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• PHQOSYNTHESIS AND DARK liLTABOLISMI IN ISOLATED CHLOROPLASTS. 

LEVELS OF CARDN CYCLE fliT€DIATh COMPOUNDS 

AND OF AD?, AT?, AND OF PYROPHOSPHATEa 

J. A. Basal-am, R. G. Jensen, Martha Kirk and &san Geib 

Lawrence Radiat ion Laboratory, University of California 

Berkeley, California 

In kinetic studies with isolated spinach chloroplasts and radioactive 

bicarbonate and phosphate, during successive periods of light, dark and 	;ht, 

we have found further evidence for the light activation of the carboxylatLO 

and diphosphatase steps of the photosynthetic carbon reduction cycle (Pedeì' :;en 

èt 	1966A). Levels of AT?, ADP, and pyx'ophosphate decline rapidly In 

dark and increase rapidly in the light. These studies becarne possible as 

result of recent develoçrnent of techniques of preparing and incubating iso-

lated chioroplasts which photosynthesize a wide range of products from &CO 3  

nd H32P0 2 , without the addition of substrate levels of Intermediate com-

pounds, cofactors, or enzjrnes (Jensen and Eassham, In preparation) and at 

rates of 30 to 70 wmoles CO2/mg chlorophyllthr. 

Experimental. The chloroplast isolation method reported by Walker (l96 1 ) has 

been considerably rrdified to give the following conditions. The standard 

isolation and reaction solution contains the following (given as molarity in 

tho final solution) with the pH adjusted to 7.6: 0.33 N sorbitol; 0.06 M 

NaCl; 2 x 10 N (ethylene, dinitrilo) tetraacetic acid, dipotassium salt; 

I x l0 3  N IvnCl2; 1 x l0 N IvigCl 2 ; 5 1Q N K2HPO; 2 x 	N NaNO3 ; 

x 10 3  N NaP2O7 10 H20; and 2 x 10 3  N sodium isoascorbate. 

Fifty g of spinach leaves are washed, chilled, and the mi4ribs removed. 

They are placed In a chilled Waring Blendor with 100 ml of the chilled stan- 
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darc solution and blended for only 5 seconds at'higi speed. The slurry is 

poured and pressed throui 6 layers of cheesecloth, and the resulting juice 

is centrifuged for 50 seconds at 2000 x g. The resulting pellet is resus-

pended in the chilled standard solution until used. Carbon dioxide fixation 

and phosphate incorporation are carried out in 1.5 ml of chioroplast suspen-

sIon (0.27 mg chlorophyll) in a round-bottom flask (diarrter L  cm) stoppered 

with a senixn cap. The flask is nzunted on a shaker rack in a bath (20 ° C) 

with a transparent bottom throui which lit from a bank of 20 watt Nu-Lite 

Ultralux fluorescent 1ans illuminates the reaction flask with an intensity 

of 1800 foot candles. 

The shaking flask is preilluminated for 8 minutes. Then 22.5 pmoles of 

NaH14CO3 (9.5 iC) and 20 iiC of carrier-free 32P-labeled phosphate are added. 

Srr.all sanpies (50 l) of the chloroplast suspension were renxved at' the tirrs 

indicated in the figures and indiate1y filled in 80% nthano1. The resul-

ting mixture was analyzed by t.io-dinnsiona1 paper chromatography, radio-

autography, and dual-channel scintillation counting ( Pedersen et al., 1966A 

and 1966B). 

Results • The labeling of 3-phosphoglyceric acid (PGA), ribulose-1,5-diphOs-. 

phate (RuDP), and dihydroxyacetone phosphate (DHAP) with 32  and 1 C are shown 

in Figures 1, 2, and 3. From Figures 1 and 2 1, it can be seen that the for-

mation of PGA by the carboxylation of RuDP continues for about 2 minutes of. 

darkness. The fact that the carboxylatiori apparently then ceases, in spite 

of a nasurable remaining pool of RuD?, is consistent with our conclusion 

based on in vivo studies (Pedersen et al., 1966A) that there is a liit 

activation of thécarboc7latiOn reaction of photosynthesis 1  and that this 

actIvation decays in about 2 minutes of darkness. When the lig)it is turned 

on once again, the level of RuD? rises very rapidly due to the phoSphory-

lation of sugar zrnophosphatea by the photosynthetically fornd AT?. 
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Fig. 1. Levels of 32  and 	in 3-phosphoglyceric acid durirw photosyn- 
thesis and dark period in isolated spinach chioroplasts. The -C content 
of the photosynthetic interimdiates has been converted to irn'oles b' dividing 
the rasured radioactivity by the known specific activity of the HCOf. 
Phosphorous radioactivity is expressed directly in VC, 
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Fig 2 	vels of 32P and14C  in ribulose-1,5-diphosphate dug photosy 
thesis and dark period in isolated spinach ahloroplasts. 



As seen in Figure 3,  there is a transient peak in DHA? label just afte:-

the lit was turfled on again. Our interpretation of this peak is that dur--

ing the first minute of light there is a rapid reduction of PGA to DHA? and 

phosphoglyceraldehyde which are in equilibrium with the fructose and sedohep-

tulose diphosphates, whose conversion to monophosphates is not yet catalyzed 

(Pedersen et al., 1966k). After 1 minute, light-activated diphosphatase activ-

ity, increases, resulting in a transitory drop in the levels of these three 

sugar phosphates. The total 32P-labelirig of fructose and sedoheptulose di-

phosphates (not shown) followed a curve very similar to that of dihydroxyace-

tone phosphate. 

Figure 14  shows the changes in labeled AT?, AD? and pyrophosphate (PP) 

during light-dax and light. There is not a corrlete labeling of these cofac-

tors during the light periods; thus the 32P-labeling represents only approxi-

mates of the total concentration Of these cofactors. The levels of labeled 

AT? a  AD? and PP all decline in the dark and rise in the light. The drop in 

level of labeled AT? and subsequent rise in the light might have been expected 

since photophosphorylation ceases during the dark period and the supply of AT? 

iS used up to sor-,je extent during the light-dark transition through residual 

operation of the carbon reduction cycle. The change in the level of AD? was 

surprising, since in in vivo experirrts (Pedersen et al., 1966A) the AD? le-

vel changed in the opposite direction. The sirplest explanation of these 

changes in AT? and AD? from light to dark to light is that there is an active 

adenylate kiriase catalyzing the equilibrium (Eq. 1): 

2ADP, 	' AMP+AT? 	 (1) 

AT? 	ADP+P1 	 (2) 

AD? 	> AMP + P 	 (3) 

This reversible adenylate kinase reaction together with the conversion of 

AT? to inorganic phosphate and AD? by reactions of the carbon cycle (Eq. 2) 
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Fig. 3.  Levels of 
32  and 14 Cin dtz'iydroxyacetorie phosphate during photc-

synthesis and dark period in isolated spinach chioroplasts. 
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Fig. 	Levels of 32 in AT?, AD?, and pyrophosphate during photosynthesis 
and dark period in isolated spinach chloroplasts. 
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converts ADP to AMP and inorganic phosphate (Eq. 3). 

The fall in the level of pyrophosphate, PP )  in the dark, and its sub;-

quent rise in the light show once again, with isolated chioroplasts, a phcn;- 

irnon which we have reported earlier with in vivo photosynthesis in G. lor 

oyrenop (Pedersen et al., 1966A). In other experimentS during in vivc 

photosynthesis (Pedersen eta., 19663), it was found that the addition of,  

rrthyl octanoate caused an inhibitIon of photophosphOrYlation, while at the 

sarre tirre producing a transitorY rise in the level of PP. A possible con-

clusion, based upon that single observation, could have been that nthyl octa-

noate blocks sor step prior to the formation of AT?, and causes the accurru-

lation of an thterndiate from which pyrophosphate is derived. 

Rely, Baits che ffs1i and von Ste di.ngk (1966) have arrived at such a 

conclusion based upon work with isolated chromatophores from PodosirillUm 

rubrum. In their experiimfltS, oligoiTicin, said to inhibit the final AT?-

forming reaction, caused a slight stinlation in uptake of the inorganic phos-

phate in the absence of added nucleotide. The light-induced phosphate disap-

pearance was believed to correspond to the appearance of PP. 

In our studies we found that rrthyl octanoate inhibited other reactions 

of' the photosynthetic caPoon reduction cycle. Therefore, we suggested that 

another explanation for the PP changes with the addition of irsthyl octanoate 

might be that utilizatiOr of PP`j .  or its unstable precursor by photosynthesis 

S 

	

	was blocked to such sri extent that its level could rnotrntarily increase, even 

it it Is derived from a decreasing anount of AT?. 

0 	 In short, pyrophosPhate, or its precursor, is forrrd either parallel to, 

or from, ATP,produced by photophosphOrylatiOn. It is consurrd by reaction:T. 

possibly ntabolic, which can occur in the dark. Formation and utilizat.Cn 

occur in isolated chioroPlaSts as well as in whole cells. 



Since the chloroplasts were prepared and thcbated in unlabeled 5 x 10 M 

PP (NaP207  10 2°' see Experizrerital), the sudden changes in labeled PP would 

seem to require that there be no equilibration between irtabolic PP and PP In 

the dium. Pehaps a more plausible elanation of the data would be that tb 

labeled PP1  m is forrd fro a precursor, during or after the chioroplast k1liirg 
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