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PHOTOSYNTHESIS! 

Mo Calvinl> Jo Ao Basshaml>2 Ao Ao Benson and Po MassiniJ 

Radiation Laboratory and Department of Chemistry 

University of California 

Berkeley)) California 

Although there has been considerable progress toward an understanding 

of the processes of photosynthesis in recent years~ the advances have been 

followed rather closely qy symposia)) monographs and reviews of ~e subject 

matter~ p~ticularly during the last three yearso (i~2~JJ>4J>5J>6l>7»8) 

In view of the comprehensive coverage it would appear that the present 

review might very well be limited to a discussion of certain subjects of 

special interest to the authors and some with which they are especially 

familiaro These are 1) the extensive discussion b.1 Warburg and his co­

workers of their proposal for the eXistence of a light induced oxygen 

absorption (and corresponding carbon dioxide evolution) which can &~aunt. 

to three or four times the net oxygen evolution qy the same light9 and 

2) the discovery of the early participati~n of 7 and 5 carbon sugars in 

carbon dioxide reduction in photosynthesis together with some observations 

on the kinetics of the metabolic transformationso 

1 = The work described in this paper was sponsored qy the Uo So Atomic 
Energy Commissiono 

2 = Lto)) USNRJ> Office of Naval Research Unit Noo Onel> University of 
California)) Berkeleyo The opinions contained herein are the privA.te 
ones of the writer and are not to be construed as official or reflect­
ing the views of the Navy Department or the naval service at largeo 

3 = Fellowship of the Swiss Foundatiom ttStiftung ftir Stipendien auf dem 
Gebiete der Chemieo 11 
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While it is true that a considerable number of significant publications 

have appeared in other aspects of photosynthesis (the Hill reaction and its 

coupling with carbon dioxide reduction (9,10$11,1~,13~14~15~16~17 9 18 9 19); 

photochemistry of chlorophyll and related synthetic materials as model reac= 

tions in relatively simple defined physical s,ystems (20~21~22~23); transfer 

of light energy within the pigment systems (24,25) ) it is felt that they 

represent confirmation and extension of ideas which have already been die= 

cussed in a variety of earlier reviews and that a re-evaluation of them 

might very well be p~stponed until a later timeo 

THE ONE-QUANTUM PROCESS 

In the course of studies on the maximum possible obtainable efficiencr,y 

of photosynthesis~ Warburg and his associates» using the gas exchange method 

that commonly bears his name, had occasion to shorten the alternating light 

and dark periods between which the net gain of oxygen or loss of carbon 

dioxide is determined down to periods as short as one minute of illumination 

alternating with one minute-of-darknesso _Under t4es~ c~~umstances~ the 

apparent efficiency of oxygen production during the one-minute illumination 

rose to a value which~ when expressed in terms of the number of molecules 

of oxygen produced per quantum of light absorbed9 approached oneo (26927~28) 

At the same time$ the apparent gas absorption in the one-minute dark inter= 

val increased to values of the order of ten times that normally observed 

for dark respiration over long periods of timeo This later enhanced oxygen 

absorption observed immediately following the illumination period is sup= 

posed to be going on during the illumination as well 9 thus leading to.the 

suggestion that at all times under these optimum conditions, oxygen is 

actually being produced at a rate corresponding to one mole per quantum 

.. 
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absorbed~ but that 2/3=3/4 of this oxygen produced is re=absorbed in a 

lightpenhanced back reaction leaving the net oxygen production observable 

for long periods corresponding to an efficiency of the order of_l/4 mole= 

cule of oxygen per quantum absorbedo All the above observations~ which 

refer to molecules of oxygen evolved in the light and absorbed in the 

dark 9 are supposed to be pertinent as well to molecules of carbon dioxide 

absorbed in the light and evolved in the darko4 

In later publications (34~35)~ Warburg was able to observe the gas 

exchanges immediately following the application of the measured light 

and immediately foliowing the cessation of the measured illumination and 

to plot these changes as a function of time~ making observations at one= 

minute intervalso A typical result is shown in Figure 1 (.35) o In this 

experiment 9 the unmeasured white light is applied to an extent which just 

balances the oxygen evolution and the carbon dioxide absorption qy photo= 

synthesis VJi th the carbon dioxide evolution and oxygen absorption qy 

4 = Practically all of these observations ·were made cy the 11 two=vessel 
method~n a relatively new description of which is to beJound in the 
papers by Warburg and Burk {29) and Burkl1 Schade 9 Hunter and Warburg (30)o 
Since most of the observations were on-Chlorella" whose physiological 
pH range is of the order of 4~5~ the actu~ ~r~ss~e changes observed 
when the experiments are performed in this pP range are due to the 
difference in s~ubility in the medium between o~rgen and carbon dioxideo 
By using a pair of vessels whose geometry with r~spect to the algae and 
light are identical except for the gas volume above the algae suspensions~ 
it becomes possible to determine~ on the comparison of the observed 
pressure changes in the two different vessels:> the ratio of oxygen 
over carbon dioxide whether it be iri light or darko Having determined 
this" the observed pressure' change in a single vessel can then be con= 
verted ~nte moles of oxygen evolved (absorbed) and moles of carbon 
dioxide absorbed (evolved)o It should be pointed out here that there 
is a real difference of opinion as to the validi~ of the observations 
made qy this method and these questions have been listed and discussed 
at some length (31:>32~.33)o · 
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respiration so that the manometers show no changes in pressures with timeo 

Pressure changes are then brought about qy the additional illumination 

with a measured beam of green lighto Taking the data at face value~ it 

is evident that what is represented in Figure l is a transient phenomenon 

with a logarithmic approach to a steady stateo Warburg has chosen to 

interpret this result in terms of a primary photochemical reaction yield= 

ing molecular oxygen with a quantum requirement of one, accompanied b.1 

the proportional generation of a substance c (substances) which reacts 

with a fraction E of the generated molecular oxygen$ with a specific 

reaction velocity ko In qualitative terms, then, the falling off of the 

increase in pressure curve (Figure l) is supposed to be due to the 

building up of the back reaction substance Co' This he has expressed in 

algebraic terms in the following wayg 

Let 

Ia = absorbed light intensity per minute~ expressed as 

mmo3 Quanta/mino unit vol 0 

t time of illumination by the measured light (mino) 

x = evolved 02 in time t b,y light Ia~ in 

mm3o 2/uni t vel o 

£=the fraction of the o2 evolved b,y the light reaction which 

reacts backo 

c concentration of the substance controlling the reverse reaction 

expressed in terms of back~reacting 02 as 

mmo302/unit volo 

k spo rate consto of the back reaction (min=l) 
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If the light intensities are so adjusted that the quantum requirement for 

o2 in the light reaction.ll • .11 is 1 then (since Ia = + d02 (light reacto)/dt) 

then 

+ dc/dt == Eia - kc 

integrated 

dc/(Eia - kc) = dt 

= 1/k 1~ (£Ia - kc) = t + consto 

When t = 0 c = 0 Consto = = 1/k ln€Ia 

ln lf.Ia/(fia ~ kc~ = kt 

Eia = ekt (£Ia - kc) 

£I e=kt = £I - kc a a 

c = £Ia (1 = e=kt)/k 

When t >>> l,cstation = Eia/k 

Further (if (/1 = 1) 

dx/dt = I - kc a 

Substo (2) into (3) to eliminate c 

dx/dt = Ia- ~Ia (1 = e=kt) 

With the boundary conditions 

t = 0>' dx/dt = I a 

t >>> l.11 dx/dt = Ia (1 = £) 

Eqo (4) gives on integration 

x = Ia (1 = E)t_+ Eia (1 = e-kt)/k 

with the boundary conditions 

t = 0.11 x = 0 giving t >>> 1.1) x = Ia (1 = f )t + Eia/k 

If the quantum requirement is explicitly retained 

(1) 

(2) 

(3) 

(5) 

(6) 
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It is thus clear that_the_initial slo.pe of the .oxygen evolution curve 

should represent, according to this picture~ the quantum requirement of 

the primary photochemical oxygen evolution while the initial slope of 

the absorption curve following the cessation of illumination should 

correspond to the quantum requirement of the continuous production of the 

back-reaction substance Co This latter~ b,y the definition-of c~ 

should be equal to the formero There is some question as to the general 

validity of the observation itself (31~32~33) and this is especially 

true where very rapid observations are necessaryo The question imme­

diately arises as to how nearly the components of the gas phase are in 

equilibrium with the gaseous components of the solution and with the 

gaseous components within the green cells themselveso It is clear that 

if oxygen comes to equilibrium in these systems somewhat more rapidly 

than does carbon dioxide~ a result such as that given in Figure 1 wo~1d 

ensueo Furtpe~ore$ tbis difference in rate might occur in the trans= 

fer between the gas phase and the liquid medium or between the liquid 

medium and the green cell interior where presumably the_gasses are 

ultimately generated or absorbedo 

However~ even accepting the existenc_e of this transient approach to 

a steady state associa~ed with a change in light intensity as significant 

for the chemistry of the green cell itself~ the interpretation given b,r 

Warburg is not unique but only one of a number of possible views even on 

a quantitative basiso The striking similarity between the data presented 

and the transient appearing in the electrical circuits cannot be over= 

lookedo In fact there has been reported repeatedly~ evidence for oscilla= 

tory transients in both carbon·dioxide and oxygen evolution as well as 

.. 
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fluorescence, the most recent of which is that of Van der Veen (J6)o 

One of the simplest of such circuits would be a parallel arrangement 

of a resistance and a capacitor-resistanceo The change in light inten­

sity would correspond to a change in impressed potential and the gas 

flow would correspond to the charge flow~ In chemical terms, the 

resistance would correspond to the specific rate constants of a series 

of reactions, while the capacitance would correspond to the size of the 

re:servoirs involved in the equilibrium, which was shifted and maintained 

by a change in the steady stateo It might be worthwhile to actually 

outline one such case in as general terms as possibleo 

A likely system having some of the above elements is shown diagr~ 

matically in Figure 2 where the equilibrium between M and A + 02 would 

correspond to the terminal oxygen evolving reactione Defining corres­

ponding terms in similar units to those used in the preceding derivation 

let 

Ia be the amount of light (number of quanta) absorbed b.1 the photo­

chemical apparatus (represented Qy the box PoAo) where it is 

converted into some chemical form (reduced and oxidized species)o 

a be the proportionality constat between the number of quanta 

absorbed·and the number of molecules (Q) of some species which 

reacts with the species M to produce molecular oxygen with a 

rate constant of unity (u = l)o 

r be the constant rate of the reverse reaction in the final equili­

brium with molecular oxygen (also with carbon dioxide)o 

~ be the proportionality constant between the number of quanta 

.absorbed and the steady net Tate of. formation of Mo 
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m be thte~ concentration of M at time to .· 

x be the number of moles of oxygen produced in time to 

Then9 

dm/dt = =O.I~m +.{3Ia + r 

Substitute p for ~Ia + r 

and q for ala 

to give 

d:x:/dt = qm = r 

dm/dt = p = qm 

UCRL-~1'/QO 

(7) 

(8) 

(9) 

(10) 

Integrate equation (10) with the limiting ~ondition m = ~9 when t = 0 9 

to give 

m = p/q + (mg = p/q) e=qt (1.1) 

Substitute equation (11) into eq~ation (9) and integrate with the limit= 

ing condition that x ~ 0 when t = 0 9 gives 

x ~ (p = r)t + {qm
0 

~ p) (1 = e=qt)/q 

or replacing p and q9 

(12) 

x = ~Ia t + (a.Iamo = ~Ia = :r (1 = e=a.Iat~ /ala (13) 

Equation (12) ~quation (13il gives precdsely the same relationship 

between the amount of oxygen evolved and time as does equation (5) 

(equation (6)] 9 the difference being in the significance of the con= 

stantso 

It is thus apparent that the existence of a light=induoed reaction 

consisting in the absorption of molecular oxygen and the evolution of 

molecular carbon dioxide at a rate of approximately three -times that of 

the net evolution of oxygen induced b,y the same light is not an inescapable 
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conclusion to be drawn from the data as 'presented by Warburgo In factj) 

there exist two pieces of independent experimental evidence which would 

seem actually to preclude such a possibilityo The system of forward and 

reverse reactions as proposed by Warburg is represented in its simplest 

form in Figure 3o 

Thusj) for every four molecules of molecular oxygen which are produced 

by the photochemical reaction three are supposed to be reabsorbed by the 

photosynthetic system in a dark reactiono Similarlyj) for every four 

molecul~s of carbon dioxide which are absorbed in the photochemical reac­

tion t.:b.l:'ee are re=evolved in this same dark reactiono Since the photo= 

chemical reaction is supposed to have a quantum requirement of unity it 

is clear that the quantum requirement for the net production of molecules 

of oxygen will be approximately fouro Such a system would lead to a very 

rapid exchange between the oxygen atoms of the gaseous molecular oxygen 

and that contained in combination with the living organism as water and in 

other combined formso The same accelerated exchange would be expected 

between the carbon atoms of the gaseous carbon dioxide and those incor= 

porated in the photosynthetic organismso The number of molecules exchanged 

(oxygen or carbon dioxide) due to this type of reaction alone should be 

approximately three times the net number of oxygen molecules producedo It 

is possible to determine whether or not such photochemically accelerated 

exchanges take place and~ in fact~ both of these isotopic tests have been 

applied9 although not on the same systemso 

Thusj) if the organism is placed in contact with gaseous molecular 

oxygen labeled with o18 and the rate of change of the specific isotopic 

content of the gas is determined in the dark and compared with that which 
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occurs upon illumination, it should be possible to det~ct an accelerated 

rate of disappearance of labeled oxygen from the gas phase9 since any 

labeled oxygen atom which is recombined in the organism will be so diluted 

qy the large amount of unlabeled oxygen in the organism as not to reappear 

in the gas phaseo In effect, this means that the photochemical~ pro-

duced oxygen would have no label, whereas that which is being reabsorbed 

would9 of.course~ have the label from the gaseous phaseo Experiments of 

this sort have been done b,r Brown9 Nier and Van Norman (37) on a variety 

of organisms including Chlorellao In no case was there any evidence of 

an increased rate of disappearance of o18 from the gas phase under the 

influence of lighto 

The corresponding experiment with labeled carbon dioxide using c14= 

labeled C02 has been done qy Weigl and Calvin (38) on barley leaveso Here 9 

also 9 there is no evidence of accelerated dilution of the residual carbon 

dioxide with non=labeled carbon from the organism under the influence of 

lighto In fact, the only effects reported in each case were inhibitory 

effects on both of the rates mentionedo 

The conclusions which were drawn b.Y the authors of each of these above= 

mentioned experiments were weakened bf the suggestion that upon illumina= 

tion the oxygen which is absorbed in the respiratory reaction never escapes 

from the cells after its photosynthetic production9 and the carbon dioxide 

evolved in the respiratory.~~ or "Back" 9 reaction never escapes from the cells 
-

priqr to its photosynthetic incorporati~no This criticism is incompatible 

with the assumption that the curves in Figure 1 are significanto In order 

that these curves.~> which are manometric changes with time~ should corres= 

pond to the rates of chemical processes within the photosynthetic organisms~ 

it was necessary to assume a complete equilibration between the gas phase 

and the molecular oxygen and carbon dioxide within the cell wallo 
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It thus appears that the transient' phenomena observed by Warburg are 

better accounted for in terms of shifts of equilibria or steady states 

rather than in terms of an increased back reaction from the gas phaseo5 

It is also clear that under some circumstances it should be possible to 

observe~ for short periods of time~ rates of oxygen evolution or carbon 

dioxide absorption which would correspond to the apparent quantum 

requirements, even less than one (apparent quantum yield greater than 

unity)o This is in no way to be construed as a violation of the 

Einstein law of photochemical equivalanceo Without doubt there is a 

primary photochemical act somewhere in the photosynthetic apparatus 

which involves the transformation of electromagnetic to chemical energy 

with a quantum requirement of one~ ioeo~ for every quantum absorbed one 

photochemical equivalent of a reaction will be brought about with con-

comitant storage of chemical energyo There is~ of course~ no require-

ment that there be any unitary relationship between quanta and molecules 

of gas observed manometricallyo 

This implied relationship between the number of quanta which might be 

required in the overall energy balance for the production of oxygen and 

the absorption of carbon dioxide and the mechanism by which this is 

achieved has led very often in the past thirty years to attempts to find 

ways of storing electromagnetic energy in that form~ since it was very 

early clear that the amount of energy required to achieve the overall 

reaction of photosynthesis corresponded to that contained in at least four 

5 = This includes the possibility that they will be due to differences in 
the specific rates of passage of oxygen and carbon dioxide through the 
cell wallo It is~ however~ unlikely that differences in the rate of 
establishment of equilibria betweenfue medium and the gas can be called 
upon to account for it~ as independent experiments in the authors' 
laboratory confirmo 
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quantao With the growth of our knowledge of the w~ in which biochemical 

s,ystems manipulate and convert energy from one form into another~ eogo~ 

the conversion of chemical energy to mechanical energy in muscle~ has 

come the realization that the accumulation of the necessary calories to 

perform the overall reaction of photosynthesis might be done better chemi= 

callyo It would appear that this is the predominant conception at present 

as it has been expressed in a wide variety of w~s by many authors in 

many placeso It would be futile at this point to try to review the his= 

tory of the development of this idea in all its ramifications (5)o Among 

the first of such suggestions was that of Ruben (39) and also of Lipmann (40) 

that energy required to carry out the overall photosynthetic reaction wight 

be transported~ at least in part, through high energy phosphateo This has 

even been carried to the extreme with the suggestion that there might be a 

lgl correspondence between quanta absorbed and individual high energy phos­

phate ponds form~d~ eogB, the terminal phosphate bond of ATPo This idea 

has been criticized on the basis of its enormous inefficiency (approxi= 

mately 40 kcalo quanta being used to produce a single 12 kcalo bond) and 

almost certainly rightly sao The other alternative, namely~ the subdivi~ 

sian of a quanta into two 0r three parts~ has been rejected on the basis of 

lack of precedent (4l)o This is~ however~ probably due to the explicit 

or implicit attempt to perform the subdivision while the energy is in 

electromagnetic form or in the form of electronic excitationo This diffi­

culty disappears if the conversion to chemical energy takes place at the 

40 kcalo level~ or thereabouts, and its subdivision occurs thereaftero 

In relatively recent years a number of proposals have appeared con­

cernipg some of the more or less specific methods by which energy might 

be converted and brought to bear upon the oxygen liberation reactions and 
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the carbon dioxide reduction reactionso ~ith the confirmation (42,43,44) 

of the idea that the reduction of carbon dioxide was separable6 from the 

primary photochemical act and was in itself a completely dark reaction (44) 

and the discovery that the earliest isolable intermediate of carbon dioxide 

incorporation b,y 'photosynthesis was phosphoglyceric acid~ it became possible 

to suggest specific patterns by which high energy phosphate might play a 

parto It was clear that the initial carboxylation reaction leading to 

phosphoglyceric acid required the presence of a phosphorylated intermediate 

of relatively high energy levelo This was presumed to have been formed 

either directly or i~directly through some oxidation reaction (not neces­

sarily involving oxygen directly)o 

It was therefore proposed (47) that part of the initially produced 

reduced carbon be passed through a reoxidation cycle and thus have some 

of the reduced energy originating from the light reaction converted into 

high energy phosphateo The passage of an electron from a high reducing 

potential to a lower one on its way to molecular oxygen produces high 

energy phosphateo Evidence that such reactions might play a part in photo­

sYnthesis has been recently added to the literature (48)o 

These 9 and many other such suggestions~ are all part .of the same 

general conception of the rearrangment of chemical energy in dark reac-

tions in preparation for the two reactions which can be observed mano-

metrically in photosynthesis~ vizo~ the evolution of melecular oxygen and 

the absorption of molecular carbon dioxidea It is in the reiteration and 

6 ~ During the past year there has been discovered what appears to be a 
chemical light production following illumination of green plants (45) 
and also of isolated chloroplasts (46)o This has a lifetime of the 
same order of magnitude as the "stored reducing power11 (43) and is 
quenched b,y carbon dioxide in much the same wayo Therefore, it seems 
that at least part of the initial path of entry and conversion of the 
photon is reversibleo 
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emphasis of these ideas that the importance of the recent Warburg publi= 

cations seems to lie~ irrespective of whether or not the one quantum 

process has been observed manometrically~ or even whether it will ever 

beo 

Such a relation between ~ark reaction~~olving the accUmulation and 

redistribution of energy and the gas exchange observable as a result of 

photochemical processes would necessarily have to be considered in any 

determination of the overall efficiency of the green plants in the energy 

conversion process~ particularly when thi@ determination is made via a gas 

exchange measuremento The efficiency of the energy conversion on the basis 

of the amount of carbon dioxide incorporated must depend very sharply on 

the fate of the carbon dioxide 9 since the energy requj.red to reduce carbon 

dioxide to the level of formic acid is considerably less than that required 

to reduce it to the level of formaldehyde and this 9 in turn9 is less than 

that required to reduce it to the level of methanolo On the other hand~ 

the energy'required to produce a mole of oxygen from water is very nearly 

independent of the fate of the hydrogen atoms involved in the reaction 

and is approximately 115 kcalo7 Therefore~ measurement of oxygen evolved 

provides the preferable manometric unit .for the determination of the effi= 

ciency of energy conversiono 

7·e;; For example 

.2002 + 2H.20 ~2HCo2=(aq) + .2H+(pH = ?) + o2 

ill' = + 117 kcal 

and 2/3 C02 + 4/3 ~0 9 .2/3 CH30H(aq} + 02 

6F = + 110 kcal 
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However:; the source of the energy required for this oxygen evolution 

might not be entirely the immediately absorbed and measured lighto If 

some fraction of the energy transformed in the respiratory reactions 

were used in preparing intermediates for the oxygen evolution reaction, 

it is clear that this respiratory energy (measured qy the amount of 

oxygen absorbed in the dark.period) should not be sumtracted from the 

observed oxygen evolution in a light period for the determination of an 

efficiencyo If the measured light is of such intensity arid under such 

conditions as to merely decrease the rate of oxygen absorbed the actual 

rate of energy transformation into a chemical form is still negative; 

that is~ no energy is being stored but rather it is being expendedo If 

we try to use the difference between the rate of oxygen absorption in 

t~e dark and the smaller rate of absorption in the light as the rate of 

energy storage. due to the light itself, the result might very well be 

completely erroneouso Some unknown fraction of the energy being 

expended might actually be in the course of transformation and utiliza­

tion for the preparation of compounds (intermediates) making it possi~ · 

ble to evolve molecular oxygen from them bw the addition of some energy 

directly from the measured light absorbedo Even if the light intensities 

and conditions are such as to lead to an actual evolution of oxygen it 

would still be a.TJ. error to· subtract from that evolution the apparent 

amount of oxygen absorbed in the dark either just before or just after 

the illumination periodo This would be true irrespective of whether this 

so~called dark respiration is affected qy light or not; that is, whether 

the dark respiration.~' as observed just prior top or just succeeding an 

illumination period:; proceeds at exactly the same rate or at some changed 

rate during the illumination periodo 
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If it proceeds at the same rate then the energy so generated~ or some 

fraction of it~ may be used to prepare intermediates for oxygen evolutiono 

If there is an intrinsic inhibition or acceleration of this process b,y 

light~ then this same energy is being storedo Since the fraction of this 

"respiration generated" energy which ~y contribute to oxygen evolution 

is not known and may approach unity~ it thus becomes impossible to deter= 

mine accurately the efficiency of the energy conversion process from a 

gas exchange experiment alone when the net oxygen evolution is not very 

large compared to the dark respirationo The possible error from this 

source is~ of.course, that percentage of the total oxygen evolution which 

corresponds to the respiratory oxygen absorbedo 

When the efficiency is determined by differential addition of light 

and measurement of the corresponding additional oxygen evolution9 even if 

the initial state is one in which there is no net oxygen absorption (due 

to compensating light)~ this possible contribution of respiratory energy 

to the oxygen evolution reaction has not been considered or corrected foro 

The fraction of the energy from the compensating light which may be coopera-

ting in the oxygen evolution almost certainly is dependent upon the differen= 

tially added lighto The experimental result consequent upon this argument 

seems to have been observed by Kok (49) and otherso In these observations 

the value of~ nd02/dtU /~I is dependent upon the value of I particularly 

at intensities around the compensation pointo8 

' CARBON METABOLISM 

In the course of studies designed to give more specific information 

about the sequence of compounds involved in the incorporation of carbon 

8 =At very.high light intensities the value (efficiency) falls off due to 
other limitations upon the rate of energy utilizationo 
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dioxide into ·plant ·substances· .. two new early products of this incorporation 

have beeri Un.coveredo These are certain phosphates of the seven- and five-

carbon sugars, sedoheptUlose and ribulose, respectively (50,51,52,52)o An 

examination of the kinetics of their appearance together with a nl.unber of 

other compotinds in what purported to be a steady state photosynthetic 

system has been made (54)o Their appearance in the first few seconds of 

photos.ynthesis, the lack of·any configurational relationship between them 

and the usual ult~te products, hexoses (glucose, fructose and sucrose), 

together with preliminary information suggesting that the labeled carbon 

atoms appear somewhere in 'the very rapidly turning cycle for the regenera­

tion of the two-carbon carbon dioxide acceptor which ultimately leads to 

phosphoglyceric acido This relationship is illustrated in Figure 4o 

Ample precedent already exists for the fission of a ketopentose, stich 
-

as ribulose,'between carbon atoms two and three, giving a two-carbon frag-

ment and a three...:carbon fragment (55,56). In a similar manner, 2-ketoheptoses, 

such as sedoheptulose, would yield a two-carbon fragment (possibly phospho­

glycolal) and afive-carbon fragment le~ding to the ketopentoseo The ques-

tion of the source of the seven-carbon heptose must then be answeredo The 

rather obvious possibility of its formation by the condensation of a four­

and three-carbon piece presents itself~ andwe are again faced with the 

problem of the character· and identification of the four-carbon fragment 

which would be involvedo The problem of the identification and character 

of this four-carbon fragment among the early products ·of steady state 

photosynthesis still remainsas it did in all earlier schemeso 

However, there is indicaiion from paper chromatography of the presence 

of a phosphorylated erythronic acid among early products of photosynthesiso 

Since this compound is never present in very lar'ge concentrations, at least 
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under the conditions we have so far used for examination, it would indi~ 

cate a very small steady .state reservoir of this compound •. This_ is true 

also of the corresponding sugar phosphate, viz .. , phosphoerythrose, which 

is thought to react with triose phosphate to give a sedoheptulose phos-

phateo It should be pointed out that in the regeneration of the two­

carbon unit it is possible to b,rpass entirely the need for either four- . 

or seven-carbon units as well as a second carboxylation reactiono 9 This 

is done b,r using the recently revived. (58,59) route of Dickens (60) from 

glucose to ribulose via 3-keto gluconic acid and a decarboxylation" How-

everp there would be no net gain in reduced carbon in such a cycle and 

other ports of carbon· dioxide entry would have to be provided .. 

The dotted arrow leading from triose directly to erythronic acid 

would correspond to the reductive carboxylation of dibydroxyacetone 

2® ,. HOCHz-CHOH-CHOH-C02H 

which is exactly analagous to the reductive ~carboxylation of p,yruvic 

acid leading to malic acid., The existence of enzymes capable of perform-

ing the latter reaction has been demonstrated" Figure 4, of course, is 

designed to represent only the transformations occurring in the carbon 

skeletono It awaits further definition .qy more extensive kinetic studies 

as well as isolations and degradations which are yet to be performed .. 

It is interesting to note and specifically point out here the further 

development of the basic idea of a very close interweaving of the wide 

variety of me~abolic reactions, some of which might be conceived as being 

primarily associated with photosynthesis while others are usually, or more 

often~ associated with respiratory and other bios,ynthetic transformations .. 

9 = The desirability of avoiding the second carboxylation reaction in 
photos,ynthesis was suggested b.Y Gaffron and his co-workers some years 
ago (57) .. 

•. 
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It is clear~ for example~ how it·might be possible for the products of 

carbon reduction formed in the closed cycle9 shown above~ to enter into 

the tricarboxylic acid cycle and thus produce high energy phosphate b,y 

alrea4y known mechanismso· It should be remembered that not shown in 

Figure 4 are the compounds giving the reducing power which would be 

required to drive such a cy~le and which have their primary origin in 

the.photochemical apparatuso It is also clear that a change in the rate 

of any one of the reactions shown would affect the stationary state con= 

centrations of almost every compound shown thereo 

It is the development of such a con~eption as this~ not only for the 

carbon dioxide cycle but for the oxygen evolution cycle as well 9 in 

specific chemical terms 9 which we feel sure will ultimately lead to the 

clear understanding of the enormous variety of observations on photo­

synthetic organisms and·~3stems in general which was reported since the 

character of the ph~nomenon was first recognizedo 
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Fig. 1 

Division of Fhotosynthesis into Light 
Reaction and Back Reaction. 

100 mn2 of wet packed cells (Chlorella) 
suspended in 7 ml. water. Temperature = 
20° 01 light intensity of ~easured light 
17.3 ~ Quanta/min. or 2.8 x lo-3 watts 
at 546 ~· Partial pressure of carbon 
dioxide = 0.109 atoms. 
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SERINE, ALANINE ASPARTIC ACID 
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Fig. 4 




