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I. Introduction 

Modern dynamic electrochemical methods’ offer a powerful yet rela- 
tively inexpensive means for studying a variety of redox-active chemi- 
cal systems. It is widely recognized that in addition to providing de- 
tailed thermodynamic and kinetic information, their use can yield 
valuable qualitative insight into aspects of complicated reactivities. 
Yet, while dynamic electrochemical techniques have made important 
contributions to coordination chemistry, even such now-standard meth- 

I My use of the term “dynamic electrochemistry” refers to  experiments in which one 
monitors a reaction via measurement of current (in this case a net flow of electrons) a t  
the working electrode. There is a clear and important distinction to be made with “static 
electrochemistry,” notably potentiometry, which is concerned with measurement of the 
position of equilibrium Le., the potential of zero net current) a t  the electrode. 
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ods as cyclic voltammetry have remained largely unexploited for the 
investigation of metal centers in proteins. Why? As I now hope to convey 
in this article, electrochemical methods afford interesting possibilities 
for exploring and quantitatively examining reactions of Fe-S clusters 
in both the time domain and the potential domain. 

A major view that may account for the underuse of dynamic electro- 
chemical methods for studying proteins reflects the experimental diffi- 
culties that are encountered. It is important to obtain a direct electro- 
chemical response-that is, without the need for a mediator (typically 
a small, stable molecule displaying clean and reversible electrochemis- 
try) to relay electrons between the protein’s active site and the elec- 
trode. Generally speaking, the achievement of direct (i.e., unmediated) 
electrochemistry of various proteins has not proved straightforward. 
Two problems in particular have to be overcome (1-3). First, since 
redox centers in proteins tend to be shielded from the solvent by a 
variable intervening medium, electron exchange with an external re- 
dox agent depends upon the formation of a precursor assembly within 
which the two molecules are positioned so as to optimize electronic 
coupling (interaction between donor and acceptor wavefunctions). This 
requirement is serviced through noncovalent interactions involving a 
number of surface groups, and provides kinetic specificity in biological 
electron transfer (4-6). Clearly, in order to  engage such selective mac- 
romolecules productively at an electrode, similar kinds of interactions 
need to be generated. Second, any such intimate association between 
electrode surface and protein must not cause denaturation, particularly 
if the denatured product remains adsorbed. This may occur, particu- 
larly if the protein is conformationally labile (7). 

An alternative view is that the underuse of dynamic electrochemical 
methods for characterizing redox proteins reflects what is in my view 
an unfortunate misconception, namely, that such techniques provide 
the same information as may be obtained by mediated redox potenti- 
ometry. Naturally, so long as this notion persists, there exists little 
stimulus for the efforts necessary to achieve and interpret a direct, 
dynamic electrochemical response from a protein system. Indeed, for 
determining reduction potentials of uncomplicated redox couples, po- 
tentiometric methods are certainly more widely applicable (8). 

In this article, I wish to provide some perception of the contribution 
that can be made by dynamic electrochemical methods toward the 
often difficult task of defining reactions of Fe-S clusters in a protein 
molecule. Despite the relatively modest amount of material published 
to  date, these reports do show that such an approach, when combined 
with appropriate spectroscopic techniques, can yield valuable insight 
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that is not obtained readily or in acceptable detail by other means. Most 
of the work described has taken place in my own laboratory and in 
collaboration with other scientists. My emphasis is upon the detection 
and study of unusual or subtle features of reactivity, and I have not 
dwelled heavily upon studies that have focused upon voltammetry as 
an alternative to  potentiometry. Although electrochemistry is both a 
broad and mathematically sophisticated field, it is covered in several 
excellent textbooks that provide clear descriptions of theory and experi- 
mental procedures (9-12). Thus only supplementary concepts and nec- 
essary clarification will be presented throughout the text. 

II. Background 

A. SOME RECENT DEVELOPMENTS WITH Fe-S CLUSTERS 

Several significant developments have occurred during the past de- 
cade. Stemming from endeavors in various disciplines-molecular biol- 
ogy, spectroscopy, crystallography, and synthetic “model” chemis- 
try-they are described in detail by other authors in this volume and 
only a brief summary is presented here. 

1. A wide-reaching biological aspect is the realization that Fe-S 
clusters have important functions outside the established realm of elec- 
tron transport (13). More specific catalytic roles are being estab- 
lished-most significantly in the area of nonredox enzymes. Due to the 
efforts of Beinert and his co-workers, much is now known about the 
structure and mechanism of aconitase, a dehydratase of the citric acid 
cycle, in which the active site [4Fe-4S] cluster catalyzes the intercon- 
version between citrate and isocitrate (14).  Most recently, evidence 
has been presented that suggests that Fe-S clusters may be involved 
directly in the genetic regulation of Fe levels in eukaryotic cells (15, 
16). 

2. The formulation of a class of clusters as [3Fe-4Sl (essentially a 
[4Fe-4S] cubane with one Fe missing) is now established, following a 
decade of disagreement between the conclusions stemming from spec- 
troscopy and crystallography (1 7-24). 

3. There has been growing awareness of diversity in the modes of 
coordination of Fe-S clusters. In addition to cysteine thiolate, it is now 
clear that other protein donor groups can be ligands to  Fe. For example, 
the “Rieske”-type [2Fe-2Sl cluster is coordinated by two cysteine thio- 
late S atoms to one Fe and by two imidazole N atoms (histidine) to  



120 FRASER A. ARMSTRONG 

the other (25). Exogenous (nonprotein) ligands may be coordinated. 
Aconitase provides such an example; here, one Fe of the [4Fe-4Sl 
cluster is not bound to  a protein donor but to OH- (26,271. This “subsite- 
differentiated” Fe atom is also the site of substrate binding. 

4. The ability of Fe-S clusters to  alter their structure within certain 
protein hosts is now recognized. Specifically, several examples are es- 
tablished in which [3Fe-4S] and [4Fe-4S] clusters interconvert readily 
(13,14,28-30). In the case of aconitase, isolation under aerobic condi- 
tions induces release of the labile, subsite-differentiated Fe atom and 
loss of catalytic activity (14). Activation of the inactive enzyme involves 
addition of Fe(1I) to  the reduced [3Fe-4SIo cluster. Taking this theme 
further, it has recently been reported that the amino acid sequence 
of human iron-responsive element binding protein (IRE-BPI, which 
regulates the expression of ferritin and of transferrin receptor, bears 
marked homology with sequence of aconitase (pig heart mitochondria) 
(15, IS). This has raised some speculation that interconversion between 
[3Fe-4S] and [4Fe-4Sl clusters may provide a basis for sensing the Fe 
activity in the cytoplasm or an organelle. 

5.  There is spectroscopic evidence for the existence of Fe-S clusters 
having more than four Fe atoms (31 ). 

6. Addition of metals other than Fe to [3Fe-4S] clusters has been 
demonstrated in vitro for certain proteins (32-36). Studies with such 
heterometal clusters are leading to  a greater understanding of complex 
magnetic properties. There is also the possibility that heterometal clus- 
ters may be more widespread in nature than is currently recognized 
(we are already aware, for example, of the existence of Fe-Mo-S or 
Fe-V-S clusters as cofactors of nitrogenase) (37, 38). 

7. Synthesis and characterization of “model” complexes has contin- 
ued to be a powerful strategy for understanding the fundamental chemi- 
cal and spectroscopic properties of Fe-S clusters. Efforts by Holm and 
others are now directed at achieving discrete, subtle variants of Fe-S 
clusters, creating what they have termed “subsite specific” systems, 
and examining their chemical and spectroscopic properties (39-46). 

B. PROBLEMS ENCOUNTERED IN STUDYING REACTIONS OF Fe-S 
CLUSTERS IN PROTEINS 

These developments highlight the importance of dynamic properties 
that must be relevant to  the in uiuo functioning of clusters, particularly 
in catalysis or regulation. To gain a greater understanding of these 
aspects it is necessary to examine equilibria and kinetics of metal and 
ligand interchange, and to determine how these reactivities vary with 
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the cluster oxidation level (and, consequently, upon the electrochemical 
potential of the surrounding environment). Sensitive, quantitative 
measurements need to be made. Current strategies for studying reac- 
tions of Fe-S clusters in proteins are dominated by a general 
theme-that is, the preparation and spectroscopic examination of a 
sample in some stationary homogeneous state. Such a strategy focuses 
upon the characterization of structural, electronic, and magnetic prop- 
erties of the isolated species. However, certain limitations are apparent. 
First, the most widely used spectroscopic methods for studying Fe-S 
clusters-electron paramagnetic resonance (EPR), electron-nuclear 
double resonance (ENDOR), Mossbauer, magnetic circular dichroism 
(MCD) and resonance Raman-each require the sample to be in the 
frozen state. To monitor reactions in the time domain at ambient tem- 
perature it is necessary to use nuclear magnetic resonance (NMR) or 
circular dichroism (CD), since absorption spectra of Fe-S species are 
typically broad and devoid of characteristic features. Second, in order 
to  probe tight-binding equilibria (dissociation constants in the micro- 
molar range or lower) it is necessary to make measurements with 
low concentrations of protein. However, most spectroscopic techniques 
require cluster concentrations that are higher than 50 pM. Third, 
sample preparation is often slow and is usually complicated by the need 
to manipulate sensitive materials under critical conditions of controlled 
potential. 

C. USEFUL FEATURES OF DIRECT (UNMEDIATED) 
DYNAMIC ELECTROCHEMISTRY 

Dynamic electrochemical methods have several useful features for 
studies of redox proteins. 

1. In appropriate cases, the voltammetric response (i.e., the volt- 
age-current profile) constitutes a “signal” that can be assigned to a 
specific species (redox couple). For Fe-S clusters this is particularly 
useful since a convenient label is now provided. The usefulness contin- 
ues for proteins that contain several clusters, provided their reduction 
potentials are sufficiently separated. 

2. In the absence of a requirement for artificial redox mediators, 
electrochemistry is dynamically interactive and enables quantitative 
studies to be undertaken in the time domain. It is possible to transform 
and monitor states simultaneously under potential control, and to ma- 
neuver reversibly with respect to potential on short time scales. New 
species formed as a result of redox activity may be studied as coupled 
equilibria or “trapped,” depending upon the electrochemical time scale. 
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3. The useful potential range is wide and continuous, being restricted 
only by the limits for electrical breakdown of the solvent or electrode 
surface and not by the properties of mediators or titrants. Voltammetry 
of neutral aqueous solutions at  carbon electrodes is feasible at poten- 
tials more negative than -1 V and more positive than 0.8 V (all 
potentials given are versus the standard hydrogen electrode). By con- 
trast, the useful lower limit for sodium dithionite, the most widely used 
biochemical reductant, is around - 550 mV at pH 7 (47). As described 
later, voltammetry has been used to study chemically reversible redox 
transitions occurring at electrode potentials of - 0.75 V or lower. 

The above-mentioned features are generally applicable and have 
been exploited in several studies of Fe-S proteins. Even so, much more 
can be gained in terms of experimental refinement by restricting our 
observation to protein molecules that are immobilized at the electrode 
surface, i.e., not diffusing rapidly between the electrode and bulk solu- 
tion. Since electron transfer is dependent upon specific protein-elec- 
trode interactions, an  electrode surface that is not homogeneous may 
appear to an approaching protein molecule as an array of microelec- 
trodes-that is, some areas being active (sites at  which interaction 
leads to very fast electron transfer, i.e., reversible electrochemistry) 
and others being inactive (sites at which the protein does not interact 
in such a way, i.e., giving extremely irreversible electrochemistry) 
(48-50). In the limit of the entire electrode surface being active, the 
situation becomes that of linear diffusion to a planar macroelectrode 
and the voltammetric response conforms to the theory described by 
Nicholson and Shain (51). If, however, the fraction of active areas is 
small, the situation becomes that of radial diffusion to a microlectrode, 
and a steady-state voltammetric response (a sigmoidal wave) is ob- 
tained (48). The broad, poorly defined waveforms that are observed 
commonly for cyclic voltammetry of protein solutions may therefore 
be a combination of peaklike (linear diffusion) and sigmoidal (radial 
diffusion) waveforms. 

Exploited with caution, the voltammetry of adsorbed protein mole- 
cules offers many important and useful features. The schematic shown 
in Fig. 1 illustrates what we can regard as an idealized situation. The 
concept is described as follows: 

1. Redox-active protein molecules are adsorbed at an electrode sur- 
face. Electron transfer between the electrode and the protein’s redox- 
active site(s) occurs reversibly. 

2. Adsorption occurs with minimal conformational disruption and 
native functional properties are retained throughout the experimental 
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range of applied electrode potential. (While a large electric field can 
significantly alter the properties of a protein molecule, it should be 
borne in mind that fields of varying strength exist also at biological 
membranes.) 

3. The coverage is monolayer or lower, and active sites in each pro- 
tein molecule behave independently (but identically) to those in neigh- 
boring molecules. 

Formation of such an array can depend critically upon conditions 
such as electrode surface preparation and modification, solution ionic 
composition and pH, and coadsorption of other complex molecules, as 
indicated by the triangular shapes in Fig. 1. Since the protein molecules 
are absent from the electrolyte solution and none effectively leaves the 
electrode surface, all the charge that passes across the protein-elec- 
trode interface is accounted for in what may be regarded as a closed 
system. Analysis of the observed voltammetric response yields quanti- 
tative information on reactivites of specific active sites-information 
that for very reactive systems may be difficult to  obtain by more conven- 
tional methods. 

Some specific advantages of studying protein molecules adsorbed as 
an electroactive monolayer/submonolayer are as follows: 

1. The status of each redox-active site may be addressed on a rapid 
time scale. Unlike the situation in which the electrode contacts a 
“thick” solution of freely diffusing protein molecules, the voltammetric 
(linear sweep or cyclic) response that is observed for a well-behaved 

metal ions, ligands, substrates 

electrons 
FIG. 1. Schematic illustrating a layer of protein and coadsorbate molecules strongly 

adsorbed at an electrode surface. In an ideal situation, redox-active sites behave indepen- 
dently of each other, exhibit reversible electrochemistry, and interact freely with reagents 
in the contacting electrolyte. 
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surface-confined system is compact and finite. Figure 2 illustrates the 
limiting (ideal) case described by Laviron, in which a reversible, diffu- 
sionless electron transfer reaction occurs uncomplicated by species het- 
erogeneity, intersite interaction, or coupled chemistry (52-54). Peak 
potentials correspond to the formal reduction potential EO', the separa- 
tion between reduction and oxidation peaks (a,,) is 0 mV, and the 
theoretical peak width at half-height (6) is 91/n mV at 25"C, where n 
is the number of electrons required to be transferred in the process. 

-100 -50 0 50 100 

FIG. 2. Theoretical cyclic voltammogram for an ideal, reversible, electrode reaction of 
an adsorbed redox couple (see Refs. 52-54). 
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2. For each redox couple, the following readily measured parameters 
are analytically useful: the area under the wave yields the total charge 
exchanged between the electrode and the active site (for multicentered 
proteins, ratios of areas of separate waves can yield the relative site 
stoichiometries); the parameter 6 gives information on species heteroge- 
neity and intersite interactions; and the standard rate constant (KO) for 
electron exchange (if this falls short of being reversible) can be esti- 
mated from hE, (53,541. Complex waveforms arise if two or more redox 
couples have similar reduction potentials; however, these are more 
readily resolved than for the case of diffusing redox couples. 

3. The amount of material required to form a monolayer at a typical 
electrode surface (0.2 cm2) corresponds to a picomole or less. Thus a 
large number of experiments can be conducted with a limited supply of 
precious sample. 

4. Sensitivity for determination of tight-binding equilibria is good. 
The small number of molecules under examination makes it possible 
to study and quantify reactions that occur between the protein active 
sites and reagents that are contained in the electrolyte at high dilution. 
In terms of this sensitivity to trace reagents, the philosophy bears 
resemblance to that of stripping voltammetry (9-12). Effects of solvents 
(such as glassing agents required for MCD spectroscopy) can also be 
screened, without risking sacrifice of a significant amount of precious 
material. 

5.  By analysis of the voltammetric response, it is possible to obtain 
kinetic information; this includes the rates of entry and release of 
reagents at specific centers. 

6. If the adsorbed protein is an enzyme, the capability for precisely 
imposing a continuously variable electrode potential enables detailed 
examination of the potential dependence of catalytic function. Such an 
ability to fine tune the electrode potential (and thus vary the driving 
force for the electrode-protein electron transfer step) can lead to  the 
detection of gating effects and the identification of redox-active groups 
that may regulate electron flow, depending upon their redox status. 

Which techniques are most useful? Electrochemistry offers a wide 
selection. To date, direct current (DC) cyclic voltammetry has been the 
most widely used method, but as mentioned earlier, the linear sweep 
response obtained with a protein solution often consists of just a weak 
sigmoidal-like wave. Where greater current sensitivity and potential 
resolution are required, potential-step techniques, particularly square- 
wave voltammetry, offer considerable advantages since the response is 
greatly amplified by digital modulation of the potential sweep (55). 
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Recent examples of the application of square-wave voltammetry can be 
found in studies reported by Smith and co-workers, who have investi- 
gated reduction potentials for the [4Fe-4SI2+” + couple in several bacte- 
rial ferredoxins (56,57). For more refined kinetic measurements, tech- 
niques such as chronocoulometry, chronoabsorptometry, and rotating 
disk voltammetry are widely used by electrochemists and have been 
applied to protein electrochemistry (58, 59). 

How reliable are direct, dynamic electrochemical techniques for de- 
termining reduction potentials? For a diffusion-controlled electrode 
reaction, agreement should be good provided reagents (promoters) that 
may be required to enable the protein to interact with the electrode do 
not bind to the protein in a way that either causes a conformational 
change or favors one redox state over another. Discrepancy is expected 
to be more significant for studies on adsorbed proteins. Feinberg and 
co-workers have compiled reduction potential data for Clostridium pas- 
teurianurn 2[4Fe-4Sl ferredoxin as reported by a number of groups 
using different methods, including voltammetry, at various electrodes 
(56,571. A spread of -50 mV is observed, but this does not indicate any 
trend that distinguishes between equilibrium and dynamic electro- 
chemistry. 

D. ACHIEVING DIRECT ELECTROCHEMISTRY OF FERREDOXINS 

Several early reports described polarography of ferredoxins and ob- 
servations of waves in the regions of applied electrode potential ex- 
pected on the basis of equilibrium potentiometric measurements 
(60-66). The question of whether these waves reflected properties of 
adsorbed or diffusing molecules was debated. In their studies on the 
effects of solvent on the redox properties of C. pasteurianum 2[4Fe-4Sl 
ferredoxin, Holm and co-workers concluded that the polarographic re- 
sponse was reversible; plots of log il(id - i) against the applied potential 
Eappl gave gradients of - 59 mV and half-widths of pulse polarographic 
waves were 90 mV, each as expected for a one-electron process (in this 
case two noninteracting redox sites) (63). The reduction (half-wave) 
potential thus obtained was -430 mV at pH 8.4, at the negative end 
of the range of values determined by potentiometry. Polarography is a 
technique in which the electrochemical response is recorded at short 
contact time; consequently extended time processes and the stability of 
the response are not addressed (9-12). The effect of extended contact 
with a mercury electrode was investigated by Ikeda and co-workers, 
who carried out cyclic voltammetry experiments on Clostridium ferre- 
doxin a t  a hanging mercury drop electrode (65). The results showed 
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that the ferredoxin is adsorbed strongly and that the Fe-S clusters are 
rapidly degraded, giving rise to  signals attributable to cysteine thiolate 
redox activity. This is not unexpected, given the well-known affinity of 
Hg for sulfur ligands (67). 

In 1977, Hawkridge and co-workers discovered that quasi-reversible 
electrochemistry of a solution of spinach [2Fe-2S] ferredoxin could be 
achieved with a gold electrode that had been coated with an electro- 
chemically polymerized form of methyl viologen (58, 68). Ferredoxins 
generally have PI values below 4 and carry significant negative charges 
at  neutral pH. One likely rationale is therefore that the layer functions 
by providing a noninsulating positively charged surface that is suited 
for interaction with the protein surface. Bianco and co-workers and, 
more recently, Smith and Feinberg have employed this type of modified 
electrode to study ferredoxins; however, a small concentration of methyl 
viologen (10% of the protein) was required in solution (56, 69). Van 
Dijk and co-workers have also described results with a glassy carbon 
electrode modified by polymeric viologen (70). 

In 1982, Hill and co-workers reported that quasi-reversible electro- 
chemistry of C. pasteurianurn 2[4Fe-4Sl ferredoxin (Fd) could be ob- 
tained at pyrolytic graphite electrodes in the presence of Mg2+ ions 
(71). In a subsequent paper it was shown that the electrochemical 
response depended upon the electrode surface oxide density (polished 
edge > polished basal B cleaved basal) and was promoted by metal 
aquo ions and a variety of complex cations, none of which are redox 
active in the potential range of the experiment (72). Many other pro- 
teins, including spinach [2Fe-2S] ferredoxin, were found to be similarly 
active, giving cyclic voltammetry that could be described as diffusion 
controlled. It was proposed that the cationic promoters function by 
forming salt-bridge-like cross-linkages between residues on the protein 
surface and the weakly acidic C-0 groups of the electrode surface. By 
such interactions, the protein molecule can be held and oriented at the 
electrode in the manner of a precursor electron transfer complex. Such 
reagents may be thought of as greatly increasing the number of protein 
interaction sites on the electrode surface. Without promoters, the elec- 
trochemistry may still be reversible, but occur at  few sites, thus re- 
sulting in a weak sigmoidal-like response as viewed by linear-sweep 
methods (49). Using square-wave voltammetry, Feinberg and co- 
workers have obtained an electrochemical response for a solution of C. 
pasteurianurn Fd at a pyrolytic graphite edge (PGE) electrode with- 
out the addition of any ionic species apart from Tris/HCl and NaCl 
(57). 

In 1988, it was reported that aminocyclitols such as neomycin or 
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tobramycin were much more effective than metal ions and complexes 
for promoting electrochemistry of ferredoxins (73). This was evident 
from a study of the cyclic voltammetry of Azotobacter chroococcum 7Fe 
ferredoxin at edge-oriented graphite (PGE). Aminocyclitols (also known 
as aminoglycosides) are a class of molecules that have useful antibiotic 
properties (74). A key feature undermining their effectiveness is that 
they contain a number of basic (-NH, + , -NH,R+) groups positioned 
at locations on a complex oligosaccharide. This spatial complexity prob- 
ably suits them particularly well for interaction with residues on the 
protein surface and with irregular C-0 sites on the electrode. They 
have since proved to be very effective with other ferredoxins (29, 75, 
76). In addition to being redox inactive, they are also colorless and 
diamagnetic and thus do not interfere with spectroscopic examination 
of electrochemically transformed samples. A further development has 
been the discovery that they induce the formation of an electroactive 
film of protein molecules, effectively monolayer/submonolayer thick- 
ness, that can be transferred upon the electrode between various elec- 
trolyte solutions (35, 36, 77). 

111. Applications 

A. REDOX PROPERTIES OF Azotobacter FERREDOXIN I AND 
SITE-DIRECTED MUTANT FORMS 

Studies with this protein serve to demonstrate the most obvious 
application of direct electrochemical methods, that is, the investigation 
of basic redox properties. Voltammetry provides advantages of rapidity, 
sample economy, and the ability to  measure reduction potentials of 
redox couples that involve unstable species, either by virtue of intrinsic 
lability or oxygen sensitivity. Direct electrochemical methods are valu- 
able for determining reduction potentials that are too negative to be 
addressed effectively by chemical titrants and mediators, and for pre- 
paring samples of highly reducing products for spectroscopic examina- 
tion. They are also suited for extensive investigations, for example, in 
the measurement of Eo' under a range of conditions of temperature 
or pH. 

We have been interested in the redox properties of 7Fe ferredoxins 
from the N2-fixing aerobe Azotobacter. The so-called ferredoxins I 
(Fd I) isolated from Azotobacter vinelandii or A .  chroococcum each 
contain one [3Fe-4Sl and one [4Fe-4Sl cluster (24). The protein from 
A .  uinelandii (polypeptide M, - 12,700) has been particularly well 
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studied. The crystal structure of the oxidized form shows that the two 
clusters are ligated by seven out of a total of nine cysteine residues, 
according to the scheme shown in Fig. 3A (21,22). At the present time, 
the amino acid sequence of A.  chroococcun ferredoxin is not known. 

Spectroscopic studies with Fd I isolated from A. uinelandii and A.  
chroococcun have shown that the two proteins possess very similar, 
unusual properties. In either case, the [3Fe-4Slo cluster generated 
upon one-electron reduction exists in two pH-interconvertible forms, 
each having a spin state S = 2, but exhibiting different low-tempera- 
ture MCD spectra (24, 78, 79). The alkaline form (pH > 7) shows a 
spectrum that is very similar to that exhibited by [3Fe-4Slo clusters 

A. Native 

50 

[4R-4S] 

10 2o 33 40 

A-F-V-V-T-D-N-C-1-K-C-K-Y-T-D-C-V-E-V-C-P-V-D-C-F-Y-E-C-P-N-F-L-V-I-H-P-D-E-C-I-D-C-A.L.C-E.P.E.C.P. 

[3R-4S] 

B. C24A 

10 P 33 rn 40 50 

[4R-4Sj 

A-F-V-V-T-D-N-C-I-K-C-K-Y-T-D-CVE-V-C-P-V-D-A-F-Y-E~G-P~N-F-L-V- I-H-P-D-E-C-I- D-C-A-L-C-E-p-E-C-p- 

C. C20A 

10 m 33 40 50 
A-F-V-V~T-D-N-C-I -K-C-K-Y-T-D-C-V-E-V-A-P-V-D-C-F-Y-E-C-P-N-F-L-V-I-H-P-D-E-C-I-D-C-A-L-C-E-P-E-C-P- 

FIG. 3. Amino acid sequences ofnative A. vinelandii Fd I and the site-directed mutants 
C24A and C20A. Only amino acids 1-50 are shown since the second half of the polypeptide 
chain does not coordinate the clusters. Altered residues are indicated by arrows. 
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in other proteins, including inactive beef heart aconitase and the (so- 
called) ferredoxin I1 from Desulfouibrio gigas (80,81). By contrast, the 
acid form shows an MCD spectrum which is unlike that observed for 
other proteins. By use of CD spectroscopy it has been shown (for A .  
uinelandii Fd I) that this difference persists at ambient temperature 
and in the absence of glassing agents (24). 

It was known also that the [4Fe-4Sl cluster in A .  uinelandii or A. 
chroococcum Fd I is unusual in being nonreducible by dithionite at  
neutral pH. An earlier proposal that this was a high-potential 
iron-sulfur protein (HiP1P)-type cluster, i.e., operating between + 3 
and + 2 oxidation levels, was shown to be in error (82). It was suggested 
instead that this was an unusual [4Fe-4SI2+’l + system for which $7” 
is more negative than -600 mV. 

Direct electrochemical studies have provided a more detailed quanti- 
tative description of these anomalies. In the first such study, solutions 
of A. chroococcum Fd I at  various pH values were examined by cyclic 
voltammetry at a PGE electrode (73). To promote the electrochemical 
response, millimolar levels of the aminocyclitols neomycin or tobra- 
mycin were included in the buffer electrolyte. Three redox couples, 
labeled A, B, and C, were observed, as shown in Fig. 4. At pH 8.3, the 
dominant wave pairs A and B appear of similar size. Couple A was 
shown to  be quasi-reversible and to  behave in the manner expected for 
an electrochemical process in which the current is limited by diffusion 
of molecules to  a planar electrode surface; for example, a plot of peak 
current against (scan rate)”2 was linear up to a scan rate of 100 mV/ 
sec. Couple B was also observed to be electrochemically well-behaved. 
At  pH values >7, where there is no interference from couple C, the 
electrode reaction appeared diffusion controlled up to at least 1 V/sec, 
while the peak separation remained <80 mV. 

Assignments of couples A and B were made following spectroscopic 
examination of samples prepared by bulk electrolysis under controlled 
potential conditions. Small volumes (0.3-0.4 ml) of ferredoxin solutions 
can be electrochemically transformed conveniently using cells in which 
(in order to  obtain a large surface area) the PGE electrode forms both 
the base and walls. Exhaustive reduction at an applied potential of 
- 550 mV consumed one electron per molecule of protein and produced 
a product showing complete bleaching of the g = 2.01 EPR spectrum 
due to [3Fe-4S11 +. A similar product, giving rise to the pH-dependent 
MCD spectra assigned as [3Fe-4Slo, could be prepared by reduction 
with sodium dithionite. In this way, couple A was established to be due 
to the [3Fe-4S11 +’O cluster. Observed reduction potentials E:i8 (deter- 
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Eo;imV vs. SHE 

FIG. 4. Cyclic voltammetry of A. chroococcurn Fd I a t  pH 8.3 {84 pM protein in 20 
mM 3-[tris(hydroxymethyl)methylamino]-l-propanesulfonic acid, 0.1 M NaCI, 1.5 mM 
neomycin} and pH 6.3 [85 pM protein in 20 mM 1,4-piperazinebis(ethanesulfonic acid), 
0.1 M NaCl, 1 mM tobramycinl. Temperature 3"C,,scan rate 10 mV/sec. Electrode is 
PGE. Shown at the center is the pH dependence of E o  values. [Adapted from Armstrong, 
F. A., George, S. J., Thomson, A. J., and Yates, M. G., FEBS Lett. 234, 107 (19881, with 
permission]. 
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mined from the average peak potentials for reduction and oxidation 
waves) were pH dependent and data gave a good fit to  Eq. (11, 

(1) 
which describes a system comprising the reactions given by Eqs. (2) 
and (3)) in which electron transfer is coupled to net addition of one H’ 
to the reduced form, equilibrium being established rapidly and within 
the voltammetric scan time. 

[3Fe-4S11+ + e- $ [3Fe-4Slo E:ik (2) 

[3Fe-4Slo + Ht e [3Fe-4Slo---H+ l/KH (3) 
Under the conditions of the voltammetric measurements (temperature 
3”C, 0.1 M NaCl as supporting electrolyte, 5 mM mixed-buffer system) 
the pK ( -log KH) was determined to be 7.8 ? 0.1, with E:Lk = - 460 
mV and AE~~,/d(pH) = -55 mV (i.e., consistent with net addition of 
one bound H+ per protein molecule. Such direct coupling to a proton 
transfer process is unusual for Fe-S clusters. 

Anaerobic controlled potential electrolysis at - 835 mV of a pH 8.3 
solution consumed two electrons per protein molecule. Cyclic voltam- 
metry of this product confirmed full retention of couples A and B, thus 
showing that no significant irreversible changes had occurred to the 
sample upon electrolysis. The EPR spectrum was complicated, being of 
the “g = 1.94” type with additional features and arising from 0.8 spin 
per molecule. It was similar to that of the two-electron reduced 7Fe 
ferredoxin from Thermus thermophilus, which contains a [4Fe-4SI1 + 

cluster that is spin coupled to [3Fe-4Slo (83). Couple B could thus be 
assigned to the [4Fe-4SI2+”+ cluster. The mild pH dependence [dEo’/ 
d(pH) = - 25 mV1 suggested weak coupling to a protonation equilib- 
rium. At pH 8.3, EO’ was determined to be - 645 mV, thus explaining 
why the reduced form could not be obtained by reduction with dithionite 
and confirming the earlier suggestion by Morgan et al. (82). It is worth 
noting that the bulk electrolysis approaches being quantitative even 
at the very low potentials used, and that the reduced [4Fe-4SI1 + cluster 
does not react with water at any significant rate. 

Couple C, a relatively minor feature in this case, has appeared to be 
a typical feature of ferredoxins that contain a [3Fe-4Sl cluster. For 
most proteins (see below) we have found it to  be a chemically complex 
process that occurs readily only for protein molecules that are confined 
to the electrode surface. As outlined later, some clarification of the 
nature of this redox couple has arisen from voltammetry of protein 
films in the absence of freely diffusing molecules. 

E:ia = E$k + (2.3RT/F) log(1 + [H+]/&) 
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A long-standing question, highlighted by the results obtained with 
A. chroococcum Fd I, is the origin of the large variation in reduction 
potentials of C4Fe-4Sl clusters among different proteins (84 ). Most 
vividly of course, there exist two distinct classes of protein that display 
redox couples involving different pairs of oxidation levels. For the 
[4Fe-4S12+’* + couple (as exhibited by ferredoxins), EO’ values cover the 
range -250 to -650 mV, whereas for HiPIPs ([4Fe-4SI3+”+), EO’ 
values range between + 50 and + 450 mV. It is found that ferredoxins 
do not exhibit the + 3 oxidation level. A search for oxidation processes 
occurring at C. pasteurianum 2[4Fe-4S] ferredoxin using differential 
pulse and square-wave voltammetry revealed only reactions generating 
rapidly decomposing species (85). The first of these reactions, suggested 
to be the couple [4Fe-4SI3+l2+ (product lifetime <2 msec) is associated 
with a reduction potential estimated at 850 mV. Conversely, there is 
no evidence to show that HiPIPs can attain the +1 oxidation level 
under physiologically feasible conditions. In what has been a much- 
cited experiment, Cammack showed that the [4Fe-4SI2+ cluster in 
Chromatium vznosum HiPIP becomes reducible by dithionite (i.e., “fer- 
redoxin-like”) if the protein is unfolded in 80% dimethyl sulfoxide 
(DMSO) (86). Cyclic voltammetry of C. vinosum HiPIP under normal 
conditions failed to find any evidence for the [4Fe-4SI2+”+ couple at 
electrode potentials as negative as - 1.2 V (87). 

On the basis of detailed comparisons of the resonance Raman and 
crystallographic structures of several ferredoxins and several HiPIPs, 
it has been concluded that the two classes of proteins are distinguished 
by major differences in the local environment of the [4Fe-4S] cluster 
(84). These differences are the number of N-H.-.S hydrogen bonds 
(five in HiPIP against eight in Fds-the greater number stabilizing the 
electron-rich + 1 oxidation level), the cysteine torsional angles (larger 
in HiPIP), the positions of cysteine residues in the sequence, and the 
degree of solvent accessibility of the cluster (much less in HiPIP). 
However, it has also been concluded that within each class there is 
remarkably little difference in these parameters. The question of the 
extent to  which reduction potentials are modulated electrostatically by 
the presence of charged residues is an obvious one. Consider the + 1 
oxidation level, which with tetrathiolate ligation has a local charge of 
-3; this should be destabilized by the close proximity of a negative 
charge but should be stabilized by a nearby positive charge. It was 
suggested that while the nature of the amino acids close to  the cluster 
must be influential in modulating the reduction potential, the charge 
on these groups should be unimportant since charged residues tend to 
be located on the protein surface (84). It is well known that reduction 
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potentials are modulated by protonation, although marked effects are 
rare for Fe-S clusters. For A .  chroococcumlA. vinelandii Fd I, the 
combined voltammetric1MCD evidence provides strong evidence that 
site of protonation is very near or indeed at the [3Fe-4Slo cluster (24, 
73, 78, 79). Another demonstration of the influence of a proton is given 
in a report by Smith and Feinberg (56). From voltammetric studies on 
several 2[4Fe-4S] ferredoxins, it was noted that one example (Clostrid- 
ium thermosaccharolyticum Fd) showed a sigmoidal relationship be- 
tween EO‘ and pH. The perturbation, approximately 40 mV in total, 
was attributed to redox-linked protonation of an adjacent histidine 
residue that is absent from the sequence of other bacterial ferredoxins. 
Systemmatic studies of subsite-differentiated cluster analogs have shed 
light upon the influence of intrinsic factors. Valence localization [Fe(III) 
character versus Fe(I1)-type character] and ligand type (electron donor 
strength, monodentate versus bidentate) have each been shown to mod- 
ulate the reduction potential (40-42). 

To gain a more systematic understanding of how the redox properties 
and stabilities of Fe-S centers are influenced by the protein structure, 
Burgess and co-workers have used site-directed mutagenesis to alter 
specific amino acid residues in ferredoxin I from A .  vinelandii (76). 
Mutant forms of this Fd I were expressed and isolated, then crystals 
were examined by X-ray diffraction in order to  compare their structures 
with that of the native protein. In the two examples to be described, 
cysteine residues close to  the [4Fe-4Sl cluster were replaced by Ala, as 
shown in Fig. 3 (B and C). In the case of the C24A mutant, a nonligating 
Cys that is in van der Waals contact with the [4Fe-4S] cluster is 
replaced by alanine, but the resulting environment in the vicinity of 
the cluster is otherwise very similar to  that of the native form (88). For 
the C20A mutant a ligating Cys is replaced; the cluster instead adopts 
Cys 24 and there is a large rearrangement of the local structure (89). 

Electrochemistry was performed with -0.1 mM ferredoxin solutions 
over a range of conditions of pH, using tobramycin or neomycin to 
promote interaction of the protein with the PGE electrode. Square- 
wave voltammograms of native, C20A, and C24A forms at  pH 7.8 are 
shown in Fig. 5.  As evidenced by the excellent alignment of couples A 
and C, the [3Fe-4Sl cluster appears unperturbed. By contrast, the 
position of couple B, assigned as [4Fe-4SI2+”+ by analogy with A .  
chroococcum Fd I, varies over a range of -150 mV. Collective data are 
given in Table I. 

Further refinement stemmed from measurements of the pH depen- 
dence of EO’ values for each couple. As shown in Fig. 6, data for couple 
A ([3Fe-4S11 + ’‘1 overlay and yield essentially indistinguishable values 
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TABLE I 

REDUCTION POTENTIALS ,?& FOR THE Fe-S CLUSTERS OF NATIVE, C 2 0 A ,  AND C24A FORMS OF 
Azotobacter vinelandii FERREDOXIN 1 AS DETERMINED BY SQUARE-WAVE VOLT AM ME TRY^ 

[3Fe-4S11* Native 
( =  A )  C20A 

C24A 

14Fe-4SI2+ '* Native 
I= B) C20A 

C24A 

C Native 
C24A 

-425 ( 2 5 )  
-429 I251 
-427 (?5)  

-647 it51 
-746 1210) 
-600 ( 2 5 )  

-772 ( c 1 5 )  
-782 (?5l 

16 
15 
18 

- 
52 

43 l+41 
42 l+31 
43 ( + 4 )  

7.8 I 10.2) 
7.6 ( t 0.2) 
7.9 (+0.2) 

-445 I+15)  
- 440 I + 151 
- 4 4 9 ( + 1 5 )  

~~ 

" All measurements made at 3°C Data taken from Ref. 76 

of pK, dE;i,ld(pH), andE:;k as analyzed according to Eq. (1). The result 
is consistent with the conclusion, drawn from the crystallography stud- 
ies, that the alterations caused in the [4Fe-4Sl cluster binding domain 
induce no significant structural changes close to  the [3Fe-4Sl cluster 
(88, 89). The center-to-center distance between clusters is 11 A. 

Data for couple B yield a set of essentially parallel straight lines 
having slopes dE:i,ld(pH) of approximately - 16 mV. The increase in 
E o f  of -50 mV upon replacement of Cys 24 by alanine, in comparing 
what are otherwise very similar cluster environments, suggests that 
the noncoordinating cysteine in native A. vznelandiz Fd I might be 
ionized (i.e., exist as the thiolate anion) throughout this pH range. 
While this may be considered unlikely, removal of a unit negative 
charge from a distance of van der Waals contact would certainly be 
expected to stabilize the reduced form of the cluster. On the other hand, 
the -100-mV decrease in E o f  observed upon replacement of Cys 20 by 
alanine shows that the advantage of removing the neighboring cysteine 
is outweighed considerably by effects due to the structural changes 
thus induced. Several factors are clearly involved. What is interesting, 
however, is that the C20A mutation produces no change in the exposure 
of the [4Fe-4S] cluster to  solvent molecules, and that the number, type, 
and distances of NH-S hydrogen bonds are unchanged (although there 
are significant changes elsewhere). 

The physiological function of Fd I is not known. The finding by 
Burgess' group that double-mutant strains C2OAIFld- and C24AlFld- 
(Fld- strains do not synthesize flavodoxin) grow at the same rate as 
wild-type cells is interesting, since it raises the question of the physio- 
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FIG. 5. Square-wave voltammetry of native A. uinelandii Fd I and site-directed mu- 

tants a t  a PGE electrode. Shown are resultant peak currents for scans made in the 
direction of increasing negative potential. Protein concentrations are 100 pM each in 0.1 
M NaC1, 20 mM mixed buffer, pH 7.8. Temperature 3°C. Square-wave frequency is 60 
Hz, pulse amplitude is 40 mV, potential step size is 1 mV. [Adapted from Iismaa, S. E., 
VBzquez, A. E., Jensen, G. M., Stephens, P. J., Butt, J. N., Armstrong, F. A., and Burgess, 
B. K., J. Biol. Chem. 266, 21563 (19911, with permission.] 

FIG. 6. Graph of E;i8 against pH for redox couples A, B, and C of native A. uinelundii 
Fd I (0)  and site-directed mutants C20A (A) and C24A (0). All data obtained at  3"C, 0.1 
MNaC1,20 mMmixed buffer, 1-2 mMneomycinor tobramycin. Graph A shows nonlinear 
regression fit to Eq. (1). Graphs B and C show best linear fits. [Adapted from Iismaa, 
S. E., Vtizquez, A. E., Jensen, G. M., Stephens, P. J., Butt, J. N., Armstrong, F. A., and 
Burgess, B. K., J. Biol. Chem. 266, 21563 (19911, with permission.] 
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logical relevance of the very low-potential [4Fe-4SI2 + ” + cluster (76). 
If it does indeed function as a redox center, its reduction in uiuo requires 
that the natural electron donor has a reduction potential lower than 
- 750 mV or that the process is coupled to an exergonic process such 
as ATP hydrolysis. 

B. CHARACTERIZING THE Fe-S CLUSTERS IN Desulfouibrio ufricunus 
FERREDOXIN 111, A PROTEIN CONTAINING A REACTIVE 
[3Fe-4Sl CLUSTER 

Ferredoxin I11 from Desulfouibrio ufricunus has proved to be an inter- 
esting subject for studying facile metal ion and ligand exchange reac- 
tions at  clusters. As isolated, this small protein (polypeptide M, - 6600) 
was found to contain seven or eight Fe atoms and seven or eight labile 
sulfides per molecule and to possess a total of seven cysteines occupying 
positions in the amino acid sequence as shown in Fig. 7 (90). In this 
schematic, the two clusters have been included in positions that we 
now believe to be correct, although support from crystal structure deter- 
mination has yet to be obtained. Early attempts to characterize the 
clusters in D. ufricunus Fd I11 had met with limited success. From 
EPR spectroscopy it was known that the oxidized protein, as isolated, 
contains a [3Fe-4SI1 + cluster, while spectra measured for a dithionite- 
reduced sample revealed the presence of [4Fe-4S11 + . However, a satis- 
factory quantitative analysis was not obtained. Inspection of spectra 
obtained during conventional potentiometric titrations at various de- 
grees of reduction revealed complex changes in spectral appearance 
and indicated that irreversible transformations were occurring. 

As with Azotobucter ferredoxins, direct electrochemistry of a solution 
of D. ufricunus Fd I11 could be achieved readily with a PGE electrode 

G-Y-K-I-T-I-D-T-D-K-C-T-G-D-G-E-C-V-D-V-C-P-V-E-V-Y-E-L Q 

V N-E-E-V-T-L-A-D-Q-E-C-V-E-V-C-S-E-C-G-L-C-E-D-E-N 
- 

FIG. 7. Amino acid sequence of D. ufricunus Fd I11 showing proposed coordination of 
[3Fe-4S] and [4Fe-4S] clusters in the isolated 7Fe form. 
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in the presence of neomycin (75). Cyclic voltammetry under slow scan 
rate conditions (<20 mV/sec) showed two prominent pairs of waves (A 
and B) and a third weaker feature (C). This is displayed in Fig. 8. 
Couples A and B are of similar magnitude, provided (1) the scan rate 
is not increased (in which case waves A collapse to become a weak 
sigmoidal feature, eventually revealing an underlying adsorption wave 
at scan rates >160 mV/sec) and (2) provided a metal chelator such as 
EGTA is present in solution (in this case, EGTA is used instead of 
EDTA since the voltammetric response of FeEDTA interferes with 

-800 -600 -4 

A 

Ee~rnV vs. SHE 

FIG. 8. Top: cyclic voltammetry of a solution of D. ufricunus Fd I11 a t  a PGE electrode 
showing couples A, B, and C. Protein concentration is 110 WM in 0.1 M NaC104, 20 mM 
HEPES buffer, 0.1 mM EGTA, 1.1 mM neomycin, a t  pH 7.4. Temperature 2"C, scan rate 
8 mVlsec. Bottom: pH dependence of Eo' values, various buffer electrolytes used. Lines 
are least-squares fits to data. [Adapted from Armstrong, F. A., George, S. J., Cammack, 
R., Hatchikian, E. C., and Thomson, A. J., Biochem. J .  264,265 (1989), with permission.] 
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couple A). The first observation is still unanswered [by contrast, couple 
B behaves much more classically in terms of exhibiting a linear relation 
between peak current and (scan up to 800 mVlsec, and AE, 
values of 55-60 mV]. Further experiments (see below) have provided 
an explanation for the second observation in terms of a rapid reaction 
of the reduced ([3Fe-4SIo) cluster with traces of Fe(I1) liberated by slow, 
continual protein decomposition. 

Couples A (Eo’ = - 140 mV) and B (Eo’ = -410 mV) were each 
assigned by performing bulk electrolyses at controlled potential, and 
then examining the products by EPR and MCD. Exhaustive reduction 
at -260 mV in the presence of an equivalent of EGTA consumed 
one (0.9) electron per molecule. The resulting sample showed almost 
complete loss of the EPR signal at g = 2.01 and the appearance of a 
broad feature at g = 12. The MCD of the one-electron reduced protein 
is very similar to  that of [3Fe-4Slo clusters in other proteins (91). 
Exhaustive reduction at  a potential of -605 mV consumed two elec- 
trons per molecule and samples thus prepared showed (in addition to 
the g = 12 feature) an axial EPR spectrum with g values g, = 1.93, 
gll = 2.05. Double integration of the high-field signal yielded values 
averaging 1.0 2 0.1 spins. Couples A and B were thus assigned as 
[3Fe-4S11 +’O and [4Fe-4S12 + ’l+ , respectively. Experiments carried out 
over the pH range 5-8 showed that neither couple exhibits a significant 
pH dependence (cf. the [3Fe-4SI1+’O cluster of A .  chroococcumlA. uine- 
landii Fd I). Couple C appeared to be a kinetically complex pH-depen- 
dent redox couple, resembling the observation made for A .  chroococ- 
cumlA. uinelandii Fd I. 

From their respective spectroscopic similarities to  [3Fe-4Sl and 
[4Fe-4Sl clusters in other proteins, positions in the protein were as- 
signed as indicated in Fig. 7. The partial sequences -C-Xaa-Xaa-C- 
Xaa-Xaa-C- and remote -C-P- form a characteristic binding motif for 
[4Fe-4Sl clusters in ferredoxins (92). The remaining three cysteine 
residues, located in the partial sequences -C-Xaa-Xaa-D-Xaa-Xaa-C 
and remote -C-E- were assigned to the [3Fe-4S] cluster. The resulting 
binding domain resembles that of a [4Fe-4S] domain except that an 
aspartate occupies the normal central cysteine position, and the remote 
cysteine that is normally followed by the kink former proline is followed 
instead by glutamate. Marked changes in the cyclic voltammetry are 
observed upon addition of two equivalents of Fe(II), i.e., sufficient to  
complex with the EGTA and react 1 : 1 with the ferredoxin (29). As 
shown in Fig. 9, reduction of the [3Fe-4S11+ cluster initiates its trans- 
formation into another species. Continued cycling results in complete 
disappearance of couples A and C and an apparent twofold increase in 
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briefly. then resume 

continued cycling 

I I I I I I 

-800 -600 -400 -200 0 200 

E/mV vs. SHE 

FIG. 9. Cyclic voltammetry of a solution of D. ufricunus Fd I11 showing the effect of 
adding Fe(I1) to the electrolyte. Protein concentration was 110 p M  in electrolyte composed 
of 0.1 M NaC104, 20 mM HEPES, 0.1 mM EGTA, 1.1 mM neomycin. At stage 11, Fe(I1) 
was added to give a total concentration of 0.21 mM. Scan rate 16 mVlsec. Temperature 
2°C. [Adapted from George, S. J., Armstrong, F. A., Hatchikian, E. C., and Thomson, 
A. J., Bwchem. J. 264, 275 (1989), with permission.1 

the amplitude of couple B. For the resulting product, peak currents 
were observed to be proportional to scan rate up to at least 160 mV/ 
sec and the peak-to-peak separation was 60 mV at  16 mV/sec. The 
waveshape conforms closely to that expected for a single one-electron 
couple with EO’ = -400 mV, or more than one such couple having 
reduction potentials very close in value. Similar results were obtained 
in different electrolyte media, for example 0.1 M NaC104 instead of 
NaC1, and pH 6.3 [4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid 
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(HEPES)] or pH 8.3 {3-[tris(hydroxymethyl)methylamino]-l-pro- 
panesulfonic acid (TAPS)}. 

A quantitative analysis of this transformation was undertaken by 
performing bulk electrolysis prior to, during, and following addition of 
Fe(I1) to the sample solution. The course of one such determination is 
shown in Fig. 10. A solution of D. ufricunus Fd I11 containing one 
equivalent of EGTA was exhaustively reduced at - 610 mV. This con- 
sumed two electrons per molecule. Then aliquots of Fe(I1) [each corre- 
sponding to approximately 0.25 Fe(I1) per protein molecule] were in- 
jected into the stirred cell while the electrode potential was maintained 
at - 610 mV. The first two additions produced little change because the 
Fe(I1) is complexed preferentially by the remaining EGTA, but several 
subsequent additions resulted in large increases in current until a 

i l p A  

equiv. Fez+ 
I 

2.5 

I 2 5 10 IS 20 I 2 A t i m e t  B time I min C time Ar 

FIG. 10. Bulk electrolytic reduction of D. ufricunus Fd I11 and titration with Fe(I1). 
(A) Bulk reduction at  -610 mV in stirred cell. Solution is 0.4 ml containing 110 p M  
protein in 0.1 M NaCl, 20 mM HEPES, 0.1 mM EGTA, 1.5 mM neomycin, pH 7.4. 
Temperature 3°C. (B) Additions of 0.25 equivalents of Fe(I1) to the two-electron-reduced 
protein while holding applied potential a t  - 610 mV. Graph shows the increase in current 
observed as a function of the number of equivalents of Fe(I1) added. The line drawn 
through the central points corresponds to a predicted uptake of 1.0 equivalent Fe(I1) per 
protein molecule, following the initial lag due to complexation by EGTA. (C) Further 
bulk reduction at -610 mV, following from B. [Adapted from George, S. J., Armstrong, 
F. A., Hatchikian, E. C., and Thomson, A. J., Biochem. J .  264, 275 (1989), with per- 
mission.] 
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limiting value was reached. Analysis of the Fe(I1) titration showed that 
one Fe(I1) was taken up per protein molecule. The solution was then 
electrolyzed further to equilibrium. Determination of the charge passed 
in this second phase was consistent with addition of one further electron 
per protein molecule. 

The products of this reaction [and of chemically transformed samples 
prepared by addition of Fe(I1) and variable amounts of dithionite to 
the 7Fe protein] were examined by EPR and MCD spectroscopy. The 
spectrum of the oxidized product [formed by reducing with one electron 
equivalent of dithionite, then adding Fe(1I)l showed no significant EPR 
signals. In the UV-visible spectrum, the 408-nm shoulder exhibited by 
the 7Fe protein was replaced by a rounded peak at  390 nm, similar to 
that observed for ferredoxins containing only [4Fe-4Sl clusters. MCD 
spectroscopy showed that this product was diamagnetic. The EPR spec- 
tra of the partial and fully reduced products were interesting. A rhombic 
signal with g values 2.05, 1.93, and 1.89 was observed upon reduction 
by <0.5 electron equivalents. Upon complete reduction (i.e., by two 
electron equivalents) the spectrum appeared more complicated, indica- 
tive of spin coupling to a nearby paramagnet. However, double integra- 
tion of the low-field signals yielded only a single spin per molecule, 
leaving one spin unaccounted for. The other clearly distinguished fea- 
ture in the spectrum was a signal at g = 5.27, and this was assigned 
to a major species with spin S = $. The MCD spectrum was very 
different from that of the [3Fe-4Slo cluster, but similar in feature to  
those of other [4Fe-4SI1 + cluster-containing proteins. Its intensity was 
greater than expected for two S = 4 [4Fe-4SI1+ clusters, and the form 
of the resulting magnetization curve indicated the presence of species 
having S > 4. 

Together, the results from these experiments suggested a sequence 
of reactions [Eqs. (4)-(6)] in which Fe(I1) enters the reduced [3Fe-4Slo 
cluster rapidly to complete a cubane-type [4Fe-4S12+ structure, which 
can undergo further one-electron reduction. No reaction occurs with 
the oxidized [3Fe-4SI1 + cluster. Such a scheme resembles the in vitro 
activation of aconitase (14). The reactivity also explained the problems 
involved in characterizing the 7Fe protein, which is subject to slow 
degradation accompanied by loss of Fe. 

[3Fe-4SI1+ + e-  [3Fe-4SIo Eo' = - 140 mV (4) 

[3Fe-4S1° + Fe(I1) --* [4Fe-4S12' fast (5) 

[4Fe-4SI2+ + e-  [4Fe-4SI1+ Eo' = - - 400 mV (6) 
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The resulting product is an 8Fe ferredoxin containing two [4Fe-4S] 
clusters. However, unlike C. pasteurianum Fd, one of the clusters must 
lack a cysteine thiolate donor. The question of the nature of the nonthio- 
late ligand is not yet answered, although a water molecule (H20/OH-) 
and the carboxylate function of Asp 14 are the primary possibilities. 
Several other ferredoxins containing a [3Fe-4Sl cluster are known to 
have a partial sequence -C-Xaa-Xaa-D-Xaa-Xaa-C- similar to  
that of D .  africanus Fd 111. The most notable of these is the unusual 
ferredoxin isolated from the hyperthermophile Pyrococcus furiosus (30). 
This protein is a monomer (polypeptide M ,  - 7500), containing a single 
[4Fe-4S] cluster that is readily degraded to a [3Fe-4S] cluster if iso- 
lated under aerobic conditions. Like D .  africanus Fd 111, the reduced 
[3Fe-4S1° cluster takes up Fe(II), but in this case the reduced 
[4Fe-4SI1+ cluster exists as a mixture of S = 4 (20%) and S = 3 (80%) 
ground states. From the presence of a strongly coupled ‘H ENDOR 
resonance in each case, it has been proposed that the noncysteine ligand 
is H20 or OH-, although the absence of a variation in EO’ over the pH 
range 6.8-10.5 argues in favor of OH- (93). 

C. INVESTIGATING CLUSTER REACTIVITIES IN ADSORBED 
PROTEIN FILMS 

In the experiments described in Section III,B, application of two 
electrochemical methods, cyclic voltammetry and bulk electrolytic ti- 
tration, facilitated the task of characterizing an unstable protein con- 
taining a labile Fe-S cluster. Even so, a considerable improvement in 
the exploratory and analytical capabilities of voltammetry may be 
achieved by addressing protein molecules that are confined to the elec- 
trode surface. Certain advantages of this approach have been outlined 
in the previous section. 

The voltammograms in Fig. 11 show how an electroactive film of D. 
africanus Fd I11 (in this case the 7Fe form, as isolated) can be formed 
and stabilized at a PGE electrode in the presence of neomycin. In 
the first case, a freshly polished electrode is smeared with an ice-cold 
solution of protein (100 F M )  from a capilliary tube, then transferred to 
electrolyte in an electrochemical cell and voltammetrically scanned. 
Only an initial weak response is observed. If neomycin (2 mM) is 
included in the coating solution (but still absent from the cell electro- 
lyte), a voltammetric response is observed that dies away rapidly upon 
repeated cycling. However, if neomycin is present also in the cell elec- 
trolyte, the response is considerably stabilized after several cycles, 
thereafter undergoing only slow attenuation with time. The observa- 
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FIG. 11. Top: cyclic voltammograms (successive cycles) of a freshly polished PGE 
electrode coated with a drop (-1 p1) of a solution ofD. ufricunus Fd I11 (100 pM in 0.1 
M NaCl, 20 mM mixed buffer, 0.1 mM EGTA, pH 7) and scanned in the same electrolyte 
solution. Scan rate 190 mV/sec. Center: as for top voltammogram but 2 mM neomycin 
present in coating solution. Bottom: as for center but 2 mM neomycin present in cell 
solution. 
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tion is consistent with the formation of a protein layer in which the 
molecules are stabilized by the coadsorption of neomycin. Other ferre- 
doxins, including A .  chroococcumlA. vinelandii Fd I, exhibit similar 
behavior, and other aminocyclitols have been found to be active to 
varying extents (87). The structure of such films is clearly a complicated 
issue, but we have been able to exploit the situation to define several 
interesting reactions of [3Fe-4Sl clusters and their derivatives. 

After several cycles, the voltammetry of a film of 7Fe D. africanus 
Fd I11 appears as shown in Fig. 12. Based upon the close correspondence 
with the voltammetric waves A and B observed for solutions of the 
protein, the wave pairs A' and B' were assigned to the couples 
[3Fe-4SI1+/' and [4Fe-4Sl2+/'+, respectively (35, 77). It may be noted 
that AE, values are small, (e.g., <30 mV at 190 mV/sec), thus indicating 
that electron transfer between the electrode and clusters approaches 
reversibility. Half-height widths (typically 100 and 120 mV, respec- 
tively) are close to theoretically expected values for a homogeneous 
population of noninteracting one-electron systems (see discussion in 
Section 11,C). Furthermore, integration of these waves yields a value 
for the transferred charge that is consistent with the formation of 
approximately a one-protein monolayer. The third and most prominent 
wave pair C' coincides with the appearance of C, a minor feature in 
the solution electrochemistry. This suggested that the redox process 
responsible for C' occurs readily only in adsorbed protein molecules. 

From a number of studies with other ferredoxins, it has become 
apparent that the low-potential couple C' is associated closely with the 
presence of a [3Fe-4Sl cluster. For example, a similar feature is evident 
for A .  chroococcumlA. vinelandii Fd I and for the 7Fe proteins from 
Sulfolobus acidocaldarius and Thermoplasma acidophilum (73,76,87). 
For D .  africanus Fd 111, this proposal was supported further by the 
observation that both couples A and C vanish if the [3Fe-4SI0 cluster 
is transformed by uptake of Fe(II), and by the absence of cysteine 
residues, additional to those required for cluster binding, that might 
constitute a redox-active cysteine/cystine redox couple. The positions 
and shapes of the reduction and oxidation waves were found to be 
dependent upon scan rate and upon pH (77). As the pH is lowered (e.g., 
below pH 7) and at slower scan rates, it was observed that AE, decreases 
and the two waves become similar in shape with half-height widths 
less than 60 mV. The two-electron nature of this reaction has been 
confirmed by a series of comparisons of the integrated areas of oxidation 
waves A' and C' (77). Within experimental error, the charge passed for 
C' is twice that for couple A'. 
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FIG. 12. Steady-state cyclic voltammogram of a film ofD. ufricunus Fd I11 scanned in 
0.1 M NaCl, 20 mM mixed buffer, pH 7, containing 2 mM neomycin and 10 mM EGTA. 
Temperature 0°C; scan rate 190 mV/sec. Upper trace is an oxidative scan measured at 
higher gain. [Reproduced from Butt, J. N., Armstrong, F. A., Breton, J., George, 
S. J., Thomson, A. J., and Hatchikian, E. C., J .  Am. Chem. SOC. 113,6663 (1991), with 
permission.] 

The nature of the reduced product of C’ remains unclear up to the 
time of preparing this manuscript. It is reasonably stable, as evident 
from the appearance of the oxidation wave even after holding the poten- 
tial of the film-coated electrode below -850 mV for several minutes. 
Furthermore, it does not undergo turnover with evolution of H, (which 
should be thermodynamically favored under these conditions of very 
low potential). The most likely (yet still remarkable) rationale is that 
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the species [3Fe-4SIo itself is reducible by a further two electrons, as 
described by Eq. (7). This would give a cluster that is composed formally 
of three Fe(I1). 

[3Fe-4Slo + 2e- - xH+ [3Fe-4S12----xH8 (7) 

In recent studies, the reduction potential for Reaction (7) (as gauged 
from the average position of anodic and cathodic peaks) has been found 
to vary with pH (range 4.5-8.3) in an almost linear manner with a 
gradient corresponding to x = 3, i.e., suggesting that couple C' as 
observed for D .  africanus Fd I11 is a 2e-/3H+ process (87). 

As outlined earlier, it is widely recognized that the redox chemistry 
of [2Fe-2S] and [4Fe-4S] clusters in proteins is controlled tightly by 
the environment and is restricted to one-electron transitions between 
two adjacent oxidation levels (84). It now appears possible that 
[3Fe-4Sl clusters are not so restricted. An important factor must be 
the accompanying binding of H+  (possibly to bridging sulfides?) that 
compensates for the change in charge. However, the reason(s) why this 
reactivity appears confined to adsorbed protein molecules (at least in 
the case of D .  africanus Fd I11 and A .  chroococcumlA. vinelandii is 
not clear. Adsorption may assist complicated electrode reactions that 
involve successive electron transfers separated by a chemical re- 
arrangement. Another possibility is that a rapid and reversible alter- 
ation of the cluster environment is induced under the condition of very 
low applied potential. 

The adsorbed-film approach has provided a good way to explore the 
reactivity of the [3Fe-4Sl cluster of D .  africanus Fd I11 toward uptake 
of Fe(I1) and other metals ions, under finely controlled conditions of 
applied potential (35, 36, 87). In a typical experiment, following film 
preparation and precycling in an EGTA-containing electrolyte solution, 
the electrode is transferred to another cell containing a known concen- 
tration of the metal ion to be tested. Reactivity may be controlled 
by varying the potential range or by applying routines in which the 
potential is held at certain values for periods of time. Cluster transfor- 
mations are monitored and analyzed through changes in the appear- 
ance of the voltammogram. Following transfers of an electrode coated 
with a film of 7Fe D .  africanus Fd I11 to solutions of Fe(II), Zn(II), and 
Cd(II), dramatic changes are observed over several rapid cycles (35). 
Some results are shown in Fig. 13, in which only the oxidative sweeps 
are displayed. 

Couples A' and C' disappear to  be replaced in each case by a single 
new couple D', the reduction potential of which depends markedly upon 
the identity of the metal ion. Correspondence between the disappear- 
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ance of waves A‘ and C’ and the appearance of waves D’ was established 
by comparing differential current amplitudes (expressed logarithmi- 
cally) as an arbitrary function of time (cycle number). The reactions 
were found to proceed in a first-order manner, to  an equilibrium position 
that is dependent upon the concentration of the particular metal ion. 
Estimated integrated areas of waves D’ and widths at  half-height were 
similar to values observed for the original waves A‘. Waves B’ were 
found to be unaffected. The semilog plots and resulting final voltammo- 
grams obtained under conditions of high metal ion concentration are 
also shown in Fig. 13. Interestingly, it was observed that the reactions 
with Cd and Zn were complete at much lower metal ion concentrations 
than was the case with Fe. This will be discussed further below. 

As with the incorporation of Fe(I1) described earlier, it was confirmed 
that reactions of D .  africanus Fd 111 with Zn(I1) or Cd(I1) occurred 
with “free,” i.e., unadsorbed, protein molecules (35).  Bulk electrolytic 
titrations analogous to the type carried out to  quantify Fe(I1) incorpora- 
tion showed that one equivalent of Zn(I1) or Cd(II) was taken up by the 
[3Fe-4S1° form of the protein. Comparisons of EO’ measured for films 
and for stoichiometrically transformed solutions are given in Table 11. 
The close correspondence between reduction potentials determined for 
solution and film indicates that D .  africanus Fd I11 molecules adsorbed 
at the electrode surface, under conditions of applied potential down 
to at least -600 mV, maintain cluster environments that are little 
perturbed from the native state. On the basis of EPR and MCD spectro- 
scopic examination, it was proposed that the reaction products are 
[Zn3Fe-4S12 + ’l + and [Cd3Fe-4S12 + ’l+ clusters. Two-electron reduced 
protein samples electrolysed at  potentials of -535 and -650 mV, 
respectively, gave EPR spectra with signals around g = 2 (double 
integration giving 5 1  spin per molecule) and at  g = 4-5. The former 
signals were assigned to the indigenous [4Fe-4SI1+ cluster, i.e., couple 
B (B’), whereas the latter signals were assigned to the transformed 
product [M3Fe-4S11+, specifically the M, = +4 middle Kramers’ dou- 
blet of an S = 4 state. In support of this, two weaker signals could be 
observed at  low field ( g  = 9.6 and -8.8) as predicted for the M, = ?$ 
and ti doublets. The new spectral features resembled those assigned 
to the [Zn3Fe-4S11+ cluster that can be formed in D .  gigus ferredoxin I1 
(33). As shown by MCD spectroscopy, the oxidized species [Zn3Fe-4SI2+ 
and [Cd3Fe-4SI2+ each have the ground state S = 2. Spectra of each 
species are similar in the visible region (which is dominated by transi- 
tions due to the [3Fe-4SI0 core) but differ in the region below 400 nm, 
where localized transitions, for example, d10 + s (p)  or S2- + Cd(II), 
are expected. 
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TABLE I1 

En' VALUES FOR FILMS AND TRANSFORMED 
SOLUTIONS" 

En' (mV vs. SHE) 

[M3Fe-4S] Kd (pM) Film Bulk 

[4Fe-4S12+ 30 2 15 - 393 - 400 
[Zn3Fe-4SI2+ 1.6 2 1.0 - 492 - 480 
[Cd3Fe-4SI2+ 0.8 2 0.5 - 569 - 580 

- - [T13Fe-4SI1+ 1.5 2 1.0 
[T13Fe-4SI2 + 3 4 m M  + 81 - 

' Upper s e t  values of voltammetrically determined 
dissociation constants K d  for Eq. (8) and comparison of 
reduction potentials En for the corresponding couple 
D' ([M3Fe-4S12+"') as measured from film and bulk 
solution voltammetry ofD. africanus Fd 111. Conditions: 
0.1 M NaCl, 20 mM mixed buffer as electrolyte; pH 
7-7.4; temperature 0°C (film), 3-4°C (bulk). Data taken 
from Ref. 35. Lower set: values of dissociation constants 
Kd for equilibrium of TUI) with the [3Fe-4Sl cluster in 
a film of D. africanus Fd 111. Conditions: 0.5 M Nal 
T1 acetate as electrolyte; pH 7; temperature 7°C. Data 
taken from Ref. 36. 

These reactions were shown to be reversible by transferring elec- 
trodes coated with transformed films back to electrolyte solutions con- 
taining no metal ion (87). As shown in Fig. 14, upon repeated cycling, 
the voltammogram of the original 7Fe ferredoxin reappears upon re- 
peated cycling in the potential region favoring the presence of the 

FIG. 13. Left: oxidative scans (successive cycles) of a film of 7Fe D. ufricanus Fd 
I11 upon transfer to M2+ solutions. Conditions otherwise as given for Fig. 12. Right: 
corresponding semilog plots showing time correspondence of appearance of waves D' 
and disappearance of waves A'. The potential was held briefly a t  - + 50 mV prior to 
commencement of scanning a t  470 mVlsec. Each determination involved measurement 
of the difference in current at two potentials as indicated. Fez+ (300 p M ) :  + , i-129mV - 
i - 2 2 9 m ~ ,  couple A'; A, i L 3 9 3 m ~  - i - 2 5 n m v ,  couple D'; 0, i-651mV - iL5MmV, couple C'. Zn2' 
(10 p M ) :  +, iL12gmv - i -22gmV,  couple A'; A, iL484mV - i L 5 7 n m V ,  couple D'; 0, i - 6 5 5 m V  - 

iL579mV, couple c'. Cd2+ (10 p M ) :  +, i - 1 2 9 m ~  - i - 2 2 9 m ~ ,  couple A'; M, i-641mV - i -568m",  

combination ofcouples C' and D'. [Reproduced from Butt, J. N., Armstrong, F. A., Breton, 
J., George, S. J., Thomson, A. J., and Hatchikian, E. C., J .  Am. Chem. SOC. 113, 6663 
(1991), with permission]. 
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FIG. 14. Cyclic voltammograms showing release of Fe(I1) from the transformed 

[4Fe-4S] cluster of D. ufricunus Fd 111. Conditions as given for Fig. 13 but electrolyte 
contains no divalent metal ion. Top: cycling at  470 mVlsec restricted to potential region 
below - 500 mV. There is  no reappearance of couple C’ over a period of 10 min. Bottom: 
cycling at 470 mVlsec now including potential region in which transformed [4Fe-4S] 
cluster is oxidized. Couples A‘ and C’ reappear within a minute. 

oxidized cluster [M3Fe-4S12+. Metal ion release is not observed if cy- 
cling is restricted to the potential region in which CM3Fe-4SI remains 
in the + 1  oxidation level. This shows that the reduced tetrametal 
cluster is more stable than the oxidized cluster with respect to release 
of the exchangeable metal ion. One way of viewing this is in terms of 
the immediate product [3Fe-4SI1- for which there is no evidence for 
stability. The observation emphasizes the importance of the environ- 
mental electrochemical potential in controlling such cluster transfor- 
mations as they may occur in uiuo. 

At this juncture, it  is appropriate to summarize the chemistry estab- 
lished to date for the two Fe-S clusters of D .  africanus Fd 111. The 
reactions are outlined in Fig. 15. The [3Fe-4Sl cluster exhibits a wide 
and interesting reactivity, showing unusual capabilities for extensive 
electron/proton transfer and, in addition, undergoing facile, reversible 
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A' --------- c'-_..._.._. 
[3Fe-4S]'+ i [3Fe-4S]" = /3Fe-4S]'-  [3Fe-4SI2--- xH+ 

reactive cluster (Kd) 11 M2' 

D' 
[M3Fe-4SI2+ ==== [M3Fe-4SI1' 

B' 
stable cluster [4Fe-4SI2+ ==== [4Fe-4SI1+ 

FIG. 15. Scheme showing the identities of couples A', B', C', and D' as observed in 
voltammetry of films of D. ufricunus Fd 111. 

incorporation of certain divalent and monovalent (see below) metal 
ions. 

Reversible binding of divalent metal ions M2' to the [3Fe-4SI0 clus- 
ter is described by Eq. (€9, 

[M3Fe-4S12+ * [3Fe-4SI0 f M2+ Kd (8) 

& = {[3Fe-4S1°}{M2 '}/{[M3Fe-4S12+} (9) 

{[M3Fe-4S12+}/{[3Fe-4Slo} = {M2+}/Kd (10) 

for which the dissociation constant Kd is given by 

and 

in which (M3Fe-4S12 +} and {[3Fe-4Slo} are surface populations (typi- 
cally picomole or lower) and {M2'} is the solution concentration of 
metal ion. Equilibrium (dissociation) constants for these reactions were 
determined by measuring voltammetric signal amplitudes observed in 
a rapid cycle following equilibration of the film at a fixed potential in 
electrolyte solutions containing various concentrations of M2+. Such a 
method is applicable if the rates of entry and release of Fe(II), Zn(II), 
and Cd(I1) are slow compared to the voltammetric scan rates used. 
By carrying out such a determination under conditions of controlled 
potential, it could be ensured that the oxidation levels of each cluster 
species are as required by Eq. (9). From Eq. (101, a plot of the observed 
ratio {[M3Fe-4Sl}/{[3Fe-4Sl} (oxidation levels omitted) against {M2 + } 
is expected to yield a straight line with slope 1/K. 
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Some results are illustrated in Fig. 16. A clearer distinction between 
the similar affinities displayed for Zn and Cd was made by direct compe- 
tition experiments in which a film was transferred to solutions con- 
taining 1 : 1 and 2 : 1 (micromolar) ratios of the two ions. In the former 
case, the voltammogram was dominated by the appearance ofthe couple 
[Cd3Fe-4SI2+” +; in the latter case the couple [Zn3Fe-4SI2+”+ ap- 
peared at equal magnitude. The [3Fe-4Slo cluster in D. africanus Fd 
I11 thus displays the affinity order Cd 2 Zn * Fe. This comes as no 
surprise, since it is indeed the result that we expect from consideration 
of the Irving-Williams order (94). While it must be stressed that the 
nature of the noncluster ligand is not established [water (H,O/OH-) 
and aspartate are most likely], the identification of one example in 
which a [3Fe-4S1° cluster favors Zn(I1) over Fe(I1) by more than one 
order of magnitude implies an interesting and important viability of 
[Zn3Fe-4Sl clusters in biological systems, for which Zn levels may 
approach (or even exceed) levels of Fe (95,961. This possibility certainly 
requires further investigation, particularly since the EPR spectra re- 
ported for [Zn3Fe-4SI1+ clusters differ so much from those normally 
observed for [4Fe-4SI1 + . Such heterometal species might readily escape 

10 

8 
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FIG. 16. Graph showing the dependence of the cluster population ratio {[M3Fe-4S]}/ 

{[3Fe-4Sl} for a film of D. ufricanus Fd I11 upon the concentration of metal ions in the 
electrolyte {M’’}. [Adapted from Butt, J. N., Armstrong, F. A., Breton, J., George, 
S. J., Thomson, A. J., and Hatchikian, E. C., J .  Am. Chem. SOC. 113,6663 (1991), with 
permission.] 
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attention. Without further structural information to reveal the nature 
of the noncluster ligation in each case, it is difficult to rationalize 
the large variation in reduction potentials that is observed. Such a 
variation, however, requires that the environmental electrochemical 
potential should be an important factor for controlling speciation in the 
presence of different metal ions. 

An interesting extension of this theme is provided by the reaction of 
the [3Fe-4S] cluster of D .  ufricunus Fd I11 with Tl(1) ions (36). This is 
an interesting example in which metal ion uptake and release is very 
fast, and occurs measurably for [3Fe-4S11 + in addition to [3Fe-4Slo. 
Figure 17 shows how the position of couple A' varies with the concentra- 
tion of Tl(1) in the cell electrolyte. Waves B' are unaffected, although 
Tl(0) deposition interferes with observation of waves C'. No such shifts 
were observed if 0.1 M K' (radius 138 pm) or 0.1 M Rb+ (radius 152 
pm) was substituted for T1' (radius 150 pm). Competition experiments 
showed further that TUI) inhibits the coordination of Fe(I1) at 
[3Fe-4Slo. 

Since the tri-p-sulfido cluster face provides the only polarizable li- 
gand group on the protein likely to be so selective for T1+ over similarly 
sized alkali metal ions, it was proposed that TUI) coordinates to the 
[3Fe-4S] core. The sigmoidal dependence of EO' upon Tl(1) concentra- 

[-n+I/M 
FIG. 17. Graph of observed reduction potentials for couple A' (D. C Z ~ F ~ C C Z ~ U S  Fd 111) as 

a function of the concentration of TNI) in the electrolyte. The curve is the computed 
nonlinear regression fit to Eq. (11). [Reproduced from Butt, J. N., Sucheta, A., Armstrong, 
F. A., Breton, J., Thomson, A. J., and Hatchikian, E. C., J .  Am. Chem. SOC. 113, 8948 
(1991), with permission.] 
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tion was rationalized in terms of the cyclic reaction scheme shown in 
Fig. 18, in which electron transfer is coupled to very rapid uptake and 
release of Tl(1). This type of situation, in which species equilibrate 
rapidly within the voltammetric scan time, is analogous to a potentio- 
metric experiment. Values of KT, Kpd, and E!$; are obtained from 
application of Eqs. (11) and (12). Results are included in Table 11. 

Etis = EO' + (2.303 RT/F)  log{(l + [T1+]/Kpd)/(l + [Tl+]/KT)) (11) 

(12) 

The proposal that TUI) enters the [3Fe-4Sl core was supported by 
spectroscopic studies (36). With a [T1+1 concentration of 133 mM (Lea, 
a fourfold excess over the determined value of K r ) ,  the characteristic 
g = 2.01 signal of [3Fe-4SI1+ was replaced by a rhombic spectrum 
having g values 2.04, 1.99, and 1.95. Intermediate concentrations of 
Tl(1) produced spectra that were superpositions of the new species and 
of [3Fe-4SI1+. The KT value estimated from these spectra was in good 
agreement with that determined from the film voltammetry. As with 
other transformation products, the identity of the noncluster ligand(s) 
to the T1 site has not been established at the time of preparing this 
manuscript. 

The results highlight several new features. First, they demonstrate 
the existence of a possible biological target for TUI), a known toxic 
element (97); indeed the affinity of TUI) for [3Fe-4Slo is much stronger 
than reported affinities for TUI) occupancy of K+ sites (98). Second, 
they demonstrate the interaction of a monovalent ion with a [3Fe-4S] 
cluster. Third, by conforming well to a rapid equilibrium model, even 

Eii = EO' + (2.303 RT/F)  log(KT/Krd) 

EO' 

[3Fe-4S11' - [3Fe-4St 

[Tl3Fe-4Sl2' - (T13Fe-4Sl' + 

EO;, 

FIG. 18. Scheme showing reversible binding of Tl(1) to + 1 and 0 oxidation levels of 
the [3Fe-4Sl cluster of D. africanus Fd 111. [Reproduced from Butt, J. N., Sucheta, A., 
Armstrong, F. A., Breton, J., Thomson, A. J., and Hatchikian, E. C., J .  Am. Chem. SOC. 
113, 8948 (19911, with permission.] 
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at  a scan rate of 470 mV/sec, it can be concluded that both “on” and 
“off’ rates for binding of TNI) are very fast. This implies that the metal- 
binding site at the [3Fe-4Sl cluster of D .  ufricanus Fd I11 is probably 
exposed to solvent and that the protein does not resist the transforma- 
tion. The implication that this access is not restricted significantly (if 
at all) by the adsorbed state of the protein molecule indicates also that 
there is considerable fluidity within the protein/aminocyclitol film. 

A brief, final illustration of the use of adsorbed film voltammetry is 
the ability to study rapid interactions of clusters with extraneous li- 
gands (99). From these experiments, as before, new species can be 
detected and their limits for existence defined to allow isolation and 
structural characterization. Figure 19 shows the voltammetry that 
results following transfer of an PGE electrode coated with a Fe-trans- 
formed film of D. ufricunus Fd I11 into a solution containing 0.54 M 
mercaptoethanol. The observations may be rationalized in terms of the 
generic scheme shown in Fig. 20, in which rapid and reversible binding 
of a ligand L occurs to  both the 2 +  and 1+ oxidation levels of a 
[M3Fe-4S] cluster [M is a divalent metal, in this case Fe(I1)l. 

Under conditions of rapid scan rate (1 V/sec) waves D’, which are 
normally coincident with waves B’ if M = Fe, are replaced by a couple 
(termed F’) for which the reduction potential E$ = -585 mV. The 
shift in potential is thus approximately - 190 mV. The amplitudes of 
reduction and oxidation waves F’ are similar at this scan rate, but do 
depend upon pH and mercaptoethanol concentration; under the condi- 
tions used for this particular experiment, their amplitude is comparable 
with waves B’. By contrast, under conditions of slow scan rate (10 mV/ 
sec), D‘ is replaced by a new couple having an apparent reduction 
potential E:i8 that is dependent upon pH and mercaptoethanol concen- 
tration. The amplitudes of reduction and oxidation waves are equal, 
and independent of mercaptoethanol concentration. The two experi- 
ments relate to  kinetically limiting cases for the scheme shown in Fig. 
20. Examination of the effect of pH shows that the active ligand L is 
ethanol-2-thiolate (the pK of mercaptoethanol under these conditions 
is 9.8). In the fast scan experiment, ligand binding and release is effec- 
tively frozen and the voltammogram displays the isolated couples F’ 
and D’ (overlaid on B’; little or no D’ is actually observed under the 
conditions used). In the slow scan limit, equilibrium conditions are 
established for ligand interaction and the voltammetry becomes analo- 
gous to a potentiometric experiment. The observed reduction potential 
E:Ls is related to ligand concentration ([thiolatel = ([total thioll)/(l + 
[H+]/10-9.8)) by equations analogous to those given in Eqs. (11) and 
(12) for T1’ binding to [3Fe-4SI1+’O. Data analysis shows that the 
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10 mV /sec 

200 rnV /sec 

~~ 

-600 -400 -200 

Electrode potential I mV vs. SHE 

FIG. 19. Cyclic voltammograms at various scan rates, of a pretransformed film of 8Fe 
D. ufricanus Fd I11 contacting a solution of Fe(I1) (180 pM) and mercaptoethanol (0.54 
M). Conditions: electrolyte consists of 0.2 M NaC1,20 mM Tris HCl, 2 mM neomycin, pH 
8; temperature 0°C. In each case the charging current contribution has been trimmed to 
aid visual comparison. All scans commence from the high-potential limit. 

reduced cluster [4Fe-4S11+ displays a much lower affinity for the 
ligand (K$) = 96 mM) than does the oxidized cluster (KgLo = 30 p M ) .  
At the time of writing, it is not established whether L replaces an 
incumbent ligand or adds to increase the coordination number of the 
target subsite. The M subsite is implicated since voltammetry of the 
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EO'F 

L- [ M 3 Fe-4SI 2+ L- [M3Fe-4SI1 + 

Kd(L:X 

L L 
Kd(L)'sd 

1 

[M3Fe-4Sj2' [M3Fe-4SI1' 

EO*D 

FIG. 20. Scheme showing reversible binding of an extraneous ligand L to 2 + and 1 + 
oxidation levels of a [M3Fe-4Sl cluster (M is a divalent metal ion). All parameters may 
be determined from the voltammetry. 

untransformed 7Fe protein measured in mercaptoethanol is unper- 
turbed. The observations for D. afrzcanus Fd I11 thus provide a further 
demonstration that incorporation of M into a [3Fe-4S] cluster itself 
generates new chemical reactivity that may be important in the stabili- 
zation of proteins and protein adducts. 

Voltammograms measured at  intermediate scan rates reveal the 
kinetics of ligand interaction. Substantial release of L from [4Fe-4SI1 + 

is evident from inspection of Fig. 19 (center) which shows a much 
attenuated reoxidation wave for F'. A third oxidation wave (*) is now 
observed which corresponds to the coupled rapid recombination of the 
electrode product [4Fe-4SI2+ with L. It is noted that the total amount 
of charge passed between the electrode and protein during each scan 
remains constant. Such voltammograms clearly contain a wealth of 
information that should be readily extractable using computer simula- 
tion methods. 

IV. Conclusions 

In what is a limited number of experiments described in this Section, 
I hope to have shown or at least hinted at several useful and interesting 
aspects of direct electrochemical methods as applied to the problems of 
Fe-S clusters. The examples given should serve as some demonstration 
that the techniques can be effective and may have wide application in 
the area. 
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It has proved straightforward to detect redox couples at potentials 
far below the limits of dithionite at neutral pH, to  study the stabilities 
of the reduced species, and to generate samples in specific states of 
reduction for spectroscopy. Voltammetric signals have been used as 
signatures of cluster status, appropriate for time domain investiga- 
tions. 

The adsorbed film studies described for D. ufricunus Fd I11 illustrate 
a new strategy for studying proteins with very reactive Fe-S clusters. 
The approach combines high sensitivity, accuracy, and the ability to 
study reactions under strict conditions of applied potential. Complex, 
seemingly erratic behavior can be managed and visualized. Equilib- 
rium and kinetic data may be derived with just trace amounts of pro- 
tein, and verified by preparation of appropriate spectroscopic samples. 
From the results of spectroscopic studies on the products of parallel 
transformations carried out in solution, it is indeed demonstrated that 
the voltammetric interrogation of Fe-S proteins in an adsorbed film 
can provide an acceptably valid reflection of the chemistry of free mole- 
cules. A useful “trailblazing” capability is thus provided to give guid- 
ance and to complement the techniques aimed at detailed structural 
characterization. 
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