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the Summary. Previous experiments by other workers have shown that 
iron-sulphur proteins adrenodoxin and putidarredoxin, on enrichment with 57Fe 
isotope, shov a hyperfine splitting of the EFTPsignel of the reduced form 
into three lines with intensities in the ratio lr2:l. This was taken a5 
evidence that on reduction an electron becomes associated with two iron 
atoms. In this paper it is demonstrated that the EBR splitting is also 
consistent with a model previously proposed for plant ferredoxins in which 
only one iron atom is reduced, but is antiferromagnetically coupled to the 
other iron atom. Thie model is consistent with result5 from MMssbauer 
spectroscopy, and suggests that the mechanism of oxidation and reduction ia 
the s5xae for all two-iron, one-electron, iron-sulphur proteine. 

The simplest iron-sulphur proteins are those that contain two atoms of 

iron and two of labile sulphur per molecule, and on reduction accept one 

electron. Two types of these proteins are known (see review of Hall and 

Evans, 1969): the plant ferredoxins, and the iron-sulphur proteins associated 

with hydroxylase systems. Examples of the former type that have been 

studied are the ferredoxins from spinach, Scenedesmus and Euglena; of the 

latter type, adrenodoxin from the edren5.l steroid hydrogla5es, snd putidese- 

doxin from the camphor hydroxylase of Pseudomonas putida. Although these two 

types of Fe-S proteins have dissimilar amino acid sequences (Tanaka et al - -9 

1970) they are similar in their optical absorption,optical rotatory dispersion, 

circular dichroism end Mgsebauer spectra. Both types are virtually non- 

magnetic in their oxidized forms, and in the reduced forms have EPPsignals 

centred &round g = 1.94. 

On the basis of the EPR data a model was proposed by Gibson, Hall, 

Thornley and Whatley (1966) to describe the state of the &on atoms in plant 

* Abbreviation : EPR, electron par5magnetic resonance. 
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ferredoxins. This model was later confirmed by Mgssbauer epectroscopy 

(Rae, Cammack, Hall and Johnson, 1971) end is illustrated in Fig. 1, 

In the oxidized state, two high-spin ferric atoms (S = 
3) are coupled anti- 

ferromagnetically to give no net spin. In the reduced state, one particular 

iron atom is reduced to a high-spin ferrous state (S = 2) with the result 

that the molecule now has a net spin S = 4. 

On replacement of the native 56Fe (nuolear spin - 0) in the proteins by 

57Fe (nuclear epin I j$) a hyperfine splitting was observed in the EPR signal 

of the reduced form. Thus Palmer (1967) oboerved a broadening of the KPR 
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native (5gFe) Fig. 2. KPR epeetra of spinach ferr oxina and adrenodoxine, 
and reconstituted with SS$ $4 Fe, showing hyperfi ep1itting. The 
apparent shifts in g end gz on enrichment with 97 

x 
Fe were 

consistently observe with a number of different preparations of 
plant ferredorine and of sdrenodoxin. Preperation and reoonatitution 
of the protein6 were aa described elsewhere. (Rao et al., 1971; 
Cauunack et al., 1971). The spectra were reoorded on a Varian E4 
spectrometer, under the following oondition8r epinaoh ferredoxin, 
temperature 25.K. microwave power 4 mW, frequenoy 9.170 GH., 
modulation amplitude 4 gauee; adrenodoxin, temperature 77*K, 
microwave power 20 mW, frequency 9.170 GHz, modulation amplitude 
4 gas-. 
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signal of spinach ferredoxin; Tsibris et al. (1968) and Orae-Johneon and -- 

Beinert (1969) observed hyperfine eplitting in putidaredoxin and adrenodoxin, 

respectively. As osn be seen from Fig. 2, which illustrates our experiments, 

the broadening was similar in magnitude for both spinaoh ferredoxin and 

adrenodoxin . In the oase of spinach ferredoxin, the linewidth was too great 

to determine the number of hyperfine lines, but for putidsredoxin and adreno- 

doxin the hyperfine structure was clearly resolved into three lines of 

relative intensitiee 112~1, indicating that the two iron atoms in the molecule 

were somehow coupled magnetically together. One possible interpretation of 

this suggested by Or-me-Johnson and Beinert (1969) is that in the reduced 

protein the iron atoms are identical, aud therefore the electron is shared 

between them. However our !46ssbauer speotra of spinach snd Scenedesmus 

ferredoxins (Fig. 3) (Johnson, 1971) and of adrenodoxin (Cammack, Rae, Hall 

and Johnson, 1971) clearly show that the two iron atoms sre different. 

It is the purpose of this note to point out that the observed hyperfine 

splitting in the EPR spectrum of reduced adrenodoxin and putidaredoxin into 

7 -L -2 0 2 .I+ 6 
Velocity Imm./sec I 

Fig. 3. Mossbauer speotrum of reduced spinach ferredoxin at 4.2*K, (a) in 
a field of 0.3 kG applied perpendicular to the gemma rays, (b) in 
a field of 30 kG applied perpendicular to the garapaa rays. !l?he 
ferredoxin was reconstituted with 88$ enriched 37Fe, and the 
concentration was 1.0 m?4. Details of the experiment were as 
desoribed by Kao et al. (1971). 
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3 lines is consistent with the model proposed for plent ferredoxins (Fig. 1). 

In this model only one iron atom becomes reduced, but the antiferromagnetic 

coupling between the iron atoms results in a hyperfine interaotion of the 

electron with both iron nuclei. 

Using the model of Gibson, Hall, Thornley and titley (1966) the 

spin-hsmiltonian for the two-iron unit of the reduced protein in a magnetic 

field g may be written: 

% = B B.<slEl + gg2> + J El-E2 + $Al-L1 + 22~A242 

+ g,B, !L (11 + 222) (1) 

Where J is the exchange coupling, S1 (= 3) is the spin of the Fe3* atom, 

S2 (- 2) is the spin of the Fe 2+ atom, A1 and A2 are the magnetic hyperfine 

couplings and I1 and I2 are the nuclear spins of the 57Fe nuclei of the Fe3+ 

and Fe 2+ ions, respectively; gl and g2 are the g-values of the ions and 

gn is the nuclear g-value for the 57Fe state involved; p and S n are the 

Bohr and nuclear magneton respectively. The nuclear quadrupole interaction 

must also be added, but its effect is relatively mall and only affects the 

Mksbauer spectrum. The exchange term J is by fax the largest term in the 

hamiltonian and it couples the electron spins to give a resultant spin state 

- gl + g2 of which effectively only the lowest in energy is populated at 

trdinery temperatures and has S P f/2. The spin-hemiltonian for this state 

may then be written 

& = p lJ.g 2 + &.& + &&.L2’ + gnen HAL1 + 22) 

with S - l/2. Gibson et al. (1966) showed that the resulting 

s .s 
g = -1 - + 22.2 g2 

Fgl 7 

(2) 
g-value is 

(3) 

Physically the factors 21-S and g20s project the g-tensors of the 

52 7 

individusl ions on the resultant spin direction to give the resultant 

g-tensor. For S I l/2, $I$ - 5 and? = -$ SO g = 3 gl -$ g2 
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and if glz g2z 2 a net Q of 2 results. While g, ti0ula be expected to 

be isotropic and equal to 2, since the Fe> ion is in a spherically 

symmetrical S-state, the g-value of the Fe 
2+ ion (g2) would in general be 

aniaotropio. For a d orbital it is usual to find that g," 2 and g > 2, 
X,Y 

Hence in the exchange aoupled state, where the spin S2 of the Fe 2+ ion 

is antiparallel to the total spin S, the effective g-values are g Z * 2, 

mag <2. 
XiY 

Similarly the effective hyperfine interaction tensors of the coupled 

state are the projections 4 and A; of the single ion tensors Al and A2 

on to_S. In terms of the original single ion tensors Al and A2 this is 

written 

s .s 
aa A; = -2- 

7 A2 

and the effective hsmiltonisn becomes 

The EPR spectra and the Mkabauer spectra in which two separate hyperfine 

contributions from the two iron atcma sre observed are measured in magnetic 

fields which sxe large compared with the nuclear interactions. This means 

that only the components of the g and A tensors parallel to the field are 

important ma the effective spin hamiltonian is 

J&eff IgzPHSz+ ~lzSzIlz -+2zSz12z + e;lP,H CIlz + 12z) (4) 

where z is the direction of the applied field. 

This hamiltonian is sufficient to explain both the observed EPR and 

Masabauer spectra of reduced spinach ferredoxin. Consider the Mllsabauer 

spectra first. Here we are obeerving nuclear transitions and the effect 

on the nuclear energies of the electronic msgnetic moments. The effective 

hemiltonian for the nuclei is 
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24 nuclear = 
+ 1fA -+2&z + a41H (Ilz + I2a) 

=+& + 6&H> Ilz + (- $2zSa + 6$&H) 12z 

= %I$, (Hlna + H> I, - e&, (Haa - H) Ipz (5) 

where the hyperfine fields are 

(6) 

Sinoe the hyperfine fields Elm and H28 are negative for iron atoms, the 

external field H subtracts from the internal field (Hlz) of the F'eF ion8 

and adds to that (H2%) of the Fe 2+ iOn8. This is justwhathas been 

observed in the Mkbauer spectra of spinach ferredoxin and Scenedesmus 

ferredoxin at 4.2~~ in field8 of up to 30 kG. (Fig. 3). In small fields 

just 8ufficient to overcome the hyperfine ooupling so that equation (4) 

is valid,it ie seen that the spectra from the two ion8 overlap, i.e. the 

components of the hyperfine fields along the direction of the applied 

field happen to be equal in magnitude, though opposite in sign, i.e. 

3 A1 --$A2 = A (say). In a field then the splitting of the Mbsbauer 

spectra corresponding to effective magnetic fields of Hn t H at the 

nuolei, is obaemed. 

In the F3R spectra eleotronio transitions are observed and we 

measure the way the nuclear magnetic momemt perturbs them. The direct 

interaction between the field and the nuclei is negligible end the 

effective electronic hamiltonian is 

2% electron = gPIfSz + (3 AlIla - $A2I2%) % (7) 

- &=Ss, + * (Ilz - 12%) Sz 

The energy levels of the two-iron unit are then 

(8) 

'electron (M,m) = kPH + *(y -m,>j M (9) 
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where M is the projection of S on the s-axis, and ml and m2 are the 

projections of Xl and 12. Transitions are observed when AM:: 1, 

Aml = am2 = 0, and the resulting spectrum shows a splitting into 

three lines with relative intensities lt2:l. 

Note that this splitting occurs because of the antiferromagnetic 

coupling between the electronic spins and the fact that the rssUlting 

effective hyperfine interaction has a component along the field direction 

which is equal in magnitude but opposite in sign for the two iron ions. 

A similar EPR spectrum could arise in principle from hyperfine coupling of 

equal magnitude and sign between the two nuclei and a single electron spin, 

e.g. as a result of a spin hamiltonian 'fi= g8HSs + A (Ilz + 12s) Ss 

(note the change in sign of 12z compared with (8) ). However, this would 

produce a Mtlssbauer spectrum for which the shift produced by a large applied 

magnetic field would be the same (i.e. a reduction in total field) for both 

iron atoms, in disagreement with experiment. Hence (8) is applicable to 

tescribe the EPR spectrum; this equation is a special case of eq. (l), 

which describes our model (Fig. 1) of the state of the iron in reduced two- 

iron, one-electron, iron-sulphur proteins. 
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