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SUMMARY 

Three forms of ferredoxin FdI, FdI', and FdII have been isolated from 
Desulfovibrio g/gas, a sulfate reducer. They are separated by a combination of DEAE- 
cellulose and gel filtration chromatographic procedures. FdI and FdI' present a 
slight difference in isoelectric point which enables the separation of the two forms 
over DEAE-cellulose, while FdII is easily separated from the two other forms by 
gel filtration. The three forms have the same amino acid composition and are isolated 
in different aggregation states. Molecular weight determinations by gel filtration 
gave values of 18 000 for FdI and FdI' and 24 000 for FdII, whereas avalue of 6000 is 
determined when dissociation is accomplished with sodium dodecyl sulfate. The 
electronic spectra are different and their ultraviolet-visible absorbance rations are 
0.77, 0.87 and 0.68 respectively for FdI, FdI' and FdII. Despite these differences, 
the physiological activities of the three forms are similar as far as the reduction of 
sulfite by molecular hydrogen is concerned. 

INTRODUCTION 

Isolation, preliminary chemical and physical properties and amino acid 
sequence of a four-iron-four-sulfur ferredoxin from Desulfovibrio gigas have been 
previously reported [1, 2]. 

Other four-iron ferredoxins have been isolated and characterized in several 
organisms [3]: Bacillus polymyxa [4] Spirochaeta aurantia [5], Bacillus stearother- 
mophilus [6] and Desulfovibrio desulfuricans [7]. D. gigas ferredoxin differs from 
these other four-iron ferredoxins in its cysteine (six residues) and methionine (two 
residues) content. Another class of four-iron-four-sulphur proteins includes those 
with positive redox potentials known as high potential iron proteins. They were 
isolated from Chromatium spp. [8], Rhodopseudomonas gelatinosa [9] and Thiocapsa 
pfenngii [10]. 

The presence of two types of ferredoxin has been reported in some organisms: 
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Bacillus polymyxa [11, 12], Rhodospirillum rubrum [13] and Azotobaeter vinelandii 
[14]. These ferredoxins are, in all cases, two proteins with different amino acid 
composition. 

In the present article, we report the isolation of three different forms of four 
iron-four-sulphur ferredoxin from D. 9ioas FdI, FdI'  and FdlI with identical apo- 
proteins and physiological activities but differing in their aggregation states, spectra- 
properties and thermal stabilities. 

EXPER/MENTAL PROCEDURE 

Isolation of the three forms of ferredoxin from D. oioas 
The isolation of ferredoxins is largely based on the acidic characteristics of  

these proteins. A frozen paste (4 kg) of  cells grown as previously described [15] 
was treated. All operations were carried at 0-4 °C unless otherwise stated. Tris • HCI 
and phosphate buffers pH 7.6 of  appropriate molarity were used. 

Step L The acidic proteins extract, obtained as described elsewere [15], was 
absorbed on a large DEAE-cellulose column (50x300 ram). The proteins were 
eluted with a discontinuous gradient 0.1-0.5 M Tris • HC1 buffer. This gradient enables 
the separation of a band mainly constituted by ferredoxin (eluted with 0.4 M 
Tris • HC1) from other components of  the acidic extract (flavodoxin [16], cytochrome 
e 3, mol wt. 26 000 [17] and rubredoxin [1 ]. Fractions containing ferredoxin, recog- 
nized by their characteristic dark brown colour, were localized on the top of the 
column. A rough subdivision of this band is observed during the elution with 0.4 M 
Tris • HCI buffer. The fraction containing ferredoxin was diluted 3-fold with distilled 
water and readsorbed on a second DEAE-cellulose column (40 x200 mm). Ferre- 
doxin was eluted from this column with 0.4 M Tris • HCI as described above in a 
volume of  110 ml. The fractions containing ferredoxin presented a very high Azso/ 
A4o 5 ratio (approx. 60). 

Step II. The protein solution was brought to 70 ~ saturation with ammonium 
sulfate and the precipitate was removed by centrifugation and discarded 

A ratio of Azso/A4o 5 ~" 7.0 (purity index) was obtained. The ferredoxin 
fraction was then dialyzed against 20 1 of 0.01 M Tris • HC1 buffer, concentrated on 
a small DEAE-cellulose column (20 x60  mm) eluted with 0.6 M Tris • HC1 giving a 
volume of 35 ml. 

Step III. The concentrated ferredoxin fraction was passed over a Sephadex 
G-75 column (50 x 1000 mm) equilibrated with 0.01 M Tris • HC1 buffer. Two main 
fractions were obtained the first containing mainly FdII and the second a mixture 
of FdI and FdI'. The purity indices were then approx. 4.5. 

Step IV. The separation of FdI and FdI'  was achieved using a DEAE-Sep- 
hadex A-50 column (40 ×200 mm) equilibrated with 0.45 M Tris • HCI. The fraction 
containing FdI and FdI'  was brought to approximately the same Tris • HC1 molarity 
and applied to the column. Elution was performed using exclusively 0.5 M Tris • HCI. 
The ferredoxin separated into four bands. The first contained FdI'  and was collected 
in a 150 ml fraction. The second, and the strongest, contained FdI in a 250 ml volume. 
The third and fourth band were very minor and were not further studied. The yield 
was 55 mg of FdI and 21 mg of FdI'. 

Step V. The same procedure was used for the fraction containing FdII. The 
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main band (collected in 210 ml) comprised mostly FdlI, whereas FdI was present in 
a small amount and migrated in front of FdlI. A final purification was obtained by 
adsorbing FdlI on a calcinated alumina column (20 × 100 mm) and eleuted with 
0.01 M potassium phosphate buffer. 

The yield ratios of FdI, FdlI', and FdlI vary from one preparation to another. 

Analytical procedures 
The molecular weight was estimated by molecular filtration on a Sephadex 

column [18] and by polyacrylamide gel electrophoresis in the presence of sodium 
dodecyl sulfate [19]. Non-heme (ferrous) iron was determined by the o-phenan- 
throline method [20, 21 ]. Protein samples were hydrolyzed according to the method 
of Moore and Stein [22]. 22 h of hydrolysis in 6 M HC1 at 105-110 °C were employed. 
Amino acid analyses were carried out on a Beckman Multichrom amino acid analyzer. 
The values for threonine, serine or tyrosine were corrected for decomposition during 
hydrolysis. Cysteine and methionine were analyzed after performic acid oxidation 
as cysteic acid and methionine sulfone respectively [23]. 

Spectral measurements were performed on a Cary 14 spectrophotometer 
with. temperature-controlled cells. 

Enzyme assay 
A manometric assay was utilized to determine the biological activity of the 

three forms of ferredoxin from D. gigas utilizing the reduction of sulfite by hydrogen. 
The main compartment of each manometric vessel contained 150/zmol phosphate 
buffer (pH 7.0), the carrier, pure hydrogenase and the reductase preparation in a 
final volume of 3.0 ml. 4 #mol of freshly prepared sodium sulfite was added from a 
side arm after incubation of the flask for 30 min under hydrogen at 37 °C. The center 
well contained 0.1 ml 10 M NaOH. Enzyme activity was calculated from the initial 
rate of hydrogen utilization. The sulfite reductase-containing extract, devoid of 
electron carriers, was prepared from D. gigas by ammonium sulfate fractionationas 
already reported [24]. Pure hydrogenase prepared from D. #igas by the method of 
Bell [25] and exhibiting a specific activity of 30 pmol hydrogen consumed/min 
per mg protein was added in all cases to the system to insure an excess of this activity. 

RESULTS 

Chemical composition and molecular weight determination 
The molecular weight was determined by molecular filtration on a G-50 

Sephadex column (870 ×20 ram) equilibrated with 0.05 M Tris • HC1 buffer (pH 7.6). 
The molecular weights obtained for FdII were 18 000 for FdI and FdI', and 24 000 
for FdII. When the tree forms are previously incubated with 0.1% sodium dodecyl 
sulfate an identical mobility in 0,1% dodecyl sulfate polyacrylamide gel electro- 
phoresis is found. These mobilities are identical to that of Desulfovibrio desulfuricans 
(Norway 4) ferredoxin which is isolated as a monomeric unit and has a molecular 
weight of 6400 as determined by gel filtration (Bruschi, M., Hatchikian, C. E., 
Golovleva, L. A. and Le Gall, J., unpublished). 

As reported in Table I, the amino acid compositions of the three forms are 
identical. After iron and labile sulfur determination they were shown to contain four 
iron and four sulfur per minimal molecular weight of 6456. 
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TABLE I 

AMINO ACID COMPOSITION OF THE THREE FORMS OF D. GIGAS FERREDOX1N 

Ferredoxin Ferredoxin Ferredoxin Ferredcxin 
I I ' II D. gigas 2 

Lysine 1 1 
Histidine 0 0 
Arginine 1 1 
Tryptophan n.d. n.d. 
Aspartic acid 11 11 
Threonine 0 0 
Serine 3 3 
Glutamic acid 9 9 
Proline 4 4 
GIycine 1 1 
Alanine 6 6 
Cystine (half) a 6 6 
Valine 5 5 
Methionine a 2 2 
Isoleucine 5 5 
Leucine 1 1 
Tyrosine 0 0 
Phenylalanine 1 1 

Total 56 56 

Molecular weight 6456 b 6456 b 
1 8 0 0 0  c 1 8 0 0 0  ~ 

Labile sulfur d 4 4 
Iron a 4 4 

1 1 

0 0 
1 1 

n.d. 0 
11 11 
0 0 
3 3 
9 9 
4 4 
1 1 

6 6 
6 6 
5 5 
2 2 
5 5 
1 1 

0 0 
1 1 

56 56 

6456 b 6456 b 
24000 c 6000 ¢ 

4 4 
4 4 

a Calculated after performic acid oxidation. 
b Minimum molecular weight. 
c Molecular weight estimated by gel filtration. 
d Per 6000 molecular weight. 

n.d., not determined. 

Electronic spectra data 

Fig. 1 shows the spectra of oxidized and  reduced FdI ,  Fd I '  and  Fd I I  respec- 
tively. The spectra are typical of  four- i ron four-sulfur proteins. U p o n  reduct ion with 
dithionite the absorbances in the visible region are greatly decreased. Table  II  shows 
the absorpt ion  bands and  molar  extinction coefficients. These coefficients were 
calculated using protein concentra t ions  determined by amino  acid analysis and  were 
based on the min imal  molecular  weight of 6456. Because glutamic and  aspartic 
resitues are stable they were used as a basis for calculations. 

The weak absorpt ion in the ultraviolet  aromatic  region is in  agreement with 
the low content  in aromat ic  residues as determined by the amino  acid analysis and  
makes it a good puri ty control  index. 

It should be noticed that absorpt ion  bands of the oxidized form of Fd I I  and 
Fd I '  are shifted to higher wavelengths when compared to those of FdI.  Also impor t an t  
is the difference in the A4os/Aao o rat io for Fd[  and  the A415/Aao5 ratios for F d l I  
and FdI ' .  In  the visible region a flat shoulder is observed for FdI  in  contrast  with a 
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Fig .  1. Ultraviolet and visible absorption spectra o f  D. gigas F d l ,  FdI"  a n d  F d l I  (pI-I 7.6). 
oxidized protein; . . . .  , dithionite-reduced protein. 
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well-defined peak for FdlI and FdI'. In the reduced state FdlI and FdI' show a well- 
defined band at 425 nm indicating that in the last case there is still a considerable 
contribution from the chromophore whereas the spectrum of reduced FdI does not 
show such a large contribution. An attempt to reduce the proteins with ascorbic acid 
was unsuccessful since no alteration of the spectra was observed indicating that they 
do not have positive redox potentials. This was recently confirmed by EPR redox 
titrations (J. J. G. Moura, A. V. Xavier, R. Camrnack, M. Bruschi, J. Le Gall, and 
J. P. Gayda, unpublished results). 
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TABLE II 

MOLAR EXTINCTION COEFFICIENTS OF THE THREE FORMS OF FERREDOXIN FROM 
D. G1GAS 

Ferredoxin 2 e Ratio 
(nm) (M - t -  cm -1) 

I (oxidized) 300 20,600 A4o~/Aaoo : 0.77 
405 16,000 

I (reduced) a 420 9,150 

I' (oxidized) 305 19,400 A4ts/Aso5 : 0.87 
415 16,900 

I" (reduced) a 425 10,050 

II (oxidized) 305 23,100 A4is/Asos = 0.68 
415 15,700 
453 b 13,300 

II (reduced) a 425 9,600 

a Values corrected for 
b Shoulder. 

dithionite absorption. 

Thermal stability 
Absorbance changes were observed by increasing the sample temperature. 

From the results indicated in Fig. 2, instability temperatures of 55, 61 and 73 °C 
respectively for FdI', FdI and FdlI were obtained. No appreciable spectro- 
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Fig. 2. Thermal stability of the three forms of  D. gigas ferredoxin. Absorbances were observed 
with increasing sample temperature. A, Ferredoxin I, A,os]Aaoo; B, Ferredoxin I', A4ts/Aaos; C, 
Ferredoxin II, A4xs/Asos. 
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photometric changes are observed until the instability temperature is reached. The 
bleaching of the chromophore is irreversible, but the protein is stable for several 
hours at intermediate temperatures. 

Physiological activity 
The results of the coupling activity of the three forms of ferredoxin between 

hydrogenase and sulfite reduction are reported on Table III. As compared with 
the endogenous activity of the control containing reductase preparation and hydrog- 
enase without electron carrier the systems containing FdI, FdI' and FdII exhibited 
a significant stimulation of sulfite reduction. It may be seen from these data that all 

TABLE III 

REDUCTION OF SULFITE BY H Y D R O G E N  IN THE PRESENCE OF FERREDOXIN I, I '  
A N D  II WITH D. GIGAS ENZYMATIC EXTRACT 

Sulfite reductase activity was determined as reported in Experimental Procedure. The control without 
added electron carrier contained: reductase preparation (17.2 mg protein) and pure hydrogenase 
(400/~g protein). 100 nmol of each of the electron carriers (methyl viologen, FdI, FdI '  and FdlI)  
were added to the enzymatic preparation. 

#mol 1-[2 consumed 

A f l e r l 5 m i n  A f l e r 3 0 m i n  

Control (without added carrier) 0.20 0.42 
+methyl  viologen 5.60 -- 
+ ferredoxin I 1.42 2.94 
+ ferredoxin I '  1.21 2.72 
+ ferredoxin II 1.43 3.30 

......_._.-.o 
2 .  o 

1.5- 

8 

0.5. 

o ~ b  2b 3b ~ 16o 
nmol FERREDOXIN ADDED 

Fig. 3. Effectiveness of  D. oigas ferredoxin I and II in the sulfite reduction reaction. Sulfite refluctase 
activity was determined as reported in Experimental Procedure. The reaction mixture contained: 
reductase preparation (17.2 mg protein) and pure hydrogenase (400 #g protein). The values of 
hydrogen uptake indicated in the figure for each concentration of ferredoxin represent the activity 
after 24 min of reaction and after subtraction of  the endogenous activity. 
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the ferredoxins function as carriers in the reduction of sulfite with hydrogen in the 
presence of D. gigas reductase preparation and that the slight differences of activity 
between the three forms of ferredoxin found at the saturation level is not significant 
(see Table III). However for this activity FdlI is more effective than FdI at an electron 
carrier concentration lower than the saturation concentration (Fig. 3). 

DISCUSSION 

The reported results show that three forms of ferredoxin can be isolated from 
D. gigas. Although the presence of two ferredoxins have been already reported 
[11-14] in other organisms, this is the first time that different forms of ferredoxins 
derived from the same polypeptide chain are described. 

Important differences are observed between the spectra of the three forms of 
D. gigas ferredoxin. The ultraviolet visible ratios (see Table II) present marked 
differences (0.77, 0.87 and 0.68 for FdI, FdI'  and FdII, respectively) showing that the 
chromophore contribution to the visible region is not the same for the three forms. 
Thus it may be expected that they have their clusters in different oxidation states. 

A spectral characteristic of D. gigas ferredoxin lies in the fact that the peak 
centered around 300 nm is perfectly symmetrical with no shoulder near 280 nm. This 
result is only obtained in the last purification step and less refined methods lead to 
ferredoxin with such a shoulder or even a peak at 280 nm. The refinement of the prepa- 
ration of D. gigas ferredoxin is only made possible because of its excellent stability in 
aerobic conditions. Nevertheless, the question may be posed whether in previous 
examples, in particular in the cases orB. polymyxa [11, 12] and A. vinelandii [14] the 
two ferredoxins reported are different proteins. This question is sustained by the 
large discrepancy in the reported amino acid compositions of B. polymyxa ferre- 
doxins. 

As it can be seen from Table I, the amino acid compositions of the three forms 
of D. gigas ferredoxin are identical. After iron and labile sulfur determination they 
were shown to contain four iron and four sulfur per minimal molecular weight of  
6456. Although the three forms of ferredoxin are present in different aggregation 
states, treatment with sodium dodecyl sulfate induces a depolymerization into mono- 
meric units of molecular weight of approx. 6400, a value similar to the minimal mo- 
lecular weight obtained from sequence data. 

One of the characteristics of D. gigas ferredoxin is the presence of two residues 
of cysteine which are not involved in the formation of the 4Fe-4S cluster. These two 
residues can be present as free -SH or can participate as intra- or intermolecular 
disulfide bridges. In this last case they would be responsible for the maintenance of the 
polymerisation of the molecule. Some experiments using p-chloromercuribenzoate 
titrations have shown that the cysteine residues of the different forms are not all 
accessible, even in the presence of denaturating conditions (8 M urea, 4 M guanidine). 
This difficulty of access is particularly evident for FdII implying that the degrree o f  
polymerisation contributes to an additional protection of the cysteine residues. 
Attempts are being made to localize the cysteine residues that participate in intrachain 
disulfide bridge, by purification and identification of the peptides obtained by tryptic 
cleavage of the only lysine (number 30) of the molecule [2]. 

The aggregation states in which the three forms were isolated may explain 
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the distinct temperatures of  thermal denaturation and the slight difference in the 
apparent  isoelectric point (due to different exposition of  charged residues) which 
allows a rough separation of the three forms in DEAE-cellulose. Due to lack of  
available data on the aggregation states of iron-sulfur proteins, it is not possible to 
distinguish whether the factor responsible for the differences in the environment of  
the cluster is due to tertiary or quaternary type interactions. The influence of these 
interactions in the magnetic properties of  the three forms will be discussed in following 
papers which will deal with N M R  (J. J. G. Moura, A. V. Xavier, M. Bruschi and J. Le 
Gall, unpublished results) and EPR R. Cammack, J. J. G. Moura, A. V. Xavier, 
M. Bruschi, J. Le Gall, and i. P. Gayda,  unpublished results). 

A dimerization of  Clostridium pasteurianum ferredoxin has been reported [26], 
but in this example the aggregation is due to the loss of  one of  the two clusters, 
which cannot be the case in D. #igas ferredoxin. Furthermore aggregation induces a 
loss of  activity in C. pasteruianum ferredoxin while for D. gigas ferredoxin the most 
effective form is that which has a higher aggregation value. 

Although all the three forms are active in the reduction of sulfite by molecular 
hydrogen and have roughly the same coupling effect at saturating concentrations, 
FdI  and FdH do not present the same activity at lower concentrations. This fact 
suggests that the aggregation and redox states have an influence on the physiological 
properties of  the protein. Thus, proteins have a way of varying their redox properties 
without a change of their primary structure. Such a property, which will be discussed 
in more detail in following papers, may have important consequences at the level 
of  the regulation of electron transfer by organisms or organelles like mitochondria. 

It  is tempting to point out that FdlI,  the most effective form, exists as a 
tetramer and that since cytochrome c3 possesses four hemes [27], conditions are 
realized for a rapid electronic exchange between the two proteins. 
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