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SUMMARY 

A NMR and magnetic susceptibility study of the oxidized and reduced states 
of three different oligomers (forms) of a [4Fe-4S] ferredoxin protein from Degulpho- 
oibrio gigas, FdI, FdI', and FdI[ was carried out. FdI and FdI'  are different trimers 
and FdlI  a tetramer of the same basic subunit. A probable assignment of the contact 
shifted resonances is indicated. Since the temperature dependences of  the contact 
shifted resonances associated with each [4Fe-4S] are not all similar a delocalized 
model for the spin densities on the 4Fe does not apply. The exchange rate between 
oxidized and reduced states is slow on the NMR time scale. The three oligomers are 
not magnetically equivalent. Using the "three state hypothesis" terminology it is 
shown that Fdlox is predominantly in the C 2- state and changes upon reduction into 
the C 3- state, whkle FdlIox is in the C-  state and changes into the C 2 -  state. FdI" 
does not easily fit into this classification. This study shows a similarity of magnetic 
behaviour between FdI and bacterial ferredoxins (e.g. Bacil luspolymyxa) and between 
FdlI  and HiPIP from Chromatium sp.. The influence of the quaternary structure on 
the stabilization of the different oxidation states of ferredoxins as well as on their redox 
potentials is discussed. 

INTRODUCTION 

Low potential bacterial ferredoxins containing only a single duster of four 
iron and four labile sulphur per molecule have been reported [1 ]. Another class of  
four-iron-four-sulphur proteins includes those with positive redox potentials known 
as high potential iron proteins (HiPIP) [1 ]. Three members of the first class FdI, 
FDI',  and FdlI  have been isolated by us from Desulphovibrio gigas, an anaerobic 
sulphate reducer. 

A previous characterization (amino acid composition, thermal stability, 
molecular weight, optical and biological activity data) has been presented [2]. The 
same subunit molecular weight of 6456 was obtained for the three forms which are 
isolated in different aggregation states, FdI and FdI'  are trimers with different iso- 

Abbreviation: Me2SO, dimethylsulphoxide. 
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electric point and FdlI is a tetramer. The basic monomer contains six cysteines, two 
methionines and a low content of aromatic residues (one phenylalanine) [2, 3]. The 
nature of the Fe/S centre is likely to be the same as the cubane arrangement of the 
four-iron-four-sulphur atoms of Chromatium HiPIP which has been shown by X-Ray 
diffraction to be identical with each of the clusters of eight-iron ferredoxin from 
Peptococcus aerogenes [4-7]. 

Important differences between the redox behaviour of the two classes of pro- 
teins, low and high potential, have been described. The reduced form of HiPIP, 
which is diamagnetic, changes upon oxidation into a paramagnetic state while 
ferredoxin upon reduction changes from a diamagnetic state into a paramagnetic 
state [6]. A difference of approx. 0.75 V is observed between their redox potentials. 
In order to explain these differences in behaviour it was postulated [6] that the [4Fe- 
4S] cluster can be in three different oxidation states C- (paramagnetic), C 2- (dia- 
magnetic), and C 3- paramagnetic ("three state" hypothesis). A convincing support of 
this hypothesis comes from the fact that a further reduction of the C 2- state of 
Chromatium HiPIP in Me2SO (80 ~o) [8] as well as a further oxidation of the C z- 
state of Clostridium pasteurianum ferredoxin were observed [9]. 

In this paper the magnetic susceptibility and PMR studies of both oxidized and 
reduced states of the three forms of D. gigas ferredoxin will be described demon- 
strating the similarity of the geometrical arrangement of the four iron cluster with 
other bacterial ferredoxins reported and allowing the classification of the states of the 
proteins according to the "three state" hypothesis. 

METHODS AND MATERIALS 

The three forms of ferredoxin were purified from D. g/gas strain NCIB 9332 as 
previously described [1 ]. The protein solutions were dialyzed and concentrated simul- 
taneously at 4 °C against 2H20, 99,8 Yo, in a Diaflo ultrafilter, Amicon, membrane 
UM 10, under a nitrogen pressure of 2 bar/cm 2. The purity indexes were: A2so/ 
A4o 5 = 1.26 for FdI, A2ao/A4ts = 1.05 for FdI' and A2ao/A415 = 1.38 for FdII. 

Protein solutions were reduced with crystalline dithionite, BDH, Analar, 
under nitrogen flux. PMR studies were performed on a JEOL (JNM 100 PFT) 
spectrometer equipped with a JEOL 980A computer. The solvent peak was suppressed 
by a second irradiation frequency f2 applied to the sample in addition to the observa- 
tion pulse frequency f l .  The frequency f2 was chosen to coincide with the HDO 
resonance frequency and applied continously for about 1 s finishing 40 ps before the 
f l  pulse [10, 11 ]. 

Positive values of chemical shifts correspond to down field shifts referred to 
2,2,3,3-tetradeutero-3-(trimethylsilyl) propionic acid sodium salt (DTSS). 

The temperature was determined from the separation of the methanol reso- 
nances [12]. 

The solutions for both high resolution and magnetic susceptibility studies 
were between 3.0 and 4.0 mM in protein, 0.125 M in Tris • HCI buffer and their 
nominal pH was 7.6. The ferredoxin concentrations were calculated using molar 
extinction coefficients previously reported [2]. The magnetic susceptibility measure- 
ments were performed on concentric cylindrical cells (Wilmad Glass Company, Inc., 
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WGS-5BL) the internal capillary containing only the solvent and the marker. The 
meth)lproton resonances of DTSS were used as susceptibility markers. 

R E S U L T S  

Magnetic susceptibility 
The paramagnetic contribution to the molar susceptibility (,~M P) of both the 

oxidized and the reduced states of the three forms of ferredoxin from D. gigas were 
determined by a PMR method [13]. Longitudinal cylindric symmetry was postulated 
for the sample container (diamagnetization factor (~) = 270. The differences between 
the resonance positions of the marker in the protein and in the capillary solutions Af  
were measured and converted into magnetic susceptibilities using the relation 

3 (Af/fc)+Zo Z M  = 

where ZM is the molar magnetic susceptibility, f is 100 • 106 Hz and e is the concen- 
tration of ferredoxin. The solvent and solution densities were assumed to be similar 
and no correction was made for the small diamagnetic contribution of the apoprotein 
(ZM ~ zMP) • In Table I we present the mean values for the temperature range studied. 
The temperature variation ofz~t P values is almost negligible. However a small positive 
dependence of ZM P is observed for both redox states of FdI and FdI', and for FdIIox. 
For FdIIred a slightly negative dependence is observed but the addition of traces of 
o-phenanthroline decreases its magnetic susceptibility value suggesting that there is 
some contribution from free iron. 

PMR 
PMR spectra of oxidized and reduced states of the three oligomers of ferre- 

doxin from D. gigas have been obtained in the 0-40 °C range. Spectra of reduced 

T A B L E  I 

M A G N E T I C  S U S C E P T I B I L I T Y  M E A S U R E M E N T S  O F  T H R E E  F O R M S  O F  F E R R E D O X I N  
F R O M  D. G I G A S  

( m e a n  va lues  in  the  5 -30  °C t e m p e r a t u r e  r a n g e  s tud ied)  

F e r r e d o x i n  Oxid ized  f o r m  R e d u c e d  f o r m  T e m p e r a t u r e  

D. yiyas d e p e n d e n c e  o f  
10a " ZM e* ,Uefr "k* 10a " ZM P* ]~eff** ZMP 

I 2.73 1.19 - - T 

- -  - -  6.56 1.99 + 

I" 2.93 1.33 - -  - -  + 

- -  - -  6.02 1.91 + 

I I  6.46 1.97 - -  - -  + 

- -  - -  1 . 8 2  1 . 3 5  - -  

0 . 9 8 * * *  

* c m  a • t o o l - 1 .  

**  U n i t s  o f  B o h r  m a g n e t o n .  

***  In  p r e sence  o f  t races  o f  o - p h e n a n t r o l i n e .  
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Fig. 1. 100 MHz PMR spectrum of D. gigas FdIr=a at 20 °C. The protein concentration was 3.3 mM 
in 2I-IzO and the nominal pI-[ 7.6. 

FdI~ reduced FdI'  and oxidized Fdl l  are shown in Figs. 1, 2 and 3. Half-reduced 
samples have resonances of both redox states. Resonances A, B, C, and D were shown 
to correspond to two protons each by comparison with the resonances of the phenyl- 
alanine residue. 

270 MHz spectra at 28 °C were also run to confirm that no peaks are lost at 
lower field strength. The 270 MHz spectra do not add more information about the 
contact shifted resonances whicb have identical line widths. The temperature depen- 
dence of the contact shifted low field resonances of  FdI, FdI',  and FdIl  in both oxida- 
tion states are plotted in Fig. 4 together with some of the higher field resonances. No 
additional resonances were observed from --40 up to + 100 ppm in FdI and FdI'  and 
from --40 up to 60 ppm in FdII. All the spectra display the usual strong absorption in 
the 0--8 ppm region characteristic of the diamagnetic protons of the protein amino 
acids. This region of the spectra is independent of  the temperature as is expected in the 
absence of  isotropic shifts and of conformational changes. The low intensity of the 
spectra in the 6-8 ppm range is in agreement with the low content in aromatic residues 
of these proteins [2, 3]. From their position, linewidth, independence of temperature 
and relative area the resonances at 6.87, 7.00 and 7.25 ppm in all the oligomers in all 
oxidation states were assigned to the aromatic protons of  phenylalanine, the only 
aromatic residue in the sequence [3]. Other resonances present in the aromatic 
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Fig. 2. 100 MI-l.z PMR spectrum of D. gigas FdI'rca at 2 °C. The protein concentration was 3.4 mM 
in 21-I20 and the nominal pH 7.6. 

region in some oligomers must be assigned to contact shifted resonances. It should be 
noticed that in this spectral region several differences are observed between the three 
forms of ferredoxins and between the corresponding oxidation states of  each oligomer. 
A comparison between the aromatic regions shown in Pigs. 1, 2, and 3 and a detailed 
analysis of this region will be reported after a complete study at higher resolution. The 
observed differences are caused by differential conformational arrangements and/or 
magnetic interactions [15], in agreement with previous considerations [2]. 

Due to their large shifts, anomalously large line widths (see table II), and 
temperature dependence the resonances at low field should be assigned to protons 
subjected to contact shifts. 

Distance estimation 
In an attempt to confirm these preliminary assignements we have estimated the 

distances between the eight contact shifted protons and the para-magnetic center, 
inside the tetrahedron defined by the four iron atoms, using the values of l/T2 shown 
in table II, and assuming that the electronic relaxation time r s is much shorter than the 
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Fig. 3. 100 MHz PMR spectrum of D. gigas Fdllo~ at 28 °C. The protein concentration was 4 mM 
in 2H20 and the nominal pH 7.6. 

rotational correlation time. The Solomon-Bloembergen equation [16] in this case is 

15 r 6 1 +co~zsJ 

l <s~> ~s+ -2  2 (1) 
+ 3 1 + co s ~s 

where cos is the Larmor frequency, (Si2> is the thermal averaged spin distribution 
over all the spin states and all the other symbols have their usual meanings. 

To estimate % the dipolar contribution to the total observed shift was assumed 
to be negligible as a first approximation (Vs(l)), Ai/h was calculated from the slope of 
the temperature dependences of the shifts using the contact shift equation [17] 

and values of  g = 1.94 for FdIred and g = 2.02 for FdIIox which was obtained from 
EPR measurements [26] .The g value is very similar to the calculated value for the 
"superoxidized" form of C. pasteurianum ferredoxin [9]. As the line widths observed 
at 100 MHz are of the same order as those observed at 270 MHz, ~s cannot be in the 
range 0.9 • 10 -1~ to 2 .4 .10  -13 s for which cosv~ ~ 1 and the line widths are field 
dependent. The breadth of  the resonances exclude the range 1:, < 2.4. l0 -~3 s. Since 
we did not consider the dipolar contribution the values obtained for ~(1) are upper 
limits and the actual values of v~ cannot be longer than the shortest of the calculated 
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Zs <n values ,  %(~) = 2 .0 -  10 -11 sec fo r  F d l I  and  zs(1) = 2.5 • 10 - 1 °  sec fo r  F d I  (see 

T a b l e  I I ) .  U s i n g  these  va lues  in e q u a t i o n  1 u p p e r  l imi ts  fo r  the  d is tances  were  o b t a i n e d  
(see T a b l e  I I ) .  

The  l ower  l imi t  o f  zs = 0 . 9 . 1 0  -1~ s, wh ich  is i m p o s e d  by  the  c o n d i t i o n  
09 s • % ~ 1, was a lso  used  to  ca lcu la te  the  l ower  va lues  fo r  these  d i s tances  in  o r d e r  to  
o b t a i n  the  to ta l  r ange  o f  poss ib le  va lues  for  the  d i s t ance  p a r a m e t e r s  (see Tab l e  I I ) .  



285 

F d l l  

U~ 

32 

- ~ - ~ - - - - ~ _ _ _  

28 - -  

2 4  - -  ~ -  

1 6  

1 2  - -  

_ . . . . . .  .~ : - . ' - - . - * ; ~ .  . . . .  

8 -  : : ~ ~ :" 
'_ '_ : : : :  

4 -- 

0 I I I I I I I 
5 15 25 35 

r/*C 

Fig. 4. Temperature  dependence,  showing contact-shifted resonances in the 100 M H z  P M R  spectra 
o f  D. #igas FdI  (A), Fd l '  (B) and FdI l  (C). Closed circles refer to the oxidized forms and open 
circles to the reduced forms. For  the reduced forms only the temperature-dependent  resonances are 
shown. 

DISCUSSION 

PMR data 
Isotropic shifts have been reported for other ferredoxins in which the iron 

atom ligand field is largely dominated by the tetrahedral arrangement of the sulphur 
atoms [14]. Due to the high symmetry of this ligand field the contribution of pseudo- 
contact shift to the total isotropic shift is generally considered negligible particularly 
when compared to the large expected contact contribution [13]. 

Residual paramagnetism due to antiferromagnetic coupling between the iron 
atoms in the ground state has been observed for other ferredoxins in the temperature 
range studied [18, 19] and it was previously shown [20] that at the temperatures used 
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T A B L E  II  

D I S T A N C E S  OF  C O N T A C T  S H I F T E D  P R O T O N S  O F  Fdllox A N D  Fdlred TO T H E  P A R A -  
M A G N E T I C  CENTRE 

Pro ton  10 -6 × Ai/h 1/T2(obs.) zs (1) r(A) 
resonance ( r ad .  s -  1) ( rad"  s -- 1) (S) 

M i n i m u m  rs = 0.9 • 10 -11 s*** 
T s  ~1)  

Fdllox 
A 3.6 376.6 1.16" 10 - l °  5.2* 4.5 
B 4.1 534.7 1 .27 .10  -1°  4.9* 4.3 
C 6.4 248.5 2.40" 10 -~1 6.9* 5.2 
D 1.8 165.7 2.01 • 10 -1~ - 5.0 

Fdlred 
E 8.8 486.7 2.5" 10 -1°  - 2.9 
F 1.6 139.4 2.17 " 10 -9 6.3** 3.6 
G 1.2 122.0 3.4" 10 -9 6.1"* 3.7 

* Upper  l imit  calculated using the m i n i m u m  value o f t .  (1) obta ined for FdlIox. 
** Upper  l imit  calculated using the m in im um  value of r~  11) obta ined for Fdlrca. 

*** Lower  l imit  calculated f rom the condi t ion  ~os • rs = 1. 

thermal energy is sufficient to decrease the degree of antiferromagnetic coupling and a 
small paramagnetism is observed. This type of paramagnetism is observed for FdIIre d 
and is the predominant one for Fdl'ox and in particular for FdIox as shown by their 
magnetic susceptibilities (see Table I) and by the shift of their contact shifted resonan- 
ces. Some of these resonances are observed at very low field of these PMR spectra and 
are temperature dependent. This is in marked contrast with the resonances of the 
aromatic protons of phenylalanine which are relatively sharp and temperature inde- 
pendent implying that this residue is not in the proximity of the cluster. 

For FdlIo~ three resonances A, B, and D (corresponding to six protons) move 
to higher field with the temperature (see Fig. 4) exhibiting a non-Curie law depen- 
dence and another resonance C (corresponding to two protons) follows a Curie law 
dependence. The contact shifted resonances of HiPIP have a similar shift and tem- 
perature dependences [18]. In this case they were assigned to the eight fl-CH2 cysteinyl 
protons [18]. In order to support the assignment of resonances A, B, C, D, E, F, and 
G to cysteinyl protons we compared their distances to the paramagnetic center 
obtained from T 2 measurements (see Table II) with those obtained from CPK 
molecular models [21] which indicate that fl-CH2 protons are within 2.6-4.3 ~, and 
the c~-CH 2 protons are within 2.3-5.5 A of the metal ion. These ranges of distances 
compare well with distance ranges calculated for the resonances assigned to cysteinyl 
protons. 

The shifts and temperature dependences of the contact shifted resonances of 
FdIo~ are analogous to those obtained for B. polymyxa, FdIox [19], but an additional 
resonance was observed at approx. 31 ppm. In the case of B. polymyxa these resonan- 
ces were tentatively assigned to fl-CH2 cysteinyl protons based in the analysis of 
model compounds [19]. However the reduced forms present important differences. 
The observed B. polymyxa FdLe d contact shifted resonances were not assigned in 
particular to fl-CH2 cysteinyl protons. The calculated distances for D. gigas FdIr~ a 
shown in Table II confirm the assignment of these resonances to cysteinyl protons. 
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[4Fe-4S] proteins #,ft Redox couple state 

oxid. form red. form 

D. gioas FdI 1.19 1.99 C 2- +C-(?)/C 3- 
D. gioas FdI" 1.33 1.91 (C-  -~C2-)/C 3- (?) 
D. gigas FdlI 1.97 0.98 C-/C 2- 
B. polymyxa FdI 0.90 1.60 C 2 -]C 3 - 
Chromatium HiPIP 1.84 0.48 C-]C 2- 
[Fe,S.~]Synthetic analog. 1.04 - - 

The shift and temperature dependence of the resonances of FdI '  do not com- 
pare well with those of any other iron-sulphur protein previously reported. 

Since the contact shifted resonances of all the three oligomers have a non- 
uniform temperature dependence, a completely delocalized model for the spin density 
does not apply in this case [18]. The fact that the equilibrium between the oxidized 
and the reduced forms of one 4Fe duster ferredoxins (e.g.B. polymyxa) is slow and 
for two 4Fe cluster ferredoxins (e.g.C. pasteurianum) is fast was taken as an indica- 
tion that the two clusters of 8 Fe ferredoxins interact [19]. It is interesting to point out 
that although the different forms of D. gigas ferredoxins have three and four 4Fe 
clusters per aggregate this equilibrium is still slow. 

Magnetic susceptibility data 
The magnetic susceptibility measurements show that the three forms of 

ferredoxin from D. gigas are paramagnetic in both redox states for the temperature 
range studied. However they are not magnetically equivalent (see Table I). 

The non-Curie law dependence observed for all the solutions with the excep- 
tion of Fdllre d (see Table I) indicates the presence of a high degree of antiferromagne- 
tic exchange coupling. As was pointed out in the results section the slightly negative 
temperature dependence found for FdII,ed should be due to the presence of free iron, 
most probably originated from denatured protein. We cannot relate this effect to 
instability of the reduced form since it can be reoxidized and it has been shown that 
approx. 1 ~ of denatured protein can account for the difference in the residual 
paramagnetism observed [22]. 

FdIred, FdI'r~d, and FdlIox have similar/ter f values which compare with those 
reported for the paramagnetic states of B. polymyxa FdI and Chromatiurn HiPIP. 
The value of the magnetic susceptibility of FdlIr~d compares with the values obtained 
for cases where antiferromagnetic coupling is the only contributing mechanism [19]. 
However for FdIox and in particular for Fdl'o, the measured values of the magnetic 
susceptibilities are higher than those usually obtained in these cases. These results can 
be compared with those reported for Chromatiurn HiPIP and B. polymyxa ferredoxin 
respectively which represent two quite distinct cases of iron-sulphur proteins (see 
Table Ill). FdI'  has an intermediate magnetic behaviour and in the present study it is 
not possible to characterize it with confidence. 

The optical spectra [2], the PMR and the magnetic susceptibility data, and in 
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particular a comparison with other four-iron-four-sulphur proteins enables us to 
describe the states at which the different forms are predominantly encountered and 
are shown in Table IIL The deduced characterisation of FdlI is of great interest. 
Although FdII uses the C-/C 2- redox states it is not a high potential protein since it 
has negative redox potential [2]. This shows that the redox potential of the [4Fe-4S] 
clusters is not exclusively determined by its state of oxidation. An analogous case was 
recently reported for one of the clusters of Azotobacter vinelandii [23]. Thus the 
"three state" hypothesis cannot always be used to predict their redox potentials, as 
has been previously implied [6]. Some other factors than oxidation state must be 
responsible for the large range of redox potentials shown by the [4Fe-4S] proteins. 

Although D. 9igas FdI and FdII have similar amino acid composition, biologi- 
cal activity (FdII is actually more effective for concentrations lower than saturation), 
and redox potentials they are isolated in different oxidation states showing that the 
environment of the cluster is important for the stabilization of the different oxidation 
states. This supports previous indications that the oxidation states of proteins can be 
controled without changing their polypeptide sequence [2] and is a striking example of 
Vallee and Williams "entatic state" theory [24, 25]. The environmental modifications 
should be due to quaternary structure interactions caused by the different aggregation 
states in which these forms are isolated suggesting that the study ofD. gioas ferredoxin 
may be useful for the understanding of more complex iron-sulphur proteins. 
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