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Abstract-Lettuce ferredoxin has been purified to homogeneity, with a yield of 18 mg/kg of denerved leaves. It 
crystallizes in magnificent needles, often clustered in broom-like sheaves. The absorption spectrum showed maxima 
at 460,422,330 and 274 nm,with a ratio A,,,/A,,, of 0.46. The mM absorption coefficient was 9.74 at 422 nm, and 
21.62 at 274 nm. This ferredoxin showed a pI= 4.7 and an Eh = - 425 mV (at pH = 7.7). MWs of 12400, 11480 
and 13000 were obtained by sucrose gradient centrifugation, and on the basis of the amino acid composition and 
the iron content, respectively, with an average of 12 300. The amino acid analysis showed the existence of one methio- 
nine residue per mole, with 105 amino acid residues. There are two iron atoms and two labile sulfide groups per mole; 
4 half-cystine residues were found by performic acid oxidation, and 5 cysteine groups when determined by titration 
with pHMB. The native protein is not fixed on thiol-Sepharose 4B, but it is quantitatively retained after incubation 
with 8 M urea. Lettuce ferredoxin showed a 62,58 and 78 “/b effectiveness with the spinach ferredoxin-NADP reductase, 
nitrite reductase and fructose-1,6-diphosphatase (FDPase), respectively, when compared with the spinach ferredoxin. 
This different behaviour of both ferredoxins is joined to genetic-structural relationships, and suggests that the role 
of ferredoxin in FDPase activation is more sophisticated than that of a mere nonspecific reductant. 

The occurrence in spinach leaves of a protein factor 
catalyzing the reduction of methemoglobin by illumi- 
nated chloroplasts was first described by Davenport 
et al. [l]. Later, Tagawa and Arnon [Z] coined the 
term ferredoxin for this type of substances. Since then, 
new aspects concerning these compounds have been 
discovered, and discussed in some review articles 
[3-51. 

Concerning algal and plant ferredoxins their phylo- 
genetic relationships become complicated because all 
of them seem to hold similar active centres [6] and, 
so far, only ferredoxins from two Spirulina species 
[7,8], Aphanotece sacrum [9] and Nostoc muscorum 
[lo] (prokaryote blue-green algae), Scenedesmus [ 1 l] 
(green alga), Colocasia esculenta [12] (monocotyledonae), 
and spinach [13], alfalfa [14] and Leucaena glalaca 
[ 151 (dicotyledonae) have been sequenced. Partial sequen- 
tial studies have been also made on ferredoxins from 
the red alga Porphyra umbilicalis [16], the fern Equi- 
setum talmateia [17] and the dicotyledonous Sambucus 
[18]. Noteworthy differences have been found in the 
aminoacid composition or primary structure of some 
of these groups, and the quantitative changes of effec- 
tiveness observed in some ferredoxin-dependent reac- 
tions can be imputed to them. 

This work tries to overcome the lack of knowledge 
on ferredoxins from Compositae that, as the most 
evolved family of dicotyledonous Angiosperms, may 
be useful for the elucidation of phylogenetic problems. 
The physico-chemical properties of lettuce ferredoxin 
and its specific involvement in some enzymatic reactions 
are studied, emphasizing the photosynthetic FDPase, 
whose ferredoxin-dependence was discovered by Bucha- 

nan et al. [ 191, and which is being studied in our labora- 
tory [20.21]. 

RESULTSANDDISCUSSION 

Ferredoxins have been purified from different sources. 
Apart from bacteria and algal ferredoxins, we must 
mention among the ferns those from Equisetum [22] 
and Polysdichum [23]; and those from Pinus pinea 
[24], nutsedge [25], Colocusia esculenta [26], corn 
[27], spinach [2], Amaranths [23], parsley [28], 
cotton [29], Leucaena glauna [15], alfalfa [30], pea 
[31], soybean [32], Ckenopodium [33], Sambucus [18], 
watermelon [34] and squash [35] among the higher 
plants. 

The purification procedure of lettuce ferredoxin 
is summarized in Table 1, with a yield of 4 mg of pure 
ferredoxin per kg of rough leaves, that becomes 18 mg/kg 
when referred to depetioled and denerved green leaves 
of market lettuces. The purity of lyophilized protein 
is shown by the high value of the A,,2~A,,, ratio; 
after acrylamide gel electrophoresis only one band 
appears, either with amidoblack or non-heme iron 
staining. 

With the exception of the large hexagonal plates 

Table 1. Purification of ferredoxin from lettuce leaves 

Purllicatlcm step 

Crude extract 2300 20800 ~ IO 

Acetone precipltatmn 170 1300 _ 16.2 

Adamptmn on DEAE-ccllulose 40 356 0 17 58.5 

Chromatography on DEAEcellulose 140 103 033 201 
Fdtrauon through Sephadex G-75 43 32 I) 46 650 

Starting material: 8 kg of leaves. Yield: 4 n&g of rough 
leaves, corresponding to 18 mg/kg of denerved green leaves. 
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prepared from Chenopodiunr &urn [33]. fcrrcdoxins 
from higher plants show only weak crystalhzation. 
and only those from spinach [36], parsley [37] and 
squash [35] have been so far obtained as minute crystals. 
On the contrary, good results have been found with 
the proteins from the algae Nostoc [38]. Euglenu [39] 
and Phormidiutn [40] and from different clostridial 
species [41]. We have got from lettuce ferredoxm 
magnificent red needles, often clustered in broom-like 
sheaves (Fig. I), very probably because of the slow 
increase in (NH&SO, concentration by dialysis; its 
crystalline condition was checked by vrsualization 
with polarized light. 

The spectral properties of lettuce ferredoxin are 
similar to those of other ferredoxins from higher plants, 
with maxima at 460, 422. 330 and 274 nm. and relative 
absorbances of 0.41, 0.46. 0.66 and 1. respectively. 
Like spinach protein [36], the absorption peak at 
422 nm decreases on reduction to 50 I!;, of the original 
value, whereas the reduction by a high excess of sodium 
dithionite was followed by total bleaching and disappear- 
ance of the 460 and 422 nm peaks. The mM extinction 
coefficient was 9.74 at 422 nm. and 21.6 at 274 nm. 
The pI of ferredoxins has only been determined in a 
small number of cases because of their known instability 
to acidic pHs. Using starch gel electrophoresis Lovenberg 
et al. [41] found a pI of 3.7 in clostridial ferredoxin, 
lower than the value 4.7 that we have determined for 
the lettuce ferredoxin by electrofocusing in sucrose 
gradient; this can be explained because of the almost 
complete lack of basic aminoacids in the former. An 

intermediate value of 4 was found in Chenopodizam 
ferredoxin using electrofocusing in acrylamide gel [33]. 
The oxidation-reduction potential was determined 
induplicate experiments, with twoeqmlibriumconditions 
each; results are shown in Table 2. with an average 
value of - 0.425 V. This value is close to that of - 420 

Table 2. Oxidation-reduction potential of lettuce ferredoxin 

L:npt I 714 xx') 3 211 -,,.+I? 

657 83 J 263 -0421 

Expt II 700 792 16.4 0433 

48 1 644 2"" 042X 

Lyophilized ferredoxin was dissolved at ca0.1 mM concn in 
1.5 ml of 0.05 M Tris-HCI buffer pH 7.7, made up 0.1 mM in 
MV. The mixture was anaerobically reduced with 15 ul of 
100 mN Na dithionite, and then stepwisc reoxidized by admis- 
sion of ca 24 pl aliquots of air. After 10 min equthbrtum the A 
at 740 and 422 nm were measured. 

mV found in spinach [36]. supporting the identity of 
chloroplastic ferredoxins concerning their reducing 
power and electron transfer properties. 

On the basis of the MW obtained by centrifugation, 
1.91 atoms of Fe and 1.86 labile sulfide groups were 
calculated per mole of protein. So. the lettuce ferredoxin 
appears to have two atoms each of non-heme Fe and 
acid-labile S per mole, as usual in chloroplast ferre- 
doxins. Sucrose gradient centrifugation showed a MW 
of 12400 and a sedimentation coefficient of 1.74s. 
when the ferredoxin behavior was compared with 
that of cytochrome c, standard with the nearest sedi- 
mentation position. A MW of 6490 per mole was 
obtained from the Fe content, and since parallel analysis 
gave two Fe atoms per mole. a MW of 13000 was 
established. The amino acid composition, as a mean 
of 3 analyses. is shown in Table 3. With leucine normalized 
to 8 residues per mole, and after nearest integration, 
we have obtained 105 residues per mole and a MW 
of 11300 for the polypeptidic chain of the protein, 
that when supplemented with two Fe and two labile 
sulfide gave a final value of 11480. For purposes 

a’,. _ 
* 

Fig. 1. Photomicrograph of crystalline lettuce ferredoxin (x 1250). 
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Table 3. Amino acid composition of lettuce ferredoxin, and Table 5. Biological activity of lettuce ferredoxin in some ferre- 
comparison with other chloroplastidic ferredoxins doxin-dependent systems from spinach 

Residues per molecule Ferredoxm-NADP reductase N,tr,te reductase FDPase 
(KM of NADP+ reduced/mm/ (PM of NO; reduced/min/ (pM ofPO:- released/ 

mS ofchlorophyll) ml offerredoxm soln) mm/ml offerredonm soln) 

Spmach ferredoxm 
084 0.59 122 
084 057 109 
086 061 109 

Mean 085 059 113 

A@JM0 
actds 

Lettuce* 
Euulena Equisetum Corn Spmach 

Normaluedto Nearest [391 1221 1271 c131 
8 leucme~ Integer 

Lyslne 5.42 5 5 4 3 4 
Htsttdme 200 2 I 1 2 1 
Argltltne 200 2 1 I I 1 
Aspartlc actd 1400 14 8-9 13 

Lettuce 
14 13 

ferredoxm 

Thre‘XUlIe 743 7 9 7 5 8 
050 036 8.2 

Serrne 8 86 9 8 8 
052 034 88 

8 7 

Glutamic actd 13 71 14 9 IS-16 13 
056 033 

14 
93 

MekUl 
Pr0btle 629 6 

OS3 034 8.8 
4 4 4 4 

Glynne 8 86 9 7 9 8 6 Ekctweness (T/J 
AlatUne 629 6 8 6 8 9 lettuce/spmach 
VZIlitle 800 8 6 6 10 7 62 58 78 

Isoleucmc 429 4 4 5 5 4 
LeUClne 800 8 7 8 8 8 
Phenylalaninc 3.14 3 3 4 1 2 
Tyrosmc 3 12 3 L 2 5 4 The availability of mercurial to the -SH groups and 
Tryptophan not determuted 0 0 1 I 
McthlOIJIlX 086 1 0 1 0 0 

the non fixation of native ferredoxin to the Sepharose 
f Cystme 4Ou 4 6 4 4 5 could be explained either as a stronger reactivity of 
Total residues 105 93 93-95 100 97 the former with the -SH erouns blocked in the active 

c I 

*Average value of 3 analyses. Samples were hydrolyzed with 
centre, or as a bigger volume of the dithiopyridinic 

6N HCl in sealed tubes in ~acuo for 20 and 70 hr at 110”. Serine residue of the Sepharose, assumed that the active 

and threonine were corrected by extrapolation to 0 time hydro- group is buried in the structure of the molecule and 

lysis. Half-cyst& was determined after performic acid oxidation. there are steric obstacles to its availability. In any 
case, urea incubation not onlv breaks the protein 

of comparison we also include in this Table the amino 
acid composition of ferredoxins from other sources. 

The MWs determined by these 3 methods gave a 
mean value of 12300, which is in agreement with those 
from other higher plant ferredoxins. The amino acid 
composition of lettuce ferredoxin shows similarities 
with other higher plant ferredoxins, but it differs from 
other plant ferredoxins in containing one methionine 
residue per mole, as also occurs in those from Amaran- 

thus [23], nutsedge [25], cotton [29] and squash [35]. 
We have determined 105 amino acid residues per mole, 
higher than the 90-95 residues of algal and fern ferre- 
doxins, and the 95-100 of those from other higher 
plant ferredoxins. 

The end point of titration with pHMB corresponded 
to 8.75 equivalents of mercurial per mole of ferredoxin. 
If it is assumed that 4 moles of pHMB react with the 
2 labile sulfide, the remaining 4.75 equivalents would 
be spent in the titration of non-labile -SH groups; 
accordingly, lettuce ferredoxin appears to have 5 
cysteine residues per mole. Nevertheless, they differ 
from the 4 half-cystine groups obtained by performic 
acid oxidation. Without incubation with urea, native 
lettuce ferredoxin is not fixed at all, but it is retained 
quantitatively on the thiol-Sepharose after 2 hr incu- 
bation in the presence of the denaturant (Table 4). 

structure making available the active centre if buried, 
but also destroys the structure of the active group, 
explaining the quantitative fixation on the Sepharose 
of urea treated ferredoxin. 

Table 6 shows the effectiveness of spinach and lettuce 
ferredoxins in the 3 ferredoxin-dependent systems from 
spinach leaves tested, of which the earlier references in 
plants are only concerned with ferredoxin-NADP 
reductase system. Great differences of effectiveness 
between bacterial and plant ferredoxins were found in 
the NADP reduction by illuminated chloroplasts. On 
the contrary, algal and higher plant ferredoxins are 
very similar in efficiency, with the exception of that 
from the alga Bumillieropsis filiformis [42], which 
shows with spinach chloroplasts a lower activity than 
the homologous protein. The 62% effectiveness found 
with lettuce ferredoxin in comparison with spinach 
ferredoxin, is supported with a 58’>, operativity in 
the nitrite reductase test. 

Buchanan et al. [19] found the im vitro activation of 
photosynthetic FDPase by reduced ferredoxin, that 
could be non-physiologically replaced by dithiothreitol. 
This effect was maximal at pH 7.9, close to that of the 
stroma of illuminated chloroplasts [43]; indeed, there 
is FDPase activity in the chloroplast only under illumi- 
nation [44]. These results provided evidence that a 
reductant. which may well be reduced ferredoxin, 
is developed in the chloroplast under illumination, 

Table 4. Availability of - SH residues of lettuce ferredoxin by activating the FDPase by an unknown mechanism. 

covalent chromatography on thiol-Sepharose 4B The reductive formation of sulphy&lryl groups essential 
- - - 

Matenal A,,, A,,, A,,, A,,,IA,,o A,+,/&,, 
for enzyme activity has been a proposed explanation 

C% supported by the large half-cystine content 
Nat,ve ferredoxm reported for the FDPase [ 191. 

Non fixed and washed matertal 0.65 044 0.30 046 068 

Materlal &ted wtth 10 mM cystmne > 2 >2 0 0 ND 
However, if a simple reduction mechanism takes 

Fcrredonn mcubated wtth SM urea. 
place, it would be difficult to explain the lack of effective- 

Non fiid and washed matenal 052 051 0 0 1.02’ ness of CL pasteurianum ferredoxin-the only beterolo- 
Material &ted wtth IO mM cysteme > 2 >2 00s <0025 ND gous ferredoxin earlier assayed-in spinach FDPase 

ND: not determined because of the high release of 2-thiopyri- activation [19]. El-Badry [45] found that the mechanism 

done after elution with cysteine. *A 2-thiopyridone soln does not of activation by reduced ferredoxin differs from that 
absorb in the visible, and shows a A,,,/A,,, ratio of ca 1. of dithiothreitol. More recently we have determined 
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16 half-cystine residues per mole of FDPase [21]. 
in contrast with the 210 found by the Buchanan’s 
group [ 191. 

All these events, in addition to the 71”,, effectiveness 
found for lettuce ferredoxin in comparison with the 
homologous protein from spinach, suggest that the 
role of ferredoxin in FDPase activation is more sophisti- 

cated than that of a mere nonspecific reductant. This 
IS in agreement with the complex molecular structure 
we have found m photosynthetic FDPase [?o. 211. 
its comphcated mechanism of actlon [ 191 and important 
regulatory role in the Calvin cycle [36]. 

EXPERIMENTAL 

Preparation of’ crude extracts of the who/r /rates. Batches 
(8 kg) of fr. lettuce leaves, devoid of petloles and base of hmb, 
were washed and dried between filter papers: prominent 
veins were removed and the laminae frozen at -20’ in plastic 
bags. The leaves were crushed by hand and homogenized 
(4:3 w/v) in 0.1 M Tris-HCI buffer pH 7.2. 0.1 I’,, Trlton X-100. 
for 3 min at max. speed (Sorvall omni-mixer). After filtering 
through 3 layers of nylon cloth. the extract was centrifuged 
at 20000 g for 30 min at 4’. 

Purification of ferredoxm. Protein content was deternuned 
according to ref. [47] and the purity tested by measuring the 
ratio A ‘4 i,,, &22” 274. of this ferredoxin The homogeneity 
of the final prepn was checked by disc electrophoresls m 
polyacrylamide gel (15’; acrylamide). according to ref. [48]: 
gels were stained with amidoblack 10B. and with r,r’-dlpyridyl 
as detector of non-heme Fe 1491. The method described 
in ref. [2] for spinach ferredoxm was basically followed. The 
procedure conslsted of the followmg steps MeZCO pptn. 
adsorption on DEAE-cellulose, followed by chromatography 
on DEAE-cellulose and concn using the same ion exchanger. 
The method was modified performing the chromatographic 
step on a DEAE-52 cellulose column (2.5 x 30 cm). equilibrated 
beforehand with 0 15 M Trls- HCI buffer pH 7 3. adjusted 
to 0.2 M m Cl- by addition of NaCl. the ehtion of fixed 
material was carried out with a linear gradlcnt established 
between 3OOml of eqmllbration buffer and a qufficlent vol. 
of the same buffer made up 0.37 M In Cl-. Some Impurity 
traces were ehminated by later filtration through a Sephadex 
G-75 column (2 5 x 80 cm) equilibrated and afterwards eluted 
with 0 01 M Tris-HCI buffer pH 7.3. at a flow r&e of0 5 ml;min 
Fractions (10 ml) with a A,,,IA,,, ratio of 0.46 were combined 
and dialyzed overmght agamst Tris-HCI buffer pH 7.3. and 
then lyoplulized and stored under Nz at - 30 

Crystrrllizution A cone ferredoxm soln was mlcrodlalyzed 
accordmg to ref. [50] at 4 . for 24 hr. against 80. 90 and 95 “” 
(NH,),SO, satd soln After 3 days a turbidity was observed. 
and crystals were collected by centrlfugation at 10000 (4 for 
I5 min. 

Spectral propertres. The absorption spectrum of oxldlzed 
ferredoxm was recorded in the range 220-700 nm Reduced 
ferredowm was prepared by mixing anaerobically 1.5 ml of 0.1 
mM ferredoxin soln with 1Ofl of 1OOmM Na dithionite in 
a Thunberg-type cell; an irreversible reduction was obtained 
with 25 pl of reductant The i-: value was determmed at 422 
and 274 nm with lyophilized ferredoxm dissolved m 5 mM 
Tris-HCI buffer pH 7.3. The calculation was made on the basis 
of a MW of 12300, determined as stated below. 

pl was determmed by electrofocusing in a sucrose density 
gradlent (10-35 “,). according to ref. [5 11. Tubes of 0 8 x 15 cm 
were used. with ampholines (LKB) of pH range 3 5-10 at 
2.1 ‘,” final concn. The tubes were eluted at 0.4 ml,mm. 0 4 ml 
fractions collected, and then pH and 422 nm A were measured, 

Oxidation-reduction potential. The Eb value was determined 
basically as described m ref. 1521. A mixture of ca equimolar 
amounts (0.1 mM) of Me viologen (MV) and ferredoxin were 
anaerobically reduced in a Thunberg cuvette with a slight 

excess of Na chthionite, and then reoxldlzed stepwise by repeated 
admission ofsmall amounts ofair. After 10 mm ofeachadmission 
the concn of the oxidized and reduced species of MV and ferre- 
doxm were determined, on the assumption that the MV 
does not absorb in the vlslble in the oxidized form. whereas 
it shows a maximum at 740nm in the reduced state. a 1. in 
which the absorption by ferredoxin 1s negligible The redox 
potential was calculated from the equation 

Es = F + E {,, WVo,l [Ferredoxln,,dl 
0 40 F [MV,,,] [Ferredoxin,,] 

in which E, is the normal oxidation-reduction potential of 
MV system ( - -I46 mV at pH 7 7 of the expt conditions). 

MW was determined by density gradlent centrifugation 
and on the basis of the amino acid compositlon and the Fe 
content. Samples of 0.1 ml were layered on a Z-10”, lmear 
sucrose gradient established m 4.6ml of 0.05 M Tris-HCI 
buffer pH 7.3. and centrifuged at 3 ’ in the 6 x 5 ml 2414 
swinging-bucket rotor of a MSE Superspeed 40 ultracentrifuge. 
for 14 hr at 13OOOQ .g. Cytochrome c. myoglobin and chymotryp- 
smogen A (Serva, Feinbiochetmca) were used as standards in 
parallel runs. The gradients were drained upward at a flow 
rate of 0.4ml/min beginning at the bottom. momtored at 280 
nm through a continuous flow cell. and collected with a tube 
change every 20 set (36 fractions with cu 0 13 ml each). They 
were tested for specific Identification. According to ref. [53] 
the MW and sedimentation coefficient were obtained from 
from the equation, 

m which A and A’ are the distances travelled from meniscus 
by the unknown and standard. respectively. 

Amrno acrd composrtion. Ferredoxin was hydrolysed with 6 M 
HCI at 1 lo’ in sealed tubes rn LUCMO for 20 and 70 hr The 
ammo acids were determined in the 20 hr hydrolyzates with an 
autoanalyzer; the serine and threonme contents were corrected 
by extrapolation to zero time. Total half-cystme was determmed 
as cysteic acid in a separate sample after performlc acid OXI- 
datlon. The MW of lettuce ferredoxin was calculated by norma- 
lization to different leucme contents, and supplemented by 
the Fe and labile sulfide groups. 

Fe aud labile w!fide. Fe was determined by atomic absorp- 
tion spectrophotometry after mtrlc-perchlortc digestlon ; MW 
was obtained from different molar Fe contents Labile sulfide 
was determined colorimetrlcally according to ref. [54], 

Dctrrmiwt~rm and waaltrhrlity of -SH resrdurs The number 
of -SH groups of lettuce ferredoxin was determmed by 
spectrophotometric titration with pHMB. as described m 
ref. [55]. and their availability was tested by covalent chromato- 
graphy on tluol-Sepharose4B [56] All thefollowmgexpcriments 
were performed aerobically A ferredoxm soln in 0.1 M Trls-HCI 
buffer pH 7.3. 0.3M in NaCl, was applied at a flow rate of 
4ml/mm to a thiol-Sepharose 4B (Pharmacia, Uppsala) 
column (0.9 x 3 cm), equilibrated beforehand with the same 
buffer In a parallel experiment the ferredoxm soln was previ- 
ously incubated for 2 hr at 4 with 8M urea, and then applied 
to another column equihbrated with the same buffer made up 
8 M in urea. After washing both columns with 6 ml of buffer 
without urea. they were eluted with 10mM cysteme in the 
washmg soln 1.5 ml fractions were collected and tested for 
proteins (2 = 280 nm), ferredoxin (I = 422 nm) and the 2-thio- 
pyridone (L = 343nm) released in the flxatlon of -SH com- 
pounds. Fractions of the same peak were mixed and their A at 
the above wavelengths agam determined. 

Biological activity in ferredoum-dependent reactions. The tests 
were performed with spinach or lettuce ferredoxins at the 
same molar concn. that was determined by d at 422 nm and 
further correction for their molar- absorption coefficient 
Spmach ferredoxin. homogeneous on acrylamlde gel electro- 
phoresis. with a A,,,/A,,, ratio of 0.39 was prepared according 



Ferredoxin from Lactuca satha 39 

to ref. [Z]. For nitrite rcductase assay the reaction mixture 
was : 0.3 ml of 0.5 M Tris-HCI buffer pH 8. 0.3 ml of 2.5 ‘4 Na 
dithionite, 0.2 ml of ferredoxin soln, 0.25 units of spinach 
nitrite reductase, and 0.2 ml of 20 mM NaNO,, in a final vol. 
of 2 ml. After 10 min incubation at 30” the remainder NO; 
was determined as described in ref. [57]. Nitrite reductase 
from spinach leaves was obtained by the method of ref. [58]. 
The ferredoxin-NADP reductase test was carried out in a 
quartz cuvette containing 0.1 ml each of M Tris-HCl buffer 
pH 7.8, 2 mM 2,6-dichlorophenolindophenol, 0.2 M Na ascor- 
bate, 10 mM NADP+, washed spinach chloroplasts equivalent 
to 0.05 mg of chlorophyll, and ferredoxin soln. in a final vol. 
of 3 ml. The reaction was started by illumination of 10 klx, 
and the reduced NADPH determined by the increase in 
A at 340 nm, every 3 min. Washed spinach chloroplasts were 
the C,s, particles prepared according to ref. [59]; chlorophyll 
content was determined by the method of ref. [60]. For FDPase 
assay the following was added to the main body of a Thunberg- 
type cell: 0.1 ml of 0.66M Tris-HCl buffer pH 8, 25pg of 
spinach FDPase, 0.2mg of spinach protein factor, and 50 pl 
each of 1.32mM Na EDTA, 20 mM MgCl,, 1.3 mM 2,6-di- 
chlorophenolindophenol, 133 mMNaascorbate.70 mMreduced 
glutathion, and ferredoxin soln, in a final vol. of 0.9 ml; and 
in the side arm 50 pl each of 80 mM fructose-1.6-diphosphate, 
and washed spinach chloroplasts equivalent to 0.065 mg of 
chlorophyll. After 15 pm vacuum the reaction was started by 
mixing both compartments, and carried out under illumination 
of 10 klx, for 30min at 20”. The released Pi was determined 
according to ref. [61]. FDPase was obtained from spinach 
leaves by the method desribed in ref. [62], and the protein 
factor according to ref. [19]. Washed spinach chloroplasts 
are the same particles stated above. 

Acknowledgements-This research was supported by financial 
assistance from the Comisibn Asesora de Investigacibn Cienti- 
fica y Ttcnica (Spain). We are grateful to Miss Matilde Garri- 
do for technical assistance. 

1. 

2. 
3. 

4. 
5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

REFERENCES 

Davenport, H. E., Hill, R. and Whatley, F. R. (1952) Proc. 
Roy. Sot. (Land.) B 139,346. 
Sagawa, K. and Arnon, D. I. (1962) Nature 195. 537. 
Malkin. R. and Rabinowitz. J. C. (1967) Ann Reo. Biochem. 
36, 113.’ 
Hall, D. 0. and Evans, M. C. W. (1969) Nature 223, 1342. 
Buchanan, B. B. and Arnon, D. I. (1970) Adv. Enzymol. 
33, 119. 
Hall, D. 0.. Cammack, R. and Rao, K. K. (1973) Pure 
Appl. Chem. 34, 553. 
Tanaka. M., Haniu, M.. Yasunobu. K. T.. Rae: K. K. and 
Hall, D. 0. (1976) Biochem. Biophys. Res. Commun. 69, 759. 
Tanaka, M., Haniu, M., Zeitlin, S., Yasunobu, K. T., Evans, 
M. C. W., Rao, K. K. and Hall, D. 0. (1975) Biochem. 
Biophys. Rex Commun. 64, 399. 
Hase, T., Wada, K. and Matsubara, H. (1976) J. Biochem. 
(Tokyo) 79,329. 
Hase. T.. Wada. K.. Ohmiva. M. and Matsubara, H. 
(1976) J. Biochem. (Tokyo) SO; 993. 
Suaeno. K. and Matsubara. H. (1969) J. Biol. Chem. 
244,2979. 
Rao. K. K. and Matsubara. H. (1970) Biockem. Biophys. 
Res. Commun. 38,500. 
Matsubara, H. and Sasaki, R. M. (1968) J. Biol. Gem. 
243, 1732. 
Keresztes-Nagy, S., Perine, F. and Margoliash, E. (1969) 
J. Biol. Chem. 244, 981. 
Benson, A. M. and Yasunobu, K. T. (1969) J. Biol. Chem. 
244,955. 
Andrew, P. W., Roger, L. J., Boulter, D. and Haslett, B. G. 
(1976) European J. Biochem. 69,243. 
Kagamiyama, H., Rao, K. K., Hall. D. O., Cammack, R. 
and Matsubara, H. (1975) Biochem. J. 145. 121. 

18. Altosaar, I. (1976) Diss. Abstr. Int. B 36, 3346. 
19. Buchanan, B. B., Schdrmann. P. and Kalberer, P. P. 

(1971) J. Biol. Chem. 246, 5952. 
20. tizaro, J. J., Chueca, A., L&z GorgC. J. and Mavor. F. 

(1975) Plant Scz. Letters 5, 49. 
21. Chueca, A., LBzaro, J. J. and L6pe.z GorgC, J. (1977) Plant 

Sci. Letters 8, 71. 
22. Aggarwal, S. J., Rao. K. K. and Matsubara, H. (1971) 

J. Biochem. (Tokyo) 69, 601. 
23. Schiirmann, P: Buchanan, B. B. and Matsubara, H. (1970) 

Biochim. Biophys. Acta 223.450. 
24. Zanobini, A.. Firenzuoh, A. M., Vanni, P. and Ramponi, G. 

(1970) Physiol. Chem. Physzcs 2, 33 1. 
25. Lee, S. S., Travis, J. and Black, C. C. (1970) Arch. Biochem. 

Biophys. 141. 676. 
26. Rao, K. K. (1969) Phytochemistry 8, 1379. 
27. Crawford. C. G. and Jensen. R. G. (1971) PIant Phvsiol. 

47. 447. 
I 

28. Bendall, D. S., Gregory, R. P. F. and Hill, R. (1963) Biochem. 
J. 88, 29. 

29. Newman, D. J., Ihle, J. N. and Dure. L. (1969) Biochem. 
Biophys. Res. Commun. 36,947. 

30. Keresztes-Nagy. S. and Margoliash, E. (1966) J. Biol. 
Chem. 241,5955. 

31. Mukhim. E. N., Neznaico, N. F., Choconov, V. A. and 
Erkhim, Y. E. (1975) Dok. Akad. Nauk. SSSR 221, 228. 

32. Glickson, J. D.. Phillips, W. C., McDonald, C. C. and Poe, M. 
( 197 1) Biochem. Biophys Res. Commun. 42. 27 1. 

33. Nalbandyan. R. M. (1976) Biokhimiya 41, 188. 
34. Mukhim. E. N. and Gins, V. K. (1972) Btokhimiya 35,1012. 
35. Scawcn, M. D., Hewitt, E. J. and James, D. M. (1975) 

Phytochennstry 14. 1225. 
36. Tagawa, K. and Arnon. D. I. (1968) Biochim. Biophys. 

Acta 153. 602. 
37. Hill, R. and Bendall, D. S. (1960) Nature 187.417. 
38. Arnon, D. I. (1965) Science 149, 1460. 
39. Mitsui A. (1971) Biochem. Bzophys. Acta 243, 447. 
40. Mitsui, A. and San Pietro, A. (1973) Plant Sc~. Letters 1, 157. 
41. Lovenberg, W., Buchanan, B. B. and Rabinowitz. J. C. 

(1963) J. Biol. Chem. 238, 3899. 
42. Bijger, P. (1970) Planta 92, 105. 
43. Heldt, H. W., Werdam, K., Milovancev. M. and Geller, G. 

(1973) Biochim. Biophys. Acta 314,224. 
44. Kelly, G. I., Zimmermann, G. and Latzko, E. (1976)Biochem. 

Biophys. Res. Commun. 70, 193. 
45. El-Badry. A. M. (1974) Biochim. Biophys. Acta 333, 366. 
46. Bassham, J. A. (1971) Proc. Natl. Acad. Scz. US 68. 2877. 
47. Lowry, H. 0.. Rosebrough, N. J., Farr, A. L. and Randall, 

R. J. (1951) J. Biol. Chem. 193. 265. 
48. Davis, B. J. (1964) Ann. N.Y. Acad. Sci. 121, 404. 
49. Brill, W. J., Wetsphal. J., Stieghorst, M., Davis, L. C. and 

Shah. V. K. (1974) Anal. Biochem. 60,237. 
50. Zeppezauer, M., ‘Eklund, H. and Zeppezauer, D. (1968) 

Arch. Biochem. Biophys. 126. 564. 
51. Behnke, J. N., Dagher, S. M., Massey, T. H. and Deal, 

W. C. (1975) Anal. Biochem. 69, 1. 
52. Vetter, H. and Knapp% J. (1971) Hoppe-Seyler’s Z. Physiol. 

Chem. 352.433. 
53. Martin, R. G. and Ames, B. N. (1961) J. Biol. Chem. 2361372. 
54. Fono. J. K. and Pooowskv. M. (1949) Anal. Chem. 21,732. 
55. Bo;e;, P. D. (1954)>. Am.-Chem: Soe. 76,4331. 
56. Brocklehurst, K., Carlsson, J. and Kierstan, M. P. J. (1973) 

Biochem. J. 133, 573. 
57. Snell, F. D. and Snell, C. (1949) Calorimetric Methods 

of Analvsis. Vol. II. D. Van Nostrand, New York. 
58. Ramire; J. M., de1 Campo, F. F., Paneque. A. and Losada, 

M. (1966) Biochim. Biophys. Acta 118, 58. 
59. Whatley, F. R. and Arnon, D. I. (1963) Methods in Enzy- 

mology, Vol. VI, p. 308. Academic Press, New York. 
60. Arnon, D. I. (1949) Plant Physiol. 24, 1. 
61. Fiske, C. H. and Subbarow, Y. (1925) J. Biol. Chem. 66,375. 
62. Lgzaro, J. J., Chueca, A., L6pcz GorgB, J. and Mayor, F. 

(1974) Phytochemistry 13, 2455. 


