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ABSTRACT 

Ribulose 1 ,5-di phosphate carboxyl as~, \·,hi ch catalyzes the CO2 
fixation in photosynthetic organisms, is a regulatory enzy~e of the 

Calvin cycle. The enzyme isolated from spinach leaves has been 

studies by biochemical and physical methods. 

When activated by preincubation with 1 mM bicarbonate and 10 

ml1 HgC'2 in tl'e absence of ribulose 1,5-diphosphate, the enzyme 

remains activated for 20 min.or longer after the reaction is 

initiated by addition of ribulose 1,5-diphosphate. Partially­

preincubated (preincubated with either bicarbonate or MgC1 2) or 

non-preinc~bated enzyme has an activity of about one tenth of that 

of f~'ly-preincubated enzyme. Ribulose 1,5-diphosphate is a strong 

inhibitor for the non-preincubated enzyme \,/hile bicarbonate and NgC1 2 
are activators. 

If as little as 0.05 mM 6-phosphogluconate is added during the 

preincubation period,S min before the start of the reaction, a 

further 188% activation is observed. Howpver, addition of 6-phospho­

gluconate at the same time or later than additi?n of ribulose 1,5-

diphosphate, or at any time \,/ith 50 mH bicarbonate, gives inhibition 

.' 
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of .the enzyme activity. 

When the enzyme is activated by preincubation \,/ith bicarbonate 

and MgC1 2 in the absence of ribulose 1,S-diphosphate, it ca~ be 

further activated about l70~~ \'lith 0.5 mM iJADPH present in the pre-
, + + 

inCUbation mixture. UADP' NADH, and NAD are ineffective. The 

activation by NADPH is comparable to that seen with 0.05 to 0.1 mN 

6-phosphpg1uconate in that these specific preincubation conditions 

are required, but the effects of NADPH and 6-phosphogluconate are 

not additive. Noreover, \'/here highe.r concentrations of 6-phospho­

gluconate inhibit the enzyme, higher concentrations of NADPH give 

a greater activation, saturating at 1 mt1 and 2005~. 

Under the specific conditions of preincubation, fructose J,6-

diphosphate has an activation curve similar to that of 6~phospho­

gluconate, peaking at 0.1 mM and 70:. Above this level, activation 

decreases, and inhibition is seen at still higher concentrations. 

Other metabolites tested produced smaller or no effects on the 

enzyme activity assayed under these conditions. 

Whenei ther tlADPH or 6-phosphogl uconate is present in the 

preincubation mixture, it becomes possible to determine the K for . m 
bicarbonate using a Line\'/eaver-Burkplot, and theKm for bicarbonate 

under these conditions is 2.8 mM, corresponding to 0.3% CO2 at pH 

7.8 and 25 C. 

The activation by bicarbonate and MqC1 2 during the preincubation 

period is a rather slow process; 2 min is required to reach maximum 

activation with 1 mM bicarbonate and 10 mM MgC1 Z. The further acti­

vation by the' presence of ei ther 6-phosphog1 uconate or tlADPH in the 

preincubation mixture needs about 5 min to reach a maximum. 
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The inhibitions observed at higher concentrations of either 

6-phosphog1uconate or fructose 1,6-diphosphate in the preincubation 

assay method and at any concentration in other assay methods are 

due to the competitive inhibitions at ribulose 1 ,S-diphosphate cata­

lytic site(s). The Ki of 6-phosph9g1uconate is 20 ~M and that of 

fructose 1 ,6-di phosphate is 190 \.Ir~. Among the metabo 1 i tes of the 

oxidative and r~ductive pentose phosphate cycles, 6-Phosphogluconate 

is the strongest inhibitor discovered so far. 

Since 6-phosphog1uconate is unique to the oxidative pentose 

phosphate cycle and inhibits at concentrations comparable to those 

found in vivo, it is proposed that its inhibition on carboxylase 

may be a regulatory factor. The specific activation induced by 

NADPH, which is an important reducing co~round produced during 

the light period, may also play the necessary activating role for 

the enzyme ~ vivo. The possible mechanisms by \'/hich ribu·lose 1,5-

diphosphate carboxylase is regulated by these blo metabolites, 

especially during 1ight-dark-light transitirn are discussed. 

, .. 
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ABBREVIATIONS 

ATP: adenosine 51 -triphosphate 

ADP: adenosine 51 -diphosphate 

M1P: adenosine 51 -monophosphate 

FOP: fructose 1,6-diphosphate 

F6P: fructose 6-phosphate 

G6P: glucose 6-phosphate 

GlcuA l-P: glucuronic acid l-phosphate 

NAD: nicotinamide adenine dinucleotide, oxidized form 

NADH: nicotinamide adenine dinucleotide, 'reduced form 

NAOP: nicotinamide adenine dinucleotide phosphate, oxidized form 

NAOPH: nicotinamide adenine dinucleotide phosphate, reduced form 

6PGluA: 6-phosphogluconate 

PGA: 3-phosphogluconate 

Ru5P: ribulose 5-phosphate 

RuOP: ribulose 1,5-diphosphate 

RuDPCase: Y'ibulose 1,5~diphosphate carboxylase 

tris: tris(hydroxymethyl) aminomethane 

Ki : inhibition constant 

Kd: dissociation constant 

~: Michaelis-Menten constant 

cpm: counts per minute 

v: initial velocity of an enzymatic reaction 

ESR: electron spin resonance 

OTT: dithiothreitol 

UV: ultraviolet (spectrum) 
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I NTRODUCT ION 

Historically, the chemical reactions involved in plant photo­

synthesi s are di vi ded into two phases, the 1 i ght and dark. phase 

reactions; the former deals with the reactions which convert light 

quanta into chemical energy: AlP and j~ADPH. The chemical reactions 

which use this energy to synthesize carbohydrates and other com­

pounds for physiological needs are called dark phase reactions, since 

these reactions only use the energy to carry out the syntheses and 

have nothing to do with the light directly. The primary reactions 

involved in the dark phase reactions are those in the carbon re­

duction cycle (Calvin cycle) (5)., This cycle consists of a series 

of clclit reactions which convert CO2 and H20 into glucose at the 

expense of ATP and NADPH. The net reaction of the cycle is: 

6 CO2 + 12 H+ + 18 ATP + 12 NADPH + 12 H20 

+ = hexose + 18 Pi + 18 ADP + 12 NADP 

Since the reductive pentose phosphate cycle was elucidated by 

Calvin and .:o-workers in 1950's, the regulations of the chemical 

reactions in this cycle have been studied intensively throughout 

the world. Photosynthetic carbon metabolism is controlled by many 

ways such as membrane transport, light-dark-light transition, ion 

flux, etc. (3). One category of such regulation is the enzymatic 

control of the reaction rates of some of the metabolic steps. 

Bassham and co-workers have been studying the regulations of 

Iphotosynthetic carbon metabolism either in green algae cells in vitro 

or in isolated chloroplasts from spinach leaves (4). Their studies 

demonstrated that some of the enzymes of the Calvin cycle are really 

o· 
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the regulatory enzymes which control the reaction rates of several 

metabolic processes. Fig.l indicates such regulation steps in the 

reductive and oxidative pentose phosphate cycles. 

In can be shown that each reaction' of the cycl e can be carri ed 

out without light, in vitro, as long as 'the nece,ssary reactants are 

present and the specific enzyme and co-factors exist to accelerate 

the reaction rate. However~ as we know, chemical reactions in 

the living systems are not as simple as those .in. vitro; they are 

well under control so that the metabolic balance can be maintained. 

Although each reaction in the Calvin cycle can proceed in the dark 

in vitro, for some reasons indicated below it is reasonable to ask, 

"Can the Calvin cycle be operating in the dark in vivo? If not~ 
• 

What are the possible mechanisms which regulate this cycle?" 

If the Calvin cycle functions in the dark~ because the synthe­

ses of sugars from CO2 and H20 definitely need ATP and'NADPH, it is 
. i 

quite reasonable to ask where the energy and reductants come from 

while there is no. energy supply from light. The limited amount. 

of ATP or NADPH left over from the light period (from cyclic and 

non-cyclicphotophosphorylations) must be used up in a very short 

tilJle, if light is the only source of energy. However, we know that 

the degradations of sugars and lipids and oxidative phosphorylation 

in the mitochondria can liberate ATP and NADPH. Is it possible that 

ATP and NADPH so produced can be used to synthesize sugars? Logi­

cally there is no reason to believe that a living system would 

degrade a compound in orde'r to synthesize the same compound. If 

this were true, there would be a large waste of energy according 

to the second 1 aw of thermodynami cs. Therefore, it is thought that 

." 
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NADPH 
11\ 

ATP 

RuDP 

XBL 706-5260 A 

~ig. 1. The Reductive Pentose Phosphate Cycle. (Calvin Cycle) of 

Photosynthesis. , Solid lines indicate reactions of reductive cycle, 

dashed lines reactions of oxidative cycle. Open arrows indicate 

positions of enzymes activated in light; dark blunt arrow indicates 

position rof enzyme activated in dark. 
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the carbon reduction cycle does not. (except fora short time) 

operate in the dark, ~ vivo. When Chlorella pyrenoidosa have 

been photosynthesizing with 14C02 and the light is turned off (32), 

the levels of labeled metabolite change in a way indicating a 

shift from the operation of the reductive pentose phosphate cycle 

to oxidative pentose phosphate cycle. Among the manifestations of 

this shift are the inactivation of phosphoribu1okinase (which 

converts Ru5P and ATP to RuDP and ADP) and the inactivation of 

RuDPCase. At the same time, labeled 6PG1uA appears (6), indicating 

the onset of the operation of the oxidative pentose phosphate cycle. 

Therefore, it is seen that 1ight-dark-1ight transition is one of 

the most important regulations of photosynthetic carbon metabolism 

in vivo. ---
In biological systems, it is a common phenomenon that a series 

of consecutive reactions is controlled by the enzyme which catalyzes 

the first reaction in the sequence. The enzyme, ribulose 1,5-

diphosphate carboxylase (EC, 4.1.1.39), is the first enzyme in the 

Calvin cycle which catalyzes the following reaction (45,46): 

RuDP + CO2 + H20 ===~ 2 PGA AG = - 9.8 Kcal/mo1e 

Thi,s reaction seems likely to be subject to metabolic regulation 

.:!!!. vivo, since it is accompanied by a high negative free energy 

change under conditions of. steady-state photosynthesis (7), and 

thus is a rate-limiting step. Other obse~vations of metabolic level 

change !!!. vivo, such as after the light to dark transition, also 

suggest that RuDPCase changes in activity. 

From the analysis of steady-state levels of RuDP in the dark 
Jtj,.. 

following photosynthesis, Pedersen et ale (32) concluded that the 

.' 
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mechanism for the carboxylation reaction in vivo becomes inactive 

after 3 min of darkness, since the level of RuDP drops very slowly 

after this time, despite the fact that the free energy change for 

the carboxylation reaction is about 10 Kca1/mo1e negative (7). 

Other studies showed that the carboxylation reaction is inactivated, 

even with the light on by the addition of fatty acids (31) which 

are thought to interfere with the ion pumping in the thy1akoids. 

Inactivation also occured with the addition of vitamin KS' tho~ght 

to interfere with electron transport (21). 

Jensen and Bassham (18) found that CO2 fixation in isolated 

chloroplasts ceased within about 2 min after the light was turned 
I 

off. If ATP was added to the chloroplasts, the level olf RuDP was 

maintained as high in the dark as in the light, yet CO2 fixation 

still stopped completely in the dark. Thus the d~rk inactivation 

of the carboxylation reaction apparently occurs in isolated chloro­

pl asts as well as in vivo. 

It has been proposed that RuDPCase is ~ctivated in the light 

in chloroplasts by changes in the ionic content of the chloroplasts, 

and by the higher ratio of reduced to oxidized coenzymes (3,4,6). 

Both the changes in ionic content (especially Mg+2 and H+) and the 

hjgher ratio of reduced to oxidized cofactors would be consequences 

of the photoelectron transport reactions occuring in the thylakoid 

membr1anes, and it was proposed that these changes, as refl ected in 

the sltroma region, provide a general regulatory mechanism whereby 
! 
I ' 

RuDpqase and other key regulated enzymes are activated in the light. 
I 

Such ia light-activated mechanism does not necessarily obviate the 

needifor another mechanism to turn off more completely the 

5 



carboxylation in the dark. 

The specific activity of the isolated RuDPCase in early studies 

seems too low for it to be able to catalyze CO2 fixation at the 

rates observed for green cells in vivo (33). The low enzyme 

actfvity,~ especially at 10\,1 CO2 concentration, affords doubt as to 

its real significance in CO2 fixation in vivo. One of the factors 

responsible for the low enzyme activity observed in an isolated 

enzyme system is the lack of some factor(s) which may actually 

activate the enzyme activity so that the reaction rate can be 

increased •. The earlier studies of Pon et al. (34) indicated that 

if the enzyme is preincubated with both bicarbonate and MgC1 2 it 

will achieve maximum activity. This fact reveals the possibility 

that MgC1 2 and bicarbonate have an activating effect. One recent 

report of the activation of RuOPCase activity is the F6P effect 

discovered by Buchanan and Schurmann (10). The light activation 

factor discovered by Wildner and Criddle (48) also shows activation 

in the presence of light. These results c..learlydemonstrate the 

importance of the activators in the regulation of RuDPCase activity. 

As indicated above, the light-dark-light transition turns on and 

off. some of the reactions in the oxidative and reductive pentose 

phosphate cycles. Some metabolite concentrations should change 

drastically during this transition. Also, it is known that ATP and 

NADPH are produced by cyclic and non-cyclic photophosphory1ations 

when the light energy is available. These metabolites in the chloro­

plasts would be the most possible candidates for the control of 

RuDPCase activity, especially during the light-dark-light transition. 

The study of an enzyme activity· requires an.accurate assay 

6 
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method to measure i.ts ability to catalyze the reaction. Since Pon 

et al. (34) found that the preincubated and non-preincubated enzyme 

gave significantly different activities, it is important to 

establish an accurate assay method. The discrepancies between the 

results of several reports might be due to the poorly described 
, 

assay methods used by different authors. Because the carboxylation 

reaction needs three substrates (C02, RuDP and H20) and a div'alent 

cation is necessary for enzyme actiVity, there are a variety of ways 

in which the enzyme activities can be measured. Hhen an effector 

participates in the enzymatic reaction, the effector can be added 

before, after, or simultaneously with the substrate(s}. The changes 

of enzyme acti vi ti es due to the di fferent orders of additi on of the 

substrates, metal ion, and the effector might reveal the bind~ng 

mechanisms of these small molecules on the enzyme. 

As mention,ed above, the carboxylation reaction has an absolute 

requirement for a divalent cation and it has been suggested that 

control of metal ion activation might playa role in the regulation 

of the enzyme activity in vivo (6). However, little is known about 

the stoichiometry of the metal ion-enzyme interaction, the nature 

of the groups on the protein involved in the interaction, or the 

mechanism of the activation. In fact, the only case where binding 

of metal ions to the enzyme has been studied involved inactive 

7 

ternary complexes of the enzyme with a substrate analogue or complexes 

with cyanide (49). Putative evidence for the existence of an enzy~e­

C02-Mg+2 has been reported (1). 

Studies of other investigators indicate that Mn+2 ion can 

partially activate enzyme activity as compared to Mg+2. 11n+2, not 

.. 



Mg+2,has the unpaired spin which i~ necessary to give an ESR signal~ 

Free Mn+2 ion in solution has an intense isotropic ESR spectrum 

.but the ESR signal of Hn+2 bound to small molecules and proteins is 

often broadened and undetectable providing a convenient means of 

measuringbinding constant (l2~ 24~ 25). 

Because Mg+2 is the ion which activates the enzyme in vivo~ 

it is assumed that the binding if Mg+2 is more effective than that 
+2 +2 +2 . of Mn . Addi ti on of Mg to the Mn -bound enzyme wllll i berate 

+2. +2 Mn . from the Mn -enzyme complex, if both ions have the same 

binding site. The competitive bindings of these two ions should 

be indicated by the signal intensities. 

RuDPCase was first discovered by Quayle et al. (35) in green 

algae and by Weissbach et al. (46) in spinach leaves in 1954. Later 

it was found that thi s' enzyme i s actually the saine protei n as 

Fraction I protein isolated by ~~ildman and Bonner in 1947 (47). 

Since the discovery of this enzyme almost 20'years ago, enzymes 

have been isolated from a large variety of sources, from higher 

plants to pho tosyntheti c bacteri a. 

The enzyme isolated from spinach leaves has a molecular weight 

of about 560,000 and contains two ki nds of subuni ts. The bi gger 

subunit has a molecular wefght of 54,000-60,000 and the small one 

of 12,000-16,000. The whole enzyme probably consists of 8 subunits 

of each kind. According to Wishnick et ale (50) this enzyme also 

has one copper atom per whole enzyme molecule. The number of 

binding sites of RuDP was detennined to be 4 :!: 1 to 8, depending 

on the ~onic strength used in the measurement (49). Recently, 

eight binding sites for Mn+2 ion has been reported when a saturated 

.. 
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amount of bicarbonate was present (27). Several review articles 

about this enzyme from different sources have been published 

recently (20, 23,40)., 

Some of the possible mechanisms which have been proposed to 

regulate RuDPCase activity are: the dependence of optimal pH of 

the enzyme on Mg+2 ion concentrations (8), the light activation 

factor {48}, F6P activation and FDP deactivation (11) and heat 

activation (19). Although all the mechanisms just mentioned offer 

possible ways that the enzyme activity is regulated by metabolites 

or other factors, they are not necessarily the only means of 

regulation. It is my intention to study the problems mentioned 

previouly and hope that some ot~er regulation mechanisms can be 
~ [ ~. 

obtained from these studies and thus broadening our understanding 

. in the" control of photosynthetic carbon metabolism. 

9 



MATERIALS 

Spinach leaves used for the isolation of RuOPCase were pur­

chased from local markets. In the study of 'C02 fixation in iso­

lated chloroplasts, fresh leaves were obtained from spina~h grown 

in vermi cul ite. 

The commercial available chemicals and enzymes were purchased 

from several companies as indicated belo\'J. 

'10 

Sigma Chemical Co. (St. Louis, Mo.): Sodium salts of"F6P, FOP, 

PGA, NAD, NADH, NAOP, NADPH, 6PGluA and G6P; a-ketoglutarate; 

Glcu A l-P, potassium salt; OO\'Jex-50, H+ form; Barium salts of Ru5P 

and RuOP; L-glutamate dehydrogenase; F6P kinase; Ru5P kinase; OTT. 

Calbiochem {La Jolla, Calif.}: ATP, sodium salt; G6P de-

hydrogenase; glutathione, reduced form. 

The scintillation fluid, II Aquasol'\ was the product of New 

England Nuclear {Boston, Mass.}. 

Acid forms of RuOP and Ru5P were generated from sol utions of 

barium salts of these compounds \'lith Om'/ex-50, H+ form. 
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EXPERIMENTAL 
, 

1. Purification of RuDPCase. In order to study the charac-

teristics of this enzyme, it is necessary to establ ish a .re­

producible method of purification. Methods described by others 

were tried. The following purification steps employed in this 

study are adapted or modified from those studies (30,37,43). 

Crude extract. Spinach leaves were washed in tap water and 

distilled water. The destemmed leaves were chopped and homo­

genized in the Waring Blender for 3 min in 2 vol of phosphate 

buffer (0.02 mM, pH 7.4-7.5). The homogenate was filtered through 

several layers of cheese cloth. The filtrate 'lIas then centrifuged 

in the So~vall RC-2B centrifuge (rotor ss-34; 17,500 rpm, 30 min). 

The supernatant \'las termed "crude extract". 

Sephadex G-25 column chromatography. The crude extract 'lIas 

loaded on the Sephadex G-25 column which had been equilibrated 

with phosphate buffer. The el uate fractions were assayed for car­

boxylase acti fiti es and the fracti ons wi th hi ghactivi ti es were 

pooled together. The volume of this "G-251~ fraction was about the 

same as that of "crude extract ll
• 

Amno'nium sulfate fractionation. Ammonium sulfate was added 

slowly to the "G-2S11 fraction to 30% saturation. The solution was 

kept at 0 C for at least 5 hr. The precipitate was discarded after 

centrifugation at 10,000 g in the Sorvall centrifuge (rotor GSA, 

8.000 rpm, 30 min). The supernatant was brought to 60% saturation 

with anunonium sulfate. After keeping at 0 C for at least 5 hr, the 

precipitate was collected by centrifugation at 10,000 9 in the 

Sorvall centrifuge (rotoe GSA, 8,000 rpm, 30 min). The precipitate 

.' 
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was dissolved in phosphate buffer. This fract~on was named lIammo-

nium sulfate precipitate". 
f 

DEAE-cellulose column chromatography. A washed DEAE-cellulose 

column was equilibrated with phosphate buffer. The dialyzed "ammo-

12 

ni urn sul fa te preci pi ~a te" sol uti on was 1 ayered on the top of the 

resin. After it \'/as absorbed; the resin was eluted \,/ith two volumes 

of phosphate buffer and then with a linear gradient of NaCl (0 - 1 M). 

The eluate fractions with high carboxylase activitiesw~re combined 

and precipitated with ammonium sulfate at 60% saturation. The 

protein collected by centrifugation was dissolved in phosphate 

buffer. It was named "DEAE" fraction. 

Sephadex G-200 col umn Chromatography. S\,/ell ed Sephadex G-200 

gel was equilibrated with phosphate buffer in a columna The dialyzed 

IIDEAE" fraction~/as put onto the top of the gel and el uted with , 

phosphate buffer. The fractions with high activities were pooled 

and precipitated with armlonium sulfate at 60% saturation. The 

protein collec.::ed by centrifugation was termed "G-200" fraction.-
i 

This last prepared enzyme was used in the following studies. 

2. Assay methods of enzyme actiVity. 

A. Genaral principle and procedure. The enzyme activity was 

detenmined by measurement of the radioactive acid-stable compound 

fanmed when 14C02 was used as a substrate in the reaction mixture. 

Because different assay prodedures have been found to give very 

different results, we shall describe detailed experimental methods 

used in assaying the activities. The assays were tonduc;:ted in the 

17x60 mm glass vials. Each viaJ~~~s first flushed \'lith N2 gas and 

seal ed wi tha rubber serum s topper~' ',: Tri s-HCl buffer sol uti on and 
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solutions of RuOP, NaH14C03, effector(s), and enzyme were injected 

i ntovi a 1 s by mi crosyri nges at di fferent stages according to the 
. - 14 assay method used. All the solutions, except NaH C03, had been 

bubbled 't/ith N2 gas in order to remove CO2 and O2 dissolved in the 

solutions from the air. ' 
. 

The "G-200" fraction was first dissolved in phosphate buffer 
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and then dialyzed against the same buffer with at least six changes. 

The dialyzed enzyme solution was centrifuged. The supernatant 

enzyme solution usually contained 50 mg/ml of protein. Before the 

experiment, this enzyme solution was diluted with tris-HCl buffer, 

0.1 H, pH 7.8, which contained either 10 mM or no r~gC12. Tris-

HCl soJution had been bubbled with N2 gas previously, but not the 

enzyme solution. Usually a 200-fo1d diluted enzyme solution was 

used for the assay. In all assays, unless othe,rwise indicated, the 

final.concentration of each component 't/as the following:. tris-HC1, 

0.1 Hi pH 7.8; MgC1 2, 10 mM; enzyme, 10 ~g; RuDP, 0.5 mM. The 

amounts of NaH14co3 (and its specific radioactivity), effector(s), 

the preincubation and/or reaction time (see below) are indicated 

for each experiment. The final volume of the reaction mixture was 

0.4.ml. All the preincubations and reactions were conducted at 25 

C. At the end of the reaction, 0.1 m1 of glacial acetic acid was 

added to stop the reaction. Then vials were flushed with N2 gas at 

room temperature to dryness. 0.5 ml water was added to dissolve 

the remaining material in the vial. Six ml of IIAquasol" was then 

added. After mixing, the vials in the vial holders (!Solab Inc., 

Akron. Ohio) were counted in the liquid scintillation spectrometer. 

With 14C-toluene as internal standard, the counting efficiency for 
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carbon-14 with "Aquasol" and the small vial in the vial holder was 

about 75%. 

The preincubation time is the length ot time in which the 

enzyme is incubated with part(s) ,of the reaction ingredients before 

the start of the reaction. The reaction time is the length of time 

in which the reaction have taken place. 

Protein concentration was determined by UV absorption at 280 

nm. The factor, 0.0. = 1.0 for 0.61 mg enzyme/ml, was used for the 

calculation of protein concrntration (30). 

B. .. Assa.,t methods wi th no effector. 

Assay Method I. The reaction was started by adding the enzyme 

to the reaction mixture which containe.d all the required ingredients. 

Assay Method. l!.. As in I, except that the enzyme had been pre­

incubated with MgC1 2 for at least 10 min. 

Assay Method.!..!l. The enzyme had been preincubated with NaH14CO ... 
• oJ 

for 10 min before the reaction was started by adding the mixture of 

RuDPand MgC1 2. 

Assay Method IV. The enzyme had been preincubated with both 

MgC1 2 and NaH 14C03 for a speci fi c 1 ength of time before addi ng RuDP 

to.start the reaction. 

C. Assay methods with one effector. For the studies of acti­

vation and inhibition, the order and procedure for adding the 

effector will be indicated below. 

Assay Method V. Method II was used; the effector was added 

in the reaction mixture before the addition of the enzyme. 

Assay Method VI. Method IV was used; the enzyme had been pre-
14 incubated with the effector along \>lith MgC1 2 andNaH C03 for a 
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specific length of time before the addition of RuDP to start the 

reaction. 

Assay ~'ethod VII. The enzyme had been preincubated \'Jith both 

MgC1 2 and NaH14co3 for a specific length of time before starting 

15 

the reaction reaction by adding ~he mixture of RuDP and the effector. 
" 

Assay Method VIII. The enzyme reactions were carried out in 

several vials according to Method II (preincubation with MgC1 2 but 

not withUaH14co3); one reaction was stopped at 5 min. The effector 

was added to other three vials at the end of 5 min and the reactions 

were allowed to proceed for another 1.5,4.5 and 7.5 min. The 

enzyme activity was measured from the reaction rate between 5 and 

12.5 min of reaction in each case. 

Assay Method IX. As in VI'II, except that Method IV (pre­

incubation with both MgC1 2 and NaH14co3) was used instead of Method 

II. The enzyme acti vity \'/as measured as above. 

For the kinetic studies, the assays \'/ere conducted in separate 

vials for various preincubation and/orre"ction time. In the kinetic 

study of the activation of one effector, the effector was added to 

the enzyme which had been preincubated with both MgC1 2 and NaH14c03 
so, that the preincubation time with the effector in each vial was 

~ifferent but the total preincubation time with MgC1 2 and NaH14co3 
was kept the same. 

D. Assay methods with two effectors. 

Assay Method X. The enzyme was preincubated simultaneously 

with both effectors, in th'e presence of MgC1 2 an~ NaH14co3, for a 

5pecifi·c length of time before the addition of RuDP to initiate the , 
I 

• I 

reactl0n. 



16 

Assay Method XI. The enzyme was preincubated"witho.neeffector 
", .. ~.\ ,;~~:' ~i" '", 

in the presence of MgC1 2 and NaH14 co3 for a specific length of time 

before the addtion of second effector. After the completion of the 

second preincubation, RuDP was added to initiate the reaction. 

In kinetic studies of these assays with two effectors, the, 

enzyme was first preincubated in separate vials with the first 

effector in the presence of MgC1 2 and NaH14 Co3 for a specific 

length of time before the additions of second effector. After the 

completion of the second preincubations,_with various lengths of 

time for each vial, RuDP was added to initiate the reactions. 

E. Control experiments. In order to check that the above 

activating and inhibitory effects are really induced by effectors 

so i ndi cated, several control experiments have been perfonned to 

varify their effects on enzyme activity. 

a. 6PGluA: 6PG1~A was freshly generated from GGP,.NADP, and 

G6P dehydrogenase. In each of the other three reactions, one of the 

three ingredients was omitted. ' The reactian products mixture af 

each tube was used to. test its effect on RuDPCase activity. 

b. NADPH: The commercial NADPH, which gave the activating 

effect on RuDPCase activity, was treated with NH4Cl, a-ketaglutarate, 

and L-glutamate dehydragenase. In'each of the ather faur tubes, one 

of the four ingredi ents was omi tted. The reaction products mi xture 

of each tube was used to. test its effect on RuDPCase acti vi ty. 

c. FOP: FOP was produced in the reaction of F6P, ATP, and 

F6P kinase. In each of the ~ther three tubes, either F6P, ATP, or 

F6P kinase was omitted. The reactian praducts mixture in each tube 

was used to test its effect on RuDPCase activity. 
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RuDP: RuDP was first generated from Ru5P and ATP in the 

presence of Ru5P kinase. In each of the other three tubes, either 

ATP, Ru5P,or Ru5Pkinase was omitted. The reaction products mixture 

in each tube was used to test its effect on RuDPCase activity. 

3. CO2 fixation in isolated chloroplasts. Spinach chloro­

plasts were isolated and allowed to photosynthesize with NaH14c03 

as described previously (18). Rates of 14C uptake into acid-

stable compounds were determined, and analysis was made of these 

compounds by paper chromatography and radioautography (32). These 

rates and patterns \'Iere compared for chloroplast suspensions with 

and without additions of 6PGluA to concentrations of 0.34 and 0.68 

mM. 

4. ESR study. Tris-HCl buffer solution (0.05 M, pH 7.8) \liaS 

used throughout this study. X-band E$R spectra of either standard 

Mn+2 s01ution, the mixture of RuDPCase and Mn+2, or the mixture of 

RuDPCase, Mn+2, and Mg+2 was recorded on a Varian E-3 spectrometer. 

Same experiments were also performed with blo other concentrations 

of tris-HCl buffer, 0.01 and 0.2 M. 
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RESULTS· 

1. Enzyme purity. The enzyme purified by the methods used in 

this study had a specific activity of about 1.2 unit/mg protein. 

One unit is defined as 1 lJmole of carbon incorporated into acid­

stable compound per min. The purity of the enzyme vias checked with 

gel electrophoresis. The final "G-20011 fraction contained only 

one protein as shown by gel electrophoresis (Fig. 2). 

2. .Enzyme activities of several assay methods with no effector. 

It \'/as found that dissolved CO2 in the buffer solution from air 

could activate the enzyme activity. Because the amount of CO2 in 

the solution varies from time to time due to the storage condition, 

it is necessary to expel the dissolved CO2 in the solution so that 

the activation effects due to preincubation with MgC1 2 and bi­

carbonate can be accurately determined. 

With 1 mM NaH14c03, the kinetic studies using Assay Methods 

I-IV showed that the enzyme gave by far the highest activity when 

it was preinr.ubated with both MgC1 2 and NaH14c03 (Method IV, Fig. 

3). The enzyme when preincubated wi th only MgC1 2 (Method II), or 

~aH14c03 (Method III), or no preincubation .at all (Method I) gave 

only 1/10 of the activity obtainec under the above preincubation 

conditions •. While the highest rate with the enzyme preincubated 

with both MgC1 2 and NaH14c03 was during the first 5 min, the rate 

remained about 6 times greater than the rate for the other assay 

conditions for the period from 5 to 20 min. The one which was pre­

incubated with MgC1 2 had a slightly higher activity than the other 

two. 

At a much hi gher concentra ti on of NaH 14C03 (50 mM), the react"ion 
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Fig. 2. Gel electrophoresis of two fractions from the purification 
of RuDPCase. 1 and 2 are "DEAE" fractions. 3 and 4 are 
IG-200" fractions. Top thick bands are RuDPCase. 
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Fig. 3. Fixation of l4C02 via the carboxylation reaction with or 
without preincubation vs. time of reaction. In the non-preincubated 
system, the reaction was started by adding the enzyme to the reaction 
mixture which contained all the required ingredients (Method I). 
For the preincubated cases, the reactions \'/ere started by the addi­
tions of R~~P to the enzyme which had been preincubated with MgC1 2 and/or NaH C03 (1 mM, 4.1lJc/lJmo1e) (f.1ethod II, III, and IV). 
preincubation time: 10 min. . 

• 

.' 
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rates from 9 to 20 min were almost the same (Fig. 4), irrespective 

of whether or not the enzyme \t/as preincubated, although during the 

first 9 min the preincubated enzyme gave the higher activity. 

21 

The activities' of enzymes which had been preincubated with 

MgC1 2 and NaH14c03 for various lengths of time indicated that the 

enzyme reached the maximal activity after about 2 min preincubation 

at 25 C when the concentration of NaH14c03 was low (l mM) (Fig. 5). 

At high NaH14c03 concentration (50 mM), 30 sec was enough to reach 

the maximum activity. 

3. Effects of 6PGluA on enzyme activity. With 1 roM fJaH14c03, 

inhibition was observed when 6PGluA was added to the reaction mixture 

5 min after initiation of the reaction, whether the rate was high 

following preincubation with both Mg+2 and NaH14c03 (Method IX, Fig. 

6A) or low following preincubation with only MgC1 2 (Method VIII, 

Fig. 6B). Similar inhibition was seen upon addition of 6PGluA to 

reaction mixtures containing 50 mM NaH14c03 5 min after reaction 

initiation following preincubation according to Method IX (Fig. 7A) 

or Method VIII (Fig.7B). The degree of inhibition in each case was 

calculated from the reaction rate. Addition of Glcu A l-P gave no 

app~eciab1e inhibition in any of these cases. 

It was found that 6PG1uA could either activate or inhibit the 

enzyme activity, and the effect was completely dependent on the 

assay method (Table I, II). At low NaH14c03, 6PGluA activated the 

enzyme if the enzyme was preincubated with 6PGluA in the presence 

of MgC1 2 and NaH14c03• A maximum of 188% activation was observed. 

Even after 15 min reaction time, substantial activation (about 2-

fold) of the enzyme was observed in the presence of 0.05 m~1 6PG1uA. 
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Fig. 6. The effect induced by adding effector into the reacting 
carboxylation reaction mixture. Arrows indicate the time of 
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incubation time: 5 min; NaH C03: 1 mF-t, 4.1 l.Jc/l.Jmole. 
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Table I. Inhibition and Activation of RuDPCase activitv by 6PG1uA with 1 mM NaH14C03 

% Activity of Control * 

Assay r~ethod 

Effector V VI VII VIII IX 

H20 (contro1)* ·100·{2430)+ ·100 (26505)+ 100 (26320)+ 100 (2843)+ 100 (15506)+ 

6PG1uA, 0.5 mM 41 177 43 39 45 

G1cuA l-P, 0.5 mM 93 128 94 95 105 

6Pr,luA, 0.05 mM 89 288 87 85 84 

GlcuA1-P, 0.05 mM 103 105 104 105 102 

* In each method, the enzyme activtiy was taken as 100% \'/hen H20. instead of effector, was used in 

the assay mixture. 

+ The amounts of carbon incorporated in cpm/S min of reaction. 

Method V: The assay reactions were started b'y adding MgC12-preincubated enzyme to the reaction mixtures 

which contained the effector (or H20). The activities were the reaction rates between 0 and 5 min. 
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Table I (continued) 

Method VI: The assay reactions were started by adding RuDP to the enzyme which had been preincubated 

\-lith the effector (or H20) along with MgC1 2 and NaH14C03 for S min. The activities were the reaction 

rates beb/een ° and S min. 

Method VII: The assay reactions were started by adding the mixtures of RuOP and the effector (or H20) 

to enzyme which had been pre1ncubated with MgC1 2 and NaH14C03 for 5 min. The activities were the 

reaction rates between ° and S min. 

Method VIII: The reactions were carried out in several vials according to Method It (preincubation 

with MgC12); one reaction \'1as stopped at S min. The effector (or H20) was added to other three vials 

at the end ofS min and the reactions were allO\"edto proceed for another 1.5, 4.5, and 7.5 min. The 

activities per 5 min \'/ere measured from the reaction rates·bebleen 5 and 1,2.5 min in all. cases. 

Method IX: As in the Method VIII, except that ~1ethod IV {preincubation \"ith both MgC12 and NaH 14C03} 

\-/as used ins tead of Method II. 

NaH14C03: 4.1 ~c/~mole. 
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Table II. Inhibition and Activation of RuOPCase Activity bv 6Pr,luA with 50 mM NaJl 14COJ 

% Activity of Control* 

Assay ~'ethod 

v** VI** ** VII VIII IX 

H20 (control)* 100 (3791)+ 100 (5732)+ 100(5705)+ 100 (3930)+ 100 (4300)+ .. 
6PGluA. O. 5 m~1 50 55 58 40 41 

~lcuA 1-P. 0.5 mM 99 104 98 105 103 

6PGluA. 0.05 m~1 87 89 85 83 . 85 

GlcuA l-P~ 0.05 mM 105 99 103 98 102' 

* In each method. the enzyme activity was taken as 100% when H20, instead of the effector, "las used 

in the reaction mixture. 

+ The amounts of carbon incoporated in cpm/5 min of reaction. NaH 14C03: 0.1 uc/umo1e. 

** The activities were measured as those in Table I excent that the reaction rates ,,'ere taken ben-/een 

2.5 and 7.5 min; during this period the rates \-,ere linear with time (see FiQ. 4). 

The activities of t1ethods VIII and IX were measured as those in Table I. 
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In all of the other assay methods with 1 mM NaH14c03, 6PGluA gave 

strong inhibition. At high NaH14c03, inhibition was observed in 

every case, although different degrees of inhibition could be seen. 
. 14 

In low NaH C03' every method, except Method VI (Preincubation), 

gave almost the same degree of inhibition -- about 60% inhibition 

by 0.5 mN 6PG1uA. Glcu A l-P gave no significant effect. At high 

NaH14c03, Method V (no-preincubation) showed a stronger inhibition 

than the Method VI (preincubation) did (see Fig. 11). 

The enzyme reached its highest activity only after 4-5min 

preihcubation with 6PGluA (0.05 mM) in the presence of MgC1 2 and 

NaH14c03 (Fig. 8). 1~is may suggest that the binding of 6PGluA to 

t~e enzyme is a rather slo\</ process. 

When the enzyme \'/as prei ncuba ted \'/i th va ri ous concentra ti ons 

29 

of 6PG1uA along with MgC1 2 and NaH14c03 (1 mM), the maximum activation 

was obtained at 0.05-0.1 mM of 6PGluA. As the concentration was 

increased beyond 0.1 mM, the activation decreased or an inhibition 

effect appe::lred. At as low as 5 lJM, 6PG1uA gave 70-80% activation 

(Fig. 9). However, with Method V (no-preincubation), inhibition 

was obtained in every level of 6PG1uA (Fig. 10). 

.. GlcuA l-P was used as a comparison with 6PG1uA. Since both 

compounds have the same carboxyl and phosphate groups, differences 

in the charge effect and the ionic strength effect which might 

influence the enzyme activity are minimized. Preincubation of the 

enzyme with 2 mH GlcuA l-P, in the presence of MgC1 2 and NaH14c03 
(Method VI), gave about 30% activation. The activation curve (Fig. 

9) fo·r.enzyme preincubated with,GlcuA l-P \'/as similar to that of 

inorganic phosphate. We were unable to confirm significant 

.. 
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Fig. 8. Dependence of the carboxylation reaction on the time of 

preincubation of carboxylase "lith the effector in the presence of 
14 MgC1

2 
and NaH C0

3 
(1 mt1, .4.1 pc/prole). The assays "/ere conducted 

in separate vi a 1 s. Effector "las added to the enzyme "/hi ch had been 

preincub.atedwith MgC1
2 

and NaH14C03 so that when RuDP was added, 

the preincubation time with the effector in each vial was different 

but the total preincubati~,n-,time "lith MgC1 2 and NaH 14C~4 'lIas kept 

the same. total preincuba:t~'bn time with MgC1 2 and lIaH C0 3: 10 min; 

"reaction time: 5 min. 
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F;'g.9. The effects on RuDPCase activity caused by various con­

centrations of effectors with two different assay ~ethods. 

NaH14co3: 1 mM, 4.1 lJc!J.lmole; reaction time: 5 min (betv/een ° and 

5 min). A: Enzyme had been preincubated with the effector in the 

presence of MgC1 2 and Nau14c03 for 5 min (r-1ethod VI). B: Enzyme 

had been preincubated with MgC1 2 only (Method V) . 
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activation by 0.5 mM F6P, reported by Buchanan and Schurmann (10). 

At that level of F6P we saw less than 20% activation .. 

At 50 mM NaH14c03, no activation could be observed by either 

method~ Nevertheless, Method V (no~preincubation) gave stronger 

inhibition than Method VI (preincubation) did (Fig. 11). 
~ 

4. Effects of other chloroplast metabolites on enzyme activity. 

When RuOPCase is assayed following preincubation with 10 mM MgC1 2 

and 1 roM NaH14c03, together \'Jith various metabolites present in 

chloroplasts, many metabolites have little effect in either acti-

o vating or inhibiting the enzyme (Fig. 12). Among those compounds 

. that do affect the enzyme acti vi ty, blo types of dependence of 

activity on effector concentration are seen. Hith 6PGluA, as pre­

viously described, a 180% activation is seen at 0.1 mM; above this 

concentration the activation decreases, with higher concentrations 

causing inhibition. The effect of FOP is similar, but the maximum 

activation at 0.1 mM is only about 70%. 

A di ff~rent ki nd of dependence of enzyme activity on effector 

concentration is seen with NAOPH and with PGA. Activation of the 

enzyme continues to rise with effector concentration, saturating at 

ab?ut 1 mM at nearly 200% for NAOPH but about only 50% for PGA. 

The concentration of NAOPH needed to give 100% (about half of the 

maximum) activation is 0.2 mM. Although both PGA and NADPH cause 

activation with a similar type of dependence on effector concen­

tration, these two activation effects appear to be rather specific, 

since little or no activation or inhibition of the enzyme is seen 

with NADP+, NADH, NAO+ (Fi'g. 12 and 14), orF6P (Fig. 12). Also 
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Fig. 12. The effects on RuDPCase activity caused by various concen­

trati ons of effectors wi th the prei ncubati on assay method (r.1ethod VI). 

The enzyme had been preincubated \,/ith the effector in the presence 

of MgC1
2 

and i~aH14co3 (1 mM, 4.1 lJc/lJmole) for 5 min before the 

reaction was started by the addition of RuDP. reaction time: 5 min . 
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without effect were reduced glutathione, DTT, and ATP (not shown). 

Earlier studies showed G1cuA 1-P and G6P to be without ~ffect. 

The kinetic experiment indicated that NADPH,like 6PG1uA, 

caused an activation effect only when it was added to the enzyme 

before RuDP \'/as added. The reaction which was started by addition 

of the mixture of RuDP and NADPH to the preincubated enzyme did 
. I 

not show any activation (Fig. 13). 

. When the enzyme activities were measured by the preincubation 

method in the presence of effector (Method VI) at different con~ 

centrationsof RuDP, it was found that the activations induced by 

6PG1uA or NADPH were reduced or inhibitions were observed at low 

RuDP concentrations. This effect waS more significant in the case 

of 6PGluA. 
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If the enzyme was assayed by adding MgC1 2-preincubated enzyme 

to the reaction mixture \'/hich contained all the required ingredients 

for the reaction (Method V), FDP caused less inhibition than 6PGluA 

did. Other metabolites, including NADPH, gave no significant 

effect ( Table I II). 

A kinetic study showed that the enzyme reached its highest 

activity only after 5-6 min preincubation with NADPH(O.5 mr1) in 

the' pr'esence 0 f MgC1 2 and NaH 14 C03 (Fi g. 14) .. 

S.Effects of 6PG1 uA and/or NADPH on Km(HCOa-). When the 

enzyme was preincubated with MgC1 2 and different concentrations of 

NaH14c~3' a plot of eniyme activity vs. NaHC03 concentration gave 

a curve not in accordance with Michaelis-Menten kinetics. It was 

not pos~Jble to obtain an accurate detennination of the Km by a 

double reciprocal (Lineweaver-Burke) plot (l/v vs. 1/(NaHC03) ) 
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Fig. 13. Fixation of 14C02 via the carboxylation reaction \-lith 
different assay methods in the ~resence of effector vs. the time 
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of reaction. The reactions \'tere started by adding RuDP to the 
enzyme which had been preincubated \-/ith ~lgC12 and NaH14C03 in the 
presence of either 6PG1uJ\ (Q----{») or rlADPH (li-----!l). Other reactions 
were started by adding the mixture of RuDP and 6PGluA (.___.) or 
RuDP and NADPH (i-i) to the enzyme which had been preincubated 
with MgC12 and NaH14C03. The r~ntro1 reaction is shown by x---~ • 
preincubation t~me: 5 min; NaH C03: 1 mt~. 1.08 ~chlfTlo1e; UADPU: 
0.5 mr1; '6PG1 uA: '0.05 mt1; RuDPCase: 15 ~ g. 



Table I II. Inhibition of PuPPCase Activitv bv Several Ch1oro~last 
b ' 

r~e tabo 1 i tes. 

The enzyr.le acti vi ties Here assayed by Method V. The enzyme 

reactions were started by adding the enzyme which had been preincu­

bated "lith '1gC1 2 to the reaction mixtures containing all the 

required ingredients and the effector at different concentrations. 

NaH 14C03: 1 mf1. 4.1 lJc/lJrno 1 e. reacti on time: 5 mi n. 

Relative Activity*. Cf 
", 

Effector added 0.5 mM 1.0 mt1 2.0 mr} 

6Pr,luA 54 39 18 

FDP 94 78 61 

F6P 99 97 95 

PGA 97 96 95 

NANH) . 99 98 gs 

NADP{H) 98 96 94 

* The control rate \'/aS 4.400 cpm (100%) \-/hen H20. instead of 

effector. \-/as added in the reaction mixture. 

38 
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Fig. 14. Dependence of the carboxyla~ion reaction on the time of 

prei ncubati on of RuDPCase wi th the effector (0.5 mr1) in the presence 

of MgC1 2 and NaH 14C03 (l mH,·4.1 lJc/lJ/OO 1 e). The assays were conducted 

in separate vials. Effector or buffer solution \,/as added to the 
enzyme which had been preincubated \'/ith MgC1 2 and NaH 14 C03 , so that 

. when RuDP was added, the preincubation time with the effector in each 

vial wascdifferent but the total preincubation time with MgCl~ and 

. NaH14~of \,/askept the same .. total preincubation time wit~ r'1gC1 2 
and NaH 4c03: 10 min; reaction time: 5 min. 

.' 



(Fig. 15). However, if .the enzyme was preincubated with MgC1 2 and 

different concentrations of NaH14co3 in the presence df 6PGluA 

(0.05 mM), NADPH (0.5 mt1), or both, the Km for HC03 - coul d be 

determined and was 2.8 rnM. This corresponds to a ~ for CO2 of 

about 0.3% at pH 7.B and .25 C. 

6. RuOP effects on preincubated and non-preincubated RuDPCase. 

40 

When the. enzyme was assayed by preincubation method (Method IV)., the 

higher the RuDP concentration, the higher the reaction rate observed; 

however, in the non-preincubated system (Method 1), the 10\'/er the 

RuOP concentration, the greater the rate obtained. In the latter 

system, the reaction rate at lower RuDP concentration increased 

gradually and roore rapidly; at higher concentration the rate in­

creased much slower. (Fig. 16). 

7. Kits of 6PGluA and FOP. Hhen the enzyme activity was 
. 

assayed by adding the mixture of RuOP and 6PGluA (or FOP) to start 

the reaction, inhibition was observed at every concentration of the 
I 

effector. A sed es of assays were performed vJi th se~era 1 concen-

trations of RuD~ at different levels of effector. The plots of l/v 

vs. l/(RuDP) indicated that both 6PGluA and FDP induced competitive 

inhibition with regard to RuOP (Fig. 17 and lB). The Kits have been . 
calculated from the intercepts at the l/(RuOP) axis. Ki for 6PGluA 

~as 20 ~M and that for FDP was 190 uM. It shows that 6PG1uA ia a 

stronger inhibitor than FOP. The former can bind at the RuDP cata­

lytic site about 10 times as strongly as FOP can. ~(RuOP) de­

tenmined in the same experiment was about 35 uM. 

8 •. Combined effects of two effectors on RuDPCase activity. 

When the enzyme activity was assayed by Method VI {preincubation with 
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Fig. 15. "Line\-/eaver-Burk plot for the effects of NaH14 co3 concen­

tration on the RuDPCase activity in the presence of effector(s). 

In each case tile enzyme had been preincubated wi th the effector in 

the presence of MgC1 2 and different concentrations of NaH14co3 
(1.68 \Jc,J\Jmole) for 5 min before starting the reaction by the 

addition of R-DP. reaction time: 5 min. 
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Fig. 16. The effects of RuOP on preincubated and non-preincubated 
enzyme. The carboxylation reactions were started by additions of 

different concentrations of RuOP to enzyme which had been pre­

incubated \'lith MgC1 2 and rJaH14c03 (1 mM, 2.0 ~/~le) for 5 min' 
(open markers). The reactions \'/ere initiated by adding the non­

preincubated enzyme to the reaction mi xtures whi ch contai ned the 
same (lll1ounts of ingredients as in the above reactions (closed 

markers) . 
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Fig. 17. Inhibition of RuOPCase by FOP~ The reactions \'Iere started 

by additions of the mixtures of RuDP and FOP to the enzyme which had 
14 been preincubated \'I;th MgC1 2 and NaH C03 (l mM, 1.4 \.Ic/\.Imo1e). 

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

FOP are indicated in the figure . 

• 
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Fig. 18. ~nhibition of RuDPCase by 6PGluA. The reactions were 

started by additions of the mixtures of RuDP and 6PGluA to the 

enzyme whi ch had been prei ncubated \,/ith MgC1 2 and NaH
14

c03 (,. mM, 

1.4 lJc/).Imole). preincubation time: 5 min; reaction time: 5 min; 

concentrati ons of 6PGl uA are i ndi cated in the fi gure . 
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the effector along with MgC1 2 and NaH14c03), both 6PGluA andNAOPH 

showed activating effects as described before. With HAOP or NAOH 

in the above preincubation medium, no effect could be observed. 

Thus the activation induced by 6PGluA (0.05 mM) or NAOPH (0.2 mM) 

is not reduced by ei ther NAOP or NAOH (1 mM). Hm'lever, if FOP was 

added in the preincubation mediumJ'(Nethod X), the activation induced 

by either 6PGluA or NAOPH \'/as partially or completely abolished, 

depending on the order of addition of the effectors. FOP, at 0.25 

mM, induced about 50% activation and this activation was not reduced 

by another addi ti on of FOP, at 0.75 mM, whi ch \'/asadded wi th RuOP 

after the preincubation had been completed. The same total amount 

of FOP, i.e. 1 mM, had a deactivating effect if it was added in the 

preincubation ~edium. Table IV su~arize$ the combined effects of 

two effectors. 

As shown in Fig. 19, the activation induced by6PG1.uA during 

the first preincubation period can be gradually reduced by FOP in 

45 

the second preincubation period. On the other hand, the deactivating 

effect induced by FOP (l mM) can be gradually removed . by 6PGl uA 

during the second preincubation period. Both the activation with 

6PGluA and deactivation with FOP are rather slo\'1 processes. 
I 

80 Control experiments. 

ao 6PGluA: From results obtained (Table V), it is clear that 

6PGluA, not impurities in the chemicals purchased, was the cause of 

activation and inhibition observed. 

bo NADPH: The control experiment indicated that NAOPH, which 

gave the above activation on RuDPCase activity, could not show any 

activating effect after it was oxidized in the reaction catalyzed by 
.. 
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Table IV. Combined effects of two effectors on RuDPCase activity. 

The enzyme activity was assayed according to the 

NaH14c03' MgC1 2 enzyme 5 min 3econd 
-------) 

and first effector 

H20 

6PGluA, 0.05 mr~ 

NAoPH, 0.5 mM 

FOP. 1. 0 ITtt1 

6PGluA, 0.05 mM + FOP, ·1.0 mM 

NAoPH,O.5 mr·' + FOP, 1.0 mM 

. H
2
0 

6PGluA, 0.05 mM 

NAoPH, 0.5 mf·' 

6PGluA, 0.05 mM 

NADPH, 0.5 mM 

(to,be continued) 

effector 

--------
--------

-------- .. 

--------
FOP. 1.0 m~1 

FOP, 1.0 mM 

.:. 
C'\ 

\ 



Table IV (continued) 

FOP, 1.0 mt~ 

FOP, 1.0 m~1 

FOP, 0.25 mM 

FOP, 0.25 mM 

6PGl uJ\, o. 05 m~1 

NAOPH, 0.5 mM 

--------
--------

* . RuOP concentration was 0.5 mM for all assays. 

** The control was 11,000 cpm/5 min' of reaction. 
14 NaB C03: 1 mr'1, 1.5 \.Ic/llmole. 

Mg C 12: 1 0 mf·' 

PuOP 

RuOP 

RuOP 

RuDP + FOP, 0.'5 mM 
.'r, 

101 

104 

155 

145 
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Fig. 19. The effects of 6PGluA activation and FOP deactivation. 

The enzyme was first preincubated in separate vials \,/ith 6PG1uA in 
. 14 

the presence. of t1gC1 2 and fJaH C03 ( 1 mH, 0.5 \.Ic/ \.1100 1 e) for 5 mi n 

before the add; ti ons of the second effector, ,FOP (1 mH). After the 

completion of the second preincubations \'lith various 1engthso'f 
,. 

48 

time for. each vial, RuDP \,/as added to initiate the reactions (upper 

curve )., The lO\'/er curve shows the res ul t \'/hen FOP was the fi rs t 

effector and 6PGluA \,/as the second effector. reaction tiiile: 5 min. 
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Table V. Control Experiment of 6PGluA. 

6PGluA was first generated by the reaction of 5 mM of G6P 

with 5 mH of r-IADP in the presence of G6P dehydrogenase (l~ units) 

49 

in 0.1 M tris-HCl buffer, pH 7.8 •. In each of the other three tuhes, 

either G6P, UADP, or G6P dehydro~enase \,/as omitted. All the tubes 

were incubated for 20 min at 25 C. After the reaction, part of the 

reaction products mixture in each tUQe \'Ias diluted 10-fold Hi th the 

same buffer. An aliquot (40 ~l) from each of the original and 

diluted reaction products mixtures was added to the vials for assay 

of RuDPCase activity, using either r·1ethod V or Method VI, so that 

the concentrations of the effectors \'Iere decreased 10-fold (i.e. 

the final concentration in the compl'ete system \-/as 0.5 or 0.05 mf'.). 

Assay Hethod V * Assay t~eth9d VI * , + 

incubation system 
activi ty 01 activi ty % JD 

(cpm) (cpm) 

All ingredients 871 38 50974 183 

minus NADP 2267 99 29296 105 
"~": ... 

miriu$ G6P 2173 95 34003 122 

minus G6P dehydrogenase 2239 98 30487 109 

minus all ingredients 
(control) ** 

2291 100 27861 100 

.. 



Table V (continued) 

10-fold dilution of above incubation system: 

All ingredients 1886 82 77978 287 

minus NADP 2234 98 28602 103 

minus G6P 2245 98 29090 104 

minus C,6P dehydrogenase 2225 97 27490 99 

* reaction time: 5 min; rlau14c03: 1 mr1. 4. 1 \.lc!l.1ll0 1 e • 

+ preincubation time: 5 min 

** In each method. the enzyme activity \'/aS taken as 100% \-/hen only 

buffer soluti on (wi thout G6P., G6P dehydrogenase. or NADP) "'/as used 

in the assay. 

50 
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L-g1 utamic· aci d dehydrogenase in the presence of a-ketogl utarate 

and NH4Cl. When either a~ketoglutarate or NH4Cl was o~itted in the 

reaction, the reaction mixture induced about the same activation on 

RuDPCase activity as the original NADPH. 

c. FDP: FDP produced in the reaction of F6P, ATP, and F6P 

kinase could cause deactivating effect on RuDPCase. The reaction 

mixture which was lacking any of those three ingredients could not 

demonstrate any deactivating effect. 

d. RuDP: RuDP generated from Ru5P and ATP in the presence of 

Ru5P kinase showed the inhibitory effect on RuDPCase activity by 

using Method I. The reaction mixture which was lacking any of 

those ingredients did not give any inhibitory effect. 

10. Effects of 6PGluA on CO2 fixation in isolated chloroplasts. 

The rate of CO2 fi~ation and metabolic pattern of l4C incorporation 

by isolated spinach chloroplasts were found to be unaffected by the 

addition of 6PGluA to the suspending medium. 

11. The ESR study of the binding between RuDPCase and metal 

ion{s). When RuDPCase \'1as added to sol uti on of f1n +2 a quantitati ve 

.reductionin the intensity of the Hn+2 ESR signal was observed. No 

changes in the ESR spectrum of the aquo-complex appeared, and no . 
evidence for any new signal was obtained. A titration of the enzyme 

was made assuming that the heights of the hyperfine compone~lts in 

the first derivative ESR spectrum are proportional to the concen-
. +2 

tration of free Mn. The results of three experiments, using 

different enzyme preparations and concentrations, 'are presented in 

the fonn of a Hughes-Klotz plot (17, 25) in Fig. 20. In the absence 

of competing divalent cations the data fit a single straight line 

.. 
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Fig. 20. Titration of RuDPCase with Nn+2• Hughes-Klotz plot 

-of the concentrations of free and bound ~~n+2. detennined by ESR 

(see text). Experimental conditions: buffer. 0.05 M tris-HC1; 

pH 7.8: temperature. 22 C; sample volume. 0.15 m1; enzyme concen-

trations: !:r-A 55 mg/m1. o~33 mg/m1 • .-. 18 mg/m1. 
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reasonably \'/e11. The x and y intercepts "qre equal to the reciprocals 

of the dissociation constant and the number of binding sites, res­

pectively. Within the Mn+2 concentration range used, 0.80 mM to 

+2 0.04 mM, Kd = 0.06 mM and n = 3. When t·1g was added to solutions 

of enzyme and 11n+2, an increase in the free Mn+2 ESR signal was 
- , '+2 

observed (Fig. 20). In the presence of 0.6 and 1.2 mM Mg the 

Kd for Mn+2 increased to 0.12 mM and 0.18 mM, respectively, whi'le 

n remained equal to 3. Assuming competitive binding of the t\'l9 

cations, Kd for Mg +2 can be detenni ned (15, 26). The resu1 ts of 

separate calculations at each Mn+2 and Mg+2 concentration are sho\'m 

in Table VI. The average value for Kd(Mg+2) = 0.54 mM. 



· . 

Table VI. Dissociation Constants of Mn+2 and ~g+2 PuDPCase. 

Experimental conditions are given in Fig. 20 and text. Kd(Mn+2) 

was detennined from best straight line fit to data; Kdn!g+2) was 

calculated for each data according to reference 15, assuming 

competition of 11g+2 and '·1n+2• 

~tn+2 (ml·1) 1·1g+2 (mH) Kd(Hn+2). ml·~ K (t~a+2) mH 
d·' • 

0.04 to 0.60 0 0.06 

0.06 0.6 0.12 0.54 

0.12 0.6 0.12 0.53 

0.18 0.6 0.12 0.57 

0.06 1.2 0.18 0.53 

0.12 1.2 0.18 (:).48 

0.18 1.2 0.18 0.58 

average 0.54 
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DISCUSSION 

After observing the activation of RuDPCase by preincubation of 

the enzyme with Mg+2 and bicarbonate, Pon et al. (34) offered three 

possibl~ explanations which can now be examinated in the light of 

the present data. Onle possibility is that there may be a require­

ment that i~ the reaction mechariism CO2 entering the carboxylation 

reaction at the activ~ site must be bound prior to the binding of 
, 

of RuDP. This order of binding may be required, but it so, it can 

not explain the persistent activating effect of preincubation. 

After one carboxylation in the presence of RuDP, there would no 

longer be a preincubation effect. A second possibility is that 

since radioactive PGA is measured, there might be an exchange or 

displacement of unlabelled bicarbonate by labelled bicarbonate. 

This is ruled out in the present study by the careful exclusion of 

unlabelled bicarbonate and CO2, The third possibility is that both 

/ Mg+2 and bicarbonate activate the enzyme, but that the activating 

bi carbonate bound to the enzyme is not the reacti on sped es. In 

terms of the data in the present study this seems to be the most 

likely explanation of the preincubation effect. 

It might be suggested, however, that the even higher reaction 

rate seen during the first five minutes of the reaction following 

prei ncubation coul din fact be the resul t of carboxylation of pre­

viously bound carbon dioxide, the species which has been shown to 
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be involved in carboxylation (13). In our preincubation experiments, 

H14co; was added to the buffer either at least 30 min prior to 

initiation of the reaction orin the presence of carbonic anhydras~, 

so that complete equilibration of HC03- and CO2 species was assured. 



To account for the increased rate seen during the first 5 min (com­

pared to the subsequent period) for the preincubated enzyme, about 

100 molecules of CO2 would have to be bound to the enzyme at the 

start of the reaction period. A more likely explanation of the 

higher initial rate, decreasing over the first 5 min, would seem 

to be that bi~ding of RuDP to the enzyme decreases its activity. 

The enzyme would be in the most active form at the start, and the 

binding of RuDP until some steady-state number of binding sites are 

occupied might take several minutes. 

Since the higher rate of enzymic reaction persists for as long 

as 20 min, 0e suggest that preincubation with Mg+2 and HC03- either 

modifies the enzyme conformation to give a more active form, or 

prevents excessive binding of RuDP to the enzyme, or both. Hhen 

the enzyme is presented \'Jith RuDP \'lithout preincubation \,/ith Hg+2 

and HC03-, it is much less active and remains as such for at least 

20 min. This suggests that RuDPbinding by the non-preincubated 

enzyme converts the enzyme to (or mai nta ins it in) a 1 ess acti ve 

form from which it can not changein the presence of RuDP and low 

levels (1 mN) of NaHC03. If RuDP had not had any infl uence on the 

enzyme conformati on and acti vity, the reaction rate shoul d increase 
. 
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after several minutes (in the non-p~eincubated case). It is proposed 

that the enzyme is in the active. form as long as it is in an environ­

me~t of ~1g +2 and CO2, and· is never presented wi th RuDP in the absence 
+2 of Mg and CO2. (However, as shown in Fig. 4, the effect caused by . 

+2 RuDP \'lithout preincubation with CO2 and Mg can be overcome by high 

levels of CO2.) 

It is known that RuDPCase contains a number of subunits and many 
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binding sites for substrates (38, 39, 41, 49) .. It is suggested 

that the acti vi ty of the enzyme depends in some ... /ay on the number 

of CO2 molecules and RuDP molecules bound to the enzyme. A high 

number of CO2 r.1olecules bound to the enzYr.1e tends to reduce the 

number of RuDP molecules bound to the enzyme, but not necessarily 

at the catalytic sites. It is further suggested that RuDP binding 

at some sites tends to prevent CO2 binding at the activating sites, 

thus reducing the activity of the enzyme. Sufficiently high levels 

of bicarbonate provide enough CO2 to overcome the effects of the 

RuDP binding at sites which inactivate the enzyme. 

As previously mentioned, and as seen in this study (Table I & 

II), 6PGluA inhibits the enzyme when ~dded with or after RuDP, or 

under any condition vlith 50 mr,! HC03-. Surprisingly, vlhen the, 

enzyme is preincubated vlith 1 mr1 NaH14C03 and Ng+2, and \'Jhen 6PGluA 

is added during the preincubation period, considerab1e.additional 
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activation of the enzyme can be seen. The maximum activation occurs 

with only 0.1 mM 6PG1uA. A 75% activation is seen with only 5 uM 

6PGluA. Thus 6PGluA is a very specific effector under these 

conditions. At 2 mH, a net inhibitory effect is observed. Acti-

va~ion (with preincubated enzyme) is not seen when 6PGluA is added 

simultaneously with RuDP. Thus it appears that the binding of 

6PGluA at those sites involved in the conversion of active to less 

active enzyme. Furthermore, binding of RuDP prior to incubation of 

the enzyme with Mg+2, CO2 and 6PGluA precludes not only the acti­

vation by Mg+2 and CO2, but also the additional activation by 6PGluA. ' 

The additional activation (vlhen the enzyme ispreincubated with 

CO2 and Mg+2) due to 6PGluA may be caused by 6PGluA binding in such 



a way as to prevent some binding of RuDP when itis subsequently 

added. The binding of 6PG1uA is a relatively slow process as 

indicated by the fact that the maximum stimulation of the enzyme 
+2 by preincubation with HC03-, Mg and 6PG1uA requires about 5 min 

(Fig. 8). The slow response of the enzyme to 6PGluA may be an 

example of the hysteretic phenomenon proposed by Frieden (14). The 

preincubation effeCt of CO2 alone requires 2 min (Fig. 5). The 

binding of RuOP \;fhich leads to lo\'/er activity must be assumed to be 

even faster, since simultaneous addition of RuOP, Mg+2, and CO2 
results in the less active form of the enzyme. 

The similar, though smaller, activating effects of FOP seen in 

the present study could be explained by a similar hypothesis. 

The physical study of the binding between this enzyme and its 

substrates and/or metal ion by Trown and Rabin (44) indicates that 

the binding with RuOP is very fast and the binding with. t1g+2 and 

bicarbonate is rather slow. Their results are consistent with the 

findings obtained in the biochemical assays of enzyme activities 

in present study. 

The competitive inhibition of the enzyme activity by either 

6PGl uA or FOP demons tra tes that ei ther of these t\,IO metabo 1 i tes can 

compete with RuOP at its catalytic site. The affinity of 6PGluA to 

this site is 10 times that of FOP. These facts thus support the 
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view that at higher concentrations of either 6PGluA or FOP the 

observed inhibitory effects are due to competitive inhibition. This 

shm·/s that 6PGluA is a much more effective inhibitor than FOP. Such 

inhibition is also seen with either 6PGluA or FOP with the less active 

form of the enzyme (Table IV) (42). Buchanan and Schurmann (ll) 
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reported that with 1 mM t1g+2, FOP at all concentrations studied is 

inhibitory. BO\,/es and Ogren (9) found that th"e enzyme from soybean 

was inhibited 46% by 1 mM FOP at 5 mM Mg+2, while Avron and Gibbs 

{2} found no significant activation or inhibition by either F6P 

or FOP using freshly prepared broken spinach chloroplasts. From 

these reports and our experience, it seems clear that the effects 

of FOP on enzyme activity are very dependent on enzyme preparation 

and assay methods. Further detail ed study of the action of thi s 

enzyme, preincubation with Mg+2 and CO2, substrate and inhibitor 

levels, etc. seems to be needed before these differences and their 

significance can be understood. 

The activation caused by the pres"ence of NAOPH and PGA during 

preincubation of the enzyme might be ascribed to mechanisms similar 

to those suggested for the effect of 6PGluA. Given the structural 

dissimilarity bet~/een NAOPH and 6PGluA and the specificity of the 

NADPH effect (no effect by NAOP+, NAOH, HAO+), it may be more 

reasonable to expect that there is a different binding site for 
l 

NADPH. In the case of PGA and NAOPH, there is little or no inhi-

bition of the enzyme in its less active form, and presumably no 

competitive inhibition of the enzyme in its active form either . . 
Thus, higher concentrations of these effectors do not result in 

loss of the activation or in inhibition. 
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~n earl~er studies of RuOPCase, the Km(HC03-) has been reported 
I . 

as 11 mM (46) an,d 20 m~t (36). With the non-pre; ncuba ted enzyme, at 

avery high Mg+2 concentration (45.5 mf1) and a very low RuDP concen­

tration .(0.136 mt1), the ~ was dete~ined to be 2.5 mM (8). How­

ever, Vmax was not reported and \'/as presumably considerably lower 
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than V seen with the preincubated enzyme. max . 
Buchanan and Schurmann (11) reported that in the presence of 

added F6P, the value of Km(HC03-) for the spinach enzyme was 3.3 mM, 

while with 6PGluA it \'/as 2.5 mM. We find a similar lowering of Km 

in the pres~nce of 6PGluA, NADPH or both, but saw no effect with 

F6P. 

What significance can be attached to the regulation of RuDPCase 

by levels of RuDP, CO2, ~1g+2 and 6PGluA? ~~hen the light is on and 

physiological conditions are favorable for photosynthesis, we may 

assume that the level of Mg+2 is high, CO2 is not too low, RuDP 

concentration is adequate, 6PGluA is nearly absent, and RuDPCase 

During the light to dark transition, the level of RuDP, though 

fall i ng rapi dly, is enough to sus tat n the carboxyl ati on reacti on 

for about 2 min. If the level of free Mg+2 in the soluble part of 

the chloroplasts decreases greatly, as indicated by the study of 

Lin and Nobel (22,29), this \'lOuld of itself decrease the activity 

of the active form of RuDPCase, which has a pH dependence shift to 

the alkaline with reduced Mg+2 (8). The appearance of 6PGluA 

during the first minute of darkness would further inhibit the enzyme . . 
These and perhaps other effects (18, 48) may account for the slow 

rate of the carboxylation reaction observed in isolated chloroplasts 

and in Chlorella pyrennoidosa after about 2 min of darkness. 

The K; for 6PGluA observed in this study may be compared with 

in vivo concentration estimated by Bassham et al. (7). In the dark, 

6PGluA was measured to be 0.047 mM. Thus, the Ki of 6PGluA is lower 

than the estimated concentration of 6PGluA in the dark. It should 

.' 



be noted that, in the dark, the oxidative pentose phosphate cycle 

is in operation in the chloroplasts (21), and CO2 is being liberated 

but not consumed in the chloroplasts. Thus the K; value obtained 

with 1 mM NaHC03 is not necessarily unrealistic in terms of in vivo 

metabolism. Hm'/ever,the in vivo concentration \'Iould include 

6PGluA in bbth cytoplasm and chloroplasts. In the report of the 

appearance of 6PGluA in isolated chloroplasts, the amount of 14C 

label found \,/as smaller than in the in vivo experimrnts (21). 

In any event, these comparisons beb/een estimated Ki ~alueand 

6PGluA concentration in the dark in vivo suggest some possibility 

that competitive inhibition of RuDPCase by 6PGluA in the dark plays 

a role in the inactivation of carboxylation reaction required by 

the switch from the reductive pentose phosphate cycle durinq photo,.. 

synthesis to the oxidative pentose phosphate cycle in the dark. The 

need for a light-dark s\'/itch in metabolism of chloroplasts has been 

discussed else\'/here (3, '4, 6). The enzymes characteristic of the 

oxidative pentose phosphate cycle have been found to be present in 

isolated spinach chloroplasts, although there \'Iere larger amounts 

of such enzymes in the cytoplasm (16). 

Evidence, for some of these changes can be seen upon either 

addition of vitamin KS to Chlorellapyrenoidosa in the light (21), 

or without additions when the light is turned off (32). It has been 

pr.-oposed that vitamin KS in its oxidized state diverts electrons 

from the reduction of ferredoxin and NADP+, and that the resulting 

increased ratio of NADP+/ NADPH or of ferredo~ino/ferredoxinred 

activates G6P dehygrogenase. 

Data in the present study suggest that the increased level of 
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6PGluA may then further;inactivate RuDPCase, thus completely stopping 

the carb~xylation reaction. The lack of inhibition of photosynthe­

sizing spinach chloroplasts by 6PGluA added to the medium is presumed 

to be due to lack of penetration of the limitimg double me~brane of 

the intact chloroplasts. 

The further activation of preincubated enzyme by NADPH seems 

likely to play some physiological role, given the specificity of 

this activation (lack of activation by NADP+, NADH, and NAD+). One 

possibility arises during the transition of the plant cells from 

dark to light. During the dark, the level of RuDP will have be-

come very low or zero (7), but CO2 \'1111 be present due to respiratory 

reactions. Moreover, the level of ~1g+2 in the chloroplasts may drop 

to a low level in the dark, thus lowering the activity of RuDPCase 

(22, 29). When the light is turned on, or the sunrises, the level 

of f1g+2 ions in the chloroplasts is expected to increase (22, 29). 

During the first seconds of bright light, or longer in dim light, 

6PGluA is present due to operation of the oxidative pentose phosphate 

cycle during darkness in the chloroplasts (6, 21). This combination 
+2 of prei ncuba t i on of the enzyme wi th CO2, r·1g ,and 6PGl uA can cause 

maximum activation of RuDPCase, as suggested earlier. HO\,/ever, as 
. 

the light brightens, or is on longer, 6PGluA will disappear (6) and 

. NADPH\'lill appear. Thus the role of keeping RuDPCase fully activated 

can be taken over by NADPH. 

As illumination continues, sugar phosphates will be converted 

by phosphoribulokinase to RuDP until an effective substrate concen­

tration is reached. The RuDP concentration in vivo was estimated to 

be 2 roM in chloroplasts (7), and is higher than 0.5 rilN used in this 

.. 
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study. Even a concentration of 0.5.mr'1 is sufficient to saturate 

the enzyme. 

The smaller effects of FOP and of PGA are not easily explainable. 

Perhaps these effects are merely unavoidabl~ consequences of 

structural similarity of FOP to RuOP and of PGA to 6PGluA. Acti­

vation of RuOPCase by FOP and PGA in vivo \'Jould seem to be adverse 

to the physiological needs for metabolic control, since an increase 

in either of these compounds may signal a decreased utilization of 

photosynthetic products for biosynthesis. 

Based on the information \'Ie have from"lhis study and from 

other \'/orkers, interaction mechani sms of the enzyme and its subs­

trates and effectors can be proposed. Nishimura and Akazawa (28) 

recently demonstrated that RuOPCase has its catalytic sites on the 

large subunits and its regulatory sites on small ones. The ternary 

comp 1 ex of the enzyme bound to metal i on and CO2 has been sho\'Jn (1). 

Therefore, it is reasonable to think. that the binding sites of RuOP, 

CO2, and Mg+2 are closely located on big slJtJunits. 

NAOPH has a unique activating effect which none of the other 

reducing agents or related compounds, such as NAOP and NAO(H), exhibit. 

Up to 2 mM, NAOPH shows no inhibition at all regardless of hO\'J the 

enzyme' activity is assayed. Hence, it shows that the enzyme must 

have a regUlatory site for NAOPH. 

6PGluA can either activate or inhibit the enzyme and the inhi­

bition is due to the competition with RuOP at the catalytic site. 

One possibility is that the activation by 6PGluA results from its 

binding at a regulated site. The activation caused by low concen­

tra ti ons of6PGl uA can pers i st for at 1 eas t 20 mi n. Thi s means tha t 

.' 
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the binding betvleen the enzyme and 6PGluA is kept intact for at least 

20 min after the addition of RuDP. The dissociation constant, Kd, 

between the enzyme andRuDP was determined to be less than 1 \.1M; the 

Kd of 6PGluA with the enzyme at RuDP catalytic site is about 

20 vM. The binding of RuDP is much stronger than 6PGluA and RuDPj 

6PGluA :ratio used in the assay of 6PGluA activation \'/as 10 to 1. 

Thus, it is very likely that RuDP could replace 6PGluA during the 20 

min reaction period following the 5 min preincubation if both RuDP 

and 6PGluA bind at the same catalytic site. 

At lower concentrations, 6PGluA causes signfficant activation. 

The concentration at which 6PGluA causes half of the maximum (188%) 

activation is between 5-10 M, while the Ki of 6PGluA at the RuDP 

catalytic site is about 20 M. The activation effect induced by 

6PGl uA has been sho\'m to be a s 1 0\,1 process, whi ch needs about 

5 min to reach maximum activation. The Lineweav~r-Burke plots in 

the 6PGluA inhibition study fit very well with the kinetic equation 

of competitive inhibition, which assumes that the bindinq bet\'/een the 

enzyme and the inhibitor is very fast, i. e., equilibrium must be 

established in a very short time. Therefore, the binding of 6PGluA 

at the catalytic site is much faster than that at the regulatory 

site. It suggests that there are two different sites for 6PGluA; 

one is the regulatory (activation) site, the other i.s the RuDP cata­

lytic site. The binding constants suggest that the binding at the 

fonner is stronger than that at the latter. 

FOP, like 9PGluA, also can either activate or inhibit the enzyme 

activity.· Because it has been shown that FDP can also compete with 

RuOP at its catalytic site and the structural similarity beb/een FOP 
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and 6PGluA, it is proposed that FDP can also bind at the 6PGluA 

regul atory site to sho\'1 an acti vation. 

Since both 6PGluAand NADPH can activate the carboxyl~tion 

reaction, it is interesting to see whethe~ these two effe~tors bind 

the enzyme at the same site or not. At least b/omechcnisms can 

be proposed at this moment. 

First, for the simple rea~on that 6PGluA and NADPH are not 

chemically related, it is hard to believe that both compounds bind 

the enzyme at the same site. If indeed these t\,/O sites are inde­

pendent, the binding of one of them should not interfere \'Jith the 

binding of the other. Suppose that the 6PGlu~ binding site can be 

blocked by RuDP when it was added before or simultaneously as 6PGluA 

was added to the enzyme, then the sai;~e blockage shoul d not take 

place in the case of NADPH because NADPH is not structurally similar 

to RuDP. The experiment in which the reaction \'/as started by the 

addition of the mixture of RuDP and NADPH to the enzyme which had 

been preincl)a~ed with Mg+2 and NaH14co3 indicated that the binding 

of NADPH was also blocked by RuDP. Therefore, the dilema of this 

mechanism is that two chemically different compounds can activate 

the enzyme in the same way (only Method VI gives activation) and 

the activation can be abolished in both cases even though only one 

of them (6PGluA) is structurally simila,r to the inhibitor (RuDP). 

The second mechanism proposed is that there is only one 
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comnon binding site on the enzyme. This mechanism would be consistent 

with the non-additive activation by 6PGluA and NADPH. The difficulty 

that arose ,in that two binding sites hypothesis can be dissolved by 

this one site mechanism as \"/ell. HO\,/ever, it is really difficult 

." 



to see that these two chemically unrelated compounds \'lOuld bind the 

enzyme at the same site. 

It is found that FOP, like RuOP, also can deactivate the acti­

vation ind~ced by either 6PGluA or NAOP~I, if 1 mM of FOP ~s ~resent 

in the preincubation medium. As mentioned above, it is reasonable 
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to think that FOP can compete with 6PGluA at the regulatory site due 

to the structural similarity. Because of the high FOP/6PGluA ratio 

used in this studyl(l mM/ 0.05 mH), it is likely for FOP to occupy 

the 6PGluA site and thus abolish the activation observed in the 

absence of FOP. The same mechanism is not likely to happen in the 

case of NAOPH since FOP does not chemically resemble NAOPH. The 

fact that FOP also eliminates the activation induced by ~AOPH 

suggests that a complicate mechanism is needed to explain all the 

results we have obtained. 

As discu.5sed previously, the model of ei ther t\,!O independent 

sites or one single site for 6PGluA and NAOPH is not consistent 

with the facts we observed and for the structural reasons. Therefore, 

the model OT D/O dependent sites can be proposed. The binding of 

either RuOP or FOP at 6PGluA site might induce structural changes 

so that the binding of NAOPH at the other site is blocked and there­

fore no activation can be observed. 

A specific inhibitor of one of these blo activators should have 

n6 effect on the activation induced by the other activator in the 

case of two independent binding sites. If such an inhibitor can be 

found, it will tell whether there are two independent sites or not. 

NADP or NAOH was the likely candidate for the inhibitor of NAOPH. 

The result .shows that neither NAOP nor NADH can reduce the activation 

.. 
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induced by NADPH or 6PG1uA. At present it seems that there is no 

easy way to solve this binding problem. 

As indicated before, the activation effect induced by every 

effector can be seen only in the specific preincubation condition. 

Other assay methods in which the activator is added simultaneously 

or after the addition of RuDP result in no activation at all (in the 

case of 6PGluA, inhibition effect is observed). These results and 

the facts that the activating effects produced by activators can 

persist for a long time strongly suggest that the binding of RuDP 

is very rapid and also can cause drastic structural changes so that 

the enzyme conformation is "locked" and can not be easily transfonned. 

In the absence of any effector, it has been shown that RuDP can 

inhibit the binding of CO2 or /.1g+2, \'/hich are the necessary factors 

which convert the en~yme to become active. Thus the binding of RuDP 

on the enzyme first can not only prevent the activator from binding 

at the regulatory site, but also delay the activating effect of CO2 
and l1g+2.Th~refore, it is believed tha't the RuDP binding causes 

structural changes on catalytic site as well as on regulatory site. 
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