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The reactions of phytos,ynthesis include all metabolic reactions in the 

plant Which result in the synthesis of organic compoundso Of primary impor-

tance among these are the reactions of photosynthesis which store the energy 

of light as chemical energy by converting carbon dioxide and water through 

a series of intermediate compounds to carbohydrate and o~gen. Thus, photo-

s,ynthesis supplies both the materials and the energy for all other reactions 

of phytosynthesiso 

The studies of photosynthetic c14o2 fixation in this laboratory have now 

led to an understanding of the first steps of carbohydrate synthesiso From 

these few compounds are derived the multitude of compounds in the planto 

The fundamental process of photosynthesis is the conversion of electro-

magnetic energy of the light quantum to chemical energy of the reducing agent(s) 

required for carbon dioxide reductiono A plausible proposal for the mechanism 

of this puzzling process has been advanced from our laboratoryl and is sup= 

ported by a growing collection of circumstantial~ if not pos~tive~ evidencea 

(*·) The work described in this paper was sponsored by the U.SG Atomic Energy 
Commission. 

This paper is a review of rPcent work in this laboratory, most of which 
is described in more detail eJsewherej) Jo Ae Bassham, Ao A. Benson, 
La Do Kay, A. z. Harris, A. To Wilson and Ma Calvin, J. Am. Chern. Soc., 
1£, 1760 (1954). 

(1) Melvin Calvin, Chern. and Engin .. News, ~' 1622, 1735 (1953)., 
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It is the function of this photochemically produced reducing power in phyto-

synthesis to which this survey is addressedo 

The major first product of cJ.4o2 fixation by all plants is carboxyl

labeled phosphoglycerateo Phosphoglyceric acid (PGA) becomes the major radio-

active producto The first hexoses formed are 3 94~labeledo This indicates 

that two a3 molecules condense~ head to headp to give a c6o As time prO= 

gresses 9 the a. and ~carbons of IDA acquire c14 and the 1~2= and 5l16=carbon 

atoms of the hexoses become labeledo The typical distribution of label is 

given in Figure lo Such data are obtaimd by chemical degradation of pure 

radioactive compounds separated from each other by two~imensional paper 

chromatography a 

It is now clear that the plant has made sucrose by a sequence of reactions 

similar if not identical to the process of glycolytic breakdown of sugars in 

animal tissue and yeasto In fact, each of the intermediates has been identi= 

fied and observed to acquire radioactivity in the sequence shown in Figure 2o 

As radiocarbon saturates successive reservoirs of these intermediates it 

would be expected that specific radioactivity (concentration of cl4) will be 

greater for fructose phosphates than for glucose phosphateso This is verified 

experimentally by an examination of the earliest labeled sucroseo Upon acid 

hydrolysis and chromatography of the two hexoses, the fructose moiety contained 

the greater part of the cl4 (Figure 3)o The exact mechanism of the enzymatic 

s.ynthesis of sucrose is being studied in several laboratories and soon may be 

well understoodo 

The carboxylation reaction by which phosphoglycerate is formed from C02 

and some constantly generated acceptor molecule has occupied our attention for 
' 

some timeo The biochemistry of microbiological or animal metabolism offered 

few clues on the nature of the cyclic process for making the carboxylation sub= 

strate o Such clues appeared in radiograms of short photosynthesis in c14o2o 
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The intermediates of sucrose s,ynthesis were not the only phosphorylated 

sugars to acquire label in the first seconds of photosynthesis in cl4o2o Sedo= 

heptulose, previously found only in succulent plants~ sedums~ and ribulose, 

known only as an uncrystallized synthetic sugar l> became labeled in all photo- • 

synthetic organismso They had not been observable before the advent of the 

tracer method with its great sensitivity for detecting their low concentrations 

(lo-4 M) and the paper chromatographic method for separating efficiently the 

numerous sugars and their phosphate esterso The stereostructures of sedoheptUlose 

and ribulose bear little relationship to that of the hexoseso By splitting a 

glycolaldehyde fragment (C2 ) from sedoheptulose~ however, one obtains a ribose~ 

the epimer of ribulose., Further, ribulose might lose a c2 to give triose which 

we see is the reduction product of fGA., These relationships led to the dis-

covery of an ubiquitous enzyme system~ transketolase, in laboratories of 

B., L., Horecker2 and E. Racker., Their discovery of the transketolase enzyme 

supported and clarified our proposal of its function in photosynthesiso ~ith 

transketolase, the acyloin=type cleavage of ketoses allows a transfer of glycolyl 

. groups from one phosphorylated aldose to anothero 

CHO 
I 

HCOH + 
I 

H2co® 
triose phosphate 

CH20H 
I 

C.=O 
I 

HOCH 
I 

HCOH 
. 1 .. 
HCOH 
I 

HCOH 
I 

H2co@ 

sedoheptulose=?= 
phosphate 

11 transketolaseu 

11 phosphopentose 
isomerase11 

ribulose-5-
phosphate 

(2) Bo L. Horecker, P. z. Smyrniotis and He Klenow.,» J., BiolG Chem.,, 205, 661 
(195.3) e 
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These phosphorylated sugars have been isolated from the products of brief 

c14o2 fixation experiments and chemically degraded to determine the c14 distri

bution within each moleculeo Themsults for products of the first few seconds 

• of photosynthesis are schematically summarized~ 

C.* 
I c 
I 
c 

triose 

C C C* 
I I I 
C C C* 
I I· I 
C* C* C** 
I I I 
C* C* C 
I I I 
C C* C 
I I c c 

I 
c 

hexose sedoheptu- ribulose 
lose 

In time, of course, they all become uniformly c14-labeled. The observed 

labeling of the c5 molecule does not appear to result from c2 cleavage from 

c7 o Transketolase, however, catalyzes 02 transfer from 07 to a o3 aldehyde 

to givez 

H2COH 
I ~ 
C=O 
I 

HOC*H 
I 

HC*OH 
I 

HC*OH 
I 

HCOH 
I 

H2COP 

HC*O 
I 

+ HCOH 
I 

H~poP 

11 transketolase" H2COH 
I 

11 phosphopentose C=O 
isomerase" I .. 

HC*OH 
I 

HCOH 
I 

~COP 

H c-~~oH H2C*OH 
2,. I 

+ C*=O C*=O 
I ., 
~ HC*OH·· ---- HC**OH 

I I 
HCOH HCOH 
I I 

~COP H2COP 
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This accounts for the pentose labeling but we must have a mechanism for the 

heptose labelingo Its trans configuration of carbons 3 and 4 suggested that 

it was formed, like fructose~ by aldol condensation of erythrose-4-phosphate 

(c4 ) with glyceraldehyde-3-phosphate (c3 )g 

H2COP 
I 
C=O 
I 

Hi2C*OH 

+ 

HC*=O 
I 

HC*OH 
I 

HCOH 
I 

H2COP 

H2COP 
I 
C=O 

rux!*H 
I 

HC*OH 
I 

HC*OH 

rtoH 
I 

~COP 

The obvious source of such a 1,2~labeled erythrose phosphate among the first 

products of phytosynthesis is fructose-6-phosphateo 

CHO c:a
2

oH CHO*, CHzOH 
I I transketolase ~ 

!=o HCOH + C:::O HCOH* + 
I 

Ha!H* 
I I 

H COF HCOH HCOH; 2 
I I I 

HCOH* ~COP HCOH 
I I 

HCOH H2COP 
I 

~COP 

This hypothesis was elegantly proved by Eo Racker, et a1.3 with crystalline 

transketolase and pure fructose-6-phosphate. .As soon as the plant has produced 

some labeled fructose~6-phosphate, then 9 there is a widespread equilibration 

of label among the ketoses and it becomes ,impossible to cefine the path of 

carbon in suoh an arbitrary systemo 

(3) E. Racker, G. de la Haba and I. G. Leder, Archo Biochemo and Biophyso~ 
48, 2JS. (1954)o 
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The general trend of this synthetic system is towards the production of 

ribulose phosphateo Apparently this is the precursor of the C02 acceptor and 

must be produced constantly. The glycolyl enzyme complex produced by each 
\ 

transketolase operation condenses with triose phosphate, one of the most 

available free aldehydeso 

We are suggesting that such a pentose is required as the co2 acceptor of 

photosynthesis. Such a hypothesis is verified experimentally in the following 

manner,o Green algae (Scenedesmus) were given c14o2 for twenty minutes, where-
' 

upon the reservoirs of the early photosynthetic intermediates became saturated 

with radiocarbon and the radioactivity in each compound became a measure of its 

concentration. In experiments by Mro A. T. ~ilson of this laboratory, the 002 

pressure was suddenly dropped from 1% to 0.003%: Small samples of algae were 

withdrawn from the illumination vessel every five seconds and their components 

separated on paper chromatograms. The radioactive areas, defined Qy radiograms, 

were counted with a large-windowed Geiger tube. The concentration of phospho

glycerate and ribul.ose diphosphate showed profound changes. The concentration 

of phosphoglycerate, the carboxylation product, went down as would be expected 

when the carboxylation step, Figure 4~ is blocked. Ribulose diphosphate con-

centration, on the other hand, rose rapidly. 1-.lhen the 002 pressure is kept 

constant and the light is turned off the cycle is blocked at the reduction 

step and phosphoglycerate accumulates. Ribulose diphosphate and triose phos-

phate concentrations drop markedly. In fact, several oscillations in these 

concentrations were observed as might be characteristic of any electrical or 

hydraulic closed circuit where an external condition is suddenly changed. 

Ribulose diphosphate is the largest o5 reservoir of most plants and it seems 
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to represent the outlet for ribulose-5-phosphate formed in the transketolase 

systemo The phosphorylating power somehow developed durinp photosynthesis 

drivee this synthesis 

Ribulose-5-P + ATP ---~> Ribulose-1 ,5-P + .ADP 

In considering ribulose=l,5-diphosphate as a possible co2 acceptor we 

notice that it cannot assume a ketal form as does fructose diphosphate but 

must have a true carbonyl groupo This might well enolize and add carbon 

dioxide to form an unstable a=hydro~-~keto acid 

H2co® H2CO H
2

Co f ~ H2co® 
I I C*02 I H20 I 

C=O ~ C-OH HO C*-c-OH > HOCH 
I II 2 I I 

HCOH C-OH C=O C*O H 
I I I 2 

HCOH. HCOH HCOH + 
I I I 

~co® H2co P H2CO E C02H 
I 

HCOH 
ribulose-1,5- ene-diol unstable a-hydro~- I 
diphosphate form ~keto acid H2co® 

Hydration of the c2-c3 bond in such a keto acid should be possible and would 

lead to one molecule of labeled phosphoglycerate and one unlabeled oneo As 

time of photos.ynthesis with c14o2 progresses the acceptor becomes labeled and 

both phosphoglycerates contain c14o The change in free energy of this reaction 

has been estimated to be -5.±5 Kcalo and is extremely favorable compared to many 

other possible carbo~lation reactionso This possibility of low energy car-

bo:xylation arises because of oxidation of c3 from a ...CHOH to a ..COOH groupo 

The cyclic system, then, is currently considered to be represented by Figure 5o 

While the existence of such a mechanism for the primary co2 fixation step 

of photosynthesis- is not yet certain, it would seem that when biochemical 
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transformations were being selected it should have merited the consideration 

of the plant worldo It is particularly interesting that this _reaction~ through 

which almost all of the earth's reduced carbon passes, is not yet clear~ 

define do 

.. \.; 
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COOH 49 
I 

CHOH 25 -I 
CH20H 26 -
HEXOSE 

c3,c4, 52 
c2,cs, 25 -c, ,c6, 24 -

15 SEC. P.S. BARLEY 

Ffg. 1. C 
14 -distributi~n in phosphoglycerate and 

hexoses formed during 15 seconds photosynthesis 
by barley seedling leaves. 
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G*02 ~~OP E iii 
f~ ----~" HcxrH ---~, 

CHO CIH20P 
I 

~ HCOH ---'J•_. HCOH ---"'>'Starch 
I . I 

C*02H HOCH HOCH 
. I I 

HCOH. . -HCOH 
. I . _ I _ 
HCOH HCOH 
I . I 
CH20P . CH20H 

P-Glyceric P-G1ycer- Dihydro:xy- Fructose- Fructose-6-P Glucose- Glucose:.._l-P I 
aldehyde acetone-P ~,6-diP ..._I_-______ 6-..,.P _______ _____.__ 

--~· 
Sucrose phosphate 

-+-Sucrose 

Figure 2 

Mechanism of Carbohydrate Pbytosynthesis 
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FRUCTOSE 

HYDROLVZED SUCROSE 
15 Sec. PS Barley 

GLUCOSE 

SUCROSE 

Fig. 3. Hydrolysate of sucrose formed during 
15 sec onds photosynthesis in C 14o

2 
by barley 

s eedling leaves. 
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1
// ___ :""'-~- ___ ... H20 po)lysaccharides 

I ~ ' 

~ ~r . 
--~C3(triose)~ 

~ c6 (hexose) 
co2~r. l.---2c3 (Qiyc_enc 

Lc6J ac1dl , 
!13 keto acid) · 

ribulose d phosphate 

Cs~ 
(ribulose) c5 (ribose) 

transketolase 

c5 (ribulose) (sedoheptulose) 

PROPOSED CYCLE FOR CARBON REDUCTION 

IN PHOTOSYNTHESIS 

Fig. 4. Cyclic pathway for regeneration of carbon 
dioxide acceptor of photosynthesis. 

MU-6600 
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/ 

! 

RDP ------~ fGA----------~ TRIOSE PHuSPHATE 

1'---------B ~--------A. I 
Sugar Rearrangements 

MU-6660 

Fig. 5. 




