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Rksumk. - L'effet Mossbauer de 57Fe a kt6 utilisk pour ktudier les centres 4 Fe-4 S dans les 
ferredoxines de Clostridium pasteurianum et dans la prot6ine Fe-S a potentiel 61evB (HiPIP) de 
Chromatium. Un examen des deplacements chimiques dans les diffkrents 6tats redox des prot6ines 
permet de caractkriser les atomes de fer par des valences formelles. Les champs magnktiques hyper- 
fins observks mettent en kvidence un couplage antiferromagnetique des atomes de fer a 17int6rieur de 
chaque centre. Les donnkes de spectroscopie Mossbauer sont utilis6es pour justifier un modkle 
concernant les atomes de fer dans ce centre. 

Abstract. - 57Fe Mossbauer effect studies have been carried out on the ferredoxin from Clostri- 
dium pasteurianum and on the high potential iron-sulphur protein (HiPIP) from Chromatium to 
investigate the 4 Fe-4 S centres found in these proteins. A consideration of the chemical shifts in the 
different redox states of the proteins enables a characterization of the iron atoms in terms of formal 
valences. The observed magnetic hyperfine fields give evidence for anti-ferromagnetic coupling of 
the iron atoms within each centre. The Mossbauer spectroscopy data is used to justify a model for 
the iron atoms in the centre. 

1 .  Introduction. - The iron-sulphur proteins all 
contain non-haem iron in an active centre ; the pro- 
teins so far isolated having one, two, four or eight 
iron atoms and (except for rubredoxins) an equivalent 
number of labile sulphur atoms. The purpose of the 
present work is to use Mossbauer spectroscopy to 
investigate the 4 Fe-4 S centres found in eight-iron 
bacterial ferredoxins (which have two such centres per 
molecule) and in four-iron high potential iron-sulphur 
proteins. The 57Fe enriched Mossbauer samples of the 
ferredoxin from C. pasteurianum and HiPIP from 
Chromatium were prepared as described in refei-ences 
[l] and [2] where a more detailed discussion of the 
Mossbauer spectra of these proteins may also be found. 

X-ray crystallographic analyses have shown that 
the four-iron centres of both proteins are identical to 
within the limits of the present structural determina- 
tions [3]. The centres consist of four iron atoms at 
four points of a cube with four labile sulphur atomsiat 
the alternate points of a slightly larger cube, the iron 
atoms are coordinated along the diagonals of the cube 
to sulphur atoms in the cysteine residues of the ainino 
acid chain of the protein. Thus each atom is in a near 
tetrahedral environment of four sulphur atoms as in 
the one and two-iron iron-sulphur proteins [4]. The 
biological role of the proteins is in electron transport 
processes ; the ferrodoxin transfers two electrons 
during the oxidation-reduction process with a redox 

potential of - 390 mV, while HiPIP transfers one 
electron with a redox potential of + 350 mV [4]. The 
occurrence of identical active centres in two proteins 
with opposite redox properties has been rationalised 
by a proposal due to Carter and coworkers [3] that 
the centre can exist in three oxidations tates : C (reduc- 
ed HiPIP and oxidized ferredoxin), C +  (oxidized 
HiPIP) and C -  (reduced ferredoxin). The C- state 
of super-reduced HiPIP that would also be expected 
on the above scheme has recently been observed by 
Cammack [5]. 

2. Mossbauer spectra. - The Mossbauer spectra of 
the oxidized ferredoxin and the reduced HiPIP in a 
range of temperatures and applied magnetic fields are 
essentially identical, strong confirmatory evidence for 
them having the same active centre in the same 
oxidation state, C. Small differences in the size of the 
quadrupole splittings in the spectra of the two pro- 
teins in the C state are attributable to the protein 
environment of the active centres, which must indeed 
be different to account for the opposite redox proper- 
ties of the proteins. 

The use of the chemical shift in determining the 
valence state of iron in biological molecules has been 
discussed by Johnson [6]. In the case of the proteins 
under investigation we have a very useful calibration 
for the chemical shift from the Mossbauer data on the 
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one- and two-iron iron-sulphur proteins, which also 
contain iron in a tetrahedral environment of sulphur 
atoms. Table I shows the chemical shifts in C. pasteu- 
rianum ferredoxin and Chromatium HiPIP compared 
with the shifts for Fe3+ and Fez+ atoms in other iron 
sulphur proteins. The proposed centres in terms of 
formal valences are shown in the final column. Recent 
work on analogue compounds [7] of the iron-sulphur 
proteins with 4 Fe-4 S centres also suggests that the 
normal C state of the centre consists formally of two 
Fe3+ and two Fe2+ atoms. 

Chemical shifts (mm/s) at 77 K. relative to pure iron, 
taken from Thompson et al. [l] 

Fe3+ in rubredoxin 
Fe3+ in adrenodoxin 
Fe3+ in spinach ferredoxin 
Oxidized Chrornatium HiPIP 
Reduced Chromatium HiPIP 
Oxidized C. pasteurianum 

ferredoxin 
Reduced C. pasteurianum 

ferrodoxin 
Fez+ in rubredoxin 
Fez+ in spinach ferredoxin 

Proposed Centre 
- 

0.25 
0.26 
0.22 
0.32 C+ 3 Fe3+ + 1 Fez+ 

0.42) C 1 pe3+ + 2 Fez* 
0.43 

Although it is useful to consider the centre in terms 
of formal valences for the iron atoms, the Mossbauer 
spectra do not show separate Fe3+ and Fez+ spectra 
as are seen in the Mossbauer spectra of the two-iron 
plant-type ferredoxins, which are thought to contain 
a centre of two Fe3+ atoms in the oxidized state and 
one Fe3+ and one Fez+ atom in the reduced state. 
This important difference is clearly seen in figure 1. 
This suggests that there is considerable delocalization 
of the d-electrons within the four-iron centre of the 
proteins. 

The small line seen at 2.8 mm/s in the Mossbauer 
spectrum of reduced C. pasterianum ferredoxin results 
from denatured material. Gersonde et al. [9] have also 
observed this and other denaturation products of the 
reduced ferredoxin. The absence of these spurious 
lines in the Mossbauer spectra is a good indication 
of the purity of the protein samples. 

The C state proteins (reduced HiPIP and oxidized 
ferredoxin) do not exhibit any internal hyperfine field 
in their Mossbauer spectra in applied magnetic fields. 
This confirms the EPR and susceptibility evidence 
that the iron atoms within the centres are coupled 
together to give zero total spin. 

The use of magnetic hyperfine interactions in inves- 
tigating the centres of iron-sulphur proteins has been 
discussed by Johnson [6]. Figures 2 and 3 show the 
Mossbauer spectra of reduced ferredoxin and oxidized 
HiPIP at low temperatures in small and large applied 
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FIG. 1. - Mossbauer spectraat 195 K of : a )  oxidized C.pasteu- FIG. 2. - Mossbauer spectra of reduced C. pasteurianum 
rianum ferredoxin ; b) reduced C. pasteurianum ferredoxin ; ferredoxin at 4.2 K showing the effects of magnetic fields applied 
C) oxidized Scenedesmusferredoxin and d )  reduced Scenedesmus perpendicular to the y-ray direction : a) zero field ; b) 0.05 T ; 

ferredoxin. C )  1.5 T ; d )  3.0 T ; e) 6.0 T .  
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FIG. 3. - Mossbauer spectra of oxidized Chromatium HiPIP at 
4.2 K showing the effect of applied magnetic fields : a) zero 
field ; b) 0.05 T parallel to the X-ray direction, and fields per- 
pendicular to the y-ray direction of c) 0.05 T ; d )  1.5 T ; 

e) 3.0 T and f )  6.0 T. 

magnetic fields. In both cases there are outer lines 
seen in the low field spectra (shown daggered) which 
move in as the applied field is increased, and outer 
lines seen in the high field spectra (shown arrowed) 
which move out as the applied field is increased. There 
is therefore direct evidence of both positive and 
negative hyperfine fields and thus there must be anti- 
ferromagnetic coupling between the iron atoms. In 
the case of oxidized HiPIP (Fig. 3f) the area of the 
spectrum due to the iron atoms with the positive hyper- 
fine field (defined by the area of the outermost lines) 
is half the total spectral intensity, indicating that the 
iron atoms must be equally divided between those 
with positive and negative hyperfine fields. The spectra 
of the reduced ferredoxin are also consistent with half 
the iron atoms having a positive hyperfine field with 
the other half having a negative hyperfine field. The 
positive hyperfine field in both cases is approximately 
9 T while the negative hyperfine field is approxim- 
ately 12 T. 

3. Discussion. - The Mossbauer effect data as 
outlined above appears to confirm the hypothesis of 
Carter et al. [3] for the three different states of the 
four-iron centres of these proteins. It is useful to 
consider whether the additional information obtained 
from the Miissbauer spectra, concerning valence states, 
hyperfine field, antiferromagnetic coupling and electron 
delocalization, can be incorporated into a more detailed 
model for the four-iron centre. 

The direct evidence of iron atoms with both positive 
and negative hyperfine fields is incompatible with the 
3d electrons being in molecular orbitals delocalized 
over all four iron atoms. Our preliminary proposal 
is for a model of the C state centre of oxidized ferre- 
doxin and reduced HiPIP that is shown in figure 4. 

FIG. 4. - Proposed model for the 4 Fe-4 S centre (C state) of 
oxidized C. pasteurianum ferredoxin and reduced Chromatium 
HiPIP. The dashed lines represent electron hopping or delo- 
calization, while the parallel lines indicate antiferromagnetic 

coupling. 

The antiferromagnetic coupling between the iron 
atoms occurs via the sulphur atoms. There is fast 
hopping (relative to the lifetime of the 57Fe excited 
state) or delocalization of the sixth 3d electrons between 
the two spin-up iron atoms and between the two 
spin-down iron atoms. Effectively each iron atom is 
Fez*' giving the observed average chemical shift. The 
centre will have the required net spin of zero. Move- 
ment or delocalization of the sixth 3d electrons bet- 
ween spin-up and spin-down iron atoms is inhibited 
by the Pauli exclusion principle. (It is the operation 
of the exclusion principle that ensures the localization 
of the extra 3d electron in the case of the reduced 
two-iron plant-type ferredoxins.) The mechanism 
whereby the presence of one more or one less 3d elec- 
tron when the centre is in the C -  or C+ states still 
produces Mossbauer spectra characteristic of equiva- 
lent iron atoms is not fully understood. 



D. P. E. DICKSON, AND COLL. 

References 

[l] THOMPSON, C. L., JOHNSON, C. E., DICKSON, D. P. E., [5] CAMMACK, R., Biochem. Biophys. Res. Commun. 54 (1974) 
CAMMACK, R., HALL, D. O., WESER, U. and RAO, K. K., 548. 
Biochem. J. 139 (1974) 97. [61 JOHNSON, C. E., J. Physique 35 (1974) C 1-57. 

[2] DICKSON, D. P. E., JOHNSON, C. E., CAMMACK, R., EVANS, 
M, C. W., HALL, D. 0. and RAO, K. K., Biochem. J, 

171 HERSKOVITZ, T., AVERILL, B. A., HOLM, R. H., IBERS, J. A., 

139 (1974) 105. PHILLIPS, W. D. and WEIHER, J. D., Proc. Nat. Acad. 

[3] CARTER, C. W., KRAUT, J., FREER, S. T., ALDEN, R. A., Sci. US 69 (1972) 2437. 

SIEKER, L. C., ADMAN, A. and JENSEN, L. H., P ~ O C .  [81 RAO, K. K., CAMMACK, R., HALL, D. 0. and JOHNSON, C. E., 
Nut. Acad. Sci. US 69 ( 1  972) 3526. Biochem. J.  122 (1971) 259. 

[4] HALL, D. O., CAMMACK, R. and RAO, K. K., in ((Iron in [9] GERSONDE, K., SCHLAAK, H. E., BREITENBACH, M., PARAK, F., 
Biochemistry and Medicine )) (Jacobs, A., ed)., Chapter 8 EICHER, H., ZGORZALLA, W., KALVIUS, M. G. and 
(1974) Academic Press, London. MAYER, A., Eur. J. Biochem. 43 (1974) 307. 


