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RlBULOSE DIPHOSPHATE CARBOXYLASE REGULATION 

IN RECONSTITUTED SPINAGI QU.,OROPLASTS 

Klaus Lendzian* and James A. Bassham 
Laboratory of Chemical Biodynamics, Lawrence Berkeley Laboratory, 

University of California, Berkeley, California 94720** 

Sunrnary 

In,la preparation of soluble components from previously isolated 

spinach chloroplasts, the activity of the carboxylating enzyme of the 

photosynthetic reductive pentose phosphate cycle, ribulose-l,S-diphosphate 
, 

carboxylase (E.C.4.l.l.39), is strongly increased by 6-phosphogluconate 

or by NADPH,and is decreased . by ribulose-l,S-diphosphate in the absence· 

of these effectors and 002, With the thylakoid membrane system added 

to these soluble components (reconstituted chloroplast system) plus 

ferredoxin, the carboxylase is even more strongly activated in the 

light. This "light" activation appears to be due to reduction of endo­

genous NADP+ by electrons from the light reactions transferred via 

ferredoxin, since NADPH alone can activate the purified enz~e while 

reduced ferredoxin does not activate the enzyme. The regulatory properties 

of the enzyme in the complete mixture of soluble chloroplast components 

are compared with those of the isolated enzyme, and their possible 

physiological significance is discussed. 
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Introduction 

. All green photosynthetic cells capable of oxidizing water and reducing 

carbon dioxide to sugar phosphate employ the photosynthetic reductive pentose 

phosJbate cycle (I) , irrespective of whether or not they also employ the 

preliminary "tropical grass" or "C-4" cycle fotnld in sOme higher p~ant 

species such as maize.and sugar cane (2) • In the reductive pentose phosphate 

cycle, carbon dioxide is incorporated via the carboxylation of ribulose-l,S-

diphosphate (Ribul-l,S-P2) to give two molecules of .3-phbsphbglycerate in 

a reaction rediated by the enzyme ribulose diphosphate carboxylase 

(E.C.4.l.l.39). This reaction, like the conversion of fructose-l,6-

diphosphate (Fru-l,6-P2) and sedoheptulose-l,7-diphosphate to their 

respective rnonophosphates and the conversion of ribulose-S-phosphate 

and ATP to Ribul-l,S-P2 and ADP, has a high negative free energy 

change under conditions of steady-state photosynthesis and is thus 
(3) 

a rate-limiting step in the reductive pentose phosphate cycle. These 
;<.. 

four steps in the cycle .share two other characteristics. On the basis 

of light-to-dark and dark-to-light transient changes in metabolite 

levels following photosynthesis with 14C02 in Q1lorella pyrenoidosa~4 ,5) 

or after addition of Vitamin KS to these algae~6~ach of these steps 

has been inplicated as occurring rapidly in the light but not as rapidly 

in the dark •. A further characteristic of these four reactions is that each 

is unique to the reductive pentose phosphate cycle, whereas all of the other 

steps of the reductive pentose phosphate cycle are found as part of either 

of the oxidative pentose phosphate cycle (hexose monophosphate pathway, 

6-phosphogluconate pathway) or glycolysis. Thus, it is not surprising that 

the activities of the specific enzymes which mediate these steps are the 

; 
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ones which decrease when the light is turned off or photosynthesis stopped 

d · b 1· b . (7 81 an respIratory meta 0 1sm egIns "'. 

Studies with isolated spinach chloroplasts capable of carrying out 

photosynthesis with carbon dioxide at high rates have provided further 

evidence for the light-dark regulation of the carboxylase step{9J. 

Complimentary to the-dark inactivation of the reductive pentose phosphate 

cycle, there is a dark activation of the oxidative pentose phosphate cycle 

in Chlorella - pyrenoidosa {41 and in isolated spinach chloroplasts'(is) . 

This activation of the oxidative pentose phosphate cycle is accomplished 

by activation of glucose-6-phosphate dehydrogenase (EC 1.1.1.49) in the 

dark. In the light this enzyme is inactivated by high ratios of NADPH/NADP+ 

as amplified by concentrations of the retabo1ite RibU1-1,S-P2~10). 

The Jrechanism of regulation of the four controlled enzymes of the reduc­

tive pentose phosphate cycle has also been studied by investigation of 

properties of the isolated enzymes. Fructose-1,6-diphosphatase and sedo­

heptulose-1,7-diphosphatase are reported to be activated by reduced 

ferredoxin in the presence of a low JOOlecu1ar weight protein factor(ll). 

Phosphoribu1okinase (EC 2.7.1.19) whiCh rrediates the conversion of 

ribu1ose-S-phosphate and ATP to Ribul-1,S-PZ and ADP, is activated by 

dithiothreit~l (12:). Presumably in vivo it is ac:tivated by a physiological 

reducing agent, possibly reduced ferredoxin or NADPH. 

Recently, RibUl-1,SZ carboxylase has been found to be subject 

to rather complex regulatory behavior en). It was long known that this enzyme 

is more active following preincubation with magnesium ion and bicarbonate 

prior to .addition of the other substrate, Ribul-1, S-P Z. Careful studies 

at low -levels of bicarbonate (1 mM or less) revealed that the enzyme is 

converted to an inactive form when exposed to physiological levels of 

Ribul-!,S-P 2 in the absence of preincubation with both magnesilUIl and 
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bicarbonate (14). It :. \vas concluded that such treatment resulted in binding 

of .Ribul-l,S-P2 at an allosteric site which converts the enzyme into a fonn 

wi th 'weak binding for the other substrate, carbon dioxide. This inactive 

form can persist for 20 minutes or longer in the presence of both substrates 

when the concentration of bicarbonate is not higher than 1 roM. Preincubation 

with 10 ~ magnesium ion and 1 roM bicarbonate for several. ndnutes partially 

prevents this inactivation binding by Ribul-l,5-PZ and gives a ,moderately 

active en~, which remains active in the presence of physiological con-
," 

centrations of Ribul-l,5-P2 and bicarbonate. Further activation of the 

enzyme is seen if the preincubation ndxture includes, in addition to 

bicarbonate and magnesium, either 6-phosphogluconate (6-PGluA) in the 

concentration range of 0.05 to 0.1 ~l,or NADPH in the concentration range 

of 0.5 to 1.0 'rnMC13 •15). From these and other experimental results it was 

concluded that there are allosteric binding sites for both 6-PGluA and 

NADPH which result inactivation of the enzyme in such a way that. it 

no longer binds Ribul-l, 5 -P 2 at the inactivating allosteric binding site. One 

physiological significance of this complex regulatory behavior was 

attributed to the need to avoid the oxidative reaction which occurs when 

oXygen (02) binds cornpeti ti,vely at the catalytic binding site for CO2 when 

CO2 pressure is very low and oxygen pressure is high. Such a binding can 

lead to an oxygenase activity for the enzyme in which oxygen attacks 

Ribul-l,5-P2 producing phosphoglycolic acid and phosphoglyceric acid(16~19) . 

Phosphoglycolic acid can be converted to glycolic acid, the proposed sub­

strate for photorespiration(20), , Under some physiological conditions, 

as when leaves close their stomata during bright illumination tmder stress 

of lack of water, the level of CO2 in the chloroplasts may drop very low 

while the level of Ribul-l,5-PZ rises above the normal physiological level. 

Such conditions can lead to photorespiration. If,tmder such conditions, 
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the en~ binding for both COZ and 0z ,decreas"es. (Km increases), photo- " 

respiration due to Ribul-l,S-PZ oxidation can be' diminished. The additional 

activation of the enzyme by 6-PGluA and by NADPH was interpreted in tenns 

of the physiological transition fram darkness to light and the requirement 

tmder those circumstances of an activated Ribul-l,S-PZ carboxylase(13) 

Recently it has become possible to reconstitute spinach chloroplasts 

by adding~e-sQl-uble enzyme system of lysed chloroplasts back to the 

membrane system which has been previously separated from the soluble com­

ponents and washeiZi): Such a system is capable of carrying out photosyn-

thetic carbon reduction at an appreciable fraction of the rate of intact 

leaf photosynthesis. We now find that this is true 'even if tte reconstituted 

system is exposed to only air levels of COZ' Thus, it must be that the Km for 

COZ in this reconstituted system is. sufficiently low to permit active 

rates of photosynthesis with air levels of CO2, Usually, the Km levels 

for the isolated and purified carboxylase enzyme.have appeared to be too 

high for good rates of'photosynthesis to occur with air levels of COZ' 

although the reported Km values 'have been reduced recently as a result 

of careful adjustment of the conditions of photo~ynthesis, including the 

activatiOn by preincubation with magnesium bicarbonate and by an effector 

(IS) such as NADPH or 6-PGluA' . However, Bahr and Jensen have reported that 

with freshly disrupted chloroplasts there is a fonn of the Ribul.,.I,S-P Z 

carboxylase with an even lower K sufficient to acconnnodate the physiolo-. m' . 

gical conditions occurring during photosynthesis in air(Z2) . 

This low K fonn of the carboxylase was reported to be rather unstable m 
and was converted to a higher Kmfonn.after some minutes at room tempera-

ture. Since we found that photosynthesis in the reconstituted chloroplasts 

is maintained for up to one hour at substantially high rates, it was of 

I";';"' .. , ... 
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interest to study the properties of activation of the carboxylase activity 

in this reconstituted system and to compare the regulatory properties in 

this system with those of both the isolated enzyme and the apparent acti­

vity of the enzyme in whole leaves or whole chloroplasts. In this study 

we find that many of the properties reported for the isolated and purified 

enzyme are reproduced in the reconstituted system . However , there are some 

interesting differences which suggest that the Ribul-l,S-P2 carboxylase as 

it exists in the reconstituted system and perhaps in whole chloroplasts 
different . 

has certain specific/properties from those of the isolated enzyme. 

Materials and Methods 

Whole spinach chloroplasts were isolated from freshly picked spinach 

according to methods described previously(23) "were then subjected to 

lysis and the components separated and reconstituted as in our previous 

report(U) • 'It should ~e noted that in the reconstituted system, due to 

the elimination of the outer chloroplast membrane, the soluble components 

(proteins, cofactors, metabolites) are diluted into the bulk volume of 

the flask. In the usual whole chloroplast suspension, the volume of the 

chloroplasts occupies only about 1% of the total suspension volume. Thus, 

it is to be expected that there would be undue dilution of soluble compon-

ents if the ratio between total soluble components and l~llae or membrane 

system were not increased, It was for this reason that we studied the 

effects on 0)2 fixation of various ratios of soluble components to membrane 

system, and found that there had to be a 14:1 increase in this ratio as 

compared with a whole chloroplast suspension. This means that the soluble 

components are still diluted by a factor of about 7 as compared Witll their 

concentration inside the intact chlO.roplasts, and so certain constituents, 

such as ferredoxin, NADP+, and ADP have been added to increase the concen-

.4 
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tration to a more optimal level(.21). TheconcentratioIDof soluble proteins, 

and many metabolites, however, must still be considerably more dilute in 

the reconstituted system than they would be in the stroma regions of intact 

spinach chloroplasts. 

Studies with ribose-S-phosphate and an ATP regenerating system. 

'. In order to generate Ribul-l, 5-P 2 in some experiments an addition 

was made to the reconstituted system of ribose-5-phosphate (Rib-5-P; 

0.05 ~,creatine phosphate kinase(~ unit), creatine phosphateC2.S mM)"' 

and ATP(.2.5 mM J. Inmost cases. it was found that givencoinparable condi­

tions, a higher rate of CO2 fi:x:ation could be achieved wi th this system 

. than with added Ribul-l,S-P2. Creatine phosphate, ATP and creatine phosphate 

kinase wereobtainec;l from Sigma Ghemical Co. In other experiIoonts, Ribul-l, 5-

P 2 was obtamedas the barium. salt from Sigma Chemical Co. and was regen­

erated with acid DOwex-SOW. 

Preincubation and incubation. 

A ~riety of preincubation and incubations were carried out using 

the reconstituted system in small romd-bottom flasks with sennn stopper 

caps. These flasks were· mounted on the shaking device for chloroplasts 

studies as described previoUSly(23)~ In studies with air levels of 002, 

these flasks have been equipped with small inlet and outlet tubes and 

connected by rreans of these tubes and flexible tubing to a manifold 

which, in tum, was connected to. the steady-state apparatus which pro­

vides for maintenance of steady~state levels of (J)2 or l4C02 in various' 

mixtures of air or nitrogen(24). During incubation, the flasks were 

subjected to a gentle swirling motion. Additions or removals from 

the reconstituted system can be made by hypodermic needles through 

the serum stoppers while .. this motion is momentarily stopped. In all 

cases, we have employed an atmosphere of nitrogen or nitrogen mixed 
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with prescribed amounts ·of 002; we have found that with the reconstituted 

system better sustained rates C?f photosynthesis are obtained under nitrogen 

than under8.ir. When appropriate, illumination was achieved by lights 

. which are under the transparent bottom of the shaker apparatus . A constant. 

temperature of 20°C was maintained by recirculating water from atherrnostat 

controlled bath to the shaker bath into which the indi vidual reaction flasks 

wereimnersed. 

The ''preincubation'' procedure is defined as follows: to the reaction 

flasks in a final volume of 0.5 m1 were added the soluble chloroplast 
- , 

proteinsolution(p. 36 ~ 6-PGluA or NADPH (concentrations are given 

in figures)", creatine phosphate Z. 5 mM, creatine phosphate kinase( 1 uni t)and . - -, 

Rib-5-P'-!>.5 ~. The flasks were then flushed for 5 minutes with nitrogen. 

Then ATP (2.5 ~. was added, to complete the Ribul-l,S-PZ generating system. 

In e.xperimentswhere Ribul.;.l,S-PZ was uSed as the ~ubstrate, the Ribul-l,S-PZ 

generating ~~tem was ~tted and the Ribul-1,S-P 2 (0.5 roM) was added at 

the end of the nitrogen flushing period., After 1 minute, NaH14C03 (1 lIM) was 
. ~ 

added, or the flasks' were opened to ~e steady-state apparatus and 

14 
0.04% . ~2' 

In the "non -preincubation" procedure, the same additions were made, except 

that the complete Ribu1-l,5-P2 generating system, including ATP, was added 

before the nitrogen flushing period and effectors were added after the 

nitrogen flushing. In experiments where Ribul-l,S-P2 was used as a sub-

strate, the Ribul:-l,S-P2 generating system was replaced by Ribul-l,S-Pz. 
Assay. 

, 
Assay of carboxylation activity was achieved by removing 0.025 rnl samples 

from 1he reaction flasks, using a hypodermic needle and syringe, .. and iJrunediately 

injecting the samples into 0.2 ml methanol to a final concentration of 80%. Ali-
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quot samples of this killed material are then .added to small vials, acidi­

fied and taken to dryness by a nitrogen stream and then taken up in scin­

tillation fluid and counted with scintillation counting. 

A variety of treatments, including variation in preincubation time, 

consti tuents, etc., were carried out and are reported wi th the experimental 
• 

results. Where employed, 6-PGluAwas obtained from Sigma Chemical Co. 

NADP+ and NADPH from Boehringer-Mannheim. 

Results 

E~riments with soluble components only. 

The first experiments were conducted without added chloroplas t mem­

branesbut with only the soluble proteins plus various added soluble meta­

bolites such as 6-PGluA as effectors •. Studies with the purified Ribul-I,S-PZ 
. carboxylase had shown that while preincubation with 6-PGluA prior to addi­

tion of Ribul-I,S-PZ resulted in increased activation of the enzyme acti­

vity, only inhibition was obtained if the 6-PGluA was added at the same 
, . (13-1S) 

time or subsequent to Ribu1-1,S-PZ. f-{owever, with the complete lnixture 

of soluble components from the chloroplasts (Figure 1) the result' is differ­

ent. Even when the 6-PGluA was added after t1',e Ribul~l,S-PZ generating 

system ~on-preincubation), stinrulation in the rate of fixation was seen 

wi th levels of 6-PG1uA ranging from 0 ~ I mM up to o. S mM. However, when the 

generation of Ribul-I,S-P Z was delayed during S minutes flushing with NZ' 

by omitting ATP until after this flushing, the stimulation in the rate of 

carboxylation by addition of 6-PGluA was much larger. Thus, the relative 

differen~e between preincubation with 6-PGluA and non-preincubation is 

the same for the mixture of soluble enzymes as for the purified Ribul-l,S-P Z 

carboxylase, even though with the mixture of enzymes only stimulation is 

observed. These experiments were carried out with 1 roM sodium bicarbonate. 
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When experiments were carried out with ~ir levels of CO2 (0.04%), 

stinrulation was seen'vith addition of 6-PGluA either with preincubation 

or with non-preincubation (Table I). In this case, almost the same 
, 

stimulation was seen during the first 10 minutes, although there was a 

lag of about 2 minutes in the case with the non-preincUbation. If the 

6-PG1uA was added as long as 10, minutes after the, initiation of the 

reaction by addition of the Ribul-l,S-P2 generatin.g system (Figure 2)., 

stimulation of 1he rate was still observed. In fact, after' 8 winutes . 

following the addition of 6-PG1uA the stimulated rate was even higher 

than it had been when the 6-PG1uA was added before" the Ribul-l, S-p 2 

generating system. 

Since with the Ribul-1,S-P 2 generating system, the concentration of 

Ribul-l,S-P2 at any given time is not known, an experiment was' carried 

out with both the Ribu1-1, 5 -P 2 generating system and added' 0 .5 mM Ribul-

1,S-P2 (in the SaIOO flask). In this case also, large stimulation of the 

carboxylase rate was observed when 6-PGluA was added prior to tile Ribul-

1,S-P2 and a smaller stimulation when it was added subsequent to the 

Ribu1-l,S-P2~ 

Since in these experiments 'wi th the total soluble components from 

the chloroplasts, sore stimulation was seen with 6-PG1uA even if it was 

,added after the Ribu1-1,S-P 2 generating'system, and since a large stimula­

tion was seen if the 6-PG1uA was added following 10 minutes of photosynthesis 
the' 

(Figure 2) it was of interest to investigate I time course of stimulation 

by 6-PG1uA in the absence of bicarbonate. An experiment was conducted (with 

(1 roM sodium bicarbonate) in which 6-PG1uA was added at various times rela­

tive to the addition of the other components (Table II). In some flasks 

there was a delay in the addition of bicarbonate until 2 minutes and 8 

minutes after the addition of 6-PGluA (Table II). In these cases, the amount 

of stimulation of the rate increased with time between the' addition of 
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6-PGluA and the addition of sodium bicarbonate", with the stinrulation follow­

ing 8 minutes delay approaching that of the enzyme mixture in which there 

had been preincubation of the enzymes with 6-PGluA prior to the addition 

of the Ribul-l,S-P2 generating system. 

In the studies with the isolated carboxylase, some stimulation of 

the enzyme activity was seen upon preincubation with Fru-l,6-P2• With 

the mixture of soluble chloroplast compon~nts, stimulation by 0.5 roM 

Fru-1,6-P2 was equal or less than the smaller stimulation found with 

6-PGluA (0.5 roM) khen it was added after the Ribul-1,S-P2 generating 

system (non-preincubation). Some stimulation was seen by Fru-l,6-P2 
whether it was added before or after the Ribul-l,S'::PZ generating system, 

and even smaller stimulation (slightly above the control) was seen with 

addition of fructose-6-phosphate, either before or following addition of 

the Ribul-l,S-Pz generating system. 

E:xperiments with soluble components plus membrane systems" 

A much larger activation of the enzyne than any of those reported 

so far was obtained in the presence of the chloroplast lamellae in the 

light· wi th added ferredoxin (Figure 3). The initial slope of the carboxy.;. 

lation reaction rate is 35 times greater with ferredoxin and light and 

lamellae than it is in the dark control. Essentially no further activation 

is seen with the addition of 6-PGluA to the already highly stimulated rate 

with light and ferredoxin. If added ferredoxin is omitted, somewhat 

smaller rates are obtained with light and lamellae in the soluble system 

only. 1here is, of course, some ferredoxin already presence since all the 

solubleconponents of the chloroplasts are in the material used. In fact, 

the concentration of ferredoxin in the flask should be approximately one­

seventh that which it would be in intact chloroplasts. For comparison 
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with these rates, the dark rate in the presenc~ of 6-PGluA is also shown 

and is something less than half the maximum rate obtained with ferredoxin 

and light. !his experiment was carried out with sodhun bicarbonate (1 roM), 

with the Ribul-I,S-P2 generating system, and with all soluble constituents 

added during 5 minutes preil~umination with nitrogen before the addition 

of bicarbonate (1.0 mM) •. No NADP+ was added to the soluble system as is 

usually done in our reconstitution experiments. There is, of course, some 

NADP+ present as a consequence of the lysing of the original chloroplasts. 

Another demonstration of the effect of light and dark operating 

via reduced ferredoxin, and perhaps reduced NADP+, is shCMIl in Figure 4. 

In this case, Ribul-l,S-PZ was used directly as a substrate rather than 

the Ribul-I,S-P2 regenerating system. Th3 stimulated rate (Figure 4)is 

many times greater than the rate in the dark in the presence of ferredoxin. 

When the light is turned off, the rate of the carboxylation reaction drops 

immediately to the dark control rate and remains very low until the light 

is turned on again, at.whiChpoint ti1ere is an immediate resumption of 

the stiJIUJlated rate in the presence of ferredoxin and light. 

Given the previously re~rted stimulation of the carboxylase activity 

by NADPH, the data just reported raise the question of whether the 

stiJIUJlation of the carboxylase activity is due to reduced ferredoxin or 

to NADPH. In any eXperiment where we employ the soluble components of 

the lysed chloroplasts, NADP+ plus the enzyme responsible for its reduc­

tion by reduced ferredoxin in the light will be present, even though we 

may omit the added NADP+ usually employed in such reconstitution experi-

rnents. 

When the soluble enzyme system without lamellae, light, or added 

ferredoxin is exposed to various concentrations of NADPH, both with pre­

incubation and without preincubation, stimulation of the carboxylase 
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activity is seen (Table III). In this case, a ~arge stimulation ~as 

observed with the NADPH present during a preincubation period and 'prior 

to the addition of the Ribul-I,S-PZ regenerating system. A smaller sti- . 

rnulation was observed with the NADPH was added subsequent to the Ribul­

I,S-P~ regenerating system. The actual activated rate of the carboxylase 

is considerably less than that observed. with lamellae and ferredoxin in 

the light. However, it must be kept in mind that in this case the NADPH 

once oxidized is not regenerated, and so it is to be exPected that the 

activation effect may disappear or may be decreased as a consequence of 

NADPH oxidation. 

When purified Ribul-I,S-P Z carboxylase (obtained from Sigma Chemical 

Co.) was assayed with Ribul-I,5-PZ' I roM sodh.nn bicarbonate and with added 

ferredoxin and chloroplast lamellae in the light and in the dark, low COZ 

fixation rates were seen and no substantial difference in rate was observed 

between the light and the dark. From this it would appear that reduced ferre­

doxin by itself is incapable of activating the isolated enzyme. However, 

one cannot exclude the possibility that there could be some soluble pro­

tein factor in the chloroplast that is required for activation of the enzyme 

by reduced ferredoxin. 

Time course of Ribul-I,5-PZ inactivation of Ribul-I,5-PZ carboxylase. 

Experiments carried out with only the soluble components of the chloro­

plasts plus Ribul-l,5-PZ' or Ribul-I,5-PZ generating system, but without any 

other added effectors give information about the time required for inactiva­

tion of the enzyme by Ribul-I,5-P2 in the absence of effectors. The super­

natant chloroplast fixation plus the ATP generation system was flushed with 

NZ forS minutes. When ribose-5-phosphate and bicarbonate were then a~ded, 

there was a very rapid fixation of CO2 for about 1 minute and then almost 

no fixation for the remaining time (Fig. 5). In contrast, if the ribose- 5-

phosphate was added prior to the 5 minutes nitrogen 
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flushing (to generate Ribul-l,S-P2), then addition of bica1;:'bonate resulted 

in a ruch lower rate of(J)2 fixation. This lower rate was sustained for 

SOJOO period of time. Wi t~RibUl-l, 5 ~ P 2 present during the S minutes nitrogen 

flushing a similar result was observed, although, in this case, the ,total 

fixation during the first couple of minutes was only about half as great. 

Following that time, the fixation was virtually zero. From these results 

it is clear that when the carboxylase,' mixed with the other soluble 

components from the chloroplasts,is exposed to Ribul-l,S-P2 for 5 minutes 

in the absence of effectors or bicarbonate (under nitrogen),the enzyme 

activity is greatly reduced. On the other hand, if the enzyr.e activity, 

mixed with the soluble components, is exposed for five rninutesto nitrogen 

and the Ribul-l,S-P2 is added simultaneously with the bicarbonate, the enzyme 

remains active for 1-2 minutes before it becomes inactivated. Thus, there 

is a short large fixation followed by inactivation. 

Further study of this inactivation of the enzyme following an initial 
,was 

burst of fixation/made by varying the time of addition of bicarbonate 

relative to the time of addition of Ribul-l,S-P2 following a period of 

flushing the soluble components with nitrogen (Table IV)'. With Ribul-l,S-P2 

added simultaneoUsly with bicarbonate, or either 2 or 5 minutes after addi­

tion of bicarbonate, the full initial bur~t of fLxation was seen after which 

the enzyme waS converted to its nearly inactive form, and only slow fixation 

took place. When the Ribul-l,S-P2 was added 2 minutes prior to the addition 

of bicarbonate, about half of the initial burst of fixation took place, 

lfter which the enzyme was essentially inactive. With addition of the 

bicarbrniate as long as 5 minutes after the addition of Ribul-l,S-PZ' 

the enzyme was almost completely inactive and there was no initial burst 

of CO2 fixation. The inactivation of the enzYJOO by Ribul-l,5-PZ (0.5 roM) in 

the absence of CO2 or effectors thus has a halftime of about 2 minutes. 
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Discussion 

Several aspects of regulation of Ribul~1,S-P2 carboxylase activity 

previously described for the.isolated and purified enzyme are also observed 

with carboxylase activity in the reconstituted chloroplast system, or in 

the separated soluble components of chloroplasts. However, there are also 

some interesting differences. 

The role of effectors in activating the enzyme seems to be even more 

important to the activity of the carboxylase in the total soluble components 

or reconstituted'system than it is with the isolated and purified enzyme. 

With the isolated enzyme, preincubation with magnesium and bicarbonate 

was sufficient to permit a substantial activity to be established upon 

addition of Ribul-l,S-P2 and much of this activity was maintained ~or 

20 minutes or JOOre without other effectors f14') . I 'i th the complete 

soluble component system, but without added effectors or light and lamellae, 

exposure of the enzyme activity to Ribul-l,S-P2 results in inactivation 

after about 2 minutes :in spite .of the presence of Mg2+ and bicarbonate. 

Thus it seems clear that with the reconstituted system activity of the 

'" + carboxylase is dependent upon the presence of either reduced NADP or 

6-PGluA, although the possibility of activation by reduced ferredoxin is 

not completely ruled out. 

With the isolated enzyme) exposure to6-PGluA or to a lesser extent 
2+ .' 

Fru-l, 6-P21 during the preincwnbation period with 10 mM Mg and 1 mM bicar· 

bonate resulted in considerable activation of the enzyme activity during 

subsequent assay wi~1 added Ribul-l,S-P2• However, addition of either 

6-PGluA or Fru-l,6-P2 simultaneously with Ribul-l,S-PZ resulted in com-
isolated 

petitive inhibition. M:>reover, NADPH could not activate th~/enzyme unless 

't del d d' h . b' . h b' b . (13-15) 1 was a e urlng t e prelncu atlon WIt lcar onate and magneSIum. 
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With the enzyme activity in the complete soluble components from 

the chloroplasts, activation is achieved even if the effector, whether 

6-PGluA orNADPH, is added subsequent to the presentation of the enzyme 

with Ribul-l,S-P2• The actual extent of the activation seems to vary in 

a rather complex manner wi th the order of the various additions and 

treatments of the system. Such complexity of behavior is perhaps under-' 

standable if one remembers that all of the soluble components of the 

chloroplast are present. Thus, for example, in the light with ferredoxin 

the carbon reduction cycle is operating' and regenerating various metabolic 

components of the system at any given time. Regardless of these complications, 

it seems clear that the effectors NADPH, or 6-PGluA, are of great importance 

,in maintaining the activity of the Ribul-l,S-P2 carboxylase in the reconsti­

tuted system. Presumably they are of similar importance in the intact 

chloroplasts. While it' cannot be completely decided that activation in the 

light is a consequence ,of NADPH and not of reduced 'ferredoxin, the simplest 

asSUmption, in View of all of the known properties of the enzyme, is that 

the action of light and of chloroplast membranes in activating the enzyme 

is via the reduction of NADP+ by reduced ferredoxin. Certainly this seems 

to be suggested by the failure of reduced ferredoxin toacti vate the puri­

fied isolated carboxylase. 

It should be noted that tile activation of the carboxylase by addition. 

of reduced ferredoxin or 6-PGluA subsequent to addition of Ribul-l,S-P2 

is dependent upon the presence of bicarbonate and magnesium. Thus, the 
rema;,,::; t-(,.('\((hk 

hypothesis'that inactivation of the carboxylase by Ribul-l,S-P2 in the 
t3 

absence of CO2 or bicarbonate ~ is a mechanism for raising the binding 

constant for CO2 and, more importantly, for °2, as a defense against 

.. 
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photorespiration stenuning from the oxidation of Ribul-l,S-PZ ~6 

thE" It should be noted that in the experiments (Fig. 1 dashed line) 

where the enzyme was incubated with Ribul-l,S-PZ ill the absence of bicar­

bonate and the effector was then added prior to addition of bicarbonate, 

the-activation of the enzyme was considerably less than it was when the 

effectors were subsequently added after bicarbonate addition (Fig. Z). Thus 

it is clear that presentation of Ribul-l,S-PZ to the enzyme in the absence 

of bicarbonate and effectors converts it into an inactive form 'from which 

its activity only slowly recovers, even with effectors and bicarbonate and 

magnesium present. If, as we propose, the binding of both COZ and 0z 

by the enzyme in vivo is decreased by very low COZ pressure and high 

Ribu1~l,S-PZ concentration, then the activity can be restored with the 

return of COZ at' air levels in the presence of either 6-PGluA (in the dark) 

or NADPH (in the light). 
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TABLE I 

Activation of ribulose-l,s-diphosphate carboxylase in the soluble 

chloroplast components by 6-phosphogluconate (0.5 .~ in the 

presence of 0.04% 14c02 . 

Assay cond:ltions were the same as described in Fig. 1, except that 
14 . . . 

NaH C0
3 

was replaced by a gas mixture of 0.04% 14co2 (specific activity 

20 ~Ci/um6le) and 9.9.96% nitrogen, which was continuously supplied by 

the steady-state apparatus. 

Treatment 14C02 fixation (dpm) for 

2 min 10 min 

no 6-PGluA 500 4,000 

non-preincubation 

with 6-PGluA 1,000 16,800 

preincubation with 

6-PGluA 2,500 22,000 
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Table II 

Time course of stimulation of ribulose-l,s-diphosphate carboxylation in 

the solubie chloroplast component by 6-phosphogluconate (0.5 mM) as a 

function of time of addition of bicarbonate. 

Preincubation and non-preincubation conditions were the same as 

described 'under ''Methods''. However, the addition of 1 mM NaH14C03 in 

the case of non-preincubation with 0.5 mM 6-PGluA was simultaneous 

with 6-PGluA or was 2 or 8 minutes later. 

Treatment 

no 6-PGluA 

P!eincubation with 

6-PGluA, • 

non-preincubation with 

6-PGluA: addition of 

NaH14C03 after 

° min 

2 min 

8 min. 

2 min 

2,300 

12,000 

4,500 

8,000 

10,000 

l4C02 fixation (dpm) for 

,,' 

10 min 

11,500 

92,000 

36,000 

60,000 

74,000 

20 min 

21,000 

136,000 

58,000 

86,000 

115,000 
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Table III 

Activation of ribulose-l,S-diphosphate carboxylase in the soluble 

chloroplast components by NADFH in the presence of 1 roM NaH14C03 
and a Ribul-l,5-P2 generating system 

Treatment 14C02 fixation· (dpm) for 

2 min 10 min 20 min 

no NADPH 7,000 19,000 28,000 

. preincubation with: 

0.01 mM NADPH 10,000 24,000 40,000 

0.1 roM NADPH 13,500 34,000 55,000 

0.5 roM NADPH 18,000 41,500 64 ,000 

1.0 JIM NADPH 35,000 71 ,000 86,000 

• 
non-preincubation with: 

1.0 roM NADPH 11,500 2~,SOO 45,000 
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Table IV 

Inactivation of ribulose-l,s-diphosphate carboxylase in the soluble 

chloroplast components by Ribul-l,s-PZ during varying times of addition 

of Ribul-l,s-P
Z 

(0.5 roM) relative to the time of addition of NaH14C0
3 

(1 roM) 

The substrate for the carboxy1ati9n reaction was supplied as Ribul-l,s-PZ 
(0.5 roM) • All effectors were omitted. The additions of Ribul-l,5-PZ (except 

for the first line) occurred'after the 5 minutes nitrogen flushing period. 

Treatment 

addition of Ribul-l,S-P2: 

prior to NZ flushing 

5 min prior to Nru1l4c0
3 

2 min prior to NaH14C03 

simultaneously with 

NaI'JaH14C0
3 

2 min after addition 

of NaH14C03 

5 min after addition 

of NaH14CO 
3 

14002 fixation (dpm) for 

1 min 2 min 

zoo 3Z0 

77 78 

16,600 zo,ooo 

Z6,700 34,100 

35,000 35,000 

31,300 3Z,000 

10 min 

690 

78 

zo,ooo 

34,700, 

35,500 

33,000 
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FImRE CAPTIONS 

Fi~re 1 

Activation of ribulose-1,S-diphosphate carboxylase in the soluble chloro­

plast components by 6-phosphogluconate in the presence of 1 roM NaH14C03 
(specific activity 17 ~Ci/~rnole) and the Ribul-l,S-P2 generating system. 

6-Phosphog1uconate (0.5, 0.1 .m\{) was added to the soluble chloroplast 

protein solution either before addition of the Ribul-1,S-PZ generating 

system (preincubation: solid lines; see "Methods") or after the genera-

tion of Rihul-1,S-P2 (non-preincubation: dashed lines). The generation 

of Ribu1-1,S-P2 fl'om 0.5 roM Rib-S-P was initiated upon addition of ATP. 

Fi@.re 2 

Activation of ribulose-1,S-diphosphate carboxylase in the soluble 

chloroplast components by 6-phosphogluconate in tne presence of 0.04% l4C02 

(specific activity 20 ~Ci/~mole) and the Ribu1-l,S-PZ generating system. 

X preincubation with 6-PGluA (0.5 roM) 

o preincubation with 6-PGluA (0.1 mM) 

• A 6-PGluA (O.s.rnM) added after lOminutes photosynthesis 

a 6-PGluA (0.1 roM) added after 10 _minutes photosynthesis 

4t Control. no 6~PG1uA addition 

See ''f-,1ethods'' for description of "preincubation". 

Figure 3 

Activation of ribulose-l,s-diphosphate carboxylase in a reconstituted 

chloroplast system. Effect of light and 6-phosphogluconate (0.5 rnN.O. 

In addition to the components of the standard assay procedure described 

... 
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, under "Methods", the reaction mixture contained the following components 

in a final volume of 0.5 m1: spinach ferredoxin, (Fd) so ~g (added sirnul-

taneously with the soluble protein solution); chloroplast lamellae with 

29 ~g chlorophyll (added after addition ofATP). The reaction mixtures 

were prei1luminated for 5 ~utes prior to the addition of I mM NaHI4C03. 

Controls were kept in the dark as indicated. Reaction mixtures with 

6-PGluA were all preincubated. 

Fi@.re 4 

Activation of ribulose-I,S-diphosphate carboxylase in a reconstituted 

chloroplast system in the presence of continuous light and with periods 

of 1 ight, dark and then 1 ight • 

The test conditions were the same as in Fig. 3, except that the 

Ribul-l,S-P2 generating system is replaced by O.S ~1 Ribul-l,S-Pz. 

The light-dark and dark-light transitions ate indicated by arrows. 

Figure S 

Time course of inactivation of ribulose-I,S-diphosphate carboxylase 

in the soluble chloroplast components by Ribul-l,S-PZ in the absence 

of effectors. Ribul-l, s-p Z or the Ribul-l ,S-P Z generating system (Rib-S-P 

as primer) were added either prior to the 5 minutes nitrogen flushing 

period (solid line) or after the flushing period (dashed line). The 

.' . d . th 1 _16 NaH14C0
3

. experlment was carrle out Wl IIU'1 
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_---------LEGAL NOTICE-----------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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