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The amount of 3Fe clusters in Thermodesulfobacterium commune ferredoxin is strongly dependent upon the
presence of oxygen during the purification. An average of one 3Fe cluster per monomer can be found when
the purification is not strictly anaerobic. These clusters are converted into |4Fe-4S| clusters by adding
dithionite at usual pH and without adjunction of Fe?*. The EPR potentiometric titration reveals the
existence of several types of 3Fe clusters with negative midpoint potentials differing by more than 100 mV.
When the |4Fe-4S| clusters are partially reduced the EPR signal is composed of two different rhombic
components. The component with g, = 2.04 could be related to a site implicated in the interconversion
processes. In the fully reduced state, the spectrum presents the typical features of two interacting |4Fe-4S |
clusters as those observed in two |4Fe-4S | bacterial ferredoxins. From the redox titration curves the midpoint
potentials of these clusters are estimated at —395 and —435 mV.

Introduction

Many examples have been reported where pro-
teins containing iron-sulfur clusters have shown
their ability to accommodate 3Fe or 4Fe clusters
at the same site. Typical examples which have
been studied in detail are Aconitase [1], Desulfo-
vibrio gigas Fd 11 [2], Azotobacter vinelandii Fd 1
[3], Azotobacter chroococcum ferredoxin [4] and
Pseudomonas ovalis ferredoxin {5]. The change
from one cluster type to an other can be obtained
either by an interconversion process induced by
reductive or oxidative agents or by a reconstitution

* To whom correspondence should be addressed.

of the iron sulfur centre from the apoprotein. The
4Fe-to-3Fe conversion usually requires strong
oxidative agents, whereas incubation with Fe’*
[6,7] or high pH conditions [1,4] are necessary to
induce an efficient 3Fe-to-4Fe conversion. We re-
port in this paper an EPR study on this subject
performed on the ferredoxin from the thermo-
philic sulfate reducing bacterium Thermodesulfo-
bacterium commune. The presence of 3Fe clusters
appears to be strongly correlated to the presence
of oxygen during the purification procedure. The
conversion of these clusters into 4Fe-4S clusters
can be induced by addition of dithionite at usual
pH values. We discuss the results of redox titration
experiments and give an estimate of the midpoint
potentials of the different types of iron-sulfur clus-
ters which are observed in the protein.
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Material and Methods

The purification procedures and the char-
acterization of 7. commune ferredoxin have been
previously described [8]. When precautions are
taken against oxygen, a dimeric form is obtained
with a molecular weight equal to 12 500. For con-
venience, this ferredoxin will be noted Fd(an) in
the following. The presence of two iron-sulfur
clusters per monomer of Fd(an) was found on the
basis of the iron and labile sulfur content and the
values of the optical densities. Although this anal-
ysis is in favour of a large majority of |4Fe-4S|
clusters the precision is not sufficient to estimate
the relative amount of 3Fe clusters. This point is
discussed in the present paper. When the purifica-
tion is not performed in strict anaerobic condi-
tions three different oligomeric forms can be sep-
arated which all exhibit the same aminoacid com-
position as Fd(an). The more acidic fraction is a
trimer (M, 21000) and was found by EPR to
contain the largest proportion of 3Fe clusters.
Only this trimeric fraction, which is noted Fd(a),
will be considered in the following.

The EPR spectra were recorded at low tempera-
ture on a Varian E112 X-band spectrometer
equipped with an Air-Product Helitran Gas-Flow
System. The calibration of the spectrometer was
checked with the strong pitch Varian sample placed
in cavity II of the dual sample cavity. Spin quanti-
tation was deduced from numerical double in-
tegration of the spectra using copper sulfate as a
standard. The microwave power was adjusted at a
level sufficiently low to avoid saturating effects.

The potentiometric titrations of Fd(an) and
Fd(a) were performed in anaerobic conditions at
18°C with an Ag|AgCl electrode. The concentra-
tions of Fd(an) and Fd(a) as measured spectro-
photometrically at 385 nm, were 0.18 mM and
0.11 mM, respectively, in 0.1 M Tris-HCI at pH
7.6. The mediators used were: 2-hydroxy-1,4-
naphthoquinone, phenosafranine, benzyl viologen,
methyl viologen all at 8 pM concentration. The
potential was adjusted by small additions of 0.025
M Na,§,0,. After equilibration for about 10 min,
0.15 m! of the ferredoxin solution was taken and
frozen in calibrated EPR tubes.

Results and Comments

Conversion of the 3Fe clusters into |4Fe-4S| clus-
ters

In the oxydized state, the EPR spectra given by
Fd(an) and Fd(a) are typical of 3Fe clusters (Fig.
la and b) and exhibit the main characteristic
features which have been reported and discussed
for A. vinelandii Fd I and D. gigas Fd II [9,10]:
below 20 K the shape is asymmetric and centered
at g =2.01. The saturation experiments performed
at 6.5 K indicate a fast spin-lattice relaxation rate
with a T, of about 6 us compared to 3 us for A.
vinelandii Fd 1 and D. gigas Fd Il at the same
temperature [11]. As for these ferredoxins a depar-
ture from the Curie law of the integrated intensity
is observed at temperatures higher than 15 K and
there is an overall relaxation broadening of the
line above 20 K. The absolute intensity measure-
ments give an average of 1 (+0.1) 3Fe cluster per
monomer for Fd(a), and 0.1 (£0.03) for Fd(an)
before this protein was concentrated for the redox
titration experiments. After concentration to 0.18
mM on a DEAE cellulose column, the amount of
3Fe clusters in Fd(an) was found equal to 0.2
(£0.02). These observations indicate that the ex-
istence of the 3Fe clusters is strongly related to the
presence of oxygen in the purification procedure,
so that most of these clusters result very likely
from an oxidative conversion of |4Fe-4S| clusters
present in the native form of the protein.

When the samples are fully reduced with a large
excess of dithionite in solution at pH 7.6, the 3Fe
signal disappears completely and is replaced by a
spectrum which is typical of two interacting |4Fe-
4S| clusters [12] (Fig. 1d). The intensity of this
signal was measured for Fd(an) and Fd(a) and
corresponds in both cases to 2 (+0.2) |4Fe-4S|
clusters per monomer. This indicates that the 3Fe
clusters have been converted into the |4Fe-4S|
form. The accuracy of the absolute intensity mea-
surements is not sufficient to decide whether the
iron atoms, which are involved in the formation of
the |4Fe-4S| clusters, come from a cannibalization
process of the 3Fe clusters as in Aconitase [17] or
from adventitious iron.

Potentiometric titration
The results of the EPR redox titration experi-
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Fig. 1. Typical EPR signals given by T. commune Fd(a) at
different redox potentials (for experimental conditions, see
Materials and Methods). The four spectra a, b, ¢, d correspond
to the samples which give the experimental points noted a, b, c,
d on the titration curves in Fig. 2.

ments are given in Fig. 2. The measurements were
performed at 15 K and the intensities were ob-
tained by a numerical double integration of the
spectra. Two ranges can be distinguished: in the
region above —300 mV the signal is given by the
3Fe clusters, whereas only [4Fe-4S| signals are
observed in the low-potential range. In the 3Fe
region the addition of dithionite in the potentio-
metric cell induces a fast decrease of the potential
which reaches a minimum after about 1 min. This
phase corresponds to the reduction of the 3Fe
clusters. A slow increase is then observed (half-time
of about half an hour) which is probably related to
the slow conversion process of some of the 3Fe
clusters into a {4Fe-4S | form. This process is much
slower than the reduction process so that we will
admit that the redox equilibrium of the 3Fe clus-
ters system is satisfied at each time. The presence
of a plateau in the experimental titration curve of
Fd(a) at about —100 mV (Fig. 2) indicates a large
contribution of at least two different 3Fe species
(which we named A and B) characterized by dif-
ferent redox properties. The residual contribution
below —250 mV is likely due to a third species C
with a low redox potential. The presence of differ-
ent types of 3Fe clusters is also indicated by the
evolution of the EPR line shape. In the range
+200 mV to —100 mV there is a gradual change
from an almost symmetrical shape observed at
high potential (Fig. 1a) to the shape shown in Fig.
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Fig. 2. Redox titration of T. commune Fd(a) and Fd(an). The
symbols on the titration curves represent the intensity of the
EPR signal as a function of the redox potential (relative to the
hydrogen electrode). The dots and the stars correspond to
Fd(an) and Fd(a), respectively. The experimental sets of data
characterized by the different types of symbols were normal-
ized independently and the corresponding intensities are not
comparable with each other (for relative intensities, see the
text). Above —300 mV, the solid and the dashed lines are the
theoretical variations computed for the values of the midpoint
potentials given in Table I: , the 3Fe-to-4Fe conversion
process is neglected; ------ , the conversion process is de-
scribed by a second order reaction. Below —300 mV the
theoretical fit corresponds to an equal contribution of two
Nernst curves with midpoint potentials equal to —395 mV and
—435 mV, respectively.

1b. This can be related to the decrease of the
contribution of type A clusters. Below —100 mV
the major contribution results from type B clusters
and the shape remains unchanged. From the titra-
tion curve obtained for Fd(an) it is seen that most
of the 3Fe clusters are of type A and this suggests
that the formation of type B clusters needs stronger
oxidative conditions than for type A.

The decrease of the 3Fe signal induced by
dithionite involves at least two processes: one is a
fast reduction process and the other a slow conver-
sion of the 3Fe form into a diamagnetic 4Fe
structure. In a first approximation one may con-
sider that the conversion process is very slow so
that the progressive change in the relative amount
of 3Fe and 4Fe clusters is distributed through the
whole range of potentials, i.e., from + 200 to — 500
mV. If we then assume that this amount remains
roughly constant in the potential range corre-
sponding to the reduction of one 3Fe spectes we
obtain an estimate of the different midpoint
potentials by fitting the data with Nernst curves.
The best fit is represented by the solid line in Fig.
2. It was calculated with the midpoint values E
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(1) and the relative contribution of the different
types of 3Fe clusters given in Table I. The values
E_, (1) are most likely overestimated. This may be
seen by fitting the results with a simple phenome-
nological model where the conversion process is
described by a second order reaction where the
conversion rate of the 3Fe clusters is proportional
at each time to the dithionite concentration. This
model gives a better fit with the experimental data
(dashed line in Fig. 2). The best agreement with
the results for Fd(an) is obtained for a conversion
rate constant of about 500 min~'-M ™' and mid-
point potential values 40 mV lower than those
obtained when the conversion process is ignored
(Table I). The same conclusion applies for Fd(a)
whose data are also well fitted by using the same
rate constant. An estimation of this constant has
also been deduced from an independent kinetic
experiment performed on Fd(an): a small amount
of dithionite was added at two different times in
the potentiometric cell containing Fd(an), and a
sample was taken and frozen a short time after
each addition. The experimental conditions and
the data are summarized in Table II where the two
EPR samples have been named sample 1 and
sample 2. The EPR signal intensity for sample 2 is
30% weaker than that for sample 1, although both
samples were taken at the same potential. This
difference is attributed to the conversion of 3Fe
clusters during the 35 min preceding the new
addition of dithionite. If we neglect the number of
conversions during the time (2 min) of the reduc-
tion of sample 2, we obtain with our simplified
model a rate constant value of about 160 min~'-

TABLE I

TABLE I1

EXPERIMENTAL CONDITIONS FOR THE KINETIC
STUDY OF THE CONVERSION PROCESS In T. COM-
MUNE Fd(an)

Concentration of Fd(an), 77 uM (pH 7.6); concentration of
Na,$,0,, 44 mM. At times 0 and 35 min, dithionite was
added just after reading the potential values. The values —57
and —59 mV given for samples 1 and 2, respectively, were
measured in the titration cell during the freezing operation of
these samples.

Time Potential in the  Addition of  EPR signal
(min) titration cell Na,S§,0, intensity
(mV) (»D)
0 +88 +3 100%
3 -57 sample 1: 12%
35 +37 +3
37 -59 sample 2: 8%

M ™!, which, considering the crudeness of our as-
sumptions, is consistent with the value deduced
from the titration curves.

According to our interpretation most of the 3Fe
clusters have been converted when the potential is
lower than —300 mV so that the redox titration
experiment should not be perturbed by the conver-
sion process in the |4Fe-4S| region. In this region,
the redox properties of Fd(a) and Fd(an) do not
show significant differences. A reasonable fit with
Nernst curves is obtained by assuming an equal
contribution of two |4Fe-4S| clusters characterized
by slightly different potentials —395 mV (£10
mV) and —435 mV (£10 mV). These values are
similar to those found in bacterial 2 |[4Fe-4S| fer-
redoxins [13). At the beginnine of the reduction of

MIDPOINT POTENTIALS E,, DEDUCED FROM THE REDOX TITRATION EXPERIMENTS

Two different approximations have been used: (1) the conversion process is neglected; (2) the conversion process is described by a
second-order process where the conversion rate is proportional to the dithionite concentration. In this case it was also assumed for
Fd(a) that only the reduced 3Fe clusters could be converted. The common rate constant for Fd(a) and Fd(an) is k = 500 min~'-M .

3Fe cluster E_ . (mV) 3Fe cluster E_ (mV)
type Fd(a) type Fd(an)

(1) ) (1) )
A (55%) —40 ~80 A (95%) -30 -~70
B (33%) -170 -310 B (2%) —-170 <—170
C (12%) < —300 < —300 C (3% < =300 < —300
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Fig. 3. Numerical simulation of the EPR signal observed at
—399 mV (Fig. 1c). The calculated spectrum is represented by
the heavy dashed line. It is the superposition of two simulated
rhombic spectra of equal intensities and characterized by g, =
2075, g, =194, g, =1.89 (----- ) and g, =2.042, g, =1.93,
g, =1.89 ( ). Each of these spectra were obtained by
calculating the convolution product between the densities of
the packet lines and a lorentzian packet line-shape with a
field-dependent width.

the [4Fe-4S| clusters, only one cluster per mono-
mer is reduced and we should observe a typical
[4Fe-4S | signal as in the case of bacterial 2 |4Fe-4S |
ferredoxins [12]. In fact the spectra which are
observed in this region for Fd(a) and Fd(an) ap-
pear as the superposition of two |4Fe-4S| signals
with different g, values (Fig. 1c). To obtain the
main characteristics of these signals we performed
a simulation, based on a convolution procedure, of
the spectrum given by the Fd(a) sample at — 399
mV (Fig. 3). This spectrum is reasonably fitted by
assuming an equal contribution of a usual rhombic
|4Fe-4S| signal characterized by g, = 2.07 and a
more axial-looking signal characterized by g, =
2.04. It is interesting to note that spectra with
similar shapes and characterized by a g, =2.04
component have- been reported in two cases: (i)
|4Fe-4S| clusters in sites which were initially 3Fe
sites [1,3,4,14]; (ii) 4Fe-4S clusters in systems where
the constraint on the clusters is weak: partially
unfolded proteins [15] or synthetic analogs [16].
This suggests that the 2.04 signal which is ob-
served here could be associated to a weakly con-
strained site favorable to an easy accommodation
of structurally different clusters.
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TABLE 111

4Fe-TO-3Fe CONVERSIONS IN 7. COMMUNE FER-
REDOXIN

The samples are those which were taken at —450 mV for Fd(a)
and —372 mV for Fd(an) in the redox titration experiments
(Fig. 2). They contain 8-fold excess and 6-fold excess of di-
thionite, respectively. They were let to thaw and reoxidize by
air at room temperature. The number of 3Fe clusters is de-
duced from absolute intensity measurements of the EPR sig-
nals.

Time of reoxidation 3Fe clusters 3Fe clusters

by air per monomer per monomer
(h) for Fd(a) for Fd(an)

0 0 0

3 0.08 0.07

4 0.21 0.08

5 0.35 0.11
17 0.27 0.30

4Fe-to-3Fe conversions

At the end of the redox titrations, two samples
were let to thaw and reoxidize by air at room
temperature. They were a Fd(a) sample which had
been taken at —450 mV and contains an 8-fold
excess of dithionite and a Ed(an) sample which
had been taken at — 372 mV and contains a 6-fold
excess of dithionite. The buffer concentration was
high enough (see Materials and Methods) to avoid
damaging effects on the cluster structure which
would result from a decrease of the pH when
oxygen reacts with dithionite. We observed for
both samples a slow reappearance of the 3Fe
signals. The results are given in Table III. From
observations which were done during the titration
experiments we know that when a reduced fer-
redoxin solution is allowed to reoxidize by air, less
than an hour is necessary for its potential to return
from its lowest value (approx. —480 mV with a
10-fold excess of dithionite) to a positive value at
which all the 3Fe clusters are oxidized. This means
that the relative intensities of the EPR signals
given in Table III are directly proportional to the
number of 3Fe clusters obtained by conversion of
the 4Fe clusters. Although slow for both samples,
the 4Fe-to-3Fe conversion kinetic appears faster
for Fd(a) at least in the first hours of the process,
thus indicating that the fully reduced forms of
Fd(a) and Fd(an) are not identical. This suggests
that the interconversion processes take place in
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particular conversion sites which are irreversibly
formed when oxygen is present during the purifi-
cation. As mentioned in Ref. 8 and also reported
for activated Aconitase [17], a very long exposure
to air gives rise to a progressive destruction of the
clusters which can explain a limitation of the
increase of the 3Fe signals or even a decrease as
observed for Fd(a).

Conclusion

The amount of 3Fe clusters in the ferredoxins
from T. commune is largely dependent upon the
presence of oxygen in the purification procedure.
This strongly suggests that most of them result
from an oxidative conversion of native |4Fe-4S|
clusters. The EPR redox titration experiments in-
dicate that at least three types of 3Fe clusters can
be accommodated by the protein. They differ by
their midpoint potentials: approx. —80 mV, ap-
prox. —210 mV and less than —300 mV. These
values are within the range of the potentials mea-
sured in the other 3Fe proteins (from 0 mV for
Aconitase [18] to —420 mV for A. vinelandii Fd 1
[19]). Their EPR spectra and the temperature de-
pendence of the shape and the intensity exhibit the
same main characteristics as those reported for D.
gigas Fd Il and A. vinelandii Fd 1 so that all these
3Fe clusters cannot present major structural dif-
ferences. An easy converston of these clusters into
[4Fe-4S] clusters is observed when dithionite is
added at usual pH values, with an half-time longer
than 1 h. It is suggested that the site of the protein
which is implicated in this process could be related
to the unusual g=2.04 |4Fe-4S| signal which is
seen in the range —300 mV--—400 mV. A slow
4Fe-to-3Fe conversion process is observed when
the fully reduced ferredoxin is reoxidized by air.
Below —300 mV most of the clusters are of the
|4Fe-4S| type. In the fully reduced state the two
clusters in the monomer are magnetically coupled
and the close similarity of the EPR spectrum with
those observed for other bacterial 2 |4Fe-4S| fer-
redoxins indicates an intercluster distance of about
1.2 nm [20]. The redox midpoint potentials which
are about —400 mV are also compatible to those
observed in these ferredoxins.
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