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ABSTRACT The Fe(CN)3- oxidation of the crystallo-
graphically characterized {[3Fe-35], [4Fe-4S]} ferredoxin I of
Azotobacter vinelandii has been studied using absorption, cir-
cular dichroism, magnetic circular dichroism, and EPR spec-
troscopies. A paramagnetic intermediate is observed en route
to Fe-S cluster-free apoprotein, possessing an anisotropic g
2 EPR signal, surviving to temperatures >77 K. This species is
shown to result from 3-electron oxidation of the [4Fe-4S] clus-
ter, without modification of the [3Fe-3S] cluster. However, it
does not give rise to observable paramagnetic magnetic circu-
lar dichroism in the visible-near UV spectral region and is
therefore neither an oxidized HIPIP [4Fe-4S] cluster nor an
oxidized [3Fe-3S] cluster. We identify the paramagnetic spe-
cies as a cysteinyldisulfide radical formed on dissociation of an
oxidized cysteinate and an oxidized sulfide ion from the [4Fe-
4S] cluster. This conclusion is consistent with the observed re-
action stoichiometry, the spectroscopic results obtained,
known EPR spectra of disulfide radicals, and the reconstitu-
tion of the native [4Fe-4S] cluster by dithiothreitol alone. This
reaction, earlier interpreted as a HIPIP-type oxidation, is a
previously uncharacterized oxidation reaction of [4Fe-4S] clus-
ters.

[4Fe-4S] cluster operates between 2+ and 1+ levels.) In the
same work, the [4Fe-4S] cluster was also characterized as a
HIPIP-type cluster, as a result of the development of addi-
tional g = 2.0 EPR intensity on Fe(CN)3- oxidation. Redox
potentials of -424 mV and +320 mV were reported (3, 8, 9)
for the two clusters, suggesting an enormous (>700 mV)
variability in the potentials of HIPIP clusters with protein
environment. This conclusion is now unsupported, as a re-
sult of the identification of the [3Fe-3S] cluster. In addition,
recent work (10-12) has shown that oxidation of proteins
containing [4Fe-4S] clusters can generate [3Fe] clusters,
raising the possibility that the [4Fe-4S] cluster of Fd I is also
not of the HIPIP type and that Fe(CN)3- oxidation is pro-
ducing a second [3Fe] cluster. [The [3Fe] clusters in proteins
other than Fd I may differ in stoichiometry and structure
from that in Fd I. In beef heart aconitase, the stoichiometry
is reported to be consistent with a [3Fe-4S] cluster (13).]
We report preliminary results of spectroscopic studies that

show that the Fe(CN)3- oxidation of Fd I involves a new,
previously unrecognized, oxidation reaction of [4Fe-4S]
clusters.

The structure of Azotobacter vinelandii ferredoxin I (Fd I)
has recently been determined by x-ray crystallography to a
resolution of 2.0 A (1, 2). [We follow the nomenclature of
Yoch and Arnon (3). This protein has also been named A.
vinelandii iron-sulfur protein III (4).] The structure shows
two iron-sulfur clusters, 11 A apart, containing four and
three iron atoms respectively. The [4Fe-4S] cluster is essen-
tially identical to those previously characterized crystallo-
graphically in Peptococcus aerogenes ferredoxin (ref. 5 and
references therein) and Chromatium vinosum high-potential
iron protein (HIPIP) (ref. 6 and references therein), involv-
ing a cubal Fe4S: core (S*, inorganic sulfide) ligated by four
cysteine residues. The [3Fe-3S] cluster is a novel structure.
The Fe3St core is nearly planar; ligation is by five cysteine
residues and one other ligand, possibly H20.
Mossbauer spectroscopy (7) shows that the [3Fe-3S] clus-

ter is paramagnetic and the [4Fe-4S] cluster is diamagnetic in
the oxidation level as isolated. The [3Fe-3S] cluster is there-
fore associated with the nearly isotropic g 2.0 EPR signal
observed at liquid helium temperatures (8). Sodium dithion-
ite is reported to reduce the [3Fe-3S] cluster to a state that is
paramagnetic but EPR-silent, the [4Fe-4S] cluster being un-
affected (7).
The reducible [3Fe-3S] cluster was earlier identified (8) as

a HIPIP-type [4Fe-4S] cluster, on the basis of its g 2.0
EPR signal when oxidized. (A HIPIP-type [4Fe-4S] cluster is
defined to exhibit redox between 3+ and 2+ oxidation levels
of the [Fe4S4]" cluster core. In contrast, a low-potential

EXPERIMENTAL METHODS

Fd I was purified as described (1, 2, 14) or by a modified
procedure in which the butanol extraction is replaced by the
first steps of nitrogenase purification (15). All Fd I was crys-
tallized in either the tetragonal or triclinic form (14). The
A280/A40o ratios were consistent with the best values report-
ed previously (1-3).

Absorption spectra were measured on a Cary 17 spectrom-
eter. Circular dichroism (CD) and magnetic circular dichro-
ism (MCD) were measured using a modified JASCO J-500C
spectropolarimeter. Magnetic fields up to 30 kilogauss (kG)
and sample temperatures down to 1.7 K were provided using
an Oxford Instruments Spectromag 5 split-coil supercon-
ducting magnet system.
Room temperature absorption and CD measurements

were carried out using small volume cylindrical cells with
fused quartz windows (Optical Cell, Woodbine, MD). For
anaerobic measurements, the cells were loaded in an O2-free
(<0.5 ppm 02) glove box (Vacuum Atmospheres, Haw-
thorne, CA) into an o-ring-sealed holder with fused quartz
windows. Low-temperature absorption, CD, and MCD mea-
surements were carried out using glycerol glasses. The pro-
tein solution was diluted 1:1 with glycerol, placed in a cell
containing two fused quartz windows separated by a gasket
=1 mm thick and frozen in liquid nitrogen. When necessary

this was carried out in the O2-free glove box. Room tempera-
ture path lengths were measured using both a micrometer
and absorption and CD spectra.

Abbreviations: CD, circular dichroism; MCD, magnetic circular di-
chroism; HIPIP, high-potential iron protein; Fd I, ferredoxin I.
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EPR spectra were obtained using a Varian E-12 spectrom-
eter and an Oxford Instruments ESR-9 flow cryostat.

Unless otherwise indicated all Fd I solutions were in 100
mM potassium phosphate buffer (pH 7.5). Fd I concen-
trations were determined spectrophotometrically using
E4W = 29,800 (W. V. Sweeney, personal communication).
K3Fe(CN)6, sodium dithionite, dithiothreitol were from Mal-
linckrodt, Fisher, and Sigma, respectively. Concentrations
of Fe(CN)3- and sodium dithionite solutions were deter-
mined spectrophotometrically using E420 = 1020 (16) and E314
= 8000 (17), respectively.

RESULTS
The room-temperature and pH 7.5 visible-near UV absorp-
tion and CD spectra of Fd I as isolated (henceforth referred
to as oxidized Fd I, Fd Iox) and their change on titration with
K3Fe(CN)6 are shown in Fig. 1. At the concentrations used
for optical spectroscopy (50-100 ttM) and at ambi-
ent temperatures, the reaction of Fe(CN) 6 with Fd lox is
slow, complete reaction typically requiring 0.5 to 2 hr.
Equilibration is conveniently monitored using the CD spec-
trum. All spectra shown in Fig. 1 have been measured after
equilibration.
The EPR spectrum of Fd Iox at 11 K is shown in Fig. 2; it

broadens rapidly with increasing temperature and is unde-
tectable at 50 K. On titration with Fe(CN)3-, the 11 K EPR
initially broadens and develops additional structure (8); sub-
sequently, the intensity decreases to zero. The EPR created
on Fe(CN)6- oxidation broadens relatively slowly with in-
creasing temperature and remains observable above 77 K. A
comparison of the temperature dependence of the EPR of Fd
lox and Fe(CN)6 -oxidized Fd lox at a Fe(CN)6-/Fd I ratio
of 3.3 is shown in Fig. 2. The change in the 50 K EPR spec-
trum on titration with Fe(CN)3- is shown in Fig. 3.
The optical and EPR spectra clearly indicate the existence

of two phases in the reaction of Fd I with Fe(CN)3-. In the
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FIG. 1. (a) Absorption and (b) CD of Fe(CN)36-oxidized Fd It,.
Fe(CN)3-/Fd It, ratios are as follows: A, 0; B, 1.0; C, 2.1; D, 3.2;
E, 5.3; F, 16; G, 21. Fd l0. is 0.057 mM in 100 mM phosphate buffer
(pH 7.5). Spectra were run after equilibration (30-60 min). Spectra
are not corrected for dilution, which is <3%.

2.09
*-9

2.01

~A
1.98

a

b

H -r

FIG. 2. EPR of (a) Fd I,,, and (b) Fe(CN)3--oxidized Fd I,,O
[Fe(CN)3[/Fd Ix ratio is 3.3]. Temperatures are as follows (in K):
A, 11; B; 20; C, 30; D, 50; E, 77. Gains are A, 50; B, 500; C, ), and
E, 1000. Microwave frequency is 9.385 GHz, power is 2 mW, and
modulation is 10 G. Fd I.- is 0.058 mM in 100 mM phosphate buffer
(pH 7.5). In b, incubation after mixing was for 1 hr at ambient tem-
perature.

first phase, the absorption changes very little, the CD
changes substantially in both shape and magnitude, and a
new EPR signal is created. In the second phase, absorption,
CD and EPR decrease essentially monotonically to zero.
The two reaction phases overlap somewhat; however, as is
most clearly shown by the 50 K EPR titration, the first in-
volves a 3-electron reaction. The paramagnetic product of
the first reaction will be referred to as Fd I'ox.
The liquid helium temperature MCD spectrum of Fd lox

exhibits paramagnetic behavior (18, 19). The visible-near
UV MCD at 28.1 kG and 1.78 K is shown in Fig. 4. The
spectrum of Fe(CN)3--oxidized Fd lox at a Fe(CN)3-/Fd I
ratio of 3.0 is also shown; within experimental error, no
change in MCD occurs on Fe(CN)3- oxidation.
As gauged by the appearance of the characteristic absorp-

tion, EPR, and low temperature MCD of Fe(CN)3-, the re-
action with Fd Iox after equilibration completely consumes
the added Fe(CN)3- up to Fe(CN)3-/Fd I ratios of >20.
We have examined the effects of large excesses of ascor-

bate and of dithiothreitol on the absorption, CD and EPR of
Fe(CN)3--oxidized Fd Iox. Neither reagent affects the spec-
tra of Fd lox. At any Fe(CN)3-/Fd I ratio, the effects of
ascorbate are very minor, and in no case are the spectro-
scopic changes induced by Fe(CN)3- reversed. By contrast,
in the initial phase of Fe(CN)3- oxidation (up to a Fe
(CN)3-/Fd I ratio of -2), changes in CD and EPR are totally
reversed (within experimental error) by dithiothreitol on in-
cubation for 2 hr; at any Fe(CN)36-/Fd I ratio, dithiothreitol
removes the 50 K EPR signal.
The reaction of Fd Iox with Fe(CN)6- in the presence and

in the absence of 02 produces very similar spectral changes.
Small differences were observed, however, in both optical
and EPR spectra, indicating some incursion of 02 into the
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FIG. 3. EPR of Fe(CN)3--oxidized Fd Iox at 50K. Fe(CN)3-/Fd Ix ratios are as follows: A, 0; B, 1.0; C, 2.0; D, 3.0; E, 4.9; F, 9.9; G, 15; H,
20; I, 30. Solutions were mixed and incubated 1.5 hr at ambient temperature prior to freezing. Spectra are not corrected for dilution, which is
always <2%. Fd I,,, is 0.044 mM in 100 mM phosphate buffer (pH 7.5). Microwave frequency is 9.386 GHz, power is 2 mW, modulation is 10 G,
and gain is 1.25 x 103.

reaction. All experimental data reported here were obtained
under strictly anaerobic conditions.
No precipitation of either protein or inorganic material

was observed during Fe(CN) 6 oxidation of Fd lox.

DISCUSSION
The visible-near UV absorption spectrum and 11 K EPR
spectrum of Fd Iox are in good agreement with spectra in the
literature (3, 8). Neither CD nor MCD spectra of Fd I have
previously been published. The absorption and CD of Fd lox
are the composite of the contributions of the [3Fe-3S] and
[4Fe-4S] cluster. The EPR and paramagnetic MCD spectra
arise solely from the [3Fe-3S] cluster, since the [4Fe-4S]
cluster is diamagnetic. Both EPR and MCD spectra are very
similar to those reported for other oxidized [3Fe] clusters.
[EPR spectra of [3Fe] clusters, independently character-
ized by either Mossbauer spectroscopy or low-temperature
MCD, have been observed in Desulfovibrio gigas ferredoxin
II (20), beef heart aconitase (21), and Fe(CN)3--oxidized
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Clostridium pasteurianum ferredoxin (10). MCD spectra of
[3Fe] clusters have been reported for D. gigas ferredoxin II
(22) and Fe(CN)3--oxidized C. pasteurianum ferredoxin
(10).]
The changes in the absorption, CD and EPR spectra of Fd

lox on titration with Fe(CN)3- reveal a paramagnetic inter-
mediate oxidation product (Fd I'x) en route to Fe-S cluster-
free apoprotein. Formation of Fd Ix involves removal of
three electrons from Fd Ilo. The changes in CD and EPR are
initially linear with added Fe(CN)3- concentration, and then
exhibit curvature due to the overlapping of the further oxida-
tion reaction of Fd Ix. There is as yet no clear evidence for
additional intermediates.
The formation of Fd lx involves reaction at the [4Fe-4S]

cluster. This is most clearly shown by the identicality of the
low-temperature MCD spectrum of Fd Iox and ""3:1
Fe(CN)6 -oxidized/Fd lox (Fig. 4). We now refer to the
[4Fe-4S] cluster oxidation product occurring in Fd Ix as
[4Fe-4S]'. The precedented reactions that were initially an-
ticipated are either (i) HIPIP-type oxidation, resulting in a

600 700
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FIG. 4. MCD of Fd I,,, (with arrows) and 3.0/1 Fe(CN)'--oxidized Fd I,, (without arrows) at 1.78K and +28.1 kG. Fd 1,,,x and Fe(CN)3--
oxidized Fd I,, are both 0.081 mM in 100 mM phosphate buffer (pH 7.5) diluted 50:50 (vol/vol) by glycerol. Path lengths are 1.02 and 1.10 mm,
respectively.
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[4Fe-4S]3+ cluster, or (ii) conversion to a [3Fe] cluster in its
oxidized state. The former is a one-electron, reversible re-
dox reaction, leading to a paramagnetic cluster typically ex-
hibiting an axial EPR spectrum with g values significantly
above 2 (23) and a characteristic paramagnetic MCD spec-
trum (24). The latter (10-12) is an irreversible reaction in
which Fe and (maybe) S are lost from the cluster, leading to
a paramagnetic cluster, characterized by a near-isotropic
EPR signal with g 2.0 (10, 20, 21) and a characteristic para-
magnetic MCD spectrum (10, 22). The EPR and low-tem-
perature MCD spectra of the only [3Fe] cluster crystallo-
graphically characterized to date-that in Fd I itself-are
shown in Fig. 2 and 4.

Despite the long-standing assertion by Yoch and co-work-
ers [8, 9, 25] that the Fe(CN)3--oxidation of Fd Iox is of the
HIPIP type, all available evidence is inconsistent with this
possibility. First, the formation of [4Fe-4S]' involves three,
and not one, electrons. Second, the change in absorption
during the initial oxidation phase is so small that it is difficult
to measure reliably. In contrast, HIPIP exhibits a large in-
crease in absorption on oxidation (26, 27). Third, the EPR g
values of [4Fe-4S]' do not resemble those of HIPIP (23).
Fourth, an oxidized HIPIP cluster should contribute an addi-
tional paramagnetic MCD spectrum, equal in order of magni-
tude and quite different in structure to that of the [3Fe-3S]
cluster. This is definitively absent, as shown in Fig. 4. Fifth,
the Fe(CN)3- oxidation is not reversed by ascorbate, which
shows that the reaction is not a simple reversible redox reac-
tion. Sixth, Fe(CN) 6 oxidation of Fd Iox is much slower
than that of HIPIP, despite the greater accessibility of the
[4Fe-4S] cluster in the former (3, 4, 6).
The possibility that the Fe(CN)3- oxidation of Fd lox in-

volves conversion of the [4Fe-4S] cluster to a [3Fe] cluster is
also inconsistent with our observations. First, as is clear
from Fig. 2, the shape and temperature dependence of the
EPR signal created by Fe(CN)3- oxidation is quite different
from that of the [3Fe-3S] cluster and does not simply add a
second signal of similar shape and temperature dependence.
Second, creation of a second [3Fe] cluster should double the
paramagnetic MCD while retaining essentially the same
structure. This is quite different from the actual negative re-
sult of Fig. 4.

It must be concluded, therefore, that the Fe(CN)6- reac-
tion of Fd lox falls into neither class of precedented reaction.
The identification of the nature of the reaction was arrived at
as follows. First, the low-temperature MCD spectrum of
Fe(CN)3--oxidized Fd Iox shows no sign of paramagnetic
MCD due to the EPR-active species [4Fe-4S]' created by
Fe(CN)3-. This shows that the electron spin responsible for
the EPR signal is not significantly coupled to the Fe-contain-
ing cluster, and that the latter is diamagnetic, since a para-
magnetic Fe-S cluster must generate a substantial visible-
near UV paramagnetic MCD spectrum. In addition, the
paramagnetic moiety must either exhibit no electronic transi-
tions in the spectral region studied or these must have ex-
tremely small paramagnetic MCD. The latter is possible if
spin-orbit coupling is small in the species involved. Altogeth-
er, therefore, the low-temperature MCD spectrum suggests a
dissociation of an organic radical species, not directly cou-
pled to the Fe-S cluster, which remains diamagnetic.

Since the [4Fe-4S] cluster involves binding of Fe by S2-
and cysteine only, an obvious possibility is the formation of
a sulfur-containing radical. A reasonable hypothesis regard-
ing formation of such a radical can be based on the analysis
of Petering et al. (28) of Fe(CN)3- oxidation of various Fe-S
proteins. This involved (i) oxidation of Fe2+, S2- and cys-
teinate (Cys-S-) to Fe3+, S, and cysteinyl (Cys-S ) oxida-
tion levels, respectively; (it) loss of Fe from the protein; (iii)
retention of So by the protein in the form of trisulfide links
(Cys-S-S-S-Cys). In the present system, the assumptions

that initial reaction of Fe(CN)3- is with one S2- and one cys-
teinate residue and that during oxidation the Fe-cysteine
bond is broken, S leaves the cluster, and the resulting cys-
teinyl radical and S atom combine to form a cysteinyldisul-
fide radical (Cys-S-S ) provide a reaction

[Fe4S4(S-Cys)4]2- - 3e -+ [Fe4S3(S-Cys)3]+ + 'S-S-Cys

consistent with the observed stoichiometry and spectrosco-
py, as well as an intermediate consistent with the final prod-
ucts expected from the analysis of Petering et al. (28).

Thus, as long as the Fe-S cluster retains the formal oxida-
tion level corresponding to 2Fe2+ and 2Fe3+ ions, the reac-
tion involves three-electron oxidation, as observed. If the
Cys-S-S' radical is sufficiently detached from the residual
[Fe4S3(S-Cys)31 cluster that covalent interaction is negligible
and if the Fe-S cluster remains diamagnetic, as well as even-
electron, then it is to be expected spectroscopically that (i)
no visible-near UV paramagnetic MCD will be observed
since Cys-S-S- should not have low-lying excited states and,
in any case, would not be expected to generate large para-
magnetic MCD; and (ii) the EPR signal of Cys-S-S- will per-
sist to moderately high temperatures, since the mechanism
responsible for the rapid broadening of Fe-S cluster EPR
above liquid helium temperatures, involving low-lying Fe-S
cluster excited states, is not available. The generation of
Cys-S-S- is a reasonable intermediate in the formation of
Cys-S-S-S-Cys, which requires only the oxidation of one fur-
ther cysteinate residue.
The hypothesis advanced above is supported by two direct

lines of evidence. First, the cysteinyldisulfide radical has
been identified among the products of radiation damage in Y.
irradiated cysteine hydrochloride and cystine dihydrochlor-
ide (ref. 29 and references therein). It is, in fact, the most
stable of these products, surviving at room temperature. Its
EPR spectrum is observable at liquid nitrogen temperature
and is an anisotropic spectrum with g values of -2.00, 2.02,
and 2.06, not far from those observed in [4Fe-4S]'. (A simu-
lation of the EPR line shape is required to determine precise
g values for [4Fe-4S]'.) Second, the reconstitution of Fd I..
from Fd ILx, is predicted on the basis of the reconstitution of
Fe(CN)3--oxidized iron-sulfur apoproteins on addition of
dithiothreitol and Fe2 , observed by Petering et al. (28). Di-
thiothreitol is able to regenerate S2- and cysteinate from
cysteine trisulfide groups and should therefore do likewise
from cysteinyldisulfide radicals. Since [4Fe-4S]' formation
does not involve loss of Fe from the [4Fe-4S] cluster, only
dithiothreitol should be required for reconstitution, as is ob-
served.

Several further experimental observations are consistent
with the above scheme. First, we have carried out compara-
tive experiments using Co(phenanthroline)3+ in place of
Fe(CN)6- and obtained essentially identical results. The reac-
tion is not specific to Fe(CN)3-, therefore, and the possibili-
ty that observed spectral changes (e.g., in the EPR spec-
trum) are due to an inorganic biproduct, specific to the oxi-
dant used (e.g., Prussian blue or analogous complexes) can
be ruled out. Second, the slow rate of the oxidation is con-
sistent with a reaction involving considerable structural reor-
ganization. Third, the insignificant change in absorption on
formation of Fd IEx is consistent with the retention of the
initial Fe content of Fd Iox, because in oxidative situations
loss of absorbance in Fe-S clusters usually reflects loss of
Fe. Fourth, up to a Co(phenanthroline)3+/Fd Iox ratio of 6,
no loss in Fd I Fe content is detected by direct analysis.
The demonstration that the [4Fe-4S] cluster of Fd I is not a

HIPIP-type cluster leads to the possibility that is is a low-
potential cluster, analogous to those of bacterial ferredoxins
(30). Dithionite reduction at pH 7.5 causes loss of the EPR
signal of Fd Iox due to reduction of the [3Fe-3S] cluster, but
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it does not yield a "g = 1.94" signal, characteristic of re-
duced [4Fe-4S]l' clusters. However, reduction at pH 8.8
does yield a new signal, quite similar in shape and g values to
those observed in reduced Bacillus polymyxa ferredoxins I
and 11 (31) and the intermediate, one-cluster-reduced C. pas-
teurianum ferredoxin (30); its intensity corresponds to =25%
reduction. The simplest explanation for this signal is the re-
duction of the [4Fe-4S] cluster, the lower reduction potential
of sodium dithionite at pH 8.8, as compared to pH 7.5, ac-
counting for the observation of the signal only at the more
alkaline pH. However, it is also possible that at pH 8.8 the
[3Fe-3S] cluster is converted to a [4Fe-4S] cluster and that
the "g 1.94" EPR arises from the reduced state of a
{2[4Fe-4S]} protein. A precedent for such a reaction is pro-
vided by the activation of beef heart aconitase by sodium
dithionite alone (11), since activation involves conversion
from a [3Fe] to a [4Fe-4S] cluster. Experiments are in pro-
gress to distinguish these two possibilities.
The lowest redox potentials observed to date in [4Fe-4S]

clusters lie in the range -450 to -500 mV (25, 30). It appears
that the potential of the [4Fe-4S] cluster in Fd I is even low-
er. The physiological significance of this result remains to be
established. Fd I is known to mediate electron transport to
nitrogenase (32), an enzyme functioning at extremely reduc-
tive potentials.
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