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The 8Fe ferredoxin III from Desulfovibrio africanus is a mono-
meric protein which contains two [4Fe-4S]>*/'* clusters, one of
which is labile and can readily and reversibly lose one Fe under
oxidative conditions to yield a [3Fe-4S]'*° cluster. This 4Fe
cluster has an S = 3/2 ground spin state instead of S = 1/2 in the
reduced + 1 state [George, Armstrong, Hatchikian and Thomson
(1989) Biochem. J. 264, 275-284]. The co-ordination to this
cluster is unusual in that an aspartate (Asp', D14) is found
where a cysteine residue normally occurs. Using a mutant protein
obtained from the overexpression in Escherichia coli of a synthetic
gene in which Asp'?, the putative ligand to the removable Fe, has

been changed to Cys, we have studied the cluster interconversion
properties of the labile cluster. Analysis by EPR and magnetic-
circular-dichroism spectroscopies showed that the Asp'* — Cys
(D14C) mutant contains two [4Fe-4S]**/'* clusters, both with
S'=1/2 in the reduced state. Also, unlike in native 8Fe D.
africanus ferredoxin III, the 4Fe < 3Fe cluster interconversion
reaction was found to be sluggish and did not go to completion.
It is inferred that the reversibility of the reaction in the native
protein is due to the presence of the aspartate residue at position
14 and that this residue might protect the [3Fe-4S] cluster from
further degradation.

INTRODUCTION

Ferredoxins (Fds) are small proteins that contain one or two
clusters of the type [2Fe-2S], [3Fe-4S] or [4Fe-4S]. They function
as reversible, water-soluble electron carriers in numerous bio-
logical processes, including photosynthesis and nitrogen fixation
[1,2]. In many bacterial species they apparently carry out a
pivotal role in the cytoplasm, accepting electrons from, and
distributing electrons to, other proteins in a range of redox-active
processes. Some species contain several Fds exhibiting a range of
reduction potentials and containing different numbers of clusters.
It has been suggested that the ratio of reduced to oxidized Fd
may set the effective redox range within the cell. This in turn can
control the expression of several energy-transducing enzymes
through a redox-sensing protein, as proposed for the SoxR Fe/S
protein of Escherichia coli [3].

The [3Fe-4S] and [4Fe-4S] clusters have a close structural
relationship to one another, in that the [3Fe-4S] cluster differs
from the cubane [4Fe-4S] form only by the loss of one iron atom
from the corner of the cube [4]. The binding domain of the [4Fe-
48] cluster in Fds is highly conserved throughout evolution and
contains the cysteine-rich sequence:

Cys'-Xaa,-Cys'"-Xaa,-Cys""-Xaa -Cys"-Pro

called the ‘classic [4Fe-4S] cluster binding motif” or the ‘Fd
motif’ [4]. The 3Fe cluster requires a minimum of three ligands
which are usually cysteine residues I, III and IV, whereas a 4Fe
cluster usually seems to require four protein ligands to form. In
some cases the [3Fe-4S] cluster can reversibly incorporate an
additional Fe to form a [4Fe-4S] cluster. However, this type of
cluster interconversion is not a property of all proteins that bind
a 3Fe cluster, and proteins vary in the ease and rapidity with

which metal ion exchange will take place. This reaction may have
more widespread occurrence in biology; it may be one of the
steps in a regulatory mechanism of activity in the citric-acid-cycle
enzyme aconitase [5] and in the iron-responsive element mRNA-
binding protein involved in iron homoeostasis [6], as well as in O,
sensing by fumarate nitrate reduction (FNR) protein [7]. The
complete set of structural factors which underlie this variation in
cluster reactivity is not well understood.

Desulfovibrio africanus Fd 111 (Da FdIIl) is a 7Fe Fd isolated
from the sulphate-reducing bacterium D. africanus (Benghazi),
which contains one [3Fe-4S]'*/° and one [4Fe-4S]**/!* cluster per
monomer. The monomeric molecular mass of Da FdIII is
6585 Da for the 61-amino-acid residue polypeptide. The primary
sequence revealed the presence of only seven cysteine residues
and, on the basis of spectroscopic similarities with established
all-thiolate clusters, it was proposed that they must therefore all
be involved in ligation to the two iron—sulphur centres [8,9]. The
[4Fe-4S]**/1* cluster is most probably ligated to the polypeptide
chain by the four cysteine residues that form a classic [4Fe-4S]-
binding motif, in this case consisting of the triplet Cys*!, Cys*,
Cys*” and the remote Cys?! followed by a proline residue (see
Scheme 1). The [3Fe-4S]**/° cluster can hence be co-ordinated
only by the three remaining cysteine residues (Cys*', Cys'? and
Cys?®!), where Cys" (residue 14) of the normal motif is replaced
by aspartate. In addition to the Cys' mutation, the proline
residue normally found after the remote cysteine residue is a
glutamic acid. This double mutation has been observed in only
one other case, for the closely related Fd I from Desulfovibrio
vulgaris (Miyazaki) [10,11]. However the Cys'' — Asp mutation
is found in at least three other Fds, from Pyrococcus furiosus (Pf
Fd), Sulfolobus acidocaldarius (Sa Fd) and Thermoplasma acido-
philum (Ta Fd), which all contain one [3Fe-4S] cluster as isolated
[12-14].

Abbreviations used: DTT, dithiothreitol; Fd, ferredoxin; FNR, fumarate nitrate reduction; IPTG, isopropy! p-b-thiogalactopyranoside; MCD, magnetic
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The [3Fe-4S] cluster of some Fds (D. gigas FdIl, Da FdIII, Pf
Fd) possesses the interesting property of also displaying in-
corporation of other metals (M) to form cubane clusters formu-
lated as [M : 3Fe-4S]**/1* [15-19c]. Facile and bi-directional cluster
interconversion has been demonstrated in Da FdIII using both
direct electrochemical methods and spectroscopic studies. Quan-
titative cluster interconversion as a function of redox level and
iron concentration has been demonstrated and values of the
equilibrium constants (K,) for dissociation of Fe (and other
metals) have been measured ([15,17]; J. N. Butt, J. L. Breton,
A.J. Thomson and F. A. Armstrong, unpublished work).

The fourth metal ion cannot be co-ordinated by a thiolate
sulphur atom in Da FdIII or in Pf Fd, and instead an aspartate
residue has been proposed to provide the fourth ligand. This is
based principally on an NMR study of the 4Fe Pf Fd which
showed a strongly hyperfine shifted CH, peak with anti-Curie
temperature behaviour for ligand II, which was assigned to Asp**
[20], and on exogenous ligand binding to the transformed 4Fe
cluster in Da FdIII [21] and [M: 3Fe-4S]?*/1* clusters (M = Fe,Ni
or Zn) in Pf Fd (J. N. Butt, J. L. Breton, A.J. Thomson and
F. A. Armstrong, unpublished work). However, water and/or
hydroxy-group co-ordination is also possible, as observed in
active aconitase [22].

The ease of interconversion of the [3Fe-4S] cluster thus seems
to be related to the presence of a non-thiol ligand in Da FdIII,
but other factors must be taken into account. For example, Sa
Fd is a 7Fe Fd as isolated and its [3Fe-4S] cluster does not
convert to a 4Fe form, whereas Dg FdII has four cysteine ligands
and an interconvertible [3Fe-4S] cluster [23].

To improve our understanding of the occurrence of the [3Fe-
48] cluster in Fds and the controlling factors for its conversion
into a [4Fe-4S] cluster, we have undertaken a program of site-
directed mutagenesis of the 3Fe cluster-binding domain of Da
FdIII. Recently we reported the heterologous overexpression of
Da FdIII in E. coli using a synthetic gene based upon the
published amino acid sequence of Da FdIII and using the codon
preference for E. coli [24]. The resulting recombinant Fd (rec Da
FdIIl) was expressed in E. coli in its apo form. Iron—sulphur
clusters were subsequently incorporated and the isolated holo-
Fd was characterized. We have shown that the electronic and
magnetic properties of the two clusters in rec Da FdIIIl are
similar to those of the native Fd: the polypeptide co-ordinates a
[3Fe-4S]**/° and a [4Fe-4S]**/'* cluster and, upon reduction,
adventitious Fe(IT) can be taken up into the [3Fe-4S]° cluster to
produce a [4Fe-4S]**/** cluster.

In the present paper we report the expression of the synthetic
gene for the D14C mutant of Da FAIIIl. The D14C Da FdIII now
contains two Cys'-Xaa,-Cys''-Xaa,-Cys''-Xaa -Cys"" domains.
The mutated gene was introduced into the same vector as used
for recombinant Da FdIIl and heterologous expression was
achieved in E. coli host cells. A strategy similar to that developed
for rec Da FdIII was used for the scaling-up of the expression,
purification and reconstitution of this mutant. The electro-
chemical and spectroscopic characterization of the iron—sulphur
clusters of D14C Da FdIII is presented.

EXPERIMENTAL
Construction of the D14C gene

The synthetic gene for Da FdIII, constructed previously [24], was
cloned into the M13mp19 phage vector (Pharmacia/LKB) as a
212 bp EcoRI-HindIIl fragment. Single-stranded DNA was
prepared from the resulting recombinant phage and was then
mutagenized using a 21 bp primer whose sequence was comp-
lementary to the coding sequence of Da FdIII from residue 11 to

GAAGGAGATATACCATGG...... GACA}?%I(I:TTGCGG
mn

tbs Nco

Figure 1 Physical map of the pJB22 expression vector

The arrows represent the position and direction of transcription of the genes for D14C Da Fdlll
expression (Fdlll), ampicillin resistance (Amp), the origin of replication (Ori) and the Lacl
promoter (Lacl). The D14C Da Fdlll gene is under control of the T7 polymerase promoter (T7
Pol).

17, except that it contained a cysteine codon (TGC) instead of an
aspartic acid codon (GAC) at residue 14 (Figure 1). The site-
directed-mutagenesis protocol has been described previously
[25], and results in a mutagenesis efficiency of greater than 40 %,
so that M13 clones containing the mutation can be identified
directly by DNA sequencing. The D14C Da FdIII gene was then
sub-cloned into the expression vector pET21d, using a PCR
amplification method [24], resulting in plasmid pJB22.

Overexpression

E. coli strain BL21 (DE3) host cells bearing the plasmid pJB22
were grown at 37 °C on 5 litres of Luria—Bertani medium [26],
that was equally divided over ten 2-litre baffled conical flasks and
contained 0.7 mM ampicillin (Beecham Research). Expression of
the D14C mutant gene of Da FdIIl was carried out after iso-
propyl thiogalactopyranoside induction (Melford Laboratories;
final concentration 0.8 mM) of the strong T7 promoter in the
pET21d vector. Cells were harvested by centrifugation 3 h later.

Purification and reconstitution

Reagents of at least AnalaR grade were used. Cell paste (65 g)
was suspended in 10 mM Tris/HCl buffer (pH 7.6)/5 mM
DTT/20 uM pepstatin/20 uM leupeptin/2mM PMSF/DNase I
(~ 20 ug; Boehringer), and the suspension was passed twice
through a French press (Aminco) at 7 MPa. Unbroken cells
(< 109,) were removed by centrifugation (Sorvall) at 30000 g
for 15 min at 4 °C. Membranes were spun down at 170000 g
for 3.5 h in an ultracentrifuge at 4 °C (Beckmann). The resulting
supernatant was subjected to a 30-60 9, (NH,),SO, fractionation.
The precipitate was redissolved in 40 mM Tris/HCl (pH
7.6)/5 mM DTT (buffer A) and dialysed overnight (molecular-
mass cut-off 3500 Da; Medicell) against buffer A. The dialysed
solution was then loaded on to a DE 52 (Whatman) column
(diameter 2 cm, length 24 cm) equilibrated with buffer A and
chromatographed with a discontinuous NaCl gradient
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(0-500 mM). The Fd-containing fractions, identified on SDS/
PAGE gels [27], eluted between 150 and 200 mM NaCl. They
were concentrated using a 909, (NH,),SO, cut, redissolved in
50 mM Tris/HCI (pH 8.3)/5 mM DTT, and dialysed against the
same buffer also containing 10 mM EDTA.

This semi-purified Fd fraction (protein concentration
5.5 mg/ml, determined by the Lowry method [28]) contained
about 409, apoFd, as judged by densitometry of SDS/PAGE
gels. It was subjected to a reconstitution reaction based upon the
procedure developed for rec Da FdIII [24]. The reconstitution
yields of recombinant Da FdIII did not vary significantly over
the range of conditions tested [24], therefore the concentration of
reagents and incubation times for the bulk reconstitution of the
D14C mutant were similar to those used for recombinant Da
FdIII. The yield in the scaled-up reconstitution reaction of apo-
(D14C Da FdIII) was about 90 9, of reconstituted holo-(D14C
Da FdIII). Reconstitution and subsequent treatment of the
protein took place in an anaerobic glovebox (Faircrest) operating
under an N, atmosphere with O, < 1 p.p.m.

Bulk reconstitution was carried out with 10 ml of the semi-
purified D14C Da FdIII fraction, diluted with 50 mM Tris/HCI,
pH 8.3, to a total volume of 100 ml, and followed by addition of
dithiothreitol (1 M) to a final concentration of 10 mM. The
solution was incubated for 5 min before FeCl, was added to a
final concentration of 2 mM. After 15 min incubation, an aliquot
of Na,S was added to give 2mM final concentration. The
reaction mixture was incubated for a further 2 h and then loaded
on to a DE 52 (Whatman) column (diameter 3 cm, length 8 cm),
equilibrated with buffer A. The column was washed with buffer
A and eluted with 450 mM NaCl in buffer A. The brown fraction
was diluted to 100 mM NacCl concentration and loaded on to a
second DE 52 column (width 1 cm, length 11 cm). This column
was developed with a linear gradient from 100 mM to 450 mM
NaCl in buffer A, and brown fractions were collected which
eluted at 300 mM NaCl.

Spectroscopy

UV-visible absorption spectra were recorded on a Hitachi U4001
spectrophotometer. Holo-(D14C Fd) concentrations were
determined using a molar absorption coefficient (¢) of
32mM!-cm ! at 386 nm, based on the absorption coefficient of
native Da FAIII (¢ 28.6 mM ™ -cm™! at 408 nm) and corrected for
8 Fe per mol.

EPR spectra were recorded on an X-band Bruker ER-200D
SRC spectrometer equipped with an Oxford Instruments ESR-
900 helium-flow cryostat and a TE-102 cavity. A Hall probe was
used to monitor field intensity and a microwave counter (Marconi
Instruments, model 2440) was used to measure the microwave
frequency. Data were collected using a dedicated Bruker ESP-
1600 computer. Spin integrations were performed with a 1 mM
Cu(Il)/10 mM EDTA solution as standard [29]. Chemical re-
duction of EPR samples was carried out by addition of microlitre
quantities of a concentrated sodium dithionite solution. Pro-
cedures for measuring MCD spectra have been described else-
where [30].

Direct electrochemistry

The all-glass cell and three-electrode systems used for protein-
film voltammetry and bulk solution voltammetry have been
described elsewhere [31]. Electrochemical measurements in bulk
solution were carried out inside the anaerobic glovebox. The
PGE (pyrolytic graphite edge) working electrode was polished
prior to each experiment with an aqueous alumina slurry (Buehler
micropolish 1.0 xm) and then sonicated extensively to remove

traces of Al,O,. The saturated calomel reference electrode (SCE)
was maintained at 25 °C, at which temperature we have adopted
the correction E i, = +242 mV versus the standard hydrogen
electrode (SHE). All potentials quoted have been corrected to the
SHE scale. Reduction potentials E; were determined from the
average of oxidative (anodic) and reductive (cathodic) peak
potentials, i.e. (E,, +E,,.)/2. Interaction of the protein with the
electrode surface was promoted by the addition of small portions
of a 0.2 M neomycin sulphate (Sigma) stock solution, to give
typically 2 mM final concentration.

RESULTS
Purification and reconstitution

SDS/PAGE analysis of cell-free extracts of E. coli containing the
D14C Da FdIlI-expressing plasmid pJB22 showed a low-molec-
ular-mass band (indicated by the arrow in Figure 2) that was not
present in E. coli cells lacking the plasmid. The band mobility
was similar to that of recombinant native Da FdIII, thus
indicating that expression of the mutant Fd had occurred. The
expression of apo-(D14C Da FdIII) represented ~ 0.2 9, of the
total cell proteins, a production level similar to that obtained for
recombinant Da FdIII [24], which was to be expected, since the
same expression system had been used. The heterologous ex-
pression in E. coli of the D14C mutant produced apoFd only, as
no brown fraction, indicative of iron—sulphur clusters, was
observed during elution of the cell-free extract on the first DE 52
column. Again this situation is similar to that with recombinant
Da FdIII, for which no in vivo incorporation of iron—sulphur
clusters occurred when the synthetic gene was expressed in
E. coli.

After chemical insertion of the iron-sulphur centres, the
purification of holo-(D14C Fd) was achieved using two DE 52
columns. The purity of the most concentrated fractions was
checked by PAGE gels and UV-visible spectroscopy. SDS/
PAGE showed one single band corresponding to D14C Da FdIII
(results not shown) with a mobility close to that of Da FdI, which
has a molecular mass of 7550 Da [32]. The calculated mass of the
D14C mutant is 6573 Da. Purified D14C samples were also run
on native PAGE and shown not to contain apoFd (Figure 3).
This indicated that unchanged apo-Fd was successfully removed
in the last purification step and that no degradation of holoFd
had occurred during further handling, in contrast with the
situation observed for recombinant Da FdIII.

Figure 2 SDS/PAGE analysis of the expression of D14C Da Fdlll

SDS/PAGE gel (20% acrylamide) was stained with Coomassie Blue. Lane 1, £ co/iBL21 (DE3)
cell-free extract; lane 2, £ coli BL21 (DE3) bearing plasmid pJB22 cell-free extract. The arrow
indicates the position of D14C Da Fdlll.
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Figure 3 Native PAGE analysis of D14C Da Fdlll

Native PAGE gel (15% acrylamide). Lane 1, Da Fdl; Lane 2, D14C Da Fdlll. The gels were
stained with Coomassie Blue.
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Figure 4 UV-Visible spectra of (A) D14C Da Fdlll (lower trace) and (B)
native Da Fdlll (upper trace)

Trace A: protein concentration, 160 xM in 40 mM Tris/HCI (pH 7.6)/0.3 M NaCl; pathlength,
1 mm. Trace B: protein concentration, 172 xM in 0.5 M Tris/HCI, pH 7.4; pathlength, 1 mm.

Spectroscopy

The UV-visible absorption spectrum of purified D14C Da FdIII
is shown in Figure 4. The spectrum is rather broad, with band
maxima at about 280 nm and 400 nm and a shoulder at 350 nm.
The overall shape and intensity of this spectrum compare well
with that of native Da FdIIl [9] (Figure 4). However, the
maximum of the broad band around 400 nm, arising from the
iron—sulphur chromophores, is shifted to higher energy, from
408 nm for 7Fe native Da FdIII to 386 nm for the D14C mutant.
This bandshift is also observed in the absorption spectrum of
oxidized 8Fe native Da FdIIl, where the absorption maximum is
shifted to 390 nm [15], and is indicative of the presence of [4Fe-
4S]** clusters only. The value of the A,/ A, ratio of D14C Da
FdIII is 0.81, whereas that of native 7Fe Da FdIII is 0.76, thus
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Figure 5 X-band EPR spectra of (a) oxidized D14C Da Fdlll, (b) dithionite-
reduced D14C Da Fdlll and (c) dithionite-reduced native Da Fdlll

(@) Protein concentration, 106 #M in 40 mM Tris/HCI, pH 7.6; temperature, 8K; gain,
1.6 x 10°. (b) Protein concentration, 106 M in 40 mM Tris/HCI buffer, pH 7.6; temperature,
19 K; gain, 8.0 x 10, (¢) Protein concentration, 611,M in 20 mM Tris/HCI buffer, pH 8.6;
Temperature, 20 K; gain, 3.2 x 10%, For all spectra microwave power was 2 mW, microwave
frequency was 9.40 GHz and modulation amplitude was 1 mT.

indicating an increase in the iron stoichiometry for the D14C
mutant.

The X-band EPR spectrum of D14C Da FdIII is shown in
Figure 5(a). The main feature consists of a small signal at g =
2.01. This signal is characteristic of a [3Fe-4S]'* cluster with S =
1/2 [33], which is present (1 spin/mol) in the EPR spectrum of
oxidized native 7Fe Da FdIII. Various samples of oxidized D14C
Da FdIII were examined and all contained a weak signal at g =
2.01. Double integration of the EPR spectrum of several samples
gave intensities ranging from 0.10 to 0.1540.1 spin/mol, indi-
cating that the [3Fe-4S]'* cluster is present as a minor component.
We could also detect a weak g = 4.3 signal at low field (not
shown) for most preparations. This resonance is typical of
adventitious Fe(III) ions, which could be left over from the
reconstitution mixture.

D14C Da FdIII was readily reduced by dithionite, as demon-
strated by the disappearance in the EPR spectrum of the g = 2.01
signal, and the subsequent development of a rhombic signal
centred at g = 1.94 (Figure 5b). The apparent g-values of this
signal are g, = 2.059, g, = 1.944 and g, = 1.899. Extra features
in the centre of the signal are observed up to a temperature of
25 K, above which the resonance broadens out. The general
shape of the spectrum of the reduced sample is unchanged for
different buffer systems, although small intensity shifts of the
central features appear upon change of buffer. The signal
integration yields 1.8 +0.2 spin/mol, which indicates the presence
of two paramagnetic centres per intact Fd. The g = 1.94 signal is
characteristic of reduced [4Fe-4S]'* clusters with S=1/2. In
proteins containing only one such cluster the signal lineshape is
usually rhombic, e.g. for the 4Fe Fd Da FdI [34]. However, in
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Figure 6 X-band EPR spectra of dithionite-reduced (a) D14C and (b) wild-
type 8Fe Da Fdlll

(@) Protein concentration, 95 M in 20 mM Mes/Hepes/Taps buffer (pH 7.6)/0.1 M NaCl; 10
scans. (b) Protein concentration, 611 x«M in 20 mM Tris/HCI buffer, pH 8.6; 1 scan. For both
spectra: gain, 1.0 x 10°; temperature, 8 K; microwave power, 80 mW; microwave frequency,
9.40 GHz; and modulation amplitude, 1 mT.

dicluster (8Fe) Fds, whereas partial reduction of the [4Fe-4S]
centres gives a simple rhombic lineshape, additional features
often appear on increasing the degree of reduction. These
features, which occur principally in the centre of the signal, arise
from spin—spin coupling between the two S = 1/2 paramagnets
[35]. The extra features in the middle of the signal of reduced
D14C mutant are therefore likely to arise from intramolecular
spin coupling between two [4Fe-4S]'* clusters, which is in
agreement with the presence of more than 1 spin/mol of Fd.
Comparison of the g = 1.94 signal of reduced D14C mutant with
that of reduced 8Fe native Da FdIII (Figure 5c) shows a similar
overall lineshape and small shifts of the g-values. However, the
extra central features of the D14C mutant signal are not present
in the 8Fe native Da FdIIl EPR signal. The native signal
integrates to 1 spin/mol and arises from the [4Fe-4S]'* cluster
with S = 1/2. This is because the other [4Fe-4S]'* cluster of 8Fe
Da FdIII, which has a S = 3/2 at cryogenic temperatures, has
only weak resonances in the g = 2 region [15]. Nonetheless, a
signal at g = 5.27, originating from the ground state m, = +3/2
doublet of this second cluster, is detected in 8Fe Da FAIII (Figure
6b). The corresponding region in the EPR spectrum of the D14C
mutant clearly lacks any similar resonance (Figure 6a), and only
displays a minor feature at a g-value of 4.3.

These results imply that the D14C mutant contains two [4Fe-
4S]*+/1* clusters, each having a S = 1/2 in the reduced + 1 state.
The oxidized + 2 state is diamagnetic (S = 0) and EPR-silent.

To confirm the presence of two [4Fe-4S] clusters in the D14C
mutant, a low-temperature MCD spectrum of the dithionite
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Figure 7 Low-temperature MCD spectrum of dithionite-reduced D14C Da
Fdlll

The spectra were recorded at a temperature of 1.6 K, 4.2 K and 10 K at a magnetic field of 5 T.
The protein concentration was 404 «M in 50 mM Hepes/0.1 M NaCl/200 M EGTA buffer,
pH 7.6, diluted with glycerol (50% v/v). The pathlength was 1 mm.

reduced sample was measured (Figure 7). The spectrum is
strongly temperature-dependent, which is indicative of the pre-
dominant presence of paramagnets [36]. The form of the overall
spectrum, notably the MCD bands having a positive sign in the
350-600 nm region and above 700 nm, resembles that of Fds
containing [4Fe-4S]** clusters with S = 1/2[30,36]. The intensity
of the MCD spectrum is almost double that expected for one
[4Fe-4S]** cluster. At 1.6 K the maximum amplitude observed is
~ 70 M'-cm™' at 550 nm, which compares with a maximum
intensity of 40 M™*-cm™ for Da FdI at the same wavelength
([3Fe-4S]° clusters have a Ae < 10 M~t-cm™ at 550 nm) [34].
This result confirms the presence of two [4Fe-4S]'* clusters in
D14C Da FdIII and the absence of a significant population of
[3Fe-4S] clusters. These show a very intense MCD spectrum in
the reduced [3Fe-4S]° state, with intensities up to 250 M~'-cm™
in the 400 nm and 700 nm part of the spectrum [30,36].

To test whether either of the 4Fe clusters of D14C Da FdIII
could be converted readily into a 3Fe form, samples were
incubated with potassium ferricyanide. For ferricyanide concen-
trations between substoichiometric and twice the Fd con-
centration we observed an increase of the [3Fe-4S]'* cluster
population, as judged by the intensity of the ‘g =2.01" EPR
signal, up to 0.6 +0.1 spin/2 mol of ferricyanide per mol of Fd.
Use of a higher concentration of ferricyanide resulted in loss of
the [3Fe-4S] cluster and possibly protein denaturation. We could
not obtain a preparation having a stoichiometric amount of
[3Fe-4S]** clusters. The reversibility of the reaction was checked
by reductive titration with dithionite in the presence of Fe(II)
ions, after dialysis of the excess ferricyanide. The resulting
sample showed the ‘g =1.94" EPR signal of the [4Fe-4S]**
cluster, with an intensity corresponding to ~ 1.8 +0.2 spin/mol,
i.e. similar to that of the starting material.

Electrochemistry

The cyclic voltammogram of a solution of the D14C mutant is
shown in Figure 8. A single cycle displays one set of redox waves
with a reduction potential of —425+10 mV at 4 °C (Table 1).
This is close to the value of —400 mV determined for the 4Fe
clusters of Da FdIII (couple B) [9,15]. The peak separation of the
waves, AE," is 105 mV at low scan rates (up to 50 mV-s™") and
increases to 150 mV at 500 mV-s™*. Plots of i, and i, the

pa’
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Figure 8 Bulk solution cyclic voltammogram of D14C Da Fdlll

The scan rate was 10 mV-s~", and the temperature was 4 °C. The protein concentration was
106 1M in 20 mM Mes/Hepes/Taps/0.1 M NaCl/200 M EGTA buffer, pH 7.6, and also
contained 2 mM neomycin.

Table 1 Reduction potentials of the iron—sulphur clusters of native Da
Fdlll and D14C Da Fdlll

The values in parentheses refer to adsorbed molecules (in mV versus SHE).

&
[3Fe-45]" "0 [4Fe-4S)2+/1+ [3Fe-4S]"%~
Fd Couple A (A")  Couple B (B") Couple C (C)
Native 7Fe Da FdlllT —140 —410 —700
(—150) (—393)
7Fe D14C Da Fdlll —125 —435 -
(—130) (—450) (—690)
Native 8Fe Da FdlllT - —400 -
(—393)
8Fe D14C Da Fdlll - —425 -
(—450)*

* In the 8Fe forms, the two [4Fe — 4S]2*/™* couples overlap each other (i.e. couples B+D
[17]) and the £; value determined is an average of the two couples; D14C data was measured
at pH 7.6 (20 mM in Mes/Hepes/Taps/0.1 M NaCl).

FFrom references [9,15,18].

cathodic and anodic peak current, versus (scan rate):, were linear
up to 100 mV-s7%, thus indicating that electron exchange at the
PGE electrode is quasi-reversible and diffusion-controlled under
these conditions [37]. Because only one set of waves is observed
in the cyclic voltammogram of D14C, the two redox couples of
the two [4Fe-4S] clusters must lie very close to each other. Also,
although the EPR spectrum showed a small proportion of [3Fe-
48] clusters present in the reconstituted fraction, we could not
detect any wave at higher potential indicative of 3Fe clusters
(couple A in the case of native Da FdIII [9]). Upon an increase
of protein concentration and change in buffer composition a
shoulder appeared on the high-potential side of the oxidation
wave, but the origin of this feature is not clear.

Quantitative analysis of the [4Fe-4S] clusters represented by
the single redox couple observed by cyclic voltammetry was

carried out by exhaustive bulk reduction (—606 mV) and re-
oxidation (—206 mV) of solutions of D14C Da FdIII. Integration
of the total Faradaic current passed gave 1.6+0.2 electrons/mol,
thus indicating that wave B corresponds to more than one cluster
per mol. However, the number of electrons passed per mol of
protein decreased for subsequent reduction/oxidation cycles,
down to a value of 1.4+0.2 electrons per mol of protein,
suggesting cluster loss upon repeated cycling. However, it is
unlikely that [4Fe-4S] clusters were being converted into the
[3Fe-4S] form, since no new waves were observed. The decrease
in intensity is therefore more likely to be due to irreversible
cluster loss.

To test the ease of convertibility of the [4Fe-4S] cluster to the
3Fe form, compared with native Da FdIIl, the D14C solution
potential was held at potentials ranging from —50mV to
+250 mV for 10 min. Under such conditions, the 8Fe form of
Da FdIII is rapidly and totally converted into a 7Fe form as the
‘labile’ 4Fe cluster (E, = —400 mV) loses one Fe atom to give a
[3Fe-4S]/° cluster (E; = —140 mV) [15]. However, we did not
observe under such conditions any new waves, only a decrease in
the 4Fe couple intensity. Cyclic voltammograms of the solution
of D14C mutant incubated with ferricyanide showed a new
redox couple (E; = —125+10 mV), which is again very close to
the value of —140 mV observed for couple A of wild-type Da
FdIII, and must correspond to the + 1/0 couple of the [3Fe-4S]
cluster.

Cluster transformation reactions are more easily followed
electrochemically using the protein-film technique, because all
the adsorbed protein molecules are under direct control of the
applied potential [31]. The protein-film voltammogram of D14C
Da FdIII (as isolated) is shown in Figure 9(a). One signal (pair
of oxidation and reduction waves), B’, is detected at a potential
(E;) of —450 mV, corresponding to the [4Fe-4S]**/** couple.
Two minor signals, A" and C’, are also observed (E,,, =
—130 mV, E,,,/ = —690 mV at pH 7.5), and represent the [3Fe-
4S]1**° and [3Fe-4S]"* couples respectively. We have recently
described the product of the two-electron couple, C’, the re-
duction wave of which is too drawn out to observe under these
conditions of pH and scan rate [38]. Integration of the area under
the oxidative waves A" and C” show that the [3Fe-4S] cluster
population represents & 59, of the area under wave B (i.e ~ 0.1
spin/mol for A’, considering B" ~ 2 spin/mol). Further cluster
transformation was attempted by holding the potential at 0 mV
for 1 min, but this only resulted in film loss. However, we
obtained a significant proportion of [3Fe-4S] clusters by adding
potassium ferricyanide to the electrolyte solution. The resulting
voltammogram, after addition of 1.5 equiv. of Fe(CN)*, is
shown in Figure 9(b). Signals A” and C’ (oxidation) are now
clearly discernable, and account for 25-309, of the cluster
population. Finally, the ferricyanide-oxidized film was trans-
ferred to a pot containing 1.5 equiv. of Fe(Il) ions (Figure 9c).
After cycling the potential, both waves, A” and C’, decreased to
less than 10 9%, of the total clusters. However, even after repeated
cycling we could not obtain complete transformation of all the
[3Fe-4S] cluster (Figure 9c). These results are in agreement with
the spectroscopic results, which showed about 59, [3Fe-4S]
clusters (0.1 spin/mol) for the D14C samples after reconstitution,
increasing to 309, (0.6 spin/mol) upon incubation with fer-
ricyanide and finally reverting to less than 10 %, after reductive
incubation with ferrous ions.

DISCUSSION

The D14C mutant of Da FdIII has been overexpressed from a
synthetic gene, using typical E. coli codon usage, cloned into the
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Figure 9 Protein-film cyclic voltammetry of D14C Da Fdlll

(@) 138 M Fd in 200 M EGTA, 20 mM each Hepes, Mes and Taps, pH 7.6, 0.1 M NaCl
and 2 mM neomycin (‘mixed buffer’); (b) film transferred to mixed buffer + 200 uM
ferricyanide;; (¢) film subsequently transferred to mixed buffer +200 .M Fe(ll). The scan rate
was 500 mV-s~" and the temperature 4 °C

pET21d vector and transformed into E. coli strain BL21(DE3).
The resulting polypeptide did not contain any iron—sulphur
clusters. On the basis of our earlier work [24], in which the native
sequence of Da FdIII was expressed also without cluster insertion,
the polypeptide was partially purified and iron—sulphur clusters
were inserted using standard reconstitution methods. The result-
ing protein was purified under anaerobic conditions. This protein
has been shown by spectroscopic analysis to contain two [4Fe-
4S]>+/1* clusters, both of which undergo a one-electron reduction
at similar Ej values (& —400 mV). EPR spin quantification and
variable temperature-MCD studies for the fully reduced sample
show that it contains two [4Fe-4S]'* clusters, both having S =
1/2 with g-values of 2.059, 1.944 and 1.899. Spin—spin interaction
between the two clusters is evident in the broadening and fine
structure of the EPR spectrum. We conclude that two [4Fe-4S]
clusters are present and that both are ligated by cysteines in the
classic Fd fold.

In the 8Fe form of native Da FdIII one [4Fe-4S]'* cluster has
S =1/2 and the other S = 3/2. The former spin belongs to the
cluster which is inert to oxidation and co-ordinated by four
cysteine residues, while the latter belongs to the oxidatively labile
cluster which is bound by three cysteine residues and Asp'* (or
water). Hence the mutation D14C has changed the co-ordination
to four cysteine residues, which is reflected in the switch of the
ground state electronic spin from S=3/2to S =1/2.

Using direct electrochemistry the protein shows a single
reversible wave at a potential (E;) of &~ —425 mV, arising from
both clusters. No electrochemical evidence for oxidative cluster
transformation into a [3Fe-4S] form could be obtained even after
holding the protein at potentials up to +250 mV for 10 min.
This contrasts with the properties of the 8Fe native protein,
which, under the same conditions, transforms rapidly and
reversibly into a 7Fe form that contains a stable [3Fe-4S]'*
cluster.

These results clearly show that the aspartate residue at position
14 is responsible for the facile metal exchange reaction at the
[3Fe-4S] cluster in the native protein. Mutation of this ligand
into a cysteine residue prevents the reversible loss of iron on
mild oxidation. However, the clusters in D14C can be subjected
to oxidative damage by the anaerobic addition of ferricyanide.
Anaerobically reconstituted protein invariably contains 5-10 9
of [3Fe-4S]*° clusters, as judged by EPR and electrochemistry.
This signal was rapidly increased by addition of ferricyanide, but
did not go to completion, as further cluster destruction occurred
at higher ferricyanide concentration. After ferricyanide treatment
the sample did show, in direct electrochemistry, a signal from the
[3Fe-4S]**/° couple with E; = —130 mV, the same as in the
native 7Fe Fd. The reaction was reversible in the presence of
Fe(II) ions and dithionite, or at low potential for the protein-film
experiment, but a fraction of the [3Fe-4S] cluster population did
not take up iron. This behaviour is rather characteristic of 8§Fe
Fds such as Clostridium pasteurianum (Cp) Fd, in which selective
oxidation of one cluster to generate the [3Fe-4S] form is observed
[39,40]. The 8Fe form of Cp Fd could only be recovered after
incubation with Fe(II), dithionite and a reduced thiol such as
dithiothreitol, followed by chromatographic purification.

We can now distinguish between two groups of 8Fe Fds, those
with two [4Fe-4S(Cys),] clusters and those with [4Fe-4S(Cys),]
and [4Fe-4S(Cys),(X)] [where Xaa = Asp or HO(H)]. The cluster
which is co-ordinated closest to the N and C terminus, called
cluster I (Scheme 1), is subject to reversible transformation when
residue 14 is X or to more irreversible oxidative damage
when residue 14 is cysteine. The second cluster, bound at the
internal site, (cluster IT) appears to be less susceptible to oxidative
damage. Indeed, in other Fds, such as monocluster 4Fe or
dicluster 7Fe, cluster II is either missing or replaced by a
disulphide bridge (e.g. D. gigas FdII [41]), or has a particularly
negative reduction potential (e.g. Azotobacter vinelandii Fdl
[42,42a]), implying that cluster I is most likely the physiological
electron acceptor/donor.

The reactivity of cluster I may arise because of the exposure of
one corner of the cubane to protein surface and hence to solvent.
In the high-resolution X-ray structure of C. acidi-urici Fd [43],
co-ordination of Cys'! (equivalent to Asp'* in Da FdIII) to the
corner of cluster I shows an unusual Fe-S(Cys) bond angle and
a lengthened Fe-S distance which may render it more labile. This
suggests that in cluster I there is a distinct Fe site, Fe, (corr-
esponding to Fe, in C. acidi-urici Fd structure) which can be lost
to give a [3Fe-4S] cluster. Fe,_ is co-ordinated by Cys' in cysteine-
only Fds and possibly by an aspartic acid in the aspartate Fds
(D' in Da FdIII). These observations may account, at least in
part, for the protein influence on the lability of the Fe, subsite,
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N;—Cys"!-Thr-Gly-Xaa'*-Gly-Glu-Cys'’-Val-Asp-Val-Cys*'-Pro

N

[4Fe-4S]
Cluster I

[4Fe-4S]
Cluster I

N

Ci—Glu-Cys*'-Val-Glu-Val-Cys*-Ser-Glu-Cys*“-Gly-Leu-Cys*

Scheme 1  Schematic representation of the ligands involved in Fe-S cluster
binding in Da Fdlll

Wild-type: Xaa'* = Asp; D14C, Xaa' = Cys.

such as that observed in the cysteine-only ligated cluster of D.
gigas FdII.

However, our comparative studies of native and D14C Da
FdIII show that it is the nature of the side chain, whether thiolate
or carboxylate, which is crucial in allowing rapid and reversible
metal exchange in Da FdIIl, itself an intrinsic property of the
[3Fe-4S]° cluster [16-19c,44]. Further evidence for aspartate
ligation in the native 8Fe protein stems from our study of the
pH-dependence of metal insertion in the [3Fe-4S] cluster of Da
FdIII. It was shown that protonation of a group having a pK of
5.5 competes with metal uptake (J. N. Butt, J. L. Breton, A.J.
Thomson and F. A. Armstrong, unpublished work). This group
has been tentatively assigned as Asp!'?, although protonation of
the cluster itself could not be ruled out. Thiolate (RS") is a
stronger ligand for Fe(II) than carboxylate RCOO™, and repl-
acement of aspartate ligation by cysteine would therefore be
expected to lead to a more inert [4Fe-4S] cluster. It should be
noted also that the reduction potentials for the S-ligated (D14C)
and O-ligated (native) [4Fe-4S] cluster of Da FdIII are very
similar (Table 1). This suggests that the Fe subsite is, in both
cases, co-ordinated by a protein-derived ligand which is nega-
tively charged (-O7) rather than neutral (-OH) in the native
protein.
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