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PHOTOSYNTHESIS1 

J. A. Bassham 

The process of photosynthesis in plants if often defined by the 

overall equation 

light 
green plant 

which stated in w91rds says that carbon dioxide and "t.;rater "under the influence 

of light" are converted by green plants to carbohydrate and oxygen. Such 

a definition, when used to introduce the subject -of photosynthesis to a gen ... 

eral chemistry class provides a much too incomplete description of this 

important process. How might the definition be improved? 

First, the essential energy~storing character of the reaction should 

be emphasized by showing light energy as a reactant in the equation, thus 

distinguishing photosynthesis from other photochemical reactions in which 

the role of light is essentially catalytic" Secondly, in view of present 

day knowledge of the direct photosynthesis of products other than carbo

hydrates it should be stated that the reactants include nitrate (or ammonia), 

sulfate, and phosphate and the products include amino acids, fatty acids, 

phospholipids and sulfolipids. In addition, a number of other inorganic 

substances (Fe, Mg9 etc.) are required in varying amounts for photosynthesis 

and may in some cases be incorporated into the products~ Finally, if 

catalysts are to be indicated, then chlorophyll and the many enzymes required 

should be shown. An equation for the overall process of photosynthesis 

1 The work descriped in this paper was sponsored in part by the United States 
Atomic Energy Commission and in part by the Department of Chemistry, 
University of California, Berkeley, California. 
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might then be given as 

light + C02 + H20 + (No; + or NH4, HP04, so4) 
Eq. 1 

(cn2o} 
~amino acids, lipids~ chlorophyll 

> 02 + + phospholipids, 
many enzymes carbohydrate sulfolipids, etc. 

Any generalized formula for photosynthesis is a compromise between sim-

plicity and accuracy, but this one at least hints at the complexity of this 

important process. 

For the purpose of discussion, the photosynthetic reaction may be con• 

veniently broken down into three stages,. The first of these is the "photo-" 

part which consists of the absorptionof light by the plant pigments and the 

conversion of the light energy into the stored energy of new chemical bonds 

of "high energy" compounds (Eq. 2). 

Photo ... 

Eq. 2 

h)} + low energy compounds 
(light) 

chlorophyll higher energy compounds 

An intermediate stage then follows in which the chemical energy of these 

primary products of the photochemical reaction is utilized in the breaking 

of the O•H bonds of water and the conversion of two enzymatic cofactors 

to their more energetic and (for one of them) more reduced forms (Eq. 3). 

higher energy compounds + water + cofactors 
Eq. 3 

--------,->~ 02 +low energy compounds+ high energy cofactors 

At the same time molecular oxygen is liberated. We know very little of the 

detailed mechanism of these reactions and all or part of this so-called 

,, 

1 
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intermediate stage may be in fact a part of the primary photochemical 

reactions. Indeed, the first stages of photosynthesis may best be 

considered as the sum of,one primarJ photochemical act in which light energy 

is absorbed by chlorophyll ~~d a series of non~photocbemica~ steps in which 

this energy is efficiently transferred through the production of increasingly 

stable chemical species. 

The n-synthesis" stage of photosynthesis is the sum of a g:reat number 

of enzymatic reactions in which the two cofactors supply the reducing 

power and energy necessary to bring about the conversion of carbon dioxide 

(together w1 th nitrate, phosphate, and sulfate) to carbohydrates, amino 

acids, ru1d lipids (Eq. 4). 

Eq. 4 

-synthesis co
2 

+ high energy (and reduced) cofactors 

. + -
(+NOj or NH4, + so4 etc.) 

reduced organic compounds + low energy (and 
oxidized) cofactors 

Let us consider in somewhat more detail these several stages in 

photosynthesis. We shall not dwell for long on the primary photochemical 

reactions for the simple reason that although nruch experim.e11tal data bas 

been obtained regarding this process, there is as yet no clearly detailed 

theory of the chemical mechanism upon vrhich a majority of the investigators 

in this field can agree. The best that can be said is that in most plants 

all light energy which is utilized for photosynthesis appears to be employed 

in one early stage to raise the energy content of chlorophyll a from its 

ground state to a. higher energy level or 11 excited state. 11 This is true 

whether the light energy is absorbed directly by chlorophyll a, or by other 
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plant pigments in which case the energy appears to be transferred to chlorphyll a. 

Then the energy of the excited chlorophyll a must somehow be used 

for the formation of stable compounds with a high content of energy stored 

in their chemical bonds. There is no unanimity of opinion as to how this 

is accomplished. One view of the mechanism is illustrated in general . 

terms by the scheme shown in Figo 1. In this scheme the energy of the 

excited chlorophyll is transferred by some mechanism which probably involves 

its migration from one chlorophyll molecule to another through a closely 

packed sheet of chlorophyll molecules. This sheet of chlorophyll molecules, 

which is thought to be on~ one molecule thick may exist at the interface 

between lipid and protein layers, the presence of which has been revealed by 

electron microscope pictures of the chloroplasts. (Chloroplasts are the sub

cellular units of green cells responsible for photosynthesis.) Eventually 

(after a millionth of a second or so) the energy packet or "exciton" reaches 

a point where it is used to supply the energy of ionization of some unknown 

compound, perhaps chlorophyll itself. For reasons that will be discus·sed in 

a moment, this ionization is believed to consist of transfer of electrons 

in· such a way that the resulting ionic species contain "unpaired electrons ."·2 

Most electrons in organic molecules are found in pairs, so that 

the spin of one electron, and its resulting interaction with a magnetic 

field, is cancelled by the equal and opposite spin of its orbital partner. 

An unpaired electron does have such an interaction, however, and the 

energy of its interaction with an externally applied magnetic field may 

2 Sago, P. B., N. Pon, and M. Calvin, Proc. Nat. Acad. Sci., 43, 387 (1957). 

• 

l 
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change if its spin changes in sign. In order for an unpaired electron 

to change the sign of its spin in a strong magnetic field in the direction 

of greater energy it must absorb energy, and this it will do if electro

magnetic energy of the appropriate wavelength (in the order of 1-5 em.) 

is supplied. The characteristic energy absorption can be measured by 

suitable instruments which provide a sensitive means of detection for 

unpaired electrons. This phenomenon is known as electron spin resonance, 

or e.s.r. 

By means of e.s.r. measurements with thick pastes of live uni· 

cellular algae (microscopic green plants) or chloroplasts obtained from 

spinach, a strong e.s.r. signal has been observed which increases in 

the light and decreases in the dark. Moreover, a part of this signal 

is generated even when the plant material is cooled to the temperature 

of liquid nitrogen (·196°). At this temperature, the movement of atomic 

nuclei seems improbable, but the movement of an electron, resulting in ion .. 

ization could easily occur. The detection of light•induced e.s.r. 

signals at very low temperatures thus forms the basis for the suggestion 

that one step in the conversion of the energy of excited chlorophyll to 

the energy of chemical bonds is an ionization process. 

At room temperature, the light-induced formation of more than 

one tYJ?e of sp_ecies containing unpaired electrons ~s indicated by the 

fact that when the light is turned off, the disappearance of the signal 

in the dark takes place with more than one characteristic decay time 

constant. This observation provides evidence for the formation of 

chemical radicals in which there has been a movement of atomic nuclei. 
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These radicals may form another stage in the transfer of stored energy of 

chemical bonds. 

Finally, stable chemical compound.s of high energy content must be 

formed. In this scheme they would be formed by the interaction of stable 

chemical compounds of lower energy with chemical radicals. The resulting 

chemical compounds may be the cofactors required for the reduction of 

carbon dioxide and nitrate, or they may be other energy.-containing compounds 

which subsequently give rise to the necessary cofactors by chemical or 

enzymatic reaction. In additionp molecular oxygen is evolved from the 

products formed by the breaking of the O•H bond of water. 

The two energy-carrying cofactors, triphosphopyridine nucleotide 

(TPNH) and adenosine triphosphate (ATP) are shown in Figure 2. The require-

ment for these coenzymes was predicted from studies of the carbon reduction 

cycle, certain steps of which can only be carried out by the enzymes if the 

appropriate cofactors are present. TPNH is an electron carrier, transporting 

electrons obtained by splitting 1va.ter to the reactions in which they are 

used for the reduction of carbon dioxide. Each time a molecule of TPNH 

is oxidized to TPN+, two electrons are transferred. The energy stored in ATP 

is stored through the formation of an anhydride from ADP and inorganic 

phosphate. 

An important stochiometric relationship between the formation of 

ATP, TPNH and o2 during photosynthesis has been discovered by Arnon and 

coworkers, 3' 4 
and is shown in Equation 5: 

Eq. 5 light + H20 + ADP + Pi + 1/2 02 + TPNH + H+ + ATP + TPN . --~> 
'--

\ 

3Arnon.- D. I., F. R. Whatley, and M. B. Allen, Science, 127, 1026 (1958). 
4 D. I.' F:. R. Whatley, and M. B. Allen, Nature, 180, 182 (1957). Arnon, 

' 
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This relationship was discovered in studies with isolated chloroplasts from 

spinach leaves when oxygen evolution~ TPNH formation and ATP formation were 

measured simultaneously. This stochiometric relationship does not tell us 

what the mechanism of formation of these substances is but does perhaps 

hint at a pathway that is simpler than we formerly suspected. 

We will now turn to the 11 synthesis" part of photosynthesis and see 

how these cofactors Which have been formed by means of the light reactions 

are used. The studies of the pathway of carbon reduction during photo-

synthesis were in a large part carried out in the Lawrence Radiation Lab-

oratory at the University of California by Professor Melvin Calvin and 

coworkers. 5 These studies provide an interesting example of the use of 

radioactive tracer atoms in the elucidation of a complex biochemical path-

way. Since carbon dioxide is the sole source of carbon for the photo-

synthetic reaction.., radiocarbon, carbon fourteen, may be introduced very 

14 easily into photosynthesizing plants in the form of C o2 or, for aquatic 

14 -plants 1 HC o
3 

ion. 

Let us consider a simple experiment with a suspension of the algae, 

Chlorella pyrenoidosa.., which have been very extensively used in these 

studies. These green, microscopic unicellular plants, suspended in water 

containing a few inorganic substances (nitrate, phosphate, etco) with a 

stream of c12o
2 

(ordinary carbon dioxide) photosynthesize at a rapid rate 

if illuminated from each side in a thin glass vessel. The co2 is contin

ually taken up from the solution (where it is in equilibrium with bicar

bonate ion) and converted by the photosynthetic plant through a series of 

biochemical intermediates to various organic products. 

5 Bassham, J. A., A. A. Benson, L. D. Kay, A. z. Harris.., A. To Wilson, and 
M. Calvin, J. Am. Chem. Soc., 76, 760 (1954). 
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A solution of radioactive bicarbonate, Hc14oj is suddenly-introduced 

into the algae suspension. The :plant does ·not distinguish in any important 

way between the c12 and the c14 which are chemically identical,· and immedi

ately some of the c14 is incorporated into the first of the biochemical 

14 :products leading from co2 to end :products. As time passes, the C would 

be passed on to subsequent intermediates in the chain. -After a few seconds 

exposure to the c14 the suspension of algae is run into metha..11ol to a 

final concentration of 80% methanol. This treatment denatures all the 

enzymes instantly and freezes the :pattern of intermediates toward further 

change. Now all that ·remains to be done is to analyze the dead :plant 

material for radioactive compounds to see what are the first :products of 

carbon reduction during :photosynthesis. 

The first step in this analysis is to :prepare an extract of the 

soluble compounds since the early :products of carbon reduction have been 

found to be simple soluble molecules. This extract is then concentrated 

6 
and analyzed by the method of two~dimensional :paper chromatography. 

The first step in this useful method of analysis7 consists of drying 

a small quantity of the concentrated extract on the corner of a large sheet 

of rectangular filter :paper. The edge of the :paper next to this dried 

extract is then :placed in a trough filled with a suitable chromatographic 

solvent which travels down the :paper by capillarity. As the solvent passes 

over the dried extract, it dissolves the various compounds and carries them 

along with it at various rates, depending upon the :particular compound. 

·6Benson, A. A.; J. A. Bassham, M. Calvin, T. C. Goodale, V. A. Haas, and 
w. Stepka, J. Am. Chem. Soc. 72, 1710 (1950). 
7Block, R. J., E. L. Durrum, and G. Zweig, "Paper Chromatography and Paper 
Electrophoresis", Academic Press, Inc., New York, 1958, 2nd ed., pp. 710. 

' 
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The substances are thus separated in a row along the edge of the paper. The 

0 paper is dried, turned 90 , and the edge next to the compounds placed in a 

second solvent where the process of separation is continued w1 tb the corqpounds 

moving in a direction at right angles to their former direction of traveL 

Upon drying the paper again, the . compounds are found to be scattered about 

the paper as pure substances, each in its ovm unique location. The importance 

of the method for these studies can be seen from the fact that it permits the 

analysis of a few micrograms or less of dozens of different substances in a 

single simple operation. 

Of these many compounds, those into which the plant incorporated 

14 -carbon fourteen during its few seconds of photosynthesis with HC o
3 

are radioactive, and emit the particles resulting from radioactive decay 

14 of the C • In this case these are f3- particles and these may be de·tected 

by the fact that they expose x-ray film. Thus, if a sheet of x-ray film is 

placed in contact with the paper chromatogram.? subsequent development of 

the film will show a black spot on the film corresponding to the exact shape 

and location of each radioa.cti ve compound on the paper e A quantitative 

determination of the amount of radiocarbon in each compottnd may then be made 

byplacing a Geiger ... Muller tube with a very thin window (to permit the 

particles to pass through) over the radioactive compound on. the paper and 

counting the emitted particles electronically. 

The next stage in the method of radiochromatographic analysis is 

the identification of the radioactive compounds. This identification is 

accomplished by a variety of ways. Of these, the most important is by 

elution or washing of the compound off the paper and the determination of 



UCRL-8766 

.. 10 -

such chemical and physical properties· of the substance as can be measured 

with a solution of a few micrograms or less of the materiaL These prop-

erties then are compared with those of known compounds. The final check on 

the identity of the compound is frequently made by placing on the same spot 

on filter paper the radioactive compound and 10-100 IJ.g of the pure non .. 

radioactive substance with which the radioactive compound is thought to be 

identical, and chromatographing the two together., A radioautograph is then 

prepared to locate the radioactive substance after which the paper is sprayed 

with a chemical spray (for example, ninhydrin for. amino acids) which produces 

a color where the carrier conq>ound is located on the papero Superposition 

of the paper chromatogram and the radioautograph (X--ray film) will show 

an exact coincidence between chemically-developed color on the paper and 

the black spot on the film if the two substances are identical. 

Once the identity of the radioactive compounds formed during a short 

period of photosynthesis had been established, experiments were performed 

under a variety of conditions and times of exposure of the algae to radioc 

carbon. The radioautograph from the experiment with Chlorella described 

above is shown in Figo 3. . 14 Even after only 10 seconds of exposure to C , 

a dozen or more compounds are found. Some of these (the sugar phosphates) 

are not separated from each other by the first chromatography and must be 

subjected to further analysis. When the sugar monophosphates are hydrolyzed 

to remove the phosphate groups and rechromatographed, separate spots are 

found of triose (dihydroxyacetone), tetrose, pentoses (ribulose, xylulose 

and ribose), hexoses (glucose and fructose) and heptose (sedoheptulose). 

The sugar diphosphates are found to include ribulose, fructose, glucose, 

' 
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and sedoheptUlose .. 

Afte:r pet"iod.S of ph.otosy-11thesis with c14 
of less than 5 seconds 11 

3-phosphoglyceric acid (PGA) was found to be the predominant radioactive 

product.. Chemical deg:t"ad:ati~n of tihis conrp'ound showed that the radio-

activity firs.t appears in the caa:'boxyl cl':ll;rbono La:ter kinetic .st.udies showed 

that the rate of incorporation of c14 i.n'ttJ PGA ~~ ver:y !lthGrt times was mucb. 

that PGA is the first stable product of carbon dioxide r>ed.u~t:!..c;n during 

photosynthesis~ and ~urthermore, that carbon dioxide first enters the 

carboxyl group of PGA, presumably Via a csrboxyllation reaction. 

From this point vre borrowed from .the aJ..ready known pa~:s of the 

glycolytic b!'eakdovm of sugars Which lead to PGA as /j.;b. inter'mediate. 

' 
Noticing tha;fthe sugar phos-phates are impo::..rrt.a.nt early products of carbon 

reduction in photosynthesis~ we proposed that they are formed from PGA by 

a re"l'ersp.l of the glycolytic pathway" Degrad:atiGm of the radioactive 

hexoses from sho:rt experiments shovred that t.lJey vrere labeled in t.he ·trwo 

center carbon atoms (numbers 3 and 4) just as one would e:x;pect if two 

molecules of PGA were first reduced to triose and then linked together by 

the two labeled carbon atoms to give hexose (Fig. 4). 

The hexose and triose phosphates may be converted by aldolase or 

transa.ldola..•le and t-ransketolase enzymes to pentose and heptose phosphates. 

Degrad.atibn.c of these sugars and compariscm of the labeling patterns wi th:tn 

the molecules shot-red that this conversion cUd occur· and in such a -vr:a;y that 

five molecules of 't:.riose phosphate were ultima:tely converted· to three 

molecules of pentc-s.e .p-hosphateo 
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Other known metabolic pathways leading from PGA (Fig. 4) give rise 
I 

first to phosphoenolpyruvic acid (PEPA) ivhich then may undergo further trans~ 

formations as follows: (1) it may be carboxyllated and transamirated to give 

aspartic acid, (2) it :may be carboxyllated and reduced to give malic acidl1 

( 3) it may be dephosphoryllated e.nd transaminat.ed to .giv-e alanine. All of 

these compounds are labeled ai'ter short expo·sures of 
14 ~ 

the algae to HC o
3 

in the light •. The carboxyllation of' PEPA, w-hile a second. point of entry 

for carbon dioxide during photosynthesis, accounts for only 5=10% of the 

reduced carbon dioxide unde~ normal conditions in Chlore~~ according to 

kinetic measurements o S:i.nce this reaction comrerts tlu:'ee additional carbon 

atoms from PGA to malic acid and aspartic acid at the same time, the amounts 

of these compounds photosynthesized are significanto 

The enzyme system which brings about the oxidation of triose phosphate 

to PGA in the glycolytic pathway was known to produce ATP and TPNH (or 

DPNH). If PGA is to be reduced to triose phosphate during photosynthesis, 

it follows that ATP and TPNH must be strpplied. We have already seen that 

these two cofactors are produced as a consequence of the light reaction 

and the splitting of water o It might be expected that if the light were 

turned off from plants photosynthesizing in ordinary carbon dioxide at pre"" 
. 14 

cisely the same time that C o2 is introduced~ PGA would no longer be reduced 

to sugar phosphates, but would still be formed (if neither TPiiJ'H or ATP 

are required for the carboxyllation reaction) and would still be used in other 

reactions not requiring these cof'actors. In Fig. 5~ the radioautograph from 

just such an experiment, vre see that this prediction was correct. Labeled 

- 14 PGA is still formed from C o2 during 20 seconds in the dark~ but only a 
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very little of the PGA is l:!ed'l1ced to suga;r: plr:i0Sphat.es. On the uther hand.,. 

a large amount of alanine iS formed from PGA Via PEPA :fun rea<?ticms 'Yrhlah do 

not requi!'"e ATP m: TPN"'rl. The SI!lia.J.l all10tuil;. 0f 12.beled sug:ar phosplw:tes iJ.hich 

does appear is due to the ~std'Wfll NITP and TPNH wliicb woo foJ:"r!led while t:.ble 

light was on but Which had not. ,N:>t been used '"m- when. the c14o was intro-. J- ' ~ 2 

duced. Some malic acid is s-'c.ill formed in t:he darkjt indicating the presence 

of some DPNH, either remaining from the lig!J;t or derived from some other meta ... 

bolic react:i:ono 

Thus far we have not discussed tl::te iderrt:.i ty of the so'Ul:"ce of ik'he 

conq>ound which undergoes cm',.ooxyllation to prodllce PGA o In order to explain 

lh • 
its discovery we nrust turn to an<rt\her t;ype .of expe-riment w"itl'1 C ·o

2 
ana. 

photosynthesizing alga;e., In these expei"im@nts, W.gae a:t"e first permitted to 

:photosynthesize for 20 minutes or Illm."'e in t.he presence of a consta:."1t su:pply 

14 
of C o2 • During tl'lis time eo.J.l enVironmen1:.tJ condiJ~ions are maintained 

constant (temperature 1 co
2 

pl'"essure, light illtensi ty IJ etc o ) • After about 10 

minutes of exposure to c14o so nnidh ra.dio~bon t...a.s 'Y~a.~sed th.rou'"''J, the 2·' .!if 5'-' 

various biochemical intermediate compcnmcl.S on i t.s wa;y to end :products that 

each carbon atom of each ixrtennediate co:nwov.nd conte.ins,p on the a.verage 9 

the same percentage of carbon fourteen. at.0ms as t11e co2 i.t.hich is being 

absorbed. In other W01'"(iS.9 the s-pecific radioac~Givities of all the carbon 

atoms of all the early intermediates are the same as the specific radioactivity 

of the entering radie<l!az.-bon, tfuioh aan. be rneesu:t"ed and is therefore known. 

At this point,. sam,ples of the algap ere remo1fed withou.t dist'l.tt'bi.ng 

the rest of :the algae and iiliese samples ~· killed a.nd SU:bsequently analyzed 

by the methods which I have a.lready describedo ;The total radioactivity of 
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each intermedil3ote is measured, and when this is dlyided by the known specific 

radioactivity, the total number of carbon atoms of eaoh intermediate compound 

in the sample can be calculated. Thus the C.oncenttations -of the vi3,ricus 

intermediates of the active1y photosyn~h$siz'ing syst.em may be determined~ 

This determination of the concentrations of intermediates in Vivo is . . -. ~--~ 

an extremely valuable tool which has ma,ny us~s, but J,et us proceed Witl1 the 

experiment whiCh we had. started to describe above. HaVing taken sa:mples of 

algae for later determination of the cone'en:trations · of intermediate ·compounds 1 

we now turn off the light and proceed to take a ser~es of samples of the 

algae as rapidly as we can, which is about every three seconds. When the 

concentrations of intermediate compounds in these f)amples are determined!' 

, any changes resulting fr.om turning off the light will be revealed. The 

two most striking changes are found to be in the concentration of PGA which 

increases rapidly (Fig. 6) and in concentration ot: one particular sugar, 

ribulose diphosphate, which drops rapidly to zero. 

The increase in PGA on turning off the light is expected, since 

we have seen that cofactors, derived from the light reaction, al;'e necessary 

for the reduction of PGA. The rapi:d drop in ribulose diphosphate taken 

together with the fact that other sugar phosphates do not drop rapidly in 

concentration at first must indicate that the formation of ribulose 

diphosphate from other sugar phosphates requires a light-formed cofactor. 

This conclusion agrees with the fact that the knoW'n enzyme which converts 

ribulose-5-phosphate to :dbulof:!e.,.l,5-diphosphate does in fact require ATP. 

The drop in ribulose diphosphate, alone among the sugar·phosphat~s means 

that it is being used up by some reaction wh.idh does not requ_ire light. 
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If ribulose diphosphate is ti~ed up by some reaction that proceeds 

in the dark, and if PGA conti~J.Ues to be• fo:rrmed in the dark, could the 

carboxyllation of ribUlose diphosphate to form PGA be the first step in 

carbon dioxide reduction? To answer this question, another experiment 

similar to the one just described was performed. This time, however, 

instead of turning off the light, the light was left on and carbon dioxide 

was suddenly removed., The result of this experiment (Fig. 7) confirmed the 

idea of a carboxyllatiori of ribulose diphosphate, for the concentration of 

ribulose diphosphate now rose rapidly while PGA dropped rapidly. 

The carbon reduction cycle was now complete and is shown in Fig. 8. 

The methods and r~asoning leading to the elucidation of this cycle have 

been presentedmore completely else'fN'here~5,S .A complete circuit of the 

cycle involves the conversion of five molecules of triose phosphate to 

three molecules of ribulose diphosphate upon which ca.rboxyllation produces 

six molecules of PGA ·or itfl equivalent.. The;re is thus a gain of one three .. 

carbon unit corresponding to the three molecules of carbon dioxide intro-

duced for each turn of the cycle., On the average, five and a fraction of 

the three-carbon units are reduced to triose phosphate, with five of these 

going to generate ribulose diphosphate while the fraction is employed (pre• 

sumably) in the synthesis if sucrose, polysaccharides, glycerol and galactose 

(constituents if lipids) and other substances. The remainder of the PGA is 

converted to alanine and s.erine or., via PEPA~ is carboxylated to make four ... 

carbon compounds (Fig~ 4). 

8Bassham, J. A. and M. CalVin., "The Path of Carbon in Photosynthesis", 
Prentice-Hall, Inc .• P Englewood Clif'fs, New .Jersey 9 1957. 
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An interesting problem remaining at this point is the quantitative 

determination of the relative importance of the various metabolic pathways 

discussed. The relative rates of the reactions of the carbon reduction 

cycle are of course fixed, but it is of interest to compare the rates of 

introduction of carbon dioxide via the two carboxyllation mechanisms with 

the externally measured uptake of carbon dioxide. Also it is of interest 

to ascertain the rates of flow of carbon through such secondary inter-

mediates as alanine and aspartic acid and thus gain some idea as to how 

much amino acids may be synthesized directly from co2 P via PGA, without the 

intermediancy of compounds such as sucrose and polysaccharides, once thought 

to be the sole products of photosynthesis. 

The quantitative determination of the flow of carbon via the several 

pathways is made as follows: first, algae are allowed to photosynthesize 

with ordinary co2 under constant environmental conditions for a few minutes. 

c14o2 is then introduced, without any other ~ariation in environmental 

conditions. These conditions and the specific radioactivity of the c14o2 

are kept constant for the duration of the experiment. Samples of algae are 

taken rapidly following the introduction of c14 and then more slowly until 

sufficient time has passed to obtain radioactivity saturation of the inter• 

mediate compounds. During this time, C02 uptake is continuously measured 

by an infra-red absorption measuring instrument which monitors the gas 

14 bubbling through the algae in a closed system. C uptake from the gas is 

measured by means of an ionization chamber. Thus the specific activity of 

the c14o2 is continually measured. All of the samples are subsequently 

analyzed by paper chromatography and radioautography. 14 The C in each compound 
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in each sampl.e is cO"Urited. Th¢ growth of ra.dioact:ivity in each compound 

from the time of· iilt:t"oduction of c14 
to the time of saturation is thus deter .. 

mined. Typical labeling curves are shqwn in FigUre 9. 

As :lnd:J.·cated earlier, the concentrations of the intermediates during 

a period of steady photosynthesis 9r "steady state91 may be calculated from 

the saturating radioactivity found in the compound and from the specific 

radioactivity o The concentra.tipnf:>, the. grqwth' of :radioacti vi ty1 and the 

specific. rad.ioa.cttV:d;ty .o:t' ... the:.p:rec:ursor, all of which are determined in this 

experiment., mey b.e USed in a calculation of the rate of flow of carbon 

through each intermed,iate coorpound.. This has been done in one preliminary 

experiment .. 

Among the con:cluf}ions derive.d from th:e calculation of rates of carbon 

flow thr®gh.V'arious .intermediat.es and along certain pathways are the 

following: 1) at le'S.&t 85% of the assimil!3;ted. carbon dioxidep as measured 

externally, is fotin4 ·to enter the reduction pa:th'W'S\Vs via the carboxyl group 

of PGA. The carbon: red'q.ction cycle is therefore by far the most important 

pathway for tlle· inco:P,poration of carbon dioxide dur·ing photosynthesis o 

2) Five percent or more of the entering carb0h dioxide enters via carboxyllation 

of PEPA leading to malic acid and aspartic acids and probably to glutamic 

acid, although the patl:iway to the latter compound is not completely under ... 

stood.. Altogether,. about 2C/fo of· a.ll the carbon taken up finds its way into 

amino acids in ·photo;:;ynt:Qetic re·a.ctions under the conditions of this experi

mento These amino aoids .(including alanin~ and s~rine) presumably give rise 

to other anQ,no acids and eventually to protein. 

In conclusiou, it may be said that through the employment of tracer 
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elements, particularly carbon fourteen, the pathway of carbon reduction 

during photosynthesis has been mapped and the resulting pathway has been 

demonstrated quantitatively to account for most or all of the carbon reduced 

during photosynthesis. From the nature of this pathway, the requirements for 

energetic cofactors, derived ultimately from the light reaction, have been 

established. The detailed mechanism by which these cofactors are formed in 

the light reaction, as well as the mechanism by which water is split and o2 

is evolved, are not as yet known, but studies with isolated chloroplasts have 

demonstrated a stochiometric relation between the evolution of oxygen and the 

formation of both cofactors, ATP and TPNH. Electron spin resonance measure

ments of plants in the light suggest the possible formation of ions containing 

unpaired electrons and free radicals in the early stages of the conversion 

of light energy to the stored energy of chemical bonds. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor • 




