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REGJIJ\'l'IO.'J OF PIIOTOSYNI11ETIC CARBON METABOLISM 

James A• Bassham 

The Rc<.luctivc Pcntosc Phosphate Cycle 

TI1e elucidation of metabolic paths and of their in vivo n.:g~lation 

by means of substrates labcied ~vi th radioisotopes has been particularly 

useful for photosynthesizing cells. The reductive pentose phosphate cycle 

(RPP cycle, Figure 1) was completely ID?":Jped by such studies by Cal vir .. :lild 

CO\vorkers. 1 ' 2 The mechanisms of in vivo metabolic regulation of this 

cycle and of paths leading from· it to end products are being revcaied t.1.rough 

the usc of similar tedmiques. 

·This approach to investigation of path\vays and their regulation con

trasts with perhaps more conventional studies which depend primarily on 

the isolation of enzymes and investigation of their properties. Of course, 

the isolation and characterization of enzymes which catalyze steps of the 

pho:osynthetic paths have been required to confinn the paths and the 

mechanisms of their metabolic regulation. In fact' certain e:rlZ}1Ties of 

·RPD -y· -c ,;: ..... ....... e,. ribulose-1,.6-diphosphate carboxylase (RuDPCase), fructose-1 ~6·-
. . 

diphospaatase' (FDPase),. and sedoheptulose-!, 7-diphosphatase were found t6. 

be so 10\v in activity when isolated from green leaves that it was doubted 

that they could catalyze the proposed in vivo reactio~. 3 111ese . enzymes 
. . . 4-6 . . 

cataly:e regulated (rate-liiniting) steps of the RPP cycle, and must be 

provide"' with optimal condi ti.ons (including high Mg ++ ion concentration)7 ' 8 

in order to provide just the minimal activity required for rate~limit~d 

steps. 

Ir. a complete tum of the RPP cycle, carboxylation of three RuDP 

molecules gives 6 molecules of PGA, which can be reduced to 6 molecules of 
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triose phosphate by reactions using 6 ATP molecules and 6 NADPH molecules. 

Only 5 triose phosphate molecules are needed to regenerate 3 RuSP molecules 

\vhich are then converted to 3 RuDP molecules with ~ more ATP molecules. 

TI1e triose phosphate molecule gained from the reduction of 3 co2 mole- . 

cules may be condensed with triose phosphate to give sugar monophosphates 

and eventually carbohydrates, including starch, sugar, and cellulose. 

Alternatively, the triose phosphate molecules can be converted to .• · 

glycerophosphate for fat synthesis or transfonned via PGA and phospho

enolpyruvate along many well knoWn biochemical pathways to give various 

amino acids, fatty acids, and other molecules needed by the cell. · 

For the discussion that .follows, it is helpful to review briefly 

same ·teclmiques used to map the RPP cycle and still used in studying regu

lation. When plants were exposed for a few seconds to 14co2 while photo

synthesizing, killed, and the products of photosynthesis analyzed by tw-o

dimensional paper· chroJ1latography and radioautography, th~ first product 

was 3-phosphoglyceric.acid (PGA) followed immediately by.simultaneous· 

appearance of sugar phosphates with 3 t1 7 carbon atoms. Chemical degrada

tion of these sugars to reveal the location of 14c in the carbon cliains, 

and kno\1ledge of previously detennined reaction<- of glycolysis permitted 

fonnulation of mst of the cycle, from PGA to pentose phosphate. 

A different method was required to discover the carboxylation substrate. 
. . . 

The algae photosynthesized for several minutes with 14co2 under steady-

state conditions. After about 5 min, the intennediate compounds of the 

primary photosY-nthetic pathway were later fo~d to be completely labeled 

with 14c; that is, the radioactivity in a pool of a given compound no 
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longer increased. The 14c content of each pool of compounds then teprc-

sented the actual concentration of that compound·within the cells. 

An enviroru~ntal condition then was changed; for example, the · 

light \~as turned off. Samples taken rapidly after this perturbation 

revealed on subsequent analysis the changes in concentration accompanying 

the perturbation. In the case·of the light to dark transient, it was 

found that the level of radioactive PGA rose very rapidly, as expec:ted 

upon interruption of the supply of photochemically produced cofactors 

. required for its reduction. to triose phosphate (Figure 2). 9 The level 

of ribulose-1,5-diphosphate (RuDP) dropped rapidly, suggesting that · 

RuDP is fonned from ribulose-S;..phosphate (RuSP) by a reaction utilizing· 

ATP from the light. The carboxylation of RuDP to give 2 molecules of 

3-PGA clearly proceeded in the dark. When the light was left on, but 

the level of co2 was reduced, RuDP increased and PGA decreased as 

10 expected •. 

H e-rn 
2 I 
C=O 
I 

HC-OH --7 
Ht-ffi ATP 

I 
H2C-O@ 

RuSP 

Hz C-o® 
~=0 . 
I 

HC-Cll 
j 

HC-CH 

H t-o® 2 

RuDP 

H2cr-o® 
HC-OH 

I -
*CO 

+ 2 
co; 

Ht-OH 
.H

2
t-o® 

PGA 

RuDP, with an open chain and two phosphate groups, is so reactive 

that carboxylation takes place without added energetic cofactors. In 

fact, the free energy change accompanying the reaction at steady-state 

c.ondi tions in photosynthesizing algae is -10 Kcal, by far the most nc;·;:1 t i vc 

6G5 for any step in photosynthetic carbon metabolism in such organisms. 
11 
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Plants containing U1e oxygen-evolving mechanism and the IU)P cycle in 

the same chloroplasts pay a high price for the chemical reactivity of HuDP. 

~Iolerular o
2 

(or intennediate oxidants leading to the oxidation of water 

to o
2 

12) can attack RuDP, perhaps bound to the· carboxylation enzyme,13 

giving PGA plus phosphoglycolic acid, instead of 2 PGA molecules. When 

algae are deprived of co
2

, after photosynthesis with 14co2, the rapid rise 

in 14c-RuDP level, mentioned earlier, is quickly followed by a la:rge increase 

in 14c-glycolic acid. 10 

. 14 .· 
. When Ollorella pyrenoidosa are exposed to co2 in the presence of ei r..:...er 

oxygen, co2-free air, or nitrogen, the inhibition of photosynthesis, the 

production of glycolic a~id and ~f phosphoglycolic acid, and the decrease 

in the carboxylation substrate, ribulose diphosphate, ··are well correlated 

with. the presence of oxygen (Table I) .14 Once formed, phosphoglycolate is 

hydrolyzed by glycolate phosphatase, an active enzyme fourid in chloroplasts .15 

The glycolate is then metabolized'outside the chloroplasts,16 giving co2 

and organic compounds that :an be reincorporated into photosynthetic path

ways. The oxidation of newly formed photosynthetic intcnnediatcs to co, 
. ~ 

by this route is probably the principal component of photorespiration, 

though other mechanisms may contribute. 

Photorespiration thus is a function of 02 tension, temperature, and 

light intensity, and an inverse function of co2 pressure ... Thus, it is 

especially deleterious to plants whose native habitat is wann, sunny, and 

dry (because closing the stomata lowers co2 pressure in the leaf). It is 

not surprising that some species ~f such plants have evolved carbon fixa

tion pathways to overcome the effect of RuDP oxidation by 0
2

. This 
.: . 

apparently has been accomplished by separating the sites of the RPP cycle 



' •'' u ';, 
,~ _\, ,. a J &~ ,> ·~:} d ·.J ,,,) ,J ~.J 

-5-

from the water oxidation-02 evolving mechanism, and by refixing any co2 

~1at does form by photorespiration. 

In certain tropical grasses, such as maize and sugar cane, and assorted 

other plant species, there are found two kinds of cells, in which the 

chloroplasts differ between cell types. 17 ""19 In the vascular .bundle 

(parenchyma) cells the chloroplasts contain only single lamella (they are 

\•:ithout grana) and reduce carbon via the. RPP cycle {or something like it). 

In the mesophyll cells, which ar~ closer to the leaf surfaces, chloroplasts 

contain grana and fix co2 via part of a cycle which does not involve RtillP. 20 

Since the agranal chloroplasts apparently do not have a photosystem 2 and 

do not evolve 02, Zl but do contain the RPP cycle, the .oxidation of RuDP and 

other sugar phosphates is minimized. Some such oxidation does occur, and 

the resulting photorespiratory C02 is. to a large extent refixed by the mcso

phyll chloroplasts and does not escape the leaf. 

This pathway of co2 fixation (Figure 3) was mostly elucidated b;· ii~•:c:: 

and Slack, 22 , 23 after Kort ~chack, Hartt, and Burr24 had fou!ld that pri..:::;:l:-;_.· 

C02 incorporation in such plants .occurs via a carboxylation of phosphoenol

pyruvate to give malic and aspartic acids. The pathway is known as the 

C-4 pathway a Prestnnably' the C-4 acids, once fanned in the mesophyll . cells I 

are translocated, via clearly visible plasinadesmata,.25 to. the parenchyma 

cells, where they are oxidatively decarboxylated to give co2 and.NADPH to 

the agranal chloroplasts. These. chloroplasts, which produce their O\vn ATP, 

then may carry out the RPP cycle. However, additional reduced cofactors 

(a total of 2 NADPH molecules per co2 molecule are required) would have 

to come from the mesophyll cells, according to this hypothesis. 
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Metabolic Regulation of Carbon Mctabol~sm: Within the RPP Cycle 

Since several intermediate compounds of the Calvin cycle are used as 

starting points for biosynthesis, some points of metabolic regulation of 

reactions of the cycle and of paths leading from it are req~ired. The 

techniques of suddenly interrupting the steady-state photosynthesis and 

observing· the transient effects on metabolite concentrations, mentioned . 
. . ' 

earlier, have been very valuable in locating sites of metabolic regula-
. ' 

. 6 . .. . ' ' 
t1on. A few examples from many studies will. illustrate the method. 

When the light-dark steady-state experiment with algae is followed by 

turning the light on again, additional interesting transie~t changes are 

5 26 . . 
observed. ' The level of fructose-1,6-diphosphate (FDP) very suddenly 

increases for about 30 sec when the light comes on, and then,· just as 

suddenly, decreases (Figure 4) . After several oscillations the level settles 

dmm to the light steady-state level. The initial rise indicates that 

the enzyme (FDPase) which converts FDP to F6P was inactive in the. dark 

and remained inactive during the first 30 sec of light at a time when 

the rapid reduction of PGA to triose' phosphates (which condense to make 

FOP) took place. Then the FDPase was activated and the FDP was more 

rapidly hydrolyzed than fonned. Finally as the cycle reached its full 

steady-state rate due to ·activation of the various control points, the 

steady-state levels of IDP and other intermediates were approached. 

Similarly, light activation o~ the carboxylation enzyme (\vhid1 

converts RuDP and 002 to PGA) was observed, both with algae and with 

isolated spinach chloroplasts. The activations of these enzymes and 

. of phosphoribulokinase (which· converts RuSP Wi. th ATP to RuDP) are. not 

direct photoChemical activations, since reversible inactivations can 
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be seen even with the light on whcnchcmicai inhibitors are added which 

reversibly inactivate photosynthcsis. 4 ' 27 Rather, it appears that the 

mcdtanism of activation of these regulated enzymes may involve the 

levels of ?-Ig ++ ion, pH, and the ratio of reduced to oxidized cofactors 

(such as NADPH/NADP+). 6 A light-activated factor for RuDPCase has been 

reported. 28 Also, studies of the transport properties of the outer chloro

plast membrane carried out with isolated chloroplasts 29 ' 30 suggest .• a 

correlation between such transport and 002 fixation activity. 

One clue to the purpose of these regulated enzymes was found in the 
. ~ . 

appearance of 6-phosphogluconic acid in. the dark and its disappearance 

in the light. This metabolite, which is a marker for the oxidative 

pentose phosphate cycle, can be made to appear in Chlorella even with 
. . 

the light on when vitamin K5 is added to the photosynthesizing algae 

suspension~ 27 Vitamin K5 is readily oxidized by air and light. In 

its oxidized for.m, it apparently accepts electrori$ from the photochemical 

electron transport system of the chloroplasts, thereby diverting the 

electrons from the reductive steps of the reductive. pen 'se phosphate 
. ' 

cycle. Since 6-phosphogluconic acid appears upon the addition of vit~-

min K5 , even with isolated chloroplasts, 27 it is clear that .the·oxida

tive pentose phosphate cycle can operate inside the chloroplasts. It is 

significant that addition of vitamin K5 in the light also causes a 

blocking of reactions catalyzed by FDPase and SDPase, RuDP carboxylase, 

and phosphoribulokinase (Figure 1). For example~ in Figure S we see that 

the level of SDP rises. abruptly, while the le':'el .of RuDP does not decline · 

to belmv detectable levels,. as it would if the carboxylation enzyme 

remained active. Figure .6 shows clearly the sudden rise in pentose 
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.monophosphatcs resulting from inactivation of phosphoribulokinase (level 

of ATP did not drop). TilUs, the sites of inactivation in the dark arc · 

all revealed in the light by addition of vitamin K5 . The oxidized 
. . . 

fonn of vitamin K5 is in time destroyed in light and air, fanning an 

inactive colored compound, and the effects on photosynthesis are partly 

reversed provided only a low level of vitamin K5 was added. at the start. 

One purpose of the light activation of carboxylase, · FDPase, alld · 

phosphoribuloldnase and their inactivation in the dark would appear .to 

be to permit the blocking in the dark of reactions unique to the reductive 

pentose phosphate cycle so that the oxidative pentose phosphate cycle 

can operate in the chloroplasts (Figure 1). This oxidative cycle would 

produce NADPH, which together with ATP from the mitochondria could then 

be used for biosynthesis in the dark inside the chloroplasts. As a corol

lary to this postulate, the oxidative ~'ntose phosphate cycle must be 

prevented from operating in the light, presumably through the inactivation 

of glucose-6-phosphate dehydrogenase. 

Studies with unicellular algae in which growthhas been synchronized 

so that all cells in a given culture are growing or dividing at the same 

time, have .indicated that these same regulatory sites may be involved in 

the allocation of carbon from the reductive pentose phosphate cycle to 

biosynthetic pathways leading to synthesis of carbohydrate, fat and 

protein. 31 , 32 As ti1ese algae pass from a stage of rapid growth to one 

of cell division, their needs for the synthesis of protein and fat as 

compared with the synthesis of carbohydrates apparently change. 

Looking at the· photosynthetic carbon reduction cycle (Figure 1), 

we can see that the compounds required for protein and fat synthesis 
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arc dcTivc.d from PGA. and triose phosphate, which lie after the carboxylation 

reaction and before the FDPase and SDPase reactions. On the other hand, 

the compound required for carbohydrate synthesis, fructose -6~phosphate, . 

lies after the FDPase reaction and before the carboxylase reaction; Since 

the carboxylase reaction and the FDPase amd SDPase reactions are rate

limiting steps in the Calvin cycle, a small change in the ratios of acti

vities of these enzymes can cause carbon to aca.unulate either in t.be half 

of the cycle between carboxylation and FDPase or in the other half of 

the cycle after FDPase and before carboxylation. Thus t~e regulatory 

mechanisms can accumulate reduced carbon at the point where it is needed 

for subsequent biosynthesis. 

Regulation of Carbon Metabolism: Outside the RPP Cycle. 

Additional regulatory steps are required oT. the pathways leading 

from the cycle to control more accurately the. amount of carbon withdra\\'11 

for biosynthesis. The sites of two such regulatory points in Chlorclla 

pyrenoidosa have been revealed by studies of the effects of adding 

annnonium ion. 33 As might be expected, the addition of .llillilOnium ion 1.:1. 

1 mM concentrations to algae cells results in an increased synthesis 

of amino acids and proteins. When ammonium ion was added during photo

synthesis by algae, several dramatic changes in the rates of flow of carbon 
. . 

compounds through the metabolic pathways were observed. First of all, 

· sucrose synthesis almost completely stopped, and starch synthesis declined 

somm-vhat. At the same time, there was an increasedre~.te of synthesis 

of fC~.ts and a greatly increased rate of synthesis of amino acids. 

The main reason for the increased amino acid formation became apparent 

when we examined the changes in steady-state levels of phosphocnopyruvic 
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acid and of pyruvic acid. The conversion of PEPA to pyruvate is a key 

reaction along the path leading from PGA to the synthesis of amino acids 

and fatty acids. Inunediately after the addition of arrunonium ion the 

level of PEPA dropped, while the level of pyruvate rose (Figure 5). From 

these changes in level, and from the knom1 free energy change accompanying 

the conversion of PEPA to pyruvate, it is possible to calculate that the 

ratio of the fozward over the_ back reaction changed by a factor of· four. 

The light to dark transition also causes a change in activities of 

enzymes catalyzing key reactions on pathways leading from the RPP cycle . . 

to end products. A recent experiment by Kanazawa et al. 34 demonstrates 

dramatically the cessation of starch synthesis in the dark. Preiss and 
. 35-38 . . 

coworkers had found that isolated ADP-glucose pyrophosphorylase is sub-

ject to inhibition by phosphate and activation by PGA. They proposed that 

this enzyme, which mediates the reaction of glucose-1-phosphate with ATP 

to give ADP-glucose and pyrophosphate, is the key enzyme in shutting down 

starch synthesis in the dark, probably due to increased levels of phos

phate i~ the chloroplasts 39 We have now examined. the level of ADP-glucose 

and other intermediates in Chlorella pyrenoidosa during steady~state photo

synthesis and 3.fteiWards in the dark. 34 The level of ADP-glucose declines 

very rapidly within a few seconds after the light is turned off. It ~s 

clear that ADP-glucose formation, and consequently starch synthesis, stops 

suddenly in the dark due to inactivation of the ADP-glucose pyrophosphory

lase. From this and past experfulents, we know that the level of glucose-

6-phosphate remains high when the light is turned off. In this experiment, . . 

ATP level, after a transient downward fluctuation when the light \vas turned 

off, was· the same in tr .. e dark as in the light. Similarly, the level oi PG.\ 
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\\'as about the same in the dark as in the light. Preswnably the activation 

of ADP-glucose pyrophosphorylase in'the light was due to .a lower level 
. . 

of phosphate in the chloroplasts or to other as yet Unidentified factors. 

Such findings are providing us with a clearer picture of the dynaJnic 

control of in vivo metabolism in photosynthetic cells. We are hopeful that --- ' -· -

besides aiding in the general understanding of metabolic regulation, this 

knowledge may fonn a basis for a better evaluation of how plants adapt 

to envirorunental and physiological change at the level of metabolism. 
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Table I. Effect of Oxygen on Photosynthesis with . co2 

. '14. . .. ' ·.' 
(ll c C/ gm algae) ·, 

02 C02-:-free al.r N '2 

Total 14c fixed . 508.0 642·7 732.9 

Glycolic acid .. 48.2 9.2 .2.0 

.Phosphoglyc9lic· acid 
t 

3.4 2~T 1.7 
3:·: .... :, ,· ' 

Ribulose dfpRcisphate 58.4 91.0 87~6 .• 

. , 

Other sugar \iiphosphates 0.3 o~5 1.3 

Phosphoglyceric acid· 20 .1· 25.3 40.6 

,·.· . ·. 
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FIGlllill CAPTIONS 

Figure 1. TI1e Reductive Pcntose 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 posi tl.on 

of enzyme activated in dark. 

GA1d3P, glyceraldehyde-3-phosphate; IDP, fructose-1,6-diphosphate; 
.• 

F6P, fructose-6-phosphate; IllAP, dihydroxyacetone phosphate;· E4P, 

erythrose-4-phosphate; SDP,· sedoheptulose-1,7-diphosphate; S7P, . 
sedoheptUlose-7-phosphate;. RSP, ribose-5-phosphate; Xu5P, xylulose-

5-phosphate; Rll5P, ribulose-5-phosphate.; RuDP, ribulose-1,5-dfphos

phate; G6P, glucose-6-phosphate; 6-PGluA, 6-phosphogluconate; 

*C2 is actually enzyme-botmd thiamine pyrophosphate-glycoaldehyde, 

an intennediate in the two reactions mediated by transketolase. 

Figure 2. Light-dark and High co2-1ow co2 Transient Changes in Levels 

of 14c-Labeled Photosynthetic·. Intennediates. 

Idealized rurves based on studie.s by Calvin ~d Massini 9 and 

Wilson and Calvin.11 

RuDP, ribulose-1,5-diphosphate; PGA, 3-phC>sphoglyceric acid. 

Figure 3. The C~4 Acid Cycle of Photosynthetic Carbon Fixation. 

Figure 4. Transient· Changes in Levels of FDP and DHAP during Light- . 

dark and Dark-light Transitions. 

! 
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Figure 5. Effects of Addition of Vitamin K5 to Photosynthesizing Chlorclla 

pyrenoidosa on Levels of SDP and RuDP. 

Figure 6. Ef£ects of Addition of Vitamin K5 to Photosynthesizing Chlorclla 

pyrcnoidosa on Levels of Pentose Monophosphates. · 

Figure .7. olanges in Levels of Pyruvate and Phosphoenolpyruvate upon 

Addition of NH: t:o Photosynthesizing Chlorella pyrenoidosa. 

Figure 8. Transient Changes in, Level of ADP-ghicose during Light-dark 

Transition in Chlorella pyrenoidos.'~. 
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r-----------------LEGALNOTICE------------------~ 

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