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Tne Mechanisms of the Reactions of the Carbon Reduction Cycle 

of Photosynthesis 

J.A. J3assham 

The basic carbon reduction cycle of photosynthesis~ mapped 

·by Calvin and coworkers1
t
2,3 consists essentially of four stages. 

First, ribulose phosphate is phosphorylated with ATP from the 

light reactions of photosynthesis to give ribulose-1,5-diphosphate .. 

Second, ribulose diphosphate is carboxylated and subsequently gives two 

molecules of 3-phosphoglyceric acid. Tt1ird, 3-phosphoglyceric 

acid is reduced with ATP and TPNH from the light reactions to give 

triose phosphate. Fourth, a series of condensations» chain length 

dismutations and rearrangements converts five molecules of triose 

phosphate to three molecules of ribulose-5-phosphate. 

Bissham and Kirk4 showed that in Chlorella this basic cycle 

appears to account for at least 70% of the total carbon 

fixation during photosynthesis. 'fheir kinetic data suggested 

that the carboxylation reaction does not give rise to two 

molecules of phosphoglyceric acid in isotopic equilibrium with 

the free pool of 3-phosphoglyceric acid. 'rhis data might be 

interpreted as supporting the proposal of Wilson and Calvin5 

that the carboxylation reaction in the light in vivo might 

be reductive, thus producinz one molecule of triose phosphate 

and one molecule of 3-phosphoglyceric acid, containing the newly 

incorpbrated carbon dioxide . 
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Enzyme activities catalyzing all the stages in the carbon 

reduction cycle have been isolated franf green tissues3' 6. 

Studies of the enzymic activities by Peterosky and Racker7 

indicated somel'l'hat inadequate activities for the carboxylation enzyme 

carboxydismutase, and low activities for fructose diphosphate-1-phosphatase 

and sedoheptulose diphosphate-1-phosphatase. Richter8 and Fewson et al.9,lO 

found that certain organisms lacked fructose diphosphate aldolase, the 

enzyme postulated for the formation of fructose diphospl1ate from 

triose phosphates. 

These apparent enzymic deficiencies have suggested to somell 

that the postulated carbon reduction cycle is incorrect. Hovlever, 

the preponderance of kinetic data from tracer studies3 strongly 

supports a carbon reduction cycle identical with or very 

similar to the one which has been proposed. It is very difficult 

to conceive of another metabolic pathway which could account for 

all these data without calling on react.ions which are thermo:... 

dynamically unfavorable and for which no enzymic precedent 

exists such as the direct reduction of carbon dioxide to same one 
11 

or two carbon compound • 

Perhaps it is incorrect to assume that the <:;arbon reduction 

cycle of photosynthesis is mediated by a collection of individual, 

separate enzymes in contact with only free pools of cycle intermediates 

all in solution in same subcellular compartment. The concept of 

organized, multifunctional enzyme systems, capable of performing 

a sequence of biochemical steps on bound intermediates has received 

a tremendous support from the work of Lynen12• He has reported strong .. 



evidence that fatty acid synthesis takes place via a series of 

seven steps, the first of which is the transfer of the malonyl 

moiety from m'3.lonyl coenzyme A to the sulfhydryl group of a,n 

enzyme. During subsequent steps this malonyl moiety is conden3ed 

with acyl CoA and the product is not released fran the enz~ne 

until it has qeen reduced to a saturated fatty acid. The bound 

substrate moiety is pictured as being acted upon sequentially 

by first one enzyme function and then another. 

The kinetic and thermodynamic advantages of such a multi-

f~nctional organized enzyme system for a biosynthetic pathway 

are important. More efficient utilization of enzyme functions, 

prevention of excessive energy loss due to hydrolysis of chemically 

active functional groups such as acid anhydrides, and avoidance 

of competitive inhibition by naturally occurring intermediates 

· are some of these advantages. 

In view of the !mown efficiency and rapidity of the· reactions 

of carbon reductlon during photosynthesis, one is led to suspect the 

existence of a multifunctional organized enzyme system for 

this process. Its basic importance as the prinary biosynthetic 

reaction and its long evolutionary history would seem to require 

that carbon reduction in photosynthesis be mediated by the most 

efficient system possible in living cells. 

Arguements based upon kinetic studies with carbon 14, 

and upon direct enzymic evidence will be presented here in support 

of the thesis that the reduction of carbon in photosynthesis via 

the carbbn reduction cycle is mediated by such an organized, 

multifunctional enzyme system. I shall propose a detailed biochemical 

mechanism for the operation of tlus system. 



In studies of the kinetics of carbon 14 diox:ide reduction 

in Scenedesmu.s during photosynthesis2, it was fowd that upon 

extrapolation to zero time of the percentage of the total fixation 

into specific compounds, the percentase in phosphoglyceric acid 

approached about 75%. Some of the other radiocarbon at very short time 

was found in malic acid, presumed to be a product of a noncyclic 

c1-e3 carboxylation. However, extrapolation to zero time 

showed about 18% of the total radioactivity incorporated into certain 

sugar phosphates, particularly fructose and sedoheptulose mor1ophosphates 

and diphosphates. (Benson et al.13 had already showed that the activity 

in glucose and rnannose monophosphate extrapolates to zero at 

zero time,.) Thus, it could be concluded that certain sugar phosphates 

which are intermediates in the carbon cycle might be formed from enzyme-

bound phosphoglyceric acid which in turn is formed by the primary 

carbon fixing reaction. 

Recently, Bassham and Kirk14 investigated the formation of 

14c-labeled compounds by Chlorella when l4co2 was administered to 

the Chlorella in the dark immediately following a period of 

illumination and photosynthesis with unlabeled radiocarbon (Fig. 1). 

During the first 15 sec of exposure of the plants to radiocarbon 

in the dark, the rate of incorporation of 14c into sugar phosphates 

appeared to be too rapid to be accounted for by reduction of 

labeled PGA in the free pool of PGA. Thus, it was again concluded 

that some bound form of the carboxylation product was reduced directly 

on the enzyme. 
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Fig. 1. Fixation of 
14

c into compounds when 
14

co2 is administered 
to previously photosynthesizing Chlorella in the dark. (See ref. 14.) 
The 14co2 was administered to the 2 I/ 2o/o suspension {wet packed/ 
volume/ suspension volume) in the steady- state apparatus4 within 
one sec after the lights had been turned off placing the algae in 
darkness. Samples were taken every few sec as shown, were killed 
in 80% methanol in water (final composition) at room temperature, 
and were concentrated in vacuo and analyzed by two-dimensional 
chromatography and radioautography. Radioactivity of compounds 
was determined by counting them, on the chromatograms, with a 
G. M. tube and scaler. 
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In the same studies, it was noted ,that once the l4C label 

had been incorporated in these sugar monophosphates in the dark, it was 

only partly lost from them by reoxidation during a subsequent dark period 
. ' 

between 15 and 40 sec., when presumably all the reducing power that had 

been generated in the light was exhausted. After 60 sec no further loss 

of label from sugar phosphates occurred. In the same experiment, there 

was a slow but continuous incorporation of radiocarbon into aspartic 

acid, in the dark following the initial 60 sec period. This suggested 

a continuous c1-e
3 

carboxylation followed by transamination exchange of the 

presumed oxalacetic acid product. On the other hand, malic acid, though 

labeled during the first 30 sec, was subsequently not further labeled. 

Malic acid is supposedly formed by reduction of c1-e·3 carboxylation 

product by TPNH. If sugar phosphates were formed during photosynthesis by 

reduction of phosphoglyceric acid with 'rPNH, then one might expect that in 

the dark the same sugar phosphates would be oxidized by TPW to give 

TPNH, which could then be used to reduce the c1-c3 carboxylation 

product thus producing more malic acid. 

The failure of the sugar phosphates to be oxidized in the dark 

and the cessation of labeling of malic acid, taken together with 

the continued labeling of aspartic acid, suggest strongly that 

there is some enzymic block to the oxidation of sugar 

phosphates by TPN+. This sort of block to oxidative reactions is 

probably important and necessary to the operation of the reductive 

carbon cycle of photosynthesis. It is one of the keys to the 

' mechanism of the enzyme system which will be proposed. 

Another important key is the distribution of radiocarbon in the 
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central carbon atorns·of hexose and heptose monophosphates isolated 

from plants follmling short periods of photosynthesis in the 

presenceof 14co2• Kandler and Gibbs15 found that under certain 

conditions carbon 4 is significantly more labeled than carbon atom 

3 in hexose monophosphates. Bassham et aL 2 found that carbon atom 4 

in sedoheptulose monophosphate is considerably less labeled than carbon 

atoms 3 or 5. In fact, ·the radiocarbon in carbon atom 4 seemed to 

extrapolate to zero at zero time of exposure of soy bean leaves 

to 14co2• 

In the ~ycle as usually formulated, carbons 3 and 4 of hexose 

monophosphate give rise to carbons 4 and 5 respectively, of sedoheptulose 

monophosphate. Therefore, the two experimental observations are 

related. Both suggest that hexoses are formed by condensation of 

two kinds of triose phosphate molecules which are not in isotopic 

equilibrium with each other. Moreover, the less labeled :of these two 

triose phosphates should be dihydroxyacetone phosphate since its 

terminal carbon atom would be the precursor for carbon atom 3 of hexose 

and carbon atom 4 of heptose. 

A bound form of phosphoglyceraldehyde which could give rise 

to a free form of phosphodihydroxyacetone (in an essentially irreversible 

reaction) could account for such a labeling pattern, provided the 

bound phosphoglyceraldehyde could be formed by reduction of the 

newly incorporated 14co2• The necessity, based on kinetic data, for 

a reduction of a bound form of phosphoglyceric acid has already been 

indicated. Such a reduction would lead directly to a bound form of 

phosphoglyceraldebj·de. 
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By far the most likely candidate for a binding function for 

acids and aldehydes is an enzyme sulfhydryl group. For reasons. 

which 'dill be discussed later, I suggest that the binding site 

for acids and aldehydes in the carbon reduction cycle is an 

enzyme disulfide capable of reduction in the light to enzYme 

disulfhydryl. In its reduced form, this site is presu.rned to be a 

reducing agent of strength comparable to San Pietro's16,17 

PPNR, which has been found by Tagawa and Arnon18 to be as good a 

reducing agent as H2. 

In any proposal of a multifunctional enzyme·system for the 

carbon reduction cycle of photosynthesis, one nust also provide for 

a function which includes bound thiamine pyrophosphate (TPP), 

for TPP is necessary for the transketolase reactions of the 

carbon reduction cycle19, 20 , 21 , 22 , 23, 24 • Upon examining various 

known mechanisms of the carboxylation reactions, I became 

convinced that the most plausible type of mechanism for the· 

carboxylation of ribulose diphosphate is analogous to a reverse of the 

already well-established mechanism for the decarboxylation of 

pyruvic acid23,25,26, 27. In this latter mechanism, pyruvic acid 

reacts with TPP by addition of the carbonyl carbon to the carbon atom: 

of the thiazole ring between the nitrogen and sulfur atoms, after which 

decarboxylation gives an acetaldehyde TPP compound. This compound reacts 

with oxidized lipoic acid to give acetyl hydrolipoic acid and TPP. 

Using these two functional groups, disulfhydryl and thiazole ring, 

I shall now present a scheme for the mechanism of the carbon 

reduction cyc:I:e. With it before us, the subsequent kinetic and enzymic 

evidence can be discussed more easily. 



-9-

Suppose that ribulose-1, 5-diphosphate could add to 1'PP bound 

to the enzyme. ('rhe thiamine should be such a bound_ form, for addition 

of TPP to isolated carboxydisrnutase does not stlinulate its activity -

it may in fact inhibit.) Tnere would result a ribulose diphosphate-TPP 

addition compound. (Fig. 2) In a transketolase type reaction, 

a phosphoglyceraldehyde molecule would be released, but in the case of 

ribulose there is a different configuration of hydrogen and hydroxyl 

at the number 3 carbon atom (compared with fructose and sedoheptulose). 

Besides, the phosphoglyceraldehyde must be kept bound for the subsequent 

in vitro reaction ~vhich is about to be descr.ibed. 

Let us suppose that the thiazole ring opens and that the 

phosphoglyceraldehyde moiety transfers electrons to the thiazole 

carbon by the rupture of the C-S bond of the t01azole ring and simultaneous 

fonnation of a phosphoglyceryl-S bond. (For details see Fig. 3.) Now the 

glycolaldehyde carbon bonded to the thiazole carbon can carry a 

partial negative charge, and carboxylation can take place, somewhat 

analogous to a reversal of the decarboxylation of pyruvic acid. Thus 

carboxyphosphoglycolaldehyde TPP would be fonned (Fig. 4). 

In vitro, or in the dark, with no strong reducing enzyme functional 

group present, hydrolysis of the phosphoglycerylsulfur bond (Oii attack) 

and of the thiamine carboxyglycolaldehyde moiety bond (rrt") with ring 

closure to reform the thiazole ring would result in the effective 

transfer of electrons to the carboxyglycolaldehyde moiety and the 

formation of t\vO molecules of 3-phosphoglyceric acid (Fig. 5). 
a 

In vivo in the light, if there were present/strong reducing group, 

such as .enzyme disulfhydryl, with a redox potential of hydrogen 

(-0.42 v) it could accept the phosphoglyceryl moiety from the TPP 

sulfur (forming sulfhydryl) and hold it as 3-phosphoglyceryl-S-enzymP.-SH. 
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Fig. 2. Proposed mechanism of the carbon reduction cycle. Reaction 
of TPP with ribulose diphosphate. 
The carbonyl carbon of ribulose -1, 5-diphosphate adds to the acidic 
number 2 position of the thiazole ring of TPP in a typical conden­
sation, analogous to the addition of fructose-6-phosphate to TPP in 
the transketolase reaction. 
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Fig. 3. Proposed mechanism of carbon reduction cycle. Rearrangement 
of ribulose diphosphate-TPP addition compound. 
In the addition compound, the number 2 carbon atom of the sugar is 
asymmetric. Since the reaction is enzyme mediated, the product 
will be one optical isomer, the sugar moiety being oriented on the 
enzyme by the configuration of its asymmetric carbons. The con­
figuration of the carbon atoms 2 and 3 of the transketolase type 
addition compounds (such as are formed with xylulose-5-phosphate) 
are not known, but must be opposite from the configuration of the 
hydroxyl groups on carbons 2 and 3 of ribulose diphosphate addition 
compound. Because of this difference, one can visualize different 
reaction courses in the two cases. In the case shown here hydride 
ion from sugar carbon atom 3 migrates to the thiazole carbon 2 and 
the hydroxyl loses a proton so that a carbonyl group is formed. The 
resulting carbonyl carbon attracts the sulfur atoms and electrons, 
opening the thiazole ring and breaking the C-C bond of the sugar as 
shown. 
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Fig. 4. Proposed mechanism of the carbon reduction cycle: 
Carboxylation reaction. 
Once the thiazole ring has been opened, and the phosphoglyceryl 
moiety transferred to the sulfur atom, the resonance hybrid 
shown in which the number 2 carbon atom of the sugar has an 
electron excess can exist. Carboxylation then occurs with the 
C02 molecule. The resonance form of the C02 with an electron 
difficient carbon atom is _probably stabilized by ~n enzyme 
function and Mgt+ ion, perhaps as Enz-Mg-0- C The reaction 
shown is analogous to the reverse of the b 
decarboxylation of pyruvate. 
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Hydrolysis of the carboxylation product, B. Partial reduction 
of the carboxylation product. 
A. In vitro and in vivo in the dark there would be no disulfhydryl 
reducing agent. Hydrolysis, initiated by hydroxide ion attack on 
the acyl sulfur bond causes release of 3-phosphoglyceric acid and 
thiazole ring closure. Transfer of electrons to the carboxyglycol­
aldehyde moiety allows it to be released as a second molecule of 
3-PGA. 
B. In vivo in the light disulfhydryl enzyme is present to accept 
the 5-phosphoglyceryl moiety, and to convert the thiazole sulfur 
to sulfhydryl. The ring closes, and electrons are then transferred 
to the carboxyglycolaldehyde which is realeased as 3-PGA. The 
trouble with this mechanism is that the latter molecule of 3-PGA 
would contain all the newly incorporated carbon, whereas kinetic 
data (see text) indicate this PGA should be reduced while still 
attached to the enzyme. 
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Rearrangement and internal oxidation of a molecule of this 

enzyme-bourd three-carbon moiety gives dihyclroxyacetone phosphate 

and oxidized enzyme disulfide (Fig. 6). Another molecule of 

the phosphoglyceryl..:.s-enzyme-S~I can react with free phospbodihydroxy­

acetone to give enzyme-disulfide and fructose-1,6-diphosphate 

(Fig. 7). 

The carboxyphosphoglycolaldehyde thiaminepyrophosphatesulfhydryl 

would, if hyprolyzed, give TPP and free 3-phosphoglyceric acid. As 

already mentioned, some phosphoglyceric acid should be reduced without 

coming free from the enzyme. 

Such a reduction requires phosphorylation of the carboxyl 

group followed by reduction with a suitable reduced cofactor. The 

phosphorylation might be accomplished by ATP. Since a TPP had been 

reported in plants28, this high energy phosphate anhydride could 

very well be the immediate phosphorylating agent (Fig. 8). 

Once the acyl phosphate were formed, the thiazole sulfhydryl 

could bond to the acyl carbon, relea~ing inorganic phosphate 

am forming a seven membered ring (Fig. 9). This compound 

would then react with another enzyme disulfhydryl, giving back the 

TPP and P.hosphoglyceryl-S-enzyme-SH, identical with the one already 

formed. Hydrolysis of this compound would give only phosphoglyceric 

acid. In vivo, some molecules of this compound would be converted to 

phosphodihydroxyacetone (DlffiP) and others would react with DHAP 

to give fructose diphosphate as mentioned above. At very short 

exposure of plants to 14co
2

, radioactive carbon in the DHAP pool 

would be diluted, and the resulting fructose would be more labeled 

in carbon atom 4 than in carbon atom 3 (Fig. 10). 
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Fig. 6. Proposed mechanism of the carbon reduction cycle. Formation 
of dihydroxyacetone phosphate. 
By keto-enol shifts, hydrogen atoms are transferred to carbon 
atom 1 of the 3-phosphoglyceryl moiety. The resulting weakening 
of the S-C bond permits the disulfide bond formation with accompanying 
reduction and release of the three carbon compound as DHAP. 
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Fig. 7. Proposed mechanism of the carbon reduction cycle. 
Condensation of phosphoglyceryl-S-enzyme-SH with dihydroxy­
acetone phosphate to give fructose -1, 6 -diphosphate. 
The aldehyde hydrogen of usual aldol type condensation is here 
replaced by -S-enzyme-SH which supplies electrons for the new 
C-C bond, as well as a proton directly to the carbonyl oxygen, 
and the energy released by forming the disulfide bond. 
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Fig. 8. Proposed mechanism of the carbon reduction cycle. 
Phosphorylation of carboxyl group. 
With ATP, the carboxyglycolaldehyde thiamine triphosphate 
addition compound is formed. The terminal phosphate is 
transferred to the carboxyl group, forming an anhydride, 
which will be more reactive for the subsequent reduction. 
(See Fig. 9). 
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Fig. 9. Proposed mechanism of the carbon reduction cycle. 
Reduction of acyl phosphate. 
The sulfhydryl group of the thiamine reduces the acyl phosphate, 
releasing inorganic phosphate and forming a seven membered 
ring. The C-S bond is then transferred to the reduced enzyme 
disulfhydryl. Finally, the thiazole ring closes, releasing the 
phospho gl yc e ryl-S- enzyme -SH. 
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Fig. 10. Proposed mechanism of the carbon reduction cycle. 
Formation of fructose and sedoheptulose diphosphates and 
explanation of labeling data. 
Condensation of phosphoglyceryl, labeled after very short 
exposures of the plant to 14co2, with free dihydroxyacetone 
ph~sphate in which the labeling has been diluted gives essentially 
4- 4c -labeled fructose diphosphate (see Fig. 7 for details of 
the mechanism). After loss of carbon 1 phosphate, fructose-6-
phosphate reacts with TPP and enzyme disulfide to give glycol­
aldehyde-TPP compound and 4-phosphoerythryl-S-enzyme-SH, 
the latter four carbon moiety being labeled in carbon 2. Con­
densation of this phosphoerythryl-S-enzyme-SH with dihydroxy­
acetone phosphale which by now is labeled in its terminal carbon 
atom gives 3, 5- 4c labeled sedoheptulose -1, 7 -diphosphate. 
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A reaction of TPP I'Jith fructose-6-phosphate would give 

glycolaldehyde TPP and 4-phosphoerythryl-S-enzyme-SH. Then, 

condensation of this four carbon moiety with dihydroxyacetone 

phOSJ?hate, by now labeled in the terminal carbon, would 

give 3,5-l4c-labeled sedoheptulose-1,5-diphosphate. 

If this mechanism is correct, we could now understand the long 

puzzling fact that phosphoglyceraldehyde and erythrose phosphate, 

alone among the postulated intennediates of the carbon reduction 

cycle, are seldom seen in tracer experiments, and have been detect~d 

in only minute amounts. Of course, these compounds can be produced 

from the intennediates discussed here. For example, 4-phospho­

eryttwyl-S-enzyme-SH, if allowed to accumulate, would no doubt 

give disulfide and erythrose-4-phosphate, though this reaction 

would compete with the hydrolysis to give phosphoerythronic acid 

and enzyme disulfhydryl. (Note that the proposed pathway of 

carboxylation does not lead to the formation of any 

6 carbon carboxy-sugar moiety. Such a compound has been suggested 

as ari intermediate in the carboxylation reaction29 but the 

tentative evidence for it3° has not been substantiated.) 

Thus far, mechanisms have been discussed for the following 

steps in the carbon reduction cycle: the carboxylation reaction, 

the reductive reactions, the isomerization of triose phosphate 

to give dihydroxyacetone phosphate, the condensations of two 

triose moieties to give fructose-1,6-diphosphate, and subsequent 

tra.risketolase light reactions leading to the formation of sedo­

heptulose-1,6-diphosphate. 
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Fructose diphosphate, s~Joheptulose diphosphate, fr~ctose-6-

phosphate, and sedoheptulose-7-monophosphate all are formed very quickly 

during photosynthesis. Free pools of each of these sugar phosphates 

exist and these pools are rapidly saturated vvith radiocarbon during 

steady state photosynthesi"s in the presence of 14co2• It is 

· conceivable that the phosphatase which acts on a phosphate group 

at the number 1 carbon atoms of these sugars is not located on the 

multifunctional enzyme unit, but rather is boUnd on a common 

structural protein to which the multifunctional enzyme 

system is also attached. This structural protein may, in fact, 

' be part of the lamellar system of the chloroplasts, and the 

phosphatase may not be a soluble protein. 

At first sight, it might seem tempting to consider the possibility 

that the ketose diphosphates transfer a phosphoglycolyl moiety 

directly to a TPP site which~could then become the substrate for 

a carboxylation reaction whose mechanism could be similar 

to the one just discussed. Fructose and sedoheptulose diphosphates 

cannot function for the carboxylation reaction in vitro31 • 

Even if we suppose that the in vivo enzyme system is more complete 

and therefore has special properties, it seems likely that the hexose and 

heptose diphosphates do not function as substrates for the carboxylation 

reaction. For one thing, the thermodynamics are unfavorable. 

There is an input of chemical energy to the reactions of the 

carbon cycle in the phosphorylation of ribulose-5-phosphate to make 

ribulose-1,5-diphosphate, and again)) in the reduction of the 

carboxylation product to make triose phosphate. However, the driving 

force for the conversion of triose phosphate to pentose phosphate 

must come exclusively from the hydrolysis of phosphates on the 

number one carbon atom, for there are no inputs of chemical energy 
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by cofactors from the light reaction in this part of the cycle. 

Calculations show the thermodynamics of the conversion of triose phosphate 

to pentose phosphate to be quite unfavorable were it not for the energy 

released by the hydrolysis of sugar diphosphates32• Also, the 

carboxydismutase reaction on ribulose diphosphate which produces 

two molecules of phosphoglyceric acid requires that electrons be · 

transferred from the phosphoglycerylaldehyde moiety (carbon 

atoms 3,4 and 5) of ribulose diphosphate to the carboxylated 

glycolaldehyde moiety (carbon atoms 1 and 2). Thus, the phosphoglycol-
I 

aldehyde TPP compound is not sufficient, by itself, for the 
/ 

carboxylation reaction. The bound ribulose diphosphate is required. 

This is also the reason for postulating the opening of the 

thiazole ring. 1'he opened ring. provides the mechanism for the 

in vitro transfer of electrons to the carboxylated moiety to bring 

it to the oxidation level of phosphoglyceric acid. 

Once sedoheptulose-7~phosphate is formed, it must, therefore, 

· react with the TPP site to give glycolaldehyde TPP and 5-ribonyl­

S-enzyme-sH. There must be within the chloroplast an enzyme 

which reversibly catalyzes the conversion of this last 

moiety to ribose-5-phosphate and enzyme disulfide, for ribose-5-

pnosphate is needed for other biosynthetic reactions. For the carbon 

reduction cycle, the phosphoribonyl-S-enzyme-SH could undergo 

isomerization analogous to that already discussed for the 

formation of dihydr6xyacetone phosphate from 3-phosphoglyceryl-S­

enzyme-SH. However, the resulting ribulose-5-phosphate moiety nay 

well be phosphorylated with ATP and a kinase function to give the 
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enzyme disulfide and ribulose-1,5-diphosphate. Phospho­

riboisomerase and phosphopentokinase have been found to 

be closely associated \'ii th each other and only separable 

with difficulty fran carooxydismutase in fraction I protein 

from chloroplast protein33. 

For convenience of discussion the enzyme system 

containing the phosphoriboisomerase and phosphopentokinase 

will be referred to as lA. The system containing carboxy­

disrnutase (ribulose diphosphate carboxylase) and the proposed 

carboxyl-phosphorylating-and-reducing system \vill. be 

termed lB. The transketolase type function will be 

called system 2 and the condensing or aldelase system will 

be referred to as subsystem 3. 

To complete the carbon reduction cycle, the glycolaldehyde 

moieties derived from the transketolase reactions on 

fructose-6..;phosphate and on sedoheptulose-7.;..phosphate 

must be condensed by the transketolase subsystem 

2 with the 3~phosphoerythryl -S-enzyme-SH to give xylulose-

5-phosphate-TPP addition compounds and enzyme disulfide. 

The xylulose-5-phosphate moiety must be isomerized 

to ribulose-5-phosphate. Presumably this may occur 

·in subsystem lA. It may be that xylulose-5-phosphate 

is transferred from the TPP function of subsystem 2 

to the 'TPP function of subsystem lB and that in the process 

the configuration of hydroxyl and hydrogen about the number 

3 carbon atom of the sugar moiety is changed, giving rise 

to ribulose-5-phosphate-TPP ~ddition compound.. If so, 
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this latter compound could then be phosphorylated giving 

ribulose diphosphate TPP addition compound, after which the 

reactions already discussed leading to carboxylation and 

reduction could occur. 

In summary, the rrultifunctional enzyme system just 

proposed for the carbon reduction cycle of photosynthesis 

involves three or four subsystems. T\vo kinds of functions 

for the attachment of substrate moieites occur. One is a 

TPP function which attaches substrate moieties at its 

number 2 position. 'fhe other is an enzyme disulfide (reduced 

form disulfhydryl) function which attaches substrate moieties 

. to one of its sulfurs and is capable of undergoing oxidation 

reduction. 

These functional po~nts of attachment for substrate 

rust be integrated with the specific enzymic machinery 

represented by the postulated subsystems with their specific enzymic 

activities. The points of substrate attachment serve as 

handles holding the substrate while it is acted upon by the specific 

enzyme activities. Also, they permit the substrate moiety 

to be transferred from one enzymic position to another. 

The mechanical details of such types of attachment and transfer 

have been discussed by Lynen12 and others. 

Probably there are at least two types of TPP functions. 

One type would be involved in the transketolase reactions and 

. reacts with the sugar monophosphates. The other type, involved 

in the_carboxylation and reductive reactions, is capable of 

reacting with ribulose diphosphate. There may be three t;ypes 
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of enzyme disulfhydryl (oxidized form-disulfide) functions. 

One would be specific for the acceptance of phosphoglyceryl 

moieties formed from the carboxylation reaction. A second 

vmuld be specific for accepting 4-phosphoerythryl moieties from 
' 

transketolase reaction on fructose-6-phosphate, and a third would 

be specific for accepting the 5-phosphoribonyl moiety from 

the transketolase reaction on sedoheptulose-7-phosphate. 

Only the first of these tl~ee should be capable of accepting electrons. 

fnam the light reaction. 

Before turning to direct chemical or biochemical evidence 

for the mechanisms just postulated, let us see how such a 

mechanism could account for some of the known kinetic data 

on the labeling of intermediates of the carbon reduction cycle 

during photosynthesis in the presence of 14co2• The 

irreversibility of the reduction of carbon to sugar phosphates 

at the site of the carbon reduction cycle has already been 

mentioned. In terms of the mechanism just proposed, this 

irr~versibility could be accounted for by postulating that the 

oxidation of the phosphoglyceryl-$-enzyme-SH is not enzyme 

mediated, and therefore occurs only slowly. This compound was 

formed in the postulated mechanism by the transfer of phospho-

glyceryl moieties from the carboxYlation and reduction_ reactions 

to enzyme disulfhydryl. The enzyme disulfhydryl in turn was 

formed by the reduction of enzyme disulfide by electrons from the 

light reaction of photosynthesis. Enzymic oxidation of .. the 

enzyme disulfide or of a precursor electron donor from the 
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light reaction must of necessity be blocked. Othe~vise, electrons 

from the prirrary light reaction ·~muld be short circuited back to 

the oxygen producinz moiety from the water splitting reaction of 

photosynthesis. Thus, the carbon reduction process is accomplished 

by an essentially non-reversible process. 

One can expect the small and temproary oxidation of same 

newly incorporated radioactivity in sugar phosphates that was 

discussed earlier14 • When the light is turned off, there must 

exist a certain concentratio~ of enzyme disulfide function 

Coxidized form). This can react with fructose-1,6-diphosphate by 

a reversal of the reactions shown in Fig. 7 to give dihydroxyacetone 

phosphate and phosphoglyceryl-S-enzyme-SH, which hydrolyzes 

non-enzymically to phosphoglyceric acid and enzyme disulfhydryl. 

Once the enzyme disulfide function has all been converted to 

enzyme disulfhydryl by this mechanism further oxidation can occur 

·only by the slow thenna1. oxidation of the disulfide. 

One piece of experimental chemical evidence for the proposed 

mechanism is the formation of glycolic and of phosphoglycolic 

acids during short periods of photosynthesis at low co2 pressures 

as a function of oxygen pressure34• After two minutes photosynthesis 

by Chlorella.in the presence of 14c-labeled bicarbonate in N2 

and in o2, a 25-fold stimulation of the production of radioactive 

glycolic acid and a two-fold stimulation of the production of 

radioactive phosphoglycolic acid were observed in the experiment 

with o2 as compared with the experiment with N2• This result 

strongly suggests the oxidation of the two carbon moiety derived 

from carbon atoms 1 and 2 of the sugar phosphates. Calvin and 

Bassham35 suggested that the formation of glycolic acid during 

photosynthesis occurs via the oxidation of the glycolaldehyde 

.. 
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rrpp cornpound forrred by the transketolase enzyme system, following 

the transfer of the glycolaldehyde moiety to a disulfide such 

as lipoic acid. The glycolyl moiety might just as \'Jell be transferred 

to the enzyme disulfide function proposed here. Tne action of the 

oxygen rray well by the non-enzymic oxidation of this disulfhydryl 

function to disulfide. 

'rhe formation of phosphoglycolic acid may be taken as 

evidence for the existence of a phosphoglycolaldehyde moiety such 

as the phosphoglycolaldehyde TPP addition compound postulated 

for the carboxylation reaction. The acceleration of glycolic acid 

formation by low co2 pressures could result from the build-up 

of phosphoglycolaldehyde 1'PP compound due to a decreased rate of 

the carboxylation reaction.·It is noteworthy that glycolic acid 

forrration, even though f..t "ls an oxidative reaction, does not 

appear to occur in the dark. 1~s is quite understandable in terms 

of the discussion above; where it was suggested that in the dark the 

enzyme disulfide function becomes converted to the enzyme disulfhydryl 

as a mechanism which blocks the further oxidation of sugar 

phosphates to phosphoglyceric acid. In the light, some enzyme 

.disulfide becomes available due to condensation of phosphoglyceryl-S­

enzyme-SH with dihydroxyacetone phosphate. 

Another reaction of the phosphoglycolaldehyde moiety which 

perhaps does occur in the dark, is its conversion via a phospho­

ketolase type reaction to acetyl phosphate. The indirect evidence 

for this supposition is the acceleration of the conversion of 

intermediates of the carbon reduction cycle to compounds of 

the Krebs cycle and particularly to glutamic acid when the light 

is turned off. It was at one time suggested1 that there was a light 
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block on the oxidation of pyruvic acid to acetyl CoA. This 

light block was thought to operate by the primary reductant 

from the light reactions of photosynthesis keeping lipoic acid 

in the disulfhydryl form when the light was on. In the dark, 

the lipoic acid was thought to go to the disulfide form. 

However, the kinetics of carbon fixation 

which recently were followed when radiocarbon was only 

added just at the moment of turning off the lightl4 showed 

that under these conditions there was no signficant conversion 

of phosphoglyceric acid to glutamic acid. In fact, there was 

no significant formation of labeled glutamic acid. This result 

therefore suggests that the radiocarbon which finds· it~· way into 

glutamic acid when the light is turned off comes from; acetyl 

phosphate derived from the sugar phosphates of the carbon 

reduction cycle. These sugar phosphates are not significantly 

labeled in the experiiilE'nt in which the radiocarbon is added only 

at the manent the light is turned off. 

We may view .the accelerated release of acetyl phosphate 

upon turning off the light in the following way: ~Vh.en the light 

is turned off, the phosphorylation of bound ribulose-5-phosphate 

stops, since no further generation of high energy phosphate is 

occurring. For this reason, it might be expected that this bound 

ribulose-5-phosphate and in turn glycolaldehyde TPP compound would 

accumulate. However" its conversion to glycolic acid is also 

blocked for the reason just discussed, namely that the enzyme 

disulfhydryl can no longer be oxidized to the required disulfide 

forin. Consequently, the principal metabolic pathway open to the 

-· 
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glycolaldehyde TPP addition compoW1d is its conversion to acetyl 

phosphate via phosphoketolase. It is well knovm3C tl1at acetate and 

presumably acetyl phosphate or acetyl CoA is very rapidly 

incorporated in algp.e into glutamic acid and intermediates of the 

Krebs cycle as well as into fats in fatty acids. 

It is worth noting that when the light is turned off during a 

steady state light-dark transient study of previously carbon labeled 

algae 11 there is no increase in the level of ribulose-5-phosphatel4,37. 
the 

The levels of all of 1 pentose phosphates are quite small and 

there is some doubt that any sif;tlificant amount of ril;>ulose-5-phosphate 

has been observed. Small amounts of ribulose-5-phosphate plus 

ribose-5-phosphate were reported, but more recent studies (unpublished) 

indicate that the pentose monophosphate other than ribose-5-phosphate 

is probably xylulose-5-;phosphate. This observation suggests that 

just as was proposed in the mechanism above, ribulose-5-phosphate 

may not exist as a free compoW1d but rather may be represented only 

by an enzyme bound ribulose-5-phosphate moiety which is phosphorylated 

on the enzyme. 

In summary, it rnay be said that the proposed multifunctional 

enzyme system explains a large number of experimental data obtained 

from studies of the kinetics of formation of radioactive compounds 

during photosynthesis. More direct proof of the proposals made 

here must await biochemical studies of the enzymes isolated from 

plant materials. 
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