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ABSTRACT 

Ribulose-l ,S-diphosphate carboxylase (RuOPCase,2 E.C. 4.1 .1.39) iso

lated from spinach is metabolically regulated at 10 mt1 t~g+2. and. low CO2 

concentrations by its substrates (RuOP and CO2) and by effectors which 

include 6-phosphogluconate (6-PGluA), NAOPH, and fructose-l,6-diphosphate 

(FOP), but not fructose-6-phosphate. Physiological concentrations of RuOP 

severely inhibit the enzyme activity when the enzyme has not been preincu

bated with HC0
3
- and Mg+2, and this inactivity persists for 20 min or longer 

after HC0
3
- (1 mM) and Mg+2 (10 mtt) are added. Maximum activity requires that 

the preincubation mixture also include either 0.01 mt·1 6-PGluA or 0.5 mM NAOPH. 

Hhen the enzyme, prei ncubated with HC0
3 

-. and t·1g +2, is presented 

simultaneously with RuOP and either 6-PGluA or FOP, this latter compound 

gives simple .competitive inhibititin with RuOP~ having Ki values of 0.020 

and 0.190 respectively. NAOPH or PGA at physiological concentrations do 

not have any effect when presented simultaneously with RuOP. Other studies 

on the order of addition of substrates and effectors, concentration effects, 

and kinetics provide additional information whicn serves as a basis for a 

proposed model of allosteric regulation combined with competitive inhibi-

tion. 

In this model, there are catalytic sites at which the substrates and 

6:'PGluA and FOP can hind, and at least four allosteric regulatory sites, 

which we designate I, Al' A2, and A3, RuOP binds very tightly to site (I). 

2Abbreviations: RuOPCase: ribulose 1,5-diphosphate carboxylase; 

RuOP: ribulose 1 ,S-diphosphate; ·PGA: 3-phosphoglycerate; 6-PGluA; 

6-phosphogluconate; FOP: fructose 1,6-diphosphate~ 
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(in the absence of M9+2 or HC0
3
-) , causing a conformational change in the 

protein to an inactive form which persists for as long as 20 min in the 

+2 - ( +2 - ( subsequent presence of Mg and HC03 1 nt~). Mg and HC03 .or CO2) bind 

to site A3 (in the absence of RuOP) , holding the enzyme in an active form 

which has a much lower affinity for RuOP at site (1), so that when physiologi

cal levels of RuOP are then added, only part of the e~zyme activity is lost. 

This active form of the e,nzyme can bind 6-PGluA or FOP at site Al and NAOPH 

at site A2 during preincubation with Mg+2 and HC03- With optimal levels 

of bound effectors, 6-PGluA or NAOPH, enzyme activity is fully maintained, 

even when RuOP is subsequently added. Without one of these effectors present" 

addition of RuOP follo\'dng preincubation reduces enzyme activity to about 40% 

at the levels of substrates and effectors studied. FOP is a much poorer 

effector, and this is ascribed to a possible binding of FOP at site (I), 

as well as at site Al . 

The physiological 'role of this regulation is discussed, particularly 

with respect to protection of IC-3" plants against oxidation of RuOP to 

phosphoglycolate. 
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\~hen ribulose 1,S-diphosphate carboxylase (RuDPCase) is presented 

with physiological levels of one of its substrates, ribulose 1 ,S-diphos

phate (RuDP), in a medium in which either CO2 and bicarbonate, ?r Mg+2 

ions have been kept at very low concentrations, the enzyme is inacti

vated. That is, its activity when 1.0 mM HC0
3
- and Hg+2 are then added 

is less than 10% of that of the fully active enzyme (10). This inactivity 

of the enzyme pers i s ts for more than 20 mi n wi th 1 ~1 HC03 - and Mg +2, 

although the enzyme can be rapidly activated in the presence of high 

. levels of HC03- (.£.JL:.., 50 mM). In contrast, when the enzyme is prein

cuba ted with Mg+2 (10 ~1) and 1 mM HC0
3
- for 5 min, the enzyme is fairly 

active, and remains so for 20 min or longer after the same levels of 

RuOP are added to start the reaction. 

The activity of the HC03-~ and M9+2-preincubated enzyme can be 

further increased nearly threefold by the inclusion in the preincubation 

and assay mixture of either 0.10 mM 6-phosphogluconate (6-PG1uA) or 0.5 roM . 

NAOPH. Smaller activations (about 50%) are seen if 0.1 m~ fructose 1,6-

diphosphate (FOP) or 0.5 mM 3-phosphoglycerate (PGA) are included in the 

preincubation and assay mixtures. None of these activations are additive 

when the concentrations giving the maximum effects are present. At con

centrations above 0.1 roM, the activations due to 6-PGluA or FOP fall off, 

and at levels of these effectors above 1 mM they become inhibitory. 

Either 0.1 mM 6-PGluA or FOP are inhibitory when added after or simul

taneously with the RuOP to the inactive form of the enzyme (the form of 

the enzyme when it has not been preincubated with HC0
3
- and Mg+2} (9,10). 

Neither NADPH nor PGA cause less activation when present in preincubation 
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and assay mixtures at concentrations up to "2 mM, and neither is appre-

ciably inhibitory when added to the non-preincubated enzyme. 

By inclusion of either 0.5 m'1 NAOPH or 0.05 6-PGluA, or bot~, in 

the preincubation and assay mixtures, it becomes possible to obtain a 

good plot of l/v vs. 1/(HC03-) which allows an accurate apparent ~ for 

HC03-to be calculated as 2.8mr~. This concentration of HC03- corresponds 

to a CO2 pressure of about 0.3% at pH 7.8 and 25°C. 

These effects of substrates and other metabolites on enzyme activity 

can be explained by a model assuming a11ost.eric regulation by substrates 

and metabolites, as"well as competitive inhibition by 6-PGluA and FOP. 

A preliminary description of this model was previously given (10,11). 

Some features of thi s model, such" as the long-term i nactivati on of the 

enzyme by physiological concentrations of" one of its substrates, appear 

to be unusual. In this report we present additional kinetic data on the 

enzyme activity and further discussion of the model and of the physiologi

cal role of this regulation. 

EXPERIMENTAL 

Enzyme isolation procedure and detailed assay methods were given in 

a previous report (10). Preincubation was for 5 or 10 min as specified 

with 10 mM ~1g+2 and 1 mM NaH l4C0
3 

at pH 7.B. These concentrations of 

Mg+2 and HC03- were also used in all ass?ys (except in Km determinations 

for HC03~)' The specific radioactivity of l4C is indicated vlith the data. 

Levels of RuOP and other metabolites are given with the data for each 

experiment~ 
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RESULTS 

Effect of RuDP Concentrations on Activation by Preincubation with 

Effectors. In previous studies, the level of RuDP in the assay mixture 

has usually been 0.5 mM, a level judged to be physiological on" the basis 

of in vivo steady-state studies with Ch10rella pyrenoidosa (4). When 

the level of RuDP is lowered, the activation due to preincubation of the 

enzyme with 6-PGluA or NADPH is reduced (Table I), As the concentration 

of RuDP in the assay is lowered, activation due to preincubation decreases 

less for NADPH as effector than for 6-PG1uA as effector. 

Effects of RuDP Concentration on Kinetics With and Without Preiricu

bation. When the enzyme was assayed following preincubation with HC0
3
-

+2 and Mg ,the reaction rate increased with increasing RuDP concentration 

up to 0.5 mM (Fig. 1). The fact that the rate appears to decrease more 

rapidly with time when the -RuDP concentration is low (0.05 mM) is due to 

using up of this substrate, and thus is not in conflict with the model 

proposed later (as it would be otherwise). When the enzyme is not prein-

+2 -cuba ted with Mg and HC03 ' and thus starts out in the "inactive" form, 

the rate is actually higher with the lowest levels of RuDP, and increases 

more with time. This is strong evidence in support of the proposal for 

inhibition of the enzyme activity by allosteric binding of RuOP. 

Inhibitor Binding Constants for 6-PGluA and FOP. As noted earlier, 

the activating effects of 6-PGluA and FOP (as well as of NAOPH and PGA) 

are seen only when these effectors are present in the preincubation 

mixture. When they are added simultaneously with RuOP, inhibitions are 

observed wi th all concentrati ons of 6-PGl uA and FOP. A series of assays 

were performed in which the concentrations of effectors added together 

... 
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with RuOP were varied at each of several levels of RuOP. Plots of l/v 

~ 1/ (RuOP) for 6-PG1 uA (Fi g. 2) and for FOP (Fig. 3) show that each of 

these compounds is a competitive inhibitor of RuOP at the active site. 

Under these conditions FOP and 6-PG1uA are not acting as effectors, so 

that their competitive inhibitory activities are unmodified. The Ki for 

6~PGluA is 0.02 mM, while the Ki for FOP is 0.19 mM. The binding of 

6-PGluA is thus about 10 times stronger than that of FOP. The K for RuOP . . m 

in these experiments was calculated to be about 0.035 mt·1. This is of 

course much higher than the Kd reported by Hishnick et ~ (25) to be 

0.001 mM, which we now believe to be the binding constant for RuDP at the 

allosteric binding site for RuOP under non-preincubation conditions. 

Kinetics of Preincubated Enzyme With Effecto~ Present During Preincu

bation or Added With RuOP. As already mentioned, the effectors must be 

present during preincubation of the enzyme with HC0
3
- and M9+2 to be effec

tive. Even up to 18 min after the start of the reaction with RuOP, the 

presence of effectors added simultaneously with RuDP causes little or no 

effect (Fig. 4). The level of 6-PGluA used in this experiment (0.05 mM) 

caused very little inhibition in the presence of 0.05 mM RuDP, consistent 

with the results in Figure 2. The data in Figure 4, together with those 

in Figure 1, illustrate the persistence of the several. levels of activity 

of the enzyme, once RuDP is added and the reaction is started. 

Interaction of Effectors and Sub$trates. In order to learn more 

about the possible interaction of RuOP and of effectors with the enzyme, 

especially at the proposed regulatory sites, the combined effects of the 

effectors added at differing times during the preincubation was examined 

(Table II). As before, either 0.05 mt~ 6-PG1uA or 0.5 mt>1 NADPH increased 
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the activity of the preincubated enzyme nearly threefold (lines b,c). 

Also, 0.25 mM FOP in the preincubation mixture increased the activity 

by 1/2 (line n), but 1.0 mM FOP in the preincubation mixture with either 

6-PGluA or NAOPH abolished the stimulation due to either 6-PGluA or NAOPH 

(lines d,e and f). However, when 1.0 !TIt., FOP was added simultaneously with 

RuOP, only a slight inhibition of enzyme preincubated with f19+
2 and HC0

3 

alone was seen, and the activation due to 6-PGluA or NAOPH when present 

in the preincubation mixture was only slightly inhibited (lines g,h and i). 

With either NAOPH or 6-PGluA present during the entire 10-min preincubation, 

but with 1 nt-1 FOP added for only the last 5 min of preincubation, the acti

vation of the subsequent reaction was reduced to 74% or 88% (lines j and k). 

However, if the order of addition was reversed, and FOP was added first and 

either NAOPH or 6-PGluA was added later, the attivation due to effectors 

was entirely abolished (line 1 and m). Finally, most of the 50% activa-

tion seen with 0.25 mM FOP present in the preincubation period is retained, 

even if another 0.75 mM.FOP is added simultaneously with RuOP (lines nand 

0). Thus, although the presence of 1.0nt-1 FOP in the assay mixture is 

slightly inhibitory, as seen previously, the activation due to 0.25 mM 

FOP being present in the preincubation mixture is not significantly and 

immediately negated by addition of 0.75 mM FOP once the reaction is 

started. 

When the enzyme is first preincubated with 0.05 mM 6-PGluA for 5 min, 

and 1.0 mr·1 FOP is then added, inacat;vation due to the FOP occurs slowly 

over a period of many minutes (Fig. 5). Similarly, when the enzyme is 

first preincubated with 1 mM FOP and 0.05 mM 6-PG1uA is then added, there 

is a slow, small activation of the enzyme. 

i 
I 

"j 
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DISCUSSION 

Although RuDPCase has been known for 20 years and has been exten

sively studied and its properties revie\'1ed (12,15,23), the specific type 

of allosteric behavior described in this and our tv/O previous reports 

(10,11) has largely escaped notice. Probably this is due to the fact 

that, although Pon et ~ (19) first reported the increased activity of 

RuOPCase fo 11 owi ng rrei ncubati on with t·1g +2 and HC0
3 

- in 1963, many 

workers have paid little attention to this effect in their studies. 

Furthermore, the enzyme has often been assayed \'1ith very hi gh and 

unphysiological levels of HC0
3 
- such as 50 mt-1. Hith 50 mM HC0

3
-, the 

inactivation of the enzyme by RuDP is quickly overcome (10), so that the 

effects we have described would not be seen. 

Mention of the activation of the enzyme when 6-PGluA is present 

in the preincubation mixture was made by Buchanan and Schurmann (8) in 

their report on activation of the enzyme by fructose-6-phosphate (F6P) 

and inactivation by FDP. They also reported substantial activation by 

ribulose-5-phosphate, ribose-5-phosphate, xylulose-5-phosphate and various 

other compounds. We are unable to find any significant activation (more 

than 20%) wi th F6P or ri bose""S-phosphate, ei ther \'d th or without prei ncu- . 

bation under our assay jconditions which include 10 nH Mg+2 and 1 rnM HC0
3 

(10,11). While'we do find competitive inhibition with FOP when the level 

is above 1 mM and it is not included in the preincubation mixture, we 

also find activation when the level of FOP is 0.25 mt1 (which we believe 

to be in the physiological range or above it), provided the FOP is 

included in the preincubation mixture. The differences between the 

results of Buchanan and Schurmann and the results obtained by us and 
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by others (2) are difficult to evaluate, since Buchanan and Schurmann have 

not provided certain details of their experimental conditions, especially 

the critically important preincubation times, and times of addition of the 

other components in the reaction mixture. The only kinetic da~a in their 

report suggest that the apparent stimulatory effect of F6P is a short

lived effect, with a drastic decline in rate after 5 min. Since the 

activity of the enzyme can vary greatly during several minutes of preincu

bation with t1g+2 and HC0
3 

and with effectors, widely varying results can 

be obtained if these preincubation times are not precisely controlled. 

The RuDPCase molecule, with ~ molecular weight of 560,000 daltons 

and 16 subunits (8 at 55,000 da1tons and 8 at about 15,000 daltons) 

(21,22,24,25) clearly appears to have the structural complexity which 

could accommodate complex metabolic regulation. Nishimura and Akazawa 

(16) have been able to dissociate the molecule into its subunits and 

demonstrate that the catalytic activity resides in the larger subunit, 

\'1hile one type of r,egulator,v activity, a shift in pH'optimum with Mg+2 

concentration (5), resides in the smaller subunit. Moreover, a ternary 

complex of enzyme, CO2, and Mg+2 has been demonstrated (1). Since the 

regulatory activities we report are dependent on preincubation with both 

+2 -Mg and HC03 ' they might also be located on the smaller subunit, but 

we have no independent evidence on this location. 

Incorporating the data from our previous report (10,11) and the 

present study, we propose that in the absence of ng+2 plus bicarbonate 

ions, the enzyme RuDPCase binds RuDP very tightly at an allosteric site' 

or sites [Site (I)J. This binding of RuDP may have a constant of less 

than 0,001 mM.(25). The enzyme undergoes a conformational change to a form 

'. 
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iii which th~ ~for CO 2 is high (corresponding to an apparent ~ for HC03-

of 20 mM) and the enzyme is reduced in acti vity to a small fracti on of 

its potential acti vity in the presence of 1 mt·1 HC0
3 

Moreover, this 

form of the enzyme is persistent in the presence of 1 mM HC0
3

- and 10 mM 

Mg+2. Under these conditions, the already small activity of the enzyme 

is further inhibited (competitively) by 6-PGluA and FOP. Other chloroplast 

metabolites are largely without effect when present in physiological levels. 

The inactive form of the enzyme, with RuOP on the allosteric binding sites, 

is unable to bind 6-PG1uA, NAOPH, FOP or PGA at allosteric binding sites. 

- +2 Over a long period of time \l/ith 1 mM HC0
3 

and r·1g ,the enzyme would -

gradually regain activity (see Fig. 4). This would come about presumably 

by the gradual conformational change to the more active form as CO2 and 

~lg2+ bi nd to more sites on the enzyme through a sort of "boots trap II opera

tion, in which each binding of CO
2 

and Mg+2 would increase subsequent binding 

of more CO
2 

and Mg+2. 

When the enzyme is preincubated with ~'g+2 and 1 mM HC03 for 5 min 

or more (10), the ternary complex of Mg+2, enzyme, and CO2 is assumed to 

form at one or more sites (A
3

) on the enzyme leading to a conformational 

change to an active form with a 101'/ ~ for CO2, Since the higher activity 

of the enzyme is persistent in the presence of RuOP, this conformation 

must have a smaller tendency to bind RuOP at site (I). Nevertheless, once 

0.5 mM RuOP is added and the reaction started, the activity of the enzyme 

falls off a little with the first few minutes, and in any case is much 

less than the maximum achieved when an effector; 6-PG1uA or NAOPH, is 

included in the preincubation mixture. Also, as reported earlier (11), 

the ~ for HC03- is higher at low HC0
3
- concentrations if the effector is 
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not present. These effects indicate that some RuOP does bind at allosteric 

binding site (I) when it is added following preincubation, and some confor

mational change in the direction of the inactive form does occur in the 

absence of effector. We conclude, therefore, that an effector, 6-PGluA or 

NADPH, can bind at some allosteric binding sites (Al ,A2) in such a way as 

to prevent RuOP binding at site (IY, and that the effectors, in the presence 

of 1 mM HC0
3
-and M9+2, prevent inactivation by RuOP of the most active form 

of the enzyme. Aiso, FOP and PGA can bind at a site such as A
l

, but are 

less effective than 6-PGluA or NAOPH. 

Another observation is important to an understanding of the various 

effects of substrates and effectors. The two compounds bearing structural 

similarities to RuOP, namely, 6-PGluA and FOP, exhibit typical competitive 

inhibition with RuOP at the catalytic site. The K. 's for 6-PGluA and FOP 
1 . 

are 0.020 mM and 0.19 roM respecti ve ly, whil e the Km for RuOP is 0.035 mN. 

Presumably each binding is rapidly reversible and without significant con

formational effect on the enzyme molecule. In contrast, the effectors, 

6-PGluA, NAOP, and- FOP, and the substrate, RuOP, bind tightly and some

what irreversibly to the allosteric binding sites. The concentrations of 

NAOPH, 6-PGluA~ and FOP which give half the maximum activation when present 

in the preincubation-mixture, are 0.20 mM, 0.007 mM, and 0.015 roM, respec

tively. 

Data in Table II are particularly illustrative of the nature of binding 

at the allosteric sites. Although 0.25 m-" FOP in the preincubation mixture 

stimulates activity about 45%, a level of 1.0 mM FOP gives about the same 

activity as preincubation without effector, for reasons discussed below. 

If 1.0 mM FOP is' added in the preincubation mixture at the same time as 
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0.05 mM 6 ... PGlu/\, the resulting activity (equal to the preincubation without 

effector) shows that FOP was bound to the allosteric sites and prevented 

binding by 6-PGluA at its 20 times 10\'/er concentration. Similarly, 0.5 mM 

NAOPH in the preincubation mixture is without effect in the presence of 

1.0 mM FOP due to the higher binding constant for NAOPH. However, if the 

same amounts of these effectors are used, but the FOP is added 5 min later 

than the 6-PGluAor the NAOPH, over half of the activation seen without FOP 

addition is retained. Finally, when the FOP is added only at the same time 

as RuOP (after 10 min preincubation with'6-PGluA or NAOPH); none of the 

. activation is abolished, although a small amount of competitive inhibition 

results in a slight decrease in activity. From these results, it is clear 

that among the three effectors, the first one bound onto the enzyme tends 

to stay there, and is not readily displaced even by excesses of a potential 

displacing effector. The final two lines of Table II show that FOP bound 

at the allosteric site remains there and is not displaced when RuOP is 

added; also, the subsequent addition of additional FOP merely causes the 

small expected competitive inhibition. 

Looking more closely at these data in Table II, we see an anomoly 

(with respect to the model so far presented) which bring us to the question 

of the number and nature of the allosteric binding sites. He have explained 

the fact that 1.0 m~1 FOP in the preincubation mixture (line d) gives approxi

mately the control activity. Hhen only 0.25 mf'.1 FOP is present in the pre

incubation mixture) we see an activation of 55% (line n). One would predict 

that the addition of the remaining 0.75' mM FOP to give a total FOP concen-

tration of 1.0 mM in the assay mixture would cause enough competitive inhibi-· 

tion to bring the activity back to the level seen with 1.0 nV~ FOP from the 
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start. In actuality~ the enzyme is still activated 45% (line 0).' Thus 

we are forced to the conclusion that FOP in the preincubation mixture has 

an additional inhibitory effect beyond that expected from competitive 

inhibition. One way of explaining this is to recall that the ~llosteric 

binding site for RuDP (binding of RuDP leading to inactivation) is different 

from the allosteric binding sites Al and A2 for 6-PGluA and NAOPH (binding 

of these effectors leading to activation). FOP may bind to the activating 

site (Al ) at lower concentrations, but as the concentration incre~ses could 

also bind to the inactivating site (I), thus negating some of its activating 

effect. Since \'ie have already proposed that the RuOP binds very tightly to 

the allosteric binding site (I), and preincubation inhibition due to FOP is 

only seen at very high concentrations of FOP, it is clear that FOP binds 

very poorly to site (I). In fact, this probably is not an important 

physiological mechanism since the concentrations of FDP required are higher 

than physiological. With this more complex model, it is important to remem

ber that binding at Al or A2 decreases binding at (I), and binding at (I) 

decreases binding at Al or A
2

. These stipulations are required to explain 

the long duration of preincubation activation and inactivation effects. 

Considering the structural dissimilarities beb'Jeen 6-PGluA and NAOPH, 

and the specificity for these compounds (NAOP+, NAOH, glucuronic-6-phos

phate,'and ~ther metabolites resembling 6-PGluA and NAoPH are inactive), 

we find it reasonable that there are at least tvlO different activation 

catalytic sites, Al and A2. However, just as the inactivating and acti

vating sites are interdependent, with binding at one decreasing binding 

at the other, or at least abolishing the effect of binding at the other, 

we must also suppose that sites Al and A2 are interdependent in that the 



-15-

maximum effects due to binding of NADPH and 6-PGluA are not additive. 

In this model ,~e suggest that FDP can bind at Al (6~PG1uA site) as well 

as bindin9 poorly at site (I), Possibly PGA also binds at site A1. 

NADPH would bind at site A2. Saturation binding at either site produces 

the full activating effect, and when one activation site is already fully 

bound, binding at the other activation site causes no additional activa

tion. Since FDP may be able to bind at either A2 or poorly at (1), its 

activating effect is less than that of the other activators at lower con-

centrations, while at higher concentrations its activating effect is 

abolished. 

The activation effects due to effectors can only be seen if the enzyme 

is preincubated with HC0
3
- and Mg+2. We suggest that the preincubation 

with only 1.0 mM HC0
3

- and Mg+2 fully activates the enzyme, but that addi

tion of 0.5 mM RuDP to start the reaction partially inactivates the enzyme 

due to some binding of RuDP at site (I). The rate falls off during the 

first 5 min, and this could be due to further binding of RuDP at site (I). 

- +2 In other words, activation with 1.0 mM HC0
3 

and Mg alone does not com-

pletely prevent binding of RuDP at the inactivation site (I). Binding of 

6~PGluA, or to a lesser extent of FDP or PGA, at site Al , prevents this 

bi ndi n9 of RuDP, as does bi ndi ng of NADPH at site A2. Consequently, once 

the enzyme has been fully 'activated in this way, it becomes possible to, 

obtain linear l/v vs. 1/(HC0
3
-) kinetics since the enzyme is no longer 

partially inactivated by RuDP at 10\'1 concentrations of HC0
3
- and reacti

vated by hi gh concentrations of HC0
3 
-. 

From Figure 1, it is clear that even 0.05 mf'~ RuDP is enough to 

severely inactivate the enzyme, and this is not surprising if the dis

sociation constant from the site (I) is indeed lower than 0.001 mM. 
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However, once the enzyme is activated by preincubation with Mg+2 and 

1 mM HC03-(but without other effectors) even such high levels of RuDP 

as 0.5 mM cause only partial inhibition. We conclude therefore that as 

a result of the conformational change whereby the activation occurs there 

is a large increase in the binding constant for RuDP at site (I). Thus, 

over a very wide range of concentrations, HC0
3
- and RuDP can exert 

opposing influences on the activity of the enzyme. Probably the reported 

substrate inhibition by levels of RuDP above 0.7 mM in the presence of 

50 ~1 HC03- (18) is an extension of these effects into the non-physiological 

range, 

The model we have proposed here is designed to explain the various 

characteristics described in this and our previous reports. Despite its 

complexity, it appears to be the simplest model we can devise consistent 

with these characteristics. It may not be the only model satisfying these 

conditions. 

Physiological Siqnificance. As suggested in our previous report, 

activation of the RuDPCase by Hg+2, HC0
3
-, 6-PGluA, and NADPH can play 

an in vivo role in activating and keeping the enzyme active at the end of 

a period of darkness and during an ensuing transition in the light (11). 

We have estimated the level of NADPH in illuminated, photosynthesizing 

spinach chloroplast to be in the range of 0.3 toO.S mM, assuming the 

stroma or aqueous space inside the chloroplasts to be about half the total 

volume. Studies with Ch10rella indicate the concentration of 6-PGluA to 

be around 0.05 rnf'.-1 duri ng peri ods of darkness (4). These are ranges shovm 

to be capable of activating the enzyme in our previous report. There 

remains the important question of why the RuDPCase should be inactivated 

when presented with RuDP, one of its substrates, in the absence ~f HC0
3
-. 
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When the isolated enzyme ~s exposed to atmospheric 02 and RuDP at 

low levels of CO2, 02 binds to the enzyme competitively with CO2, Fol

lowing this binding of °2 1 there is an oxidative attack on the RuDP 

leading to formation of phosphoglycolic acid and PGA (7,13,14); In whole 

cells, phosphoglycolate is converted to glycolate which is lost from chloro

plasts and in higher plants serves as a substrate for photorespiration. In 

Chlorella glycolate may be mostly excreted into the medium. While there , , 

is some controversy over the importance of RuDP oxidation as a route to 

glycolate in photorespiration, it seems likely that at least a part of the 

glycolate formed.i!!. vivo is made this way (3). Certain tropical plants 

which exhibit IIC-411 metabolism have a mechanism for maintaining a higher 

l~vel of CO2 in~ide chloroplasts, thus perhaps avoiding a part of photo~ 

respiration due to this mechanism. It has not been known what defense, 

if any, other plants might have against this type of oxidation of RuDP. 

Data in this and our previous report indicate that the inactivation of 

RuDPCase at very 101'1 levels of HC0
3
- and in the presence of RuDP is accom

panied by an increase in the binding constant for CO2, Since 02 binds 

competitively with CO2 (6,17), it is reasonable to suppose that the binding 

of 02 is also affected in the direction of less binding by the conformational 

change, and that this is in fact the primary reason for the regulatory 

inactivation. Recently, it has been reported that the oxygenase activity 

of RuDPCase is in fact enhanced through preincubation of the enzyme 

with 6-PGluA, and is inhibited when 6-PGluA is added to the enzyme along 

with RuDP (?O). This is of course exactly what would be predicted if the 

active form of RuDPCase binds 02 as well as CO2 more tightly than the 

i nacti ve form of the enzyme. We have sho\'/n that the apparent I<,n for HC0
3
-
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is lowered at low concentrations of HC0
3 

by preincubation \'/ith t1g+2, 

HC03-, and 6-PGluA, Moreover, Bassham and Kirk (3) found that when photo

synthesizing C~lorella were suddenly exposed to 100% 02 and no CO 2, the 

rate of formation of phosphoglycolate from RuDP was rapid during the first 

minute and then dropped rapidly, as would be expected if the 02 binding of 

the RuDPCase were decreasing (the binding constant increasing).~ Probably 

this mechanism for minimizing the oxygenase effect on RuDPCase is of great 

importance to I1C .. 311 plants, and is one reason why the larger part of glyco

late formed in such plants may come from another source than oxidation of 

RuDP. 
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Table I. Effect of RuDP Concentrations on Activation !1t Preincubation 

with Effectors 

The enzyme was preincubated with the effector in the presence of 

14 NaH COa (1 mM, 4. 1 ~ch.lmo 1 e) and 10 rnM MgC1 2 for 5 min before ·the addi-

tion of RuDP to initiate the reaction. 

RuDP, mf.1 

0.25 

0.125 

0.05 

0.025 

H2O 

26.5 

24.3 

21.9 

15.5 

Activity* x 10').3, ":cpm '. 
Effector 

6-PG1uA, 0.05 mM 

74.1 

60.7 

35.9 

18.6 

*The activity was measured in 5 min of reaction. 

NADPH', 0.05 mM 

39.0 

35.4 

29.4 

20.0 
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Table II. Combined Effects of Two Effectors on RuOPCase Activities 

The enzyme activities \'Iere assayed according to the fol1owin~ scheme: 

Line 

a 

b 

c 

d 

e 

f 

9 

h 

i 

j 

k 

1 

m 

n 

0 

14 NaH C0
3

, MgC1 2, enzyme 
After 5min, 

second 
effector 
added" and"first effector 

H2O .---

6-PG1uA, 0.05 roM 

NADPH, 0.5 roM 

FOP, 1 roM 

6-PGluA, 0.05 mM + FOP 
1mM 

NAOPH, 0.5 mM + FDP, 1 mM 

H2O 

6-PGluA, 0.05 mN 

NAOPH, 0.5 mN 

6-PGluA, O.OS mr~ FDP, 1 mM 

NADPH, 0.5 roM FOP, 1 mM 

FOP, 1 mM 6-PG1uA, O.OSmM 

FOP, 1 roM NAOP H, O. 5 roM " 

FOP, O. 2S rJltI1 

FOP, 0.25 mM 

*RuDP concentration was 0.5 roM. 

After 1Q min, 
reaction 

started with', 

RuDP* 

RuDP 

RuDP 

RuDP 

RuDP 

RuOP 

RuDP+FOP, 1 mM 

RuDP+FOP, 1 mt.1 

RuDP+FOP, 1 mM 

RuDP 

RuDP 

RuOP 

RuOP 

RuDP 

RuOP+FOP, 0.75 roM 

**The control was 11,000 cpm with S min of reaction. 

NaH14c03 = 1 roM (1.511c/}lmo1e); ~1gC12 = 10 mM. 

relative 

acti vity, % 

100** 

275 

265 

95 

100 

104 

85 

250 

240 

188 

174 

101 

104 

'155 

145 
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Figure Captions 

Fig. 1. The effects of RuOP on preincubated and non-preincubated 

enzyme. The carboxylation reactions were started by additions of dif

ferent concentrations of RuOP to enzyme which had been preincubated with 

MgC1 2 and NaH14co
3 

(1 mH, 2.0 ;c/llmo1e) for 5 min {open markers). The 

reactions were initiated by adding the non-preincubated enzyme to the 

reaction mixtures which contained the same amounts of ingredients as in 

the above reactions (closed ~arkers). 

Fig. 2. Inhibition of RuOPCase by 6-PG1uA. The reactions were 

started by additions of the mixtures of RuOP and 6-PG1uA to the enzyme 

which had been preincubated with MgC1 2 and NaH14c03 (1 mM, 1.4 llc/llmole). 

Preincubation time: 5 min; reaction time: 5 min; concentrations of 

6-PG1uA are indicated in the figure. 

Fig. 3. Inhibition of FuOPCase by FOP. The reactions were started 

by additions of the mixtures of RuOP and FOP to the enzyme which had 

been preincubatedwith MgC1 2 and NaH14c03 (lmM, 1.4 llc/llmo1e).Preincu

bation time: 5 min; reaction time: 5 min; concentrations of FOP are 

indicated in the figure. 

Fig. 4. Fixation of 14C02 via the carboxylation reaction with dif-

. ferent assay methods in the presence of effector vs. the time of reaction. 

The reactions were started by adding RuOP to the enzyme which had been 

preincubated with MgCl z and NaH14c03 in the presence of either 6-PGluA 

(o-o) or NAOPH (A-ill. Other reactions were started by adding the mixture' 

of RuOP and 6-PGluA (.-,-..) or RuDP and NAOPH {A-i} to the eniyme which had 
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Figure Captions (Cont.) 

been preinc~bated with MgC1 2 and NaH14c03). The control reaction is 

. ·14 
shown by X-· :x .. Preincubation time: 5 min; r~aH C0

3
: 1 ml>1, 1.08 

llc/llmole; NADPH: 0.5 mM; 6-PGluA: 0.05 mM; RuOPCase: 15 llg.· 

Fig~ 5. The effects of 6-PG1uA activation and FOP deactivation. 

The enzyme was first preincubated in separate vials with 6-PG1uA in the 
, 14 

presence of MgC1 2 and NaH C03 (1 n~, 0.5 llc/llmo1~) for 5 min before 

the add; tions of the second effector, FOP (1 m~1). After the comp1 eti on 

of the second preincubations with various lengths of time for each vial, 

RuDP was addedito initiate the reactions (upper curve). The lower curve 

shows the result when FDP ~as the first effector and 6~PG1uA was the 

second effector. Reaction time: 5 min. 

.~. ; 
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