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Abstract 

Iron-dependent formation of ferredoxin and flavodoxin was determined in Anabaena ATCC 29413 and 
ATCC 29211 by a FPLC procedure. In the first species ferredoxin is replaced by flavodoxin at low iron 
levels in the vegetative cells only. In the heterocysts from Anabaena ATCC 29151, however, flavodoxin 
is constitutively formed regardless of the iron supply. 

Replacement of ferredoxin by flavodoxin had no effect on photosynthetic electron transport, whereas 
nitrogen fixation was decreased under low iron conditions. As ferredoxin and flavodoxin exhibited the 
same K m values as electron donors to nitrogenase, an iron-limited synthesis of active nitrogenase was 
assumed as the reason for inhibited nitrogen fixation. Anabaena ATCC 29211 generally lacks the 
potential to synthesize flavodoxin. Under iron-starvation conditions, ferredoxin synthesis is limited, 
with a negative effect on photosynthetic oxygen evolution. 

Introduction 

Flavodoxin is a low molecular weight FMN- 
containing flavoprotein that has been isolated 
from different prokaryotic as well as eukaryotic 
organisms (Smillie 1965, Bothe 1970, Mayhew 
and Ludwig 1975, Bothe 1977). They include 
aerobic, anaerobic and facultative heterotrophic 
bacteria such as Azotobacter, Clostridium and 
Klebsiella, as well as photosynthetic bacteria, 
cyanobacteria and algae. In some species 
flavodoxin has been found to be constitutive, 
while in other organisms it is synthesized as a 
consequence of the iron-limiting conditions in 
the culture medium. Flavodoxin can be easily 
purified, due to its strong acidic character and its 

presence in large amounts in organisms grown 
under low iron concentrations. Therefore it is 
one of the flavoproteins for which detailed struc- 
tural information is available (Smith et al. 1984, 
Ludwig et al. 1984). Nevertheless little is known 
about the physiological function of this protein 
or the regulatory mechanism of its synthesis. It is 
proposed that flavodoxin replaces ferredoxin in 
vivo in those reactions in which this iron protein 
participates (Yoch and Valentine 1972). The low 
(very negative) oxidation-reduction potentials re- 
quired for these reactions are compatible with 
those determined for the semiquinone/hydro- 
quinone couple in different flavodoxins including 
Anabaena (Sykes and Rogers 1984, Fillat et al. 
1990). In vitro, flavodoxin replaces ferredoxin in 



120 

the transfer of electrons between photosystem I 
and the enzyme ferredoxin-NADP ÷ reductase 
(Smillie 1965, Trebst and Bothe 1966, Fillat et 
al. 1988), indicating its possible role in photo- 
synthesis. It has also been shown to be very 
efficient in providing electrons to nitrogenase in 
the acetylene reduction assay of this enzyme 
(Fillat et al. 1988). 

A specific ferredoxin, isolated recently by 
B6hme and Schrautemeier (1987) from hetero- 
cysts of Anabaena ATCC 29413, is reported to 
be different from those found in vegetative cells. 
The heterocystous ferredoxin has been shown to 
act in vivo as the immediate electron donor to 
nitrogenase and also to be the product of a gene 
which is expressed only under nitrogen fixing- 
conditions (B6hme and Haselkorn 1988). 

In this paper three different strains of 
Anabaena are studied with regard to their ability 
to replace ferredoxin with flavodoxin when 
grown in low-iron media. In addition, the effect 
on photosynthesis and nitrogen fixation is com- 
pared. We also describe the presence of a 
fiavodoxin in heterocysts of Anabaena ATCC 
29151. Synthesis of flavodoxin, even at high con- 
centrations of iron in the medium, indicates that 
in these specialized cells flavodoxin is synthe- 
sized constitutively and that the iron-dependent 
regulation of flavodoxin synthesis is absent, in 
contrast to vegetative cells of the same species. 

Material and methods 

Anabaena variabilis, strain ATCC 29211 (CCAP 
1403.4b) and Anabaena strains ATCC 29151 
(PCC 7119) and ATCC 29413 were grown as 
described by Sandmann and B6ger (1980) in 
media containing different concentrations of 
iron, at 22°C under light intensities of 4000 Ix. 
Packed cell volume (pcv) was determined by 
centrifugation of a cell suspension in calibrated 
microcentrifuge tubes. 

Homogenates were prepared from 11 of sus- 
pension of cells harvested at the end of the 
exponential phase of growth and disrupted dur- 
ing 10 min in a Vibrogen cell homogenizer using 
0.45-0.5 mm glass beads. Unbroken cells and 
debris were removed by centrifugation at 
18 000 × g for 20 min. Partially purified extracts 
for FPLC determinations were prepared on small 

columns containing 1 ml bed volume of What- 
man DE-52 cellulose equilibrated with 0.1 M 
Tris-HCl pHT.5. The crude extract was poured 
onto the columns and washed with 0.2 M Tris- 
HC1, pHT.5, until the blue color of the 
phycobiliproteins disappeared. Ferredoxin and 
flavodoxin were eluted with 6 ml of 0.5 M Tris- 
HC1 buffer, pH 7.5. Samples were dialyzed or 
diluted before FPLC separation and determi- 
nation. 

FPLC determinations were performed on a 
Pharmacia Mono Q H R  5/5 column. 0.5 ml of 
the eluent from the DE-52 column were diluted 
with an equal amount of water and injected. Salt 
gradients of 0-0.5 M NaCI were used and the 
absorbance was recorded at 465 nm. Ferredoxin 
and flavodoxin retention times were identified 
and quantified using previously purified proteins. 

Antibodies against ferredoxin and flavodoxin 
were prepared (Lampreave and Pi~eiro 1982) 
and immunoelectrophoresis performed using the 
method described by Laurell (1966) to quantify 
the amount of both proteins in crude or pre- 
purified extracts. Ferredoxin and flavodoxin de- 
termined by immunoelectrophoresis were quan- 
tiffed in dilute extracts in the range 5-35 ~g/ml. 
Endogenous iron content was determined by 
atomic absorption spectroscopy in a Varian Car- 
bon Rod Atomic Absorption Spectrophotome- 
ter, using cells suspended in 2 N  H N O  3. The 
kinetic parameters were measured as described 
previously (Fillat et al. 1988). Photosynthesis of 
cells was determined by measuring the oxygen 
evolution in a Clark type electrode. Nitrogenase 
activity was measured in vivo by determining the 
rate of acetylene reduction of illuminated cells in 
a Carlo Erba Fractovap gas chromatograph as 
described previously (Fillat et al. 1988). K m val- 
ues for flavodoxin and ferredoxin used as elec- 
tron donors to nitrogenase were determined 
from Lineweaver-Burk plots. 

Heterocysts were isolated using the method 
described by Fay (1980), that essentially includes 
several centrifugation steps at low speed and 
purity was checked by light microscope. 

Results and discussion 

The development of useful techniques for the 
detection and discrimination of ferredoxin and 



flavodoxin is very important  in order  to study the 
distribution of these proteins in cells grown 
under different physiological conditions. This is 
particularly difficult since neither of them shows 
any specificity in electron transfer reactions and 
also because their absorbance spectra are too 
similar for accurate differential spectroscopy es- 
pecially when both proteins are present simulta- 
neously. Immunochemical techniques are par- 
ticularly useful for determination of ferredoxin 
and flavodoxin since both proteins have specific 
antibodies. Nevertheless, immunoquanti tat ion 
has the disadvantage that it shows the presence 
of protein irrespective of its functionality. For 
example, ferredoxin with its 2Fe2S cluster is 
determined together with its apoprotein and the 
immunological assay does not discriminate be- 
tween FMN-containing flavodoxin and its apo- 
protein. This can be a problem, especially when 
studies are performed on the mechanisms reg- 
ulating the synthesis of the functional proteins. 

Therefore,  a method has been developed for 
the rapid detection and separation of the holo- 
proteins of both ferredoxin and flavodoxin using 
the FPLC technique. Figure 1 shows the separa- 
tion, on a Mono Q ion exchange column, from a 
partially purified extract of Anabaena  ATCC 
29413 cells, grown at an iron concentration of 
3 /zM.  Both proteins show quite different reten- 
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Fig. 1. FPLC determinat ion of ferredoxin and flavodoxin 
from Anabaena A T C C  29413 grown with 3 / z M  iron. Peak 
A,  with R T  = 24 min,  was identified as flavodoxin; peak B, 
with RT  = 33 min,  as ferredoxin. Ferredoxin and flavodoxin 
were identified using proteins previously purified as standars.  
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tion times: 24 and 33 min for flavodoxin and 
ferredoxin, respectively. It should be mentioned 
that under these particular FPLC conditions only 
one major ferredoxin was detected, while large 
scale purifications of ferredoxin reveals the pres- 
ence of a second ferredoxin. 

Flavodoxin has been isolated from Anabaena  
cultures grown in low iron media which, at the 
same time, contained low levels of ferredoxin 
(Fillat et al. 1988). It was of interest to study 
how the concentration of iron in the culture 
medium affects the level of the two proteins 
which can be present in the cells simultaneously. 
For this purpose, two different strains of 
Anabaena  that have been shown to behave dif- 
ferently with respect to their ability to synthesize 
flavodoxin were grown in media containing iron 
in the range from 0.015/zM to 35 ~M.  Those 
strains were Anabaena  ATCC 29413, from which 
flavodoxin can be isolated when grown in the 
absence of iron in the culture medium (Fillat et 
al. 1988), and Anabaena  ATCC 29211, which we 
have shown (Pardo et al. 1990) to be unable to 
replace ferredoxin by the flavoprotein, even 
when grown at very low concentrations of iron. 
Figure 2 indicates that flavodoxin replaces fer- 
redoxin in Anabaena  ATCC 29413 as the con- 
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Fig. 2. Iron-dependent formation of ferredoxin and 
flavodoxin in two different Anabaena strains: Anabaena 
ATCC 29413 and Anabaena variabilis ATCC 29211. Cells 
were grown in media containing the iron concentrations 
indicated in the figure. Ferredoxin and flavodoxin were de- 
monstrated by FPLC as described in Material and methods. 
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centration of iron decreases. The strain ATCC 
29211, on the contrary, does not show any syn- 
thesis of flavodoxin even at the lowest concen- 
tration of iron in the medium studied. It is 
interesting to note that this strain, which is un- 
able to synthesize flavodoxin, shows a decrease 
of ferredoxin formation only at iron concen- 
trations below 1/zM. This is the concentration of 
iron at which ferredoxin was completely absent 
in the fiavodoxin-synthesizing Anabaena ATCC 
29413. 

Since it has been proposed that flavodoxin 
replaces ferredoxin in all the reactions in which 
this protein participates (Ludwig and Mayhew 
1975) the effect of different concentrations of 
iron on the levels of both proteins, as well as on 
corresponding physiological activities, was inves- 
tigated. Cells were grown at different concen- 
trations of iron in the medium and both the 
photosynthetic and nitrogen-fixing activities were 
determined in vivo. For this purpose, Anabaena 
ATCC 29413 was chosen because it can replace 
ferredoxin by flavodoxin under iron-deficient 
conditions (Fig. 2). Table 1 shows that flavodox- 
in is present only in cells which contain low 
levels of intracellular iron due to their growth in 
iron-deficient media. The level of ferredoxin is, 
correspondingly, low as compared to cells with 
high intracellular levels of iron. The photo- 
synthetic activity, measured as the rate of oxygen 
evolution, shows similar values for both cultures, 
indicating that flavodoxin transfers electrons 
from photosystem I to the enzyme ferredoxin- 
NADP + reductase as efficiently as ferredoxin. 

The level of nitrogen fixation is, nevertheless, 
very much decreased in cells grown at low levels 
of iron. This could be due to the lower efficiency 
of flavodoxin as an electron mediator for the 
nitrogenase, or to a direct effect of the availabili- 
ty of iron on the nitrogenase itself. 

The effect of iron limitation on ferredoxin 
content and photosynthesis was also studied in 
an Anabaena strain which was unable to synthe- 
size flavodoxin. When Anabaena ATCC 29211 
cells were grown in low iron media, as indicated 
in Table 2, a decrease in the level of intracellular 
iron was observed at 3/zM iron. However, this 
limitation did not decrease the amount of fer- 
redoxin present or interfere with the photo- 
synthetic activity of the cells. If the concen- 
tration of iron in the culture medium was low- 
ered to 0.5/zM, a further depletion of endoge- 
nous iron was observed, with a concurrent de- 
crease of the ferredoxin content. In addition 
photosynthetic activities of the whole cells were 
negatively affected. 

The ferredoxin-flavodoxin exchange experi- 
ments with organisms like Anabaena ATCC 
29413 in Fig. 2 are indicative of a mechanism 
that regulates the synthesis of flavodoxin when 
the intracellular iron concentration falls below a 
certain threshold. In this organism, repression of 
the synthesis of the iron-containing ferredoxin 
leaves iron available for the synthesis of other 
Fe-proteins. Anabaena ATCC 29151 behaves 
similarly to Anabaena 29413 with respect to the 
response to iron limitation. In the ATCC 29211 
strain, in which ferredoxin cannot be replaced by 

Table 1. Photosynthesis, nitrogen fixation and ferredoxin/flavodoxin content ofAnabaena ATCC 29413 grown at high and low Fe 

Fe concentration of the medium (/z M) 

3 35 

Endogenous Fe 
(/~mol/ml pcv) 0.87 -+ 0.13 2.26 -+ 0.57 

Content (nmol/ml pvc) of 
ferredoxin 6.1 - 1.4 16.1 -+ 2.0 
flavodoxin 13.9 - 2.9 n.d. 

Photosynthetic oxygen evolution 
(/zmol O2/ml pcv × h) 426 -+- 18 446 -+ 16 

Nitrogen fixation 
(/zmol CzHJml pcv × h) 1.8 -+ 0.9 5.5 -+ 0.3 

Values are means of 4 independent determinations. 
n.d. = not detected. 



Table 2. Photosynthesis and ferredoxin content in Anabaena ATCC 29211 grown at high and low Fe 
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Fe in the medium (/zM) 

0.5 3 35 

Endogenous Fe 
(/zmol/ml pcv) 0.18 -+ 0.6 0.79 - 0.18 2.55 --- 0.42 

Ferredoxin content* 
(nmol/ml pcv) 6.5 - 2.9 14.7 -+ 3.0 16.7 -+ 2.6 

Photosynthesis 
(/~mol O2/ml pcv x h) 214 -+ 42 534 - 89 548 --- 94 

* No flavodoxin and no in vivo nitrogen fixation were detectable 

flavodoxin, repression of ferredoxin synthesis 
does not take place and iron deprivation at levels 
below 0.2nmol//xl pcv (packed cell volume) 
limits the synthesis of the iron-proteins. In these 
extreme conditions, photosynthetic activity is 
markedly decreased. 

The kinetic parameters that indicate the ef- 
ficiency of the electron transfer between fer- 
redoxin or flavodoxin and their redox partners 
for the different reactions in which they partici- 
pate were studied. Table 3 shows the rate con- 
stants obtained for ferredoxin and flavodoxin 
from Anabaena ATCC 29151 when interacting 
with photosystem I (PS I) or ferredoxin-NADP ÷ 
reductase (FNR). In both cases the rate con- 
stants are of the same order for both proteins. It 
seems that flavodoxin is slightly better reduced 
by PSI  or FNR than ferredoxin. Table 3 also 
shows that the K m value for the nitrogenase 
reaction, which indicates the affinity between the 
two proteins and nitrogenase, are identical for 
ferredoxin and flavodoxin. This result shows that 

Table 3. Kinetic parameters of ferredoxin and flavodoxin 
from Anabaena ATCC 29151 in reactions with their redox 
partners in photosynthetic electron transport and nitrogen 
fixation 

Reaction Ferredoxin Flavodoxin* 

Rate constant for 
reduction by PSI 
(M -1 min 1) 4.5 x 107 9.6 x 107 

Rate constant for 
reduction by FNR 
(M -1 min -1) 4.0 × 106 6.6 x 106 

K m value (/~M) 
in nitrogenase 
reaction 7.9 8.5 

* Values were taken from Fillat et al. (1988) for comparison. 

in any of the cultures. 

the negative effect of the low iron concentration 
on the nitrogen fixing activity of the whole cells 
is due to factors other than poor reactivity of 
flavodoxin with nitrogenase. Most likely the syn- 
thesis of nitrogenase, which contains about 30 
iron atoms (Orme-Johnson 1985), is restricted. 

Evidence has been presented that flavodoxin 
can replace ferredoxin as the electron donor to 
nitrogenase. In the nitrogen-fixing heterotrophic 
bacterium Klebsiella pneumoniae, in which 
flavodoxin participates directly in the nitrogen 
fixation reaction by obtaining electrons from 
pyruvate through the enzyme pyruvate-flavo- 
doxin-oxidoreductase (Shah et al. 1983), this 
flavodoxin is encoded by a gene that is clustered 
with others involved in nitrogen fixation (Deis- 
tung et al. 1985). Therefore, flavodoxin content 
was determined on heterocysts of the nitrogen- 
fixing cyanobacteria Anabaena and the way the 
level of this protein is related to the presence of 
iron in the culture medium was also studied. The 
antigens used for quantitation were mono- 
specific, and cross-reactivity of ferredoxin with 
the flavodoxin antigen and vice versa was not 
observed. Table 4 shows that heterocysts of cells 
grown either at limiting or saturating levels of 
iron produce the same amount of flavodoxin as 
was detected immunochemically with antibodies 
raised against the main form of flavodoxin when 
the cells are grown under iron-deficient condi- 
tions. The presence of flavodoxin in heterocysts 
even at high iron concentration indicates that 
flavodoxin is a constitutive protein in hetero- 
cysts, synthesized irrespectively of the level of 
iron in the medium. It also emphasizes the im- 
portance of this protein in the transfer of elec- 
trons to nitrogenase. Flavodoxin constitutively 
present in heterocysts could account for the low 
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Table 4. Flavodoxin and ferredoxin content in isolated heterocysts from Anabaena ATCC 29151 grown in different media. Values 
are averages of 3 determinations 

Grown in: 

Iron Nitrate % heterocysts Chlorophyll Flavodoxin Ferredoxin 
in heterocysts 

tzg/ml /xg/ml /xg/ml 

35/zM not present 5% 712 5.7 +- 0.40 47.5 -+ 1.1 
3 p,M not present 5% 394 4.4 -+ 0.25 8.22 --- 0.53 
35/xM 20 mM 2% 513 not detected 6.48 - 0.7 

amount of this protein that is found in all ni- 
trogen-fixing cyanobacteria at high iron concen- 
trations. According with this, in the non ni- 
trogen-fixing species of cyanobacteria such as 
Anacystis nidulans, flavodoxin should be com- 
pletely absent in high-iron media. This is sup- 
ported by our observation concerning the strain 
29211 of Anabaena, where we could not detect 
any appreciable nitrogen-fixing ability lacks 
flavodoxin and also by the report (Laudenbach 
et al. 1988) that in Anacystis nidulans flavodoxin 
is completely absent. 

The presence of a type of ferredoxin in hetero- 
cysts which is biochemicaUy different from the 
ones in vegetative cells of cyanobacteria and is 
more specific for the nitrogenase reaction 
(Schrautemeier and B6hme 1985) points to a 
special role of this ferredoxin in the nitrogenase 
reaction. Moreover, an Azotobacter vineilandii 
mutant strain described by Bennet et al. (1987) 
which has a deletion in the flavodoxin gene, 
shows diazotropic growth which is, nevertheless, 
below the maximal in vivo nitrogenase activity 
found for the wild-type cells. From these findings 
we could conclude that flavodoxin is a physio- 
logical, but not unique, electron carrier for nitro- 
genase in heterocysts of cyanobacteria and that it 
is synthesized in these cells independently of the 
level of iron in the culture medium. In vegetative 
cells, where the nitrogenase reaction does not 
occur, flavodoxin would be induced only under 
iron-deficient conditions to substitute for fer- 
redoxin in photosynthetic electron transfer reac- 
tions. 
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