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PHoroS'{NTEESrs BY ISOLATED CHLOROPLAS'I'S. II. EFFECTS OF ADDITION 

OF ·COFAC!'Ons AND INTEru·EDIATE COTI'iPOUNDS 

R. G. JENSEH* AND J. A. BASSHAJ'.1 

Chemical Biodyn~cs Laboratory 2 Lawrence Radiation Laboratory , 

University of 9.§lJ..fornia) Berkeley ,California (U.S.A.) 

(Eeceived June 23, 1967 ) 

SUMMARY ' 

Using isolated spinach chloroplasts capable of high rates of 

photosynthesis with 14C02' we have investigated the effects on these 

rates of the additions of metabolic interrrediate cOInp0w-lds of the 

carbon reduction cycle, of additions of certain cofactor's> and the 

additions of pyrophosphate and of phosphate. Following a preillumi-

nation period of 3 min to overcome the induction period, the rates 

of 114C02 photosynthesis during the first 10 min are essentially the 

same as would be found for spinach leaves :in vivo s when allowance is 
"'. 

made for the fraction of chloroplasts (30% or less) that have lost 

their structural integrity. During this 10-min period, no metabolic 

intermediate compounds 'or cofactors were found which' appreciably 

stimulated the rate, except that adde~ inorganic pyrophosphate is 

required to achieve the maxim..un rate. Arter 20 m:in the rates were 

always less, but could be somevJhat sustained by the addition of 

fructose-1 56-diphosphate, and to a lesser degree by addition of 

NADP. This stinulationcould not be replaced or enhanced (in the 

hi€,hly active preparations) by ribose-5-phosphate. It is proposed 

that the activity oLthe carboxylationenzyme 9.ribulose diphosphate 

;iJLI.H. Postdoctoral Fellow No. 2,;,.F2-CP.-25, 833-02, of the ]\;ational 
Cancer Institute. Present address: Depart,ment of Chemistry, 
University of Arizona, 'JUcson, Arizona. 
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carhoxylase~ is the rate limiting factor 'after 20 minutes~ 

11m!:; t' i tapl'eai's that the stimulatory effects of 'added ' 

fructose-l,6-diphosphate and NADP may be exerted in SOIre way on the 

carboxylation reaction itself rather than in the regeneration of the 

carboxylation substrate. The rates were not sharply dependent on 

inorgahic phosphate concentration, but the maximum rate was fotmd 

with about 1.0 mM added inorganic phosphate. 

Recently conditions have been fOW1d- under \·/hich isolated sp:inach 

chloroplasts catTy 'Out photosynthesis with ,14002 at rates approaching 

those found in experiIrents with 1;1hole spinach leaves. l These rates 

are highest during the first 10 to 15 win ~ and are reasonably high for 

periods up to 40 min or longer. Dur:ing this periodcerta:in interIrediate 

COmpOlU1ds of the carbon reduction cycle diffuse rapidly out from the 

chloroplasts into the suspending medium. 2 Also it appears that ATP, .. 
forrred in the light by photophosphorylation, can diffuse from the 

chloroplasts" and that ATP can reenter the chloroplasts under certain 

conditions where it is required for the maintenance of photosynthesis. 

These findings raise the questions of whethe~ the rates of fixation of ' 

14CC2 by the isol~ted chloroplasts may be limited by inadequate concen­

trationsof metabolites and cO factors with:in the chloroplasts" and 

whether the rates could be stimulated by the addition to the suspending 

medium of metabolic concentrations of these substances. 

Rates of li~1t-induced fixation of 14C02 by less active chI oro­

plastshave been sno'Nn to be stirrulated by ,fructose-l,6-cUphosphate 
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(Fru-l,6-P2),3,4 by ribose-5-phosphate (Hib-5-P)4,5 and,; to a lesser 

extent, some other intermediate compounds of the photosynthetic carbon 

reduction cycle. 4,5 It VIas concluded that intermediate compounds of the 

cycle can diffuse into chloroplasts and increase the rate of photosyn-

thesis, particularly dur~1g the fir~t few minutes of illumination when 

the added corrpounds could overcome the "lag" period. 5 

It was not clear whether similar stimulatory effects of added 

interrrediate compounds would be found in studies with chloroplasts 

capable of appro~ching in vivo rates of 14C02 uptake. The rate-limiting 

reactions in such chloroplasts could well be different than the limiting 

steps in less active preparatj.ons. He have now investigated the effects 

on 14C02 uptake rates of adding various intermediate compounds and 

cofactors to the more active chloroplasts. 

t:~EmMENTAt 

Fructose-6-phosphate, 3-phospho-D-glyceric aCid, A1'P, ADP,Ar~, 

thiamtn~ pyrophosphate, and NADP were obtained from Calbiochem and 

used without further purification. Dihydroxyacetone phosphate, which 

comes as the d~nethyl ketal, dicyclohexyl-a1Jl1X)nium .salt, was prepa;red 

just prior to the experiment and the methanol removed by distillation 

at reduced pressure. The sodium salts of fructose-l,6-diphosphate, 

rib0ge~5-phosphate, and D-ribulose-l,5-diphosphate were obtained from 

Sig)11a Chemical Co •. The ribulose-l ~5-diphosphate \'laS cla:iJned to be 77% 

pure, having 5% inorganic phosphate. mere was little clifference in . 

the CO2 fixation response of chloroplasts to this sample as' compared 

to one reprecipitated as the bariwn salt and resuspeI1ded by passing 

througp DO\'lex 50 resin (H+ form). 
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Chloroplasts were isolated from freshly harvested spinach leaves 

as described earl1er. l The leaves used :In the expel'iments were from 

4 to 6 weeks old. The chloroplasts were suspended in the previously 

described assay medium, I except in the e:>''Perirnents :i.Ji Hhich the 

dependence on pyrophosphate and phosphate Has studied. 

Photos~1thesis was carried out at 20°C in round-bottom flasks with 

a liquid volume of 0.5 ml. The total chloroplast content of chloro­

plasts added and the specific activity of the Hl4C03 - use,d in each 

e:>'lleriment is e-J.ven in the fi~ legends. Lig-Jlt jntensity of 32~000 

lux was obtained from a bank of "reflector" fluorescent larrps rated at 

20 watts but each pOi',eredby a 0.6 arrI!:")ere DC source. 'lhe flask contents 

were gently swirled as described earlier. l 

Du.r:ing the experiments, aliquot samples (0.05 ml) \1ere removed from 

the flasks, and the biochemical reactions were stopped by addition of 

0.20 ml methanol. Aliquot sarr.ples of this methanolic mixture were 

placed on filter paper, together with three drops of acetic acid, and .. 
the mixture was dried. The l4c content of the acid stable corrvounds was 

then determined idtha Geiger-ftruller tube. From the Imov!l1 specific radio­

. activity of the Hl4co3 added, and from the chlorophyll content, the rates 

of photosynthesis were calculated. l 

In the experiment testing the effect of pyrophosphate, all conditions 

were kept as before, I except that pyrophosphate was omitted from the assay 

medium in the control, and added at several different concentrations to 

individual flasks •. The control rates and 0.7 roM and 5.0 rrM concentrations 

are given in· the Results; other intermediate concentrations gave inter-

mediate results.· The effect of preincubatin['; the chloroplasts in pyro­

phosphate (prior to illumination) was investigated (see Table I for details). 

:1 
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In the experiment testmg the effect of phosphate concentration, 

all cOnd;1,tloliS we:ro kept M Pl"'fdt,(;, 1 c'xc~pt that two assay modia were 

made up, one witoout phosphate Eirid C(l~: ';lith 2.0 rnM phosphate. Tnese 

media were then combined In vc_cious proportions and used in different 

flasks to give the rates shown in the Results. 

RESULTS 

The effects of addition of unlabeled metabolic mtermediate 

compounds on the rate of 14C02 upta1ce are shown in Fig. 1. Only the 

addition of fructose-1.6-diphosphate (Fru-l,6-P2) caused a sigTlificant 

jncrease in rate. This increased rate in the presence of }1~t-ls6-P2 

was seen only aSter 10 min of photosynthesis. In contrast to the 

results reported by hTalker,4,5 addition of ribose-5-phosphate (Hib-5-P) 

~aused no significant rate enhancement m this experiment. 

Addition of 3-phosphoglyceric acid, of dihyclroxyacet<:me phosphate, 

and of ribulose-l,5-ciiphosphate (Ribul-l$5-P2) caused a significant 

decreas~ in the rates of 14C02 assimilation during the first 15 min. 

After that ,the rates were comparable to that of the control which by 

15 rom had declined. The possibility that some of the apparent inhibi­

tion by added Ribul-l,5-P2 was caused by inorganic phosphate or other 

impurities cannot be ruled out, altoough some purification of the 

commercially available Ribul-l,5-P2 was effected. 

The effects of addition of NADP+, ATP, ADP, and AMP on 14C02 uptake 

are seen in Fig. 2. In this e)..'Periment J the usual preincubation period 

of 3 min was eliminated. Consequently, an induction period of about 

3 rom is s~en in the early rates. The maximu.rn rate (first 10 min) was 

.. 
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very high (195 llmoles C02(mg Chl'hr)-l ill this experirr:ent. The curve 

:In the pre~ence of thiamine pyrophosphate (not srown) was essentially 

identical \'lith that with ATP. No lar~e effects \'Jere seen, althour)1 

after 20 min the presence of added NADP+ has the effect of maintaining 

. a sligptly higher rate than the control. The differences with other 

cofactors seem hardly .large enough to ,,[arrant corrment •. 

The effects of added 'pyrophosphate at two levels are shown in 
.~.c 

Fig. 3. The greatest stirrulat ion during the first 10 rom ''las obtailled 

with 5.0 mM pyrophosphate. However, a good rate was sustained for 

25 min in the presence of 0.7 mIv1 pyrophosphate, whereas the rates in 

the· control, and especially vlith 5.0 mM, added pyrophosphate had 

fallen off by that tirre. 

Table· I shows the rates of l4C02 fixation following preincubation 

in the dark with higher arrounts of pyrophosphate. The rates depend on 

the concentration of pyrophosphate in the light only) ranging from 

120 - 150 umolesC02(mg Chl'hr)-l with 0.5 mM pyrophosphate to nearly .. 
200- vmles C02(mgChlohr)-1 with 2.0 mi'-1. HOHcver, the rates \'Jere not 

stinulated-by preincubation in the dark with pyrophosphate. 
- . 

The maximal rates obtained (4 to 8 min) with various levels of 

added phosphate are sm"lTI in Fig. 4. Since the medium used for chloro­

plast iso1ation1 co~tains phosphate, the lowest concentration of phos­

phate investigated was 0.025 m'vl. ·The rate dependence on phosphate 

concentration was broad, with the maximum rate of 213 }llID1es CO2 (mg 

Chl·hr)-l at about 1.0 ~M. 
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DIS.CUSSION 

ExplMutiOtl of' the chtlrteii'lE; ert~dt5 ofadddd il1tm,"i'f'i8diutt} C6mpoll.t1dn 

and cofactors is probably related to the changing rate of l4C02 uptake 

dur:ing the 40 min of photosynthesis by isolated chloroplasts as seen 

in the control experiments. Rc~aEonaole interpretations of the observed 

variation in rate with time C[i~l h: rr.a\~c on the basis of different 

causes of· rate limitation \'lhiC'l e,m b,-;COIy,eimportant at different times. 

\fuen the chloroplasts a.refirst placed in the light (without pre-

illumination) at room temperature (a.f'cer be:lJ1g stored jn the dark at 

OOC), there is an induction period6, 7 during which the rate, jnitially 

lOitl, :increases. ' With chloroplasts prepared and incubated by our 

methods, l this induction period is also seen. The induction period 

can be partially overcome by the addition of Rib-5-P, 4-7 suggesting 

that the chloroplasts at first have insufficient sugar phosphates to 

permit the formation of enoufp carboxylation substrate, Ribul-l,5-P2' 

to support maximum CO2 uptake • .., , 

In the experiment shm'm in Fig. 1, a preillumination time of 3 rrdn 

was given the chloroplasts before the labeled bicarbonate was added. 

Apparently this time was sufficient for endogenous bicarbonate to be 

reduced and enough Ribul-l,5-P2 to be formed, for the maxinum rate was 

observed from the start. However, the experiment in F.ig. 2 was per­

formed wi~hout preillumination, and the induction period is clearly 

seen. That this induction can be only partiall;L overcome by the 

addition of Rib-5-P is prObably a consequence of the fact that the 

light activation of the carboxylation reaction itselrB requires one 

min or rrore. 9 VIe shall refer to the per5..oq of about 10 min of ma.x.irrwn 

rate, following any induction period, BE Phase I. 
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Sb1ce no added b1termediate compound or cofactor except pyrophos-

phate cau.sed significant stimulation of the rate dUr.1rlg Phase I, it is 

concluded that with added pyrophosphate the active (probably the b1tact) 

chloroplasts are operatb1g at near the maxim..lm rate of which they would 

be capable b1 vivo. 'I'he failure to reach the rr.axinum measured b1 vivo 

ratel of about 250 \lmoles C02 (rr.g Chl'hr)-l may be due to the fact that 

only 70 to 90% of the chloroplasts appear to be intact when viewed 
. .' 

through the optical micorscope with phase optics. l r:Ihe variation b1 

control beti'leen experiments 1 and 2 is attributed to variation b1 the 

physiological state in the leaves from which the· chloroplasts were iso­

lated. One mir)1t be inclined to argue that even trough additions did 

I70t stimulate during Phase I, the carboxylation enzyrre itself (3-phospho­

D-glycerate carboxy-lyase (dimerizing), 4.1.1. 39) might not be fully 

activated, were it not for the fact that radiochromatographic analysj.s 

of the photosynthetic products b1 other experiments2 does 'not ShOl-'l a 

rapid accumulation of labeled Ribul-l,5-P2, the carboxylation substrate, 
. " 

during Phase I. Such an accumulation would be expected if the carboxy-

lation reaction itself were rate-l~iting. 

The inhibition of 14092 uptake during Phase I by added 3-phospho­

glyceric acid, dibydroxyacetone phosphate, and Ribul-l,5-P2 cannot be 

satisfactorily explained at present. 

From 10 to 20 min, the rate of l4C02 uptake decreases, leading to 

Phase II (20 to 40 min), during which the rate is lower but rrore or 

less constant. - During Phase II the rate is no longer decreased signifi-

cantly by any of the added intermediate corrpounds, but is enhanced 
, .~ o· {}. 

somewhat' by added Frtt-l,6-P2" It also app~ars that there lTlay be some 

\~"' .. 

?)" 

'. 
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enhancement by added NADP. It is noteworthy that the level of Fru-l,6-P2 

actually dropped by 30 min to about one-half the level it had reached in 

15 min in other cx-pcl"imcnts in whichl":1diochromatonrnl1hic analysis of the 

products of chloroplast photosYJlthesis wi t11 14C02 were per£onned. 2 Since 

this drop corresponds He1l1"ith the period when the rate is decreasin~, it 

,""ould appear that a certain level of Fru-l,6-PZ is required for mClXimum 

fixation rate. The role of aJdec.1 N/illP in stimulating a decelerating rate 

may be in holding up an othenvisc lagging rate of electron trai'lSport to 

supply electrons for the rec.1uction of phospho:slyceric acid to triose phos-

phates from lYhich Fru-I~6-P2 is formed. 

The nuestion of how Fnl-l 6-P nebs to maintain a hig,her rate remains '\ , 2 .. -

tfficmsHered. The answer can hardly be that added Fru-I,6-P2 supplies carbon 

for the regeneration of the carboA1lation substrate, Ribul~1,S-P2' since 

neither added Fm-6 o p nor P.J.b-S-P significMtly stimulate t.'!e rate. Rather 

He must look for some effect of the Fru-l,6-P2 on the activity of the car­

boxylation reaction, other than an effect on the supply of Rlbul-l,S-P2. 

In fact p it is al?parent from kinetic studies of photosynthesis of isolated 
" 4 2 

chloroplasts '''ith 1 CO2 that the'concentr3tion of Ribul-l,S-P2 increases 

rapidly during Phase II (see total sample pool in Fig. 8, Ref. 2). TIlere-

fore, the, activity of the carboAylation enzyme, ribulose diphosph3te car­

boxylase (4.1.1. 39) ~ seems to be rate-limiting during Phase II. 

The cause of the ,stimulatory effect of added pyrophosphate has not 

yet been established. Earlier, in vivo kinetic studi~s8 of ChI orella 

l2lr~n?idos<!. in light and in darl< with 32P-Iabeled pllosphate showed that 

there is a metabolic pool of pyrophosphate. In some experimentsp this 

labeled pool was substantial in the light~ dropped to a low 
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level :in the dark, and rose r2,pidlya.::~ain to a steady-state level in 

the lirsht, the times required i'or these light-dark and dark-light 

transitions being about the same (around one min) as the tir.:es 

required for light activation of the carboxylation -and. diphosphatase 

reactions. 

This effect ,while clearly beyond- experimental error in the cases 

where it was seen, has not proven to be easily reproducible. Pyro-

phosphate is formed in varying degree durfug the application of 

inorganic phosphate to paper chromatop'8.1ns. Also, pyrophosphate is 

some\vhat unstable in solutions, and may be rrore so il1 the mixture of 

methanol-water and killed ale:ae. Thus, the light-dark changes in level 

IPay be masl-::ed in some experiments by artifacts. 
in vivo 

Pyrophosphate is formed metabolicaIlJA1TIlthe s~1thesis of oligpmers 

and macromolecules, proteins, carbohydrates,· and nucleic acids. The 

size of its steady-state meta.boiic pool will depend on the .rates of 

these ~actionsand on the pyrophosphatase activity with which the 

pyrophosphate comes in co.l1tact. 

The fact that 0.7 ruM pyrophosphate» added to isolated spinach 

chloroplasts,continues to exert a stimulatory effect on the rate for 

30 min or more SUf'"ffsts that tIlls pyrophosphate does not come in contact 

with a highly active pyrophosphatase. Iv1oreover, when 32P-labeled 

pyrophosphate was added to photosynthesizing isolated spinach chloro­

Plasts,l very little 32p was transfOl~ into metabolic products. Even 

that very small amount could be accounted for as having come from a 

small amount of labeled phosp1v3.te which wa.s released by the slow 

hydrolysis of pyrophosphate. 
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'111e arrDunt of labeled pyrophosphate formed from labeled inorganic 

phosphate itlphoto3ynth~n1z1.n[~ epino.cl1 chlol'oplal:lts ha:3 gdl'lcl"ally bcen 

indistinguishable from artifactual pyrophosphate formation, but in at 

least one case there was an observably higher level in the light than 

in the dark. 9 Thus, it may be tha.t the level of inorganic pyrophosphate 

in chloroplasts is part of a natural regulatory mechanism, as yet not 

understood. The findings that 5.0 FM pyrophosphate caused the highest 

initial rate ,whereas 0.7 mM pyropl;1osphate was more effective in main­

taining a high rate after ·10 rnin, suggest that the optimJ.m natural 

level is probably 1 mM or less. 'me higher concentration of 5.0 roM 

pyrophosphate in the mediuJJ1 would help to bring the level of pyrophos­

phate inside the chloroplast up to the optimlm level more quickly, but 

after that the hir,:her level could become ;inhibitory. Moreover, the 

slow hydrolysis of the pyrophosphate may produce a level of inorganic 

phosphate hi!!-peI' thm the optimum level in the medium. Finally, it is 

clear, from the results in Table ~that the pyrophosphate exe~GS 

its stimulatory effect only Vlhen it is present in the li£!ht. 

3. 

4. 

5. 

6. 
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TABLE I 

Rates of 14C02 J"ixat1on by Isolated Chloroplast!:) after Proincubation 

with Pyrophosphate dur:ing Dark Storage 

IV! x 10+3 Pyrophosphate 
Flask Dark Light 

Suspension C02 Fixation 
Media IVIedia 

1 0 2.0 

2 0 1.0 

3 0 0.5 

4 5 1.0 

5 5 0.5 

6 10 1.0 

7 10 0.5 

8 20 1.0 

IIJ8..Xim...un 
Fixation rate 

).InDles 14C(mg Chl·· hr)-l 

197 

169 

148 

144 

122 

145 

132 

141 

Chloroplasts were isolated as described earlier, 1 sepax'ated into four 

vessels "and suspended with solution Bl having the amounts of pyrophosphate 

above and kept in the dark in ice for 30 !Pin. A 25 ).11 cQiquot sample of 

this suspension was added to the CO2 fixation media' (SolutionC)l adjusted 

so thlt a total of 0.,5 ).IITDle pyrophosphate was present in 500]..11. After 

3 min illumination at 20°C, 6' ~.IJTlOles NaH14C03 (60 ).IC) was added to start 

photosynthesis. The aIDJunt of chlorophyll in each flask \Vas: 1-3, 32 ).Ig; 

4,5, 39 ).Ig; 6,7, 35 ]..Ig; 8, 37 ).Ig. Tne maxirum rate of C02 fixation was 

observed between 4 and 8 min. 
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FIGURE LEGENDS 

Fig. 1. Effect of added sugar phosphates on CO2 fixation. Each 

flask hod 1.0 l.mple of a t:\ugar' t)hOtlphate or 3-phosphoglyc~!'ic acid 

or NaCl (control) \'lith 46 lJg of chlorophyll in 500).11. Six l1rroles 

of N~~14C03 (60 ~C) was added after 3 min of illumination. 

FiG. 2. Effects of added COf2:;tC2"'S ,J;: CO2 fixation. Each flask had 

2.5 l1roles of each cofactor or EJ.Cl (control) and 3.8 ).1moles NaH14C03 

(31 l1C). The chloroplast suspension (L17 l1g chlorophyll) was added 

directly to the flasks to start prDtosynthesis. 'Ihiamine pyrophosphate 

(not shown) had the sarrB curve as ATP. 

Fig. 3. Effect of pyrophosphate concentration on C02 fixation. Each 

flask having various arr.ounts of pyrophosphate had 37 ).1g chlorophyll in 

550 lJl at pH 7.6 •. Six lJmoles of NaHl4C03 (60 lJC) was added after 3 min 
. . 

illumination. Intermediate rurounts of pyrophosphate had intermediate 

effects. 

Fig. 4. Effect of orthophosphate concentration on rates of CO2 fixation. 

Amounts of exogenous orthophopshate were varied and the maxi.rl1'.JJTl rate of 

fixation determined within the first 8 min. Each fla.sk had 40 \.JE; 

chlorophyll in 500 ~l. After 3 min illumination 4.5 \.Jmoles NaH14C03 

(36.511C) was added • 

p . , 

:1 
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