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Summary. Addition of ribose-s-phosphate to intact spinach chloroplasts in the 
absence of added Pi resulted in a conversion of part of the Benson-Calvin 
cycle into a linear sequence so that triose phosphate accumulated during CO2 
fixation stoichiometrically with the 0 
was 2.0). The fortunate consequence o 5 

evolved (triose phosphate / O2 ratio 
this effect is that the ATP/2e ratio 

may be calculated from the 3-phosphoglycerate and triose phosphate accumula- 
tea and the O2 evolved. In this way the ATP/2e ratio was shown to be 2.0, 
with cyclic or pseudocyclic phosphorylation contributing less than 9% to the 
total phosphorylation. 

It has long been known that CO2 fixation by the Benson-Calvin cycle 

requires 3ATP per 2 NADPH (1). However there is still much controversy as to 

whether the ATP requirement for CO2 fixation by the Benson-Calvin cycle is 

met wholly by non cyclic phosphorylation (with an ATP/2e ratio), 1.5) or 

whether ATP generated by cyclic or pseudocyclic electron transport supple- 

ments the ATP generated by non cyclic electron transport (with an ATP/2e 

ratio < 1.5) (review, 2-h). 

In broken chloroplasts direct determinations indicate maximum ATP/2e 

ratios of 1.5 - 2.0 for non cyclic phosphorylation, where no correction has 

been made for a basal rate of electron transport (review 5). A limiting 

ATP/2e ratio of 2.0 would be in agreement with the presence of two phos- 

phorylation sites, a Hi/e ratio of 2, and a H+/ATP ratio of 2 (6-10). How- 

ever in intact chloroplasts comparison of the quantum requirements for the 

reduction of different metabolites, which use different amounts of ATP per 

Abbreviations: HEPES, N-2,hydroxyethylpiperazine-N1-ethane sulphonic 
acid; PGA, 3-phosphoglycerate; 1,3-PGA, glycerate 1,3-bisphosphate; 
Rbu-5-2, ribulose F-phosphate; RbuBP, ribulose 1,5-bisphosphate; 
Rib-5-z, ribose Y-phosphate; TP, triose phosphate. 
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NADPH, indicates that the ATP/2e ratio for non cyclic electron transport is 

<1.5 and that it may be variable (11, 12). Furthermore there is evidence 

to indicate that cyclic (13-15) and pseudocyclic (16-17) phosnhorylation 

contribute significantly to the ATP synthesised during CO2 fixation. A more 

direct determination of the ATP/2e ratio during CO2 fixation in intact 

chloroplasts is difficult to make since ATP, as well as the intermediates 

of the Benson-Calvin cycle, turn over rapidly in the stroma rather than 

accumulate, and the inner membrane of spinach chloroplasts is only slowly 

permeated by ATP (18). 

This problem has been overcome in the present work, which presents 

determinations of the ATP/2e ratio in intact chloroplasts during CO2 

Sixation. As a result of adding Rib-5-g to the chloroplasts in the absence 

of added P i, TP is shown to accumulate in the light in amounts stoichiometric 

with the O2 evolved. Thus a part of the Benson-Calvin cycle has been conver- 

ted to a linear sequence (Fig.1). From simultaneous measurements of the O2 

evolved and of the PGA and TP formed, an ATP/2e ratio of 2.0 has been de- 

termined. The contribution from cyclic or pseudocyclic phosphorylation 

during CO2 fixation is shown to be relatively small. 

'ETHODS AND MATERIALS. Intact chloroplasts were isolated from outside grown 
s;inach essentially as described by Heldt and Sauer (19). Percentage 
intactness was determined by the ferricyanide method (20) and the prepara- 
tions routinely contained 50-80% intact chloroplasts. Chlorophyll was 
determined as in (21). 

The reactions were carried out at 25' in duplicate in twin oxygen 
electrodes of the type described in (22). One electrode was used for the 
determination of 02; from the other electrode vessel, samples were taken 
-?or the determination of TP and PGA. Illumination was provided by Prinz 
300 W tungsten lamps in slide projectors with built-in heat filters in the 
slide compartment. The light intensity was saturating for non-cyclic 
electron-transport at chlorophyll concentrations up to 150 pg/ml. 

For determinations of TP and PGA, 100 pl samples were taken at intervals, 
added to 50 pl of 5% perchloric acid, neutralised with K CO and centrifuged 
to clear. A sample of the supernatant was added to a cuvet e which contained 2 2' 
in a final volume of 1 ml: 0.1 M Tris-KC1 (pH 7.5), 2mM sodium EDTA, 5 mM 
"'41 5 mM ATP and 0.1 mM NADH. Addition of glycerol 3-phosphate dehydro- 
genagi and triose phosphate isomerase caused an absorbance change at 340 nm 
which was proportional to the TP concentration. A subsequent addition of 
phospho-glycerate kinase and triose phosphate dehydrogenase gave an additional 
absorbance change at 340 run which was proportional to the PGA concentration. 
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Scheme showing the reactions (unbroken lines) operating when Fig. 1. 
Rib-5-E is added to intact chloroplasts in the absence of added Pi. 

Biochemical-s and enzymes were from Sigma London Chemical Co. Ltd., Poole, 
U.K., and from Boehringer Corp. (London), Ealin?, London. 

RESULTS. Fig.2 shows the characteristic 02 evolution traces observed when 

intact chloroplasts are illuminated in the presence of bicarbonate. An 

addition of catalase to chloroplasts under the conditions of Fig.2 gave 

no detectable difference in the rates of 0 
2 

evolution. Furthermore, 

H202 added to the chloroplasts in the absence of added catalase was rapidly 

broken down. Thus it appears that the chloroplast preparations used in the 

aresent study contained a significant catalase activity (cf refs. 23, 24). 

In the absence of added Pi (Fig.2a) the rate of O2 evolution decreased with 

time. This decrease was accompanied by a depletion of the endogenous Pi 

(25) and an increase in the PGA/TP ratio (Fig.2a). These results are con- 

sistent rjith previous work (26) where PGA and TP levels were measured only 

in the presence of exogenous Pi. From this previous work (26) it is 

apparent that as the concentration of added P i was decreased so the PGA/TP 

ratio increased. The PGA/TP ratio is higher in the absence of added Pi 

largely as a result of a low ATP/ADP ratio in the stroma (27), a condition 

known to inhibit phosphoglycerate kinase activity (28, 29). Chloroplasts 

from the same preparation as that used for Fig.2a gave, in the presence 
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Fig. 2. Simultaneous measurements of 02 evolution, TP and PGA accumulation 
during photosynthesis in spinach chloroplasts. Reaction mixtures contained 
in 1 ml:0.33M sorbitol, 50 mM HEPES/NaOH (pH 7.61, 1 mM MgCl 
2 mM sodium EDTA, 10 mM NaHC03. 5' 

1mM MnC12, 

and (c) contained 5 mM Rib->-z. 
In addition (b) contained 0. mM KH2P04 

Chloroplasts were added to a concentration 
of either 125 pg/ml in (a) and (c) or of 97 ,ng/ml in (b). The numbers in 
brackets are the rate of O2 evolution expressed inpoles 02/h per mg 
chlorophyll. 

of 0.5 mM Pi (Fig.2b), an 02 evolution trace which did not come to a stop, 

but, after an initial lag, proceeded at a linear rate. 

It has been reported previously (30) that the addition of Rib-5-g to 

intact chloroplasts, in the absence of added Pi, causes an inhibition of O2 

evolution which is overcome by an addition of Pi. From subsequent experi- 

ments with a reconstituted system it was shown (31) that the Rbu-5-p derived 

from the added Rib-S-z acts as an ATP sink, and that it is the resulting 

low ATP/ADP ratio which contributes to inhibit 02 evolution by an inhibition 
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of the phosphoglycerate kinase. Fig.2~ shows the amounts of TP and PGA 

accumulated and the 02 evolved in the presence of Rib-5-z and absence of 

added P. , 1 The concentration of TP increased until there was no further 02 

evolution, while the PGA concentration continued to rise even after 0 2 

evolution had come to a stop. Therefore 02 evolution stopped not because 

there was no more Pi available for ATP synthesis (since PGA continued to be 

formed) but presumably because of both a low ATP/ADP ratio (27, 30-32) and a 

high TP concentration (Fig.2c, Table I) which combined to inhibit the re- 

duction of PGA to TP. Indeed an appreciable Pi level was determined to be 

present during the time course of the experiment of Fig.2c and Table I, and 

this Pi was shown to originate from the Rib-5-g present (25). Table I 

shows that there is a strict relationship between the amount of O2 evolved 

and the amount of TP accumulated, indicating that the TP accumulated can 

account for the 0 2 
evolved with a TPj'O2 ratio near 2. This ratio was found 

to be highly reproducible: when the experiment of Fig.2c and Table I was 

repeated 9 times over a period of 5 months a mean TP/02 ratio of 2.05 (with 

a S.D. of 0.16) was obtained. The implication of this is that the only 

reactions of the Benson-Calvin cycle that occurred in the chloroplasts under 

these conditions are those indicated in Fig.1 and listed below: 

ribose 5-phosphate - rlbulose 5-phosphate . . . . . . . . . . . . . . . (1) 

ribulose 5-phosphate + ATP -D ribulose 1, 5-bisphosphate . . . . . . ...(2) 

ribulose 1, 5-bisphosphate +C02 -W 2 3-phosphoglycerate . . . . . . . . . . . ...(3) 

3-phosphoglycerate + ATP +NADPH -+ glyceraldehyde 3-phosphate (TP) + 

ADP + Pi + NADP . . . . . . . . . . . . . . . . . . . (4) 

,rrlyceraldehyde 3-phosphate (TP) + dihydroxyacetone phosphate (TP) . ...(5) 

It is assumed that RbuBP did not accumulate to any significant extent (cf. 26, 

above it follows that the 33, 34) and therefore from reactions (2) - (5 

amount of ATP formed is given by: 

AATP = 1.5~ TP + 0.5 A PGA . . . . . . 

Thus it was possible to determine under these 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . (6) 

conditions the ATP/2e ratio 
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Table I. Stoichiometry of phosphorylation coupled to 02 evolution during 
photosynthesis in the presence of Rib-5-P 

Time of PGA TP O2 evolved ATP ATP/2e 
illumination ratio 
(min) (poles per mg chlorophyll) 

0 0.05 0.07 

2 0.64 1.08 0.46 1.81 2.0 

5 1.52 1.59 0.80 3.02 1.9 

7 1.76 1.52 0.80 3.03 1.9 

a 2.08 1.59 0.80 3.29 2.1 

9 2.24 1.52 0.80 3.27 2.1 

Experiment of Fig.2c. The amounts of ATP formed were calculated according 
to Equation (6) from the observed increments of TP and PGA. 

during O2 evolution in intact chloroplasts. The calculated ATP/2e ratios 

for different times of illumination are shown in Table I. From 9 different 

chloroplast preparations examined over a period of 5 months a mean ATP/2e 

ratio of 1.96 (with a S.D. of 0.17) was observed using values obtained during 

the first 4 min of illumination. 

It is clear from Table I that the ATP/2e ratio did not change signi- 

ficantly over the illumination time of 9 min. Yet after 5 min of illumina- 

tion PGA accumulation continued without a measurable evolution of 02. The 

ATP requirement for this PGA accumulation (see reactions (2) and (3) above) 

was presumably met by cyclic or pseudocyclic phosphorylation. 

From the data of Table I it can be calculated that during O2 evolution 

(first 2 min of illumination) the rate of phosphorylation was 55 ).xnoles/h/mg 

chlorophyll, but after O2 evolution had ceased (after 5 min of illumination) 

the rate of phosphorylation (calculated from the observed increment of PGA) 

was 5poles/h/mg chlorophyll. Thus the rate of cyclic or pseudocyclic 

phosphorylation after O2 evolution had ceased was only 9% of the total rate 

during O2 evolution. To determine the ATP/2e ratio it is necessary to take 

into account the amount of cyclic or pseudocyclic phosphorylation during 02 
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evolution. It is well-established from studies made with a variety of 

photosynthetic systems that both cyclic (35, 36) and pseudocyclic (2, 16, 37) 

phosphorylation decrease when linear electron transport occurs. Furthermore 

addition of NADPH has been shown to increase more than 2-fold the rate of 

ferredoxin-dependent cyclic phosphorylation in broken chloroplasts (38). In 

the present study NADPH must have accumulated when 02 evolution ceased. Thus 

it is concluded that the contribution of cyclic or pseudocyclic phosphoryla- 

tion to the total phosphorylation determined during 02 evolution was less 

than 9%. -- 

CONCLUSIONS. The results reported in the present paper show that, in the 

absence of added Pi, it is possible to measure the rate of ATP synthesis in 

isolated, intact chloroplasts during photosynthetic 02 evolution. This has 

been accomplished by the conversion of part of the Benson-Calvin cycle into 

a linear path (Fig.1) so that ATP synthesis could be calculated from equa- 

tion (6) above. During the first 4 min of illumination, when O2 evolution 

was occurring at a measurable rate, an ATP/2e ratio of 2.0 has been obtained. 

From the rate of cyclic or pseudocyclic phosphorylation measured after 02 

evolution had ceased it has been concluded that these contribute less than 

9% to the ATP synthesised during 02 evolution. Therefore the ATP/2e ratio 

coupled to photosynthetic O2 evolution is between 1.8 and 2.0 in intact 

chloroplasts which are fixing CO2 in the absence of exogenous Pi. It is sig- 

nificantly higher than the ratio of 1.5 which is the minimum ratio required 

for the operation of the Benson-Calvin cycle (1). An ATP/2e ratio> 1.5 in 

intact chloroplasts, is in agreement with the many reports of an ATP/2e ratio 

) 1.5 in broken chloroplasts, and with previous work which suggests that in 

whole algae, cyclic phosphorylation does not contribute to the steady-state 

CO2 fixation (4, 39-41). Furthermore, the relatively low rate of H202 

accumulation during CO2 fixation by intact chloroplasts (in the absence of 

catalase activity) (24) may indicate a correspondingly low rate of pseudo- 

cyclic electron transport under these conditions. An ATP/2e ratio > 1.5 

160 



Vol. 88, No. 1, 1979 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

might help to explain why in intact chloroplasts, NH Cl can stimulate photo- 
4 

synthesis, while it decreases the ATP steady-state level (42-44). I f  the 

chloroplasts are tightly coupled, with an ATP/2e ratio of 2.0, and are 

incapable of utilizing the "extra" 0.5 ATP/2e, this ATP would create a back- 

pressure on the electron transport which in turn would reduce the rate of O2 

evolution. This back-pressure would be relieved by partial uncoupling due to 

the NHbCl. Evidence for an ATP/2e ratio < 1.5 for intact chloroplasts comes 

largely from measurements of quantum requirements (11, 12), and evidence for 

the operation of cyclic and pseudocyclic phosphorylation in intact chloro- 

plasts comes largely from inhibitor studies (13-15, 17). It may well be that 

under conditions different from those employed in the nresent naper the 

ATP/2e ratio is lower than 2.0, and that the redox poise is more conducive 

to the operation of cyclic and pseudocyclic phosphorylation. 

As well as for determination of the ATP/2e ratio in intact chloroplasts, 

the system described in the present paper could be used to determine the 

effect of various factors on that sequence of the Benson-Calvin cycle be- 

tween Rib-5-x and TP (Fig.1). 
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