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Some current concepts of the process of photosynthesis in green plants 
are briefly reviewed. The chloroplast is considered as a highly organized, 
largely self-suffi~i.ent entity. It is capable of photosynthesizing not only carbo
hydrates, but a.lso fats, proteins, and probably all the other substances required 
:for its replenishment and operation. The conversion of light energy to chemical 
energy· appears to involve intermediates which are paramagnetic. The result of 
the early stage of photosynthesis is the splitting of water and the production of 
Oz, 'rPNH, and ATP, and possible other--as yet unknown-- cofactors. These 
cofactors are then used to bring about the reduction of COz, and other oxides to 
carbohydrates, fats, proteins, etc. Both stages of photosynthesis appear to re
quire the organization of the intact chloroplast in its natural environment in the 
cell for maximal in vivo rates of photosynthesis. By means of tracer studies 
durin~ steady-state photosynthesis ~n Chlorella pyr~oidosa, rates of s·~ecific 
r eachon along several photosynthetic pathways have een measured. Tne carbon 
reduction cycle accounts for most of the fixation artd reduction of CO2 during 
photosynthesis. The greater part of amino-acid synthesis results in the primary 
formation of alanine, serine, aspartic acid, glutamic acid, and glutamine in the 
chloroplast. 
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Photosynthesis in green plants is the synthesis of organic compounds and 
the production of oxygen from water, carbon dioxide, light, and inorganic ions. 
This process has sometimes been defined by the chemical equation 

li~ht [CHz01 + Oz 
green plants 

(1) 

The {CHzOl moiety, linked together an appropriate number of times, gives various 
carbohydrated, including sugars and starches. While this chemical equation is 
correct for the production of sugars, we know now that the process of photo
synthesis leads also to production of a number of other organic compounds besides 
carbohydrates. Among these other products are am!nb acids, fatty acids, phospho-· 
lipids, purine and pyrimidine bases, and p-..obably a number of macromolecules 
including proteins, nucleic acids, and fats. "T'b.e fact that these compounds must 
be included among the products o~ photosynthesis ste<tXts from tracer experiments 
which show that carbon dioxide, once taken up, may be converted directly to these 
other end products without having first been converted to carbohydrates or sugars. 
Thus photosynthesis is seen to involve a number of biosynthetic pathways beyond 
the primary carbon dioxide fixation pathway. It is clear also that the reactants in 
photosynthesis must include such inorganic ions as nitrate or ammonia, phosphate, 
sulfate, and other ions. Finally, it must be emphasized that photosynthesis is not 
mer.ely a photocatalytic process. Rather, it is an energy-storing process in which 
t'"'e light is a reactant b1 a real sense. It may be viewed as the separation of oxygen 
from car~on ~ioxide, hydrogen, nitrogen, and so forth. The production of molec.:. 
ular oxygen arid th-e. formation of organic compounds results in a decrease in the total 
negative free energy of the system, and therefore in a storage of chemical energy. 

This very complex series of reactions takes place in a subunit of the 
photosynthetic cell which is called the chloroplast. The chloroplast, surrounded 
by a membrane, is an entity within the cell, and is a rather complicated structu,re. 
Many details of this structure have been revealed by studies with the electron 
microscope. 1 Such studies show that the chloroplast is composed of layers, or 
lamina, which consist of lipids and proteins and other materials. More recently, 
sublaminar pa1·ticles, roughly spherical or oblate-spherical, have been the subject 
of such studies. 2 Attempts to correlate specific biochemical steps with identifiable 
substructures of the chloroplast appear to be very promising. For some time it 
has been thought that the laminar structures, which contain arrays of chlorophyll 
molecules, are responsible for the conversion of light energy, and perhaps for thr.:: 
subsequent splitting of water to oxygen and· some hydrogen carrier, or reducing 
power. It now appears from the studies by Park and Pon that the euzymes of the 
synthetic pathways which reduce carbon dioxide to organic compounds are also 
associated with e.ome organized structure of the chloroplast. 2. More and more, it 
appears that the chloroplast is a highly organized factory at the microscopic level, 
capable of channeling energy and materials into closely organized amounts of a 
great variety of finished end products. This channeling of energy and matter 
-::r, • __ , ___ _ 

.... The work deecribed in this paper was sponsored by the U.S. Atomic Ene1·gy 
Cm.::ln'lis sion. 
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involves not only the specificity of the individual enzymes, but also the complexity 
of the geometrical structure of the whole chloroplast. It is important that one keer 
in mind this structural entity when one considers the individual aspects of photo
synthesis one at a time. 

Let us consider photosynthesis in two successive stages. First there is a 
photo stage~ in which light is absorbed and converted to chemical energy and in 
which water is split to produce oxygen and reducing power. At the same time othe:r· 
energetic cofactors such as adenosine triphosphate (ATP) are generated. The 

·second stage, the .s,Y.».tb..e.sis stage, then occurs. The energetic and reduced co
factors are used to bring about the reduction of carbon dioxide, as well as nitrates, 
phosphates, sulfates and other materials, to sugars, fats, proteins, and all the 
other products of photosynthesis. 

The photo stage of photosynthesis is an example of biochemical conversion 
of one form of energy, in this case electromagnetic, to another form, which in this 
case is chemical. Such processes have been notoriously resistant to the investiga-· 
tive efforts of scientists. Classical methods of organic chemistry and photochemistry 
have· given us long ago the structure of chlorophyll and provided much information 
about its photochemistry in solution. An examination of the absorption spectra of 
chlorophyll in vivo suggests that the in vitro studies may not tell us much about how 
the energy might be transferred in livingorganisms. It has been necessary, there~ 

.fore, to turn our attention to more complex systems. such as occur in solid-state 
physics or in semi- solid-state living systems. We are studying physical properties 
in such. systems in an attempt to correlate these properties with the effect of light. 3 
For example, studies of the prodt.u:tion of unpaired electrons by electron-spin
resonance (ESR) techniques have indicated some interesting possibilities :for the 
conversion of energy by way of unpaired electron species and free radicals, 4, 5 
Studies of photoconductivity in model layered systems may also provide informa
tion as to how energ6 is transferred. from one point to another and converted frm:n 
ob.e form to anothe1·. 

One theory, based upon the assumption of an orderly array of chlorophyll 
molecules in the laminar structure 7 and upon the physical-chemical studies<S 
suggests that energy conversion is accomplished by the transfer of an electron 
from the excited chlorophyll molecule to some acc.eptor substance. 

Very careful quantitative studies of the evolution of oxygen during photo
synthesis as a function of the wavelength of light, particularly at the longer wave·· 
lengths, have produced interesting results during the past year. These studies 
suggest that light me.y be used in two different steps. It was found that light of two 
different wavelengths~ one of which was a very long wavelength, could act coopera
tively to produce more photosynthesis than could the same amount of light if it were 
all of the longer wavelength. This suggests that light of the longer wavelength con
tains enough energy to bring about one kind of step in the primary conversion process. 
but not enough energy to bring about the other step.9· 10 Thus, when light of the 
shorter wavelength, and hence greater energy, is added, the total result is a 
greater rate of photosynthesis than could be accomplished if all cf thE;: quanta of 
light were of the longer, and hence less energetic, wavelength. Perhaps two 
different kinds of electron transfer to or from the pigment molecule are involved. 

The transferred electron ultimately must be passed on to an oxidized form 
of a cofactor, triphosphopyr~dine nucleotide (TPN+) to convert it to the reduced form 
of the nucleotide, TPNH. We do not know how many steps there may be in this 
electron transport. Plastoquinone and several of the cytochromes that are known 
to be involved in oxidative electron transport are present in the cb.loroplasts. These 
compounds have been found to be either reduced or, in-some cases, oxidized during 
photosynthesis,l1 and. quii:e possible could play a role in electron t:;.·ansport durin~ 
pl10tos ynth e :.;i ~. 
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The difficulty is in knowing whether or not these compounds are involved 
in electron transport between the primary photochemical-conversion act and 
triphosphopyridine nucleotide or whether they are involved instead in the seconda ,_ .. , 
electron transport between triphosphopyridine nucleotide and either oxygen or som. 
intermediate r€ sulting from the splitting of water. 

Another bnportant part of the photo step of photosynthesis is, of course, 
the splitting of water. The pigment v:jiilch might transfer an electron to some 
acceptor must, following this transfer, find another electron, eventuaily from 
water, in order to return to its normal state. Kessler has suggested that manga
nese plays an important role in this_process which lies between the splitting of 
water and the evolution of oxygen. 1 ~ Most theories of photosynthesis postulate 
some form o:£ peroxide as an intermediate resulting from the prin'lc,ry &plitting of 
water and the final evolution of oxygen. Manganese is believed by Kessler to be 
involved in the formation of this peroxide. 

Recently, Tanner has shown that manganes.~ changes its ·oxidation state 
photochemically, as observed from stu~ies of a characteristic manganese ESR 
pattern. l3 Tanner also sees further evidence for the formation of a free radical 
during photosynthesis. He has suggested that manganese plays a role in a photo
chemical reduction of carbon dioxide to glycolic acid, but the results which have 
so far been published do not seem to require this interpretation. 

Moses and Calvin showed that although glycolic acid is synthesized rela
tively slowly from c14o2 , it is very rapidly labeled with tritium during photo
synthesis in the presence of t:ritium-labeled water tTzO). 14 This result suggests 
that while glycolic acid may not be formed directly from carbon dioxide, as Tanner 
purposes, it may nevertheless play an important role in electron transport. 
Conceivably this role is linked in some way with the role of manganese in the 
formation of oxygen. 

In summary, a purely h'rpothetical scheme for the photo stage of photo-
synthesis., based on the several bits and pieces of evidence.can be presented: 
Light is absorbed by chlorophyll. which becomes excited chlorophyll. This exci
tation energy is transferre i through the array of chlorophyll molecui·es until 
chlorophyll, or some associated pigment, transfers an electron to a:.1 elE'ctron 
acceptor. This transfer rna y be of two different types, one of which req·uires 
light energy of somewhat shorter wavelength than the other. The electron is then 
carried by some electron-transporting system, perhaps involving sue'!, inte.rmediates 
as plastoquinone, to the point where it is used to reduce TPN~· to 'TPNH. Inter
mediate stages in the transfer of electrons and the formatioe of stable compounds 
n'lay include the formation of charge "traps" and free radicals, which may also 
exhibit paramagnetism. The pigments that have lost electrons must extract them 
from water, producing some intermediate hydroxyl radical and eventually peroxic-~e, 
in a process that seems to require manganese. From this peroxide, oxygen is 
evolved. Somewhere, during and linked to these processes, adenosine t:i"iphosphate 
~ATP) is formed. Glycolic acid plays a role in electron transport, either in the 
prir.nary processes of photosynthesis, or perhaps in carrying reducing power from 
the chloroplasts to the cytoplasm. This role of glycolic ·acid may be connected in 
son1.e way with the n1anganese requirement. 

In their studies with isolated chloroplasts, Jhnon and <to-wo:rkersl5, 16 
have shown wha~ appears to be a stoichiometric relationship between the produc
tion of oxygen, .ATP, and TPI'-!H. Since these are the very cofactors that ha.ve 
been postulated. as requi:recl for the operation of th.e ;:;arbon reduction cycle, 17 
it has appeared that th::!se two cofactors were !·he only link between the pnoto s~ag: 
r~"-J·l-tC\·;·o~yn~lJer.j" ~··1d ti·"' ··S''•lth<>ai.,., ..,·.""'"' ··1.;,. ~n·.-.~-1''"';,. ·~,..,, ~t,··:·',,,. ~"P·l-r-·•'·"''1 ·- .... \,.~ .............. ,.. 01 .!. .. ; ·_1.:.~-l.:~- ..... .. , ... _ \.:.;, -- ...__,~..,._ ... ~.\...r..~ i c: .. o .. l~.- ..... 1 ....,\,...:... _.J_""~o,...l...r. 
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by the reports by Trebst that synthesis resembling photosynthesis could be carried 
out in the dark if. one supplied the chloroplasts with reduced TPNH and ATP. 18 

In the past year, however, this agreeably simplified picture has been sub
jected to some new questions. lt~•r one thing, Miyachi, Oh-hama., and Tamiya have 
reported that when the light is turned off following a period of photosynthesis, the 
level of TPNH does not decline immediately but. in fact, goes up or stays level for 
many minutes. 19 Nevertheless, the capacity to fix carbon dioxide drops off, with 
a half life of about 30 sec, and becomes essentially zero in a minute or two. More
over, the dark fixation of COz in chloroplasts supplied with ATP and TPNH is dis·· 
appointingly slow compared with the rate of C02 fixation in whole plants in the 
light. One wonders if some other cofactor may be required for the normal photo-
synthetic mechanism. · 

With this doubt in mind, let us turn our attention to the synthesis part of 
photosynthesis. -Here, much more is: known about the chemical processes involved. 
largely as a result of tracer studies with carbon-14 and phosphorus-32. The tech·· 
niques used so successfully in these studies have been described in detail; ZO I· 
shall summarize them very briefly. Radioactive bicarbonate solution, Hc14o3, 
ia injected into <:m activGly photosynthesizing suspension of a unicellular algae, 
Chlorella pyrenoidosa. After only a few seconds of photosynthesis, during wP.ich 
Erne the plant makes organic compounds from th~ radioactive bicarbonate, the alg;.;:.e 
s•.1eopension is !'lJ.n. j_nto boiling alcohol and killed. All enzymatic reactions stop 
immediately, and the subsequent labeling of the compounds may be found by analysiu. 
This labeling is indicative of the synthesis of compounds from radiocarbon. For 
this analysis, the killed algae suspension is extracted and concentrated, anc'l the 
compounds a:re separated by two-dimensional paper chromatography. .A ravii•.J
autograph of the paper chromatogram shows which compounds have become 
labeled. The measurement of the radioactivity in each compound is made with a 
Geiger counter. A kinetic analysis is then made of the appearance of carbon.-14 
in each compound as a function of time o! photosynthesis in C 14 by the plant. In 
some cases, individule compounds were degraded to show the position of the 
labeled carbon within the molecule. 

The results of these studies led to the formulation of the carbon reduction 
cycle of photosynthesis which is depicted ·in Fig. !. The simple essentials of this 
cycle are as follows. First, carbon dioxide adds to a five-carbon sugar, pToduc
ing an unstable six-carbon compound which splits into two three-carbon compounds, 
each of which is an acid. Secondly ATP and TPNH from the light are used in the 
reduction of the carboxyl group to the corresponding aldehyde. The result is the 
formation of a three··carbon sugar. Then, five of these three-carbon sugar. Then, 
five of these three-carbon sugar3 undergo a seri.es of condensations, dismutations, 
and rearrangements to proc.iuce three five-carbon sugars. Finally? each five
carbon sugar monophospl-t-=>.te is converted with ATP to five-carbon sugar diphos
phate, which is the carl:o11 dioxide acceptor. Each of these three five-carbon 
sugars can add a C0 2 molecule, producing a total of six three-carbon fragments. 
Therefore, there is a· net conversion of three molecules of carbon dioxide to one 
three-carbon organic <:ompound per turn of the cycle. 

This three-carbon compound may then be used for subsequent steps in the synthesi:; 
of specialized and products. For example, two three-carbon sugars may be con
densed to 1nake one six-carbon sugar, and two six-carbon sugars may react to
gether to form one. n1.olecule. of sucrose. Alternatively, a large number of six- . 
carbon su.gars (such as glucose) may be linked together to form a complex poly
saccharide, for exa1nple starch or cellulose. 

Anothzr bi.osynthtct1c pathway l~ading -:rom the cycle begins w~.th phospho-
. :.~ri.c a<.:;rl .• ,,. :1.: '! .•::.:;-carbo., ··.r:in '('(,...,·,.,,,rl i::orrned 2~l c~ll" :ociur:t ')fth~ 
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carboxylation reaction, arid proceeds via phosphoenolpyruvic acid and a second 
carboxylation to a four carbon carboxylic acid, malic acid Phosphoenolpvruvic 
acid (PEP .A) r.aay also be converted to alanine, forming an amino .acid.· This amino 
add is then used to form other amino acids, which are used ultimately in the synthe<>i' 
of proteins and enzymes. 

By careful quantitative studies with carbon-14 during steady- state photosynthesis, 
it is possible to measure the relative importanse of various biosynthetic pathways. 
First, algae are allowed to photosynthesb:e with ordinary COz under constant envi
ronmental conditions for a few minutes. R adioacti'v:e carbon dioxide is then intro
duced, without any other variation in environmental conditions. These conditions 
and the specific radioactivity of the cr4(jz are kept constant for the duration of the 
experiment. Samples of algae are taken rapidly following the introduction of c~4 
and then more slowly until sufficient time has passed to obtain radioactivity satura
tion of the intermediate compounds. During this time, COz pressure is continu
ously measured by an infrared-abso:rpt:;_on measuring instrument which monitors 
the gas bubbling through the algae in a closed system. The level of cl4oz. in the 
gas is measured by means of an ionization chamber. 'ThU3 the specific acti·;rity of 
the cl4o2 is continually measured. All of the samples are subsequently analyzed 
by paper chromatography and radioautography. The cl4 in each compound in each 
sample is counted,. The growth of radioactivity in each compound from the time of 
introduction of c14 to the time of saturation is thus determined. T-ypical labeling 
curves are shown in Fig. 2. 

The concentrations of the intermediates during a period of steady photo
synthesis or "steady-state" may be calculated from the saturating radioactivity 
found in the compound and from the specific radioactivity. The concentrations, 
the growth of radioactivity, and the specific radioactivity of the precursor- -all 
of which are determined in these ext:el~iments--may be use<rin a calculation of 
the rate of flow of carbon through each intermediate compound. 

Among the conclue:h);ns derived from the calculation of rates of flow of 
carbon through various intermediates and along certain pathways a:re th•e follow· 
ing: 21 . . 

( 1) At least 70 to 80o/oof the assimilated carbon dioxide, as measur"'C. t::.Aternally, 
is found to enter the reduction pathways via ~he carboxyl group of PG ... 4.. The 
carbon reduction cycle is therefore by far.1he most important pathway for the 
incorporation of carbon dioxide during photosynthesis. _ · 

(2) Five per cent or more of the entering carbon dioxide enters via carboxylla
tion of PEP .A leading to malic acid and aspartic acids and other compounds. 

(3) There is a very active synthesis of several important amino acids. During 
photosynthesis the rates of sy-nthesis of alanine, serine, aspartic acid, glutamic 
acid, glutam.ine and other amino acids, hav~ been measured. The synthesis of 
these amino acids accounts for about 30o/o of all of the carbon taken up during steady 
state photosynthesis and about 60o/oof all of the ammonia uptake. Furthermore, the 
synthesis of these amino acids reaches a maximal rate very quickly after exposure 
to carbon-14 and at a time when the only possible precursors are intermediates 
for tb.e carbon reduction cycle in the choloroplasts. From these facts it mav be 
concluded that the synthesis of these amino acids takes place in the chloroplasts 
directly from intermediates o£ the carbon reduction cycle. Since so much of the 
total ammonia uptake and carbon uptake may be accounted for by these synthetic 
pathways, we can say that protein synthesis takes place in the chloroplasts via 
the free amino acids. ----

During steady-state studies we have also studied the rate of appearance 
o£ ca:rbon-·14 in PGA and compared that rate of appearance with the rate of appea:;:-
ance of carbon-14 in ribulose <1iphosphare {HuCP) the carbon dioxide acceptor We 
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know the rate of uptake of carbon-14 from the medium, and we can calculate the 
rate of flow of carbon~ 14 through the carboxylation reaction and through ihe car
boxyl carbon of PG.A. Knowing that the carboxyl carbon of PGA must become 
saturated with :radiocarbon in a few seconds after the beginning of exposure to 
C l4oz~ we can calculate the rate of appearance of carbon-14 in the alpha- and 
beta-carbons of PGA and compare that with the carbon-14 in RuDP, which must 
be the precurso:r to the alpha- and beta-carbons of PGA. It turns out that the 
alpha- and beta-carbons of the PG.A are labeled too rapidly for them to be derived 
from all five of the carbon atoms of RuDP. Therefore, probably the carboxylation 
product. the u.nstable six-carbon compound~ splits to two three-carbon fragments, 

'L only one of which is PG.A. 

It is known that in the isolated enzyme systems and in some isolated ch101·o·· 
plasta the carboxylation reaction results in two molecules of PG.A. Thus it appear'\ 
that in the living cell the biosynthetic pathway may be slightiy different than it is 
in isolated, or broken, systems. ')'his,ir; not surprising when we remember the 
highly organized, complex structure of the ~hloroplasta. Rather, it suggests that 
in the intact chloroplast in the living cell reducing power can be transferred from 
the primary photo reaction to the synthetic freaction by some mechanism that is 
different from the one mediated by" lreereduced TPN. This transfer could result 
in a reductive split of the unstable six-carbon carboxylation product, giving one 
molecule of PGA and one molecule of triose phosphate. This possibiiity is indicat
ed by the dotted line in the cycle shown in Fig. l. 

Once again it would appear that the simple assumption that only TPNH and 
ATP are formed by the photo reaction and required by the carbon reduction cycle 
may have been an oversimplification of the true situation. No doubt carbon re
duction pathways very similar to those of photosynthesis can function with only 
these two known cofactors, and such has been demonstrated with isolated chloro
plasts .18 However, it is important to note that the rate of synthesis of carbon 
compounds in isolated chloroplasts is only a very small fraction {2 to 5o/o} of the 
rate that would be measured in healthy, active, living whole cells. 

In conclusion, it may be said that through the employment of tracer elements, 
particularly carbon-14, 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 reduction during photosynthesis. From 
the nature of this pathway, the requirements for energetic cofactors. derived 
ultimately from the light reaction, have been suggested. Studies with isolated 
chloroplasts show that these cofactors are generated in the light. The detailed 
mechanism by which these cofactors are formed in the light reaction, as weH as 
the mechanism by which water is split and 0 2 ia evolved, are not known as yet. 

The possibility exists that other, as yet unidentified cofactora, are formed 
in the light and required for normal rates of carbon-compound synthesis. 

The chloroplast appears to be a self-sufficient factory, capable of making 
the great variety of compounds required for its own operation, as well as organic 
nJ.olecules fot· Hexport" to the rest of the cell or plant. 
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