimental protocols used to investigate the dependence of metal uptake by the 
[3Fe-4S] cluster of Da Fd III on the applied potential are now discussed:

Method 1: A film of the 7Fe Fd was formed on the electrode, with polymyxin as co- 
adsorbate, and the potential was cycled until the electrochemical signal had stabilised. 
The electrode was then transferred to a pot containing 20 uM Fe2+ and the potential 
poised at 143 mV for 60 s, after which a scan was recorded at 500 mV s" 1 to record any 
cluster transformations which may have taken place. The film was then immediately held 
at the new potential of 43 mV for 60 s and another scan recorded. This was repeated at 
100 mV intervals until the potential had decreased to -557 mV. The extent of cluster 
transformation, determined by measuring the absolute peak heights of the two peaks, A1 
and D', was then plotted against the potential at which the film had been poised; a typical 
result is shown in Figure 3.5.
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Figure 3.5 Fe uptake for [3Fe-4S] at increasingly negative potentials

Solid line (LHS Y-axis) indicates the cluster populations as calculated from Equation 

3.5 with Kd = Cpe2+ but expressed in logarithmic form. The data shown as (*) (RHS Y- 

axis) are equivalent to the population of [Fe3Fe-4S] clusters after the electrode was 

held at various potentials for a period of 60 s, for a film of Da Fd III placed into a 

solution ofFe2+

It is apparent from Figure 3.5 that the population of [3Fe-4S] clusters does not 

significantly decrease until the applied potential is less than -150 mV (cf. E°'A' = -140 

mV) and that there is thereafter a gradual decrease in the A' peak, along with an increase 

in peak D', i.e. log(D'/A') increases. Most importantly, however, as the cluster is held at 

very negative potentials it is obvious that the theoretically predicted significant increase 

in [M3Fe-4S] (Equation 3.5 and Figure 3.4) does not occur. . At the lowest applied 

potentials, the ratio of D'/A appears to reach a limiting value which was observed 

experimentally by the complete loss of the A wave. This contradiction between theory 

and experiment could be due to either a systematic error in the experimental procedure 

or to neglect of one or more important equilibria involving the [3FC-4S] 1 " or [3Fe-4S]2' 

oxidation states of the cluster (Figure 3.3). A similar set of experiments has also been 

carried out previously on this system, using this method, and the data obtained were in 

agreement with those described here (J.N. Butt, unpublished work). Due to this
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discrepancy with the predicted results, Method 1 was only undertaken for the 

[Fe3Fe-4S] cluster, and the alternative method, Method 2, was used to investigate 

further the dependence of potential of metal uptake by [3Fe-4S]. 29

Method 2: As for Method 1, comparisons were made of the metal uptake ability of the 

[3Fe-4S] cluster using a range of different poising potentials. The main difference 

between Methods 1 and 2 was that for the latter, a new protein film was used for poising 
at each 'investigative' potential, this meant that no 'carry on' effects would be seen over 

the time course of the experiment. For Method 1, the total length of a protein film 

experiment was at least 10-15 minutes, and so any cumulative influence of the poising 

potentials (progressively more negative at each separate stage) would affect the protein 

film. Method 2 avoided any possible complications from cumulative effects, as each 
potential was investigated beginning from the same point i.e. a fresh film of Da Fd III. 

Studies using Method 2 were carried out for both Zn2+ and Fe2+ .

Experiments were carried out as follows: first a film of the 7Fe Fd was formed on the 
electrode and the potential was then cycled until the signals were stabilised. The film 

was then held at a specific potential, and transferred to a pot containing 0.5 uM Zn2+, at 

pH 7.0 and held at potential for 60 s. Immediately, following this poising stage, the 
extent of any transformations which had occurred were examined by cycling at 
500 mV s" 1 . Typical results for an experiment carried out using Zn are shown in Figure 

3.6 where it can be seen that little uptake of Zn2+ is observed after 1 minute at potentials 

above 43 mV, i.e. at which [3Fe-4S] exists in the 1+ level, whereas at a potential (-457 

mV) favouring both [3Fe-4S]° and the product [Zn3Fe-4S]2+, rapid conversion occurs, 

as noted previously for the [Fe3Fe-4S] 2+/1+ cluster using Method 1. However, as the 

potential is decreased below -750 mV, where the [3Fe-4S] core is 'locked' into the 2- 

state, there is again little formation of [Zn3Fe-4S]. Some attenuation of signals A1 and C 

is observed at this potential, but this is due to slow degradation of the [3Fe-4S] cluster in 

this highly reduced state - a similar decrease is observed in buffer alone. To ensure that 

the remaining, unreacted [3Fe-4S] cluster was still capable of metal ion uptake after 

being held at these low potentials the film was re-poised at -550 mV whereupon signals 

due to [Zn3Fe-4S]2+/1+ appeared as expected.
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Results obtained for Fe uptake (10 [iM) were similar, although the results were more 
difficult to analyse because the new signal D', arising from that of [Fe3Fe-4S]2+/1+ , 
overlays that of the inert B 1 couple, Figure 3.7. In Figure 3.7, it can be seen that at the 
poising potential of-1007 mV, there is little in the way of Fe uptake as the A1 and C 
couples are clearly visible. At the poising potential of-257 mV, where the 3Fe cluster is 
in the [3Fe-4S]° state, Fe uptake is seen to occur, as judged by the decrease in size of the 
A and C1 peaks. When the 3Fe cluster is in the [3Fe-4S] 1+ state (i.e. when the potential 
was held at 93 mV) Fe uptake is not observed. At this positive potential a decrease in 
the general quality of the film is seen as positive potentials are generally disruptive to the 
protein film.
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+ 43 mV

- 457 mV

- 857 mV

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

E/V vs SHE

Figure 3.6 Potential dependence of zinc uptake in [3Fe-4S| from Da Fd III

Cyclic voltammograms showing the extent of uptake of Zn into the /3I^e-4Sj cluster at 

different potentials. Films of the 7Fe Fd were poised for 60 s at the potentials 

indicated, then a cycle was recorded at a scan rate of 500 mV s~ . The signal due to 

[Zn3Fe-4S/2 + '' (/)') is indicated by (*). Buffer electrolyte 20 mMHepes, 0.1 MNa( 7, 

pH 7.0 at 0 °C, 200 jug ml' 1 polymyxm as co-adsorbate.
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5 juA
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-1007mV
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-1007mV
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Figure 3.7 Potential dependence of iron uptake in [3Fe-4SJ from Da Fd III

Cyclic voltammograms showing the extent of uptake ofFv" into the /3I<*e-4S/ duster at 

different potentials. I^ilms of the 7l:e l^d were poised for 60 s at the potentials 

indicated, then a cycle was recorded at a scan rate of 500 mV s~ . Buffer electrolyte 20 

mMHepes, 0.1 M NaCL pH 7.0 at 0 °C, 200 £ig ml' 1 poly myxm as co-adsorbate.
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3.3.2 Potential Dependence of Metal Ejection from [M3Fe-4S]
Release of M from [M3Fe-4S], to give the original cluster [3Fe-4S], was measured as a 
function of electrochemical potential, in a method analogous to Method 2 for the uptake 
experiments. First, a film of Da Fd III was prepared and transferred to a pot containing 
an excess of metal ion ([M2+]» Ka). After complete formation of [M3Fe-4S] (by 
holding at a potential < E0^) the electrode was transferred to a third pot containing no 
metal ions in solution and was poised at a specific potential for 60 s. A voltammogram 
was immediately recorded by scanning rapidly at 500 mV s" 1 to view the cluster status. 
As the actual amount of metal ion ejected could not be measured directly, metal ejection 
was instead monitored by the return of the C couple - and in particular the height of the 
C couple oxidative wave. Couple C1 is a well-defined reduction couple, typically with 6 
= 60 mV indicating a 2e~ co-operative reaction, and also involves uptake of 2HT (3 with 
respect to the oxidised cluster) - as demonstrated for Da Fd III, Sulfolobus 
acidocaldarius Fd and Azotobacter vinelandii Fd I. 30 At scan rates > 200 mV s" 1 the C 1 
couple reductive wave is considerably broadened - presumably because of slow electron- 
or proton-transfer processes. 36 A comprehensive range of holding potentials were used 
in metal ejection experiments for both [Zn3Fe-4S] and [Fe3Fe-4S]. To compare metal 
ejection from these two clusters the percentage of the oxidative C' peak return was 
measured, normalised with respect to the amplitude obtained upon complete 
transformation and then plotted as a function of potential. An example of Fe ejection is 
illustrated in Figure 3.8 and similarly Zn ejection in Figure 3.9.

Considering Fe ejection: This process was barely detectable at potentials below
-400 mV, where [Fe3Fe-4S] exists in the 1+ level but there were indications of a slight 
increase of Fe ejection at very negative potentials, perhaps owing to the stability of 
[3Fe-4S]2" as a product. As the potential was raised above -400 mV, the extent of Fe 
release increased and became instantaneous (on the experimental timescale) at 200 mV. 
No additional voltammetric signals, which might correspond to the HiPIP reduction 
couple [Fe3Fe-4S]3+/2+ were observed in scans up to 500 mV.

Considering Zn ejection: Release of Zn from [Zn3Fe-4S] was found to be more rapid 
than that of Fe. In Figure 3.9, it can be seen that at the lower poising potential of
-757 mV, the Zn ejection is marginal whereas at the higher poising potentials of-257 mV
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and 243 mV Zn ejection is more noticeable - as judged from the return of the A1 and C 1 
peaks. The rate of Zn ejection accelerated noticeably above -500 mV and again, 
marginally, above -100 mV - as shown in Figure 3.10.
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+143 mV

-1.0 -0.8 -0.6 -0.4 -0.2 0.0

E/V vs SHE

Figure 3.8 Metal Ejection from the [Fe3Fe-4SJ cluster in Da Fd III

Cyclic voltammograms showing ejection of l:e from the f}/e3Fe-4S/ cluster at different 

potentials. Films of the previously transformed 8^e l"d were poised at the potentials 

indicated for 60 s and then the film was scanned at 500 mV s' 1 . Buffer electrolyte 20 

mMHepes, 0.1 MNaC V, pH 7.0 at 0 V, 200 jug ml' 1 polymyxm as co-adsorbate. (Note 

the broadened reductive wave of the (" couple due to the high scan rate.)
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Figure 3.9 Metal ejection from the (Zn3Fe-4Sl cluster in Da Fd III

Cyclic voltammograms showing ejection of Zn from the /Zn3Fe-4S/ cluster at different 

potentials. Films of the previously transformed Zn Fd were poised at the potentials 

indicated for 60 s and then the film was scanned at 500 mV s' 1 . Buffer electrolyte 20 

mMHepes, 0. 1 M NaCl, pH 7.0 at 0 °(\ 200 ^g ml' 1 poly my xm as co-adsorbate. (Note 

the broadened reductive wave of C' couple due to the scan rate.)
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Figure 3.10 Potential dependence of the release of Fe and Zn from the [M3Fe-4S] 

in Da Fd III
Experiments were carried out as described as in the Figure 3.8 legend. The symbols for 

[Fe3Fe-4S/ and [Zn3Fe-4$] are a green circle and blue square respectively. The 

percentage ejection of M was quantified by comparing the fractional extent of 

reappearance of the /3Fe~fSj - by measuring the height of the oxidation peak for signal 

C' after poising for 60 s at the potentials indicated. Above the graph is a potential 

phase diagram aligned to show the cluster species present at the various potentials.
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3.3.3 Metal Competition Experiments

Experiments were also carried out to measure direct competition between two metals. If 
the reduction potential of [MY3Fe-4S]2+/1+ is Y mV and is sufficiently more negative than 
that of [Mx3Fe-4S]2+ +, X mV, then application of an electrode potential midway 
between Y and X ought to produce a noticeably greater proportion of the Mx adduct, 
since this alone would be in the 1+ state. This reasoning is based on the thermodynamics 
of the core chemistry, K6 < K5 because M2+ should be bound more tightly in [M3Fe-4S] 1+ 
than [M3Fe-4S]2+ (Figure 3.3) provided E°' for Reaction 2 « E01 for Reaction 9. The 
ideal situation would be if the two heterometal clusters had well-separated reduction 
potentials for [M3Fe-4S] + + (E°'D'), in order that accurate quantitation of each peak 
could be easily undertaken.

The first choice for such a system was Cd vs. Fe, [Cd3Fe-4S]2+/1+ and [Fe3Fe-4S]2+/1+ , 
whose reduction potentials are 180 mV apart, as shown in Table 3.1. However, the Kd 
for Cd binding to the cluster (0.8 |aM) is much less than the Kd for Fe binding (30 uM), 3 
and it was found that at whatever potential the system was poised, Cd uptake always 
occurred preferentially.

The second choice was Fe vs. Zn. Although Zn binds more tightly than Fe in Reaction 5, 
the reduction potential of the [Zn3Fe-4S]2+/1+ couple (-492 mV) is sufficiently more 
negative than [Fe3Fe-4S]2+/1+ (-393 mV) that application of a potential to the protein film 
midway between [Fe3Fe-4S]2+/1+ and [Zn3Fe-4S]2+/1+ ought to produce a noticeably 
greater proportion of the Fe adduct, since this alone would be in the 1+ state. To test 
this hypothesis a film of the Fd III was poised at either -307 mV or -457 mV in a 
solution at pH 7.0 containing the mixture 10 uM Fe2+ and 0.5 uM Zn2+, each 
concentration approximately 1/3 of their Kd values. 3 Although a greater extent of overall 
transformation was apparent at -457 mV, reliable quantitation of the contributions of 
different species could not be achieved in this congested region of the voltammogram 
because of the proximity of E0lD-Fe and E°'D'Zn. However, qualitatively, the results 
obtained at -457 mV did indicate, as expected, a relatively lower contribution of the 
more characteristic D' signal due to [Zn3Fe-4S]2+/1+ . This is shown in Figure 3.11. Use 
of higher Fe levels attenuated the characteristic [Zn3Fe-4S]2+/1+ at either potential.
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Figure 3.11 Metal Competition Experiment

Cyclic voltammograms showing the competitive metal ion uptake with a solution 

containing Zn2 (0.5 f^M) and Ue2 (10 fMM). l^ilms of the I'd HI were poised for 60 s at 

the potentials indicated, then a cycle was recorded at a scan rate of 500 mV s~ . The 

signal due to fZn3Fe-4S/2 ' ; * is indicated by (*). buffer electrolyte 20 mM Hepes, 

0.1 MNaCl, pH 7.0 at 0 °(\ 200 jug ml' 1 poly myxm as co-adsorb ale.
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3.4 DISCUSSION
Direct potential control and the sensitivity achieved by having such a minuscule amount 
of protein adsorbed on the electrode, has allowed the relationship between cluster 
reactivity and the electrochemical potential to be explored in a very specific way. The 
cluster interconversions as depicted in Figure 3.3 occur in a simple and reversible manner 
for free metal ion, M2+, via Reaction 5 only. This process occurs rapidly for a film of Da 
Fd III when it is adsorbed on the electrode surface. Therefore it is likely that only a 
small barrier must be overcome to accommodate the metal ion. Reaction rates of metal 
uptake appear to be dependent on the metal M. Previously, studies have shown that 
metal uptake of T1 1+ into the [3Fe-4S] core is very fast, and that T1 1+ also forms a weak 
complex with [3Fe-4S] 1+ (Reaction 4 in Figure 3.3). The M2+ ions, however, are slower 
with estimated rates,4 following the approximate order, Cd2+>Zn2+>Fe2+>Co2+ for Da 
Fd III. This order is as expected on the basis of typical ligand substitution rates, e.g. 
exchange of inner-sphere water molecules. 37

Other ferredoxins for which transformation products are well characterised are the 
single-cluster systems Desulfovibrio gigas Fd and Pyrococcus furiosus Fd, both of these 
containing disulfide bridges. 38'39 Da Fd III is most certainly more amenable to cluster 
reactions than Pf Fdb when adsorbed on an electrode surface. A possible explanation is 
that the disulfide bridge confers extra rigidity in the protein structure of Pf Fd (and 
indeed for Dg Fd) which would hinder cluster interconversions. However, it is unlikely 
that Da Fd III is more reactive for this reason because it possesses instead, the inert 
[4Fe-4S] cluster as a cross-link. In addition, Fd III contains a glutamate in place of the 
proline which normally follows the remote cysteine residue3 '40 and this lack of the 
proline residue may result in a decrease of the rigidity in the cluster domain. 
Conformational flexibility is also suggested by the lack of hyperfine structure in the EPR 
spectra of [T13Fe-4S] 1+ and [Co3Fe-4S]2+, consistent with greater M-subsite 
heterogeneity. 4'27 This is in contrast to the well-resolved spectra observed for 
[Co3Fe-4S] 1+ in/yFd13

See Chapter 6 for a comprehensive examination of metal uptake for P/Fd
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For M2+ ion uptake, no significant reactivity was observed either for [3Fe-4S] 1+ or the 
hyper-reduced species [3Fe-4S]2". The former is too electron-deficient to co-ordinate a 

fourth divalent metal, whereas the all-Fe2+ cluster is likely to be extensively protonated. 30 
It is not yet certain where exactly the protons bind, either on or near to the cluster, but 
clearly the greater electron count and/or the associated proton binding confers kinetic 
stability upon this state. Thus, for optimum conversion from the [3Fe-4S] cluster to the 
heterometal cluster, [M3Fe-4S], the potential at which the protein film had to be poised 
was below that of the reduction couple of [3Fe-4S] 1+/0 and at a higher potential than E°'

f\if} _
for [3Fe-4S] ". This knowledge was particularly useful (i.e. for optimising conditions) 
when studying the metal uptake reactions of the [3Fe-4S] cluster from Pf Fd, which was 
considerably less amenable to cluster conversion when adsorbed on the film (Chapter 6).

For M2+ release, it was observed that degradation of [Fe3Fe-4S]2+ to produce [3Fe-4S]° 
and Fe2+ was significantly slower than release of Zn2+ from [Zn3Fe-4S]2+, for all 
potentials investigated. In both cases there appeared to be a 'threshold potential' for 
metal ejection. After poising at potentials above this value (for 60 s) voltammograms 
showed at least 50 % transformation to the [3Fe-4S]. For the Zn adduct this threshold 
potential was -400 mV and for the Fe adduct this was 0 mV. Sensitivity to the nature of 
the product is expected for a process in which the transition state most resembles the 
product, which in this case has little affinity for the leaving M. Although rates of release 
did increase somewhat as the potential was raised further, i.e. to 200 mV, no additional 
signals were observed in the voltammetry at high potentials which may have indicated 
formation of [M3Fe-4S]3+ . The superoxidised form of the cubane, [M3Fe-4S]3+, is 
thought to be the intermediate for degradation of [M3Fe-4S] to [3Fe-4S] clusters, for 
example by oxidation with Fe(CN)63 ". In Figure 3.3 this pathway is depicted through 
Reactions 8 and 4. It is noted that the characteristics of M2+ release in Da Fd III are 
different to those of M2+ release observed for P/Fd, which required much higher poising 
potentials to cause Fe to be released from the [Fe3Fe-4S] cluster (see Chapter 6). Thus, 
it can be concluded that applying a potential at which the [3Fe-4S] product is trapped in 
the 1+ level, i.e. pathway 5 -> 1, is a viable route for metal ion release from [M3Fe-4S] 

inAiFdffl.
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The potential dependence of metal uptake and ejection in Da Fd III shows that Reaction 
5 alone provides a pathway for cluster degradation. This is particularly evident when the 
product is further trapped as [3Fe-4S] 1+, i.e. Reaction 5 is followed by Reaction 1 
(Figure 3.3). In contrast, the [M3Fe-4S] core is conspicuously least labile in the 1+ level 
(i.e. < -400 mV for M = Fe, and < -500 mV for M = Zn). Significantly, this inertness 
extends to the low-potential region favouring the existence of hyper-reduced [3Fe-4S]2", 
a species which exhibits little activity in the uptake direction. The conclusion is that one 
or indeed both of these cluster species, [M3Fe-4S] 1+ and [3Fe-4S]2" are inert (kinetically 
stable) with regard to interconversion. The greater stability of [Zn3Fe-4S] 2+ versus 
[Fe3Fe-4S]2+ (as inferred from the K5 values) clearly contrasts with its relative lability, 
but is in accordance with the higher Zn uptake rates.

As is evident from Table 3.2, comparisons of the reduction potentials of the [3Fe-4S] 
clusters, and their corresponding [M3Fe-4S] products in different ferredoxins, serve to 
highlight the remarkable influence of just a single subsite - i.e. the M-ligand component. 
Notably, there is a great variation among cubanes with different M, whereas the [3Fe-4S] 
clusters have similar potentials in the biological examples given. With the exception of 
M = Mn and Ni for PfFd, reduction potentials for [M3Fe-4S]2+/1+ (where M is a 2+ ion) 
are always more negative than [3Fe-4S] 1+/0 . This is despite the more positive core and 
therefore, this reflects the importance of local protein structure and intrinsic electronic 
factors. Several points are apparent with regard to the complex influences of the ligand 
to M. Firstly, it has been reported previously that ligation by an exogenous thiolate (RS~) 
causes the Da Fd III [Fe3Fe-4S]2+/1+ reduction potential to decrease by nearly 200 mV 
due to the much tighter binding of RS" to the oxidised cluster (see Chapter 4). Secondly, 
for M = Fe and Zn, the order of E°' values are reversed between Fd III and Pf Fd, 
suggesting different M-ligand co-ordination environments in the two proteins, as recently 
proposed by Finnegan et a/. 13 It is probable that many thermodynamic and kinetic 
differences exist among cubane metal adducts formed in different proteins, reflecting 
either direct changes localised in the M-subsite region, or structural constraints 
originating elsewhere but transmitted to this region. Thirdly, and most obviously, the 
lability of the non-cysteine ligated metal in these proteins (and also aconitase) stems from 

the replacement of cysteine by oxygen-atom donors.
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Several factors provide strong support for this.

1. Thiolate (RS") is a superior ligand for late transition- and post-transition metals, and 
competition with protonation is much more favourable. The corresponding K5 values 
for typical S-ligation, must be « 10"8 since the pK for thiol/thiolate equilibrium in 
free cysteineis 8.4.41

2. It has been shown by Holm and co-workers that weak ligation (X = CF3 SO3") to one 
of the Fe atoms generates a unique subsite of [Fe4 S 4(LS3)(X)]2" from which it is 
possible to obtain the [3Fe-4S]° analogue with ease, [FesS^LSs)]3 '. 19 *20

3. Cowan and co-workers have investigated a mutant of Chromatium vinosum HiPIP, 
Cys77Ser, in which one cysteine is replaced by serine. Replacement of the cysteine 
by serine results in the oxidised cluster [4Fe-4S]3+ being much more prone to 
degradation, an intermediate of which was found to be the [3Fe-4S] 1+ cluster. Thus, 
ligation of one of the Fe atoms by an oxygenic ligand results in destabilisation of the 
cluster.42

4. Replacement of aspartate-14 by cysteine in Da Fd III has recently been shown to 
stabilise the [M3Fe-4S] cluster compared to the [3Fe-4S] cluster (for M = Fe), as 
evidenced from the decrease in the observed Ks. 6

5. Evidence has been collated which indicates that the more thiophilic metals such as 
Cd2+ or T1 1+ might override the need for protein ligation. It has been proposed that 
they need bond only to the exposed tri-(i2-sulfldo face of the [3Fe-4S] cluster, which 
would be sufficient to ensure metal complexation, and recruit solvent molecules to 
complete the co-ordination shell.

The difficulties associated with identifying and characterising possible heterometal 
clusters in nature depends primarily upon their detection but also on their stability and 
reactivity. Structural sensitivity to the ambient electrochemical potential, within 
biologically feasible limits, presents a natural asset to be exploited by regulatory Fe 
proteins, including the Iron Regulatory Protein43 and redox sensors such as the 

transcription factor FNR. C' 44 The ability to monitor and control very reactive cluster

p FNR (fumarate nitrate reduction) protein - a redox responsive regulator that activates and represses 
genes enabling anaerobic or aerobic metabolism in Escherichia coli, see Chapter 1.
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species by sensitive methods such as protein film voltammetry represents an important 
aspect in these and other investigations.
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[3Fe-4S]

Mn
Fe

Co

Ni
Cu

Zn

Cd

Cr
Tl

Pb

Da Fd md

-140 
-150

-400 
-393
-271 
-247

-

148
-480 
-492
-580 
-569

-

801

-440m

PfFde

-160 
-150h
>-100
-345 
-430
-163

>-100
190

-241 
-262
-470 
-359
-440

152

_

Dg¥df

-130

-
-420

-245

-360
-

-

-495

-
-

-

[MFe3 S4(X)(SR)3 ] g
-548 1

-
-1008J 
-958k
-778

-658
-

-

-

-

-

Table 3.2 Reduction potentials for [M3Fe-4S] clusters in proteins and analogues"
Potentials for [M3Fe-4S] are given for the 2+/1+ redox couple, which in Figure 3.3 
corresponds to Reaction 9 except for M = Cu and Tl, in which case the half-cell process 
is Reaction 8. Values for the [3Fe-4S] are given for the 0/1+ couple. Potentials in 
bold are E°' values measured for protein films. References: Da Fd Up-5- 22- 27 Pf 
Fcj8,i3,45 DgFdi7[MFe3S4(X)(SR)3]20' 46

d Data are for pH 7.0, 0.1 M NaCl except where stated.
e Data are for pH 8.0, values determined by potentiometric EPR titrations except where stated.
f pH 7.6 values determined by potentiometric EPR titrations or square wave voltammetry.
8 Values determined by cyclic voltammetry in acetonitrile, corrected to the SHE scale.
h Protein film method, pH 7.0, 0 °C, see Chapter 6.
1 (SR) = (LS3), noX
j (SR)3 = LS3 a tripodal cavitand ligand, (X) = N-methylimidodiacetate.
k SR = X = S-mesitylthiolate.
1 pH 7.0, 0.5 M NaCl
m pH 6.0, 0.1 M NaCl
n For a graphical representation of this data see Chapter 6.
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CHAPTER 4

INVESTIGATION OF EXOGENOUS LIGAND
BINDING TO HOMO- AND HETEROMETAL

CLUSTERS, [M3FE-4S], IN FERREDOXIN III
FROM Desulfovibrio africanus

4.1 INTRODUCTION
Initial interest in biological iron-sulfur centres focused upon their electron-transfer 

characteristics, and their role in maintaining protein structure. However, as research 

progressed and several new types of metal clusters were discovered, it became apparent 

that they play a much wider role in biochemical processes. 1 '5 Clusters with the ability to 

interconvert between [3Fe-4S] and [M3Fe-4S] have been discovered (Chapter 3) and, 

contrary to the initial assumption that ligation was exclusively by cysteine, it has been 

found that clusters may be co-ordinated by a variety of ligands (Chapter 7). The nature 

and lability of the ligating residues is a rapidly expanding area of research in metallo- 

sulfur cluster chemistry.

Cubane-type [4Fe-4S] clusters are ubiquitous in biological systems and are found in 

ferredoxins (simple redox proteins) and also in a wide range of cytoplasmic and 

membrane-bound enzymes.4 There are two main strategies through which these simple 

metallo-sulfur clusters may access a greater variation of physical and chemical properties 

and reactivity - these are metal uptake of the cluster 6'23 and ligand binding (either 

ligand exchange or ligand addition) 24 Metal uptake can result in significant changes in 

the electron density and hence the redox characteristics of the cluster - two detailed
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investigations of metai uptake (and also metai release) are contained in this thesis 

Metai uptake by Fd iii from Desuifovibno afncanus (Da} is considered in Chapter 3 

and metal uptake by the ferredoxin from the hyperthermophiie I'yrococcus funosus (l\f) 

is considered in ( 'hapter 6. A schematic cartoon of ligand binding is shown in figure

4.1.
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Figure 4.i Cartoon showing iigand binding in Da Fd III

The above cartoon shows the two options for ligand binding to the transformed cluster 

fM3Fe~tS/ from Da h'd HI. (a) Ligand exchange, if the X ligand is displaced by / 

from the M co-ordination sphere; (b) ligand addition if both X and i co-ordinate M.

Ligand exchange, whereby the native ligating residue of the cluster is exchanged for 

another iigand, can be either internal or external. Internal iigand exchange - in which the 

replacement iigand originates from the protein^ primary structure, can be accomplished 

using site directed mutagenesis. 25 However, this chapter is based upon the substitution,
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or augmentation, of a native protein ligand for a ligand originating externally. For 
examples of internal ligand exchange see Chapter 5.

For ligand exchange to be a useful 'property' of a metallo-sulfur cluster, for example as 
in the enzyme aconitase (see Chapter 1), it is essential that ligand exchange be specific to 
a certain atom in the cluster. This is essential in order to avoid competing reactions at 
other sites in the cluster during catalysis and the atom in question must, therefore, be in 
some way differentiated from the other atoms in the cluster. If the atom is the same 
chemical element as the other metal atoms in the cluster, then the direct environment of 
this atom must be such that it differentiates between them. That is to say the particular 
atom must be subsite-differentiated. For example, aconitase contains an FeS cluster 
which is able to bind substrate at the 'fourth' iron atom of the cluster - this Fe atom is 
predisposed for substrate binding because it is ligated by an aspartate ("OH), unlike the 
three other Fe atoms, which are more conventionally ligated by cysteine. 26

Holm and co-workers have successfully synthesised a non-biological analogue of a 
subsite differentiated [4Fe-4S] cluster, in which the subsites are differentiated in the ratio 
3:1. This has been achieved by using tridentate trithiolate ligands to co-ordinate three of 
the four atoms, while the fourth Fe is co-ordinated by an exchangeable ligand such as 
chloride. 27 This labile ligand may then be replaced by a wide range of alternative ligands 
which may be monodentate, bidentate or tridentate - the resultant products are four-, 
five-, and six-co-ordinate with respect to the unique fourth Fe.28 The clusters thus 
formed have been characterised by NMR and electrochemistry, most significantly there is 
a considerable negative shift in the reduction potential of the 2+/1+ and 3+/2+ redox 
couples of the cluster, and asymmetry is introduced into the electron density of the 
cluster. In a related study Barclay et al have reacted the site-differentiated [4Fe-4S] 
cores with a series of amino acid methyl esters. 29 These 3:1 site-differentiated clusters 

[Fe4 S4(L)(SEt)]2" (where L is tridentate ligand)a react with Cys-OMe, Tyr-OMe, Ser- 
OMe or HHis-OMe to give [Fe4S4(LXAA-OMe)f or [Fe4S4(L)(HHis-OMe)]-.

a L = L1 or L2 ; where H3L! = l,4,7-tris(4-sulfanylbenzoyl)-l,4,7-triazacyclononane, H3L2 = l,5,9-tris(4- 
sulfanylbenzoyl)-l,5,9-trizazcyclododecane)29
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The non-biological analogues discussed above mimic behaviour which has long been 
thought to occur in biological systems such as aconitase. Aconitase was one of the first 
examples of an FeS cluster-containing protein which performed a function other than 
electron transfer. Aconitase has been known for over 50 years, but was only found to 
contain an FeS cluster in the 1970's. 30 The enzyme catalyses the stereospecific 
conversion of citrate to isocitrate via the intermediate c/s-aconitate,26 and is part of a 
larger group of enzymes known as (de)hydratases. The active form of aconitase contains 
a [4Fe-4S] cluster, one Fe of which is co-ordinated by a hydroxide ion, and not a 
cysteine, as in more conventional [4Fe-4S] clusters. Thus, there is a 'subsite- 
differentiated' Fe atom which acts as a Lewis acid catalyst and which is able to bind a 
substrate molecule reversibly - on binding the substrate the Fe becomes six-co-ordinate 
(see Figure 1.7, Chapter I).26 The inactive state, resulting from exposure to O2, is a 
[3Fe-4S] cluster which is unable to bind the substrate due to lack of the fourth iron. 
Reactivation of the enzyme is effected by the addition of Fe2+ under reducing conditions. 
This ability of the cluster to exchange its ligating groups thus allows it to 'communicate' 
with the external media.

A further example of ligand exchange has been observed in the small ferredoxin from 
Pyrococcusfuriosus. This ferredoxin is similar to aconitase in that it contains a [4Fe-4S] 
cluster with one non-cysteinyl ligand. 11 '31 Recent ^-NMR32 - 33 and ^-ENDOR34 
results indicate that the cluster is ligated by three cysteines and an aspartate, which 
replaces cysteine in the characteristic -C-X2-C/D-X2-C-Xn-C- arrangement of co­ 
ordinating cysteines. This produces a subsite differentiated Fe atom in the cluster which 
can be reversibly removed from the cluster by oxidation with ferricyanide, and may be 
subsequently reintroduced by addition of Fe2+ under reducing conditions. 11 
Spectroscopic methods have been used to examine exogenous ligand binding to various 
adducts of the [3Fe-4S] cluster of /ypd. 12 > 13 > 15 '34 Mercaptoethanol and cyanide binding 
have been examined using EPR and variable temperature magnetic circular dichroism 
(VTMCD). Incubation of the [Zn3Fe-4S] form of the protein with a 250 fold excess of 
mercaptoethanol resulted in reversible spectral changes indicating formation of a 
mercaptoethanol adduct - the ground and excited state properties of the thiolate-bound 
[Zn3Fe-4S] 1+ cluster in P/Fd were very similar to those of the equivalent [Zn3Fe-4S] 1+
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cluster in Desulfovibrio gigas Fd II. 15 Binding of cyanide to the cluster in Pf Fd was 
observed upon incubation in a 50 fold excess of potassium cyanide. In this case control 
experiments on reduced 8Fe Fd from Clostridium pasteurianum (where all Fe atoms are 
co-ordinated by cysteine residues), and also on the [3Fe-4S] form of Pf Fd, gave no 
change in the EPR spectra, thus showing that cyanide binding occurs at the subsite- 
differentiated site ofPf 4Fe Fd. 34

The ability of clusters to exchange or add ligands leads us to ask a number of questions,
most importantly:

(i)What are the determining factors in a protein structure which facilitate ligand
exchange? 

(ii) Which species are able to co-ordinate to a cluster?

It is possible to formulate answers by using a range of different ligands and a biological 
system which has a proven ligand exchange tendency24 - in this case the atypical 7Fe 
ferredoxin from Desulfovibrio africanus (Da Fd III), described in detail in Chapter 3. It 
is worth reiterating that it contains both a [4Fe-4S] cluster and a [3Fe-4S] cluster. The 
[3Fe-4S] cluster may undergo conversion to [M3Fe-4S], 16"20 but the native [4Fe-4S] 
cluster is inert under the conditions employed in this chapter. The [3Fe-4S] core is co­ 
ordinated by three cysteine residues, with an aspartate residue in what would normally be 
the central co-ordination position of a typical 4Fe cluster i.e. -C-X2-C/D-X2-C-Xn-C-.

As described in Chapter 3, protein film electrochemistry of the native 7Fe Fd III gives 
rise to three separate redox couples, A1 , B 1 and C (Figure 3.6; Section 3.3.1) These are 
due to the couples [3Fe-4S] 1+/0 , [4Fe-4S]2+/1+ and [3Fe-4S] 0/2~ respectively. 18 As also 
described in Chapter 3, metal uptake to form new [M3Fe-4S] clusters is facile in 
Fdlll. 16- 19'35 The heterometal clusters formed have been examined both 
electrochemically and using spectroscopic techniques. The redox couple [M3Fe-4S]2+/1+ 
is denoted D', and has a reduction potential which is dependent on the identity of M 
(Table 3.1; Section 3.3.J), although for Da Fd III when M = Fe2+, couple D 1 overlays 
couple B 1 . More recently, it has been shown electrochemically that the ability to 
incorporate metal ions depends also on the cluster's redox state.20 Once a metal ion has
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been incorporated into the [3Fe-4S] cluster the transformed Fd III is similar to aconitase 
and /y Fd, in that it has a subsite-differentiated metal atom in the FeS cluster. Da Fd III 
is then able to undergo exogenous ligand binding, although it should be noted that a 
subsite-differentiated metal substituent of a cluster is not likely to be the only prerequisite 
for ligand binding.

Electrochemistry has already been used to demonstrate that exogenous ligand binding 
can occur to the transformed 8Fe Fd from Da Fd III. When an adsorbed protein film 
containing the [Fe3Fe-4S] cluster is introduced into a solution of mercaptoethanol a 
distinct change is observed in the voltammetry and a new redox couple is observed. 24 In 
the absence of an exogenous ligand a single redox signal is observed, which is assigned 
to the superposition of two couples: the native [4Fe-4S]2+/1+ cluster (B 1) and the 
[Fe3Fe-4S]2+/1+ cluster (D 1), Figure 4.2(a). 18 Upon introduction of the protein into a 
solution of mercaptoethanol this single signal (observed at slow scan rate) splits into two 
smaller ones, having approximately equal areas, Figure 4.2(b). One of the new couples 
remains in a position close to that of the original (B 1 only), the other is shifted to a more 
negative potential. The position of the new redox couple (E°'obs) is dependent upon the 
concentration of mercaptoethanol, see Figure 4.2(b) and (c). No voltammetric change is 
observed when an adsorbed film of only the 7Fe Fd is placed into the mercaptoethanol 
containing electrolyte. From this it is concluded that it is the subsite differentiated Fe 
atom that is the site of interaction. On returning the adsorbed film to a pot containing 
only buffer/electrolyte the A' and C1 couples reappear indicating that the reaction is 
reversible. A scheme for reversible ligand binding is shown in Figure 4.3.
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0.1

[Fe3Fe-4S] 2+/K and [4Fe-4S] 2+/1+/

-0.8 -0.6 -0.4

E/V (SHE)

-0.2

(a)

(b)

(c)

Figure 4.2 Mercaptoethanol and 8Fe Fd III

Mercaptoethanol concentrations (thiolate concentrations in parentheses) are: (a) 

OmM; (b) 168 (2.6) mM; (c) 536 (8.4) mM. E°'0bs indicates the position of the new 

couple and B' represents the [4Fe-4S]2 ~lr " Jt~ couple. All solutions contained 180 

Fe2+, 0.2 MNaCl, 20 mM Tris, pH8.0 at 0 °C, 10 mVs' 1 .
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4.1.1 Mathematical Representation of Ligand Binding

[M3Fe-4S]2+ + e'
ox

d(L)

ox ox

L-[M3Fe-4S]2+

D1

koff

L-

red

Kd(L)
red

red

Figure 4.3 Scheme of ligand binding in Da Fd HI

Electrochemically, the reversible exogenous ligand binding is coupled to electron transfer 
- a schematic overview of the reactions which occur is shown in Figure 4.3. 24 The 
dissociation constants Kd(L)°x and Kd(L)red are defined in Equations 4.1 and 4.2. In the 
following equations populations of the various clusters, denoted for example by [[M3Fe- 
4S]2+], are confined to the electrode surface and [L] represents the concentration of 
ligand in the solution.

K d .T . ox =[[M3Fe-4S]2+ ][L]/[L-[M3Fe-4Sr] Equation 4.1

red = [[M3Fe - 4S] 1+ - [M3Fe - 4S] 1 Equation 4.2

At slow scan rates changes in cluster ligation will be rapid on the experimental timescale 
- and conditions will therefore approach electrochemical equilibrium. The observed 

reduction potential at equilibrium, E°'0bs, is dependent upon ligand concentration 

(Equation 4.3). All terms are as defined in Figure 4.3.
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Equation 4.3

At low ligand concentration, [L] « Kd(L°^red, thus [L]/ Kd(L) OX'red -> 0. Hence, E°'0bs 

tends asymptotically towards E°'D (the reduction potential of the unligated cluster). At 

high ligand concentration [L] » Kd(L)ox'red , thus [L]/ Kd(L)°x'red » 1 and E0t0bs tends 

asymptotically towards E°'F (the reduction potential of the ligated cluster), as defined by 

Equation 4.4:

E°' F = E° ' D + (2.303RT/ F)log(K d(L) °x / Kd(L) red ) Equation 4.4

A plot of E°'obs versus log [L] is thus sigmoidal with limits at E°'D for [L] « K<KD and at 

E°'F for [L] » Kd(L)red as shown below in Figure 4.4.
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E°'obs vs SHE
-0.35 T

ox

o'
D

E°\

Experimental points 
lie on this curve

10-8 10-6 10-4 10-2 10° 102

log [thiolate]

Figure 4.4 E°'obs as a function of thiolate concentration, according to Figure 4.3

4.1.2 Aims of this Investigation

The work described in this chapter aims to define what controls the binding of an 
exogenous ligand to a metal cluster, within a defined protein environment. Specifically, 
the binding of a wide range of ligands (as detailed in Table 4.1) to the [Fe3Fe-4S], 
[Zn3Fe-4S] and [Co3Fe-4S] clusters produced in Da Fd III are studied. In this way the 
effects of varying the heterometal (the subsite-differentiated metal atom) are investigated 
in the absence of major changes in the local protein environment, and the binding 
properties of sets of ligands are used to shed light upon, for example, the differences 
between thiolate and oxygenic co-ordination. Clusters are commonly ligated by thiolate 
species, whereas ligation by oxygen species is relatively rare, although examples include 
aconitase,26 the 4Fe Fd from Pf 32 > 36 and the [2Fe-2S] cluster in succinate 

dehydrogenase fromE". coli 37 Additional ligands, such as glutathione, were also chosen
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because they are already know to function biologically either alone or as part of more 
complex systems.

The experimental foundation for this work was set down by J.N. Butt, 38 who studied 
addition of Fe to the [3Fe-4S] cluster of Da Fd III and subsequent ligand exchange with 
the mercaptoethanoate anion, determining the dissociation constants, Kd(L)°x and Kd(L)red, 
for mercaptoethanoate binding. 24 This work was also extended to include 
mercaptoethanoate binding to the transformed [M3Fe-4S] clusters, M = Zn and Co, the 
results of these experiments are presented below in Table 4.2. The discussion at the 
conclusion of this chapter is thus based upon work carried out over a considerable length 
of time. Every attempt has been made to ensure continuity and thus allow a valid 
comparison of results.
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Ligand Structure
Mercaptoethanol

(1 -hydroxyethane-2-thiol) 

pKH of thiol group = 9.8b

HO-CH 2 -CH 2 -SH

L-Cysteine

pKH of thiol group = 10.6b

°H 
HO-C-C-CH2 -SH

NH2

Glutathione

(y-Glutamylcysteinyl-glycine) 

pKH of thiol group = 9.8b

COOH O O O 
H2N-C-(CH2)2 -C-NHCH-C-NHCH2C-OH 

H HS-CH2

Coenzyme M

(2-mercaptoethane sulfonic acid) 

pKH of thiol group = 9.0b

HO3S-CH2 -CH2 -SH

Thioacetic acid

(ethanethioic acid) O 
H3C-C-SH

Thiomalic acid

(mercaptosuccinic acid) OH O 
HO-C-C-CH2 -C-OH 

SH

Thioglycolic acid

(mercaptoacetic acid) O 
HO-C-CH2 -SH

3-Mercaptopropionic acid

pKH of thiol group = 10.4b O 
HO-C-CH2 -CH2 -SH

Cysteamine

(2-aminoethanethiol) 

pKH of thiol group = 8.9b

H2N-CH2 -CH2 -SH

Table 4.1 Exogenous ligands investigated
... continued on following page...

The pK of the thiol group was found by titration against a solution of NaOH (itself previously 
standardised against a solution of oxalic acid) under the experimental conditions (J.N. Butt).
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Catechol

(1,2-benzenediol) OH 

OH

Oxalic acid

(ethanedioic acid) HOX OH

O
,C-C * *

Oxalacetic acid

(oxo-butanedioic acid)
. H ,c-c-c-c

HO H OH

Table 4.1 Exogenous ligands investigated
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4.2 EXPERIMENTAL
Electrochemical experiments were carried out in a multi-pot cell as described in Chapter 
2, which allowed fast and efficient transfer of a protein film, adsorbed on an electrode, 
between solutions. All solutions were maintained at 0 °C using a thermostatted water 
circulator (Neslab).

Thiolate concentrations in stock solutions were determined by measuring the pH of the 
solution and using the following equation:

[thiolate] - [thiol] tolli / (1 + [H + ] / K H ) Equation 4.5

where KH is the dissociation constant of the thiol group on the ligand

As the majority of the experiments were carried out qualitatively, the exact concentration 
of the thiolate anion was not always known. For the species which a pK of the thiol 
group was not known, the concentration of the stock solution was generally 0.2 M 
(thiol). At the experimental pH ( pH > 8.0) sufficient percentage of the thiol was 
assumed to be ionised to provide a population of thiolate molecules for reaction with the 
protein film. This is one of the major advantages of the protein film method - only 
minute quantities of the protein are used in each individual experiment and thus it is easy 
to have more than a 1:1 stoichiometric ratio of ligand to cluster, even at very low ligand 
concentrations.

Experiments were then carried out in three stages:

(1) A film of Da Fd III was formed on the electrode surface, and the voltammetric 
signals allowed to stabilise whilst the potential was cycled between -100 and 
-600 mV. This pot (Pot 1) contained the buffer system and EGTA (100 |uM). The 
EGTA was in the buffer to prevent the cluster reacting with any unwanted metal 
prior to conversion with the selected metal ion in Stage (2).
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(2) The film was then transferred to a second pot (Pot 2) containing the metal ion of 
interest, M + . The potential was then cycled, and the complete conversion of 
[3Fe-4S] to [M3Fe-4S] was monitored by observing the disappearance of the A1 and 

C couples and the concomitant appearance of the new D' signal. 0

(3) The film was finally transferred to a pot (Pot 3) containing the ligand of interest, 
again whilst holding at a negative potential. A negative potential was used as this 
had previously been found to aid the stability of the heterometal cluster. The 
potential was then scanned to determine whether a reaction had occurred (a scan 
rate of 0.5 V s" 1 was generally employed, which was found to be fast enough to see 
transient reactions occurring).

Transfer of electrode

Potl

Buffer (0.2 MNaCl, 
20 mM Tris) 
and EGTA 
(100 nM)

Status of Cluster [3Fe-4S]

Pot 2

Buffer (0.2 MNaCl, 
20 mM Tris) 
andM2+

[M3Fe-4S]

Pot3

Buffer (0.2 M NaCl,
20 mM Tris)
and ligand solution

[M3Fe-4S]-L

Figure 4.5 Scheme of the experimental method used for the ligand binding 
experiments

A number of experimental conditions were varied from those described in Chapter 2. In 
all cases the buffer used was 20 mM Tris, 0.2 M NaCl (to minimise changes in ionic 
strength when the thiol concentrations was changed) at pH 8.0. Each ligand solution 
was made up in this buffer, the pH of 8 was chosen to maximise the concentration of 
thiolate in the buffer-electrolyte solution. It was noted that the reduction potentials of 
the A, B' and C 1 redox couples were not significantly affected by the 0.2 M salt 
concentration (-129, -382 and -750 mV respectively in 0.2 M NaCl at pH 8.0 and -138,

c Optimum methods for the conversion [3Fe-4S] to [M3Fe-4S] in Da Fd III have been previously 
determined as described in Chapter 3.

135



CHAPTER 4: Exogenous Ligand Binding to Fd HI from Desulfovibrio africanus

-393 and -757 mV at pHS.l in 0.1 M NaCl electrolyte39). The nature of these 

experiments - using a potentially disruptive ligand in solution together with the reactive
-i

protein - required the majority of scans to be recorded at higher scan rates, > 200 mV s" . 

Using a higher scan rate allowed changes in cluster ligation to be observed before 

molecules of the proposed ligand species could interfere and/or destroy the protein film. 

Furthermore, since the metal ion could generally not be contained in the same solution as 

the ligand, due to complexation of the free metal in solution with the ligand s, rapid 

voltammetry was necessary to observe the [M3Fe-4S] cluster before M2+ was lost.

Control experiments, of which Figure 4.6 shows a typical example, were carried out 

using the 7Fe Fd for each ligand under investigation. In no case was there any difference 

between the voltammetry observed in a ligand or a non-ligand solution, therefore ruling 

out the possibility that the ligands interact with anything other than the additional metal, 

M, in the transformed cluster, [M3Fe-4S].

Many of the ligands formed strong complexes with M2+ in solution and thus were able to extract M 
from the cluster [M3Fe-4S].
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(a) / [3Fe-4S]

[3Fe-4S] 0/2-

Native Cluster 
[4Fe-4S]2+/1+

r~ 

•1.0 -0.8 -0.6 -0.4 -0.2

E/V (SHE)

0

Figure 4.6 Control experiment, 7Fe Fd III and glutathione

(a) 7Fe Fd III in 20 mM Tris, 0.2 MNaCl, pH 8.0, v=200mV S- 1

(b) 7FeFdIIIin20mMTris, 0.2 MNaCl, pH 8.0, 0.2 M glutathione, v=200mV S- 1
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4.3 DISCUSSION OF PREVIOUS WORK
The experiments described in this chapter were carried out as a logical continuation of 

work conducted upon the Da Fd III system by J.N. Butt. 24 Before presenting my own 

results I therefore first describe briefly this work, in order to gain a more comprehensive 

overview of the subject area.

4.3.1 Mercaptoethanol

HO-CH 2 -CH 2 -SH

As described in earlier published work,24 mercaptoethanoate anion binding occurs 

specifically at the subsite-differentiated Fe atom of the [Fe3Fe-4S] cluster of Da Fd III 

(Figure 4.2) and, in addition, co-ordination to the oxidised cluster occurs more rapidly, 

and more tightly, than to the reduced cluster. So far it is not known whether the thiolate 

ligand displaces a former ligand from the cluster (most likely the "OH of Asp 14) or 

whether binding is additive so that the co-ordination number of the Fe increases from 4 

to 5. Analogous experiments were also carried out for the Zn and Co systems.

As shown in Table 4.2, thiolate binding to the [M3Fe-4S] cluster causes a negative shift 

in the reduction potentials in each case, consistent with an expected increase in core 

electron density. For all the [M3Fe-4S] clusters the tightest binding was observed for 

the cluster when it was in the oxidised state, as can be seen from the relative values of 

the dissociation constants, Kd°x and Kdrcd (Table 4.2). Furthermore, the relative 

magnitudes of Kd(L)OX are indicative that Fe and Co have greater affinity for the 

exogenous thiolate ligand, having greater trivalent character than Zn2+ . 38 Since it was 

not found to be possible for the Zn and Co adducts to define the limiting potential under 

high thiolate conditions, the corresponding parameters in Table 4.2 are subject to larger 

errors. 38 This inability to obtain a reversible signal for the ligand bound [M3Fe-4S] 

cluster (even at high thiolate concentrations and/or high scan rates) is indicative of the 

ligand exchange process for these [M3Fe-4S] clusters being faster than that of the 

[Fe3Fe-4S] cluster.
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[Fe3Fe-4S]

[Zn3Fe-4S]

[Co3Fe-4S]

E0| 
D

-393

-492

-247

E°'F

-585

-593

-389

AE°'

-192

-101

-142

K^/M

28±9xlO'6

169±20xlO'6

20 ± 2xlO'6

KdtL^/M

97 ±17 xlO'3

13±5xlO'3

9±5 xlO"3

Table 4.2 Equilibrium constants for mercaptoethanoate binding

4.3.2 L-Cysteine

°H 
HO-C-C-CH2 -SH

NH,

An obvious question to ask is whether the [M3Fe-4S] cluster is capable of binding 
L-cysteine, the physiological ligand to the vast majority of Fe-S clusters. Experiments 
analogous to those discussed above for mercaptoethanol (Section 4.3.1) showed that in 
all cases the [M3Fe-4S]2+/l+ (M = Fe, Zn and Co) reduction couple moved to a more 
negative potential. That is to say, the oxidised form is stabilised relative to the reduced 
by ligand binding, dependent upon the concentration of cysteine in solution. A clear 
interaction of cysteine and the protein film can be seen in Figure 4.7, where the signal 
attributable to the both the native [4Fe-4S] cluster and the transformed [Fe3Fe-4S] 
cluster (B 1 and D') can be seen to split into two components on introduction to the ligand 
solution. For the Fe and Zn clusters the proximity of these two couples (ca. 80 mV) 
meant that analysis of data to yield values for Kd(L)°x'red and D'Fe was complex. Results 
were ill-defined for the [Co3Fe-4S]-cysteine system and errors in E0 'obs were 
considerable. Table 4.3 details the thermodynamic parameters for this system.

139



CHAPTER 4: Exogenous Ligand Binding to Fd HI from Desulfovibrio africanus

[Fe3Fe-4S]

[Zn3Fe-4S]

[Co3Fe-4S]

E0| 
D'

-393

-498

-273

E0| 
F

-489

-618

-

AE°'

-84

-120

-

Kdd/VM

68±7x 10'6

7.2±lxlO'6

-

Kd(L)red/mM

2.4 ± 0.7 x 10'3

1.2±0.3xlO'3

-

Table 4.3 Equilibrium constants forL-cysteinate binding

As with mercaptoethanol the magnitudes of Kd(D°x and Kd(L)red are consistent with tighter 
binding to the oxidised form of the cluster, although the difference is less marked - most 
probably because of the lower electron density on the thiol group in cysteine. However, 
the binding affinity of cysteine to the oxidised Fe and Zn clusters is the reverse of that 
observed for mercaptoethanol. It has been postulated that this may be because of the 
charged residues of the amino and carboxylate groups on cysteine, or because of the 
steric bulk of these two groups. 38
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(a)

(b)

[Fe3Fe-4S] 2+/1 +

T————I————I—————I—————I—————I"

-0.8 -0.6 -0.4

0.8

n———i———T 

-0.2-1.0 -0.8 -0.6 -0.4 -0.2 0

E/V (SHE) 
Figure 4.7 L-Cysteine and 8Fe Fd III

(a) Voltammogram of 8Fe Fd III, pH 8.0, v = 200 mV s~', 2 mM neomycin as co- 

adsorbate.

(b) Film transferred to pot containing 0.4 M L-cysteine, otherwise conditions as (a)
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4.3.3 Mercaptopropionic acid

O 
HO-C-CH2 -CH2 -SH

The binding of mercaptopropionic acid to the [Fe3Fe-4S] transformed cluster was 
investigated in ~ 250 |jM thiolate solution (concentration of mercaptopropionic acid 
was 33 mM, using a pK of the thiol group of 10.4, as measured by J.N. Butt) and there 
were weak indications of binding, since a negative shift of ca. 150 mV in the potential 
was observed. However, difficulties in measuring the position of the oxidative wave 
were encountered since the ligand was found to dissociate rapidly from the reduced 
cluster (faster than from the oxidised cluster). These results indicate that this acidic thiol 
may be binding very weakly to the cluster, and it certainly shows much weaker binding 
than mercaptoethanol.40

4.3.4 Cysteamine

H2N-CH2 -CH2 -SH

This thiol ligand differs in that it does not contain any acidic or alcoholic groups, but 
instead contains an amino and a thiol group. At a concentration of 463 mM cysteamine 
(which under the experimental conditions is -80 mM thiolate) the total negative shift of 
E°obs was ca. 70 mV. Data were obtained which allowed Kd(L)OX and the Kd(L)red to be 
calculated as 1.52 ± 0.3 x 10"3 M and 36 ± 19 x 10"3 M respectively, using the analysis 
as demonstrated in Section 4.1.1. As observed for all the thiolate ligands the higher 
Kd(L)red indicates that the affinity of the thiolate ligand has a greater affinity for the 
oxidised form of the cluster. A typical result showing the extent of cysteamine interaction 
with the 8Fe Fd is shown in Figure 4.8.
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(a)

[Fe3Fe-4S] 2+/1 +

and
Native'Cluster 
[4Fe-4S] 2+/I+ y

A

V

iiiir~ 

.0 -0.8 -0.6
i i i 

-0.4 -0.2

E/V (SHE)

0

Figure 4.8 Cysteamine and 8Fe Fd III

(a) Voltammogram of transformed 8Fe Fd III, showing the redox couple for

[Fe3Fe-4S]2+/1 + and native [4Fe-4SJ2+/1+, pH 8.0, v = 200 mV s' 1 , 200 ^g ml'l 

polymyxin as co-adsorbate.

(b) Film transferred to pot containing 0.16 M cysteamine, otherwise conditions as (a). 

The oxidative peak can be seen to split into two components (marked by arrows), 

indicating that there is a ligand interaction with the [Fe3Fe-4S] cluster. For the 

reductive peak the definition of the two components is harder to observed.
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4.3.5 Imidazole / Histidine
o

H 2 N —— CH—C —— OH

H

-N ^———NH

Imidazole Histidine

A brief experimental survey was also carried out using the transformed 8Fe Fd and two 
possible nitrogen donor ligands, imidazole and histidine. When the 8Fe Fd protein film 
was introduced to a solution of imidazole (1.0 M) the oxidative and reductive waves (for 
[Fe3Fe-4S]2+/1+ and [4Fe-4S] 2+/1+) were split into two components, with a shift in the 
potential of ca. 50 mV. However, when the same experiment was carried out with the 
7Fe Fd the [3Fe-4S] 1+/0 couple was shifted by ca. 30 mV thus making it difficult to 
conclude whether the imidazole was interacting solely with the sub site-differentiated Fe 
or with the cluster and/or protein. No reaction was observed with either the 7Fe Fd or 
8Fe Fd in the presence of 0.1 M histidine.

4.4 RESULTS
4.4.1 Glutathione

COOH O O O 
H2 N-C-(CH2)2-C-NHCH-C-NHCH2C-OH 

H HS-CH2

The tripeptide, glutathione, is a very important biologically active molecule, and is 
essential for maintaining the redox status of the cytoplasm. It is both a protective and 
homeostatic redox device, maintaining the potential balance between various metabolic 
pathways at -0.1 V. 41 It was chosen for this study since, firstly, it is biologically 
available and, secondly, has a pendant thiol, making it a possible thiolate donor.
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Control experiments with the untransformed 7Fe Fd did not show an observable reaction 
when the protein film was introduced to a solution of glutathione (a typical example is 
shown above in Figure 4.6). Similarly, a film of transformed 8Fe Fd was introduced into 
a solution of glutathione and, again (as shown in Figure 4.8), no changes were observed 
in the voltammetry at concentrations of up to 0.2 M glutathione (thiolate concentration = 
6mM).
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-1.0 -0.8

[Fe3Fe-4Sr /l+ and [4Fe-4S] 2+/1

2+/1[Fe3Fe-4Sr" and [4Fe-4S] 2+/1 +

I————I———T

-0.6 -0.4 -0.2 0

E/V (SHE)

Figure 4.9 Glutathione and 8Fe Fd

(a) Voltammogram of 8Fe Fd III, 20 mM Tris, 0.2 M NaCl, pH 8.0, v= 100 mV s~ l , 

200 ng ml~l polymyxin as co-adsorbate.

(b) Film transferred to pot containing 0.1 M glutathione, otherwise conditions as (a)
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In contrast, definite negative shifts in the reduction potential of both the [Zn3Fe-4S] and 

the [Co3Fe-4S] peaks (Figure 4.10) were observed when these proteins were introduced 

to a solution of glutathione (concentrations ranging from 0.02 - 0.2 M). For the highest 

concentrations of glutathione used the negative shift in E°'obs was approximately 30 mV 

in both cases. However, under these conditions the reductive peak for [Co3Fe-4S] was 

broadened and became convoluted with the reductive peak of the [4Fe-4S] cluster, there 

were thus considerable difficulties in determining the reduction potentials accurately. 

The dependence of E°'obs on the glutathione concentration, for the [Co3Fe-4S] cluster, is 
shown in Figure 4.11.
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[Co3Fe-4S]2+/1 +

Native Cluster 
[4Fe-4S]2+/H

-1.0 -0.8 -0.6 -0.4 

E/V(SHI-)

-0.2

(I)

(H)

on)

0

Figure 4.10 Glutathione and cobalt transformed Fd III

(I) Voltammogram of cobalt transformed Da Fd HI, showing the redox couples for 

[Co3Fe-4S]2+/1 + and native [4Fe-4S]2+/1+, pH 8.0, v= 100 mV s' 1 , 200 jug mH 

polymyxin as co-adsorbate.

(II) Film transferred to a pot containing 0.12 M glutathione, otherwise conditions as 

(I), a small negative shift of the oxidative [Co3Fe-4SJ' +' 2+ peak can be seen. 

(HI) Expanded view of (II), the difficulty in determining the positions of two reductive 

waves can be seen.
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-220 T

-240 --

W
g -260 +
^
* -280 --
3

-300 --

-320
1.00&08 1.00&06 1.00&04 1.00&02 l.OOE+00 

Log [Thiolate]

Figure 4.11 Graph showing thiolate concentration (glutathione) against E°'0 bs for 

[Co3Fe-4S]

Continued scanning with a film containing the [Zn3Fe-4S] cluster in a solution of 

glutathione resulted in the Zn being extracted from the cluster i.e. the D 1 signal decreased 

in height, with a concomitant increase in A1 and C. Thus glutathione, as well as having 

an interaction with the zinc in situ in the protein, also has a high enough affinity for the
12.5 .2+Zn to extract it from the cluster. (K = [ML2]/[M][L]^ = 10 1Z' 3 for Zn^ and 

glutathione. 42)

Cluster

[Fe3Fe-4S]

[Zn3Fe-4S]

[Co3Fe-4S]

E°'D

-393

-492

-247

EO| 
F

not 

observed

AE°' K^r/M Kd(L)red/M

Very weak binding to the cluster, if 

at all.

Zinc extracted from the cluster
ca. 1Q-6 n.d.

Table 4.4 Data for glutathione binding
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4.4.2 Coenzyme M

H03S-CH2 -CH2 -SH

When protein films of the transformed [M3Fe-4S] clusters (M = Fe, Zn and Co) were 

introduced to a solution of coenzyme M, a negative shift in the reduction potential of the 

redox couple for [M3Fe-4S]2+/1+ was observed. This was a positive indicator that the 

small thiolate molecule, coenzyme M was interacting with the transformed cluster, 

[M3Fe-4S],

As the electrochemical signal of the inert 4Fe cluster, B', is co-incident with the signal for 

the transformed [Fe3Fe-4S] cluster, D 1 , any ligand interaction with the cluster must be 

observed via this co-incident signal. Of the three metal clusters the reaction of coenzyme 

M with the [Fe3Fe-4S] cluster gave the best resolution of data, an example of the 

voltammetry observed is shown in Figure 4.12. The first complete cycle, starting from a 

negative potential of -650 mV, at which the [Fe3Fe-4S] cluster is in the reduced form, 

showed no change in the single oxidative peak - hence no binding of the exogenous 

ligand to the reduced cluster had occurred. However, as the potential is cycled (scan 

rate 1 V s" 1 ) and the [Fe3Fe-4S] cluster was oxidised, the reductive peak was split into 

two components, indicating binding of coenzyme M to the oxidised cluster. On the 

second cycle the oxidative peak was seen to be split into two components - 

demonstrating that some of the cluster has remained bound during cycling.
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First Scan

20

CoM-[Fe3Fe-4S] 2+/ i

[Fe3Fe-4S] 2+/1 +

and
Native Cluster 
[4Fe-4S] 2+/H

i 
i.o

Second Scan

(I)

(I)

(ID

-0.8 -0.6 -0.4 -0.2 0

E/V (SHE)

Figure 4.12 Coenzyme M and 8Fe Fd III

(I) Voltammogram of Da Fd HI, 8Fe Fd showing the (overlaying) redox couples for 

[Fe3Fe-4SJ2+/1 + and native [4Fe-4SJ2+/1+, pH 8.0, v= 1000 mV s' 1 , 200 ^g ml' 1 

polymyxin as co-adsorbate.

(II) Film transferred to a pot containing 0.1 M coenzyme M (CoM), the first scan in the 

CoM solution shows no change to the voltammetry, until the cluster is oxidised 

[Fe3Fe-4SJ1 +, whereupon the ligand interacts with the cluster and a new redox couple 

is seen - CoM-[Fe3Fe-4Sf+/1+
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Changes in the voltammetry, though less definitive, were also seen for both the zinc and 

cobalt transformed clusters upon introduction to a solution of coenzyme M. However, 

only small negative shifts in the potential of the oxidative peaks were observed - in both 

cases the reductive peaks were broadened and it was not feasible to determine a specific 

value for the position of the reductive peak. An example of this behaviour can be seen in 

Figure 4.13 for the reaction of the Zn-transformed cluster and coenzyme M. Hence, 

although an interaction with coenzyme M was seen for all three of the metals 

investigated, approximate values for Kd(D°x and Kd(L)red were only calculated for 

CoM-[Fe3Fe-4S]40 and these were 567 ± 78 x 10'6 M and 2.38 ± 0.6 M respectively.
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(I)

[Fe3Fe-4S]2+/l+

[Zn3Fe-4S]2+/1
(II) 

(I)

-1.0 -0.8 -0.6 -0.4 -0.2 0

E/V (SHE) 

Figure 4.13 Coenzyme M and zinc transformed Fd III

(I) Voltammogram of zinc transformed Da Fd HI, showing the redox couples for 

[Zn3Fe-4S]2+/1 + and native [4Fe-4SJ2+/1+ , pH 8.0, v= 500 mV s' 1 , 200 jug ml'l 

polymyxin as co-adsorbate.

(II) Film transferred to a pot containing 0.1 M coenzyme M, otherwise conditions as 

(I). A small negative shift of the oxidative [Zn3Fe-4S]l Jr'2+ peak is marked by an 

arrow.
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4.4.3 Thioacetic Acid

0 
H3C-C-SH

For thioacetic acid, although tentative signs of binding to the cluster were apparent under 

the applied experimental conditions, this potential ligand was found to be disruptive to 

the integrity of the protein film. On introduction to a solution of thioacetic acid, the 

[Co3Fe-4S] cluster showed only a small shift in potential of the oxidative peak, and it 

was found that the Co was removed from the [Co3Fe-4S] cluster by complexation as 

observed by the clear reappearance of the A1 and C couples, associated with the 

[3Fe-4S] cluster, and the disappearance of the D' couple.

As has been described in Chapter 3, the removal of M from [M3Fe-4S] is dependent 

upon the oxidation level of the cluster, but additionally, in the presence of thioacetic acid, 

removal of Co was also dependent on the concentration of thioacetic acid in solution. It 

was possible to observe the time-dependence of Co extraction by using the reappearance 

of the C 1 signal as a sign of the return of the [3Fe-4S] cluster, at 500 mV s" 1 . The 

reaction was assumed to have reached completion when the C1 peak attained a constant 

height, and it was shown that the removal of Co was dependent upon the ligand 

concentration.

When introduced to a solution of thioacetic acid the [Zn3Fe-4S] cluster exhibited a 

negative shift in its oxidative peak of ca. 25 mV and the reductive wave broadened 

considerably, as shown in Figure 4.14. Upon placing a film of ferredoxin containing the 

[Fe3Fe-4S] cluster into a solution of thioacetic acid at a concentration of 0.2 M, no 

changes in the reduction potential of the [Fe3Fe-4S] 2+/1+ couple were apparent from the 

voltammetry. However, over a 5 - 10 minute period of continuous scanning the signals 

attributed to the A and C 1 couples increased, indicating the extraction of Fe from the 

cluster. There was no observable interaction between thioacetic acid and the [Fe3Fe-4S] 

cluster prior to this.
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The main characteristic of this ligand is thus its ability to extract the metal from the 

cubane cluster, presumably because of the strength of its metal complexation in free 

solution. Hence, the properties of thioacetic acid interacting with the cluster remain 

largely uninvestigated, although some ligand binding tendency is apparent.
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Figure 4.13 Thioacetic acid and zinc transformed Fd III

(I) Voltammogram of zinc transformed Da Fd III, showing the redox couples for 

[Zn3Fe-4S]2+/1 + and native [4Fe-4SJ2+/]+, 20 mM Tris, 0.2 M NaCl, pH 8.0, v = 

100 mV s~l, 200 /jg ml~l polymyxin as co-adsorbate.

(II) Film transferred to a pot containing 0.1 Mthioacetic acid, otherwise conditions as 
(I). A small negative shift of the oxidative [Zn3Fe-4S]1+/2 + peak is marked by an

arrow.
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4.4.4 Thiomalic Acid

OH O 
HO-C-C-CH2 -C-OH 

SH

When a film of [Fe3Fe-4S] was introduced to a solution containing thiomalic acid at 

concentrations of 0.05 M and 0.1 M, the sub site-differentiated Fe was very quickly 

complexed out from the cluster, as the return of the A1 and C couples was immediately 

observed. Hence, no potential shift in either the oxidative or reductive peaks of the 

[Fe3Fe-4S] cluster was observed. In the case of the [Zn3Fe-4S] transformed cluster and 

0.05 M and 0.1 M concentrations of thiomalic acid, the Zn2+ ion was completely 

removed from the cluster within 2/3 cycles (v = 100 mV s" 1). The cluster itself was not 

destroyed, as indicated by the return of the A1 and C 1 signals, characterising the [3Fe-4S] 

cluster.

In the case of [Co3Fe-4S] the situation was a little more complex. High concentrations 

of thiomalic acid in solution (0.2 M) did appear to cause a negative shift (ca. 25 mV) of 

the oxidation wave of the transformed cluster, Figure 4.15, however, this species 

appeared to be short-lived. Not only did the thiomalic acid appear to complex out the 

Co atom from the cluster, but it also appeared to destroy the protein film/[3Fe-4S] 

cluster itself, because no return of the A1 and C1 peaks were observed. At lower 

concentrations of thiomalic acid (0.04 M) the A and C 1 signals did reappear, (signs of 

the A1 couple reappearing at 0.1 M thiomalic acid, see Figure 4.15) although the Co 

atom was pulled out of the cluster as before, indicating that the [3Fe-4S] cluster 

remained intact.

In conclusion, although the Co cluster exhibited tentative signs that thiomalic acid was 

weakly binding to the cluster (there was a small shift in reduction potential) it appeared 

that this ligand was much more likely to disrupt and/or destroy the protein film and/or 

cluster.
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Signal A' 
reappearing
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Native Cluster 
[4Fe-4S]2+/I

-1.0 -0.8 -0.6 -0.4 

E/V (SHE)

-0.2 0

Figure 4.15 Thiomalic acid and cobalt transformed Fd III

(I) Voltammogram of cobalt transformed Da Fd HI, showing the redox couples for 

[Co3Fe-4SJ2+/1 + and native [4Fe-4SJ2+/J+, 20 mM Tris and 0.2 MNaCl, pH 8.0, v 

= 100 mVs'l, 200 fig ml~l polymyxin as co-adsorbate.

(II) Film transferred to a pot containing 0.1 M thiomalic acid, otherwise conditions as 

(I). A small negative shift of the oxidative [Co3Fe-4S]l +' 2+ peak is marked by an 

arrow. The reductive wave is broadened and a shift in the reductive peak of 

[Co3Fe-4S] was not able to be determined.
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4.4.5 Thioglycolic acid

HO-C-CH2 -SH

When the [Zn3Fe-4S] cluster was introduced into a solution of 0.1 M thioglycolic acid 

there was a negative shift in potential of ca. 35 mV for the oxidative wave of the D 1 

signal, associated with the [Zn3Fe-4S] cluster. However, the reductive wave was 

broadened and so it was not possible to determine with any reliability the dependence of 

E°'0bs upon thiolate concentration. Little information was obtained when the [Co3Fe-4S] 

cluster was introduced to the solution of mercaptoacetic acid, as the Co atom was 

immediately extracted from the cluster, as evidenced from the immediate loss of the 

[Co3Fe-4S]2+/1+ couple, Figure 4.16.
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Figure 4.16 Thioglycolic acid and cobalt transformed Fd III

(I) Voltammogram of cobalt transformed Da Fd HI, showing the redox couples for 

[Co3Fe-4SJ2+/] + and native [4Fe-4S]2+/1+, PH 8.0, v= 500 mV s~l, 200 ug ml~ l 

polymyxin as co-adsorbate.

(II) Film transferred to a pot containing 0.1 M thioglycolic acid, otherwise conditions 

as (I). No interaction between the ligand and the [Co3Fe-4S] is evident due to the 

immediate removal of Co from the cluster. The second voltammogram shows only the 

[4Fe-4S]2+/l + redox couple.
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4.4.6 Catechol, oxalic acid and oxalacetic acid

OH HOV OH 9» H 9, ,P;c-c; £-9-c-9
OH O Q HO H OH

These ligands were chosen in order to test the hypothesis that the proposed oxygenic 

ligand to the cluster of Da Fd III (from either the aspartate or possibly a water molecule) 

could be replaced by an alternative O ligand, either a mono- or bi-dentate ligand. 

Exogenous ligand exchange from a mono- to a bi-dentate oxygenic ligating system is not 

unprecedented - this is observed in aconitase: the substrate (citrate) binds to the 4Fe 

form, increasing the co-ordination at the Fe site from 4 to 6. 26 Similar behaviour is 

observed in the non-biological analogues of FeS clusters synthesised by Holm et al. In 

these instances it has been shown that mono-dentate ligands to the subsite differentiated 

Fe can be replaced by bi- or even tri-dentate ligands.27

Experiments were carried out for a range of different concentrations for all three 

oxygenic ligands and no changes, or shifts of reduction potential, for any of the 

[M3Fe-4S] redox couples, were observed. This can be seen in Figures 4.17 - 4.19, the 

only substantial effect that these ligands had on the voltammetry was that on continued 

cycling the M2+ was gradually complexed out of the cluster.
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-1.0 -0.8

Native Cluster and [Fe3Fe-4S] 2+/1 
[4Fe-4S] 2wl +

Start

-0.6 -0.4 

E/V (SHE)

-0.2

Figure 4.17 Catechol and 8Fe Fd III

(a) Voltammogram ofSFe Fd HI, showing the redox couple for fFe3Fe-4SJ2+^ + and 

native [4Fe-4SJ2+/J+, 20 mM Tris, 0.2 MNaCl, pH 8.0, v = 200 mV s~l , 200 //g ml' 1 

polymyxin as co-adsorbate.

(b) The transformed protein film was then transferred to a pot containing 0.1 M 

catechol. The return of the A' and C couples, [3Fe-4S]1 +/0 and [3Fe-4S]0/2~, can be 

clearly seen (*), indicating that the catechol solution causes the release of Fe from 

[Fe3Fe-4S]. No changes or shifts in potential are seen for the [Fe3Fe-4SJ2+^ + redox 

couple.
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-1.0 -0.8

[Co3Fe-4S]2+/I
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[4Fe-4S]2+/1+
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Figure 4.18 Catechol and cobalt transformed Fd III
Voltammogram of cobalt transformed Da Fd HI, showing the redox couples for 
[Co3Fe-4S]2+/1 + and native [4Fe-4S]2+/1 +, pH 8.0, 0.1 M catechol, v=200mV s- ] , 
200 jug ml'l polymyxin as co-adsorbate. The return of the A' couple, [3Fe-4S]l +/0 can 
be clearly seen, concomitant with the decrease in the [Co3Fe-4S] cluster signals. No 
potential shifts of the [Co3Fe-4S] redox couple are visible.
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! Native Cluster 
j [4Fe-4S] 2+/1

[3Fe-4S]

-i.o -0.8 -0.6 -0.4 -0.2 0

E/V (SHE)

Figure 4.19 Oxalic acid and cobalt transformed Fd III

Voltammogram of cobalt transformed Da Fd HI, showing the redox couples for 

[Co3Fe-4S]2+/1 + and native [4Fe-4S]2 +/l +, pH 8.0,0.1M oxalic acid, v=200mVs~ 

1, 200 ng ml~l polymyxin as co-adsorbate. The return of the A' redox couple, 

[3Fe-4S]l +/0 can be clearly seen, concomitant with the decrease in the [Co3Fe-4S] 

cluster signals. No potential shifts of the [Co3Fe-4S] redox couple are visible.
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4.5 SUMMARY
LIGAND Fe Zn Co COMMENTS

THIOLATE LIGANDS
Mercaptoethanol

KdoT
Kda.,-

L-Cysteine 
Kdo.,- 
Kda,"1

Glutathione

Kdff," 
Kdo.)""

Coenzyme M
Kdo/' 
Kdor1

Thioacetic acid

Thiomalic acid

Thioglycolic acid
Mercaptopropionic 

acid
Cysteamine

KdoT 
Kdo/ed

,/

28 uM 
97 mM

S
68 uM
2mM

X

V
0.5 mM
2.4 M

JLir

JLir

-
s
s

1.5 mM
36 mM

V

169 ^iM 
13 mM

S
1 \M 
ImM
S

S

s

JLir

^

-

S

20 jiM 
9mM
^

S

~1 |^M

V^

v'

JLir

JLir

-

-OH on a-carbon 
Strong binding

-NH2 on a-carbon 
Strong Binding

-NH on a-carbon 
Weak binding only 

to the Co 
and Zn adducts

-S0s~ on a-carbon 
Weak binding

-CHs a-carbon 
Small shift for Co and Zn 

adducts, complexes all 3 metals 
out after a short time

-CH2 or -COOH on a-carbon 
Complexes out Fe, Co and Zn 

very quickly
-COOH group on a-carbon

-COOH on a-carbon

-NH2 on a-carbon 
Very weak binding

OXYGEN LIGANDS
Catechol/ Oxalic 
acid/ Oxalacetic 

acid

X X X No changes in the voltammetry 
were observed.

Table 4.5 Summary of results for exogenous ligand binding to [M3Fe-4S]

Ke\
JL ir

No reaction detected
Exogenous ligand complexes metal out
Positive interaction seen
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Table 4.5 presents a summary of all the information gained on ligand binding to the 

[M3Fe-4S] clusters in Da Fd III. There are three distinct situations which may be 

observed when a protein film containing such a cluster is introduced to a solution of a 

potential ligand. These three situations are: no change in the voltammetry; changes that 

indicate ligand binding; or disruption of the heterometal clusters - either totally, or by 

removal of the heterometal. It is unlikely that every cluster in such a sample will behave 

in exactly the same way - the overall situation will finally be represented by a number of 

equilibria, it is the interplay of these different events which govern the observed 

response. The complete picture will, however, take into account other processes such as 

protonation equilibria, particularly of potential ligands, and co-ordination of the protein 

(aspartate) residue. The simplest picture is shown in Figure 4.20.

[3Fe-4S] + ML

Kd free metal - ligand

[3Fe-4S] + M

Kd metal - cluster

[M3Fe-4S] +L

Kd cluster - ligand

[M3Fe-4S]-L

Figure 4.20 Scheme of equilibria for ligand interaction with [M3Fe-4S]

Initially, the simplest case is where the exogenous ligand causes removal of M from the 

[M3Fe-4S] cluster, and it is these cases which are discussed first.
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4.5.1. Removal of M from the [M3Fe-4S] Cluster
As shown in Table 4.5 the ligands which caused removal of the heterometal centre from 
the cluster were thiomalic acid (Fe, Zn and Co), thioacetic acid (Fe) and thioglycolic acid 
(Co), respectively:

OH O
HO-C-C-CH2-C-OH 9 9

SH H3C-C-SH HO-C-CH2 -SH

Thiomalic acid Thioacetic acid Thioglycolic acid

By referring to the scheme in Figure 4.20, metal abstraction is thermodynamically likely 
to result from the fact that the ligand in free solution forms very strong complexes to the 
metal ion, whilst binding in the protein interior is weaker. Reasons for the latter could 
include steric hindrance and constraint, the electronic structure of the cluster, or because 
of the ligating protein residue. In the case of thiomalic acid, there are two carboxylic 
groups available for metal complexation - the possibility for multi-dentate chelation 
which exists in solution may explain the tendency of this ligand to bind in solution, rather 
than in the protein interior. For thioacetic and thioglycolic acids, whether the ligand 
complexes the metal in the protein, or in solution, is dependent on the identity of the 
metal and the thermodynamics are thus finely balanced. In the case of thioacetic acid the 
electron-withdrawing carbonyl functionality decreases the electron density on the thiol - 
probably the major factor bringing about the marked difference between this ligand and a 
more general thiol ligand. Thioglycolic acid also possesses a carbonyl group, but this is 
separated by an sp3 carbon centre, and it is also present as a carboxylic acid functionality 
- thus it is unclear why the strength of ligand binding is affected in this case. One 
possibility is that the proximity of this group to the thiol is less favourable within the 
hydrogen bonding structure around the cluster - this is discussed further below.

167



__________________CHAPTER 4: Exogenous Ligand Binding to Fd ffl from Desulfovibrio africanus

4.5.2 No Evidence for Ligand Binding, the Voltammetry is Unchanged

There are three situations discussed in which it can be said that the voltammetry does not 

change in the presence of the ligand. First, however, it is useful to note that ligand 

binding will only be observed if there is differential binding to one oxidation level - hence 

a situation of ligand binding but without voltammetric change is conceivable, but 

unlikely.

i) The Oxvgenic Ligands : catechol. oxalic acid and oxalacetic acid 

Although several attempts were made, no positive indications of ligand interaction were 

observed when a transformed film was introduced to an oxygenic ligand. It should be 

noted however, that an added reason why no voltammetric change may be observed on 

binding is that if a direct replacement of one oxygenic ligand for another similar oxygenic 

ligand (in this case we propose Asp 14) were to occur, the change in the electronic 

structure of the cluster may be limited and thus, the reduction potential relatively 

invariant. However, ligand addition may also occur at the cluster, as for aconitase, and 

this would be more likely to cause changes in the physical properties of the cluster. 

Exogenous ligand exchange from a mono- to a bi-dentate oxygenic ligating system (all 

three ligands have the capability of bidentate co-ordination) is not unprecedented - 

indeed it is observed in aconitase where the substrate (citrate) binds to the 4Fe form, 

increasing the co-ordination at the Fe site from 4 to 6. 26 Similar behaviour is observed in 

the non-biological analogues of FeS clusters synthesised by Holm et at. In these 

instances it has been shown that mono-dentate ligands to the subsite differentiated Fe can 

be replaced by bi- or even tri-dentate ligands.27

Oxygenic ligation does occur to native FeS clusters, but it is unusual. As well as 

aconitase, examples include the 4Fe Fd from Pyrococcus furiosus, 32 * 36 and the 2Fe 

cluster from succinate dehydrogenase from E. coli. 37 Oxygenic ligands have also been 

introduced to protein sequences (using site directed mutagenesis) and have been 

incorporated as ligands to FeS clusters. Examples include the C56S and C60S mutants 

of Clostridium pasteurianum 2Fe Fd (Chapter 5), the FrdB subunit of E. coli fumarate 

reductase43 '44 and the vegetative cell ferredoxin from Anabaena sp. 7120. 45 However, 

there are also examples where, despite a serine being inserted in the spatially correct 

location for a cluster ligand, proteins have undergone rearrangement to utilise an
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alternative cysteine - for example, the C20S mutant of Azotobacter vinelandii 46 and the 
C24S mutant of Cp 2Fe Fd (Chapter 5).

As seen from these examples, oxygenic co-ordination to Fe-S clusters is unusual and, 
indeed, is often actively 'chosen against' by the protein. It is perhaps thus not surprising 
that the ligands discussed here do not co-ordinate to the metal centre.

ii) Nitrogenous Ligands - imidazole and histidine
As described in Section 4.3.5 there is little evidence that imidazole and histidine can be 
induced to bind to the Fe-S centre in Da Fd III. This is not surprising in light of the lack 
of known examples of nitrogenous co-ordination to FeS centres - in Nature, nitrogenous 
ligation of FeS clusters is rare, with the exception of the subgroup of 2Fe Fds - the 
Rieske subclass. Rieske clusters are ligated by two histidine and two cysteine ligands 
and have reduction potentials noticeably higher than all-cysteine ligated 2Fe Fds, at 140 
mV to 350 mV.4 Ligation of a [4Fe-4S] cluster by a nitrogenous ligand was 
unprecedented, until the discovery that one of the [4Fe-4S] clusters in Desulfovibrio 
gigas hydrogenase is ligated by a histidine side chain47 - it is believed that the imidazole 
ring is located on the surface of the molecule, where it could participate in electron 
transfer to and from the reported redox partner of hydrogenase, cytochrome c3 .

iii) Glutathione binds to the Zn and Co centres, but not to [4Fe-4S] 
The case of glutathione is the only example where the identity of the metal is crucial to 
determining whether the ligand binds to the cluster and not withstanding the very likely 
delocalisation of electrons throughout the cluster, the reason for this is not clear in 
simple terms. It could be postulated that the trend of decreasing stability of the 3+ 
oxidation state - Fe3+ is stable, more so than Co3+ and obviously far more than Zn3* - 
means that Fe3+ would preferentially bind anionic ligands when the cluster is in the 
oxidised state. Thus, the observation that glutathione does not react with the [Fe3Fe-4S] 
cluster is not readily explained and would seem to contradict conventional reasoning.
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4.5.3 Ligand Binding to the Cluster

When a reaction between the ligand and the cluster was observable, it was generally true 

that a negative shift in the reduction potential occurred - thus the oxidised cluster has a 

greater affinity for the exogenous ligand. In cases where the reduction potential could 

not be recorded unambiguously, because of broadening of the reduction wave, the 

oxidative wave - taken as an 'indicator' of the reduction potential - was still shifted to a 

more negative potential. The negative shifts in reduction potential varied greatly from 

one ligand to another, the largest being for the [Fe3Fe-4S] and mercaptoethanoate 

system (200 mV). Finite shifts in the reduction potentials (the end value E0|F) for some 

ligands were impossible to determine - this was particularly the case if the ligand was 

only weakly bound to the cluster. Further complications in determining the shift were 

brought about by E°'0bs being coincident with the potential of the native [4Fe-4S] cluster, 

this was an especial problem for ligand reactions with the [Co3Fe-4S] cluster.

Preferential binding to the oxidised form of the cluster can be explained if the binding 

affinity depends upon the extent of electron delocalisation across the cluster. For 

example, Figure 4.12 clearly shows for the reaction between [Fe3Fe-4S] and coenzyme 

M that at the starting point of the scan at a negative potential, ([Fe3Fe-4S] 1+) there is no 

detectable interaction between the ligand and the cluster. The strong donor ligand S" is 

of course expected to form a stronger bond with the more electron-deficient oxidised 

cluster.

170



CHAPTER 4: Exogenous Ligand Binding to Fd HI from Desulfovibrio africanus

Ligand Kdox Kd red Comments
Glutathione 1 uM

Mercaptoethanol

L-Cysteine

Coenzyme M

Cysteamine

28 

68 uM 

0.5 mM 

l.SmM

97 mM 

2mM 

2.4 M 

36 mM

This value is for the [Co3Fe-4S] cluster, no 
reaction was seen with the [Fe3Fe-4S] cluster 
and glutathione

A Decreasing affinity

/6 for the

A oxidised [Fe3Fe-4S]2+

/6 cluster

Table 4.6 Ligands which showed a positive interaction with the [Fe3Fe-4S] cluster
Only the Kd values of the [Fe3Fe-4S] cluster are considered. The ligands are placed in 
increasing order of their Kd(L°x values.

Of the ligands which show the most consistent evidence of interacting with the cluster 
(mercaptoethanol, cysteine, glutathione, coenzyme M and cysteamine) there is an 
obvious common feature - the thiol group, which must be ionised to ligate the cluster 
atom.

Additionally, there is a possible role for groups which can donate hydrogen bonds - this 
may be important for construction of a 'network' around the cluster. There is a suitable 
H-bond donor on mercaptoethanol (OH), cysteine (NH2), glutathione (NH), and 
cysteamine (NH2). In each case this group is on the 'vicinal' carbon to the thiol group 
(the a-carbon of the molecule). This H-bond donor may form an intrinsic link to the 
protein at residues proximal to the cluster. This extra stability may therefore favour 
interaction of these particular ligands with the cluster. In the case of mercaptopropionic 
acid, the carboxylic acid group is further removed, by an additional carbon centre, and 
although the OH of this functional group (the H-bond donor) may be a positive influence 
on binding to the cluster, it is possible that the increased distance to the thiol is the 
reason for the apparently poorer binding capacity. (An opposite effect is seen for the 
molecules in Section 4.5.1 - which contain a proximal carbonyl group to the thiolate, it is
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possible that the carbonyl both aids metal abstraction from the cluster and does not 
interact so favourably with the protein network.)

4.5.4 Conclusion

Protein film voltammetry is an extremely sensitive method of observing the very subtle 
reactions of iron-sulfur proteins - as well as allowing measurements in real time it allows 
an integrated picture of both the thermodynamics and kinetics of processes to be gained. 
An obvious example of this capability is the picture of exogenous ligand binding which 
has been built up, particularly for mercaptoethanol.24 While in many of the above cases 
such a detailed analysis was not possible, it is hoped that by taking a wider overview 
some progress has been made toward rationalising the factors which govern the outcome 
of a possible exogenous ligand binding event.

From these studies it is difficult to draw all-encompassing conclusions about small 
molecule ligand binding to FeS clusters but two determining factors are apparent. Firstly 
the overall preference of the cluster for thiolate ligands cannot be ignored. Although the 
variety of ligands in this study was by no means exhaustive, the results obtained (Table 
4.5) show that non-thiolate ligands appear to have no significant affinity for the cluster, 
in contrast to thiolate ligands. This is mirrored in Nature: thiolate ligands i.e. cysteinate 
ligation is the universally acknowledged major ligand of FeS clusters - although there are 
a few significant exceptions to this (Chapter 7).4 > 5 Secondly the presence of an available 
thiolate on the proposed ligand is not a guarantee for binding, this also depends on the 
neighbouring groups in the molecule.
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CHAPTER 5

ELECTROCHEMICAL INVESTIGATION OF THE 
[2FE-2S] FERREDOXIN FROM

Clostridium pasteurianum

AND SEVERAL MUTANT FORMS

5.1 INTRODUCTION
Two iron, two sulfur clusters, [2Fe-2S], constitute a structural-functional motif that is 

widely used in proteins. These [2Fe-2S] clusters serve as a site for either one-electron 

oxidation or reduction. Factors which influence the ability to transfer electrons, aside 

from the cluster itself, are the cluster ligation sphere i.e. which amino acid residues are 

ligating the cluster, and also the protein structure surrounding the cluster. The 2Fe 

clusters are usually co-ordinated by four cysteine residues from the protein which 

complete pseudo-tetrahedral co-ordination around the iron atoms, see Figure 5.1. The 

notable exception is the 'Rieske' cluster, which are co-ordinated by two cysteines and 

two histidines.
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Figure 5.1 Core structure of a [2Fe-2S] cluster

Proteins which contain only a [2Fe-2S] cluster are known as two-iron ferredoxins and 

are widely dispersed in nature. They were first identified as photo synthetic electron- 

transfer proteins in chloroplasts, and have been since found in a large variety of different 

organisms and environments. However, [2Fe-2S] clusters exist as electron-transfer 

agents in a wider range of multi-component redox enzymes such as succinate 

dehydrogenase, xanthine oxidase, some dioxygenases and hydrogenases. 1 '2

A number of [2Fe-2S] ferredoxins have been sequenced, of which the majority possess a 

common theme to the ligation motif, the -Cys-X-X-Cys- sequence, repeated twice in the 

protein structure. 3 Examples of such ligand sequences (usually -Cys-X-X-Cys- but in 

some cases -Cys-X-X-His-) for [2Fe-2S] clusters are shown in Table 5.1. However, the 

amino acid sequence for Clostridium pasteurianum (Cp) 2Fe Fd was found to have an 

anomalous amino acid sequence,4 containing five cysteines, and thus the co-ordinating 

residues could not be identified by sequence analogy alone. 5 It is for this reason that the 

2Fe Fd from Clostridium pasteurianum was investigated further, using a combination of 

site-directed mutagenesis experiments together with spectroscopy and electrochemistry. 

The subsequent results and discussion are the subject of this chapter.
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LIGATING SEQUENCE FERREDOXIN

NH, -Xn-Cvs-X2-Cys-Xcrrys-X., rrys-X,-r3-s-Xn-CO2 "

NH3 +-Xn-Cys -X4-Cys-X2-Cys -X29 -Cys -Xn-CO2 ~

NH 3 "f-Xn-Cys-X5-Cys-X2-Cys-X36/3 7-Cys-Xn-C02 -

NH3 +-Xn-Cys-X3-Cys-X2-Cys-X36-Cys- X30/3 1 -Cys-X59-

Cys-Xn-C02'

NH3 +-Xn-Cys-X-His-X 16 -Cys-X2-His-Xn-C02 -

NH3 +-Xn-€ys-X-His-Xn-Cys-X2-His-Xn-C02 -

NH/-Xn-Cys-X-His-X2-Cys-X 14-Cys-X-Cys-His-

( Uostndmm 

pasleurianum Fd6

Plant-type Fds 1

Hydroxylase-type Fds 1

Biotin synthases7

Benzene dioxygenase Fd8

Dioxygenases8

Rieske proteins8

Xn-C02

Table 5.1 Ligating sequences of |2Fe-2S] clusters

Residues in red indicate those which are thought to be ligands, based on X-ray 

structure, sequence homology, site-directed mutagenesis or spectroscopic evidence. 

The five cystemes ofClostndium pasteunanum 2Fe Fd are highlighted in green. NH3 } 

and CO 2 are the terminal amino and carboxylic ends of the protein chain.

An increasingly ubiquitous tool in the characterisation and identification of iron-sulfur 

clusters is site-directed mutagenesis (SDM), which enables the researcher to generate 

point mutational proteins. Commonly for iron-sulfur proteins, cysteine is mutated 

because of its almost universal role in ligating the Fe atoms in these proteins. 9 Site- 

directed mutagenesis is an extremely useful method for determining which cysteines are 

actually ligating the clusters. This is especially the case for very large enzymes, which 

contain more than one iron-sulfur cluster (and the clusters are also distinguishable by 

EPR). Changes in the ligating residues of an FeS cluster are likely to have a fundamental 

impact on all characteristics of the cluster (see Section 5.1.1 (l)-(5)). Research has 

shown that substituting only one cysteine, even for a functionally similar ligand like 

serine, can cause disruption of cluster assembly and, in extreme cases, will prevent 

cluster assembly altogether, thus terminally affecting the protein structure. 9 In general, 

success in this field has occurred when residues in either one- or two-iron centred

178



CHAPTER 5: The Two Iron Ferredoxin from Clostridium pasteurianum

proteins have been involved, noticeably rubredoxin and the [2Fe-2S] cluster proteins. 9 
With larger clusters, changes of the cluster nuclearity or 'poaching' of a proximal free 
cysteine are often preferred by the protein, instead of utilisation of the introduced 
ligand. 10 Importantly, the success of mutating a ligand of the cluster not only depends 
on the ability of the cluster to co-ordinate the new ligand, but depends on the local 
flexibility of the polypeptide chain, the accessibility of the solvent and the electronic 
distribution on the active centres.

Experiments to elucidate the co-ordinating ligands of [2Fe-2S] centres using SDM have 
included the Rieske subunit of Rhodobacter capsulatus bcl complex, 11 the FrdB subunit 
of Escherichia coli fumarate reductase, 12' 14 the vegetative cell ferredoxin from 
Anabaena sp. 7210 15 and the NQO2 subunit of Paracoccus denitrificans NADH- 
quinone oxidoreductase. 16

5.1.1 Site-directed Mutagenesis Experiments
Specific site-directed mutagenesis experiments can produce a number of scenarios, 
dependent upon the protein and the number of mutations undertaken for each mutant. 
With site-directed mutagenesis experiments involving proteins containing FeS clusters, 
the primary target is usually to identify the cysteine residues of the cluster. This is 
carried out by replacing each cysteine residue individually and observing changes in the 
protein and/or the cluster characteristics. A summary of the possible outcomes of site- 
directed mutagenesis on a protein containing an FeS cluster are listed below.

(1) In the simplest and trivial case, the protein is successfully expressed in a host, without 
alteration of the normal gene sequence; this produces what is known as the wild-type 
(WT) protein. This is thus the 'control' experiment and no change in any of the 
biophysical or chemical properties of either the protein or the redox centre (the 
cluster) should be observed.

(2) If a one-point mutational protein is constructed, with no subsequent changes to any 
of the biophysical or chemical properties, of either the protein or the redox centre, this 
suggests that the replaced residue is not a ligand to the cluster.
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(3) The protein is successfully expressed complete with redox centre, but in some way, 
the biophysical and/or the chemical properties of the cluster are altered. This suggests 
that the replaced residue may be a cluster ligand. The protein must have compensated 
for this disruption, in some way, to have successfully incorporated a cluster. If the 
inserted residue is of a chemically similar nature to the replaced ligand, then ligand 
exchange may have occurred. Alternatively if the residue replacing the original ligand 
is very different to that of the replaced ligand, then the protein may undergo a 
structural rearrangement to utilise a nearby residue, similar to the one which has been 
removed. Alternatively, as for a number of [4Fe-4S] clusters, replacement of a co­ 
ordinating cysteine ligand may result in loss of one of the corners of the cubane and a 
[3Fe-4S] cluster is the resultant product. 17

(4) The cluster is not detectable, although the apoprotein is successfully expressed and 
purified. This implies, almost certainly, that the replaced residue is a co-ordinating 
ligand of the cluster. The protein may not be able to substitute a suitable proximal 
residue, as a result of one not being available, or rearrangement may be sterically 
hindered. If the expression system is using a foreign host then this will have little or 
no impact on the organism's viability. Alternatively, if the expression system is 
utilising the native host this may have consequences upon the organism's viability.

(5) The most serious consequence is that the protein, containing the mutation, is not 
detected at all in the host, and thus it can be concluded that the mutated residue is a 
ligand of the cluster. This is unlikely to be due to problems with the transcription- 
translation processes, but instead to post-translational events, i.e. when the correct 
folding of a protein is dependent on the correct insertion of the iron-sulfur cluster. If 
the protein is unfolded it is possible that it will be destroyed by the gene-host. Once 
again the viability of the organism will depend on which expression system was used, 
i.e. native or foreign, and how critical the protein is to the native host, if used.

In cases (4) and (5) above, the protein might be destabilised by other factors other than 
the involvement of the residue in cluster co-ordination. It is important to note that 
definite conclusions should not be made for site directed mutagenesis experiments until
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all suspect residues have been investigated and the corresponding data for each mutant 
collected.

5.1.2 Clostridium pasteurianum Ferredoxin

As previously stated, work in this chapter investigates the unusual [2Fe-2S] ferredoxin 

from Clostridium pasteurianum, together with a number of specifically chosen site- 

directed mutants which are listed in Table 5.2. 6 > 18
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Mutant

C14AD

C24AD

H6A/H7A/H90AD

C11SD

C24S

CHS

C14A/C24A0

C14S/C24A

C14A/C24S

C60SD and C56SD

C56S/C14A/L16C 
/A19-300

C60S/S61A0

Comments

Identical UV/Vis spectra to WT

UV/Vis spectrum shows small bandshifts (< 
5 nm) and slight variations in the relative 
intensities of the bands at 420 nm and 460 
nm compared to WT
All histidine residues in amino acid 
sequence mutated to alanine, identical 
UV/Vis spectra to WT
Low content of chromophore, as observed 
from UV/Vis spectra
Identical UV/Vis spectra to C24A

Identical UV/Vis spectra to WT

UV/Vis spectra differs from WT, C14A 
and C24A by displaying a single maximum 
at 442 nm and has a lower AisoM^so 
absorbance ratio
Identical UV/Vis spectra C14A/C24A and 
C14A/C24S
Identical UV/Vis spectra C14S/C24A and 
C14A/C24A
Hypsochromic shifts of the spectra, from 
that of the WT, in the 10-80 nm range for 
the serine mutants i.e. (blueshifts)
Identical UV/Vis spectrum to the C56S 
mutant

Similar UV/Vis spectrum to C60S

Reference
6

6

19

6

6

6

6

6

6

18

20

21

Table 5.2 Mutants of Clostridium pasteurianum ferredoxin

A19-30 denotes that the residues 19 to 30 have been removed
nMutants characterised by electrochemical methods in this chapter.
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Clostridium pasteunanum is a nitrogen-fixing saccharolytic anaerobe and contains a 
[2Fe-2S] ferredoxin, first isolated in 1965. 22 The protein is homodimeric in solution,23 
each subunit containing one [2Fe-2S] cluster. 4 The presence of binuclear iron-sulfur 
clusters in Cp Fd has been confirmed using spectroscopy. The biochemical 23 -24 and 
spectroscopic features of the iron-sulfur chromophore,23 -26 together with the complete 
amino acid sequence have also been determined.4 Furthermore, electrospray ionisation 
mass spectra (ESI-MS) of this protein found two components with masses of 11 428 Da 
(monomeric apoprotem) and 11 600 Da holoprotein (apoprotem plus 2 sulfur and 2 iron 
atoms, minus 4 cysteinyl protons). 27

1 5 10 15
MVNPKHHIFVCTSCRLN

20 25 30 35
GKQQGFCYSKNSVEIVET

40 45 50
FMEELDSRDLSSEVMVNN

55 60 65 70
TGCFGICSQGPIVVVYPE

75 80 85
GVWYGNVTADDVEEIVES
90 95 100
HIENGEVVKRLQI

Figure 5.2 Amino acid sequence of the 2Fe ferredoxin from Clostridium

pasteurianum2 ^
The underlined cysteine residues (Q are ligands to the native /2Fe-2S/ cluster, the 
cysteme at position 14 (C) is not a ligand to the cluster hut can he recruited as a 
cluster ligand, as for the mutant C24A - see text. Ammo acid single letter codes are 
given in the Abbreviations section of this thesis.
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It was found that Cp 2Fe Fd has an unusual ammo acid sequence of five cysteines at 
positions 11, 14, 24, 56 and 60, see Figure 5.2. The primary structure prevents a 
straightforward identification of the co-ordinating residues of the ferredoxin by initial 
sequence homology, because the sequence is unique. 5 Until a complete three 
dimensional structure is determined, SDM experiments represent a promising path 
towards identifying the co-ordinating residues since the gene encoding the [2Fe-2S] Cp 
Fd has been overexpressed in Escherichia coli, 2* allowing the critical mutations to be 
carried out.

A large number of mutants were constructed3 with either serine18 alanine or histidine 
replacing one, two or three cysteines in the original protein structure, (Table 5.2). Initial 
spectroscopic screening (UV/Vis, EPR and resonance Raman) of the mutants was 
carried out by Meyer et a/. 6 > 18 > 19 Of those mutants which had almost identical spectra to 
each other e.g. C14A and CHS, only one was investigated (Table 5.2).

The mutants C56S and C60S were considered for electrochemical investigation because 
a combination of EPR, VTMCD spectra, and magnetisation studies revealed that the 
[2Fe-2S] 1+ clusters in the C56S and the C60S mutants are present as S = 1/2 and S = 9/2 
spin mixtures. 29 The S = 1/2 species, in both mutants, is indicative of a localised valence 
Fe3+/Fe2+ cluster with serinate ligation at the Fe2+ . 29 The VTMCD spectrum of the 
S = 9/2 species is marked by an intense positive band at 700 nm, which is tentatively 
attributed to the valence-delocalised intervalence band. Further studies using Mossbauer 
spectroscopy have demonstrated that the S = 9/2 state is valence-delocalised. 30

The mutant C60S/S61A was studied as part of an investigation on the novel S = 9/2 
ground state for the mutant C60S. 29

The mutant C56S/C14A/L16C/A19-30 was investigated, but was part of a larger study 
on cysteine ligand swapping on a deletable loop of the [2Fe-2S] ferredoxin from Cp. 2Q

a Standard notation is used for identifying mutations of proteins. For example, C24A denotes that the 
cysteine residue at position 24 on the ammo acid chain has been replaced by an alanine residue in the 
mutant form.
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The electrochemical investigations were carried out with ongoing collaboration from the 

Meyer group (Grenoble, France) the Cammack group (London, UK) and the Johnson 

group, (Georgia, USA). All wild-type protein and mutants used were prepared by the 

Meyer group.

From the initial spectroscopic investigation, it was concluded that the cysteines at 11, 24, 

56 and 60 were ligands to the 2Fe Fd, as inferred from the significant spectral changes in 

the UV/Vis spectra. 6 Formation of an FeS cluster in the double mutant C14A/C24A, 

which only contained three cysteines, proved to be more difficult to explain, suggesting 

that HiO or "OH ligation was occurring, although this has not been confirmed.

The C24S mutant had practically an identical UV/Vis spectrum to the C24A mutant, 

indicating that the same co-ordinating ligands were utilised in both cases. 6 The likely 

proximity of C14 to the cluster suggested that ligand exchange had occurred, with C14 

replacing C24. To investigate this further, the double mutants containing only three 

cysteines were constructed as listed in Table 5.2. All of these mutants had identical 

UV/Vis characteristics, containing an FeS chromophore, and so only C24A/C14A was 

investigated. The initial study, by Meyer et al, although proving that a cluster was 

contained in the double mutant protein, did not conclusively identify the fourth ligand to 

the cluster. 6

5.1.3 Aims of this Investigation
The aim of this investigation was to characterise, electro chemically, the wild-type and 

various mutants of Cp 2Fe Fd, in particular to examine how the serine ligands to the 

cluster alter the electrochemical characteristics of the ferredoxin. Furthermore, the aim 

was to investigate the ferredoxin in the double mutant, C24A/C14A, and to try and 

elucidate the fourth ligand and/or its characteristics.
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5.2 EXPERIMENTAL
Experiments were carried out as detailed in Chapter 2. Any significant changes to these 

procedures are detailed in this Chapter. All experiments were carried out at 0 °C.

5.3 RESULTS AND DISCUSSION
5.3.1 Wild-type Ferredoxin

Film Voltammetry

Prior to this study, no electrochemical investigations had been carried out on this

particular ferredoxin and so the optimum conditions for direct electrochemistry were

unknown.

Initially a film was applied to the electrode, consisting of ca. 100 uM protein solution, 

with no co-adsorbate in either electrolyte solution or protein solution. This elicited 

hardly any observable signal and so co-adsorbate, polymyxin at 200 fig ml" 1 , was added 

to the protein solution and the electrolyte solution, both separately and then 

simultaneously. The best response, as previously documented, 31 was achieved when the 

co-adsorbate was present in both the protein solution and the electrolyte solution.

The wild-type [2Fe-2S] ferredoxin exhibited a single redox couple with a reduction 

potential of-262 ± 10 mV at pH 7.0, 0 °C, which was assigned to the [2Fe-2S]2+/1+ 

couple (Figure 5.3). This is the redox couple that is normally associated with 2Fe 

ferredoxins. Typical values of the reduction potential of [2Fe-2S]2+/1+ clusters range 

from 90 mV to -450 mV. 2 The average half-life of the films were found to be of the 

order of 10 minutes. Half-height peak widths (5) were of the order of 115 ± 10 mV and 

a typical film gave a coverage of 1.3 x 10" 10 moles cm"2, which approximates to that of a 

densely packed monolayer.
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i 
8

i i 
-0.6

i i 
-0.4

i i i 
-0.2

1

0
1 1 

0.2

E/V (SHE)

Figure 5.3 Film voltammogram of wild-type Cp 2Fe Fd

pH 7.0, 50 mM Hepes buffer, O.I M Nad, 200 //g ml' 1 polymyxin (as co-adsorbate), v 

= 50 mV s~ 1. As can be seen above, subsequent scans upon continued cycling 

demonstrate the stability of the protein film.
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An investigation of the pH dependence of the reduction potential of the wild-type 

ferredoxin over the pH range 4 to 9 showed that there was no significant variation in E°' 

with pH. At the more extreme values of pH the film stability did deteriorate, but this is a 

normal observation for protein film experiments, with the exception of some proteins 

from the acidophilic bacteria (Chapter 6). The results are shown below in Figure 5.4.

100 -i

150 -

200 -

250 -

300 J

350 -

n /mv

* Wild Type

» • «. » «

i

2 4 6 8 10 12
pH

pH

E°VmV

4.2

-257

5.5

-259

6.8

-258

7.0

-261

8.6

-257

9.2

-262

Figure 5.4 pH Dependence for the wild-type Cp 2Fe Fd
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Bulk Electrochemistry

Bulk electrochemistry of the wild-type 2Fe Fd was carried out at pH 7.0 and a single 

diffusion-controlled peak was observed at a potential of-282 ± 10 mV at 0 °C, which is 

in good agreement (i.e. within 20 mV) of the reduction potential obtained from the 

adsorbed films. The voltammetry was known to be diffusion controlled because of the 

linear dependence of the peak current with (scan rate) 1/2 , up to 50 mV s" 1 . A bulk 

solution voltammogram of wild-type 2Fe ferredoxin is shown in Figure 5.5. Neomycin 

(2 mM) was successfully used as the co-adsorbate for the bulk solution voltammetry, 

favouring exchange of molecules in the protein layer.

-0.6 -0.4 -0.2 0

E/V (SHE)

0.2

Figure 5.5 Bulk voltammogram of wild-type Cp 2Fe Fd

pH 7.4, 20 mM mixed buffer, O.lMNaCl, co-adsorbate 2mMneomycin, v = 2 mV s

Protein concentration 80
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Figure 5.6 Linear dependence of (scan rate)1/2 vs. current for bulk diffusional 
voltammetry of wild-type 2Fe Fd
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5.3.2 THE ALANINE MUTANTS - Replacement of-CH2SH for -CH3

The alanine mutants investigated were C14A, C24A, the double mutant (DM) 

C14A/C24A and the triple mutant H6A/H7A/H90A. Films of the mutants C14A, C24A 

and H6A/H7A/H90A were all found to have a similar stability on the electrode as the 

wild-type protein. However, this was not the case for the double mutant, C14A/C24A, 

films of which were found to be considerably less stable (Section 5.3.2.3). The 

conditions for all the film experiments were ca. 100 uM protein with 200 fig ml" 1 

polymyxin in both the protein solution and the electrolyte solution, as for the wild-type 

protein. Variations were attempted with higher and lower concentrations of polymyxin, 

and the co-adsorbate neomycin (2 mM), in both the protein and the electrolyte, but there 

was no further improvement of the voltammetry for any of the alanine mutants 

investigated.

5.3.2.1 C14A

The mutant C14A was found to contain an FeS chromophore, the spectroscopic data of 

C14A were similar to the wild-type protein. 6 The electrochemical data obtained for the 

C14A mutant were also consistent with the electrochemical data of the wild-type 

ferredoxin. The mutant C14A exhibited reversible film voltammetry, and the average 

half-life of the film was 10 minutes. A single redox couple was observed with a 

reduction potential of -267 ± 10 mV at pH 7.0 and 0 °C, and the half-height peak width 

was 115 mV ± 10 mV (Figure 5.7).
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Figure 5.7 Film voltammogram of C14A Cp 2Fe Fd

pH 7.0, 50 mMHepes buffer, 0.1 MNaCl, 200 ^g ml' 1 polymyxin (as co-adsorbate),
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A pH dependence study was carried out over the pH range 5.1 to 9.0: little variation of 

the reduction potential was observed (Figure 5.8).
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Figure 5.8 pH Dependence for the C14A mutant of Cp 2Fe Fd

Bulk solution voltammetry was carried out at pH 7.0, using neomycin as co-adsorbate. 

A diffusion-controlled peak was observed with a potential of-265 ±10 mV; this was 

within 10 mV of the result obtained with protein film experiments, Figure 5.9. A linear
* /A __

dependence of the peak current with (scan rate) , was observed, Figure 5.10.
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Figure 5.9 Bulk voltammogram of C14A Cp 2Fe Fd
pH 7.0, 50 mMHepes buffer, 0.1 MNaClpH 7.0, 2 mMneomycin (as co-adsorbate),

v= 2 mV s~*

0.2
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Figure 5.10 Linear dependence of (scan rate) 1/2 vs. current for bulk diffusional 
voltammetry of C14A

The reduction potentials were -265 ± 10 mV and -261 ± 10 mV for the C14A mutant 
and the wild-type ferredoxin respectively, which, together with their lack of variation of 
the E01 with pH, shows that the electrochemical behaviour of both these ferredoxins is 
similar. This similarity implies that the cysteine at position 14 is not likely to be a ligand 
of the [2Fe-2S] cluster. Additional support for this conclusion stems from the 
spectroscopic investigation by Meyer et al, whereby the UV/Vis, EPR and Resonance 
Raman spectra of these two proteins were found to be identical. 6 Thus, the non-ligating 
cysteine at position 14 opposes the observation made by Matsubara and Saeki, which 
proposes that a -Cys-X-X-Cys- ligand sequence is a universal feature of 2Fe Fds. 3 The 
two cysteines at positions 11 and 14 are ideally placed to be the ligands in the primary 
sequence of Cp 2Fe Fd. However, from the almost identical spectroscopic and 
electrochemical behaviour of both the C14A mutant and the wild-type, the hypothesis 
can be discounted in this case and we therefore have corroborative evidence of the 
unique primary structure ofCp 2Fe Fd.

5.3.2.2 C24A
The adsorbed film voltammetry of the mutant C24A showed one reversible redox couple 
at a potential of -337 ± 10 mV, which represents a negative shift of 75 mV with respect 
to the reduction potential (E01) of the wild-type protein. The oxidative and reductive 
half-height peak widths were slightly broader than that of the wild-type, typically 120 ±

10 mV at low scan rates i.e. < 20 mV " 1 Figure 5.11.
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E/V (SHE)

Figure 5.11 Film voltammogram of C24A Cp 2Fe Fd

pH 7. 0, 50 mMHepes, 0. 1 MNaCl, 200 jug ml' 1 polymyxin (as co-adsorbate),

v=
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The corresponding pH dependence study (Figure 5.12) showed just a small variation in 

reduction potential over the pH range investigated.
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Figure 5.12 pH Dependence for the C24A mutant of Cp 2Fe Fd
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The bulk solution electrochemistry at pH 7.4 produced a signal with a reduction potential 
of-340 ± 10 mV at 0 °C, (Figure 5.13) which correlates well (within 10 mV) with the 
value determined from the protein film experiments. A linear dependence of the peak 
current with (scan rate) 172 was observed for the oxidative and reductive peaks, up to 100 
mV s" 1 , indicating that the voltammetry was diffusion controlled, Figure 5.14.

0.5 HA

-0.8 -0.6 -0.4 -0.2

E/V (SHE)

0 0.2

Figure 5.13 Bulk voltammogram of C24A Cp 2Fe Fd

pH 7.4, 20 mMmixed buffer, 0.1 MNaCl, neomycin 2 mM (as co-adsorbate), v = 2 mV 
s 1 , protein concentration 80
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Figure 5.14 Linear dependence of (scan rate) 172 vs. current for bulk diffusional 

voltammetry of C24A

The mutant C24A, like C14A, also contained an FeS chromophore, which suggests that 

C24 either was not a ligand to the cluster, or it was replaced by some other residue upon 

mutation of cysteine to alanine. 6 In contrast to the C14A mutant, there were noticeable 

differences, both spectroscopic and electrochemical, between the C24A mutant and the 

wild-type Fd, indicative of significant changes in the cluster co-ordination sphere. 6 Thus 

it can be inferred that the residue C24 is likely to be one of the co-ordinating ligands of 

the 2Fe cluster, and therefore in the mutant C24A the cysteine at position 24 must be 

replaced by an alternative ligand. The UV/Vis absorption spectra of C24A is very similar 

to the wild-type protein, but there are small differences e.g. small shifts in the spectrum 

(5 nm or less) and slight variations in the relative intensities of the bands at 420 nm and 

460 nm. 6 Electrochemically, the most noticeable difference was the negative shift in the 

reduction potential (ca. 75 mV) of the C24A mutant, compared to the wild-type protein. 

Additionally, the film's half-life was noticeably shorter than a typical film of the wild-type 

ferredoxin, under the same conditions.

The electrochemical evidence documented here, together with the spectroscopic 

evidence found by Meyer et al, shows that the substitution of this particular cysteine for 

an alanine changes the redox properties of the [2Fe-2S] cluster, and indicates that either
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the C24 is a co-ordinating ligand of the cluster (hence in this mutant C24 must be 
replaced by another residue) or is in very close proximity to the cluster. 6

Assuming that C24 is replaced by an alternative residue, it follows that the pH 
electrochemical dependence study of this mutant should yield information about the 
replacement residue. The pH dependence study showed little response to pH in the 
reduction potential of C24A; the variation was just ca. 20 mV over 3 pH units (Figure 
5.12). In addition, it was found that the reversible signal associated with [2Fe-2S]2+/1+ 
was more difficult to obtain at extreme values of pH, but this was also the case for the 
wild-type ferredoxin. As the reduction potential of the cluster was not found to be 
dependent upon pH, the ligand replacing C24 is not a serine or histidine as these ligands 
would be likely to impose a pH dependence on the reduction potential of the FeS cluster. 
It is documented that all-cysteine ligated [2Fe-2S] clusters are pH independent, unlike 
the Rieske clusters32 '33 which are ligated by two cysteine and two histidine residues 
(Chapter 7). The ligating histidine residues in Rieske clusters are able to be protonated, 
and hence the reduction potential of these clusters is pH dependent. An excellent 
example of a co-ordinating serine residue imposing a pH dependence on an FeS cluster is 
seen with the serine mutants of Cp 2Fe Fd (Section 5.3.3).

Drawing from these observations, it can be concluded that the ligand to the cluster of the 
mutant C24A is likely to be the proximal cysteine at position 14. A rearrangement of the 
protein structure is therefore necessary to replace the cysteine at position 24 with 
cysteine 14. Although this cannot be emphatically proven without X-ray crystallography 
data, the pH independence of the reduction couple and the proximity of C14 to the 
cluster make C14 a strong contender to be a ligand of the cluster. The mutant C24S of 
Cp Fd, which was investigated spectroscopically by Meyer et at, has an identical UV/Vis 
spectrum and A45o/A28o ratio to those of the C24A mutant. 6 Thus, whatever protein 
rearrangement occurs in the mutant C24A probably occurs for the mutant C24S, hence 
their identical spectra, implying that C14 must also be a co-ordinating ligand for C24S. 
Rearrangement of the protein structure is evidently preferred over ligation of the cluster 

by a serine ligand, in place of the original cysteine.
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A similar example of a protein rearrangement occurring to replace a co-ordinating ligand, 
removed by a SDM experiment, was observed for the C20A mutant of Ferredoxin I of 
Azotobacter vinelandii (Av). lG When one of the ligating cysteines to the [4Fe-4S] 
cluster of Av Fd I was mutated to alanine, it was shown, by X-ray crystallography, that 
formation of the cluster was subsequently achieved by the protein rearranging to 
accommodate the nearby free cysteine residue at position 24. In addition, a further 
crystallographic study of Av Fd I showed that if the cysteine at position 20 was mutated 
to a serine residue, the same protein rearrangement still occurred. 34 This shows that 
structural rearrangement to achieve cysteine ligation to the cluster is preferred over 
serinate ligation, despite the serine ligand being in the position of the original cysteine 
ligand. This example of protein rearrangement being preferred over serinate ligation in 
Av Fd I is mirrored in Cp 2Fe Fd.
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5.3.2.3 C14A/C24A

The C14A/C24A mutant has the two cysteines at position 14 and 24 both replaced by 

alanine, which is not able to co-ordinate the cluster. Thus, because the C14A/C24A 

protein contains an iron-sulfur chromophore, and contains only three cysteines, this 

mutant utilises non-cysteinyl ligation to the cluster. The identity of the fourth ligand was 

therefore the primary focus in the study of this mutant protein.

Protein films of the mutant C14A/C24A were found to be significantly less stable than 

the wild-type. The typical half-life of a film on the electrode was less than 1 minute as 

compared to > 10 minutes for the wild-type protein. There were a number of 

inconsistencies with different samples of the mutant and consequently the results 

obtained varied erratically. The instability of the films and their short lifetime was 

improved marginally by carrying out experiments under an inert atmosphere in a 

glovebox (C>2 < 2 ppm).

The first sample (Sample I) from the Meyer group (Grenoble) gave poor 

electrochemistry, but none the less exhibited just the expected single redox couple, of 

which the oxidative scan was broad (typically 150 mV) and the reductive scan was even 

broader. Consequently difficulties were found in estimating a peak position for the 

reductive wave and the margin of error in the reduction potential is therefore high, in the 

order of 20 mV. The reduction potential at pH 7.0 was estimated at -331 ±20 mV. A 

pH dependence study was attempted and although the results were difficult to analyse, 

there was a variation of E01 with pH, of 23 mV/pH unit see Figure 5.15.

Bulk solution electrochemistry was attempted, but poor signal quality, even with the 

presence of neomycin, which had successfully worked for other mutants, prevented any 

reproducible bulk voltammetry being obtained.

A second sample (Sample II) of the same mutant, C14A/C24A, was received from the 

Meyer group, and direct film electrochemistry was repeated as above, with a more
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extensive pH dependence study being undertaken. Although the UV/Vis spectra of both 

samples were almost identical, Sample II of the C14A/C24A mutant proved to have a 

more positive reduction potential (-222 ± 20 mV at 0 °C, pH 7.0), and the pH 

dependence of the reduction potential was considerably greater than for Sample I (Figure 

5.15). A linear 'best fit' was plotted for Sample II to obtain an 'approximate' pH 

dependence value (-46 mV/pH unit). A simple linear fit was used because there was 

insufficient evidence to indicate that the data might be fitted to a 'curve' and so obtain a 

reliable pKa value (see Section 5.3.3). A linear 'best fit' was not carried out for Sample 

I, as the data obtained were limited and too erratic, due to the instability of the protein 

films.

203



CHAPTER 5: The Two Iron Fcrredoxin from ( 'losindmm

-100 -E0l/mV
-150 -
-200 -
-250 -
-300 -
-350 -
-400 -

A£
A

+ + <» A4
• •

k Â *
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Figure 5.15 pH Dependence of the C14A/C24A mutant of Cp 2Fe Fd
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As a result of these differences between the two independent samples sent from France, 
it was decided to purify the proteins using FPLC in order to:

(a) discover if there were one or more components which were separable by their 
different binding behaviour on the anion exchange column

(b) purify the proteins - since apoprotein or another contaminant may be responsible for 
the discrepancy in the electrochemical results

The procedure used for the purification of the proteins was the general procedure used 
for ferredoxins as described in Chapter 2, and was carried out under anaerobic 
conditions. The protein was eluted using a 0 to 1.0 M NaCl gradient with 50 mM Tris at 
pH 7.4, using an anion exchange column, Mono-Q (Pharmacia).

Despite their different electrochemical behaviour, the proteins behaved very similarly 
during FPLC. During the elution of the protein, with a gradient of 0 - 1 M NaCl, a 
major fraction comprising more than 95 % of the total protein content eluted at 0.51 M 
NaCl, and a smaller peak, 2 - 4 % of the total protein content, was eluted at 0.55 M 
NaCl (Figures 5.16 and 5.17). Only the centre of the band of the largest protein peak 
was used for the subsequent electrochemistry.
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After the additional purification step, the two proteins were found to exhibit the same 
electrochemical behaviour i.e. the reduction potentials of each sample and pH 
dependence behaviour were almost identical. However, the general quality of the 
electrochemistry was still poor, i.e. poor peak resolution and short half-life of ca. 1 
minute, despite the FPLC stage.

From adsorbed film experiments Sample I was found to have a reduction potential of 
-288 ± 10 mV while Sample II showed a reduction potential of-292 ± 10 mV at pH 7.6, 
0 °C. A pH dependence study was carried out with both samples of the mutant (Figure 
5.18). The variation of E°' with pH for both samples of the C14A/C24A mutant 
was -22 mV/pH unit.
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Figure 5.18 pH Dependence of the C14A/C24A mutant of Cp 2Fe Fd after FPLC

After FPLC purification, both Samples I and II exhibited an additional electrochemical 

feature at low potential. A second reversible redox couple was observed at a 

significantly lower potential than the [2Fe-2S]2+/1+ redox couple (Figure 5.19). For ease 

of writing, this second couple, not previously observed for Cp Fd variants, is called the 

low potential couple (LPC). The peak was similar in size to that of the formal 

[2Fe-2S]2+/1+ redox couple, i.e. comparisons showed that the LPC area was ca. 70-75 % 

of the peak area of the 2+/1 + redox couple. The pH dependence of this new redox 

couple was found to be -44 mV/pH unit (Figure 5.20). The protein films were too 

unstable to obtain data below pH 5.9 or above pH 8.7, and so the limited data obtained
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were not sufficient to indicate if there were any turning points in the pH dependence plot 

which would have indicated a pKa value.

-1.0 ' -0.6 -0.2 0.2

E/V (SHE)

Figure 5.19 Film voltammogram of the FPLC purified C14A/C24A Cp 2Fe Fd

LPC = low potential couple. pH 7.6, 20 mM mixed buffer, 0.1 MNaCl, polymyxin 

200 jug ml1 (as co-adsorbate), v = 50 mV s 1
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Figure 5.20 pH Dependence of the 'LPC' of C14A/C24A Cp 2Fe Fd
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Bulk Electrochemistry

Bulk electrochemistry was carried out with both Sample I and Sample II, after they had 
been purified. Before FPLC purification, bulk solution electrochemistry had been 
unsuccessful, with Sample I or II, i.e. no reproducible voltammetry had been obtained.

After purifying the double mutant, using FPLC, the same conditions were employed, as 
had been used to obtain bulk electrochemistry for other mutants, to investigate the bulk 
electrochemistry. A redox couple was observed for both Sample I and II, however the 
characteristics of the peak and its dependence upon scan rate were not that of a bulk 
diffusional system, as described in Chapter 1. The voltammogram was more like that of 
an adsorbed film with the ipox directly proportional to the scan rate and not (scan rate) 172 , 
Figure 5.22. Voltammograms at different scan rates of Sample II in bulk solution 
voltammetry are shown in Figure 5.21 (at 50 and 5 mV s" 1). The potential of this peak 
was -261 mV± 20 mV which was ca. 20 mV more positive than the redox couple of 
[2Fe-2S]2+/1+ when measured using film voltammetry. No indication of the second 
couple was observed at any of the scan rates investigated. The anomalous behaviour 
during bulk electrochemistry of this protein is likely to be a factor of the instability of the 
cluster in this case.
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0.5 jiA
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E/V SHE

o

Figure 5.21 Bulk voltammogram of C14A/C24A after FPLC purification

pH 7.0, 50 mM Hepes buffer, 0.1 MNaCl, 2 mMneomycm.

Black voltammogram, v 50 mVs' 1 , green voltammogram v 5 mVs
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Figure 5.22 Dependence of (scan rate) 172 and scan rate vs. current (/pox) for bulk 

diffusional voltammetry of C14A/C24A

Fro/w above it can be seen the voltammetry obtained under conditions used to obtain 

bulk diffusional electrochemistry for the other mutants produced voltammograms 

indicative of adsorbed film electrochemistry, i.e. ip proportional to scan rate NOT (scan

rate)1/2

These experiments can be used to help gain an insight into the nature of the fourth ligand 

in C14A/C24A. The double mutant, C14A/C24A has an important significance among 

all of the other mutants studied, because it only has three possible cysteines which are 

available to co-ordinate the cluster. Despite the incomplete cysteinyl co-ordination, the 

cluster is still assembled in vivo and hence there must be wow-cysteinyl ligation to the 

cluster. Possibilities for the fourth ligand include a proximal non-cysteinyl residue from 

the protein structure or a ligand from an external source.

It had been thought that histidine was a likely candidate for the fourth ligand, in lieu of a 

cysteine, because of the sequence homology between the 25 kDa subunit of the NADH- 

quinone oxidoreductase (NDH-1) from Paracoccus denitrificans, which also contains a 

[2Fe-2S] cluster, and the amino acid sequence of Cp Fd. 16 Although their amino acid
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sequences are not identical, the spacing of the conserved cysteine and histidine residues 
are similar: when they are aligned (Figure 5.23) it can be seen that the histidine at 
position 7, in the amino acid sequence of Cp, is a possible candidate for cluster ligation. 
However an extensive ESEEM spectroscopy study was carried out by Shergill et al and 
no direct evidence for either cysteinyl, histidyl or alternative nitrogenous co-ordination of 
the [2Fe-2S] cluster of the DM of Cp Fd was found. 19

- H92 - X3 - C96 - X4 - C 101 - X35 - C 137 - X3 - C 141 - 25 kDa subunit of NDH-1

- H7 - X3 - C11 - X2 - C14 - X41 - C56 - X3 - C60 - Cp Fd

Figure 5.23 Binding motifs of the 25 kDa subunit of NDH-1 and Cp 2Fe Fd

Other alternatives for the fourth ligand in C14A/C24A include methionine, aspartic or 
glutamic acid and serine. Since no known examples have ever been found of methionine 
co-ordination to a FeS cluster it is likely that this can be ruled out. Direct evidence for 
aspartate co-ordination has recently emerged for Pyrococcus furiosus [4Fe-4S] Fd, 35 and 
has also been proposed for the Cluster I, [2Fe-2S] 2+/1+, in succinate dehydrogenase from 
E. co//. 13 Serine co-ordination to Fe-S clusters has been recorded in a number of 
examples, both engineered and wild-type; examples include the fumarate reductase from 
E. coli, u a mutant of the 2Fe Fd from C/? 18 and Anabaena Fd. 15 Until the exact protein 
structure is known, none of these possibilities can be completely ruled out. Alternatively 
an oxygenic ligand from the solvent may be binding to the cluster, either H2O or HO", as 
found for aconitase. 36 If either H2O or HO" is binding to the cluster in the C14A/C24A 
mutant, it is likely that the cluster's reduction potential would be pH dependent to some 
degree, which is indeed as observed experimentally.

A striking feature of the electrochemistry of this double mutant, when adsorbed on a 
film, is that, unlike every other mutant investigated, two redox couples were observed. 
The similarity of both redox couples, in area and half-height peak width, suggests that 
the new couple, the 'low potential couple' (LPC), is also a one-electron redox couple. It
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was therefore tentatively assigned to the 1+/0 electron step, thus the LPC is associated 

with the double reduction of the [2Fe-2S]2+ cluster to give the [2Fe-2S]° state.

All Fe2+ Biological Clusters

Until a few years ago, although it was thought to be theoretically feasible, the fully 

reduced state of any biological FeS cluster was considered to be too reactive to be 

experimentally observed, and was therefore uncharacterised in biological iron-sulfur 

clusters. However more recently, a number of biological examples have been partially 

characterised, including the fully reduced state of a water soluble fragment of a Rieske 

protein,37 the [3Fe-4S]2" cluster from the 7Fe Fd of Sulfolobus acidocaldarius^ the 

fully reduced forms of spinach and parsley 2Fe ferredoxins39 and the [4Fe-4S]° cluster 

from the Fe protein of nitrogenase.40 It is also highly likely that more examples are yet 

to be discovered.

Typically the iron centres in 2Fe Fds cycle between the [2Fe-2S] states as below,

Fe3+/Fe3+ -> Fe2+/Fe3+

The LPC observed in the film voltammetry of the double mutant of Cp Fd is tentatively 

assigned to [2Fe-2S] 1+/0 thus, c

Fe2+/Fe3+ _> Fe2+/Fe2+2+

This fully reduced state, which notably is not seen in the Cp wild-type or any of the other 

mutants of Cp Fd, may be favoured in C14A/C24A because of the modified co­ 

ordination sphere of the cluster. Importantly there are no other possible sources of 

electrons which are available in the protein. As previously discussed, it is likely that the 

fourth co-ordination ligand to the C14A/C24A cluster is water or "OH. The limited 

number of reports in the literature of fully reduced biological FeS clusters is probably due

b In this context, 'super-reduced' is used for a one-electron step to the all Fe2+ state and 'hyper-reduced' 
is used for the two-electron step to the all Fe2+ state, more commonly seen for 7Fe Fds. 
c There are no other possible sources of electrons which are available in the protein e.g. S° which would 
undergo a redox reaction.
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to the destabilising effect of the excess negative charge at the cluster, hence the highly 
reactive nature of these states. The possible ways in which the negative charge could be 
offset, and so render the fully reduced state more stable, are an ongoing subject of 
investigation. A major influencing factor upon the stability of super-reduced clusters is 
likely to be the co-ordination sphere of the cluster and how this can dissipate the 
negative charge, and the nature of the proximal residues and protein structure. For the 
mutant C14A/C24A, replacement of the second cysteine in the cluster binding domain 
(i.e. C14 or C24) by an alternative ligand results in the observation of a fully reduced 
state, using protein film voltammetry. The alternative ligand is presumably able to 
dissipate the negative charge from the cluster and so increase the stability of the fully 
reduced state.

Two situations which could help stabilise fully reduced FeS clusters are, 
(i) proton binding at or near to the cluster or
(ii) influence of the cluster co-ordination sphere by external ligands i.e. swap an anionic 

for a neutral ligand.

Considering 7Fe Fds which contain [3Fe-4S] clusters: these are readily reduced to the 
[3Fe-4S]2" state during film experiments, and the negative charge localised on the cluster 
is thought to be counterbalanced, to some degree, by the uptake of three protons at, or 
near to the cluster. 38 This is demonstrated by the significant pH dependence of the 
[3Fe-4S]0/2~ reduction couple, which is equal to 1H" per electron (at least). Similarly the 
reduction potential of the LPC shows a notable pH dependence ca. -44 mV/pH unit. d A 
report detailing the reduction of spinach and parsley [2Fe-2S]2+ ferredoxin with the 
complex, 1,4,8,12-tetraazacyclopentadecane [Cr(15-aneN4)(H2O)2]2+ (Cr2+L) provides 
evidence for two equivalent steps to give the [2Fe-2S]° product. Notably the Cr3+L 
formed in the first step, remains attached to the [2Fe-2S] 1+ product and presumably is 
able to perturb the protein active site sufficiently to make the second reduction step

d However, this is not thought to be the case for the Fe protein from nitrogenase, and its fully reduced 
form, [4Fe-4S]°.40 An initial report states that this reduction potential is not dependent upon the pH
and so presumably the negative charge on the cluster is stabilised in some other way.41
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possible. The square wave voltammetric study upon modified spinach ferredoxin6 (the 

Cr3+L bound form) measured two reduction potentials at -273 mV and -410 mV. 39 The 

latter reduction potential for the 1+/0 reduction step is not as negative as the LPC 

measured for Cp Fd (-613 mV) indicating that the fully reduced form of the spinach 

ferredoxin is more stable than that of the fully reduced form of C14A/C24A. In contrast, 

an alternative investigation by Verhagen et al used direct unmediated electrochemistry to 

investigate the possibility of generating the fully reduced state in spinach ferredoxin, 

Spirulinaplatensis ferredoxin and the water soluble fragment of the Rieske protein. 37 In 

only one case, the Rieske fragment, was a voltammetric signal observed which could be 

interpreted as the formation of a fully reduced state. A voltammetric signal was 

observed at -840 mV which was approximately 1100 mV from the [2Fe-2S]2+/1+ 

reduction potential (300 mV). The fully reduced couple [2Fe-2S] 1+/0 of the Rieske 

subunit was observed to be pH independent, unlike the first transition. The first 

transition, [2Fe-2S]2+/1+, was observed to be pH dependent because the Fe atom which is 

reduced, is co-ordinated by two histidines which are able to be protonated. 33 The second 

Fe atom is co-ordinated by two cysteines and this reduction potential was not found to 

be pH dependent. This is in contrast to the reduction couples of C14A/C24A which both 

show a definite pH dependence (Figure 5.18 and Figure 5.20). However, as noted 

earlier, no reproducible bulk electrochemistry was observed for this mutant and so 

generation of this fully reduced state could not be verified in bulk solution. This could 

indicate that the fully reduced state is not stable enough to exist in 'free' bulk solution 

and protein film voltammetry thus helps to stabilise the fully reduced form.

Exogenous Ligand Binding

An alternative method of probing the fourth ligand of C14A/C24A and its chemical 

reactivity, is to investigate the lability of the ligand and examine if the in vivo ligand can 

be replaced by an external ligand. The prevalent example of exogenous binding to an 

FeS cluster is aconitase,42 but examples include other non-cysteinyl ligated clusters, e.g. 

the [3Fe-4S] cluster from Desulfovibrio africanus Fd III,43 and further examples, as seen 

in Chapters 1 and 4. The C14A/C24A mutant of Cp 2Fe Fd has only 3 cysteines in the 

protein chain and therefore must have a non-cysteinyl ligand in order for co-ordination of

e Square wave voltammetric measurements for the native spinach ferredoxin, in the same study, gave a
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the [2Fe-2S] cluster to be complete. One of the iron atoms is therefore 'subsite- 
differentiated' which is one of the prerequisites for ligand exchange (Chapter 4) - thus, it 
was decided to investigate whether ligand exchange was a viable possibility for the 
C14A/C24A mutant. Preliminary evidence suggested that the fourth ligand was 
oxygenic in nature, most likely either H20 or 'OH. If an exogenous thiolate ligand could 
be included in the co-ordination sphere of the cluster, this would result in a cluster co­ 
ordination sphere more closely resembling that of the original wild-type Fd. Changes in 
the voltammetry should therefore become apparent on introducing the protein film to a 
buffer solution containing thiolate. Two noteworthy examples of exogenous ligand 
binding are the reversible binding of a thiolate ligand to the transformed [Fe3Fe-4S]

_ fcluster in Da Fd III and reversible thiolate or cyanide binding to the sub site 
differentiated metal atom in the [4Fe-4S] cluster from Pyrococcus furiosus Fd.43 '44 In 
both these two examples the exogenous ligand may either substitute for the co-ordinating 
ligand, or it may add to the co-ordination sphere of the metal atom, so increasing the co­ 
ordination number of the Fe atom. It is not certain which of these two scenarios is 
correct for Da Fd III or Pf Fd because of a lack of structural evidence about the form of 
the cluster in these proteins.

When an adsorbed film of the FPLC purified C14A/C24A protein was transferred at a 
negative potential (ensuring that the cluster was in the [2Fe-2S] 1+ state) to a pot 
containing 200 mM mercaptoethanol at pH 8.0, changes in the voltammetry were 
observed. The two redox couples were replaced by a single 'new' redox couple which 
was shifted negatively, with respect to the [2Fe-2S]2+/1+ reduction couple (Figure 5.24). 
The reduction potential of the new couple was -391 ± 20 mV, compared to the previous 
reduction potentials of -287 and -613 mV. The reduction peak, which was generally 
broader than the oxidative wave for adsorbed films of C14A/C24A, was now found to be 
of a similar peak width as the oxidative wave; the half-height peak width of the 
transformed C14A/C24A voltammetry was ca. 120 mV compared to ca. 115 mV for the 
wild-type ferredoxin.

value of-462 mV for the single redox process observed, i.e. [2Fe-2S] 2+ +.f The investigation in Chapter 4 showed that an adsorbed film of Da Fd III exhibits a definite change in
its voltammetry when introduced to a number of different thiolate ligands, but not with oxygenic
ligands.
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On returning the adsorbed protein film to a pot containing no mercaptoethanol, the 

voltammetry reverted to that seen before addition of mercaptoethanol, i.e. two reduction 

couples were observed within a few minutes of cycling in the new buffer, without 

mercaptoethanol (Figure 5.24). It was observed that the return to the original 

voltammetry was slower if traces of mercaptoethanol were not removed from the 

electrode by rinsing in an intermediary pot between transfers.
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Figure 5.24 Reaction of mercaptoethanol with the double mutant C14A/C24A

Blue: adsorbed film ofC14A C24A, pH 8.6, 200 mM Tns, 0.2 M NaCl, 200 jug ml' 1

polymyxm (as co-adsorbate)

Red: Protein film transferred to pot containing 200 mM mercaptoethanol

Green: Protein film returned to buffer only pot (after rinsing m an intermediary pot)
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This behaviour can be explained by either proposing ligand addition or substitution. It is 

possible that the mercaptoethanoate anion is binding to the cluster and replacing the 
unknown non-cysteinyl ligand and, hence, returning the cluster to a pseudo 'wild-type' 

state i.e. four thiolates co-ordinating the 2Fe Fd. Alternatively the ligand could be 

adding to the co-ordination sphere of the iron, thus making a five-co-ordinate atom. 

However, which scenario is prevalent cannot be easily determined without a structural 
determination e.g. X-ray crystallography or the right type of spectroscopic experiment. 
With mercaptoethanoate ligated to the cluster, the extra stability associated with the 

super-reduced state may be lost, due to a disruption of the co-ordination sphere of the 
cluster because the fourth ligand of C14A/C24A is replaced/added to by the thiolate 

ligand. For example, if the unknown fourth ligand is in some way stabilising the fully 
reduced state, by counter balancing the negative charge at the cluster, replacement of the 
fourth ligand with a thiolate, which is less able to counterbalance the negative charge at 
the cluster, would explain the loss of the LPC.

As an alternative to the proposed super-reduced form of Cp Fd, it is also possible that 
there are two forms of the protein adsorbed; each with different potentials, with one 
form of the [2Fe-2S]2+/1+ cluster having a much lower reduction potential. The way in 
which these two options could be differentiated would be to use the ligand binding 
experiment with mercaptoethanol. If the sum of the two peaks, prior to introduction of 
the protein film to mercaptoethanol, was equal to the area of the 'new' peak, after 
placing the protein film into mercaptoethanol, it would mean the protein was indeed in 
two forms. However, if the 'new' peak observed after the protein was introduced into 

the mercaptoethanol solution, was the same area as only one of the previous peaks, this 

would then indicate that the two redox couples seen were for the same protein, i.e. 
subsequent electron-transfer reactions. Quantitatively this could not be reliably carried 

out because of the generally poor signals of the C14A/C24A protein and also the 

significant loss of the protein film upon transferral of the electrode between different 

solution using the 'multipot' cell. (Seen in Figure 5.24, as the loss in peak height 

between the 'before' and 'after' mercaptoethanol voltammograms.)

In summary, the electrochemistry of the C14A/C24A mutant demonstrates chemical 

reactivity which is not immediately apparent from conventional spectroscopic
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experiments. The electrochemistry data shows that the differences in protein/cluster 
characteristics of the [2Fe-2S] cluster, due to the unknown fourth ligand, can help 

stabilise the fully reduced form of the [2Fe-2S] cluster, and the fourth ligand is labile 
enough, or sufficiently accommodating (space-wise), to promote ligand 

exchange/addition at the cluster. As a result of the observed experimental pH 
dependence, either the fourth ligand must be able to undergo protonation, or the cluster 
must be close to ligands which can be protonated. However the former is more likely to 

be the case, since a pH dependence of the reduction couples is not seen for the C14A or 
C24A mutants. Thus the question of the fourth ligand to the [2Fe-2S] cluster of the 
C14A/C24A mutant is still unanswered and is subject to ongoing spectroscopic 
investigation. The evidence gathered here from electrochemical experiments suggests 
that the fourth cluster ligand is oxygenic in nature. It is unlikely to be a serinate ligand 
because the serine mutants did not react with exogenous ligands, unlike C24A/C14A 
(see Section 5.3.3).

5.3.2.4 H6A/H7A/H90A

The mutant H6A/H7A/H90A was originally constructed to investigate the possibility that 
non-cysteinyl co-ordination of the 2Fe Fd was prevalent as a result of the FeS cluster 
persisting in the double mutant C14A/C24A, which only contains three cysteines. 
Histidine is a possible substitute for cysteinyl ligands, as found in the Rieske 
proteins. 45 '46

Each histidine in the sequence (three in total) was individually and then collectively 
replaced by alanine or valine. Each mutant was found to incorporate the [2Fe-2S] 
cluster, and they all had identical UV/Vis, EPR and ESEEM spectra to that of the wild- 

type protein. 19 Thus only one mutant, the triple histidine mutant was investigated 

electrochemically.

The triple histidine mutant exhibited good reversible electrochemistry when adsorbed as 

a film on the electrode surface. The quality of the electrochemistry was extremely similar 

to that of the wild-type Fd, with one redox couple being observed at a reduction
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potential of-260 ± 10 mV. Half-height peak widths were ca. 120 mV (in each case) and 

both the oxidative and reductive peaks were of a comparable peak height i.e. 

symmetrical. A typical voltammogram is shown in Figure 5.25. The similarity of this 

mutant to that of the wild-type Fd indicated that no gain would be made by further 

electrochemical investigations of this mutant. Concomitantly, it was proved using EPR 

and ESEEM, by Shergill et a/, that the fourth ligand of the cluster was neither a histidine 
nor another nitrogenous ligand. 19
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Figure 5.25 Film voltammogram of H6A/H7A/H90A Cp 2Fe Fd

pH 7.0 50 mM Hepes buffer, 0.1 M NaCl, 200 ng ml~l polymyxin (as co-adsorbate), 

v=50mVs~l
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5.3.3 THE SERINE MUTANTS -Replacement of -CH2SH for -OH
The serine mutants investigated were the singly mutated CHS, C56S, C60S, the double 
mutant C60S/S61A and also C56S/C14A/L16C/A19-30 (also written as C56S*). For 
all the serine mutants, with the exception of CHS (Section 5.3.3.1) the protein films 
were poorly resolved, i.e. broad 5 and short film half-lives, compared to the single 
alanine mutants, but were of comparable quality to the C14A/C24A mutant.

Replacing a cysteine ligand for a serine ligand is a very common procedure in FeS 
proteins - frequently used to discover more about a protein's active site and ligation 
sphere etc. 9 It is a procedure not restricted to iron-sulfur centres and there are many 
examples in the literature. 14' 15 ' 17'47-55 For iron-sulfur centres it is an interesting exchange 
because it opens the door to non-cysteinyl ligation of the iron-sulfur core, which in the 
majority of proteins, although not impossible, is atypical - although examples of non- 
cysteinyl co-ordination to FeS clusters are increasing e.g. aconitase,42 serine hydratase,56 
hydrogenase57 and Rieske clusters (Chapter 1). 45 >46

5.3.3.1 CHS

For the CHS mutant, protein yields were very low, with a high content of apoprotein 
present after purification. Meyer et al observed that typically the pure protein content 
per litre of culture was only 20 % of that obtained for the other mutants. 6 Although a 
number of attempts were made to observe an electrochemical signal, using the same 
methodology as had been previously used for the alanine mutants, none were observed. 
The lack of electrochemical signal may either be explained by the protein not adsorbing 
to the electrode, or the protein adsorbing to the electrode but with a redox centre which 
was electroinactive or dysfunctional. Previously, however, protein adsorption was not 
found to be a limiting factor with the wild-type or alanine mutants. That is, for all the 
mutants, with the one exception of CHS, application of a drop of the protein/co- 
adsorbate solution onto the electrode surface always produces an electrochemical signal - 
even if this is weak. Additionally, the pure protein was found to be very unstable when 
compared to the other mutant proteins, and additional purification stages, which for the 
other mutants yielded pure ferredoxin, were unsuccessful in increasing the A45o/A28 o ratio 

oftheCHSFd.28
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Thus, as judged from the instability of the chromophore of this particular mutant and the 
likelihood of decomposition, cysteine at position 11 is likely to be a ligand of the cluster. 
In addition Cl IS was far more unstable than C56S, C60S and the other serine mutants 
(Section 5.3.3.2). There is therefore a stability order for the serine mutants of Cp Fd. It 
can be postulated that the cysteine residue at position 11 must be critical to the formation 
of the cluster: it cannot be successfully replaced by serine and is possibly the first ligand 
to co-ordinate the cluster in the cluster formation process. The cysteine at position 11 is 
evidently more important than the cysteines at 24, 56 and 60, because when these were 
replaced by serine the cluster was formed, albeit with some modification to the cluster's 
properties. 6 ' 18

5.3.3.2 C56SandC60S

Throughout the electrochemical investigation the results for C56S and C60S were 
extremely similar and their behaviour, both in film and bulk solution experiments, was 
almost identical and so the results are reported together.

Both C56S and C60S exhibit one reduction couple, which is at a more negative potential 
than that of the wild-type Fd. The reduction potentials are -372±10mV and 
-369 ± 10 mV, respectively, at pH 7.0 and 0 °C (Figure 5.26). This is a negative shift of 
ca. 100 mV with respect to the wild-type ferredoxin. Both of these mutants gave poor 
quality adsorbed film voltammetry; the films were very poorly resolved at intermediate 
scan rates (v = 100 mV s" 1) and at pH 7 their lifespan was greatly decreased to that of the 
wild-type Fd (half-life was less than one minute).
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\ pH7.2

-1 -0.8 -0.6 -0.4 -0.2 0

pH9.8

-1 -0.8 -0.6 -0.4 -0.2 0

E/V SHE

Figure 5.26 Film voltammograms of C56S Cp 2Fe Fd

pH as above, 20 mM mixed buffer, 0.1 M NaCl, 200 jug ml1 polymyxin (as co- 

adsorbate), v= lOmVs'1
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A pH dependence study was carried out, at slow scan rates, for both C56S and C60S. 
The reduction potentials of the mutants were found to be markedly dependent on pH 
(Figures 5.27 and 5.28). This is also clearly demonstrated in Figure 5.26; the reduction 
potential of the couple at pH 9.8 is -487 ± 10 mV, compared with -382 ± 10 mV at pH 
7.2.

As a result of the reduction potentials of both mutants being strongly dependent on pH, 
the data were plotted with a non-linear regression fit using Equation 5.1 (with no fixed 
parameters). The slope and the turning point of the line, the pKred were found for each 
mutant. The slope and pKrea values, determined using this method, for all the serine 
mutants are tabulated in Table 5.4. The theoretical limiting slope for a one electron/one 
proton reaction is -54 mV at 0 °C; the values found for C56S and C60S were consistent 
with this, although the value for C60S was slightly lower, most likely this is a direct 
result of the poor-quality electrochemistry seen for all the serine mutants.

alk nF
In

K red
Equation 5.1

Equation 5.1 E°'aikis the reduction potential in the limit of high pH, aH+ is the 
activity, n is the number of electrons transferred, y is the number of protons transferred, 
and Kred is the H*-dissociation constant of the reduced species. In the limit (aH+)/Kred 
»J, a plot o/E°'as a function ofpH should be linear with a slope of-54 mV per pH 
unit(n=y = J, 0°C)

The results shown in Figure 5.27 when fitted with a non-linear regression equation give a 
pH dependence of-53.6 and -43.1 mV/pH unit and pKred of 8.7 and 9.3 for C56S and 
C60S respectively. The former value in particular is close to the theoretical value of -54 
mV for a one proton/one electron reaction - while the value for C60S is slighter lower 
and this is probably due to the spread of results obtained for this mutant. It was 
observed that the voltammetry was improved at higher pH (i.e. > 8.5), especially at 
intermediate scan rates, where the reductive wave was noticeably less broad (Figure 
5.30).
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Figure 5.27 pH Dependence of the C56S and C60S mutants of Cp 2Fe Fd

20 mM mixed buffer, O.I M NaCl, 200 ug ml' 1 polymyxm (as co-adsorbate), 0 °C,

v 20mVs'
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Figure 5.28 pH Dependence of (a) C56S and (b) C60S of Cp 2Fe Fd

A more rigorous investigation of the scan rate dependence was carried out for C56S at 

two different pH values, both above and below the pKred value.

pH 9.8: At higher pH (pH 9.8) above the pKred half-height peak widths (5) of the 

oxidative and reductive waves were very similar. That of the oxidative wave varied from 

112 ±10 mV to 163 ± 10 mV, while values for the reductive wave varied from 91 ± 10 

mV to 142 ± 10 mV, over the scan rate range 5 to 500 mV s" 1 . At very slow scan rates, 

i.e. 20 mV s" 1 or lower, the voltammetry at pH 9.8 showed half-height peak widths of 

100 ± 10 mV i.e. approaching idealised parameters. At this pH the broadening of the 

oxidative and reductive waves was symmetrical and there was no significant variation in 

the reduction potential over this range of scan rates (Figure 5.29).
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pH 7.2: At pH 7.2, i.e. below the pKred , values of 6 for the oxidative peak ranged from 

93 ± 10 mV to 142 ± 10 mV over the scan rate range 5 to 500 mV s' 1 . For the reductive 

peak wave 8 was much more dependent upon scan rate; at 5 mV s the 5 was 114 mv 

but the reductive wave was so broad at v > 100 mV s" 1 that the peak was imperceptible 

and it was impossible to obtain any quantitative information. The scan-rate dependence 

of the reductive wave is shown in Figures 5.29 and 5.30.
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Figure 5.29 Oxidative and reductive peak positions for C56S

20 mM mixed buffer, 0.1 M Na( 7, 0 °C ', pH as indicated above. Protein films were 

100 juM with 200 jug ml' 1 polymyxm as co-adsorbate.
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Bulk Electrochemistry

In direct contrast to the poor quality film voltammetry, the bulk electrochemistry at pH 
7.0 for both of these two mutants was exceptionally well resolved and reproducible over 
a range of scan rates. Figures 5.31 and 5.32 show bulk divisional voltammetry of the 
C56S and C60S mutants respectively. The reduction potentials of the proteins in bulk 
were found to be -364 ± 10 mV and -370 ± 10 mV for C56S and C60S respectively, 
which compare well with the values found in adsorbed films, i.e. within 10 mV. They 
were judged to be diffusion-controlled from the linear dependence of the current against 
(scan rate) 172 (Figures 5.33 and 5.34).

Exogenous Ligand Binding
Experiments were carried out on both the C56S and C60S mutants to see if an 
exogenous thiolate ligand would interact with the cluster, as had been previously 
observed for C14A/C24A (Section 5.3.2.3). The experiments were performed with 
mercaptoethanol, exactly as they had been for the C14A/C24A mutant. A film of the 
serine mutant was formed and the signal allowed to stabilise, before transfer into a pot 
containing mercaptoethanol. The electrode transfer was carried out at a potential 
< E°'c56s or C6os. Two concentrations of mercaptoethanol were used (200 mM and 400 

mM). No changes in the observed voltammetry were seen for either C56S or C60S, i.e. 
no reduction potential shifts or a change in the shape of the waves were apparent.
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Figure 5.31 Bulk voltammograms of C56S Cp 2Fe Fd

pH 7.0, 50 mMHepes buffer, 0.1 MNaCl, 2 mMneomycin (co-adsorbate),

v= lOrnVs' 1
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Figure 5.32 Bulk voltammograms of C60S Cp 2Fe Fd

pH 7.0, 50 mMHepes buffer, O.I MNad, 2 mMneomycin (as co-adsorbate),

v= 5 mV s~l
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Both the mutants C56S and C60S contain a [2Fe-2S] chromophore, but the UV/Vis 
spectra and the electrochemistry of these mutants were noticeably different from the 
wild-type ferredoxin. 6 ' 18 The ca. 20 nm blueshifts in the 400-500 nm region of the 
spectrum, from the spectrum of the wild-type protein, 18 were consistent with the 
replacement of a sulfur by an oxygen ligand. 58 From Figures 5.27 and 5.28 it can be 
seen that the results for these two proteins were found to be very similar, both in their 
reduction potentials and the pH dependence of the latter. The negative 100 mV shift of 
the reduction potential of C56S and C60S, from that of the wild-type, is indicative that a
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major change has occurred in the co-ordination sphere of the FeS cluster. An additional 
observation, which reinforces the theory that a serinate is a ligand to the cluster, 8 is the 
variation of reduction potential with pH, an attribute which was entirely absent from the 
wild-type Fd. The negative shift in reduction potential for the serine mutants, compared 
to the wild-type ferredoxin, suggests serine replacement for a cysteine at the reducible Fe 
site, there are further examples in the literature (Table 5.3). 9 (An exception is the mutant 
ofAnabaena vegetative ferredoxin, C49S, which was found to have a positive shift in 
reduction potential for the serine mutant, with respect to the wild-type protein. 55 )

Oxygen co-ordination, from a serinate, preferentially stabilises the oxidised form of the 
cluster because of the higher electronegativity of O" than the S" from a cysteinate ligand. 
Therefore, without considering any macroscopic effect of the protein structure, the 
reduction potentials of all cysteine to serine mutations would be expected to be shifted to 
a more negative potential because of the stabilisation of the oxidised form. For the 
cysteine-to-serine mutants of Escherichia coli fumarate reductase, C148S and C151S, 
the 60 and 72 mV decrease in reduction potential respectively, from the wild-type 
protein, is consistent with serinate co-ordination. 14 '54 Stabilities of cysteine to serine 
mutants are typically found to be lower than that of the wild-type cluster, as expected 
from the relative pKa values of cysteine to serine. Differences in the pKa values; 10.8 for 
the sulfhydryl of cysteine and ca. 16 for the hydroxyl of serine, mean that it is 
energetically more costly to produce a serinate rather than a cysteinate ligand; the energy 
difference being about 7 kcal mol" 1 at 298 K but this will depend on the competition 
between metal (ion) and a proton. 53

8 However, it should be remembered that // the fourth co-ordinating ligand of the C56S and C60S 
mutants is a serinate, this cannot be exclusively proved through electrochemical experiments alone and 
other experimental data is required for absolute verification e.g. X-ray crystallography or ] H NMR.
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FeS Cluster
Reduction 

Potential of 

Mutant /mV

Reduction

Potential of

Wild-type /mV
Escherichia coli fumarate reductase 

[4Fe-4S]2+/1+ ofFrdBi4

C148S -360 -300

Escherichia coli fumarate reductase 
[4Fe-4S]2+/1+ of FrdB "

C151S -372 -300

Escherichia coli fumarate reductase
[2Fe-2S]2+/1+ 12 C57S

C62S 

C65S

C77S

-182

-322

-49

-110

-79

Chromatium vinosum HiPIP 50
[4Fe-4S]3+/2+

C77S 330 355
Anabaena 7120 Vegetative Ferredoxin55

C49S 

C46S

-329

-381

-384

Clostridium pasteurianum Rubredoxin
(C42S)51 ca. -270

Fe3+12+

ca. -70

[Fe2S2(OAr)4f

(I, Ar = phenyl: II, Ar =/?-tolyl: 

ffl,Ar=/?-C6H4Cl)

Negative shift of approximately 200 mV, 

for the first and second reduction 

potentials of the [Fe2S2]2+ core. 58

Table 5.3 The effect on reduction potentials of cysteine to serine mutations, for 
both biological and non-biological examples
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The voltammetry of both mutants was poorly resolved at intermediate scan rates, and 
the pH dependence of the reduction potentials was therefore only measured at slow scan 
rates, ideally < 20 mVs" 1 to ensure greatest approach to equilibrium. The reduction 
potentials of both mutants were strongly dependent on pH. The data were plotted with a 
non-linear equation, (Equation 5.1) and the slope and pKred were determined for each 
mutant (Table 5.4). The reduction potential at pH 7.0 was verified with the bulk solution 
experiment.

Mutant

C56S

C60S

C56S*

C60S/S61A

mV/pH (limit)

53.6

43.1

47.6

As for C60S

pK

8.7

9.3

9.6

As for C60S

Table 5.4 pH Dependence data for the serine mutants of the 2Fe Fd from Cp

Two consistent traits were noted when examining the film voltammetry.

(1) The oxidative peak has greater definition than the reductive wave at pH values 
below the pK, i.e. the reductive peak is always broader than the oxidative peak. 
This is very much in evidence at scan rates above 200 mV s" 1 , indicating asymmetry 
in the reversibility of the system (Figures 5.29 and 5.30).

(2) At higher pH values (typically > 9.0) the voltammetric peaks intensity considerably 
and the half-height peak widths, especially for the reductive waves, are significantly 
narrower than at the same scan rates at lower pH values (Figures 5.29 and 5.30).

For C56S and C60S the situation became more complex with an increase in the scan 
rate. At pH 9.9, above the pKred, although the value of 5 increased for both the oxidative 
and reductive peaks, the peaks broadened symmetrically and the E°' was found to be 
fairly constant over the scan range investigated (2-500 mV s" 1 ). Above the pKred , the 
behaviour of the reduction couple is as expected for a reaction which is not dependent
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upon protonation. The reaction is simply an electron-transfer reaction, from 2Fe Fdox to 

2Fe Fdred and the return reaction, Reaction 1, (Figure 5.35). h

At pH 7.5, below the pKred , the oxidative peak shape behaved very similarly to that found 

in experiments at pH 9.9; however the reductive wave at this pH was found to broaden 
with increasing scan rates. Above 100 mV s" 1 the peaks were too broad for accurate 

analysis. This more complex behaviour, below the pKred, for the serine mutants could 

result from a number of factors. One possible reason is that the oxidised form of the 

protein may exist in two or more slowly interconverting states, either protonated (2Fe 

Fdox) or unprotonated (2Fe Fd^-lT). Thus conversion of the oxidised cluster into a 

'second' oxidative state may prevent the reappearance of the reduction wave at higher 

scan rates. (Equally the proposed interconverting states could be either conformational 

changes in the protein or two different orientations of the protein on the electrode 

surface).

1

E°

2Fe
/

4
i

Fa "^ ———————— ̂  1 uox
* *» % *-,

*^

*

+* 2FeFdred

2FeFdox-H+ -*——————*• 2Fe Fdred-H+

B

Figure 5.35 Proposed square scheme for the serine mutants

See Chapter 1 for a description of square schemes.

An alternative explanation for the complex voltammetry, is that the serinate, which 

ligates the cluster, may be protonated at pH < pKred which may induce structural changes

Where 2Fe Fdox is the [2Fe-2S]2+ state and 2Fe Fdred is the [2Fe-2S] R state of the cluster.
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in the protein or alter the cluster ligation. Protonation of the oxygenic bond of the 
serinate may cause a partial or complete breaking of the oxygen bond between the 
serinate and the Fe2+/3+ of the cluster, resulting in electron transfer being impeded. 
However, the complexity of the voltammetry, indicating that it is the oxidative form 
which consists of more than one form is in direct contrast to the pKred which suggests 
that it is the reduced form which uptakes a proton below the pKred . 59

A further explanation may be that the broad reductive wave could be composed of more 
than one oxidised component i.e. two species with similar reduction potentials. This 
would be the case if there was only slow interconversion between two (or more) oxidised 
forms, Reaction 4, Figure 5.35, and there was fast interconversion between the two 
reduced forms, Reaction 2, Figure 5.35. Hence only one oxidative peak would be 
observed but this would give rise to two (or more) reductive peaks, due to there always 
being a heterogeneous and slowly interconverting population of oxidised forms of the 
cluster on the electrode surface.

Ultimately, the data obtained in this study for the C56S and C60S mutants gives us a 
glimpse of the more complex reactions which are occurring due to electron and proton 
transfer reactions, but the data acquired are not of sufficient quality to completely 
deconvolute the exact reactions. Though what is known: replacing a cysteinate for a 
serinate ligand to this cluster imparts significant changes to the properties of the cluster, 
can be in no doubt. The previous suggestions and discussion are just that - they can only 
be taken as proposals of what might actually be occurring, it may be that other factors 
must also be taken into account. 1

The argument for proposed serine co-ordination, rather than H2O/'OH co-ordination, is 
aided by observations which were made during experiments carried out on the serine 
mutants with mercaptoethanol. Previously it had been noted that changes in the 
voltammetry were observed when an adsorbed protein film of the C14A/C24A mutant

1 Recently it has become apparent through low temperature studies (as low as -40 °C), that protein film 
voltammetry is dependent not only on the protein-electrode interface but also on the 'movement' of the 
adsorbed protein molecules on the electrode surface. This was observed through an increase in the half- 
height peak width as the temperature was lowered, presumably movement of the protein molecules was 
attenuated, and the voltammetry became more like that of a dispersion of different species. 60
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was introduced to a solution of mercaptoethanol, see Section 5.3.2.3. In contrast the 

same experiments were carried out with both of the serine mutants and no changes were 

observed in the voltammetry. This demonstrates that the non-cysteinyl ligand in C56S 

and C60S compared to C14A/C24A does not have the same chemical reactivity with 

respect to mercaptoethanol, and in all likelihood the non-cysteinyl ligands are not the 

same. It could be that C56S or C60S are more stable, with respect to ligand 

exchange/ligand addition to the cluster co-ordination sphere, because the proposed co­ 

ordinating ligand, serine, is part of the amino acid backbone. If the fourth ligand is either 

H20 or "OH, as has been proposed for C14A/C24A, it may be more labile because it is 

not directly attached to the protein's polypeptide chain.

An additional observation, which must be taken into account, concerns the bulk solution 

electrochemistry. For both C56S and C60S (and also for C56S/C14A/L16C/A19-30, see 

Section 5.3.3.3) the bulk solution electrochemistry at slow and intermediate scan rates 

was well defined at pH 7.0. Both reductive and oxidative waves were of a similar 

magnitude and no asymmetry in the peaks was observed at a pH < pKred, unlike the 

adsorbed film experiments. Thus, under bulk electrochemical conditions the 'pH effect', 

i.e. the asymmetry of the oxidative and reductive waves at a pH below the pKred, was not 

seen. It is difficult to explain the reasons behind the difference in protein film 

voltammetry and the bulk solution voltammetry. One possible hypothesis is that 

adsorption of the protein molecules on the electrode surface (in protein films) may align 

the protein molecule in different ways depending on the pH. In bulk solution the contact 

with the electrode surface is only transitory. It is not yet fully understood how exactly 

protein molecules are confined to the electrode surface, but presumably in bulk solution 

the protein molecules interact differently with the electrode surface and/or they are not 

adsorbed as strongly to the electrode surface. This feature of protein electrochemistry, 

i.e. different behaviour observed for the serine mutants when the species are either 

adsorbed as a protein film or in a bulk electrochemical solution, is also seen for some 7Fe 

Fds. The very low reduction couple which is associated with [3Fe-4S]0/2~ for 

Desulfovibrio africanus Fd III and for Azotobacter vinelandii Fd I is readily seen using 

protein film techniques but is not seen in the bulk electrochemistry. Conversely this 

reduction couple is readily observed using both electrochemical techniques for the 7Fe 

Fd from Sulfolobus acidocaldarius.^^ Formation of the hyper-reduced state has been
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proposed to be dependent on the concomitant uptake of 2e" and 3KT and thus the length 

of time and how (directionally) the protein molecules interact with the electrode may be 
important.

5.3.3.3 C56S/C14A/L16C/A19-30

The mutant, C56S/C14A/L16C/A19-30, was constructed as an extension to a study 

investigating the effect of deleting a flexible loop of Cp Fd and its subsequent influence 

on the chemical and physical characteristics of the Fd. 20 This research illustrated that a 

cysteine ligand positioned at either C14, C16 or C24 was able to co-ordinate the 

[2Fe-2S] cluster as a result of a likely protein rearrangement. The 'parent' mutants used 

in the study by Golinelli et al were: wild-type, C14A/L16C/C24A and C14A/L16C, all 

with various length deletions in the region 15-32. Thus as an extension to the 

electrochemical study of the singly mutated serine ferredoxins, 

C56S/C14A/L16C/A19-30 was also included in the electrochemical investigation of the 

serine mutants.

The C56S/C14A/L16C/A19-30 mutant was very similar to both the C56S and C60S 

mutants with respect to its behaviour in adsorbed protein films and bulk 

electrochemistry. That is to say, protein film electrochemistry was generally poor, i.e. 

low resolution of the oxidative and reductive waves, and the film had a half-life of less 

than one minute. A voltammogram is shown in Figure 5.36. At pH 7.0, 0 °C, an 

adsorbed film of the C56S/C14A/L16C/A19-30 showed a reduction potential of -464 ± 

10 mV, representing a further negative shift of ca. 90 mV for the E°' of the 

C56S/C14A/L16C/A19-30 mutant, compared to -372 ± 10 mV for the C56S mutant. 

There is therefore an overall negative shift of ca. 200 mV, relative to the reduction 

potential of the wild-type ferredoxin. A pH dependence study was carried out on this 

mutant (Figure 5.37). The pH dependence study was used to determine the slope and 

pK for this mutant. These were determined using Equation 5.1; the slope was 

-47.6 mV/pH and the pK 9.6 (Table 5.4).
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Figure 5.36 Film voltammogram of C56S/C14A/L16C/A19-30 Cp 2Fe Fd

pH 10.0, 20 mM mixed buffer, 0.1 M NaCl, 200 ng ml'l polymyxin (as co-adsorbate), 

0°C, v=
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Figure 5.37 pH Dependence of the C56S/C14A/L16C/A19-30 mutant of Cp 2Fe Fd
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Bulk Electrochemistry

The bulk solution electrochemistry was similar to that of the single serine mutants C56S 

and C60S, namely the diffusion controlled voltammetry was well-defined as shown in 

Figure 5.38. The voltammetry was determined to be diffusion controlled from the linear 

relationship of the current with the (scan rate) 172, Figure 5.39. Moreover, the same 

negative shift in reduction potential for C56S/C14A/L16C/A19-30 as compared to the 

single serine mutants, and also the wild-type, was also observed in bulk solution. The E°' 

of C56S/C14A/L16C/A19-30 was determined as -454 ± 10 mV, compared to -469 ± 10 

mV when measured in a protein film.
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Figure 5.38 Bulk solution voltammogram of C56S/C14A/L1 6C/A 19-30 

pH 7.0, 50 mMHepes buffer, 0.1 MNaCl, 2 mMneomycin (as co-adsorbate),

v= 5 mV s~*
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Figure 5.39 Linear dependence of (scan rate) 172 vs. current for bulk diffusional 
voltammetry of C56S/C14A/L16C/A19-30

In general, the electrochemical characteristics of the mutant C56S/C14A/L16C/A19-30, 
were found to be similar in many respects to C56S and C60S. The major difference was 
that the reduction potential was shifted negatively by ca. 90 mV with respect to the C56S 
and C60S mutants, over the whole pH range investigated. This negative shift in 
reduction potential can be clearly seen in Figure 5.37. The quality of adsorbed film 
signals and the bulk solution electrochemistry were very similar to that of C56S and 
C60S.

In the C56S/C14A/L16C/A19-30 mutant, the [2Fe-2S] cluster is ligated by Cll, C16, 
S56 and C60; thus there are two major differences in the co-ordination of the cluster in 
the C56S/C14A/L16C/A19-30 mutant and C56S or C60S and these must contribute to 
the further negative shift in reduction potential. 20 These are:

(a) The change in position of the second co-ordinating cysteine, from C24 to C16
(b) Deletion of the loop i.e. residues 19 to 30

In Section 5.3.2.2 it was shown that movement of the second cysteine in the binding 
motif, i.e. from C24 to C14, resulted in a negative shift of the reduction potential of ca. 
80 mV for the C24A mutant. It is therefore likely that a similar change in position of the 
ligand, from C24 to C16, would also induce a shift in the reduction potential of the
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protein. The second contributing factor to a change in the reduction potentials, deletion 
of the loop i.e. residues 19 to 30, has precedence in the literature. 20 Consequently it is 
difficult to decide whether the negative shift in reduction potential of 
C56S/C14A/L16C/A19-30 is due to (a) or (b) as written above. However, it is most 
probable that the negative shift of the reduction potential of C56S/C14A/L16C/A19-30 is 
a combination of both (a) and (b).j

Spectroscopic evidence has recently shown that the C56S/C14A/L16C/A19-30 mutant 
can also exist with the unusual spin state, S = 9/2, routinely seen for both the C56S and 
C60S mutants. 62 Preliminary data indicates that ca. 60 % of this protein contains a 
cluster with S = 9/2. 62 Changes in the co-ordination sphere of the cluster and hence the 
co-ordination sphere of the individual Fe atoms, through the deletion of a loop from the 
protein structure or the change in co-ordinating residue from C24 to C16, may both 
affect the cluster spin state. However this is very speculative, more work is required to 
understand these subtle changes in protein structure and how they can affect the spin 
states of the metallocentres.

5.3.3.4 C60S/S61A

The mutant C60S/S61A was constructed as an extension to the study of the C56S and 
C60S mutants and their unusual ground spin state, S = 9/2. 21 The C60S/S61A mutant 
was constructed to discover if subtle differences in the environment of the cluster would 
affect the spin state of the cluster; in this case a serine proximal to the cluster replaced by 
an alanine.

The C60S/S61A mutant showed almost identical electrochemical behaviour to that of the 
C60S mutant. The only difference between the C60S/S61A mutant and C60S, is one 
point mutation in the vicinity of the cluster, and this small change in the protein structure 
was not found to result in a difference in electrochemical properties. Thus, adsorbed 
films were poorly resolved and bulk solution voltammetry was comparably better than 
the film voltammetry. The reduction potential of this mutant, determined with protein

j The redox potentials measured by Golinelli et al indicate that when going from WT to 
C14A/L16C/A19-30 the displacement of the cysteine ligand contributes -20 mV to the total -100 mV 
shift (cysteine displacement and deletion).20
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film voltammetry was -369 ± 10 mV while with bulk divisional voltammetry, the 

reduction potential was -387 ± 10 mV, both at 0 °C and pH 7.1 and pH 7.0 respectively. 

Only a limited pH dependence study was carried out, due to the similarity of C60S/S61A 

and the C60S mutant. When compared to the C60S data, as shown in Figures 5.40 and 

5.43, it can be seen that the pH dependence data mirrors that of the C60S, and indeed 

the C56S mutant.
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Figure 5.40 pH Dependence of the C60S/S61A mutant of Cp 2Fe Fd

NB The limited pH dependence data of C60S/S61A is plotted against the theoretical fit 
obtained for C 60S for comparison purposes only.
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1

Cysteine-to-Serine Mutants in FeS biological clusters

Precedence for serinate co-ordination of biological FeS clusters comes from the X-ray 
crystal structures of the nitrogenase P cluster,63 the C49S mutant Q{ Anabaena [2Fe-2S] 
clusters. 64 and the [2Fe-2S] cluster in succinate dehydrogenase from E. co//. 13 The 
implications of substituting serine for cysteine in a protein can be difficult to predict, and 
the results will be dependent on the individual protein. Serine can be substituted in place 
of cysteine without greatly changing the electronic structure of a cluster, as observed for 
the mutant C77S from Chromatium vinosum (Cv), a HiPIP FeS cluster. It was found 
that there were only slight differences between the wild-type and the C77S mutant of 
Chromatium vinosum ^ The reduction potential of C77S is only 25 mV lower than that 
of the wild-type HiPIP - this lack of difference in the E01 of the two mutants thus 
supports the idea that the polypeptide surrounding the prosthetic group can be a very 
important factor in determining the reduction potentials of metalloproteins. 50

Other examples of cysteine to serine mutations can involve much more significant 
changes to the redox-active centre. The serine mutants of Anabaena 7120 vegetative 
ferredoxin, 15 '55 and the rubredoxin from Q?, 51 all have a significant impact on the 
reduction potential and other biophysical attributes of the FeS cluster (Table 5.3). 
Differences in the stability of the mutants, depending on which cysteine is replaced by a 
serine, are also noted in most proteins. An example is seen in the ferredoxin from 
Anabaena, among the four cysteine-to-serine mutants constructed, C46S and C49S were 
more stable than the other two serine mutants, C41S and C79S. 15 Notably the two most 
stable cysteine-to-serine mutants have one of the cysteines in the sequence -C-X-X-C- 
replaced, and this has also been noted for the serine mutants of Human Fd. 53 Similarly in 
Cp 2Fe Fd, Cl IS was found to be less stable than either C56S or C60S. The cysteines 
at positions 56 and 60 are spaced by only one more residue than in the typical 'bidentate' 
motif often found in 2Fe Fds (-C56-X-X-X-C60-). The stability difference among 
cysteine-to-serine mutants may provide some insight into protein folding and cluster 
formation. For example, among the cysteine-to-serine mutants of Chromatium vinosum 
HiPIP, the mutant C77S is much more stable than the other three serine mutants. 49 For 
the mutant C77S of Cv HiPIP, the cluster formation may be initiated and indeed almost 
completed by the first three cysteines and so serine (at position 77) simply finalises co-
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ordination at an almost complete polymetallic centre. Additional factors which influence 

protein stability and may also influence position-sensitive effects of S-to-O substitutions 

include: changes in strain energy of the cluster; differences in protein flexibility; 

differences in H-bonding to the cluster, and alterations in solvent accessibility to the 
cluster. 12 '53

255



CHAPTER 5: The Two Iron Ferredoxin from Clostridium pasteurianum

5.4 SUMMARY
As a result of this study, a series of mutants of a unique [2Fe-2S] ferredoxin have been 
investigated and a range of answers and, indeed, a number of further questions have 
emerged (Table 5.5). It has been successfully shown that voltammetric experiments, 
together with SDM and spectroscopic techniques can be used collectively in an 
investigation of the active site and reactivities of an FeS protein. Using a combination of 
these techniques has enabled the four cysteine ligands of the 2Fe Fd from Cp to be 
determined: Cl 1, C24, C56 and C60. Importantly this is one of the first 2Fe Fds not to 
contain a -C-X-X-C- ligand sequence to co-ordinate the FeS cluster and, as such, 
Clostridium pasteurianum contains a 2Fe Fd which forms a unique subclass of 2Fe 
ferredoxins.

Although voltammetry was not used as a stand-alone technique, it has been able to 
highlight a number of features which might not have been so easily observed using 
alternative methods. Most importantly it is a dynamic technique, and although 
equilibrium properties, e.g. reduction potentials can be measured by other means, (which 
are generally more sample intensive) coupled reactions such as the exogenous ligand 
interaction of the double mutant, C14A/C24A, would remain unresolved.

The pH dependencies and the chemical reactivities of the mutants were investigated, and 
subsequently pKrea values for the serine mutants were measured (Table 5.4). A more in- 
depth study of the pH dependence data of C56S and C60S implied that coupled 
proton/electron reactions were occurring, but unfortunately the data were insufficient to 
deconvolute these reactions. This is in contrast to systems where coupled proton and 
electron transfer have been successfully deconvoluted in a ferredoxin system. 59'65 The 
double mutant, C14A/C24A was found to exhibit a number of unusual features, including 
co-ordination of a non-cysteinyl ligand to the cluster, exogenous ligand interaction of the 
cluster with a thiolate ligand and the proposed formation of the all-Fe2+ state, previously 
identified in very few [2Fe-2S] clusters.

One of the limiting factors found in this study was the lack of stability of the protein films 
of some of the mutants, during the electrochemical experiments. The extent of this loss
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of stability was dependent upon each individual mutant. It was noted for all the mutants, 
except C14A and H6A/H7A/H90A,k that the general electrode coverage of the protein 
was less than the wild-type. This led to problems in measuring the reduction potentials 
and observing subsequent chemical reactions i.e. exogenous ligand binding. Qualitatively 
the following order of stability was found (decreasing film stability): wild-type > C14A > 
H6A/H7A/H90A > C24A > C56S and C60S and C60S/S61A > C56S/C14A/L16C/A19- 
30 > C14A/C24A. Thus, from this study it can be concluded that even though the FeS 
cluster may still be formed in the mutated proteins, alterations of the cluster's co­ 
ordination sphere may also affect the ability of the cluster to communicate with the 
electrode. It is not possible to say whether this was a macroscopic protein effect i.e. the 
point mutation(s) lead to a general protein change and so affected the overall adsorption 
of the protein and its stability, or the point mutation(s) just affected the redox centre and 
hence electrode response. 1

The lack of stability was especially noticeable for the serine mutants of Cp 2Fe Fd 
(Section 5.3.3.2)6 > 18 and a similar lack of stability has been reported for serine mutants of 
Anabaena ferredoxin15 and Human ferredoxin. 53 The differences in stability between 
various serine mutants of one particular ferredoxin could lead to information on the 
structural formation of the ferredoxin. The fact that C11S was so unstable, which 
prevented any voltammetry being carried out on this protein, may indicate that this 
cysteine is the anchor of the FeS cluster formation process i.e. without cysteine at 
position 11, cluster formation is unlikely to proceed.

The formation of an FeS cluster in the mutant C56S/C14A/L16C/A19-30 demonstrated 
that a number of amino acid deletions can be carried out in the region of residues 17 to 
32 of Cp 2Fe Fd, without significant loss of the iron-sulfur cluster and/or its redox 
function (Section 5.3.3.3).20 [This work] From structure predictions and site-directed 
mutagenesis experiments it has been postulated that the region between cysteines 14 and 
24 is a flexible loop, because cysteines at positions 14, 16 or 24, depending on the

I,
Cysteine-14 was not found to be an in vivo ligand of the [2Fe-2S] cluster, nor too any of the histidine 

residues.
1 A similar phenomenon has also been recorded for the W51F mutant of cytochrome c peroxidase, 
whereby the mutant becomes partially inactive on adsorption at the electrode, unlike the more stable
wild-type protein. 66
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mutated protein, are able to ligate the cluster. Deletion of this protein loop does not 

markedly affect the protein and its interaction with the electrode, i.e. no more so than for 

the one point mutations, e.g. C56S, but it does have a considerable impact on the 

reduction potential of the mutant.

Further experiments in the future ideally would include a pH dependence of the serine 

mutants in bulk electrochemical conditions, and an investigation of the EPR spectra at 

pH values above and below the pKred for C56S and C60S, to investigate if more than one 

form of the protein could be observed.™ The fully reduced state of the C14A/C24A 

mutant also needs to be further investigated, the ability to generate this state in solution 

would greatly simplify any spectroscopic study. The ability to form the fully reduced 

state of the [2Fe-2S] cluster in this mutant shows how, with only the alteration of two 

amino acids, the redox states of the cluster can be manipulated.

m Spectroscopic data (EPR) has been recently obtained for both the C56S and C60S mutants both above 
and below the pKred (pH 6.0 and pH 1 l.O). 62 Subtle changes are observed in the EPR spectra at the two 
different pH values, but further work is planned using ENDOR to see if changes can be detected which 
are due to (de)protonation and/or changes in ligands. 62
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5.5 DATA SUMMARY
.S,

Fe3+ Fe2+/3+

WT

C14A
H6A/H7A/H90A

C24A

CI4A/C24A
X = 'OH or H 2O ?

C56S
and also similarly
C60S

Cys I6

Fe3+ Fe2+/3+

Cys60

C56S/C14 A/L16C/A19-30

Figure 5.41 Cartoon showing the |2Fe-2SJ cluster and putative Hgands of the 

mutants of Clostridium pasteurianum 2Fe Fd
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Ferredoxin

Wild-type

Film
E°V 

mV

-261

Bulk
E°V 

mV

-262

mV/pH pK

No pH dependence

Comment Ligands of 

[2Fe-2S]

C11,C24,C56,C60

ALANINE MUTANTS

C14A

C24A

C14A/C24A

H6A/H7A/ 

H90A

-265

-337

-287

-260

-265

-340

0

No pH dependence

No pH dependence

-25

Identical to 

wild-type

Reduction 

couple at 
E°' = 

-613mV

Identical to 
wild-type

C11,C24,C56,C60

C11,C14,C56,C60

C11,?,C56,C60

C11,C24,C56,C60

SERINE MUTANTS

CHS

C56S

C60S

C56S/C14A/ 

L16C/ 

A19-30

C60S/S61A

Protein expressed but mainly as apoprotein, no 

electrochemistry observed

-372

-369

-464

-369

-364

-370

-454

-387

53.6 8.7

43.1 9.3

47.6 9.6

As for C60S

S11,C24,C56,C60

C11,C24,S56,C60

C11,C24,C56,S60

C11,C16,S56,C60

C11,C24,C56,S60

Table 5.5 Summary of all the electrochemical results for the alanine and serine 

mutants of Cp 2Fe Fd

? = unknown ligand

0 = noi observed as pure bulk diffusion voltammetry see Section 5.3.2.3
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Figure 5.42 pH Dependence for the alanine mutants

'Ihe wild-type data are plotted on the graph for comparison. Data were collected at 

0 °C, and at slow scan rates i.e. 20 m\ r s' . (The data for C14A ( '24 A is that obtained 

after FPL( 'purification)
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C56S 
C56SFit 
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C60S Fit 
C56S* 

C56S* Fit 
C60S/S61A

10 11 12

Figure 5.43 pH Dependence for the serine mutants

The wild-type data are plotted on the graph for comparison purposes. Data were 

measured at 0 °C, and at slow scan rates i.e. 20 m Vs' 1
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CHAPTER 6

REACTIONS OF THE FERREDOXIN FROM THE
HYPERTHERMOPHILE
Pyrococcus furiosus

6.1 INTRODUCTION
It has been shown earlier in this thesis (Chapters 3, 4 and 5) that the ligands of FeS 
clusters (especially when different from cysteine) and the protein structure surrounding 
the cluster, are extremely important and influencing features of these biological clusters. 
As a reply to the diversity of clusters, many attempts have been made to mimic the range 
of FeS clusters by synthesising inorganic model compounds. These inorganic model 
compounds are useful in many ways, but are unable to reproduce or mimic the extrinsic 
factors of protein structure, or the interactions between more than one reaction centre 
(catalytic or redox). As a direct result of this, a common search amongst research 
workers in this area has been for a well-behaved protein model system. A frequently 
quoted example of a biological organism, which has been a source of several interesting 
and 'model' proteins, is the hyperthermophilic archaeon Pyrococcus furiosus (Pf). 1 This 
is a strict anaerobe which grows optimally at 100 °C by a fermentative mechanism in 
which H2 and CO2 are the only detectable products. 1 Many proteins have now been 
purified from this organism and a large number of these have been purified in order to 
compare them specifically with their mesophilic counterparts. The ultimate aim of this 
type of work is to identify features which are responsible for the remarkable 
thermostability of the proteins themselves. In addition, it is likely that understanding of

The majority of this chapter is published in the BiochemicalJournal, 1998, Vol 335, pp 357-368
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hyperthermostability may lead to an increased number of industrial applications for 
biological systems.

Pyrococcus furiosus contains a 4Fe ferredoxin, a monomeric protein of 66 amino acids 
(7.5 kDa), 2 '3 which plays a central role in the primary metabolism of Pf. The ferredoxin 
is the electron acceptor for oxidoreductases involved in carbohydrate fermentation, 
including pyruvate ferredoxin oxidoreductase4 and a novel tungsten-iron containing 
oxidoreductase. 5 Reduced ferredoxin is oxidised by ferredoxin:NADP oxidoreductase6 
and NADP serves as the electron donor to the H2-evolving hydrogenase of Pf.1 Pf 
ferredoxin is ideal to study as a model biological protein for a number of reasons:

1. The protein contains only one [4Fe-4S] cluster, and as such, potential complications 
from other clusters are avoided, e.g. unwanted spectroscopic contributions.

2. The ligating motif of the cluster is based upon that of a typical [4Fe-4S] cluster (see 
Chapter J). However, like Fd III from Desulfovibrio africanus (Chapter 3), the 
second cysteine in the motif is replaced by aspartic acid (Section 6.1.1). It is known 
that incomplete cysteinyl ligation of a cubane cluster leads, in some cases, to a 4Fe 
cubane cluster which is able to undergo a reversible interconversion to a 3Fe cluster. 
The ferredoxin from Pf 2 > 3 is one such example, in that the cluster is readily and 
reversibly interconverted between the [4Fe-4S] and [3Fe-4S] forms.

3. The [3Fe-4S] cluster from Pf can also be converted to different [M3Fe-4S] forms, 
where M is a heterometal atom. 3 '8' 12 Thus, the differences in the physical and 
chemical characteristics of heterometal clusters can be examined.

4. The protein is from a hyperthermophilic organism and therefore it is useful to 
compare and contrast its reactivities with other similar clusters from non- 
hyp erthermophilic organisms.

5. The Fd is present in a relatively high concentrations in the cells of Pf and is therefore 
easily obtained.
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6.1.1 Structure and Reactivity

The amino acid sequence of Pf Fd contains five cysteine residues, three of which are 
involved in ligation of the cluster

56Cys11-X2-Asp14-X2-Cys17-X38-Cys

There is well documented spectroscopic evidence indicating that the labile Fe in P/Fd is 
co-ordinated by the aspartate residue. 13' 15 As previously described (Chapter 3) there are 
other proteins with a similar amino acid sequence which also co-ordinate a cubane 
cluster, and where one of the ligands is an aspartic acid residue. One of the most 
remarkable features of aspartate ligation is the facile interconversion of the cubane 4Fe 
form to the 3Fe form of the FeS cluster. Following this, addition of other metals, M, can 
also be accomplished to give [M3Fe-4S] adducts. Metal cluster interconversions have 
been extensively examined for the 7Fe Fd from Desulfovibrio qfricanus Fd III 16-20 and 

also for Desulfovibrio gigas Fd II. a 22'25 Importantly it was noted that although 
aspartate co-ordination of an Fe atom is one of the determinants of 3Fe to 4Fe cluster 
conversion, this is not always the case e.g. Sulfolobus acidocaldarius Fd. 26

It can be surmised that aspartate ligation has several consequences:
1. It labilises the cluster towards the release of the O-bound Fe27 and subsequent binding 

of exogenous ligands.28'30

2. The reduced [4Fe-4S] 1+ clusters exist completely (Da Fd III) or partially (P/Fd) in 
the unusual S = 3/2 spin ground state. 3 ' 16

3. The O-ligation (RCO2") does not markedly alter the reduction potential relative to 
conventional all-cysteine (RS") ligated clusters. 31 '32

Although Pf ferredoxin is a simple example of a protein containing an interconvertible 
4Fe/3Fe cluster, it additionally contains a disulfide bridge located in the region of the

a The [3Fe-4S] cluster of Dg Fd II is ligated by the cysteines at 8,14 and 50. The cysteine at position 11 
was found to extend away from the cluster and is modified, most probably by a methanethiol group. 21
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amino acid sequence which would normally contain the second cluster in a 8Fe or 7Fe Fd 

(Chapter 7). The influence of this disulfide bridge upon redox characteristics or 

biochemical behaviour of the primary cluster is uncertain. 14 '33 Samples of the Fd can be 

prepared which have the disulfide bridge intact (oxidised form - FdA) and broken 

(reduced form - FdB). 33 The notation FdA and FdB for the oxidised and reduced disulfide 

bridge, has been used previously in the literature by Gorst et a/, 33 and is also used here. 

The ability of Pf Fd to interconvert between both the 3Fe and 4Fe forms means that in 

total there are eight different forms of the ferredoxin as shown in Figure 6.1.

red raj
r+ ^*~** -.- .-,1++2e~ +2H

FdAred

[4Fe-4S] 
-S-S-

l+

FdB'
[4Fe-4S] 
-SH HS-

oxFdB
[4Fe-4S] 
-SH HS-

2+

ox -2e' -2H
FdA
[4Fe-4S]' 
-S-S-

Figure 6.1 Proposed cycle for the redox states of Pf1?d (4Fe form)

The [4Fe-4SJ2+/1+ could equally be replaced by the [3Fe-4S]1+/0 cluster resulting in 

eight different redox states for the cluster in PfFd.

The 3Fe clusters, [3Fe-4S], are able to exhibit a wide variety of different chemical and 

redox transformations compared to the less complex 2Fe and 4Fe clusters. Reactions of 

3Fe clusters not only include electron transfer but also proton transfer (Chapter J). The 

unusual 2e72-3H+ coupled reaction, which results in the hyper-reduced state, [3Fe-4S]2", 

observed in some 3Fe ferredoxins, has only recently been identified and partially
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characterised. 26 ' 34 '35 The likely reason this state has only recently been identified may be 
due to the potential of the 2e~ reaction being outside the boundaries of the traditional 
redox dyes normally used for EPR redox titrations - the usual method of measuring a 
biological reduction potential. Instead, the hyper-reduced state, [3Fe-4S]2", has been 
generated in bulk, under anaerobic conditions, using electrochemical methods and then 
studied spectroscopically. The best characterised example of the hyper-reduction of a 
[3Fe-4S] cluster is for the 7Fe Fd from Sulfolobus acidocaldarius (Sa). This [3Fe-4S]2" 
species has been successfully generated in bulk solution and characterised by EPR and 
MCD. 34 '35 Other examples of hyper-reduction of [3Fe-4S] clusters are known, but they 
have been observed only during adsorbed film experiments and only with proteins 
containing [3Fe-4S] clusters as part of a 7Fe Fd. If a protein such as Pf Fd, which 
contains only a single [3Fe-4S] cluster, can also undergo this reaction, then 
characterisation of the [3Fe-4S]2" state would be less complex, since it would be without 
the added spectroscopic complication of an additional [4Fe-4S] cluster, as is the case for 
7Fe Fds.

6.1.2 Aims

This chapter focuses on using protein film voltammetry, in conjunction with other 
methods, to undertake an extensive study of the reactions of the Fd from Pf. Firstly, it 
was necessary to establish the complex pH-dependent redox chemistry of this ferredoxin 
- both in the 3Fe and 4Fe forms. Until now only [3Fe-4S] clusters from 7Fe Fds have 
been investigated for pH dependence. 15 Secondly, a comparison was undertaken of the 
thermodynamic characteristics and kinetics of reversible metal ion uptake and release for 
Pf with results from a recent study on Desulfovibrio africanus Fd III. 16'20 The metals 
chosen (M = Fe, Zn, Cd, Tl) bind to [3Fe-4S]° in Da Fd III and the products have been 
spectroscopically characterised in Pf Fd. 9'12 Hence, knowledge of the relationships 
existing between properties such as [M3Fe-4S] cluster stabilities and reduction potentials 
can be extended. Metal uptake experiments were also carried out for Fe2+ using 
spectrophotometry to record more detailed information about the solution kinetics, as 
opposed to the kinetics of metal uptake when the protein is adsorbed on the electrode.

b Very recently a study has been completed on the pH dependence of the [3Fe-4S] cluster and a number 
of site-directed mutants of P/Fd. 36 The results of this study are compared to the results in this chapter 
in Section 6.4.1.
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The influence of the disulfide bridge upon electrochemical and chemical reactivity has 

also been investigated. Finally the differences between bulk solution and film 
electrochemistry for this ferredoxin were investigated.
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6.2 EXPERIMENTAL
General experimental procedures for the electrochemical experiments were as described 
in Chapter 2. Further details specific to the Pf Fd purification and the 
spectrophotometric experiments are described in the following sections.

6.2.1 Protein Purification

On completing the primary purification (Chapter 2) of Pyrococcus furiosus ferredoxin, 
the initial voltammetry obtained resembled that observed for a 7Fe Fd, i.e. three poorly 
resolved reduction couples were observed, at approximately -160, -350 and -690 mV. 
As it is known that Pf Fd is composed of only one cluster, which can interconvert 
between 4Fe and 3Fe forms, it was apparent that degradation of some clusters had 
occurred, and that the protein sample was a mixture of both [3Fe-4S] and [4Fe-4S] Fds. 
Hence the similarity to the voltammetry of a 7Fe Fd, although the stoichiometry would 
be expected to be variable. Typical voltammetry of a 7Fe Fd shows three redox couples, 
A, B 1 and C 1 corresponding to the [3Fe-4S] 1+/0, [4Fe-4S]2+/1+ and [3Fe-4S]0/2' states, with 
integrations ideally in ratios 1:1:2. 35 This partial degradation of the PfFd sample was to 
be expected3 due to the primary purification taking place under aerobic conditions, 
because of practical limitations.

A secondary purification step, using FPLC with a Mono-Q column (Chapter 2) was 
carried out on this sample, and two major fractions were collected. On the basis of their 
UV/Vis spectra, Fraction 1 (A™* = 390 nm) and Fraction 2 (A^X = 408 nm) were 
deduced to comprise, respectively, the [4Fe-4S] and [3Fe-4S] forms of the ferredoxin. 
Approximately 60 % of the 4Fe clusters had degraded to the 3Fe form as a direct result 
of aerobic purification. Protein concentrations were calculated using e39o = 17, 000 and 
8408 = i8? 000 M" 1 cm' 1 for the 4Fe and 3Fe forms respectively. 3

The need for sample homogeneity prior to starting experiments meant that all subsequent 
samples of the Fd had to be purified by FPLC. After chemical oxidation with a five-fold 
molar excess of ferricyanide for 30 minutes at 60 °C, the major fraction recovered was 
the 3Fe FdA - This method of bulk oxidation of the sample thus ensured that ca. 95 % of 
the protein sample applied to the Mono-Q column was already 3Fe FdA . Additional
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peaks, (ca. 5 %) when examined by UV/Vis spectroscopy, were found to be non- 
coloured and were likely to be apoprotein. All subsequent manipulations began with 
[3Fe-4S]A .

6.2.2 Determination of Bisulfide Bridge Status

Disulfide bridge status was determined spectrophotometrically by the reaction of free 
thiol groups in the protein with 5,5'-dithioZ>/X2-nitrobenzoic acid) (DTNB). 37 The 
protocol used is described in Chapter 2. A typical titration of the protein with the 
disulfide bridge broken, FdB , gave a free thiol content of 2 ± 0.1 moles per protein 
molecule, and samples of FdA did not show any reactivity when the reagent was added.

It was found that once the two forms, FdA or FdB, were prepared and identified, the rate 
of interchange between the disulfide bridge oxidised or reduced form was negligible 
throughout the course of the experiments. This was checked by additional titrations on 
protein samples, where possible, after an experiment. All experiments were carried out 
anaerobically, under which conditions the FdB form would be unlikely to oxidise.

6.2.3 Interconversion Between the Four Redox States
To generate the 3Fe FdB form of the ferredoxin, a sample of 3Fe FdA was incubated for a 
minimum of 48 hours with a 5-fold molar excess of dithiothreitol, at 25 °C, in an 
anaerobic glovebox (O2 < 2ppm). The protein was then extensively dialysed into a buffer 

containing 50 mM Tris, pH 7.4, 0.1 M NaCl, 100 uM EGTA.

To generate the 4Fe FdA, a sample of 3Fe FdA was incubated with a 5 fold excess of 
sodium dithionite and a 5 fold excess of Fe2+ for approximately 15 minutes under 
anaerobic conditions, the sample was then extensively dialysed into buffer as above. It 
was important to check that incubation with dithionite and Fe2+, for these time periods, 
did not reduce the disulfide bond and this was verified by a DTNB titration.

The 4Fe Fds was produced by incubating 3Fe FdB with sodium dithionite and Fe2+ as for 
4Fe FdA . A summary of these interconversions is shown schematically in Figure 6.2.
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1. 5-fold excess DTT, 
25 °C, 48 Hr

2. Protein dialysed

[3Fe-4S]A

1. 5-fold excess sodium 
dithionite, 5-fold 
excess,Fe2+, 
15 min

2. Protein dialysed

[Fe3Fe-4S]A

[3Fe-4S]B

1. 5-fold excess sodium 
dithionite, 5-fold 
excess,Fe2+, 
15 min

2. Protein dialysed

[Fe3Fe-4S] B

Figure 6.2 Schematic representation of 3Fe/4Fe and disulfide bridge 
interconversions for PfFd

6.2.4 Spectrophotometric Observation of Fe Uptake by [3Fe-4S]
An alternative method to protein film voltammetry, used to observe the uptake of Fe2+ 
into the [3Fe-4S] cluster, is spectrophotometric solution kinetics. The experiments were 
carried out in an anaerobic glovebox using a spectrometer cell-block and linked by fibre- 
optic cables to a MG-6000 diode-array spectrometer unit (Hi-Tech Scientific, Salisbury, 
UK). A solution of the [3Fe-4S] protein was placed in a cuvette, under anaerobic 
conditions, and the UV/Vis spectrum recorded. The protein was then reduced, by the 
addition of dithionite in the presence of methyl viologen, and the subsequent spectrum of 
the reduced protein was recorded. An aliquot of Fe2+ solution was then added to the 
cuvette and the resultant spectral changes were recorded. The theory of these 
experiments depends on an important assumption, that the rate of metal uptake is the 
only rate determining step: as shown in Figure 6.3. To confirm that this was the case it 
was important to ensure that the reduction of the product, the [Fe3Fe-4S]2+ cluster, was 

fast.
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[3Fe-4S] Q ^——^ [Fe3Fe-4S]2+ , ^ [Fe3Fe-4S]° 
Fast R.D.S. Fast

Figure 6.3 Schematic addition of Fe2+ to [3Fe-4S]

Optimisation

Although the rate of the reduction of the [3Fe-4S] cluster was not important, as this was 
a preliminary stage to the experiment, it was essential that complete reduction had 
occurred before the experiment was initiated. If the sodium dithionite was not sufficient 
to reduce the [3Fe-4S] cluster, it followed that there would be no excess available to 
reduce the [4Fe-4S]2+ cluster when formed. Checks were therefore made on the rate of 
reduction of the [3Fe-4S] cluster and it was found that an excess of sodium dithionite 
was not sufficient to reduce the cluster in any reasonable time. Quantities of up to 20- 
fold excess of dithionite were added to the [3Fe-4S] cluster and the reduction was not 
instantaneous - the reduction took ca. 5 minutes to go to completion. As a result it was 
decided to use methyl viologen as a catalyst to aid the reduction of the cluster.

Sodium dithionite is known to reduce methyl viologen, generating the radical of methyl 
viologen, and this radical acts as a mediator in the reduction of the [3Fe-4S] 1+ cluster. 
Reduced methyl viologen has a very characteristic absorption spectrum including a X^x 
at 604 nm (e6o4 = 13,600 M" 1 cm" 1 ), but this was not found to hinder the spectroscopic 
experiment, as the amount of methyl viologen required to catalyse the reduction of the 
protein was only 1 uM. A final concentration of 1 uM methyl viologen and 1 mM 
sodium dithionite in the spectroscopic cell caused instantaneous reduction of the 
[3Fe-4S] 1+ protein - i.e. bleaching of the brown ferredoxin colour was immediately 
visible upon addition of the methyl viologen to the protein and sodium dithionite 
solution. Checks were made to ensure that when the reduction of the [3Fe-4S] 1+ cluster 
was performed it did not also reduce the disulfide bridge of the [3Fe-4S]A form, when 
the Fe2+ uptake of this form was being investigated.

The sequence of additions to the protein solution, in order to observe the addition of Fe2+ 
to the clusters, was as follows:
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1. Record spectrum of 3Fe FdA (typically 200 \& of 25 jaM protein)

2. Add 1.5 pi of 70 mM sodium dithionite (ca. 20 fold excess)

3. Add 1 (j,l of 200 jaM methyl viologen solution (final concentration approximately 

1 nM)

4. Add a known aliquot of Fe2+ (typical volume 2 ul, concentration varied with 

experiment), stir solution in cuvette.

5. Simultaneously record a spectrum (300 nm to 600 nm) and start stopwatch, recording 

spectra at regular time intervals. The intermediate time between spectra 

measurements depended upon the amount of Fe added, i.e. rate of reaction.
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6.3 RESULTS
6.3.1 Protein film voltammetry

Protein film voltammetry was carried out as described in Chapter 2, on both the 3Fe and 
4Fe forms, with the disulfide bridge either oxidised or reduced using polymyxin as a co- 
adsorbate.

The [4Fe-4S] A form shows a single signal (a pair of oxidation and reduction waves) 
with E01 = - 428 ± 5 mV at pH 7.0. The [3Fe-4S]A form shows two signals (two pairs 
of oxidation and reduction waves) which is the characteristic voltammetric pattern 
observed for other proteins containing the [3Fe-4S] cluster (Figure 6.4). 26 > 34 ' 35 The 
higher potential couple, is denoted A1 , and the narrow, more intense signal at lower 
potential is denoted C 1 . Signal A1 has a reduction potential with E01 = -150 ± 5 mV at pH 
7.0, and is assigned to the redox couple [3Fe-4S] 1+/0 , the value being similar to that 
reported by Adams and co-workers. 2 ' 11 Signal C1 has a reduction potential E0 ' = 
-695 ± 5 mV at pH 7.0. Integration of the areas under signals A and C1 gave C'/A' ratios 
of 2.0 ± 0.3 for all samples examined. By analogy with recent studies35 on [3Fe-4S] 
clusters in several other proteins, signal C1 is therefore assigned to the novel proton- 
linked two-electron redox couple [3Fe-4S]0/2~. All the voltammetric waves observed in 
these two forms of the protein were broader than had previously been found for other 
ferredoxins, even at the slowest scan rates, thus suggesting dispersion arising from some 
inhomogeneity in the adsorbed sample. Voltammograms of both the 3Fe and 4Fe 
clusters are shown in Figure 6.4.

Analogous experiments were carried out on samples in which the disulfide bridge was 
reduced (FdB). The results were essentially indistinguishable. For [3Fe-4S]B , also at pH 
7.0, signal A1 has E°' = -159 ± 5 mV and signal C1 has E01 = -714 ± 5 mV. The 
[4Fe-4S]B form has a reduction potential of E°' = -428 ± 5 mV.

A number of investigations have been previously carried out upon the ferredoxin from 
Pf. The vast majority of these have been concerned with the characterisation of this 
protein by EPR and NMR spectroscopy, together with MCD. Only one report on the 
direct electrochemistry of this protein has been published. 38 In that experiment, direct
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electrochemistry was achieved using differential pulse voltammetry, together with a 
temperature controlled cell, with pyrolytic graphite as the working electrode (sample 
volumes of either 250 pil or 25 ul). The authors reported the reduction potential of the 
[4Fe-4S] 2+/1+ cluster as -370 mV and that of the [3Fe-4S] 1+/0 cluster0 as -190 mV. An 
additional signal was observed at -700 mV for the [3Fe-4S] cluster which was tentatively 
assigned to a one-electron reduction: [3Fe-4S]0/1 ~ (based merely upon the observed half 
height peak width).

° Some confusion was evident as to the use of co-adsorbates: neomycin (1 mM) was only required for 
observing the signal of the [3Fe-4S] 1+/0 cluster and not for the [4Fe-4S] 2+/1+ cluster. 38
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[3Fe-4S]0/2-

[3Fe-4S] 1+/0 

A'

Df

[4Fe-4S] 2+/1+

-1.0 -0.8 -0.6 -0.4 -0.2

E/V (SHE)
0 0.2

Figure 6.4 Film voltammograms of the 3Fe FdA and 4Fe FdA forms of Pyrococcus 

furiosus Fd

20 mM mixed buffer, 0.1 MNaCl, pH 7.0, 0°C, scan rate 50 mVs 1 , 200 jugmt1 

polymyxin as co-adsorbate. A', D' and C are the film adsorbed reduction couples 
[3Fe-4S]1+/°, [4Fe-4S]2+/1+ and [3Fe-4S]0/2~ respectively.
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6.3.2 Bulk Solution Voltammetry

Bulk voltammetry was carried out at 0 °C, pH 7.4, 20 mM Hepes, 0.1 M NaCl, on both 
the 4Fe and 3Fe forms of the protein, either FdA and FdB , at concentrations of typically 
50-100 uM. The reduction potential for the [3Fe-4S] 1+/0 cluster was -215 ± 10 mV for 
the 3Fe FdA form and -219 ± 10 mV for the 3Fe FdB form. These reduction potentials 
are 60 - 65 mV more negative than the values obtained from direct adsorbed film 
voltammetry. The low-potential (C) couple in the potential region expected for

_ fWO[3Fe-4S] " (i.e. corresponding to signal C 1 for the film) appeared only at very slow scan 
rates (2 mV s" 1 ) and was always much more prominent on the first scan. On successive 
cycles the oxidative wave (C) was attenuated (as can be seen in Figure 6.5) and the 
reduction wave gradually disappeared. The reduction potentials for the [4Fe-4S] A and 
[4Fe-4S]B clusters were -361 ± 10 mV and -365 ±10 mV respectively when measured 
using bulk solution voltammetry. This is ca. 65 mV more positive than the reduction 
potential obtained from film experiments. A summary of film and bulk solution 
experiments is shown in Table 6.1.

[3Fe-4S] 1+/0

[3Fe-4S]0/2-

[Fe3Fe-4S]2+/1+

Disulfide Bridge Oxidised 

(FdA)

Film
-150

-713

-430

Bulk
-215

-718

-361

Disulfide Bridge Reduced 

(FdB)

Film
-159

-714

-428

Bulk
-219

-711

-365

Table 6.1 Reduction potentials of 3Fe and 4Fe clusters in Pyrococcus furiosus Fd
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[3Fe-4S] 1+/0

[4Fe-4S] 2+/1 +

-1.0 -0.8 -0.6 -0.4 -0.2 0 0.2

E/V (SHE)
Figure 6.5 Bulk voltammograms of the 3Fe FdA and 4Fe FdA forms of Pyrococcus 

furiosus Fd
Protein concentrations of 42 juMand40 juM respectively, atpH 7.4, 20 mMHepes, 

O.lMNaCl, 0.1 mMEGTA, 2 mMneomycin, 0 °C. Scan rate 2 mVs 1 .
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6.3.3 pH Dependence

By transferring an adsorbed film of the protein between solutions of differing pH, the pH 
dependence of the reduction potentials for signals A1 , D 1 and C 1 , could be directly 
observed. This is an extremely rapid and efficient method of recording the pH 
dependence of a redox couple. Extreme pH conditions, otherwise inaccessible with 
conventional experimental methods, can be investigated using this method - in this case 
as low as pH 1.7. Thus numerous data points were obtained, to enable a thorough 
examination of the pH dependence profile of all three redox couples.

The reduction potentials of both forms of the 4Fe Fd, i.e. [4Fe-4S]A and [4Fe-4S]B , were 
virtually pH independent over the pH range 2.5 - 9.0, the variation was < 40 mV over 
this range. Data for the [4Fe-4S] A form are plotted in Figure 6.7.

The reduction potentials of the A and C 1 couples from the [3Fe-4S]A and [3Fe-4S]B 
forms were highly dependent upon pH, with the pH dependence of either the disulfide 
bridge oxidised or reduced forms of the 3Fe Fd being identical. It was found that the A 
couple varied by ~ 180 mV and the C1 couple varied -450 mV over the pH range 2-8. 
Figure 6.6 shows the excellent voltammetry which is observed at pH values as low as 
2.7. It can be clearly seen (Figure 6.7) that the C 1 couple is more dependent upon pH 
(i.e. a greater positive shift is observed as the pH is increased) than the A couple. Data 
for the 3Fe FdA or the 3Fe FdB forms have been labelled accordingly.

Considering the A couple: in Figure 6.7 there is a well-defined region corresponding to 
protonation of the reduced form, but it is not possible to fit the curve to a simple scheme 
involving a single pK. There is clearly a pKred at approximately pH 7, but the slope of 
the best straight line extending to the acid region is much less than predicted for a 
IPT/le" reaction, thus the pH properties of couple A are complex. The best fit to the 
data for couple A was obtained using Equation 6.1.

RT
nF

"/ \2 /

(•
*)
H+

K

)
redl + K redl K red2

+ K OX
Equation 6.1
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In Equation 6.1, E°'aik is the reduction potential in the limit of high pH, aH- is the H+ 

activity, n is the number of electrons transferred, y is the number of protons transferred, 

and Kred2, K«x and Kredi are successive H^-dissociation constants of reduced and oxidised 

species, appearing as the pH is decreased. In Figure 6.7, the corresponding line obtained 

for couple C appears to mirror that for couple A1 , with the steeper portions 

approximately coinciding with the shallower sections of the couple A1 line and vice versa 

of C 1 . It was found that data above pH 8.0 were less reliable because the peak size and 

reversibility were diminished.

The overall proton uptake for the A1 and C' couples was determined in the same way as 

previously carried out for the 7Fe ferredoxins from Desulfovibrio africanus, Sulfolobus 

acidocaldarius and Azotobacter vinelandii}5 The total HVe" ratio was found by 

calculating (2A + C')/3 for each point in the acidic/slightly neutral range of the graph, 

and this was then plotted as a function of pH. The gradient of this line is (dE°'/dpH)av 

and for P/Fd this value is 51.9. This is close to what would be expected for the case 

when the net ratio HVe" is close to 1.0, the theoretical value is -54.2 mV/pH unit at 0 °C. 

This demonstrates that an overall uptake of 3H* accompanies the 3-electron reduction of 

the [3Fe-4S] 1+ cluster.
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pH2.7

-1.2 -1 -0.8-0.6-0.4-0.2 0 0.2 0.4

IT f\T , ,v v

Figure 6.6 Voltammograms showing the pH dependence of the |3Fe-4SJ A cluster 

from Pyrococcusfuriosus Fd

20 mMmixed buffer, O.I M NaCl, 100 /uM EdTA, 0 °(\ scan rale 50 mV s', 200 nz ml' 1 

polymyxin as co-adsorbale, pH as denoted above.
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-200

a -400
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D

(A'+2C')/3

C1
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Figure 6.7 The pH dependence of reduction potentials for the Fd from Pyrococcus 

funosus

Data obtained by adsorbed film electrochemistry using 20 mM mixed buffer, 0.1 M 

Nad, co-adsorbate 200 jug ml1 polymyxin, 0 °C. Closed triangles are data for the 

[3Fe-4S]A form, open circles are data for the [3Fe-4S]B form. Filled squares with 

crosses are data for the [4Fe-4S]A form. The open squares show the weighted average 

of the A' and C' couples to give the overall number of protons per electron for the three 

electron reduction of [3Fe-4S] + .
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6.3.4 MCDd

The MCD spectra of the dithionite reduced P/Fd [3Fe-4S]° cluster were recorded in the 
pH range 1.0 to 8.25. Partial cluster loss occurred at the more acidic pH values, 
resulting in some uncertainty in the final concentration, and, therefore, in the final 
calculated intensity of the spectra. To compensate for this, the samples were reoxidized 
after the MCD spectra were recorded, and the final cluster concentration was determined 
again by UV/Vis spectroscopy. At least 50 % of the clusters were still present after 15 
minutes incubation at pH 1.0, thus confirming the extreme resistance of P/Fd under 
acidic conditions.

The MCD spectrum of [3Fe-4S]° Pf Fd prepared at various pH values, is shown in 
Figure 6.8. The spectrum at pH 8.25 is essentially identical to the spectrum reported by 
Conover et a/. 3 ' 12 This spectrum is characteristic of the [3Fe-4S]° cluster, having a S = 2 
ground spin state with negative axial zero-field splitting. 39 It is very intense (Aemax « 
250-300 M^cm" 1 at 1.6 K and 5 Tesla), with characteristic positive peaks around 370 nm, 
445 nm and 700 nm, and a crossover at 550 nm. The EPR spectrum of the sample, at 
low field, showed only a broad trough (g = '12' signal). The MCD spectrum undergoes 
a continuous series of changes as the pH is lowered, and at pH 3.0 the pattern of 
transitions is similar to the 'acid form' observed for other ferredoxins containing a 
protonated 3Fe cluster. Shown in Figure 6.9 are spectra for Azotobacter chroococcum 
Fd (pKred = 7.8 40 >41 ) and Sulfolobus acidocaldarius Fd (pKred = 5.8 34) while the 
spectrum of Azotobacter vinelandii Ferredoxin I (pKred = 7.8 42 is identical to that of 
Azotobacter chroococcum. Another spectrum of Pf Fd was recorded at pH 1.0 and 
although this suffered extensive cluster destruction, the characteristic peak-to-trough 
distance (400 to 450 nm) was similar to that of the pH 3.0 sample. Thus the pK for 
protonation of the reduced [3Fe-4S]° cluster of P/"Fd in bulk solution lies in the region 
of 3 - 4, and probably coincides with pKred i as determined by protein film voltammetry, 
although comparisons between samples at 4.2 K in glycerol/buffer solution and protein 
films are difficult to make. The spectrum divides into two parts, with two sets of 
positive MCD bands (Aemax * 200 M" 1 cm" 1 at 1.6 K and 5 Tesla) separated by a trough at 
450 nm in the 300 to 550 nm region, and less intense transitions at lower energy (550 nm

EPR spectra were recorded as a diagnostic tool, prior to carrying out MCD spectra.
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to 850 nm). Comparisons of the spectra of the three ferredoxins in this region show that 

upon protonation of the cluster the intense 710 nm band splits into several less intense 

constituents with positive signs. There is some spectral variability among the different 

ferredoxins, although this may be due to the difficulty of determining the cluster 

concentration at the very acid pH values required for the experiment.
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Figure 6.8 Low-temperature MCD spectra of Pyrococcus furiosus [3Fe-4S]° Fd at

various pH values
Ferredoxin concentrations were 150-200 ^M in 50 % (vol/vol) glycerol/water, 

containing 40 mM acetate, and 0.4 mM EDTA. The spectra were measured at a 

temperature of 1.6 K and magnetic field 5 Tesla, pathlength 1 mm.
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Figure 6.9 Comparison of the MCD spectra of the acid form of three Fds at low 

temperature

Pyrococcus furiosus [3Fe-4Sf ferredoxin (-—--) with Azotobacter chroococcum Fd 

(••••••••) and Sulfolobus acidocaldarius Fd (- - - -). Spectra were measured at 4.2 K and

5 Tesla. The spectrum ofPfFd has been multiplied by 2.0 to normalise the comparison 

with the other two spectra (Sa Fd spectrum taken from Breton et al, (1995) 34Ac Fd 

spectrum taken from George et al, (1984). 40
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6.3.5 Metal Uptake6

Three different methods were used to study the conversion of the [3Fe-4S] cluster to 
[M3Fe-4S], as shown schematically below:

[3Fe-4S] 1+ + le- + M2+ —————*- [M3Fe-4S]2+

Method 1: The first method was similar to that carried out by Finnegan et al. l] A 
solution of the 3Fe ferredoxin, either 3Fe FdA or 3Fe FdB (100 uM), was placed in an 
Eppendorf tube together with sodium dithionite and a large excess of metal (M) solution. 
Typically this solution was stirred anaerobically for 15 minutes (25 °C). The products 
were examined electrochemically by applying a small amount of protein to the electrode 
and scanning the film in pH 7.0 buffer electrolyte. No further purification was necessary, 
as the excess dithionite and metal contaminants were released and diluted into the bulk 
solution once cycling of the potential was begun. This method of metal uptake proved to 
be successful for Fe, Zn and Cd. With this method the observation that the A1 and C 
couples, characteristic of the [3Fe-4S] cluster, had disappeared to be replaced by a new 
couple, D', was taken as an indication that metal uptake into the cluster to form 
[M3Fe-4S] had occurred. It was found that samples of the Cd adduct had to be used 
within 2-3 hours since the excess Cd, in contact with the protein solution, resulted in the 
eventual loss of the protein signals, presumably due to degradative reactions. 
Method 2: The second method utilised the protein film method of metal uptake. This 
has previously worked extremely well for Desulfovibrio africanus Fd 111^7-20,43,44 wjth 
numerous heterometal clusters being formed and studied. Conventionally this method 
involves transferring an adsorbed protein film (at a specific holding potential) to a pot 
containing metal ions in solution. The oxidation-level dependence of transformations 
was ascertained by holding the electrode potential at particular values, then cycling 
rapidly to view the products that have formed. 17'20 (See Chapter 3) Continued cycling 
for several minutes results in the A1 and C 1 signals decreasing, concomitant with the D 1 
signal increasing (the signal attributable to [M3Fe-4S]2+/1+).

e The slow reaction rates meant that equilibrium constants of metal uptake could not be measured and 
this was in contrast to Da Fd III, see Section 6.4.2. 11
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Method 3: A bulk solution of either FdA or FdB was reduced electrochemically (0 °C), 
inside a small graphite pot which formed the working electrode for this experiment. 31 '45 
To reduce the protein sample, the potential was held at a value sufficient to ensure 
complete reduction of the [3Fe-4S] 1+/0 couple, i.e. Eapp < E°'[3Fe-4S]i+/o and the protein was 
continuously stirred whilst the current was monitored. Electrochemical reduction was 
continued until no further current output was observed, at which point the cluster was 
fully reduced; this was verified by calculating the total charge passed, by integrating the 
current trace recorded by the YT recorder. Knowing the concentration and volume of 
the initial protein sample, a calculation of the theoretical value of the charge required to 
reduce the cluster could be made; this was then compared to the value found by 
integration. It was found that the measured value was typically > 95 % of the theoretical 
value. With the cluster in the [3Fe-4S]° form, a solution of M2+ was then quantitatively 
titrated into the solution and the current output recorded after each addition.

6.3.5.1 Uptake of iron, zinc and cadmium
Method 1: When a sample of either 3Fe FdA or 3Fe Fde was reduced with dithionite and 
a solution of M2+ was added to the mixture, conversion to the [M3Fe-4S] form was 
found to occur. Confirmation that conversion had taken place was found in the cyclic 
voltammogram: the signals A1 and C had disappeared and a new signal, D', was 
observed at different potentials depending on the heterometal used. This method was 
found to work for Fe, Zn and Cd (Figure 6.10). For Fe, 100 % conversion was readily 
obtainable after the protein had been incubated with the dithionite and Fe2+ for 15 
minutes. After incubation with Zn2+ and Cd2+ the protein film was still found to show 
traces of the C 1 couple after 15 minutes, and therefore a slightly longer incubation time, 
i.e. 30 minutes, was required for 100 % conversion. Typically, using 100 uM protein, 
the concentration of sodium dithionite and the metal ion used were 0.4 mM and 0.6 mM 
respectively. The reduction potentials of the Fe, Zn and Cd heterometal clusters (with 
the disulfide bridge oxidised, i.e. FdA) were -430 ± 10 mV, -262 ± 10 mV and -359 ± 10 
mV respectively. Identical values, within experimental error, were obtained for the FdB 
forms, i.e. 428 ± 10 mV, -261 ± 10 mV and -353 ± 10 mV respectively for the Fe, Zn 

and Cd adducts (Table 6.2).
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Method 2: The investigation of Pf Fd metal uptake on a film, using the identical 
experimental protocol which had been successfully used for Da Fd III, 16'20 produced 
mixed results with PfFd. It was found that the optimum way to achieve metal uptake 
into the [3Fe-4S] cluster of Pf, when the protein was adsorbed onto the electrode, was 
to poise at a negative potential for long periods of time, e.g. 60 minutes. (For Da Fd III, 
as noted in Chapter 3, this method of observing metal uptake into a [3Fe-4S] cluster was 
rapid, changes were instantaneous when the protein film was introduced into a metal ion 
solution.) The chosen potential was dependent on two factors; the potential below 
which the 3Fe cluster was reduced to the [3Fe-4S]° state and the relevant M2+/M 
stripping potential. The concentration of M2+ used in the buffer electrolyte solution was 
typically around 200 uM. Film stability of the untransformed [3Fe-4S] cluster under 
these experimental conditions was found to be excellent, despite the long poising time 
required. After one hour, the new signal attributable to [M3Fe-4S]2+/1+ (the D' signal) 
was clearly visible (Figure 6.10). The reduction potential of the [Zn3Fe-4S]2+/1+ cluster 
was -275 ± 10 mV and for [Cd3Fe-4S]2+/1+ it was -354 ± 10 mV. There was no 
noticeable difference in the reduction potentials for either the disulfide bridge oxidised or 
reduced forms of the heterometal protein.
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[Cd3Fe-4S]2 [Zn3Fe-4S]2+/1

-1.0 -0.8 -0.6 -0.4 -0.2 0 0.2

E/V (SHE)

Figure 6.10 Film voltammograms of [Zn3Fe-4Sj A and [Cd3Fe-4SJ A forms of 

Pyrococcus furiosus Fd

The Cd adduct was prepared by poising a film of !31:e-4Sj { at -540 mVfor 60 minutes 

(Method 2). The Zn adduct was prepared by adding excess Zn2 and excess sodium 

dithionite to a 100 uM solution of /3I^e-fS/A protein, in solution (Method I). 

Conditions were pH 7.0, 20 mM mixed buffer, 0.1 M NaNO,, 0 "(\ 200 ^g ml' 1 

polymyxin as co-adsorbate, scan rate 50 mI's .
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In contrast, the addition of Fe2+ to the [3Fe-4S] cluster, to form [Fe3Fe-4S], was not 

observed during the lifetime of the film (viable for 90 minutes at 0 °C).

The same reaction was then carried out at 25 °C with the concentration of Fe2+ being 0.4 

and 2.0 mM Fe2+ . Despite the film stability being less at 25 °C than at 0 °C, it was 

possible to poise the film for up to 60 minutes and still be able to detect voltammetric 

signals from the protein. It was determined that approximately 50 % conversion to 
[4Fe-4S] had occurred after 60 minutes at 25 °C (Figure 6.11).
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Before poising 
in Fe2+ solution -i -0.8 -0.6 -0.4 -0.2 0 0.2

Df
[Fe3Fe-4S]2+/1+

C f A'
[3Fe-4S]0/2 -

After poising 
in Fe2+ solution

-1 -0.8 -0.6 -0.4 -0.2

E/V (SHE)
o 0.2

Figure 6.! 1 Fe uptake of {3Fe-4S| A at 25 °C

A film of 13I^e-4Sj { was held at -500 mV for 60 minutes m the presence of 200 uM 

l<e2 , pH 7.0, 20 mM mixed buffer, O.I M Na( 7, 200 jug ml' 1 polymyxm as co-adsorbate. 

An expanded view is shown in the top right hand corner. The film deterioration after 

60 minutes at 25 "(' is in contrast to that observed at 0 "(', see l-'igure 6. JO,
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Method 3: A sample of ca. 300 u.1 of protein (100 fiM) was electrochemically reduced 

using a large surface area electrode, in a small graphite pot (illustrated in Chapter 2). 

Aliquots of Fe2+ were then added to the reduced protein and the electrochemical changes 

were monitored. This method had been previously used to quantitatively observe the 

conversion of the [3Fe-4S] to the [4Fe-4S] cluster from Da Fd III. 16

The 3Fe Fd was reduced by poising at a potential low enough to reduce the cluster to the 

[3Fe-4S]° state (-300 mV), recording the current response of the reduction on a Y-T 

chart recorder. When all of the sample was reduced, aliquots of Fe2+ (typically 10 ul of 1 

mM) were titrated into the pot containing the protein and the current response monitored 

after each addition, following which a voltammogram was recorded to view the status of 

the clusters.

ft) 3FeFdA

Samples of this form of the protein were electrochemically reduced, as above, and 

aliquots of Fe2+ were added to the reduced protein. Initial additions of Fe2+ did not cause 

an increase in current, but continued addition of Fe2+ caused an immediate increase in the 

cell current. Addition of Fe2+ was continued until no further increase in current was 

observed. A voltammogram was then recorded of the resultant protein solution - this 

exhibited one reduction couple at a potential of-361 mV, which was attributed to the 

[Fe3Fe-4S] 2+/1+ redox state. A lag phase for the increase in current was observed at the 

start of the experiment due to initial uptake of the Fe2+ by EGTA. EGTA (0.1 mM) was 

present in the solution to ensure that there was no 4Fe form of the protein present before 

the experiment was started.

The current increases correspond to Fe2+ adding into the cluster. Each increase was 

accompanied by a gradual decrease as the product was reduced; [M3Fe-4S] 2+ -> 

[M3Fe-4S] 1+ . When sufficient Fe2+ had been added for total conversion to the 

[Fe3Fe-4S] form, i.e. no further current increases were observed, a voltammogram of the

f It was found that a solution of protein in the 3Fe form would gradually interconvert to the 4Fe form 
over a period of time. The extraneous Fe2+ presumably originates from the degradation of some of the 
3Fe clusters. All the protein solutions used in the P/Fd experiments contained 0.1 mM EGTA to 
scavenge excess Fe from the degradation of the 3Fe clusters, and thus prevent interconversion.
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product was recorded. With the [3Fe-4S] A form, conversion to 100 % 4Fe Fd 

([4Fe-4S] A) was achieved with the addition of between 1 and 2 fold excess of Fe2+ , with 

respect to the initial protein concentration. Voltammograms before and after Fe2 " 

addition are shown in Figure 6.11.
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[Fe3Fe-4S]2+/I+

1+/0

-1.0 -0.8 -0.6 -0.4 -0.2

E/V (SHE)

0

Figure 6.12 Bulk voltammograms showing the addition of Fe2+ to 3Fe Fd A

(Metal uptake using Method 3 - see text) ( 'yclic voltammograms recorded at 2 mV s' 1 , 

of Fc/i before (blue) and after (green) addition of aliquots of Fe~' to a solution of 

46 //Mprotein solution at pH 7.0 in 20 mM mixed buffer at 0 °(', 2 mM neomycm.
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(ii) 3FeFdB

When a sample of 3Fe FdB was electrochemically reduced, and Fe2+ was titrated 

quantitatively into the mixture, (i.e. as for 3Fe FdA) no increases in current were 
observed. This surprising result was reproduced on a number of occasions, with Fe2+ 

concentrations of up to 6 fold excess added to the reduced protein solution. However, 

when the same sample of 3Fe FdB , together with the added Fe2+ solution, was left 

overnight in the cell (24 h) under anaerobic conditions, up to 50 % conversion to the 
[4Fe-4S]B form was observed (Figure 6.13).

The Fe uptake in bulk for 3Fe FdB , as with the 3Fe FdA, was repeated a number of times 

for the 3Fe FdB form. Immediate Fe addition was never observed to occur in any 
significant amount for the 3Fe FdB form in the electrochemical cell. If any Fe uptake was 
observed, directly after the addition, to form the [4Fe-4S]B cluster, this was never more 

than 5 % of the overall cluster population. As mentioned above, if the protein solution 
was left overnight in contact with the excess Fe solution, significantly more conversion 
to the 4Fe FdB form was observed. The status of the disulfide bridge was checked after 
both types of bulk uptake experiments, to ensure that interconversion of the disulfide 

bridge had not occurred, which was found to be the case.

Notably, this was the only experiment which showed a difference in the behaviour 

between the 3Fe FdA and 3Fe FdB forms of the protein.
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0.2

[Fe3Fe-4S]2+/1+ 

\

-1 -0.8 -0.6 -0.4 -0.2

E/V vs SHE

Fe-4Sj 1+/0

0

Figure 6.13 Bulk voltammograms showing the addition of Fe2+ to 3Fe FdB

Cyclic voltammograms recorded at 2 mV s~ , of l:d^ after reduction and addition of 

Fe" as described in the text. As seen above, less than 5 % conversion to the

3I^e-4S/ form was observed The green cyclic voltammogram is the same protein 

solution left overnight in the presence ofl^e" . From the voltammogram it is possible to 

estimate that 50 % conversion to the //i 'e3I^e-4S/ form has occurred. The solution 

contained 42 uM protein at pH 7.0 in 20 mM mixed buffer at 0 "( ', 2 mM neomycm.
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(in) Bulk Uptake ofZn

As reported in Section 6.3.2, there were noticeable differences between the reduction 
potentials of the 3Fe and 4Fe forms, when measured in a protein film or in bulk. It was 
thus decided to investigate if there were similar differences in the reduction potential of 
an alternative heterometal cluster, when measured in a protein film or in bulk. The zinc 
heterometal cluster was chosen because transformation from the 3Fe FdA cluster to the 
zinc adduct was straightforward using Method 1 - and the resultant product was stable, 
unlike the cadmium cluster, which was susceptible to cluster degradation.

It was first decided to try Method 3 to generate the Zn product, to see if the quantitative 
uptake of Zn could be observed as had been accomplished for Fe. As the quantitative 
uptake of Fe2+ in bulk had been electro chemically observed only for 3Fe FdA, 3Fe FdB 
was not investigated.

A sample of protein was reduced at -507 mV for 30 minutes. Verification that the 
protein had been reduced by one electron equivalent was performed by calculating the 
area underneath the current trace. Aliquots of Zn2+ were added to the reduced protein 
but no current increases were observed upon making these additions. After a 10 fold 
excess of Zn (with respect to the protein concentration) had been added, a 
voltammogram was recorded, but no signs of any Zn adduct were present, i.e. couple A 
was still visible. The voltammogram was very similar to the initial voltammogram 
measured before the addition of Zn and it could be concluded that no transformation had 

occurred.

A further check was made on the protein solution, in case the bulk reduction potential of 
the [Zn3Fe-4S] cluster, was at an overlapping potential with the [3Fe-4S]0/1+ couple (A). 
A portion of the protein solution was taken from the bulk electrochemical pot and a film 
voltammetry experiment was carried out. The product, after Zn addition, was found to 
possess voltammetric signals identical to that shown in Figure 6.4, i.e. two couples were 
clearly seen corresponding to the A1 and C' couples. As a final check, this film was then 
held at an oxidising potential (0.2 V for 30 s) and a voltammogram recorded. No change 
was observed in the voltammetry after poising at a positive potential. If there had been 
any Zn2+ in any of the clusters, then poising at this potential would have released the Zn2+
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ions (see Section 6.3.6 for a complete description of this technique) and there would 
have been a subsequent increase in both the A1 and C couple peak heights, but this was 
not observed.

A second attempt was made to record the potential of the Zn heterometal cluster in bulk 
solution. A 200 ul sample of the Zn adduct was prepared, using Method 1. Conversion 
to the Zn form was verified by performing film voltammetry on a small sample of the 
product. The sample showed ca. 90 % conversion to the [Zn3Fe-4S] form, as identified 
by the decrease in the A1 and C1 couples, and by the appearance of the D1 couple at the 
expected potential of-262 mV. This transformed protein sample was then dialysed using 
the small volume Amicon apparatus (Chapter 2), to remove impurities i.e. sodium 
dithionite. The whole sample was then placed into the large working electrode pot and a 
bulk difrusional voltammogram was recorded (Figure 6.14).
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#

#

-1.0 -0.8 -0.6 -0.4 -0.2

E/V (SHE)

0

Figure 6.14 A bulk voltammogram of the Zn product

The Zn product was formed by incubating a sample of 3Fe FdA with a 15-fold excess of 

Zn2+ and a 5-fold excess of sodium dithionite. This was then dialysed and a bulk 

voltammogram was recorded at scan rate 2 mV s 1 , in 50 mM Hepes, pH 7.0, 0.1 M 

NaCl, 2 mMneomycin. Explanation of the reduction couples, marked * and # is given 

in the text.
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The bulk voltammogram exhibited two separate reduction couples, a small signal at -363 

±10 mV (*) and a more prominent signal at -196 ± 10 mV (#). The lower reduction 

couple was at the potential of the [4Fe-4S] cluster (see Table 6.2). Presumably 

degradation and reassembly of some of the clusters, to incorporate Fe, had occurred thus 

explaining this lower potential couple. The higher potential reduction couple was 

expected to be the reduction couple attributed to the [Zn3Fe-4S] cluster. However the 

potential, at -196 mV, is ca. 60 mV more positive than the reduction potential of the Zn 

cluster when the potential was measured using the protein film method (Table 6.2). 

From Table 6.2 it is also noted that the reduction potential of the [4Fe-4S] form is ca. 60 

mV more positive when measured using bulk voltammetry than when measured with the 

film method. Thus, the higher reduction couple at -196 ± 10 mV may be the Zn bulk 

reduction couple. Equally so, the higher reduction potential couple is in the region of the 

[3Fe-4S] A reduction couple (which is -215 ± 10 mV) when measured in bulk solution. 

Alternatively, the higher potential couple could be a composition of both the reduction 

couples A1 and D 1 . It is thus evident from this situation that it is difficult to identify, 

without doubt, the observed cluster species using bulk solution voltammetry alone. 8 

Thus, the issue of the heterometal cluster potentials in bulk solution was not 

satisfactorily concluded.

[3Fe-4S]

[Fe3Fe-4S]

[Zn3Fe-Fe]

[Cd3Fe-4S]

Bisulfide Bridge Oxidised (FdA)

Film

-150

-430

-262

-359

Bulk

-215

-361

-196 (?)

-

Bisulfide Bridge Reduced (FdB)

Film

-159

-428

-261

-353

Bulk

-219

-365

-

-

Table 6.2 Comparison of reduction potentials of heterometal clusters o

Film vs. bulk, disulflde bridge oxidised vs. reduced, for [3Fe-4S] and [M3Fe-4S] 

clusters in Pyrococcus furiosus ferredoxin

8 In this case an alternative technique such as EPR would have aided the identification of the cluster 
species.
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6.3.5.2 Thallium

Observations have been made previously on the interaction between IT and [3Fe-4S] 

clusters for both Da Fd III 18 and P/Fd. 10 It is almost certain that Tf interacts to form a 

heterometal cluster, [T13Fe-4S], similar to the previous examples of heterometal clusters. 

More recently, the synthetic analogue [TlFe3 S 4(LS 3 )] 3 ~, has been synthesised by Holm 

and co-workers. 46

Formation of the Tl+ adduct has not been observed in Pf Fd using the protein film 

method. Previous studies have been carried out upon a bulk sample of the [T13Fe-4S] 

cluster, which was produced by incubation with a 1-1000 fold excess of T1(OOCCH3 ) for 

30 minutes. 10 No previous studies have been carried out on the kinetics of formation of 

the Tl adduct of the 3Fe form from P/Fd.

Method 2, as described previously, was used for observing the transformation of the 3Fe 

cluster to the Tl adduct. A number of experimental modifications had to be used for the 

Tl experiments. All voltammetry was carried out at 7 °C to avoid precipitation of Tl+ 

acetate when used at very high concentrations. A restricted voltage range was used 

because of the rather positive stripping potential of Tl+, this meant that the C' couple was 

not observable throughout the course of these experiments. The experimental cell 

compartments were rinsed frequently (a maximum of three film experiments were made 

before all the solutions were changed) to avoid cross contamination of Tl+ into the 

'buffer only' pot.

A film of PfFd [3Fe-4S] was prepared, and the characteristic signal (the A reduction 

couple) was stabilised in the 'buffer only' pot before transferral to the pot containing Tl+ , 

transferral was carried out at a potential to ensure the 3Fe cluster was in the [3Fe-4S]° 

state. An alteration in the voltammetry was immediately noted upon resuming scanning 

in the pot containing the Tl+, in complete contrast to the previously explored reactions 

between the cluster and other metal ions, when adsorbed on a film.

Thus, a rapid and reversible reaction was observed when an adsorbed protein film was 

placed into a solution of Tl . The extent of this reaction depended on both scan rate and 

the concentration of Tl+ used. Experiments at slow scan rates (~ 10 mV s' 1 ) showed
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that the signal A1 shifted to increasingly positive potentials as the thallium concentration 

was raised. It was not possible to examine the properties of couple C because of 

thallium metal deposition at negative potentials. 11 As the scan rate was increased 

(> 0.5 V s" 1 ) marked changes occurred in the voltammetry. The reduction wave of 

couple A' shifted back towards its original potential in the absence of Tl+ , whereas the 

oxidation peak remained at a higher potential. At very fast scan rates (> 30 V s" 1 ) a 

second reduction wave appears in the voltammetry, the reduction wave of which is just 

discernible. Voltammograms at scan rates of 20mVs" 1 , and 30 V s" 1 are shown in 

Figure 6.15.

Below -600 mV the voltammogram was totally dominated by the stripping wave, IT

307



CHAPTER 6: Reactions of the Ferredoxin from Pyrococcus funosus

(i)

(ii)

2|iA

-0.4 -0.2 0 0.2

\

SOjiA

-0.4 -0.2 0 0.2 0.4 
E/V (SHE)

Figure 6.15 Film voltammetry of [3Fe-4S] A in the presence of 1 mM Tl+

(i) Scan rate 20 mV s -1 (ii) scan rate 30 V s' 1 . Conditions pH 6.8, 0.1 M acetate, 

200 fug ml'l polymyxin as co-adsorbate, 7 °C. In both cases the film voltammetry of 
[3Fe-4S]l +/0 is shown, for comparison.
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The inherent dependence of the voltammetry upon scan rate is indicative of a fast 

coupled reaction occurring between the [3Fe-4S] cluster and Tl+ . The results obtained 

with [3Fe-4S]A in the presence of Tf can be interpreted in terms of a rapid equilibrium, 
involving Tl+ binding to both the [3Fe-4S] 1+ and the [3Fe-4S]° forms. This system can 

be represented as a square scheme, shown in Figure 6.16.

[3Fe-4S]l+

T1+
ox

[TI3Fe-4Sp+ + e-

E°'A'

-** [3Fe-4S]°

red

[T13Fe-4S]l

Figure 6.16 Square scheme for Tl+ binding to [3Fe-4S] 1+/0

The above scheme represents a thermo dynamic cycle, with the observed variation in 

reduction potential explained in terms of the variation of Tl+ concentration and timescale. 

At slow scan rates the system equilibrates between the populations of the four species, 

shown in Figure 6.15, and hence only one reduction couple is observed with a reduction 

potential dependent upon the concentration of Tl+ . At E01 the surface populations of 

both the oxidised and reduced species must be equal thus,

{[3Fe-4S] 1+}+ {[T13Fe-4S]2+} = {[3Fe-4S]u> + {[T13Fe-4S] 1+}

Equation 6.2

{} denotes concentration of species

The surface populations of [T13Fe-4S]2+ and [T13Fe-4S] 1+ can be defined in terms of the 

dissociation constants K/x and Kared thus,
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ox [[3Fe-4S]1+ ][Tr] — - Equation 6.3[T13Fe-4S] 2+ 4

red [[3Fe-4S]°][Tr]
[T13Fe-4S

Equation 6.4

From this an expression for the ratio of [3Fe-4S] 1+/[3Fe-4S]° can be obtained. 
Substitution into the Nernst equation gives,

m
log —— j^br Equation 6.5[ Tl J

K d ox

The reduction potential of the [T13Fe-4S]2+/1+ couple, E0 DTiis given by Equation 6.6, in 

the limit that [Tl+]/Kd°x » 1 and [TH/K/6'1 » 1,

2 303RT K. ox
E OI D, T1 = E OI A,+ ' log-^r Equation 6.6nr K

E0l 0bs is the experimentally observed reduction potential, which is dependent on the 

concentration of Tl+ . The sigmoidal shaped curve, shown in Figure 6.17, is defined by 

the lower limit (the reduction potential of [3Fe-4S] 1+/0) and the upper limit (152 ± 5 mV) 

is the reduction potential of [T13Fe-4S]2+/1+ (E°'D), as measured at 30 V s" 1 . The 

equilibrium constants Kd°x and Kared were calculated as 740 mM and 1.9 (iM respectively.
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0.2 T

E0» 2+1+ 
[T13Fe-4S]
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-o.i --

-0.2

0246 
-Log Thallium Concentration

Figure 6.17 Dependence of E0 ' obs with Tl+ concentration for the [3Fe-4S]A cluster

As the scan rate is increased, equilibration of the species does not occur. The oxidation 

wave is still clearly visible, i.e. Tl+ is bound to the reduced 3Fe cluster, but Tl+ is easily 

lost from the oxidised cluster and so the reduction wave observed is representative of the 

original A1 reduction wave. This is because the affinity of Tl+ for the oxidised 3Fe cluster 

is much less than the affinity of Tl+ for the reduced 3Fe cluster - the more electron-rich 

species. As the scan rate is increased to very high scan rates the experiment can 'outrun' 

the disassociation of Tl+ from the oxidised 3Fe cluster and hence the reduction peak 

observed is that of couple D 1 , [T13Fe-4S]2+/1+ .

Figure 6.16 shows how binding of Tl+ to the [3Fe-4S]° cluster results in the stabilisation 

of the reduced species and, hence, E°' is shifted to a more positive potential. Co­ 

ordination of Tl+ to the reduced cluster is of a similar magnitude to Tl+ binding to the 3Fe 

cluster in Da Fd III (1.5 ± 1 uM for Da Fd III compared to 1.9 ± 1 uM for P/Fd). In
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contrast binding of Tl+ to the oxidised cluster in P/"Fd is very much weaker than for the 
3Fe cluster in Fd III (34 ± 1 mM compared to 740 mM for P/Fd). Thus for Da Fd III 
the potential of E°'D could be determined from relatively slow cycles at high 
concentrations of Tl+, whereas fast scan voltammetry is required for P/Td.

6.3.6 Spectroscopic Observation of Fe Uptake by [3Fe-4S]A/B
This section describes an alternative method of measuring the rate of Fe uptake into the 
3Fe cluster of P/Td. This particular method was explored because,

1. There was a notable difference in the rate of metal uptake into the [3Fe-4S] cluster 
depending on whether the protein was adsorbed on the electrode surface or free in 
solution.

2. Fe uptake into the cluster, when the protein was directly adsorbed onto the electrode, 
was not observed at 0 °C and was only ca. 50 % complete at 25 °C. This was in direct 
contrast to Zn and Cd, which were both found to be incorporated into the cluster at 
0 °C, when the protein was adsorbed on the electrode surface.

3. When the protein sample was reduced electrochemically, there was a difference in the 
rate of Fe2+ uptake reactivity for the disulfide bridge oxidised or reduced forms of Pf 
Fd. The 3Fe FdA form of the protein was found to take up Fe2+ readily from solution, 
in contrast the same reaction was much slower for the 3Fe FdB form.

Thus the slower reaction for metal uptake by Pf Fd was be exploited in order to measure 
the rate of metal uptake, using an alternative methodology to protein film voltammetry.

Although FeS proteins do not have very characteristic visible absorption spectra, there 
are characteristic Spectroscopic differences between the oxidised or reduced forms of the 
[3Fe-4S] and [4Fe-4S] proteins. As Pf Fd only contains one cluster it is an ideal system 
to study spectrophotometrically because there are no additional signals in the spectrum 
from other clusters. This is a problem for 7Fe Fds because they contain a [4Fe-4S] 
cluster which always provides additional contributions to the spectrum.
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It is therefore possible to study the metal uptake kinetics of divalent metals with the 
reduced 3Fe Fd in bulk solution, using spectrophotometry and utilising the difference 
between the absorbance spectra of the [3Fe-4S]° form and the [4Fe-4S] 1+ form. An 
example is shown in Figure 6.18.

As shown in Chapter 5, the [3Fe-4S] cluster must be reduced in order to facilitate metal 
uptake. Reduction of the 3Fe cluster at the start of these experiments was carried out 
with sodium dithionite and methyl viologen. Addition of Fe2+ to the reduced cluster 
results in cluster conversion to [Fe3Fe-4S]2+, and with sufficient reductant present, the 
product is immediately reduced to [Fe3Fe-4S] 1+, a process which causes significant 
bleaching of the solution. Thus if reduction of the [Fe3Fe-4S]2+ product is fast, the 
kinetics will be only controlled by the rate of metal ion uptake. This reaction, observed 
spectrophotometrically, provides an additional method to explore the differences in metal 
uptake of the 3Fe FdA and 3Fd FdB forms of the protein, which were indicated in the bulk 
reduction and metal uptake experiments.

The UV/Vis spectra of the [3Fe-4S] forms of FdA or FdB were recorded before and after 
reduction with a 25-fold excess of dithionite, in the presence of 1 uM methyl viologen as 
mediator. The spectrum was remeasured to ensure reduction was complete, and then a 
known quantity of Fe2+ was added and spectra were recorded at regular time intervals 
until there was no further absorbance change. In each case, addition of Fe2+ and 
subsequent reduction to [Fe3Fe-4S] 1+ was found to result in a decrease in absorbance. A 
typical data set, from one experiment, recording the absorption spectra of the 3Fe FdB 
oxidised and reduced forms, and progress through to the converted 4Fe FdB reduced 
cluster are shown in Figure 6.18. The wavelength at which there was the greatest 
difference in absorbance was determined to be 426 nm. Plots of In AA against time, at 
426 nm, were plotted and found to be linear for at least two half lives, giving pseudo 
first-order rate constants kobs . Reactions were first order in [Fe2+] according to Equation 
6.7, which is appropriate provided removal of [Fe3Fe-4S]2+, by its reduction, is fast. 47

2+Rate = kf [3Fe-4S] [Fe2+] Equation 6.7
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[3Fe-4S] 1+

[3Fe-4S] o

[Fe3Fe-4S] 1+

400 500 
Wavelength/nm
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Figure 6.18 UV/Vis spectra monitoring the uptake of Fe2+ into the [3Fe-4S|° cluster 

ofP/Fd.

Results shown are for the [3be-4SjB protein. The first two spectra (black and red) 

correspond respectively to the / 3 fa—IS/ cluster and the product of reduction by- 

sodium dithionite in the presence of methyl viologen (0 minutes). Subsequent spectra 

were recorded at intervals (tunes in minutes indicated) after addition of be" . 

I'emperature 25 °(\

Graphs of In AA against time for three different concentrations of Fe~ + , for both the FdA 

and FdB forms, are shown in Figures 6.19 and 6.20. The pseudo first-order rate 

constants, kohs , are as tabulated in Table 6.3.
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-i 4-
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616jaMFe2+
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Figure 6.19 Spectroscopic observation of Fe uptake by 3Fe FdA

Graphs of In AA against time as recorded at 426 nm. Open squares denote data which 

were not used when calculating the slope of the lines. Conditions were as described in 

the text, 25 °C, pH 7.0. Pseudo first-order rate constants are as tabulated in Table 6.3.
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Figure 6.20 Spectroscopic observation of Fe uptake by 3Fe FdB

Graphs oflnAA against time as recorded at 426 nm. Open squares denote data which 

were not used when calculating the slope of the lines. Conditions were as described in 

the text, 25 °C, pH 7.0. Pseudo first-order rate constants are as tabulated in Table 6.3.
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The slopes of each of these plots (kobs) were then plotted against the corresponding Fe 
concentrations (Figure 6.21).

Fe2+/^iM

716

716

747

2000

3850

3850

Fe2+/uM j

616

616

647

1900

3750

3750

kobs/s' 1

-0.0043

-0.0050

-0.0052

-0.0126

-0.0202

-0.0175

2+Table 6.3 Dependence of kobs on Fe concentration for [3Fe-4S]A

Fe2+/|iM

716

716

747

2000

3850

3850

Fe2+/u,Mf

616

616

647

1900

3750

3750

kobs/s" 1

-0.0052

-0.0043

-0.0054

-0.0094

-0.0186

-0.0217

2+Table 6.4 Dependence of kobs on Fe concentration for [3Fe-4S] B

As can be seen from the plots of kobs against Fe2+ (Figure 6.21) the plot is linear passing 

through the origin and the determined values for the rate, kuptake, can be seen in Table 6.5.

1 The Fe2+ concentrations shown in this column take into account the complexation of Fe2+ by EGTA. 
EGTA was present in the protein solution at all times. (It was necessary to have EGTA in the protein 
solution because it has been observed that extraneous iron in the buffer/protein solution results in partial 
conversion of some [3Fe-4S] clusters to [Fe3Fe-4S] clusters.) It was therefore necessary to subtract the 
concentration of EGTA (100 foM) from each Fe2+ concentration.
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0.02

0.01

0.00

0.02

0.01
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Figure 6.21 Pseudo first-order rate constants as a function of Fe2+ concentration 

for Fe2+ uptake by [3Fe-4S]A (upper) and [3Fe-4S]B (lower)

Variation of pseudo first-order rate constants (ordinate = kobs/sec }) with Fe2+ 

concentration.
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kuptake / S" 1 M 1

[3Fe-4S]A

5.28

[3Fe-4S] B

5.23

Table 6.5 Rate constants (second order) for Fe uptake in the [3Fe-4S]A/B clusters 

from
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6.3.7 Metal Ejection

The complementary method of studying heterometal clusters and the characteristics of 

cluster formation, is to observe cluster disassembly. This method has been utilised for 

Da Fd III to explore the stabilities of various heterometal clusters, (Chapter 3) and is 

here used once again, to study the stabilities of three heterometal clusters of P/Fd.

Experiments were carried out to determine the characteristics and traits of metal ion 

ejection for the metal adducts, [Fe3Fe-4S], [Zn3Fe-4S] and [Cd3Fe-4S] of P/Fd. The 

experiments were carried out with samples of the heterometal clusters which had been 

produced in bulk solution using Method 1, i.e. chemical reduction with dithionite. A film 

was made of the heterometal cluster and allowed to equilibrate in buffer (2-3 complete 

cycles of the potential scanning range). Two techniques were employed - the first 

method is known as the 'poise and sample' method. The electrode was held at a fixed 

potential, then transferred to a second pot where it was poised at a specific potential for 

increasing amounts of time - a voltammetric scan was then recorded at each time 

interval. The second method involved cycling the pre-transformed cluster over a defined 

scan range and on each subsequent scan the positive scan limit was increased by a set 

interval e.g. 100 mV. In all cases the unique signature of the [3Fe-4S] cluster, namely 

the C' couple and its characteristic 2e' reduction peak was an excellent indicator of 

cluster status.

6.3.7.1 Zinc
A sample of the [Zn3Fe-4S] cluster was poised at different potentials for time intervals 

of 60 s, following which a cyclic voltammogram was recorded. In all cases, no 

formation of the [3Fe-4S] cluster was observed at negative potentials (-757 mV or 

-457 mV), even after holding for 10 minutes. Subjecting a protein film containing the Zn 

cluster to more positive potentials than that of the Zn cluster's reduction potential 

(i.e. -262 mV) resulted in some cluster degradation. The amount of degradation 

depended upon both the time and the potential at which the cluster was poised. When 

the poising potential was -207 mV, i.e. midway between the [Zn3Fe-4S] + + and 

[3Fe-4S] 1+/0 reduction potentials, slight signs of Zn ejection were observed. It was not 

until the film was poised at a potential where the [3Fe-4S] cluster was in the oxidised 

(1+) state, that considerable ejection of the Zn from the cluster was observed. Examples
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of poising at different potentials for the Zn cluster are shown in Figure 6.22. Since the 
potential of the Zn cluster is -262 mV and that of the A' couple is -150 mV, the two 
signals overlap somewhat and as a result only one composite peak is visible. This one 
peak can clearly be seen to shift in potential, concomitant with the increase in the C 
couple. That is, as the Zn ion is ejected from the heterometal cluster, the contribution to 
the composite peak of the A1 couple increases, and therefore the peak shifts to a more 
positive value. The results of poising at different potentials are shown in Table 6.6.
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A'

[Zn3Fe-4S]

1.0 -0.8 -0.6 -0.4 -0.2 0
E/V vs SHE

243 mV, 120s

43 mV, 600 s 

-207 mV, 600 s

-457 mV, 600s

-207 mV, 600 s 

43 mV, 600 s

243 mV, 120s

Figure 6.22 Film voltammetry showing ejection of Zn from |Zn3Fe-4Sj

The Zn cluster was prepared as Method ! (see text), /'he protein film, prepared using 

polymvxin as co-adsorbale, was held at the potential and times indicated and then a 

scan was recorded. ( \mdiiums were 20 mhlmixed buffer, 0.1 A/ Na( 1, 0.1 mM E(iTA, 

pH 7.0, 200 pg ntf 1 polymyxin as co-adsorbate, 0 "(', scan rale 500 ml-'s' 1 .
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Potential

-457

-207

43

143

243

343

% of Zn Ejected

0 after 600 s

< 10 after 600s

50 after 600 s

75 after 600 s

100 after 120s

100 after 60s

Table 6.6 Zinc ejection from the [Zn3Fe-4S] core

The percentage ofZn ejected is quantified as follows:

0 % ejected: no observed appearance of the C' couple height, i.e. [M3Fe-4S] remains
intact.

100 % ejected: no sign of the D' couple in the voltammetry, together with no further
increase in the C' couple height after further poising at this potential.

6.3.7.2 Cadmium

The pattern of cadmium ejection was extremely similar to that of zinc. Ejection of Cd 

from the cluster was not observed at potentials below that of the [Cd3Fe-4S] reduction 

potential, -359 mV. Ejection of Cd was notably faster when the potential at which the 

film was poised was above the reduction potential of the [3Fe-4S] 1+/0 cluster (-150 mV). 

The rate subsequently increased as the potential was raised. Holding at a potential of 

343 mV was found to cause release of the Cd within 20 s. Scans of the Cd cluster 

poised at different potentials are shown in Figure 6.23. Additionally the marked 

dependence upon potential can be clearly seen in Figure 6.24, where the positive 

switching potential of the scan is increased by 100 mV. Here, looking at the whole scan, 

the D' couple can be clearly seen decreasing together with the increase of the A1 and C' 

couples.
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[Cd3Fe-4S]

|LlA

2+/1 + D ?

-1.0 -0.8 -0.6 -0.4 -0.2 0
E/V vs SHE

343 mV, 20 s 

243 mV, 180s 

43 mV, 600 s

-457 mV, 600 s

43 mV, 600 s

243 mV, 180s 

343 mV, 20 s

Figure 6.23 Film voltammetry showing ejection of Cd from [Cd3Fe-4S|

The ( \l cluster was prepared as Method I (see text). The protein film, prepared with 

polvmvxin as co-adsorbate, was held at the potential and times indicated and then a 

scan recorded. ('onditions were 20 mM mixed buffer, 0.1 M Na( 7, 0.1 mM E(YiA, pH 

7.0, 200 jug ml' 1 polymyxm as co-adsorbate, 0 "(', scan rate 500 mi's' 1 .
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1

-0.8 -0.4 0 
E/V vs SHE

0.4

Figure 6.24 Film voltammetry showing sequential ejection of Cd from |Cd3Fe4SJ

The ICd3Fe-4$l cluster was prepared from (he /31<'e-4S/A form by poising a film at 

-540 mV m the presence of ('d (Method 2 - see text). I'oltammograms (50 mV s' 1 ) were 

then recorded at increasingly positive switching potentials, after transfer to a pot 

containing 20 mhi mixed buffer, pH ".(), O.I hi NaNO}, with 0.1 mhl E(,TA, 

200 jug mg 1 po/ymy.xm as co-adsorbate, 0 "( '.
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Potential
-757

-242

43

143

243

343

% Cd Ejected

0 after 600s

0 after 600s

< 10 after 600s

50 after 600s

100 after 180s

100 after 20s

Table 6.7 Cadmium ejection from the [Cd3Fe-4S] core

6.3.7.3 Fe Ejection

Experiments were carried out on the [Fe3Fe-4S] cluster as had been carried out for the 
Zn and Cd adducts. It was found that the [Fe3Fe-4S] cluster was much less reactive 
when the cluster was subjected to oxidising potentials, compared with the Zn or Cd 
adducts. This cluster had to be poised at potentials as high as 500 mV for at least 60 s 
before any sign of the [3Fe-4S] product was observed. The stability of the [Fe3Fe-4S] 
cluster, when poised at different potentials, is evident from the results shown in Figure 
6.25, where it can be seen that after 10 minutes at 243 mV the voltammogram was 
essentially unchanged, i.e. still that of the [Fe3Fe-4S] form. It was not until the film was 
poised at 543 mV for 300 s that there were signs of Fe ejection i.e. the A1 and C couples 
became visible. Tabulated results of oxidative poising and the subsequent percentage Fe 
ejected from the cluster are shown in Table 6.8. Complete removal of Fe from the 
[Fe3Fe-4S] cluster was found to be difficult using this method, requiring very positive 
oxidising potentials ( > 500 mV). However, such high potentials were also found to 
cause more widespread film degradation as evidenced from the loss of total signal 
intensity.
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[Fe3Fe-4S]

1.0 -0.8 -0.6 -0.4 -0.2 0 
E/V vs SHE

643 mV, 60 s 
543 mV, 300 s 
243 mV, 600 s

-757 mV, 600 s

243 mV, 600 s 

543 mV, 300 s 

643 mV9 60 s

Figure 6.25 Film voltammetry showing ejection of Fe from [Fe3Fe-4SJ

The 7yV cluster was prepared by Method 1 (see text). The protein film, prepared with 

polymyxin as co-adsorbate, was held at the potential and times indicated and then a 

scan recorded. ('onclilion.s were 20 mM mixed buffer, 0,1 M Nu( 7, 0.1 mM l:,(rTA, pH 

^.0, 200 UK ntf' polymyxin as co-adsorbate, 0 °(', scan rate 500 mV s' 1 .

327



CHAPTER 6: Reactions of the Ferredoxin from Pyrococcus furiosus

Poising Potential/mV % Fe Ejected from [Fe3Fe-4S]

-757

243

343

443

543

643

0 after 600 s 

0 after 300 s 

0 after 300 s 

0 after 300 s 

50 after 300 s

100 

(Partial film destruction)

Table 6.8 Iron ejection from the [Fe3Fe-4S] core

Although it had been found that poising at potentials more positive than E° of the 

[3Fe-4S] cluster facilitated ejection of the Zn or Cd adducts, this was not the case for the 

[Fe3Fe-4S] cluster. In the latter case, the potential at which the protein film had to be 

held to facilitate Fe ejection was considerably more positive. This stability of the 

[Fe3Fe-4S] cluster towards oxidative degradation may be indicative of the cluster's 

preferred co-ordination of Fe as the fourth metal of the cubane. The Zn and Cd adducts 

behaved very similarly when subjected to oxidising potentials, with respect to the 

potential at which they were ejected, although the Cd adduct was marginally more stable. 

It is likely that this is due to the enhanced binding of the softer Cd to the tri-u^-S core 

and its higher thiophilicity. Thus, each heterometal cluster was found to have a different 

stability with respect to electrochemical oxidation.

Disulfide Bridge Considerations

For each of the aforementioned studies on the ejection of the fourth metal from the 

cluster, Zn, Cd and Fe, experiments were carried out with both the disulfide bridge 

oxidised, [M3Fe-4S] A and reduced [M3Fe-4S]B , forms. No differences were observed 

between the two different states for any of the heterometal clusters.
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6.4 DISCUSSION
6.4.1 pH Dependence

From the electrochemical investigation which was carried out over a wide pH range, it 

was found that the reduction potential of the [4Fe-4S] cluster is pH-independent. This is 

in contrast to the [3Fe-4S] form, which was found to exhibit a marked pH dependence 

and can be compared with Av Fd I, Da Fd III and Sa Fd. 35 By analogy with all the 

[3Fe-4S] clusters so far examined by direct electrochemical means, PfFd also undergoes 

hyper-reduction to the all-ferrous cluster: [3Fe-4S]2". Thus, significantly, the hyper- 

reduced state [3Fe-4S]2*, which has been partially characterised in Sa Fd, has been 

identified in a protein containing only a [3Fe-4S] cluster. This hyper-reduced state has 

now been identified in [3Fe-4S] clusters from both mesophilic and hyperthermophilic 

organisms although in vivo function of this very low potential couple (if any) has yet to 

be identified. The electrochemical experiments clearly show that the overall proton 

uptake for the A1 and C couples in the neutral/weakly acidic region can be calculated by 

averaging the n E°' values for A' and C', to give a value (dE°7dpH)av of -51.9 mV/pH unit 

which equates to a net ratio for HVe~ close to 1.0. Similar values have been found for Av 

Fd I, Da Fd III, Sa Fd35 and Thermoplasma acidophilum (Ta) Fd, data for which are 

shown in Table 6.9. This result reinforces conclusions drawn previously, that reduction 

of the well-characterised oxidised [3Fe-4S] 1+ cluster to the hyper-reduced state 

[3Fe-4S]2" requires net transfer of three protons from bulk solution. 35 Above pH 8.0 this 

relationship breaks down, and it was seen that the complex reaction is suppressed. This 

was observed in the voltammetry - film experiments showed a marked attenuation of the 

C1 couple at pH > 8.0, but not of the A1 couple. Throughout the wide pH range, 

ionisations of [3Fe-4S]° complement those for [3Fe-4S]2", thus yielding a straight line for 

the overall reaction (Figure 6.7). The electroneutrality of the overall reduction is 

probably responsible for the straight line of the corresponding A and C' pH 

dependencies. The ionisation of a nearby residue such as aspartate will be relatively 

sensitive to cluster oxidation level and its influence on the reduction potential is largely 

quenched, c.f. the A1 couple in the region where an electron but not a proton is added.
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Ferredoxin (dE°VdpH)av/mV/pH

Pyrococcus furiosus Fd

Azotobacter vinelandii Fd I

Sulfolobus acidocaldarius Fd

Desulfovibrio africanus Fd III

Thermplasma acidophilum Fd

51.9

50.1

49.8

51.4

55.1

Table 6.9 Comparison of (dE°'/dpH)av for the three electron reduction of [3Fe-4S] 1+ 

clusters from different ferredoxins

# Where (dE°'/dpH) av = (dE/dpH){l/3[A'+2C']} calculated for all individual data points 

A' and Cf

In addition, it was possible to observe the reduction couple C in molecules diffusing 

freely between the solution and the electrode interface, but only at very low scan rates (2 

mV s" 1 - see Figure 6.5). Experiments which have been carried out with solutions of Av 

Fd I and Da Fd III have consistently shown that the reduction couple [3Fe-4S]0/2~ is not 

observed during bulk solution voltammetry. 26 >45 This suggests that the reaction only 

occurs when the molecules are adsorbed on the electrode surface. 31 '48 This restriction is 

likely to be due to kinetic complications for the timing of the multielectron and 

multiproton transfer reaction. However, this was not found to be the case for Sa Fd, the 

protein in bulk solution undergoes hyper-reduction, and the C couple is readily observed. 

This readiness for Sa 7Fe Fd to undergo hyper-reduction in bulk allowed larger samples 

to be generated, and the [3Fe-4S]2" state could be investigated with EPR and MCD. 35

Pf Fd, however, seems to be an intermediate case; signs of the hyper-reduction couple 

were seen in bulk solution but only under certain conditions. The scan rate had to be 

very slow and the C couple was only seen on the first scan. The disappearance with 

continued slow cycling may reflect instability of the [3Fe-4S]2" state in this ferredoxin or
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it may reflect subtle changes on the electrode surface which occur during continued 
cycling.-"

The MCD spectra indicate that the pH dependence of the [3Fe-4S] 1+/0 couple can be 

rationalised in a complex series of changes, culminating at pH < 3. The final form is 

similar to that generated in other Fds at low pH. 34 '40-42 '50 ' 51 Thus protonation can be 

considered as a characteristic property of [3Fe-4S]° centres, but noticeably there is a 

large difference in pK values, with the cluster in Azotobacter ferredoxins being 

particularly basic. 4 M2,50 The observation that the [4Fe-4S] cluster in FdA or FdB shows 

little pH dependence of reduction potential suggests strongly the involvement of 

aspartate-14 which becomes ligated upon metal ion addition. Reported pK values for 

aspartate in proteins cover a wide range, with 5.5 being typical. 52 However, the 

carboxylate pK will be sensitive to the oxidation level of the [3Fe-4S] 1+/0 cluster due to 

the introduction of a nearby negative charge, and since invariably pKred > pKox, pKox = 

4.9 and pKred2 = 6.7 were assigned to deprotonations of aspartate-14 in reduced and 

oxidised forms respectively. Although these ionisations occur within the sequence of 

spectral changes in the MCD, and leave the pKred i at 2.8 as the formal value for 

[3Fe-4S]° protonation, it is probable that the stepwise addition of two protons to the 

cluster region will involve anti-cooperative interactions between the aspartate and the 

cluster, thus giving rise to the complex, drawn-out titration profile.

J Recent film experiments with Sa 7Fe Fd, have shown that at low scan rates the voltammetry of the C 
couple ([3Fe-4S] 072" appears simple and reversible, but as the scan rate is increased, the reductive peak 
separates into two components (Cl and C2) whilst the oxidation peak remains as a single entity. 
Ultimately, the reductive peak is composed entirely of the C2 wave and the reduction potential of this 
new couple is more positive than the original C couple. The new couple is associated with a 2tT/2e" 
reaction and it has been proposed that disulfide coupling (of the cluster S atoms) could form the basis of

49this new phenomenon.^
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A recent publication by Brereton et al explores a number of mutants of P/Fd - D14X 

where X = C, S, H, N, V and Y. 36 It was found that only in the D14S and D14C 

mutants was a [4Fe-4S] 2+/1+ cluster present, the other mutants only contained a 

[3Fe-4S] 1+/0 centre. The reduction potentials of the D14C and the D14S mutants were 

decreased by 58 and 133 mV respectively, compared to the wild-type (WT) ferredoxin, 

which has a reduction potential of -368 mV (this compares well with the bulk 

electrochemical value measured at -361 mV for the native 4Fe Fd (Section 6.3.5.1}}. 

While the reduction potentials of the WT or D14C mutants were not significantly 

dependent upon pH, the reduction potential of the D14S mutant, showed a marked 

dependence with pH; a slope of -55 mV/pH unit and a pK of 4.75 were calculated. 36 

This was proposed to be arise from protonation of the co-ordinating serinate, though it is 

not known if serine remains as a ligand or is replaced by H2O/"OH when protonation 

occurs. This is similar to the situation found for the C56S and C60S mutants of the 2Fe 

Fd from Clostridium pasteurianum - although in the latter case the pK values for the 

protonation are much higher (pKred ~ 9), see Chapter 5.

The mutants containing the 3Fe form had reduction potentials varying between 15 and 

118 mV more positive than that of WT 3Fe form. The mutants, D14N, D14V and D14Y 

were all found to have a single pK in their pH titration profile, and this pK (3.3, 4.5 and 

3.8 respectively) was proposed to be for cluster protonation.k The WT 3Fe form and the 

D14H were found to have a complex pH titration curve with two pK values, the pKox 

and pKred values were 4.7 and 5.9 for the D14H mutant and 4.2 and 5.9 for the WT form 

respectively. The pKred found for the WT 3Fe form and D14H is at pH 5.9 and was 

proposed to be due to the ionisable side chains of the Asp 14 (WT) or His 14, which must 

be influencing the properties of the cluster. Clearly this pH dependence data does not 

reflect the observations made in this chapter for the native 3Fe Fd, i.e. that the complex 

pH titration profile contains three pK values: pKoX = 4.9 and pKred2 = 6.7 to 

deprotonations of Asp 14 in the oxidised and reduced forms respectively; and the pKred i 

at 2.8 as the formal value for [3Fe-4S]° protonation.

k This pK is not clearly defined - in the paper it is implied that this is the pKoX of the cluster, but if this 
were the case the curvature of the graph would be opposite to that which is seen in the data.
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6.4.2 Metal Uptake

6.4.2.1 Cluster Transformations

Transformations between the [3Fe-4S] and [M3Fe-4S] clusters of Pf Fd can be discussed 

with reference to the framework shown in Figure 6.26. Additionally comparisons can be 

made with similar studies carried out with Da Fd III. 20
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Figure 6.26 Core model for cluster transformations of [3Fe-4S] clusters

As mentioned previously, it is evident that the rates of metal uptake, [3Fe-4S] -> 

[M3Fe-4S], (Reaction 5) measured under potential control in the film, are much slower 

for P/Fd than for Da Fd III. 17-20 For M = Fe, reaction with Pf Fd at 25 °C was 

estimated to be only 50 % complete after 60 minutes, compared to less than one minute 

at 0 °C for Da Fd III, under comparable Fe levels. Due to these slow reaction rates, 

equilibrium constants for Reaction 5 were not measured for M2+ . In contrast, uptake and 

release of Tl+ was fast for Pf Fd with changes occurring on rapid voltammetric 

timescales, and appearing only a little slower than observed for Da Fd III at the same 

temperature of 0 °C. 18
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The most significant observations from the metal uptake experiments of the [3Fe-4S] 

cluster of P/Fd are as follows. Firstly, there is a considerable difference in the rates of 

metal uptake between Tl+ and the M2+ ions (Fe, Cd and Zn). Secondly, when the 

[3Fe-4S] cluster is adsorbed on the electrode surface (Method 2) Fe uptake is slower 

than Cd or Zn uptake. Thirdly, in addition, when a bulk sample of protein was 

electrochemically reduced, and quantitative amounts of Fe were added to the protein, the 

rate of metal uptake was observed to be faster for the 3Fe FdA form than for the 3Fe FdB 

form.

As can be seen from the comparative data in Table 6.10, there was no difference in the 

reduction potentials of the Zn and Cd adducts depending on whether they were formed 

using Method 1 or Method 2. Therefore, it was concluded that the method of formation 

does not have a significant affect upon the reduction potentials of the heterometal 

cluster, because the product in each case is believed to be identical.

[3Fe-4S]

[Fe3Fe-4S]

[Zn3Fe-Fe]

[Cd3Fe-4S]

Protein film

voltammetry

Method

1

FdA

-150

-430

-262

-359

FdB
-159

-428

-261

-353

Method

2

FdA

-150

-419*

-274

-347

Protein bulk solution

voltammetry

FdA

-215

-361

-196 (?)

-

FdB

-219

-365

-

-

Values measured

by EPR titration

-

-160 11

-345"

-241 n

-470 12

Table 6.10 Reduction potentials of heterometal clusters of 

different experimental methods

All results are ± 10 mV
* [Fe3Fe-4S] formed at 25 °C, as Fe2+ uptake on film at 0 °C not observed

, obtained using
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6.4.2.2 Iron, Zinc and Cadmium

Successful incorporation of Fe, Zn and Cd was achieved with the addition of a M2" 

solution to the dithionite reduced [3Fe-4S] cluster (Method 1). In general the samples 

were left for 15 minutes at 25 °C (after addition of the M2+ and dithionite) and the 

resultant solution was then investigated. After this length of time, the percentage 

conversion to the metal adduct was ca. 95-100 %. This was estimated by observing the 

peak height of any remaining C couple. No further purification was required to remove 

excess metal ions or sodium dithionite, as the agents for metal addition were diluted in 

the buffer electrolyte solution when the electrode was placed into the cell.

Metal uptake into the [3Fe-4S] cluster, when adsorbed in the protein film (Method 2) 

was not as straightforward as the chemical reduction method. The most noticeable 

feature was that at 0 °C, uptake of Fe2+ by the [3Fe-4S] cluster was not observed. This 

was despite poising for periods of up to 90 minutes, together with a large excess of Fe2+ . 

The 'poise method' of metal ion uptake was relatively straightforward for Zn and Cd, 

although long periods of time (t = 60 minutes) were required before 100 % conversion to 

the [M3Fe-4S] cluster was observed. This time dependence for metal ion uptake for the 

3Fe Fd is in direct contrast to the results for Da Fd III. 17'20

It is difficult to readily explain this major difference in metal uptake ability between the 

clusters in the two proteins. However, it can be proposed that it is the protein structure 

which has the major influence over the cluster reactivity as all the other experimental 

conditions for the two proteins were the same. The slow reactivity of P/Fd could be as 

a direct result of the protein originating from a highly stable hyperthermophilic organism 

and thus its protein structure is more rigid than that of similar proteins from mesophilic 

organisms. It is extremely likely that all of the proteins contained within P/are specially 

adapted to the extreme conditions under which they must function. Therefore, at the 

temperature at which this study was undertaken, 0 °C, it is possible that the P/Fd is in a 

'semi-frozen' state and therefore the protein conformation is not as flexible as it would 

be at 100 °C, hence slowing down these metal uptake reactions, optimal growth 

temperature forP/ is ca. 100 "C. 1
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Da Fd III and Pf Fd are mesophilic and hyperthermophilic proteins respectively, and their 

different structures may well influence their behaviour on the electrode surface. Da Fd 

III is likely to be considerably more conformationally labile than Pf Fd, and this may be 

the reason why Da Fd III appears more reactive when adsorbed as a protein film. 
Neither structures are known, but two possible contributing factors are evident from the 

amino-acid sequences that co-ordinate the [3Fe-4S] or [M3Fe-4S] cluster. 13 ' 31

Fd HI C-T-G-D-G-E- C— — — — --- — — — C - E 

P/Fd C-I- G-D-A-I- C— — ————--— C - P

Figure 6.27 Cluster amino acid sequence for Da Fd m and Pf Fd

Greater mobility in the cluster region of Da Fd III ought to be favoured by the presence 

ofglycine either side of the putative ligand aspartate, and from the unusual presence of 

glutamate(E) instead of pro line (P) following the remote cysteine.

The hypothesis that the reactivity of a protein film depends, to some extent, upon the 
interactions between the different protein structures and the electrode surface may 
explain the differences in reactivity between Da Fd III and Pf. It does not however, 
explain the differences in rates of metal uptake for one particular protein. For PfFd the 
rate of Fe2+ uptake is significantly slower than the rate of uptake of Zn2+ and Cd2+ ; 
whereas the variation in metal uptake for Da Fd III, for different M2+ ions, was less 

marked (Fe < Zn < Cd). 17 This observation therefore implies that the different rates of 
metal uptake for Pf Fd are due to specific metal-protein interactions. When comparing 
the film experiments with the spectrophotometric determinations of the rates of Fe2+ 

uptake at the [3Fe-4S]° cluster in solution they clearly show,

a) the protein is more reactive in solution than in the film
b) the uptake of Fe2+ follows simple second-order kinetics up to 4 mM Fe2+

c) the presence or absence of the disulfide bridge makes no difference to the rates

1 Film instability prevented experiments being performed at high temperatures where higher reactivity 
would be expected.
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6.4.2.3 Thallium

In contrast to Fe, Zn and Cd uptake, reaction with thallium was found to be very fast, 

with electrochemical equilibration occurring on voltammetric timescales, only slightly 

longer than found for Da Fd III. 18 The mode of thallium binding to the [3Fe-4S] cluster 

of/yFd is therefore proposed to differ from the mode of M2+ binding.

From the non-linear regression fit to Equation 6.6, the parameters of thallium binding i.e. 

the dissociation constants for Tl+ binding to the oxidised or reduced form of the [3Fe-4S] 

cluster, (Kdox and Kdred) were determined. The values of 740 ± 40 mM and 1.9 ± 1.0 uM 

for Ka°x and Kdre respectively, show clearly that the thallium has a higher affinity for the 

reduced cluster [3Fe-4S]°, than for the oxidised cluster [3Fe-4S] 1+ . The Kdred value is 

very similar to the value obtained for Da Fd III (1.5 ± 1 uM) but the K/x of Tl+ for Pf 

Fd is much greater than for Da Fd III (340 ± 40 mM). 18 Estimation of the Tl+ 'on' rate
o •* i

gives a value of 10 M" s" , which is in the realm of a diffusion limited reaction"1 and this 

suggests that co-ordination of thallium does not require a substantial protein 

conformational change. This value is based on an estimation of kog- as 102 s" 1 , from 

observing voltammetry and the release of Tl+ at high scan rates.

Since Tl+ still reacts so rapidly with [3Fe-4S]° we can conclude that the slow rate of M2+ 

uptake is not due to the cluster domain being obscured in the protein film. An alternative 

explanation is that Tl+ and the M2+ ions are not co-ordinated in the same way by the 

protein, and make different demands on the mobility of residues. One possibility is that 

the tri-u,2-sulfido face of the cluster is the only ligand required for thallium co-ordination, 

i.e. a protein ligand is not needed. 18 A similar example of Tl+ being co-ordinated by 

three sulfido ligands is seen in the inorganic complex [Tl([9])aneS3)] 1+, produced by 

reacting a solution of T1NO3 with an excess of the ligand [9]aneS 3 , (the trithia crown 

1,4,7-trithiacyclononane). 54 It has been shown by X-ray crystallography that the 

thallium is co-ordinated by three Tl-S bonds in this complex. Secondary interactions are 

observed with the counter-ions, PF6 ", and a neighbouring S atom - the Tl+ ion is therefore

m A reaction is said to be diffusion-controlled if its rate constant is of the order of 109 M" 1 s" 1 . 53
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classed as formally 8-co-ordinate, however the main inner-sphere co-ordination is to the 

three S groups of a single [9]aneS3 . 54

Figure 6.28 [9]aneS3

The trithia crown J, 4,7-trithiacyclononane

The proposal that Tl+ only requires the tri-(i2-sulfldo face of the cluster for co-ordination 

is also supported by the recent work of Zhou et al who prepared a Tl+ adduct of the 

cuboidal [3Fe-4S] analogue. The pure product (Et4N)2 [TlFe3 S4(LS3)] reveals no 

additional ligand to the thallium ion. 46 The fast interaction between the [3Fe-4S] cluster 

and Tl+ ions for Pf Fd implies that in this scenario at least, the [3Fe-4S] cluster is 

sufficiently exposed to solvent to enable unhindered binding to the cluster.

6.4.2.4 Other Metals Investigated

There are further reports in the literature of incorporation of both Co and Ni into the 

[3Fe-4S] cluster of /yFd. 9' 11 Formation and investigation of these heterometal clusters 

was attempted electro chemically with Pf Fd.

The Ni incorporation experiment was attempted by both Method 1 (chemical reduction) 

and Method 2 (electrochemical reduction). Method 2 proved to be unsuccessful even 

when a protein film was poised at -537 mV for up to 60 minutes. After 60 minutes, 

apart from the general quality of the film having deteriorated, no changes were observed 

in the voltammogram i.e. no new couples were seen.n Using the methodology as

n For the Ni investigation, an oxidative wave at 90 ± 10 mV was observed. However, on more careful 
inspection, this wave was also observed when there was no protein film on the electrode. This was 
therefore attributed to a surface wave of the pyrolytic graphite electrode. Unfortunately this region (ca. 
-50 to + 200 mV) of a graphite electrode is susceptible to surface waves.
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described in Method 1 to produce a Ni adduct also resulted in no changes to the 

voltammetry of the protein. Similar experiments were also carried out for Co with no 

signs of any Co incorporation being seen.

6.4.3 Metal Ejection

The oxidative stability of each heterometal cluster was investigated using the 'poise and 

sample' method as previously described (Section 6.3.7). From the experiments carried 

out, it was observed that each of the heterometal adducts had a different lability with 

respect to oxidation stability. The order of stability to oxidative poising was,

[Fe3Fe-4S] » [Cd 3Fe-4S] > [Zn3Fe-4S] » [T13Fe-4S] 

most stable......................................................... .least stable

This potential dependence of metal ion ejection provides strong evidence for the release 

of Fe, Zn and Cd via the 'superoxidised' level, equivalent to the oxidised HiPIP protein 

i.e. [M3Fe-4S]3+ . This is illustrated in Figure 6.26 via the pathway 8 -> 4. All of the 

threshold potentials (apart from Tl+) are well above that required to promote metal 

release from [M3Fe-4S]2+/1+ by trapping the product as [3Fe-4S] 1+, i.e. utilizing the 

pathway 5 -> 1. Furthermore, the Fe, Zn and Cd adducts show different threshold 

potentials, with Fe requiring the most forcing conditions. However, in none of the cases 

examined, was a discrete signal observed at higher potential, which could be attributable 

to a reversible redox couple, [M3Fe-4S]3+/2+ . In contrast, for Da Fd III rapid metal ion 

ejection from [M3Fe-4S] is induced merely by applying a potential at which the [3Fe-4S] 

product is trapped in the 1+ level, thus identifying pathway 5 -> 1 as a viable route. 20

Other examples can be found in the literature describing evidence for the superoxidised 

state [M3Fe-4S]3+ as a precursor for metal ejection from cubane clusters. In a square- 

wave voltammetric study of aconitase0 at a PGE electrode, Tong and Feinberg reported a 

reduction potential of 100 mV (SHE) for the [4Fe-4S]3+/2+ couple, and its subsequent 

conversion to the [3Fe-4S] 1+ form was followed directly by EPR. 55 A similar example is 

seen for mutants of the HiPIP from Chromatium vinosum (Cv) in which the conserved

°citrate (isocitrate) hydrolase - see Chapter 1
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aromatic residue phenylalanine 66 is replaced e.g. Phe66Asn, -Cys and -Ser. The 4Fe 

cluster of each of these Cv mutants showed a decrease in stability, compared to the 

recombinant WT form, when in the oxidised state, [4Fe-4S] 3+ . The clusters were found 

to degrade via a transient [3Fe-4S] 1+ state, as recorded and characterised by EPR. 56 The 

instability of the oxidised clusters of the mutants was proposed to originate from an 

increase in solvent accessibility to the cluster core - a direct result of the phenylalanine 

being replaced by a more polar residue. This instability was not seen with the 

hydrophobic mutant Phe66Tyr. Much higher potentials than those required to cause 

metal ejection in aconitase are needed to cause destruction of [4Fe-4S] clusters in 

Clostridium pasteurianum 8Fe Fd. 57 Model studies also provide evidence that the 

[4Fe-4S] clusters degrade to [3Fe-4S] via the 3+ level. 58 Roth et al concluded that the 

higher the reduction potential, the more stable the core will be with respect to oxidative 

degradation; hence a 4Fe to a 3Fe conversion will be less likely to occur. Also, the local 

environment of the 4Fe cluster will have an influence on the oxidative stability. The 

more accessible the 4Fe cluster is to water, the more easily it will destabilise and convert 

into a 3Fe centre. Thus, ferredoxins which have more aliphatic groups surrounding the 

prosthetic centre than the HiPIP environment, (which includes more aromatic side 

chains) will be only moderately protected from oxidative degradation.
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6.4.4 A Comparison of Reduction Potentials

The metal adducts, [M3Fe-4S] of P/Fd, (where M = Fe, Zn, Co, Ni, Mn, Tl) have been 

characterised previously using spectroscopy and their reduction potentials recorded using 

dye-mediated EPR titrations. 11 ' 12 With the exception of the [Fe3Fe-4S] adduct, they had 

not been previously characterised by direct electrochemistry. The reduction potentials 

obtained by direct electrochemistry compare well (within 30 mV) to the previously 

measured values of the reduction potentials (EPR dye-mediated titrations) with the 

exception of the cadmium adduct (see Table 6.11). As can be seen in Table 6.11 there 

are now sufficient examples of [M3Fe-4S]2+/1+ cubane clusters in both synthetic and 

biological systems to compare the order of reduction potentials as a function of the metal 

ion, M.
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Cluster Reduction Potentials for[M3Fe-4S]

(Arranged in ascending order of reduction potential)

P/Fd* Cd < Fe < Zn < Co < Ni, Mn < Tl

Dg Fd II Cd < Fe < Ni < Co

Da Fd III Cd < Zn < Fe < Co <T1 < Cu

[MFe3 S4(SR)4r3 - &

MFe3 S4(LS3)] 2-13-

1[(Ph3P)MFe3 S4(LS3)]2-/3-

Fe < Co < Ni

(Fe)* < Co < Ni < Cu < Ag < Tl

Table 6.11 A comparison of reduction potentials in both protein and synthetic 

clusters
jj

The values for Pf Fd are those found using protein film electrochemistry with the 

exception of E°' for [Fe3Fe-4S]. This value was determined by bulk solution 

voltammetry and is a similar value to that found using EPR titrations. 11 The order of 

E°' would be Fe < Cd < Zn < Co < Ni, Mn <Tl, if the E° f> obtained using the film 

method for [Fe3Fe-4S]2+/1+ was used. 

§ R = Et, mes (Smes is mesitylenethiolate (*')) 

^ LS3 = l,3> 5-tris((4> 6-dimethyl-3-mercaptophenyl)thio)-2,4,6-tris(p-tolythio)benzene(3')

Fe is tentatively placed in this order of reduction potentials, on the basis of its 

position in the order Fe < Co < Ni. 46

It can be seen from Table 6.11 that the order of heterometal cubane reduction potentials 

in different proteins is difficult to predict, although immediate trends can be found. For 

the proteins investigated in Table 6.11, the general trend can be written as,

and

Fe < Co < [3Fe-4S] < Tl 

Cd<Zn

These differences in the order are likely to be due to one or a combination of the 

following: terminal ligation, local protein charge, protein structure and environmental
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considerations. Although there are small variations between the values as determined by 

different methods i.e. protein electrochemistry and EPR titrations, these are insignificant 

when the differences between the different metals are examined. A schematic figure of 

the overall trends of heterometal cluster reduction potentials in proteins is shown in 
Figure 6.29.
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Figure 6.29 Schematic comparison of the reduction potentials of |3Fe-4SJ clusters 

and heterometal adducts of the clusters from /yTd, Dg Fd and Da Fd III

Pyrococcus funosus Fd (—— squares), De.su/fbvibrio africanus Fd III (——- circles) 

and Desulfovibno giga.s ( triangles). Data taken from Butt et al (1997) and Staples 

et al (1997).t-- 20 Closed symbols displaced to left represent voltammetnc values 

measured for protein films; open symbols displaced to right represent values for bulk 

solution measurements (voltammetry or F.PR monitored potentiometry). In most cases 

pH 7. (), temperature 0 °( ' or 25 °C ".
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The only major contravention of the similarity between the heterometal cluster potentials, 

measured with different techniques, is for the Cd adduct. The reduction potential (-470 

mV) as determined by Staples et al, u for the cadmium adduct in bulk solution, using a 

potentiometric EPR titration, is lower than the value obtained in this study (-359 mV). 
As described previously, there were variations between the reduction potentials for both 

the [3Fe-4S] and [Fe3Fe-4S] clusters depending on whether bulk solution or film 
methods were employed. This is further evidence that binding of M2+ involves specific 
conformational changes and this is likely to result in variations in the energy of protein 

binding to the electrode. Unfortunately a direct comparison of the bulk and protein 

bound reduction potentials of the Cd adduct was not possible, due to the interference
O-i-from excess Cd , required to form the cluster in solution.

As we have seen, the reduction potential of a cubane, [M3Fe-4S], depends critically 

upon which heterometal (M) is incorporated into the cluster. If a biological system 

depends on this reduction potential of the cubane cluster, it is important that the correct 
metal is incorporated into the 3Fe core. If extraneous metals are present in the cell, it 

therefore becomes very important that these are not added to the 3Fe core, so conferring 

the incorrect reduction potential upon the cluster. This selection process could be 
carried out in either of three ways:

1. The cluster is not able to incorporate the foreign metal for structural reasons, e.g. the 

[3Fe-4S] cluster in Av Fd I, is not surrounded by a typical motif for binding a cubane 
cluster and so addition of Fe or any other M does not result in a formed cubane 

cluster.

2. Alternatively, any 'incorrect' heterometal cluster which forms, has only a limited 
stability, when compared to the 'correct' cubane. For example, the stability of the 

[Fe3Fe-4S] cluster in P/Fd when subjected to oxidative degradation, is much greater 

than the stability of the more labile [Cd3Fe-4S] or [Zn3Fe-4S] clusters.

3. Other metal ions are controlled by the cell (homeostasis) and do not become available.
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6.4.5 Bisulfide Bridge Considerations

In Chapter /, a typical 8Fe Fd was described with eight cysteine residues co-ordinating 
the two 4Fe clusters - cluster 1 and cluster 2. The binding of the cluster (designated 
cluster 1) which is common to both one and two-cluster Fds is the sequence Cys 1 -X2- 
Cys -X2-Cys -Xn-Cys4 , where Cys 1 "3 are near the N-terminus and Cys4 is close to the C- 
termmus. 59 The two-cluster containing Fds possess an additional four cysteines for the 
second cluster (designated cluster 2) and the ligating pattern is identical, but with three 
cysteines near the C-terminus. The single cluster ferredoxins have been proposed to 
evolve from these two-cluster proteins, by the mutation of two or more of the cysteines 
in the consensus sequence for the second cluster. 59 The prototypical examples, both of 
which have been characterised by X-ray crystallography, are the 4Fe Fd from Bacillus 
thermoproteolyticus, Bt, for which all four cysteines in the second cluster have been 
replaced60 and the 3Fe Fd from Desulfovibrio gigas, Dg, which lacks two cysteines of 
the cluster sequence required for the second cluster. 21 In these proteins, an ct-helix was 
found in the environment of the deleted second cluster and it has been proposed that 
such an a-helix will be present in all one-cluster bacterial ferredoxins. 60 Solution *H 
NMR studies of several such one-cluster ferredoxins support this hypothesis. 61 '62

In the Fd II from Dg, the two cysteines that remain from the consensus sequence of the 
second cluster form a disulfide bridge, as revealed in the crystal structure of the oxidised 
3Fe form of this protein and also from !H NMR/Mossbauer spectroscopic studies. 21 '63 
This observation was first viewed with scepticism since disulfide bridges are rarely found 
in intracellular proteins. However, since the discovery that there is also a disulfide bridge 
in P/"Fd which can undergo redox reactions, 33 the disulfide bridge must be considered as 
an alternate or additional redox site. This site is thus capable of electron transfer and is 
likely to have an influence upon the redox cycle of single cluster ferredoxins.

Experimentally, no differences for Pf Fd were found between the disulfide bridge 
oxidised or reduced forms (for both 3Fe and 4Fe) in any of the reactions investigated 
(Section 6.3}. Similarly Gorst et al reported that the cluster's reduction potential was 
not significantly perturbed by the different redox states of the disulfide bridge. 33 Indeed, 
no signs were ever seen of an additional reduction couple in the voltammetry of Pf Fd
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(over a wide range of experimental conditions) which may have been signatory of a 

disulfide bridge reduction/oxidation reaction. The only occasion where a difference was 

observed between the disulfide bridge oxidised and reduced forms of /yFd, was the bulk 

electrochemical reduction and addition of Fe2+ (using Method 3). The 3Fe FdA was 

found to readily react with Fe2+ in solution and 100 % conversion to the 4Fe FdA was 

subsequently observed. However the 3Fe FdB form was found not to react immediately 

with the Fe + and only 50 % conversion to the 4Fe Fde form was observed but this was 

only after leaving the protein solution in contact with Fe2+ for 24 hours (Section 6.3.5. 1).

It is difficult to explain the differences in the rate of Fe uptake between FdA and 

when the sample was electro chemically reduced in bulk. Attempts to investigate this 

difference in reactivity with another metal ion, Zn2+ , were unsuccessful (Section 6.3.5.1). 

The reluctance of the Fde form to take up Fe2+ may be linked to the generally slow
_ ••) i

reaction of Fe uptake when the protein was present as a film on the electrode. The 

faster reaction of the 3Fe FdA to insert Fe2+, after bulk reduction, may be due to the 

oxidised disulfide bridge being able to hold the protein in an 'optimum' confirmation for 

Fe2+ uptake. The 3Fe Fde form of the protein is likely to be more flexible than the 3Fe 

FdA form, and therefore, although Fe uptake still occurs at a much slower rate, it is not 

optimal. However, the latter reasoning does not explain why the apparent rates of Fe 

uptake are identical for both 3Fe FdA and 3Fe Fde, when the protein is in solution and 

reduced with sodium dithionite and the reaction is observed spectrophotometrically 

(Section 6.3.6). In conclusion, when looking at the total picture of P/Fd reactivity, the 

one and only difference between the disulfide bridge oxidised and reduced forms of the 

protein (bulk reduction and subsequent Fe2+ uptake) is more than likely to be an artefact 

of the experiment than a real difference between the two forms, because of the 

contradictory evidence from the film and spectrophotometric experiments.
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6.5 SUMMARY
P/Fd is an excellent protein to study the complex reactions of reactive [3Fe-4S] clusters 
without the spectral complications of a second [4Fe-4S] cluster, which is present in the 

class of 7Fe Fds. It has been demonstrated that the behaviour of the single [3Fe-4S] 
cluster is similar, in terms of proton binding ability and metal binding affinity, to 
previously studied [3Fe-4S] clusters from other 7Fe Fds. However, the biological use 
for these functions, (if any) have not yet been fully identified.

Protonation of the one-electron reduced cluster [3Fe-4S] 1+ is observed, and produces a 
form which is spectroscopically similar to other reduced [3Fe-4S] clusters from other 
proteins. More importantly it has been shown that the hyper-reduced state, [3Fe-4S] 2", is 
also generated in Pf Fd, together with the overall uptake of three protons, as has been 
observed in several other [3Fe-4S] cluster containing proteins. Metal uptake 
experiments have shown that although rates of exchange for the M2+ ions are slower in 
Pf Fd than for Da Fd III, the rates of uptake for Tl+ are comparable. Tl+ uptake is 
therefore determined to be dependent only on the core cluster structure and not on the 
protein structure, unlike M2+ uptake. It has been postulated that rapid Tl+ interchange 
might therefore provide a diagnostic test for [3Fe-4S] clusters which are able to present 
a solvent-exposed face. Metal uptake experiments showed a distinct dependence upon 
the external environment (free solution versus bound to electrode surface) but not to the 
presence or absence of the disulfide bridge. Ejection of M2+ is slow and is greatly 
accelerated at oxidising potentials - well in excess of that required to trap the [3Fe-4S] 1+ 
product, thereby revealing the participation of a labile super-oxidised state, most likely 
[M3Fe-4S]3+ .
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APPENDIX A

Redox-coupled proton transfer
Calculation of the pH dependence of reduction potentials

E0 '
alk

Ox + we" Red

' %% ^ Ec
Kred

Ox-yR+ + ne <~
acid

and Kred are the equilibrium dissociation constants for proton binding to the reduced 

oxidised and reduced species respectively; Eolfl/jt and E°'ac,j are the reduction potentials in 

the limit of high and low pH)

The potential at any point E, is given by the Nernst Equation relative to the reduction 

potential E°':

RT ( [Total Oxidised Speciesf E = E°+——In -————————— —— 
nF v [Total Reduced Species],

nF [Red],

By definition,

= [Red][HT 
red [Red-j*T]

_[Ox][H + f
°* ~i^———u^i ^ ^ 

[Ox-^H ]
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Substituting for [Ox] and [Red] from (1) into the Nernst equation:

E = RT
nF

In

v

RT [ [Ox-
nF

RT
1 +

K \
ox

1 +
Kred

(2)

Define E = E°'acid, at pH values low enough to protonate both [Red] and [Ox], 

i.e. pH « pKred and pKoX ; or [FT])) Kred and KoX then,

RT ~oF

Substitute for E° in (2),

RT

An alternative method involves substituting for [Ox-^tT] and [Red-^H+] from equation 

(1) into the Nernst equation, and in the limit of high pH, E = E°aik and

RT+ —:-In 
nF V

!+•

1 +
k «rf

[H + ]
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