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Abstract-Ferredoxin was isolated from the blue-green alga Anabaena jios-aquae. Its homogeneity was 
shown by conventional and SDS-polyacrylamide gel electrophoresis, and isoelectric focusing on polyac- 
rylamide gel columns, the latter indicating a p1 at ca pH 3.7. The absorption spectrum had, in the oxi- 
dized state, maxima at 462,421, 327 and 276 nm, with a shoulder at 284 nm, a spectrum characteristic 
of plant-type ferredoxins. The 421 : 276 nm absorbance ratio was typically 0.49. The ferredoxin effectively 
mediated the photoreduction of NADP+ by barley chloroplasts depleted of native ferredoxin. The MW 
obtained by sedimentation-equilibrium and sedimentation velocity-diffusion coefficient studies was ca 
12000 daltons, a value somewhat higher than suggested by amino acid composition data. The ferredoxin 
contained 2Fe and 2s per molecule. 

INTRODUCTION 

The iron-sulphur proteins known as ferredoxins 
play a major role in plant and bacterial photosyn- 
thesis [ 11. They are small proteins with MWs of ca 
6000 or 11000 daltons, possessing Fe and labile S 
in equimolar amounts of 2, 4 or 8 per molecule, 
depending on the source. They exhibit a negative 
redox potential and an EPR signal (g = 1.94) in 
the reduced state [2]. The structure and properties 
of ferredoxins have been recently summarized [l- 

41. 
Several ferredoxins from higher plants have 

been well characterized; they have MWs of ca 
11000, contain two atoms each of Fe and labile 
sulphide, and accept one electron on reduction. 
The ferredoxins of photosynthetic bacteria are less 
well characterized, though some, like those of 
Clostridia and Peptostreptococci (anaerobic fer- 
mentative bacteria), appear to contain eight atoms 
each of Fe and labile sulphide, and accept two elec- 
trons on reduction [2]. 

The ferredoxins of blue-green algae are of inter- 
est since their study might give some insight into 

the biochemical evolution of photosynthesis [S]. 
These algae may represent an intermediate stage in 
evolution between the anaerobic photosynthetic 
bacteria and green plants, as evidenced by localiza- 
tion of their photosynthetic pigments in lamellae 
distributed throughout the cytoplasm and not 
organized in discrete organelles. Ferredoxins from 
several members of the Cyanophyceae have now 
been isolated and partially characterized C&19]. 
The present report describes the isolation and some 
properties of a ferredoxin from the blue-green 
alga Anabaena jos-aquae which has not been pre- 
viously studied. 

RESULTS AND DISCUSSION 

Apart from the difficulty of removing conta- 
minating nucleic acid, Anabaena jos-aquae ferre- 
doxin was readily isolated in a high state of purity 
in yields of ca 20 mg from 50 g wet wt cells (Table 
1). On conventional polyacrylamide gel electro- 
phoresis the ferredoxin migrated as a reddish- 
brown band at the anion front. A single band was 
visible in the corresponding position after staining 
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Table I. Purification of ferredoxin from .4r1obuvna floe-quue 

* Fractions with A420 : 276 greater than 0.35 were collected. 
The starting material was 49 g wet wt cells, yielding 20 g ace- 

tone powder. 

with Coomassie blue. Electrophoresis in the pres- 
ence of 0.1% SDS similarly confirmed the homo- 
geneity of the preparation, though under the con- 
ditions used in these studies lower MW conta- 
minants would not be detected. In some prep- 
arations a minor component was present, but this 
formed a very small proportion of total protein. In 

isoelectric focusing studies the ferredoxin concen- 
trated as a well-defined reddish-brown band at a 
position corresponding to pl 3.7, though staining 
with Coomassie blue also revealed the presence in 
some preparations of a faint band at pI 4.0. The 
only other p1 reported for a ferredoxin, that from 
Cl. pasteuriuntrm [20]. is also at pH 3.7, while the 
pl for Nostoc sp.MAC ferredoxin is at cn pH 3.4 
(Hutson and Rogers, unpublished). 

The visible and UV absorption spectrum of 
Anahaena,flos-aquue ferredoxin showed absorption 
maxima at 276, (284), 327,42 1 and 462 nm, in good 
agreement with reports for ferredoxins isolated 
from other blue-green algae [7-9, 1 l-13, 16, 18, 
193. The relative absorbances for the main peaks 
were 1.00, 0.70, 0.50 and 0.47, respectively. The 

ratio of A at higher wavelengths to that at 276 nm 
in typical preparations were thus slightly lower 
than some quoted values in the literature. The 
shoulder at cu 284 nm has also been noted for ,4na- 
haerla variuhilis [ 131 and Phormidium ~fovcolurum 

[19] ferredoxins, and is evident in the published 
spectrum for Syneckococcus liGdus ferredoxin 

1161. 
The activity of the ferredoxin was measured by 

its ability to catalyse NADP’ photoreduction in 
barley chloroplasts depleted of native ferredoxin. 
With addition of 0.1, 0.2 and 0.3 mg ferredoxin to 
the standard assay rates of NADP’ photoreduc- 

tion, measured over the first 30 set illumination, 
were 87, IO1 and 111 prnol NADP- reduced/hr! 
mg chlorophyll. respectively. No NADP’ photo- 
reduction was observed if supplemented ferredoxin 
was omitted. or if saturating (0.3 mg) levels of ferrc- 
doxin were present but the chloroplasts omitted. 
This activity is somewhat higher than ferredoxin 
from Anucystis r~irhluns [ 1 11 and ,‘C’ostoc sp [SJ 
though higher values can be calculated from data 
given for A&~arrlcl w.iuhili.s fcrredoxin [I 31. 
Although not measured in the present study it is 
assumed that A77ahurv7a ,flo.s-trqtuc~ ferrcdoxin, like 
other blue--green algal fcrredoxins. carries out a 

transfer of I electron [ 10. I I. 181 and has a redox 

potential of ccl - 400 mV 181. 
Analyses of the ferredoxin for Fe gave values of 

1.77, 1.80, 1.79 and 1.74 atoms per molecule. while 
assays of labile sulphide gave corresponding values 
of 1.70, 1.87, 1.72 and 1.59 atoms, based on a MW 
of 12 000. Thus .4r&~lrjr~r ,fos-ayucrr ferredoxin 
possesses 2 Fe and 2 labile sulphide. in common. 
apart from one report [ 121. with other blueegreen 
algal ferredoxins [ 16- 191. 

The amino acid composition. based on three 
analyses on separate occasions. is given in Table 2. 
The samples were not oxidized before analysis; the 
value for half-cystine has therefore to be assumed. 
since large losses occur on hydrolysis. We 
attempted to estimate cysteine by titration with 
5.5’ dithiohis (2-nitrobenzoic acid), but this was 
only successful after treatment of the ferredoxin 
with urea; even then only one. or possibly two; 
cysteines could be identified. A value of 5 is there- 
fore given based on the free-SH demonstrated by 
chemical analysis. and the four cysteines which 

must be involved at the active site in a 2 Fe : 2s fer- 
redoxin, and which arc unreactive with the re- 
agent. The amino acid composition is similar to 
those reported for some other blue-green algae 

[ 12. 16, 18, 191 (Table 2) and enables characteristic 
differences compared to ferrcdoxins from photo- 
synthetic bacteria 1211 to be identified. Thus three 
or more lysine, one histidine, and one arginine are 
usually present; there also appears to be more leu- 
tine. but cysteine is less. In common with all ferre- 
doxins there is a preponderance of acidic over 
basic residues. The total of 95 amino acids. with 2 
Fe + 2s. gives a minimum value for MW of 10354. 

The partial sp. vol. of the protein derived from 
the amino acid composition is 0.72, and this value 
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Table 2. Amino acid composition of blue-green algal ferredoxins 
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Amino acid 
Anacystis Synechococcus Phormidium Microcystis Anabaena 

nidulans [12] 2icidus [ 161 ,fovrolarum [ 191 jos-aquae [ 181 Nostoc. sp. MAC* jlos-aquae 

Lysine 3 4 2 3 5 3 
Histidine 1 1 1 I 1 1 
Arginine 1 3 1 I I 1 
Tryptophan ot 0t 0 - Of 
Aspartic acid 15 11 13114 13 12113 13 
Threonine 12 6 
Serine 7 4 
Glutamic 
acid 11 17 
Proline 3 5 
Glycine 6 6 
Alanine 12 6 
Half-cystine 6 5 
Valine 9 7 
Methionine 0 0 
Isoleucine 5 4 
Leucine I 10 
Tyrosine 5 4 
Phenyla- 
lanine 2 3 

* K. G. Hutson and L. J. Rogers (unpublished). 
? Estimated spectrophotometrically. 
$ Assumed. 

Not determined. 
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was used in the calculation of MW from ultracen- 
trifuge data. Low speed sedimentation equilibrium 
experiments yielded MWs of 10000, 12000 and 
12500, and meniscus depletion sedimentation 
equilibrium experiments gave values of 12000 and 
13000. A MW of 12500 was calculated by the 
Svedberg equation from experimentally deter- 
mined values for szO,w of 1.5 x lo- l3 set, and 
D zo,w of 10.4 x lop7 cm2 set-‘. The average MW 
from these ultracentrifuge studies is 12000, a some- 
what higher value than the 10500 given by calcula- 
tion from amino acid composition. For proteins of 
this low MW the values derived by physicochemi- 
cal methods are useful in defining the MW range, 
but in our view may not be as accurate as values 
then derived from amino acid composition. A MW 
of ca 11000 has been reported [S, 12,16,18,19] for 
ferredoxins from a number of blue-green algae. 
MW determination on an aged preparation 
yielded a value near 20000; possibly under these 
conditions ferredoxin may undergo aggregation 
[22]. A MW of ca 20000 has been reported for a 
ferredoxin from Azotobacter virze/undii [23]. 

Anabaenajos-aquar ferredoxin is clearly similar 
in properties to the ferredoxins of the eukaryotic 
algae and higher plants, as have been the ferre- 
doxins from other blue-green algae. 
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EXPERIMENTAL 
Growth qfAnabaena flos-aquae. (Lyng.) Breb. Tischer’s strain 

was obtained from the Cambridge Culture Collection (strain 
no. 1403/13), The Botany School, Cambridge, England. It was 
grown in 5 x 10 1. culture medium by methods described in 
[24]. Before the algae were harvested individual flasks were 
tested for purity of cultures by standard procedures. 

Purification. Me,CO-dried cells (ca 20 g) were suspended in 
300 ml of 15 mM Tris-HCl. This and all subsequent buffers, un- 
less otherwise stated, were at pH 7.7 at 4”. After 2 hr at room 
temp. the suspension was centrifuged at 40000 9 for 60 min at 
4”. All subsequent manipulations were carried out at 4”. The 
supernatant was collected and nucleic acid precipitated by 
treatment with streptomycin sulphate (2.5 mg/mg nucleic acid 
as estimated by A260 :280) and removed by centrifugation at 
480009 for 15 min at 4”. The supernatant was brought to @15 
M with regard to Tris and applied to a 10 x 4 cm dia DEAE- 
cellulose (Whatman DE-52) column, which had been equili- 
brated with the Tris-HCl buffer. Ferredoxin was adsorbed on 
the column which was washed with 1.5 1. of 0.15 M Tris+HCl 
in 0.1 M NaCl(O.22 M Cl-). The brownish-red ferredoxin band 
was then eluted by 0.3 M Tris-HCI in 0.55 M NaCl(0.8 M Cl-), 
diluted x 10 with H,O, and loaded onto a second DEAE-cellu- 
lose column (15 x 2 cm dia) previously equilibrated with 0.15 
M Tris-HCl in 0.1 M NaCl (0.22 M Cl-). The column was 
washed with 500 ml of the Tris-HCl buffer, and ferredoxin then 
eluted by 0.3 M Tris-HCI in 0.55 M NaCl (0.8 M Cl-). Eluted 
ferredoxin was applied to a Sephadex G-50 column (50 x 3 cm 
dia) previously equilibrated with 0.15 M Tris-HCl in 0.2 M 
NaCl (@32 M Cl-). The column was developed with the same 
soln, the ferredoxin emerging in ca 30 ml vol. This eluate was 
dialvsed aeainst 0.15 M Tris-HCI in 0.2 M NaCl for 3 hr before 
loading oito a DEAE-cellulose column (20 x 2.5 cm dia) equi- 
librated with the same buffer and developed with the same soln 
at 40 mlihr. Ferredoxin was eluted in the 110-220 ml fraction. 
The fractions with A420:276 greater than 0.35 were bulked, 
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diluted with 5 vol. of HzO, and concentrated on a small DEAE- 
cellulose column (6 x I cm dia) previously equilibrated with 
Ul5 M Tris~HCI. The ferredoxin was eluted by 0.3 M Tris-~HCI 
in 0.55 M NaCl (0.8 M Cl-) at a Row rate of 32 ml:hr. Finally 
the ferredoxin, now in <‘(I 6 ml buffer. was dial)sed for 3 hr 
apainst 0.15 M Tris HCI. The wield of fcrredoxin wpas cti 20 mg. 
and negligible quantities of nucleic acid were present. 

.~,\.so). of protcirl LID/ Jwr~~do~~~~. During the carlq stages of 
purification protein and nucleic acid tvcrc estimated from 
A260:280: in the 1atcr stages protein wab estimated bq the 
Folin phenol reaecnt [25]. The AJ70: 276 ratio was taken as an 
index of ferredox~n content. 

Icti~,iti. tl[,~~‘,‘/ili,,trt,orr. Ferredonin activity was measured by 
NADP photoreductlon with barle) chloroplasts. prepared as 
described elsewhere. [?6J and depleted of native ferrcdoain. In 
assays each I cm light-path cuvctte contained in pmoi Tris 
buffer (pH 8). 45: NaCI. 60: MgCl,. 12: KH,PO,. 5: i%;ADP-. 
0.4S5; the required amount of ferredoxin; and chloroplast sus- 
pension equivalent to ELI 30 hlg chlorophyll: in a total vol. of i 
ml. Photorcduction of NADP ’ was obscrbcd b> mcasurin:: the 
increase in ,A at 340 nm on illumination with saturating light. 
after 30 set and I min Illumination. Over this time intcrral 
reduction of NADP proceeded linear1). Chlorophyll was 

determined as chlorophyll (LI + h) 1771. 
I~OJI. /&ilv sulpllir~, ii,it/ free c&,;ric co,itc’Jlt. Iron content 

was determined bv the method in 12X1 as modified in 1291. 
Labile sulphide wai determined by tlw n&hod in [3O] as niodc- 
ficd in [31] using .\..I’ dimctllqI-p-phenylenediamine reagent. 
The blue colour developins in the presence of labile sulphide 
was followed by increase m A at 670 nm. For reproducible 
results it was necessaq to carry out the estimation in small 
tightly sealed tubes so that the vol. of the dead-space in the tube 
was minimized. The sulphidc content of the ferrcdoxin was cal- 
culated by reference to A670 given bq standard solns of Na,S 
treated with the reagents. Cvstcine sulphur in the native ferrc- 
doxln was estimated by titratmn with 5.5 dithiohrv (Z-nitroben- 
zoic acid) bq the method of [i2]. It was necessary for the ferre- 
doxin to be brought to I M in rrspcct to urea by IS hr dialysis. 
or be treated with 6 M urea. before rcactivit) of the ferredoxin 
could be demonstrated. 

E/cc,trop/lo~c,si.j. Polyacrylamidc disc-gel elcctrophoresis was 
carried out in IO”,, acryla&de. 0.1 Z?“<, Z-.n”-mcthqienc hi.sacr!- 
lamide gels. using 0. I5 M Tris~-HC1 (pH 7.7) as electrolyte. Elec- 
trophoresls in SDS-containing polyacrylamide gels was carried 
out on IO”,. acrvlam& OG35”,, .v.:\‘-methvlcnc hrsacrvlamidc 
gels. The gel anh rlectt-ol!tc. (1.j M KH2Pb, (pH 7). contained 
().I”,, SDS. The pt-otcin sample contaming 50- 100 pg protein 
in X0 1’1 IO” o sucrose: was direct,) layered on to the surface ol 
the separation gel below the electrolvte. In both casts. following 
elcctrbphorcsis-at 14 tnA per tube for 3 5 hr. gels wcrc tixed 15 
hr in TCA MeOH H,O (2 :Y :Y). Gels Kcrc stained in O.?,, 
Coomassie blue in H~Ac~~FtOH H,O (10:15:4il for I5 11;: 
and destained in 7”,, HOAc until the blue prcltein-colltainin@ 
bands were clcarl) visible against a clear background. Isoelec- 
tric focusing was cal-ried out on 6”,, acrylamidc. OG)X”,, *c’..\ ‘- 
mcthylenc hi.wcrylamlde gels. The gels contamed I”,, (I. v) 
ampholine mixture (pH range .?- 10) and tho pH gradient pre- 
formed by passing a current of I mA per tube for I hr. the elec- 
trolytc chamherq containing (),I”,, (w c) ethanolamine (cathode) 
and (b?‘,, (n L) H,SO, (anode). During this preliminaq pH- 
gradtent cstablishmcnr gels wcrc overlaid with (PI ml !“,) suc- 
rose in 5 mM KH,POJ (pH 7.5) containing I”,> ampholinc mix- 
ture. For isoelectric focusin! liquid was decanted from the top 
of the gels and 50 100 jig lerredovin in IO”,, sucrose applied, 
and overlaid u ith 0,4”,, cthanolaminc to the required vol. in the 
cathode vessel. Electrophoresis was carried out for 3.5 3.0 hr at 
3 with I mA per tube (maximum 500 \‘I. <;cls were then 

removed and protein fixed by immersion in 6”;, TC‘A for 24 hr. 
The gels were further washed for 24 hr with several I50 ml vol. 
of 6% TCA. to remove ampholines. before staining in I”,, amido 
black in 7”.. HOAc for I hr. or O?,, Coomassie blue in HOAc: 
EtOH: HI’;) (lO:45:45) for 15 hr. Gels were destained by 
rcpcatcd washing with 7”,, HOAc. The pH gradient along the 
eel was determined b) scctiomng a gel (not containing protein) 
Immediately after the clectrophorctic run. and leaving 5 mm 
sections m tubes containing 3 ml deioniscd H,O for 2 3 hr. The 
pti of the H,O in each tube was then measured. 

I;/r~.clcorrirlir~~~, ~zc,t/zotl\. Srdimcntatlon coetliclcnts w-ere 
determined by established procedure 1331 and wc~-c corrected 
using density and viscosit) data obtained using a sp. gr. bottle 
and Ostwald viscometcr. rcsprctivel!. For scdlmcntation coelfi- 
wilt studies the centrifuge was opzratcd at 59?XO rpm with the 
tcmp mamtained at 20 Photographs were taken at 16 min in- 
tcr\als. Th? diffusion coefticicnt was obtained in the ultracentri- 
fupe using a synthetic boundary cell to form a sharp interface 
between dialbratc ;ind soln Photographs were taken of the dif- 
fusing boun&ry using Schtieren optI& and the difrusion coetTi- 
cient wah calculated by plotting .A’ (H’Z.IJ’) vs time (‘1. arca; 
H. m;ixImum height of the peak: 2.1-l. cell to photographic plate 
magnification). The meniscus deplction (high-spzed) eyuilib- 
rium method [3-I] and a tow sprcd sedimentation equilibrium 
method [is] wcrc used to dotermine MW dircctl!. The partial 
sp. vol. of the ferredoxin calculated from amino acid composi- 
tion wiih 0.7Z. 

,4,~1~10 cccitl c~oqos~tlu/~. Samples wcrc hydrolysed for 14 hr 
in 6 M HCI in O,-free sealed ampoutes. and analyses were per- 
formed on :I single column autoanatyscr at the Macromolecular 
Analysis Centrc. Llniverslth of Birmmgham. Tryptophan was 
estimated in native ferredoxin by spectrophotometric tech- 
niques. 136. 371 and free qsteine b! ;I chemical method 1371. 
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