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UCRL-9583 

THE PATH OF CARBOU IN PHCJ!'OSY.NTHESIS 

~I.. A.. .Bas sham and lv,lel vin, Gal v;lp, 

Department of Chemistry and Lawrence Radiation Laboratory 
University of Cali:f01~ia~ Berkeley 4, California 

INTRODUCTION 

Biosynthesis begins with photosynthesis. Green plants and other 

photosynthetic ~rganisms use the energy of absorbed visible light to make 

organic compounds from inorganic compounds. These organic compounds are 

the starting point for all other biosynthetic p:thways. 

The products of photosynthesis provide not only the substrate 

material but also chemical energy ;for all subsequent biosynthesis. For 

exrunple, nonphotosynthetic organisms making fats from sugars would first 

break down the sugars to smaller orgemic molecules. Some of the smaller 

molecules might be oxidized with <>E to C~ and water. These reactions are 

accompanied by a release of chemical energy because 02 and augar have a 

high chemical potential energy touards conversion to COa and H2 0. In a 

biochemical system only part of this energy 11rould be released as heat. 

The rest would be used to bring about the conversion of certain enzymic 

cofactors to their more energetic forms. These cofactors would then enter 

into specific enzymic reactions in such a way as to supply energy to drive 

reactions in the direction of fat synthesis. Fats w·ould be formed from the 

small organic molecules resulting from the breakdown of suaara. Thus 

sugar, a photosynthetic product, can supply both the energy and the. 

material tor the biosynthesis of fats, 
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Photosynthetic orc;anisms achieve energy storage through their abil-

ity to convert electron~enetic energy to chemical potential energy. The con-

version begins when pi@nents absorb light energy. The absox~ed energy 

changes the electronic cpnfiguration of the Pi@llent molecule (chlorophyll) 

from its ground energy state to an excited state. The return of the pig-

ment molecule to its ground state energy level is accompanied by some 

(chemical) reaction which would not proceed without an input of energy. 

That is, the products of this reaction have a smaller negative free energy 

of formation from their elements than do the reactants (in the same reaction). 

Thus some of the light energy is converted to chemical potential. 

The detailed mechanism of all of these energy conversion steps is 

not known. However, the net result is often formulated by two chemical 

equations. One of these is an oxidation~reduction reaction resulting in 

the tre.nsfe~ of hydrogen from water to triphosphopyridine nucleotide (TPN): 

1. HOH + TPN + light . J./2 (>2 + TPNH + H+ ~ 1 ;:; +52 .6 Kcal * 
~ 

The other reaction is the formation of an anhydride, adenosine triphosphate 

. (ATP), from the ions of two phosphoric acids, adenosine diphosphate and 

ortho-phosphate: 

2. light HOH + ATP-4 + H+ 
> 

* ~· = +ll Kcal. 

In each of these reactions some of the light energy is a tored as chemical 

potential as indicated by the positive quantities for free energy change. 

The structural formulas of these two cofactors arc sh~1 in Figure 1. 

TPNH and its close relative DPNH (reduced diphosphopyridine nucleotide) 

serve. a double function in photosynthesis and in all biosynthesis. Both 

* Assuming these concentrations: (TPNII) = (TPN+) 1 (ATP"4 ) "" (ADP- 3
),. 

H+ = 10-7 M, HPO= = 10-3 M. 
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TPNH and DPNH are re~ucing agents and carriers of chemical potential, in 

other words, strang reducing agents, Thus, one of their roles in bio-

chemistry is analogous to that of H2 in synthetic organic chemistry. 

The function of ATP is to carry chemical potential and to act as · 

a por1erfUl phosphorylating agent. In the reduction of an acid to an alde-

hyde, important in photosynthesis, its role may be compared to that of 

a mineral acid anhydride in organic synthesis; 

Organic Synthesis 

Carbo:xylic Acid Acid Acyl Reducing 
Anhydride Derivative Agent 

~de hyde 
Acid 

0 ho H2 J> + 
3· R·<>- + l/3 PCls > R-C(' Cl , R-C"H 

~--> catalyst 
l/3 HsPOs 

Biosynthesis 

0 TPNH 0 

HCl 

10 
4. R-C,

0
_ + ADP-0-PO~I'!. 

~) 
R-cll R-ef + HOPOsH-

'OPosH• 'o-enzynie 

~ADP 

Among the many other reactions ot ATP in biosynthesis, one which :J,s of con-

siderable importance in photosynthesis 1 . is in the formation at' sugar phoa-

phates from sugars. 

H~ + ROH + ADP-0-POsH- R-OPOaH- + ADP + Ba0 

The only known reactions of the carbon reduction cycle in photosynthesis 

which would require the use of TPNH and ATP are of the type shown in 

Eq. 4 and 5· These reactions are the means by which chemical potential, 

derived from the absorbed light, is used to bring about the reduction and 

transformation of carbon from C02 to organic compounds. 
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These two cofactors, ATP and TPNH, are at present the· only co

factors lmown to be generated ·by the light reactio.ns of photosynthesis 

whi:h at the same time seem to b_e required for steps in the carbon reduction 

cycle. The possibility remains, however, that there are other energetic or 

reduced cofactors acting as carriers of hydrogen and·energy from the light 

reactions to the carbon reduction cycle. Such unknown cofactors might sub

stitute for or replace TPNH or ATP• They could, in fact, be more effective 

than the known cofactors, particularly in vivo where they might well be -- . 

built into the highly organized structure of the chloroplast. If such un

known cofactO;os do exist, tliey would have to perfOrm essentially the same 

functions as TPNH and ATP and would :presumably be about as effective as 

carri~.rs of chemical potential. In all discussions <;>f the role. of TPNH and 

ATP, the possibility of their replacement by as yet unidentified cofactors 

should be kept in mind. 

For the purposes of discussion, let us consic1er the photosynthesis 

of carbon co~ounda as an isolated set of reactions. The principal sub

st.rates for this set of reactions are CO;a, hydrogen (as TPNH), phosphate 

(as ATP) and ~ +.'_:The ammonitllll ion may be contained in the plant nutrient 

or may be deriyed from the reduction of nitrate. If nitrate reduction is the 

+ source of NI14 the energy for the reduction must also come from the light, at 

least 1ndiZrectly. Other probable inorganic substrates for PAotosynthesis 

of organic compounds include sulfate, magnesium ion, and a number of trace 

elements. Many of these are required for grOlTth in ple.nts but may or may 

not be incorporated in organic compounds by photosynthesis. ( 

.• 
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CARBON REDUCTION CYCLE OF' PHorOSYNrHESIS 

We believe·the principal pathways for the photosynthesis of simple 

organic compounda from C02 to be those shown in Figure 2 (1,2). The points 

at which ATP and TPNH act in these pathways are indicated. Kinetic studies (3) 

show that these pathways account for nearly all of tre carbon dioxide re-

duced during photosynthesis,at least in the unicellular algae, Chlorella 

pyx:enoidosa.. From other investigations (4) it appears that the general 

metabolic sequence is the same in most respects for all photosynthetic 

organisms. (We shall discuss the recently proposed role of glycolic 

acid in C02 reduction in a later section on Carboxylic Acids.) 

The central feature Of carbon com:pound metabolism in photosynthesis 

is the carbon reduction cycle. Most of the carbon dioxide used is incor-

porated via this cycJ,e. Peth'\o;ays lead from intermediates in the cycle 

to various other important metabolites. A few Of these pat-hways are 

shown ,in Figure 2. 

Ti1e initial step for carbon dioxide incorporation 1n the ~ycle 

is the carboxylation of ribulose-1 1 5-diphosph.ate at the number 2 carbon 

atom of the sugar to give a hi&lly labile ~-keto acid. Evidence :for the 
' 

existence of thia unatable intermed.iate has been adduced from in vivo --
studies . (5) • It has not been isolated in the in vitro reection vi th the 

enzyme 1 carboxydismutase. The product of the ·reaction ~ vitro is two 

molecules of .)~phosphoglyceric acid (PGA). The products in intact photo-

synthesizing cells may be tlTO molecules of PGA or, as kir:e tic studies in

dicate (3), one molecv~e of PGA and one molecule of triose phosphate. 
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Once formed, the PGA is transfonned in tlTO ways. Some molecules 

are converted to products outside the cycle '\>Thile the remainder are re-

duced to ;-phosphoglyceraldehyde via a reaction of the type shown in Eq.4. 

The enzY1ues responsible for the two successive stepo in the :r::duction are 

probably similar to phosphoglycerylkinase (6) and triose phosphate de· 

hydrogenase (7,8,9,10). 

The next phase of' the carbon l'eduction cycle :i.e the conversion of 

five molecules of triose phosphate i;,o three molecules of pentose phosphate 

by a seriea of reactions. 'l'hese reactions include condensa·~ions (ald.olase) 1 

carbon chain length dismutationa ( t1:·ansketolase) 1 removal of phosphate 

groups (phosphatase), and in·t.erconversions oi' differellt pen"'liOBe phosphates 

(isomerase, epimerase). Enzyme syotems which catalyze reactions similar 

to these'stepa are listed later in Table 2. The sequence of steps may 

be seen in the cycle diagram (Figure 2). 

'l1he various pen·t.ose :phospha tcCJ al'e c:onverted to ribulose-!)-phospha.te. 

The final atep is the :f'orrnettion of ribulose diphosphate (RuDP) tram l~ibu

lose-5-phoapha.te. This step :requil·es one molecule of ATP (Eq. 5). 

\ 
In order for every reaction in the cycle to occU:r at lea~t once 

(a conrpJ.ete turn of the cycle), the carboxylation reaction IllUSt occur.three 

times • The net result of each complete ·t.urn of the cycle is the· incorpora

tion of three molecules of C02 and the production of one three-carbon(or . . 

1/2 six-carbon) organic molecule. Each complete turn Of the cycle would 

require 6 molecules of TPNH or equivalent reducing cofactor (two per co.a), 

end 9 molecules of ATP, if each Ca carboxylation :product is split to two 

molecules of PGA and if all of the PGA is reduced to ·triose phosphate. 

~ the carbo:>::ylation product is reductively split (dashed line in Figur~ 2) 

the requirement for TPNU would probably be the sarae 1 that is 6 molecules 

per complete turn of the cycle. In this case 1 however 1 the cycle might 

require either 9 mo-tcculco of NJ:P or only 6 ~ · 
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EVIDENCE FOR THE CARBON REDUCTION CYCLE 

The carbon reduction cycle in essentially the form shmvn in Figure 2 

was mapped during the period betv1een 1946 and 1953 (11,12,13,14,15 116,17), 

The experiments, results, and interpretations leading to ita formulation 

have been extensively discussed elsewhere (2}. They will be briefly re-

viewed here, not necessarily in chronological order •. 

The carbon which enters the plants' metabol:t.sm has been followed 

through the various intermediate compounds by labeling the carbon dioxide 

with radiocarbon, C14 • The nnalysis Of the labeled COIT.U?Ounds has been 

carried out by paper chroma·t.ography and radioautography. Tho int,epre-

tation of results leadbg to the cycle formulation has been based on the 

kinetics of the appearance of C14 in various identified compounds as a ' 

function of time of photosynthesis with C14(}.;. and other variables. 

Ti1e methods are best described by an illustration. Cpnsider a 
. I 

simple experiment with a suspension of the aJ,gae, ~~!:. pyrenoidosa, 

which have been very extensively used in these studies. These green uni-

cellular plants, suspended in water containing the ~ecessary inorganic 

ions (nitrate, phosphate, etc.) and aerated with a stream of C1202 

(ordinary carbon dioxide), photosynthesize· at a rapid rate if. :tllumine.ted 

from each side in a thin transparent vessel. The CQa is continually taken 

up from the solution ·(where it is in equilibrium '\vith bicarbonate ion) ·and 

converted by the photosynthetic plant through a series of biochemical 

intermediates to various organic products. 

A solution o:f ra.dioac·t:J. ve bicarbonate 1 IIC140s-, is suddenly intra-

duced into the algae suspension. The plant does not distinguish in any im-
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portent 1ray be·t;'W·een the C1Z and C1.4 '(ihlqh a.re chemically almost identical. 

Immcdio.t;ely oome .of the C14 is incor_pora·tcd into the first oi' the biochemical 

· i._.·1tormediat~ compounds. As time passe a, the Cl,4 gcts iri·9o subsequent inter

mediates in the cl::.a:ln. After ·a :re-~r ·seconds exposure Jtjo the C1402 the sus-

pension, of algae is run into methanol GO a final concentration of. 80j~ 

~~nethanol. This. t1·eatiuent denatures a.ll the en:i;yme inHte.ntly and freezes 

t•he p::;ttcrn of C14 lebelirtg by Pl"eventing further change. Now the dead 

plant material is analyzed f'oz· :r·C:\dioacti ve compounds to sec ··uhich are 

~~he first stable producJijS of carbon reduction during photcnynthesis • 

The first step in ·chis mwlysis ls to prepar0 an extract of the 

· c.:ohtble cOi1U;>OLmds. The ea1·ly products of Ct1rbon rc;duction have been found 

to be silllple soluble molecules. This extract is thEm concentrated and 

'l'Lc lt-,];Jo:c\;cnce of the method :for thcnc st1.111ies. · ;:;tc:r:m :frau the f'c.c·t; 

that it J:H~l1nits the (malyt;:tu o:l' a i'e-vr microgrmJ~'>. or less of dozens of 

different substances in a single s1m]?le o:peratiou. 

Of' these mo.ny COITll?Otmds 1 ·LLose into vJhicll the plant i11cor_por-ates 

active c.wl cmi t the IJ&rticleo rcsultll~g. :f:rom re:>dio~cti vc: 0-c:cay Of the c14 . 

Il~ tflir; _cace these urq 13--I;ttl.'i.:.icler:> nnd these may be dctec·te:d by the fact 

tlw:t . they expoGf; :x-:rny fil:.11. Thus, ii' a sheet of x-ray f'ilm is placed in 

con tact lTith the t\va-dimenoional paper chro:inatogrc.ro, subseq,uent develop-

mc:n t of'_ ·(.Lc f':i.lm ·tvill sh011 t;, black spot on the· f'ilm con·esponding to the 

exact; shape and loat:)_on of each re.dioactivc compound on the paper. A 
I 

quanti tati vc det;erminatior..: of the amount of' ;rac1iocarbon in each compound 

-, 

•. 
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may then be made by placing a Geiger-Mueller tube with a very thin window over 
' 

the radioactive compound on ~1e paper and counting electronically the emitted ~-

particles. 

Tl1e next stage in the method of radiochromatographic analysis is the 

identification of the radioactive compoilnds. 'This identification is accom-

plished ~~ a variety of ways. When a familiar set of chromatographic solvents 

has been used, ~1e position of an unlmown compound compared to the positions 

of knm~n substances provides a clue to its identity. The next step may be 

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

such chemical and physical properties (e.g., the distribution coefficient) 

of the substance as can be measured with a aolution of a few micrograms or 

less of the materiaL Thes_e properties are then compared, with those of ltnown 

compounds • The final check on the ident1 ty of the compound is frequently 

made by placing on the same spot on filter paper the. radioactive compound 

and 10 to 100 ~tg of the pure nonradioactive _substance with which the radio.-

active compound is thought tC) be identical. The new chromatogram is then 

develqped. A radioautograph is prepared to locate the radioactive sub

stance, after which the paper is sprayed with a chemical spray (for example, 

ninhydrin for amino acids) which produce a a color 11here the carrier compound 

is lOcated on the paper. S~erposition of the paper chromatogram and the 

radioautograph (x .. ray film) will show an exact coincidence between chemically 

d.eveloped color on the paper and the black spot on the film, provided the 

two substances are identical. 

Once the identity of the radioactive compeunds formed during a short 

period of photosynthesis had been established 1 experiments were performed 

under a variety of conditions and times of exposure of the algae to radio-

carbon. 
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The radioautogram from the experiment with,Chlorella described above 

is shmm in Figure 3 (10 sec PS vr/C14~ Chlorelle.). Even after only 10 

seconds of; eXJ?Osure to .Cl.4 , a dozen or more .compounds are found. . Some of 

these (the sugar phosphates) are not s~pax:ated from each 9ther by the first 

, chro:\tatography and must b,e subjected to fur-cher analys.is •. When the sugar 

monp!phosphut,ea ·e.re hydrolyzeCJ. to remove the phosphate groups and rechromato

gre.J?hl~d;. separate spots are found of t.ric>se (dihydroxyacetone), tetrose, 

pentoses (r·ibulose, xylulOf,'le and ribose), hexc>se.s (glucose and fructose), and 
' ' ' 

heptose· (sedoheptulose). The ra.dioact~ve sugar diphosphates area>: gives .free·-

ribulooe, fructose, glucose and,sedoheptulose~ 

After periods of. photosynthesis vli th Cl.4 of less than 5 seconds 1 5-

phosphogt.yceric acid (PGA) '\>res found tQ. be the predominant radioactive prQ .. 

.. duct. Chemical degradation of this compound sho1ved tl:It the radioactivity 
< \ ' • 

first• appears in the, carboxyl carbon (lh). Later ldnet,ic studies showed that 
~~ ' 

'l:;he rate of incorpor£ltion of cJ.4 i:p.to PGA at very short times lras much 

greater than the 'rate of labeling of any other compound (1811) •, There.fore, 

it·vas concluded that POA is the first stable product of carbon dioxide 

fixation during photosynthesis, and, f\lrtherrnore, that carbon dioxide first 

enters the carboxyl group of PGA,; presumably via a carboxylation reaction. 

l"urther reactions .:In. the photosynthetic sequence were suggested by 

the :already known pat:tmaya of the glycolytic breakdo\m of . sugars. which lead 

to PGA as an intermediate. Since the sugar phosphates are important early 

products . of .carbon reduction in photosynthesis, it \Tas proposed that they are 

formed fro+n PGA by a reversal of the glycolytic patlmay. Degradation of the 

radioactive hexoses f'romsrort.e:xperiments showed that they were labeled in 

the t110 center carbon atoms (numbers 3 and 4) just as one lrould expect if 
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two· molecules of carboxyl-labeled PGA lTere first reduced to triose and then 

linked· together by the tHo labeled carbon atoms to gi vc hexose (ll'igure 4). 

~l'he he:wse and triose phosphates may be conv~;;;rted by aldolase or 

transaldolase and transketolase enzymes to pentoae and heptose phosphates 

(Figure 2, Table 2). Degx·adation of these sugars and cornparioons of the 

labeling patterns within the molecules shm·red that this conversion did occur 

and 1n such a tray that five molecules of' triose phosphate were ultimately . 
converted to t..'ru·ee molecules o:£' pentose phosphate. 

Other knoun metabolic path,rays leading from PGA (Figure 4) give rise 

first to phos].Jhoenolpyruvic acid (PEPA) which then may undergo further 

transforruations including t.he follovring: (1) it may be carboxylated and 

transcuuinc,ted to give aspartic acid (2} 1 t may be carboxylated and reduced 

to give malic acid (;) it may be dephosphorylated and transaminated to give 

alanine. All of these compounds s.re labeled !:lfter sllort exposures of the 

The enzyme syatram ot' plants which during respiration brings about the 

oxidation of triose phosphate to PGA in ·the glycolyt.ic pnt.lnray was knov.'ll to 

produce ATP and TPN.£! (or DPNH), If PGA is to be reduced to triose phosphate 

during photosynthesis, 1 t t'ollovs that A'l"'P and TPNI{ must be supplied. We have 

already seen that these two cofactors 1 and possibly others, are produced es 

a consequence of the light rea~~ion and the splitting of water. It mi@1t be 

expected that if the light were turned off from plants photosyntheslzing in 

ordinary carbon dioxide at ;precisely the same time that C14~ is introduced, 

PGA -would 'no longer be reduced to sugar phosphates, but would still be 

:rormed (if no light-produced cot'actors are required for the carboxylation 

reoction). Moreover, the PGA ·would still be used in other reactions not 
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requiring these cofacto:rs. In FigUl'e 5, the radioautograph from Just such an 

experiment, this prediction provea to be correct. Labeled PGA 1a still 

formed by the algae from cJ.4 0a dumg 20 seconds in the dark, but only a very 

little of the PGA is reduced to sugar phOspbtes. At the same time,·a large 

amount of alanine is formed from PGA vi$ PEPA in reactions which do not re

quire ATP. 'l'he trace of labeled sugar phosphates wh.ich does appear may be 

due to the residu~l ATP 1 or some unknown cofactor 1 which was formed while 

the light was on but which had not yet been ~ed up when the c140a was 

introduced. The formation of malic acid and of alanine and aspartic acid 

in the dark, indicate the presence of some reducing cofactors, either re

maining from the light or deDYed from some other metabolic reaction. 

Before rre discuss the evidence for the remaind l." of the carbon re

duction cycle, we must describe another type of experiment with C14Qa and 

p}lotoGynthesiz1ng algae. In theGe e.xperimeute, algae are :f'irs·t permitted to 

photosynthesize ~or 20 minutes or more in the ;presence of a constant supply 

ot c14 o..a. During tllis time environmental conditions are lll8intained nearly 

constant (temperature 1 COz peaau1·e, light intensity 1 etc.). After about 10 

minutes of e.x:poaure to c1402, so much radiocarbon has passed through the 

various biochemical intermediate compounds on its way to end products that 

each carbon atom of each intermediate compounds contains, on the average, 

the same percentage o:f carbon-11" atolllS .. as :the COa which is being absorbed. 

In other "'oforda, the apeci.fic radioact;t vi ties of all the carbon atoms of 

all the early intermediates are the some as the specific radioactivity of 

the entering radiocarbon, 'Which can be measured• 

At this point., samples ot the ale;ae are removed without. diaturbi:ns 

the rest of the algae and these samples are killed and subsequently analyzed 

by the metl1ods already described. The total rad1oactivitl of each intermediate 



is measured, and \Then this is divided by the knovm specific radioactivity of 

the entering CO;a, the total number of carbon atoms of each intermediate com-
J 

pound in the aample can be calculated. Thus the number of moles per unit vol-

ume of algae of the various intermediates of the actively photosynthesizing 

system may be determined. This number Qf moles per unit volume .of plan~ 

material ie an averae;e eoncentratio:p 1 since the distribution of molecules. 

in such a heterogeneous system is not homogeneous, 

' This determination of the concentrations of intermediates 1n vivo is 
~----

en extremely valuable tool which has many uses, but let us proceed for the 

moment vi th one particular application. Having taken a sam;ple of algae tor 

later determination of the concentrations of compounds, the e;Kperimenter 

turns off the light and proceeds to take a series of samples of the .~gae 

as rapidly as possible, which is abOl t every three seconds. when the con-

centrations of compounds in these samples are dete~ed1 any changes re• 

sulting from turning off the light will be revealed. The two most striking 

changes are found to be in the concentration of PGA which increases rapidly 

and in the concentration of one particular compound, ribulose diphosphate, 

which drops ra1),idly to zero (16,20). 

The increase in PGA on turning off the light is expected. Tbe co-

factors, derived from the li~tt reaction, are necessary for the reduction 

of FGA. ~1e rapid drop in ribulose diphosphate,taken together with the fact 

that other sugar phosphatee initially do not drop rapidly in concentration, 

indicates that the formation of ribulose diphosphate from other sugar phos-

phates requires a light-formed cofactor. This conclusion agrees with the 

fact that the knovm enzyme which converts ribulose-5-phosphate to ribulose-

1,5-diphosphate (RuDP) requires ATP (Table 2). The drop in ribulose diphos-



phate, alone·among the sugar phosphates, means that it is being used up by 

some reaction which does not. require light • 

. Ribui'oae diphosphate, then, is used. up by some reaction that proceeds 

in the dark, and PGA c.ontinues to be formed in the dark. Could the carboxyla..; 

tion 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 di,Oxide was suddenly remQved (19). 

The result .9£ this eJtperiment was that the concentration of ribulose diphos ... 

phate now rose rapidl.i while l?GA dropped rapidly. ~us the carboxylation of RuiP 

to give PGA was confirmed. · 

TBE CARBOXXLATION REACTIONS 

~us far we have mentioned two carboxylation reactions in photQayn ... 
. . 

thesis t c'arboxylatiQn. of ~ (the carbon reduction cycle) and carboxyle.tion 

of PEP,A. When algae have been allowed to ;photosynthesize for leas than .a· 

minute, virtually. all t>f the radioact:Lvity found on :the chr.omatogram prepared 
' 

from the algae is located in com!>()mide ~ppare'ntl:y derived. from these. two 

reactions. There still remained the poasibili ty that othei- carboxylation 

reactions might occUJ:' which would :t.nvol ve 1ntermed1a te compounds too un-
. . ' 

stable or too volatile to be seen on the chrOmatograms• These poeaibilities 

were te1:1ted by making e. quantitative cQm.p~riaon between the rate of ~take 

of c1402 frOm tJe medium and the rate of appearance of C14 in ;~ompounds pn 
\ .. ' 

the chromatograms (3). 

For these experiments, the alBae were kept aa nearly as possible in 

steady-state growth in the experimental vessel• Light1 temperature, pH'and 
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supply of inorgani~ nutrients were kept constant. Gas was cixulated thrOugh 

the algae suspension in a closed system by means of a pum:p. Letreis of COa, 

Oa; and, ·when present, c14~, were. continuously meaw red and re~orded~ From 

the known gas volumes of the system and the recorded rates of changes in 

gaa tensions 1 we calculated the total change in these gases as a :f'unction 

of time. Then we added c14Qg to the system and took samples of algae. etrer.y 
' ' . . 

few seconds for the first few minutes and then less'frequently up to an hour. 
' ' . 

Each sample of algae was killed i.nmlediately and a portion analyzed as· des

cribed earlier. A part of each sample was reserved and ~s dried on a plan

~het to determine the rate Of appearance Of C14 in all stable nonvolatile 

c~ounds. This rate proved to be the same as the externally measured rate 

of uptake of COa and c14 between 20 and. 6~ seconds after the addition o:f' c1". 

If unstable or volat~ inte~ediate£J do procede these stable compounds, they 

are equivalent in miaromoles of carbon to no Di) re thap 5 seconds photosyn-

thetic fixation, according to the slu:lpe ·C£ the fixation curve during the 

first 20 seconds. 

We analyzed each sample by paper chromatography 1 and determ:Lned the 

radioactivity in each compound in each sample. On the basis of the externally 

measured uptake rates,at least 85% of the carbon was found to be incorporated 

in·IJo 1ndi vidual compounds on the paper chromatograma during 1h e first 40 

seconds. At least 70% o:f' the total carbon uptake rate cQ'Uldbe accounted :f'or 

by the appearance of C14 1n compounds apparently der1 ved t;'Olll the RuDP 

carboxylation reaction of the carbon :reduction cycle via the pathways shown 

in FigUre 2. .Allother 5% or nlbre was found to be incorporated via c1 .. Ca 

carboxylation. About 5% was found in unidentified compounds or in glutamic 
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acid whose :photosynthe.tic :pathway is m t def'ini tely known. Of the 15'/o not 

accounted for,.some may be in nonextractable polysaccharides whose sugar 

phosphate precw::sora become labeled very quickly. More of the unaccounted 

for radiocarbon is undoubtedly in a large numeer of' unmeasured compounds on 

the chranatograms • Each of these compounds ·contains by itself too little C14 

to be readily determined. In any event, it is clear that the known fixation 

pathways are the only quantitatively important ones unless there are unknown 
pathways utilizing the same intermediate compounds. 

A kinetic analysis ot the appearance of C14 in PGA and RuDP in this 

experiment, indicated that the carboxylation reaction results in the formation 

of only ~ free molecule o:f' PGA per molecule of . COa entering the cycle • · 

The kinetic analysis cannot say what the other three-carbon f'ra@llent 'WOuld be, 

It might be merely a molecule of PGA bound in some way eo that 1 ts labeling 

remains distinct from that of the PGA from the other half of the six-carbon 

addition product. The only other conwounds which seem to satisfy the kinetic 

' requirements tU'ld which could readily result from the splitting of' the six-

carbon addition'product are the triose phosphai;es. ':he formation of a molecule 

of triose phosphate in this way would require a reductive split of ~he addi

tion product, as indicated by the Cl.ashed line in Figur(;l 2. 

That such a pathway. diffel.·ing from the in vitro reaction may exist 

seems entirely reasonable since the enzymes Of the carbon reduction cycle 

appear to be closely associated with the molecular structures in which the 

TPNH is :formed in the chloroplast (21). In the intact plant the carboxylation 

enzyme, aa well as the enzyme reeponaiQle for the splitting of the product 

and the en~yme which:brings about the reduction of 'I'PN+ to TPNH1 might be 

part of a structurally organized system. In fact, if a reductive scission 
, ' of water · 

does occur, the reducing agent could be some substance formed from the oxidation/ . 
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and preceding TPNH in the electron transport chain. This substance might never 

be available in sufficient concentration to be a :f'actor·in.in vitro systems in 

which carboxydiamutane is coupled 'vi th isolated or brolten chloroplasts. Such 

an explanation Of the experimentallY observed kinetic result is purely hyPo

thetical. We mention it to focus attention on the possibility that a given 

biosY?thetic pathway may foJ.low a different course in an intact cell than that 

which would be predicted on the basis of studies with :f'rag}llented cells or 

enzymes alone. 

In higher plants, much of the product of photosynthesis must be trans

ported to a nonphotosynthetic part of the plant. This requires that higher pro

portions of easily transported molecules such as sucrose are fQrmed (4). ln 

all higher plants that have been studied, however, there is appreciable direct 

photosynthesis of amino acids and fats, not just carbohydrates. 

BALANCE AMONG SYNTHETIC PATHWAyS 

We have seen that in each complete turn of the carbon reduction oycle 

three molecules of RuDP (15 carbon atoms) are carboxylated by three molecules 

of C()..a to give ei:x three-carbon compounds (18 carbon atoms). 'rhus there is a 

net gain of three reduced carbon atoms. '.rheae atoms are '\vi thdrawn from the 

cycle for :f'urtheJ: synthesis. They may be wi thdre.wn from the cycle as PQA or 

ae any of the sugar ;phosphates in the cycle. Before the photosynthetic re

actions had been mapped, it was commonly believed that photosynthesis leads 

first to carbohydrates only and that these carbohydrates are the.n converted 

via nonphotoeynthetia reactiOns to other cOmpounds such as anino acids and 
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fat!,y acids. We nov1 know that petlnrays leading from the carbon reduction cycle 

to amino acids and fatty acids and other substances can be just as important 

quantitatively as those leading to carbohydrates. ~lis is particularly true 

in an unicellular algae as cxeni.J?lified by Chlorella pyrenoidosa, where less 

than half of the assimilated cal·bon is directly converted into carbohydrate 

under some condi tiona. This carbohydrate synthesis dralm its carbon f'r'om the 

cycle in the form of sugar phosphates. Consequently, more than half of the 

carbon drained from the carbon reduction cycle as PGA or suiSar phosphatt;:s m~y be 

used in fat and. protein synthesis. 

It is interesting to co11sider an extreme case in which all of the car

bon assimilated by the carbon reduction cycle.would be withdrawn from the 

cycle as PGA, converted to P.EPA1 and then carboxylated to give four-carbon 

compounds. In this case, 75% of the assimilated carbon would enter. the photo

synthetic pathways via the carbon reduction cycle, while the remaining 25; 

would enter via the carboxylation of PEPA. 

With normal conditions of steady~state growth under high light irtten

sity,the ratios of various fixation pathways must be determined to a large 

extent by the requirements ()f' the plant for the small molecules frQln which 

the protein, carbohydrate, te.t and other ,substances .of the plant are synthe• 

sized, 



-·19-

PH<Jl'OOYIITHESIS VS. orEER FORM3 OF BIOOYHTHESIS 

Bioc:Jynthetic reactions in plants cannot be classified as photosynthetic 

or uonphotosynthetic on the ·nasis o:f' direct photochemical action since all 

:reactions in the aynthet,ic pathi•ays are probably 'dark 9 reactions. However, 

we can make a classification on the basis of the iiiiD.lediate source of the re-

quired cofactors, The conversion o1' light energy results in the formation of' 

ATP and TPNii and perhaps other unknown cofaotors. When these cofactor.a are 

formed by the light reaction and are used to bring abru t the synthesis of 

carbon compounds, we may consider the reactions to be photosynthetic· Also 

included in this categorywould be preliminary £rteps and intermediate steps 

such as h.ydrations 1 condensations and carboxylations. 

It may well be that all pho·bos;y·nthct.ic reactious, as just d.e:fined, ocaur 
I. 

in the chloroplasts, while the light is on. If' this is ·true, reactions outside 

the chloroplast would. de:r:·ive "their energy from substrate carbon compounds 

which diffuse :f':rom the chloroplast to the extrachloroplastic spaces of the 

cell. Such an interpretation is sugges·ted by the report by ':Colbert (22) who 

found that chlo:r:·oplasts isolated from S\-Tiss chard when allowed to photosyn

thesize vrith HC 14o3 - excreted mainly glycolic acid into the medium. Phos~ 

phote esters, of importance to the carbon reduction cycle, were retained in 

the chloroplasts. .Isolated chloroplasts have a carbon metabolism which is 

much more limited than photosynthesis in 'intact cells. This is probablydue to 

loss of enzymic activity by chloroplasts during the isolation process. In all 

probability the carbon compounds excreted by intact chloroplasts in vivo 

include other substances besides glycolate. 

There is more than a semantic reason fOr making a distbction betw·een 

photosynthetic and nonphptosynthetic pathways. The environment of the photo-
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synthetic metabolism is unique. There is an abundance of the reduced and 

energetic :form of the coenzymes. Hence synthetic pathways do not require energy 

derived from degradat1ve reactions such as decarboxylatione and oxidations. 

For example, a well known biosynt.hetic pathway leading to glutamic acid from 

acetate includes oxidative and de.carbo.Jcylation steps o Such a pathway is to 

be expected in a nonphotosynthetic system where degradation of part of 

the substrate is the oilly means '.of obtaining the energy and reducing power tor 

. synthetic reactions. In a photosynthetic. ayste1n, one might eX,Pect instead 

a pathway inVolving only condensations, reductions and carboxylat1ona. We 

cannot say that this difference in type of reaction will al:waya be bOrne out 

by the actual mechanisms when they are known o This proposed di:.fference in 

reaction type rni:J.y be a useful working h,;ypothesiu to those who attempt to 

map photosynthetic pathways :from.eX,Perimenta1 data. · 

.Among the first compounds found to 'be labeled by photosynthesis of 

ol4~ . in algae were alanine, aspartic ecid, and &eve raJ. other amino. aG1d.~ (11). 

These compounds :were slowly labeled even in the dark when algae were exposed 

to c140:a • . They and. malic acid were much more rapidly labeled if the a~gae were 

photosynthesizing, or had been photosynthesizing, juatprior to the moment of 

addition of c14~. We recognized tnat the~e aminp acids were therefore 

products of photosynthetic reduction of' C()a, even t11ougb they/could also 

become labeled by reyeraible respirato~y reactions. Acc.elerated ·incorporation 

of C14 into amino acids in higher plants during phQtosynthesia haa been noted 

in this laboratory (23124) and in many others (25 ,26,27,28). Nichiporovich (25) 

has presented and reviewed evidence that synthesis or proteins in the chloro-
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plasts of higher plant!) is ·greatly accelerated during photosynthesis. This 

accelerated protein synthes:t:; appears to ocuur directly from the inte:nnedie.tes 

of photosyntheUc carbon reduction uince the :proteins "tTere labeled 1inen C1402 

was used but not. when c14 labeled carbohydrate was administered. Photosynthe

tically-accelerated synthesis of protein containing Nl.5 was also observed 

when N15I4 + was. administered. Sissakian (29) has reviewed evidence that 

protein can be synthesized in isolated chloroplasts from nonprotein nitogen, 

including peptides. 

In e.x)?eriments ;tn this laboratory (30) it has recently been possible to 

measure the propol:tion of' the total carbon fixed by Chlorella pyrenoidot?a 

which is dil·ect.ly incorporated into certain ltey amino acids. These experi

ments show that during steady-state photosynthesis in bright light with an 

adequate supply of inorganic nutrients, the synthesis of these amino .acids 

can account fOl' 60% of ell the carbon tixed by ~ algae and '50% of the uptake 

of Nlta. + ·which is also measured. I:f' the light is turned off 1 .the NI4 + uptake and 

C14 fixation into amino acids are both accelerated forwout 10 minutes and 

then drop to a very small fraction of the rates: in- the l~.:.ght. Finally, 

these experiments indica.te clea.rly thot in Chlorella .PYl"Cnoidooa tl;l.ere are 

at least two pools of alanine, glutamic acid, aspartic acid artd aerine, and 

probably other amino acids as well. One of these pools, especially in the 

cases of alanine and aspartic acid, is labeled extremely rapidly after the 

introduction of' c1402 to the alt;ae. So :rapidl,y are these compounds labeled, 

in fact, that the site of their synthesis must be tree~ accessible to their 

photosynthetically-f'o:rmed precursors,• namely, phosphoenolpyruvia acid 

and PGA (see Figure l). The studies of Tolbert (22) and Moses (31) indicate 

that the photosynthetic pools are isolated from the extracluoroplastic region. 
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We conclude, therefore.) that in Cl:~lorella_ the more 'rapidly labeled poole of 

amino aeids.are locak?d at the cite of photosynthetic carbon reduction, pro-

bably in the chloroplast.· 

The Gizes of these poolo of amino acids,·e.nd their rates of synthesis 

E\.s determined from kinetic labeling data 'vi th Cblorella in a typical experi-

ment are shown in Table 1. 

The tunino acids shown in Table 1 ere those tvhich are most prominently . 
... 

lt1beled viH..b. carbon fourteen during a few minutes of photosynthesis, In 

addition, a nUT!lber of other amino acid.s become labeled as time passes, The 

rates of labeling seem to indicate that the carbon s•e1etona of these other 

acids are probably derived.t for the most part, from the listed amino acids. 

Houever, the aromatic rings ·Of the am:tno acids are synthesized by. another 

pathway. 
-,j 

In T(;,ble 1 we compare the rates ot synthesis of carbon skeletons that 

+ have been measured with the rate of uptake of NH4 , The rat.e o:f' syntllesiE'· 

of any given emino acid does not necessarily re:preflent the rate of incorpora-

tion of :l.norganic nltrogen. into t.hat amino acid, since 1 t co-uld be :f'ormed by 

t.:r:·tmsomination from another amino acid. However, the to~.;al of the rates of 

synthesis of all ':primary' amino acids should account for the major fraction 

of the rate of uptake of ammonia. By 1pl·imary' mnino acids we mean thooe 

amino acids \-those carbon skeletons are not synthesized 1'1·om some other amino 

acid •. ; .. Alanine, aerine and aspartic acid ere clearly 'primary' nmino 

acids since their rates of labeling reach a:.maximum, as soon as the inter-

media-tes in ·the carbon reduction cycle a1·e. sat'\lrated (abo·t:tt 3 minutes in ·this 

experiment.) and long befol·e they themGel ves, or ·any cr~her amillo acids 1 are 

saturated ,.,1 th l"adiocarbon (30). Probably glutamic acid is a 'primary' amino 

acid also, but kinetic data alone cannot prove this at the moment. Glutamine 
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is generally supposed to arise from glutamic acid, but there is some evidence 

to indicate tha·t it may arise as a 'prirn.ary' amino acid amide (32,50). 

In any event, the rates of synthesis of alanine, serine and aspartic 

acid in reservoirs which we believe to be closely associated l-Tith the chloro-
~ . 

plasts in Chlorella are great enou&l to permit the following conclusions. 

l) An appreciable fraction of the carbon assimilated during photosyn-
'· \ 

thesis in Chlorella is used directly in the synthesis of amino acids withQu~ 

the intermediacy of sugars or any other class of compounds except acid phos-

phates and carboxylic acids. 

2) Since this amino acid synthesis accounts for a major portion of the 

inorganic nitrogen uptake, these amino ncids must be used to a large extent 

in protein synthesis. However, some important amino acids (i.e. glycine) are 

so slowly labeled that they probably do not supply a major part of the carbon 

for protein synthesis. Instead, ,.the carbon skeletons corresponding to these 
-I 

amino acids must be incorporated into protein in some form otherthan as the 

free amino acid. 

Before considering synthetic routes to specific amino acids, we wish 

to reiterate our belief that photosynthetic reactia:e need not follow the 

same course as the better known synthetic reactions of other nonphotosynthetic 

organisms. Also note that few if any enzymes involved in amino acid synthesis 
ever 

have/been isolated from chloroplasts. ThUS we are forced to suggest new and 

untested hypothetical pathG. Our guiding principles will be that chemical 

potential should be used to drive the reactions rapidly in the forward di-

rection and that loss of carbon or reduction level should be avoided wherever 

possible. 
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In 1igure 6 are shown hypothetical pathways leading from PGA to alanine, 

serine, aspartic acid ~nd malic acid .. These pathways differ soroawhat. from 

known enzymatic pathways in that in each step leading to .the am~no acid, 

ammonia reacts with a pl~sphoric acid ester. 

The rapid incorporation ()f inorganic nitrogen into organic compounds 

uoulil be bl;'ought about by the large negative tree energy change associated . . . 

with each of these reactions·. Thus, these reactions, end not the reductive 

amination of ketoglutaric acid alone, would account tor a major portion of 

ammonia incorporation during pho_toaynthesi.S ~ Th~s seems entirely reasonable 

when one _considers that PGA is both tlle immed~ate precursor in 'lihese re

actions and the_ primary product of carbon reduction during photosynthesis. 

These amino acids could th~X'l supply ammonia via tfans.minase reactions i'or 

the synthesi_s oi' many other amino acids. Holm-Hansen (;:;) has demonstrate~ 
• • J 

the presence of e. transminase activity in spinach chloroplasts which is very . . '·. 

effective in the transfer o:r amino groups from unlabeled..elanine.to c14-

labeled pyruvic acid • 

. The three-carbon precursors to these amlno acids are in rapid equili-. 

l:>tium w~th FGA. PEPA becomes G14:..saturated dud.ng photosynthesia .in c14~ 
. . . 

in Chlorella almost as eoon as ~itself. ~e proposed phosphoenoloxalacetate 
. . .,. ' ; ~ .. 

probably does not .exist except··in enzyme -complexes. Thus, by the time the PGA 
. . - . .• 

is C14-saturated., these amino acids ere being labeled as rapidly as 1t they 
:. ~- ' . 

were formed directly from c1402. 
. . 

. It h.es been suggested that glutamic acid is tormed ~:turing. photo.syntheeb 
! . 

by a carboxylation of r-aminobutyric acid (;4) •. Judging by cur studie~.Wi"th. 

Chlorella pyrenoidosa during steady-state photosynthesis with c14~, 'tihis . 

reaction apparently does not constitute a eo~rce of glutamate since r~nmino-

... 
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butyric acid does not become labeled, even by the time the glutamic acid ia ')O'fo 

saturated with cl4 and long after the rate of labeling of glutamic acid has 

passed its maximum. Clearly, a compound cannot be a precursor in a steady

state system unless it is itself continuously regenerated. If the reaction does 

occur at all, the glutamic acid so formed could only be a shuttle for CO:;.u re

genrating unlabeled 1.Wninobutyric acid. Even ao, such a carboxyl~tion reaction 
II 

does not account for more than about 1% of the carbon fixed in our studies 

of steady-state C~ fixation by Chlorella. 

One possible route from PGA to glutamic acid would begin with conversion 

of PGA to P.EPA, ;followed by carboxylation of PEPA to give oxalacetic acid. 

Condensation of oxalacetic acid with acetyl CoA would give citric acid 1 thence 

aconitic acid, thence isocitric acid. Proceeding along the Kreb's cycle, the 

next two steps are oxidation to oxalosuccinic acid, followed by oxidation and 

deosrbox;rlation to give a-ketoglutaric acid. Finally, the reductive am1nation 

would give glutamic acid. Thia pathway may be followed in Chlorella pyrenoidosa 

in the ayntheais of glutrunic acid; particularly when the light is turned off. 

We suspeqt that it in not the principal pathway during photosynthesis for two 

reasons, one e,q>erimental and one theoretical. Experimentally1 the rates ot 

labeling of tlle intermediate compounds such as citria acid and ketoglutaric 

acid are too slow to permit them to serve aa precursors to the more rapidly 

labeled reservoir of glutamic ~cid. Theoret1cally1 the pathway is obJeotionalllle 

to us as a photosynthetic route because it involves tvo oxidations and a de-

carboxylation 

How else might glutamic acid be formed during photosynthesis1 the avail .. 

ability of three-carbon and two-carbon COIIIJ?O'Unda auggeato the possibility of 

a simple condensation. Barker and co"workera (35,36,37) found an enzymic 

pathway in certain microorganisms leading from glutomic acid to pyruvic 



reve:r·~~c of' t.his patlnray mic;ht o:;)cr£d:;e Clurinc; pl.wto~yntl:ws1s al~;o. IIm;·ever, 

we have been unc\blc :tl far ·co f:i_n<l sic;nificnnt omotmts of' radiocorbon .in 

either P--mcthylaopc:rtic oc.:l.d or mcsaconic acid in Chlorcllo vrhich uere syn-

thesizing clutrunic acid from cl.4 02. l·Lrcovcr J a general energy conserving 

principle '·rould suggcot that PEPA and not free pyruvic acid should be the 

three-cr~rbon compound that combines with the two-carbon fragment. As ''e 

shall Gee in the discussion :f'or the synthesis of aromatic rings, it has been 

proposed that PEPA can condense lTi th an aldehyde 1 erythrose phosphate 1 to 

give (e·v·entually) phosphoshil'>.imic acid (:;8). Perhaps a similar reaction b~-

tween PEPA and glyo;cyl1c acid could lead to a product such as r-hydro:xyglu

tamic acid Ylhich .could be subsequently converted to glutamic acid. Dekker (59) 

has reported the presence of Em enzyme in rat liver which converts 7-hydroxy-

glutamic acid to glyoxylate {lnd some otl1er pl.•oduct which may be alanine. The 
. \ . 

presence of T·,.hydroxygJ.utam:l,.c acid in green leaves has been reported by Vir

tanen and Hietala '(40). The dehydration and reduction of r-hydroxygl.utamic 

acid to give glutamic acid would be common types Of biochemical reactions, 

onalogo11s to the formation of' succiuic acid from malic acid. Hoveve;r, we have 

at present no experimental evidence for such a pt.ahway. 

Threonine does not become labeled as rapidly as the antl.no acids so 

far discussec1 1 and it may well be secondary in 01•igin. That ;ts 1 it may be 

an example of conversion of 'primary' e.rninoacids (aspartic acid, alanine, 

serine and eJ.utamic acid) to other amino acids of thei1• respective families 

\-Ihich preenunably occurs in photOSJ'l4thesis. 

The stnall amount of labeled glycine which is formed during steady-state 

photosynthesis may come from either serine or glyoxylic acid. 
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CAP.BOXYLIC AC :r:DS 

Malic and Fw1mric Acids. Malic acid and fmnaric acid are rapidly labeled dur

ing steady-state photosynthesis ui ti.1 C140:2 •. These acids are probably formed by 

reduction of' the product oi' carbo~lation of PEPA. ~ the steady-state ex-

periment (ss;:e) which gave the results shOim in r.rablc 1, about 5~~ of the c14 

uptal~e rate could be accounted for in the labeling of these tlTO acids. In 

that e}."Jleriment, very little of the radioactivity finds ;1. ts ltay into succinic 

aciu.. I~ uould thus appear that if malic and furaaric acids o.re labeled by 

reductive cal'boxylation o:f' PEPA, either l) the reaction' sequence is highly 

reversible, leading to exchange labeling, or 2) the malic and succinic acids 

are converted to other compounds bj as yet undetermined paths. 

The probability of labeling via exchange 1) may be answered by.a thermo

dynmuic argument. Under the conditions existing in the chloroplast during 

photosynthesis, the actual free energy change accompanying the conversion of 

+ . 
PEPA, c~, TPNH1 and either ADP or IDP to malic acid, TPN 1 and ATP or ITP 

is probably at least -7 Kcal. The ratio of the forward to back reaction, 

given by: 

A F = -RTln[ fonrard rate J = R _ RTln [ bock l~at.e plus net rate 1 
back rate back rate 

."Tould thus be 105 or greater. Since the rate of labeling oi' malic acid is 

meafll rable and givea the net rate by a Simple calculation, the back reaction, 

and hence the exchange labeling, can be shcnm to be of negligible importance. 

Thia type of calculation .is of a:> nsiderable importance in .!!!,. vivo steady

state kinetic calculations. Another ex~le is the conversion of malic acid to 

fumaric acid. In this case, the actual t'r'ee energy change is small, t_he two 

. acids are essentially in equilibrium with reopect,)to c14-labeling. Thus, the 

sum o:f' ti1e pools of the two acids can be treated as a single entity from a 

labeling standpoint. 
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~mel 

In v.ny event, if m~~lic ecid L; not lellcled by cxcilctn[!}2/1s not cmner~ed 

to succinic acid, yet is beinc; fonned at a rapid rate ~mder steedy-state con-

ditions, it must tmdergo EJome as yet unlmmm conversion. One possibility mic;ht 
. . ~ 

be that it is split to give glyoxylic acid and free aceta-te. The actual :free 

energy change for such a reaction under steady-state conditions would be nega-

ti ve; ivhereas the reaction to give glyoxylic acid and acetyl CoA '\'Tould pro-

bably be positive and the latter reaction 1rould not occur. Acetate could be 

converted to acetyl phosphate vrith ATP and then to acetyl· CoA. The ace·tyl CoA 

thus formed could be used in fatty acid synthesis and other biosynthetic re-

actions. The glyoxylic acid could be used in the synthesis of glycolic acid, 

glycine, and possibly, as suggested in the previous section, glutamic acid. 
:1 . ,· 

The synthesis of labeledmalic acid could occur via condensation of 

glyo:xylate vith acetyl CoA 1, provided there :i.s some other route for the label

ing of these tuo-carbon acids (such as are suggested later). It is quite like-
' 

ly that malic acid is so synthesized in the cytoplasm, outside. the chloroplasts,. 

Withinthe chloroplasts, however, the appearance of C14 in malic a9id in the 

very shortest exposures to C14(}.: and in the pre-illumination e:xperiments (~ee 

Figure 5) indicate that it is, in part at least, a product of CJ,-C3 Garbo:xyla-

tion and reduction. 

Glycolic Acid, Acetic Acid and Glyoxylic Acid. Even if acetate and glyoxylate 
; 

.. are formed from malic acid, there are probably other more important synthetic 

rou-tes fi'otn the carboJ:l, reduction cycle to these compounds. Benson and C~:1lvin (4.1) 

found that barley seedlings subje'cted to 30 seconds photosynthesis \vi th c140a 

· follovted by 2 minutes light without C~ formed large amounts of c14 labeled 

glycolic acid. Calvin, =! .:£.· (14) and Schou, .=_! al. (42) degraded glycolic acid 

and phosphoglyceric acid obtained from barley leaves and from Scenedesmul:l ~·;-hich 
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had pllotos;yntlleaized for a :t.'evr seconds in the presence of C~402 01· HC~40a-. 

The e.lpha aud beta carbon atoms ofPGA were found to be always about equal to 

ea•~:1 otherrn radioac·civity and alv.roys less than the carbo:Xyl carbon until such 

time (1 to 5 minutes) a a all three carbon o toms w·ere completely labeled. The two 

carbon atoms of glycolic acid. were always about equal to each other in labeling. 
\ 

Hhen C~4J320H-COOH \las odminiotered to the unicellular algae, Scenedesmus, dur .. 

ing 10 minutes photosynthesis l-lith l/2% C~ in air or 1~2 , a pattern of photo-

synthetic intermed~es was found similar to that obtained during photosynthesis 

w·ith c14o2 • ·Moreover, upon d.egradation of the PGA, vTe found that lesa than lQt'fo 

of the radioactivity was in the carboxyl carbon. Clearly~ glycolic acid is in-

corporated for the most part into normal intermediates of the carbon reduction 

cycle 'W'i thout preliminary conversion to COra, since so little C14 was found in 

the carboxyl carbon of PGA. Hovrever, a:tr)1a and beta carbon atoms of the l?GA 

were found to be equally labeled. Thus the pathway from glycolic acid to the 

alpha. and beta carbon atoms of PGA :Lnvolves a randomization ·Of the label. 'nl1e 

could mean that along this pathway th~re is a symmetrical intermediate or that 

an intermedin te ia in rapid. reversible equilibrium with a aynttnetrical compound. 

(see below) 

When Wilson and Celvin (19) st.udied the effect of CC).a depletion follow:lng 

a :~_.:periOd Of photosynthesis 'WLth C140a_ by algae, they found that ,:·the lowering 

of C02 pressure resulted in a great increase in the amount of labeled glycolic 

acid. This increase in labeled glycolic acid was sustained for at.least 10 
' I 

minutes. Qpon application of l~ C02 
I 

again the level of labeled glycolic acid 

declined. 

Tolbert (22) found that glycolic acid formation from C14~ during 10 

minutec photosynthee1o in leaves of Sedum alboreaum is much higher at very low 

CC>a p:reaouro than at high C~ pressures. As mentioned earlier, he also found 
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that glycolic acid is the predominant labeled compound excreted into the medium ' . 

by chloroplasts from s,viss chard photosynthesizing in the pl·esence of HC140s-. 

He had shmm earlier (1J3) that gl;<{colic labeled with C14 is excreted into the 

medium by Chlorella photosynthesizing in C14C;z. He suggested that glycolate may ·"' 

function in ion balance with uco3 - betl'leen cells and their medium or between 

cruorople.sts and other cell compartn~nts. He also proposed that glycolate might 

be a carrier of 'earbohydratc reserveS' from the chloroplasts to the cytoplasm. 

Moses and Calvin (~ exposed. photosynthesizing Chlorella pyrenoidosa to 

tritium-labeled water for various periods from 5 seconds .to 3 minutes. Analysis 

was made by the usual e:xtraction, two-dimensional paper chromatography and 

radioautography. The greatest darkening of the film by far occurred where it was 

in contact with the glycolic acid area of ·the chromatogram~ This result, which 

we will discuss later, seems t.o agree with Tolbert's suggestion that the gly-

colic acid acts as a carrier of hydrogen. 

Duririg normal photosynthesis (Figure 2), tlio-carbon moieties (carbon 

atoms number 1 and 2 from a keto sugar phospba te) are transferred during a 

reaction similar to that catalyzed by transketolase (45,46) to an aldo-sugar 

phosphate, producing a new ketose phosphate, two carbon atoms longer than the 

starting aldose. Other enzymes have been found in nonphotosynthetic organisms 

which convert the carbon atoms number 1' and 2 ot a ketose phosphate to acetyl 

phosphate, leaving the remainder of the sugar as an aldose phosphate. One of 

these is phosphoketolase (47), which is specific for xylulose-5-phosphate, 

while another is :fructose-6-phosphate ketolase (48) which can aot on either 

fructose-6-phosphate or xylulose-5-phos;phate. These enzymes require thiamine 
. ++ .. 

pyrophosphate, inorganic phosphate and, in some cases, Mg . Stimulation by 

++ ++ ++ Mn or Ca in place of Mg .could sometimes be observed, whi~ levels of 

Mn above 10-3 vrere inhibitory. 
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Breslo>-1 hcs propo£ed a mechanism for the role of thifl.llline pyrophosphate 

in these reactions (49,50). In his mechanism, some of which fonas the basis for 

part of Figure 7;, the hydrogen at position 2 of the thiezole ring is en active 

hydrogen which can di::.>codate from the acidic carbon at that position to give 

a carbanion. This carbanion adds to the carbonyl carbon of the ke·t;ose (some-

1-1hat analogous to cyanhydrin addition). '.fhe bond between carbons 2 and 3 of 

the ketose breaks, with the electron pair going to the reduction of carbon 2 

of the ketose, to give a glycolaldehyde-thiamine pyrophosphate. The remainder 

of the sugar becomes an aldose. Reversal of this reaction path, with a differ-

ent aldose, completes the transketolase reaction. 

Alternatively, glycolaldehyde-thiam.1ne pyrophosphate mny eltm1nate the 

elements of water ·( OH- :from the beta carbon and H + from the alpha carbon d the 

glycoladehyde moiety) to give the enol form and thence the keto form of acetyl-

ro 
~l.PP. This compound ce.n undergo phospho,flastic cleavage to give acetyl phos-

phate and thiamine pyrophosphate (ThPP). 

The mechanisms find support in the demonstration by Breslo,.,- that the 

hydrogen atom on the number 2 position at' the'thia~ole ring does exchange 

rapidly in D;aO (1+9). In support of an analogous mechanism :f>r the role of ThPP 

in the oxidation of pyruvate, Krampitz and co-workers (51,52) synthesized the 

postulated intermediate, an a cetaldehyde-ThPP compound with the acetaldehyde 

bonded to the number 2 carbon atom of the thie.zole ring as ftll alpha hydroxy-

ethyl group.This compound was :found to be active in the reactivation of car-

boxylase and also to be capable of nonenzymatic reaction with acetaldehyde to 

give acetoin. The postulated mechanism :for the ox16ation of.pyruvic acid th~a 

begins with a reaction bet,-Teen pyruvate e.nd Th.PP to give' addition of the carbonyl 
\ 
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carbon to the thiazole _ring position numbe1· 2. Concurrently or immediately 

follouing this eddition, decarboxylation occurs to give acetaldehyde-ThPP. 

This compound reacts '1-Tith oxidized lipoic acid to give acetyl dihydrolipoic 

acid '1-Thich, in turns, reacts with Coenzyme A to give dihydrolipoic acid end 

. acetyl Coenzyme A. (53,)4 ,55,56) 

Wilson and Calvin (19), follouing their observation of glycolate accumu

lation at low C02 pressure, suggested that the glycolyl moiety transferred by 

trancket.olase .is the source of glycolic acid. W'e would like no\r to suggest 

specifically that the gJ.ycolaldE3hyde-ThPP compound formed in the first step 
. go 

of the tl;'tmeketolase or phosphoketolase reactions may under/ oxidation to give 

glycolyl Coenzyme A and, event.ually, glycolate. This oxidation need not follow 

a pathway exactly analogous to the oxidation Qf acetaldehyde-!L'hPJ?, but we 

have shoim it ~o in Figure ~· lj/ As mentioned earlier, glycolate can be in

bor;porated into the alpha and beta carbon atoms of PGA during photosynthesis, 

lrhich comes from carbon atoms 1 and. 2 of the pentose in the ·carbon reduction 

cycle. Thus it appears that the pathway from pcntCise phosphate to glycolate 

and glyceraldehyde phosphate should be reversible. The. incorporation of gly~ 

colate via such a pathway would require an energy input, probably in the form 

of en activation by ATP. Finally, some etate·in the incorporation pathway 

should involve equilibration with a symmetric intermediat~ because administra~ 

tion of glycolate-2-C14 to photosynthesizing plants leads to PGA labeled 

equally in the alpha and beta ca;rbon atoms. We have indicated one such 

symmetric compound, and there may be oih er possibilities. 

The formation of glycolyl coenzyme A end reduced lipoic acid aa sho'tm in 

Figure 7\ are hypothetical. If glycolyl coenzyme A viere formed, then it seems 

lil{ely ·that it would be an important intermediate in paths which are as yet 

unknm-m. In any event 1 if there is any conversion of carbon atoms number 1 and 

-· 
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2 of ketose to glycolic acid during photosynthesis, then an oxidation of the 

glycolyl fregmcnt is required so that some cofactor, though not necessarily 

lipoic acid, must be reduced. 

Let un now attempt to explain the observation that labeled glycolate 

accumulates during photosynthesis 'Hith c140a when the C~ pressure is reduced. 

1. Enzyme systems nre present in chloroplasts which can bring about 

the oxidation of glycolate to glyoxylate with oxygen and ti1e reduction of 

glyoxylate to glycolate with DPNH • (57} If' some steady-state relation be

tween these two acids exists, iJG might well be shifted touards more glycolate 

at lOl·T C~ pressures by the increase in the ratio of DPNJI/DPN+ \vhich would re

sult from the decreased util.ization of TPNH for the carbon reduction cycle, 

Moreover, the oxidation c£ glycolate by 0:2 must in fact be l:lmi ted in rate 

during photosynthesis 1 or glycolate ·'·TOuld not be. seen at all. Possirzy gly-

colate is more effectively oxidized by some intermediate hydroxyl or peroxide 

involved in the liberation of oxygen following the splitting of water during the 

primary act in photosynthesis. If so, such an intermediate oxidant may de

crease in concentration at low COg pressure due to recombination with pri-

r.lfUJ" reductant which would build up, again as a reault of decreased utiliza

tion by the carbon reduction cycle. A decrease in the oxidant concentration 

; •. ;,~ld reduce the oxidation of glycolate. 

2. Low C02 pressure might result in higher pH inside the chloroplasts. 

The phonpholtetolase reaction, leading to acetyl coenzyme A and involving the 

removal of OH from glycolaldehyde-Th.PP, might be blocked, and the oxidation 

of the glycolaldehyde-ThPP to g.lycolyl coenzyme A might be favored. 

3· If glycolyl coenzy1ne A is formed and is a biosynthetic intermediate., 

the reactions in which it j.s used might require CO:a analogous to the conver

sion of acetyl coenzyme A to malonyl coenzyme A in fatty acid biosynthesis. 



Lou CO.a press~re could thus lead to an increased concentration of glycoly

CoA and penni t its more rapid hydrolysis to glycolate. 

Tanner and co-worlters (58,59) have recently proposed a direct route 

from. COa to glycolic acid during photosynthesis. According to his scheme, 

C~ is reduced by TPNH and MnCl- to the radical CHO· . T\m of these CHO• 

radice.ls are then conden:3ed to give glyoxal, thence glycolic acid. Th:1s gl.y .. 

colic acid is then oxidized by two molecu.J.es of MnCl(OH)2 (pro~uc::li! in the 

first step).to give glyoxylic acid. According to Tanner, the greater label

ing o:f' glycolic acid at low CO..a pressure during photosynthesis 'With C140a 

is due to the first step being first order with respect to the utilization of 

· CG.a and the production of trivalent manganese, while the second step is second 

order with respect to the utilization of trivalent manganese. 

Whether or not Tanner's suggested route from C~ to glycolic acid will 

be borne out by experiment remains to be seen. lrl all of our experiments with 

c1402, labeled glycolic acid has been a relatively minor product of the photo-. 

synthesis,except in those cases wliere the C~ J:>ressure has been permitted to 

drop to a very low level. Glycolic acid is somewhat vc:>latlle i but it is a 

curious characteristic of this compound on paper chromatograms that -although 

20 t.o 85% may evaporate from the paper during development of the chromato.gram1 

the remainder disappears only very slovly from the ;papers. This statement ia 

based on measurement of radioactivity following chromatography ·Of synthetic 

C14 -labeled glycolic acid. Thus it would seem that ;J.f a ;pathway leading di

rectly from CC>.2 to glycolic acid (that 1s 1 with no isolable intermediates). 
more 

'"ere quanti ta ti vely illl.Porte.nt1 we should have seen much/labeled glycolic acid 

1 following short periods of photos;yrrt.hesis with c14~. Ic. cOUld be that under 

normal cOndi tiona o:f' photosynthesis (say with 1% CO..a in air), the reservoir 
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size or concentra,tion of glycolic acid is very small so that it would not 

appear to be s·~rongly labeled even though carbon from C1402 enters it very 

rapidly. 

However, Moses (44) conducted pt\raJ.lel experiments (3 minutes photosyn

thesis by Chlorella in the presente of C14~ in one case, and '1'2 0 in the other). 

The tritium-labeled glycolic acid accounted fo1• more than 507G of the darkening 

of the radioautograph in the subsequent analysis by chromatography, while in 

the pa1·allel experiment, the C14 glycolic acid contained less than :;rf:, of all 

the C14 found in compounds on tne chromatograph .. Thus the incorporation of 

hydrogen into nonexchangeable positions on glycolic acid ueems to ocuur at 

ten times or more the rate or incorporation of cJ.4 into the snme compound. The 

simplest interpretation is that glycolic acid plays a much more important 
as 

role in the transport of hydrogen or reducing power than it does/an inter-

mediate in carbon compound formation from CQa .~ If any carbon dioxide is 

reduced directly to glycolic acid during photosynthesis by Cl1lorella, it would 

seem to be a minor part of the total. 

A s~ecial role for glycolic acid in hydrogen transport is suggested by 

a ~ombination of experimento.l findings from several labora.toriea. To Moses' 

finding of extremely rapid tritium labeling of glycolic acid and Tanner's 

implication of the role of glycolic acid with the requirement for manganese, we 

may add Delavin and Benson's report (60) of the light stimula:tion of the ox1 .. 

dation of glycolic acid with ~ to glyoxylate and peroxide in isolated chloro

plasts. Further~ we must mention that manganese is thought by Kessler (61) 

to play some part :l.n the formation of peroxide or ~ from water during the 

early stages of photosynthesis. Some form of pero:dde is commonly postulated. 

as an intermediate between water and Qz during photosynthesis, and it may be 

that the plant has some mechanism for conperving the chemical potential energy 
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vrhich 'Would be lost :1.f peroxide ,.,ere to be permitted to decompose to water 

and oxygen by a catalse mechanism. 

++ The decl'ease in labeled glycolate in algae growri in Mn -deficient 

media (58,59) may be duo to (l) Some increase in the level of an ::Lntermediete 

in the oxygen· evolution pathuay 'Which ia elao c~:pe.ble of oxidizing glyoolate 
++ . . . 

to glyo:xylate. Presumably Mn might be required for the breakdown Of this 

oxidant to 02· (2) A decrease in reduced pyridine nucleotide concentration 

due to inrJ?airment of the oxygen evolving pathway; or (3) Some enzymic re-

. . ++ qu:1.rement for l-t-1 in the 'biosynthetic pethvay from glycolaJ.debyde-ThP.P 

to glycolate. 

Points (l) and (2) are related to the mechanisms suggested earlier for 

the effedt of low CO;a pressure on glycolate concent1·ation. 

Acetate. As shown in Figure ·t, acetyl phosphate. can b~ formed from the carbon 

l~eduction cycle via the phospholtetolese path,vay. This invol vea dehydration 

of the ThPP-acetaldehyde compound derived .from carbon atoms 1 and g of ke-

t.ose phosphates. This route is especially attractive as a photosynthetic path

way sine~ it conserves chemical energy and requires no oxidation or d.ecarboxyla-

tion. ¥ .. nmm enzyme systems ,.rould readily convert the acetyl pnosphate to 

acetyl coenzyme A for fatty acid photosynthesis. 

Another pathway from the carbo~ reduction cycle to acetyl CoA could be 

via oxidative decarboxylation of pyruvic acid. This reaction is of ti1etype 

which we have earlier viewed es unlikely in photosynthes:t~ing chloroplasts on 

ground oi' economy. However, thiP economy tfl.kes on a different aspect if one 

considers the rapid formation .of alanine, which we believe might be a reductive 
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amination of phosphoenolpyruvic acid derived from the carbon cycle (30). Our 

e:xperJ.ments indicate that about one-thlrd of all NII4 + uptt1ke occurs via this 
to 

route. The resulting alani'le must b~ .. used/a considerable extent in tranomnina-

tion reactions, resulting in the production of pyruvic acid. :While pyruvic acid 

'is not le.beled soon enough after the introduction of C14Cz to photosynthesizing 

plants to permit us to consider it a precursor to alanine, it does become 

slowly labeled at later tiiDLs. Thus pyruvic acid could be a product of 

transmination from fl.lanine. The sow labeling of pyruvate may be because 

alanine has a very large reservoir 1 which does not saturate vTi th C14 for some 

minutes. Once formed, the pyruvic acid cannot eas:1.1y be converted back to 

PEPA. Rather, it must either go to malic acid via reductive carboxylet1on 1 or 

be oxidized to acetyl CoA and C~. 

The lie;h·c ... dark transient effect. in C140 uptake during photosynthesis 
2 

has often been observed (16,20). vfuen the light is turned off, following a 

period of photosynthesis of algae with C1402, labeled glutamic acid and citric 

acid acct~ulate. One explanation of tlua effect has been given based on the 

proposed formation of acetyl coenzyme A by pyruvic acid oxidation. Lipoic 

acid in its oxidized form is required to accept the electrons in this o:ddation. 

It vas sugeested that '\-Thile the light is on this cofactor is ltept mostly in 

its reduced state, dihydroli;poic acid. The reduced cofaotor could not promote 

pyruvic acid ox:l.dation. When the J.:lght is turned off end reducing power is 

no longer generated, the oxidized form of lipoic acid ,.,ould be made and the 

oxidation lee.CI:tng to acetyl coen:r.yme A would occur. Subsequent reactions, vie 

the glyoxylate cycle, would then produce citric and glutamic acids. 

Hmvever, if' acetyl phosphe/ce is formed by !lhosphoketolase during photo-

synthesis 1 a different explanation can be made. If '\ve suppose that acetyl phos-

phate is still formed via phosphoketoluse ,just after turning off the light, it 



will tend to accumulnt;e. Ho reducing pouer or ATP is available for synthesis of 

fatty acids in the dark inside the chloroplasts. Therefore, acetyl phosphate will 
•, 

break down to free acetate which 11ill diffuse out of the chloroplast into the 

cytoplasm. There it will be used, via the glyoxylate cycle, in the synthesis of 

glutamic acid (62). 

CARBOHYDRATES 

Monosaccharides. The carbon reduction cycle (Figure 2) includes as intermediate 

compounds the follo-vring auger phosphates: ;>-phosphoglyceraldehyde, dihydroxy-

acetone phosphate, fructose-1,6-diphosphate, fructose-6-phosphate, erythrose-

4-phosphate, sedoheptulose-1,7-diphosphate, sedoheptulose-7-phosphate, ~lulose-

)-phosphate, ribulose-5-phosphate, ribose-5-phosphate, and ribulose-1,5-diphos-

phate. Besides these compounds, glucose phosphates are found to be very rapidly 

labeled in all plants in which we have studied the photosynthesis of carbon 

compounds from c~40;a. When characterized, both glucose-6-phosphate and 

glucose-1-phosphate have been found. Other sugars found to be labeled some-

what more slovrly in these experiments,· and identified as the free sugars 

following hydrolysis of the sugar monophosphate area, include mannos~ and 

galactose. 

In virtually all the studies of the labeled products of the photosyn-
; 

thesis Of carbon compounds from c1402 there has been found a striking absence 

of unphosphorylated monosaccharides (lh). This is hardly surprising, since 

photosyntheisizing chloroplasts form phosphorylated sugars as intermediates in 

·the carbon reduction cycle, since there is an abundance of ATP in the chloro-

plasts, and since most known transformations of monosaccharides require phos~ 

phorylated forms of the sugars. Transformation of the phosphorylated sugars 
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to the free sugars would for the most part result in a '"aste of chemical energy, 

:for the sugar '\'IOuld then usually have to be phosphorylated again in reactions 

requiring ATP or UTP. Only 'vhen it becomes necessary to :form a molecule 

,.,hich can be transported through the chloroplast membrane is it lil~ely that a 

:free sugar o:f relatively small molecular weight such as sucrose would be pro-

duced. 
., 
I 

A listing o:f various enzyme systems m1ich appear to be responsible :for 

the arbon reduction cycle has been delayed until now, since many of these bfo-

chemical steps are o:f interest in a discussion o:f carbohydrate synthesis. In 

Table 2 there are listed the enzymes reported in the literature which appear 

to be responsible :for steps of the carbon reduction cycle (Figure 2) • Table 3 

lists other enzymes which could a~count tor subsequent steps in the synthesis 

of carbohydrates :found to be lab~led following relatively short periods of 

photosynthesis of algae with c14Qa. 

We wish to emphasize that the finding of an enzyme in plant tissue does 

not, of course, prove that that particuJEr reaction goes on in tl1e photosynthe-

sizing chloroplast either at all or in precisely the same way that it has been 
\ 

found to occur .!!!_vitro. Moreover, we would' not consider the isolation of an 

enzyme with high catalytic activity a neces~ condition for believing that 

a given reaction may occur .!!;_ ~· The organization o:f the intact chloroplast 

inside the living cell and replete with all necessary natural cofactors and 

enzymes is such that some steps which occur in vivo may prove extremely diffi- ·· --
cult to demonstrate in cell :free systems. Nonetheless, the isolation of a cell 

free system, capable of carrying out a reaction which has been a uspected on 

the basis o:f .!!!_ ~ studies is important corroberati ve evidence. 

The various enzymes listed inTables 2 and :;, if present in chloroplastsi 

could account for virtually all of the monosaccharide phosphates found to be 



significantly labeled WithC14 following a period of.photosynthesis With C14~ 

for several minutes in algae. Presumably there is also present another phos-

phohe}cose isomerase which catalyzes the conversion of .. fructo.se-6-phosphate to 

mannose-&·phosphate. 

Among the en~yme sys·tema l:i:sted in Table 3 are. several which utilize 

sugar nucleotides in the biosynthetic conversion of sugars. Such systems have 

been vTidely studied and have been discussed and revie\ved elst:f\•There (88,89190). 

Hassid and co-vrorkera have widely studied ·the :l.nterconVf~rsions of sugars by 

these systems in higher plants and-have atimmarized the interrelations of many 

of these systems in plants (91). Certain of these systems, vrhich appear in 

Table 31 a1-e partiG.ularly active in the early labeling of sugars iri plants 

photosynthesizing with C14~ and must be mentioned here, if only briefly. 

Buchanan (15) identified uridine diphOS,Phate glucose (UDPG) and uri-

- dine diphosphate galactose (UDl?Gal) in a1g~e and found that the hexose moieties 

of these compounds were labeled w;L th c14 during short periods of c1 "0a photo- ,. 
' / 

synthesis even before sucrose. 1'b.us the galactose found to be labeled in some 

experiments may be formed by the UDP.G-l.lDPGal system. 

Disaccharides _and·l.)olyeacchar:l,des. As already indicated, when ·chlorella pyre

noidosa photosynthesize in the presence of C1402, sucrose is the first .free sugar 

to be labeled to any extent. Benson (92) found that the radiocarbon in the fruc

tose moiety of tlle sucrose, folic;~Wing photosynthesis o:f'' C14Qa by Chlorella, 

Scenedesmus and soybean leaves, Wf.\S gr.eater than the radioactivity :in· the sJ.u-
. . . . . .· '.. . . ' .. 

cose moiety. Mqreover,. the d:U'ference between :f'rU~tos·e and· glucose became 

grea·ter as the time of photosynthesis was decree.eed, 'l'he prior .label ins ot the . · 

tructoae indicated that the glucose phosphe'te used in the syn·thesis of' sucrose 

is formed from fructose phosphate. 
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A study· of the phosphoryhGed products of sln rt-term photosynthesis in 

cl4e>::a led to the discovery of a sucrose phosphate (93). The 'hexose monophos

phates' produced during photos~lthesis in cl402 were treated with an inv~rtase

free phosphatase preparation and subjected to paper chromt.ography. While in 

most cases there were only minute traces of sucrose formed by this treatment, 

in sugar beet (5 minutes in c1402) there was an appreciable quantity. It 

was identified by cochromatography, and enzymic hydrolysis to glucose and 

fructose. 

When this 'hexoee monophosphate' sample was subjected to chromatography in 

t-butanol:picric acid;water, radioactive areas corresponding to glucose-6-

phosphate, fructose-6-phosphate, sedoheptulose and mannose phosphates, and 

sucrose phosphate were obtained. The sucrose pha> phate gave sucrose on phos

phatase treatment, and on acid hyd1ulysis, glucose and fructose phosphate were 

produced. The latter did not cochromatograph ,.,i th fructose-6-phosphate. 

It appeared that. in sucrose synthesis in green plants there are two 

possible mechanisms. Glucose-1-phosphate might react with fructose-1-phosphate 

to give sucrose phosphate, which would be dephosphorylated to sucrose. Alter

natively, sucrose phosphate synthesis might be envisaged to occur through uri

dine diphosphate glucose (15) which becomes labeled shortly before sucrose 

in kinetic experiments vri th C140.a (18). The uridine diphoslh ate glucose may 

be formed from glucose-1-phosphate by a UDPG pyrophosphorylase (reaction 15, 

Table 3). This· pathway ;ts sho-wn, along with other p!ll:nvays which may very likely 

occur during photosynthesis of carbohydrates :from C02, in Figure 8. 

Lcloir and Cardini (85) have isolated from wheat germ wha·G appears to be 

two systems, one which catalyzes the reaction of fructose plus UDPG to 

give sucrose plus UDP and the other which cata~zes the reaction UDPG plus 

fructose-6-phosphate to give sucrose phosphate plus UDP. Burma and Mortimer (94) 

have reported that with excised sugar beet leaves and leaf homogenates radio-



active UDPG and sucrose vrere fanned when radioactive glucose-1-phosphate, 

fructooe-6-phosphate and UTP were added .• They propose a mechanism identical to 

that postulated by Buchanan except in the choice of fructose-6-phosphate as 

the precursor inatead of fructose-1-phosphate. 

Not much is known about the formation of other polysaccharides. There is 

a rapid labeling of unidentified polysaccharides during photosynthesis with 

cl4o2 . On the usual two-dimensional chromatogram, developed as described 

earlier, these compounds form what appears to be a homologous series of poly

glucoses extending from the origin nearly to sucrose. The compound of this 

series close~to sucrose has been hydrolyzed and found to contain only glucose. 

~ FATS 

During photosynthesis by unicellular algae, 1 t is not, uncommon for as much 

as 30% of the carbon dioxide taken up to be incorporated into :fats, In Scene

desmu~, for example, after 5 minutes in light in the presence of cJ.4 -labeled 

carbon dioxlde, )O% of the fixed radioactivity is found in li.pid materials. This 

incorporation of radiocarbon is greatly in excess of the rate of any. synthesis 

that could take place in the dark and is an indication of the stimulation of' fat 

proO.uction in the light, Fat synthesis requires a greater number of equt valents 

of reducing e,gents than does synthesis of carbohydrate or pi:etein. Moreover, 

the com:flosit.ion of the chloroplasts includes a very high proportion of fat 

material. Since there is an abundance of reduced cofactors and ATP in the 

chloroplast, and since the end product, fat; is needed in the chloroplast, it 

is likely that much fat synthesis takes place in the chloroplast and is there

fore to be considered photosynthetic. 



Fatty Acids. All the ·He:)..l knmm biosynt.hetic patln;ays to fatty acids require 

as a c'w.rt.ing rnat.erinl acetate or acetyl CoA. \~e have ah~cady suggested under 

'Carbo:xylic Acids 1 four v1ays in 1.1hich acetate, or acetyl CoA, could be made. 

These were: :firs-t; 1 splitting oi' malic acid to glyoxylatc and acetate ; second, 

reduction o:f glycolic acid to acetate,; third, oxidation of pyru'..ric acid to 

acetyl CoA; and, fourth, dehydration and phosphoroclastic splitting the postu-· 

lated glyco.ly~enzyme complex from transketolaae reaction of the carbon reduction 

cycle to give acetyl ;phosphate. We favOJ." the last way as being tle most likely. 

Ho1vever, if only the :first three of these pathways is available, "~>he third is 

:probably the most importan·t. 

Hmvever the acetate is f'o:t-med, it is rapidly converted to fats in the 

light in algae. Ex:periments vrith Scenedesmus photosynthesizing in the pl'csence 

of aceta',~e-l-Cl.4 and C120:a (11~) demonstrated a light-accelerated incorporation 

of acetate into fats. A similer light-enhanced incorporation of acetate-2-C14 

into lipids by Euglena was found by Lynch and Calvin (95). Sissakian (96) de-

monstrated the synthesis of hiGher fatt.y acids from lnbelcd acetate in chloro-

plasts from sunflovrer plants. Tho utilization of free. acetate in the light 

by chloro:plnsts is to be expected snce there is an abundance of ATP in the 

:photosynthesizing chloroplasts for the conversion of acetate to acetyl phos-

:phate and thence to acetyl CoA. 

The scheme of fa·t;ty acid synthesis proposed by Wakil and Ganguly (97) for 

the fonne.tion or fatty acids from acetyl CoA in animal tissueo has been "lvidely 

accepted. A similar pathway may e~dot in pho·tosynthetic tissues. This :pathvmy 
• . 

is incOIJ?Ol·atcd in the hypotheticul scheme o:t' fat photosynthesio shown in 

'FiE,rure 9· rlakil (98) and vic.kil and Gane;uly (99). report that the first step in 

the synthesis from acetyl CoA is a carbmcylation to give malonyl CoA. Thif!l 

++ step requires biotin and ATP, as well as Mn • H.alonyl CoA and acetyl CoA 



then condense to give acetoacetJiL CoA 1·Thich then undergoes a series of reductive 

steps to give eventually butyryl CoA and carbon dioxide (97). 

While the work of Ganguly and Wakil has been with animal tissues, it 

appears from the studies of Stumpf and co-worl~ers (100,101,102,103) that similar 

systems of fatty acid synthesis exist in plant tissues. ~le early stages of 

fat synthesis may well be similar .in photosynthesizing cluoroplasts to those 

known for other plant tissue and animals. The later stages and the fat pro

ducts formed during photosynthesis in chloroplasts are very liltely different, 

since the chloroplast in all likelihood requires specialized fats for its 

operation. Benson and co-workers have iden-tified a number of interesting com

pounds of glycerol phosphate and fatty acids as products of fa·t formation in 

green tissues. According to these 1vOrkers, phosphatidyl glycerol is a major 

component of plant phospholipids. Moreover, they state that active trans

phosphatidyl action i,s observed during photosynthesis (104,105,lo6). 

Glycerol Phosphate. Alpha-D-glyceryl-l•phosphate is presumably formed in 

chloroplasts during phOtosynthesis by direct reduction with TPNH of dihydroxy

acetone phosphate. This compound could then be further converted to,~he poly

glycerol phosphates reported by Benson. The various glycerol phosphates would 

then presumably'react with fatty acetyl CoA to produce fats. Some of these 

postulated biosynthetic routes are shown in .Figure 9· 
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.AHOI1ATIC NUCLEI 

The shikimic acid pathi·IE\Y for the biosynthesis of nromatic compounds 1 

including amino acids, from carbohydrates has been v:ell e~>tablishcd by the 

,.,ork of Dnvjs (38) and his collaborators, who used biochemicul mutanto of E. 

coli. Without going into the details of this pathway, we may point out; that 

the starting materials are phosphoenolpyruvate, which is readily availaple as 

a photosynthetic intermediate, and D-erythose-4-phosphate, uhich is also an 

intermediate of the carbon reduction cycle. Presumably, therefore, the syn-

thesis of aromatic amino acids in photosynthesizing plants would follow a 

pathway similar to the shikimic acid pathway. The first step in that pathway 

is the condensation of phosphoenolpyruvate with erythrose-lJ.-phosphate to give 

a seven-carbon compound which has been identified as 2-keto-)-deoxy-D-arabo-

heptonic acid-7-phosphate. This intermediate subsequently undergoes ring 

closure to give dehydroquinic acid. Rearrangements via a number of additional 

steps gives eventually phenylalanine and tyrosine. Hii}Uchi (107) has summarized 

some of the reasons for believing that the shikimic acid pathway does occur 

in higher plants. For example, shikimic acid is of widespread. occurrence and 

some of the enzymes of the patlnmy have in fact been ;f'ound in higher plants. 

Neish (108) has further revie11ed evidence for the shil~imic acid pathway in 

plants. 

<Yl'lJER BIOSY.NTHETIC PRODUCTS 

.As ve learn more about the capabilities of the chloroplast to form com-

pounds from carbon during photosynthesis, we come closer to the conclusion that 

the chloroplast, as it exists in the living, undisturbed cell, is a self
all 

sufficient factory capable of producing essentially/of the materials required 



for its replenislunent. Thus it appears to be able to make all kinds of sugars, 

polysaccharides, protein, fats, pigments, enzymes and cofactors. In addition to 

this, it produces for export to the cytoplasm, reserves of organic compounds. 

These are probably sugars, glycolic acid, and other neutral, relatively small 

molecules,.wllich can be readily transported through the chloroplast membrane. 

Until more is known about the development and formation of chloroplasts, we. 

cannot say just when it gains this complete synthet.ic ability• -Uo doubt there 

are early stages in the developme11t of chloroplasts in vlhich it. must be built 

from cytoplasmic materials derived in turn from already functioning chloro

plasts. There is no reason to suppose the chloroplast functions without nuclear 

control, even thouw1 it does not appear. to have a nucleus of its o~~. Presum

ably .it is possible for RNA molecules to move in and out of the chloroplast 

in some way. It cannot be said at the moment whether or not the chloroplast 

is capable of synthesizing nuclear material .. It 1-muld, seem likely, however, 

that the chloroplast can synthesize purines and ;pyrimidines, coenzymes; nucleo

tide materials which are needed for the continued functioning of the chloroplast 

as a self-EIUfficient biosynthetic factory. If, E:J.s. we now thinlt, protein syn

thesis and enzyme synthesis occurs in the chloroplast, then either the chloro

plast must obtain a store of RNA molecules at ita initial construction; Qr, 

else sucl:l molecules must be a·ble to travel back and forth from the chloroplast 

to the cytoplasm. 

In conclusion, we would say that the point of view o:f the ability of 

the chloroplast to carry out photosynthetic formation'ofi. many compounds is a 

departure from the ·view held only a :feil years ago. It was then thQught that 

the primary function o:f photosynthesis was to :form carbohydrate only. This 

carbohydrate \las then thought to be used by the cytoplasm in the synthesis of 

.• 
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all other compounds. Of course, the chloroplast must supply the carbohydrate 

and reducinG pouer for the cytoplasmic synthesis. It now appears that chloro

plasts also synthesize a complete spectrum of biochemical products, all of \lllich 

might reasonably be considered to be photosynthetic products. Finally, as 'He 

learn more about the :photosynthetic paths to these products, we are impressed 

not merely by their complexity but much more by the economy ld th which both 

energy and material are utilized. 
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Table 1 

RATES. OF FLOH OF C.AlillOU TiillOUGH ACTIVE POOLS OF AMDlO ACI:OO 

Compound 

Alanine 

Serin.e 

Aspaz·tic Acid 

Glutamic Acid 

Glutamine 

{I(· 

Glycine 

•** C it.rull ine · 

·lEo 
Threonine 

Total 

STEADY STA~~ EXPERIMENT 32 

Calcu,lated Rate of Synthesis 
R 

J.UllOles o:f' Carbon 

2.67 

0.89 

0.98 

O.Olt-

0.20 

Externally measured uptalte: 

5.1~4 

17.0 

% of total through these pools: 

* not included in totals 

** fi&~res ~re for carbamyl carbon only 

Equi v. IUI4 -t Uptake 

iJlllOles · of Nl4 + 

0.89 

0.16 

o.e2 

0.20 

0.13 

0.02 

0.09 

0.05 

2.6 

~-
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Table 2 

PI.Arfr TISSUE EHZY1·fES \<JHICH CAT.AL'YZE PHDrOOYin'HETIC REACTIONS OR SU1ILAR REACTIONS 

Enz:.rme 
Carboxydismutese 
'Carboxylating Enz~~e' 

Prcosphoglycer.rl kinase 

Triose · phosp:1.a·te dehydro
genase 

Triose phosphate isomerase 

Aldolase 

Phosphatase 

Transketolase 

Ribulose phosphate
xylulose phosphate 
isomerase 

Pi1osphoribulokinase 

Uumber 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Reaction Plant }.1£,terial 
.r,-

C~ + Ru.DP + ~0 ---~> 2 .5-PGA Chlorella 
Spinach leaves, etc. 

3-PGA + ATP ----:.-1,3 DPGA Pea seeds 
4-

l; 3 DPGA .,. TP1ill ---> Gl3P + 'IPB' 1- Pi S1.:.gar beet leaves 

Gl)P ------> Dill>P 

Gl)P + DID-.P --..;;> FDP 

El;P + D.Hfl.P --.,.. S7P 

FDP + H20 --~ F6P + Pi 

SDP + 1320 --~ S7P + Pi 

F6P + Gl)P ---::> E4P + Xu5P 

S7P + Gl3P --~ R5P + Xu)P 

Ru5P __ ..,. Xu5P 

Ru5P + ATP --> RuDP + ADP 

Severa.l algae and 
higher plants green 
tissues 

Pea seeds 

Pea seeds 

Pea seeds 

Spinach' 

Spinach 

Spinach 

Spinach 

Yeast 

Spinach 

Investigator {lst Author} 

Quayle (63), Hayaudon (6ld 
Weissbach (6),66;67) 
Jakoby ( 68 ), Backer ( 69) 

.Axelrod ( 6. ) 

Arnon(7110), Rosenberg (71) 
Stumpf {9,10) 
Fuller (72) 

Tetd'ic (73) 

Stumpf' ( 9 L Te1-r.fic (73} 

Houg..'-1. (75) 

Hacker (76r77) 

Racker (76; 77) 

Horecker (45) 

Horecker ( 45) 

Srere (78) 

Hur,ritz (79) 1 'Heissbach (80) 

* Abbreviations: DHJI.P = dihydroxyacetone phosphate, EL:.P = erythrose-4-pt.osphate, FDP = f'r..lctose-1 ,~-dipl:ospnate, F6P = 
:fructose-6-phosphate, Gl3P = glycera~dellyde-3-phosphate, Pi = inorge.riic phospl1ate, 1,3DPGA = phosphoglyceryl-3-phosphate, 
R5P = ribose-5-J?~:osphate, RuDP = rrouJ..ose-1,.5-diphosphate, Rtt5P = ribose-5-phosphate, SDP = sedoheptulose-1, 7-diphospJ.lete, 
S7P = sedoheptv.lose-7-phosphate, Xu5P = xylu1ose-5-phosph2.te. 

' . 
• ~ .. 
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Tal?,le 3 

SOH~ P:r..J\hlTJ! TISSUE EI'ffiYMES WHICH MAY CAT.AL'YZE REACTIONS FOR PHC1f0SYNTHET.IC :FORMATION CF CA!U30JOO);RATm 
. (BEYOND TEE CAEBON RIIDUCT.ION CYCLE) . 

EnzJ.rrne 

Phosphohexose isomerase 

Phosphoglucomutase 

UDPG-pyrophosphorylese 

UDPG-fructose-6-phosphate 
transglycosylase 

sucrose phospliatase 

Number Reaction 

13 F6P --:? G6P* 

14 G6P + Pi-e~yme_, GDP +·enzyme 
GDP --~ GlP + Pi-enzyme 

15 . GlP · + tlTP ~-? UDPG + PP 

16 UDPG + F6P --~sucrose + tlDP 

17 SuP + 1120 ---? sucrose + Pi 

Plant Material 

Phaseolus radiatus 

,Broadbean seeds · 

Investigator (1st Author) 

Ramasanna ( 8J.) 

Morita (82) 
Sidbury (83) 

Mung bean seedlings Ginsberg (84) 

Wheat germ Leloir ( 85) 

'z( UDPG-4-:-epimerase 
(galactowaldenase) 

18 U.DPG -..-> UDPGal Mung bean .seedl:D gs Neufeld ( 86) 

Mung bean seedJ.ings Neufeld (86} 
. Ka.lckar (87) 

* 

UTP + sugar-1-phosphate-?UDPSugar 
. +PP 

Abbreviations (see also Table 2); GDP = glucose-1,6-diphosphate, G6P • glueose-6-:phosphate, PP = pyrophosphate_, 
SuP = sucrose phosphate, UDPGal = uridine diphosphogalactose, T.lDPG = ~.dine diphosphoglucose, UTP = uridine tri
phosphate. 
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Fig. 1. Formulae of TPN and ATP. 
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HO-CH OH 
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~c-o® 9 
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'\_GLUCOSE 
PHOSPHATES 

3 
12 

MU-20774-A 

Fig. 2, Carbon reduction pathways in photosynthesis, 
Compounds: (1) 2-carboxy-3-keto-1,5-
diphosphoribitol, (2) 3-phosphoglyceric acid (3-PGA), 
(3) glyceraldehyd~-3-phosphate, (4) dihydroxyacetone 
phosphate, (5) fructose-!, 6-diphosphate, 
(6) erythrose-4-phosphate, (7) sedoheptulose-!, 
7-diphosphate, (8) xylulose-5-phosphate, 
(9) ribose- 5 -phosphate, ( 1 0) ribulose- 5 -phosphate, 
(11) ribulose-!, 5-diphosphate, (12) 2-phosphoglyceric 
acid (2-PGA), (13) phosphoenolpyruvic acid (PEPA), 
(14) oxalacetic acid. 

""""(!.} fructose diphosphate and sedoheptulose 
diphosphate lose one phosphate group before 
transketolase reaction occurs, 

,. 

r_:. 
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Fig. 3. Radioautograph of two-dimensional paper 
chromatogram. Alcoholic extract of Chlorella 
pyrenoidosa after 10 seconds photosynthesis with 

c14o 
2 

ZN=2689 
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Fig. 4. Labeling of compounds with C 
14 

during early steps 
in carbon dioxide reduction during photosynthesis 
with cl4o 
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Fig . 5 . Radioautograf.h of chromatogram of products of 
20 seconds cl 0 2 fixation by Chlorella in the dark 
following a perioo of photosynthesis . 
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Fig. 6. Hypothetical pathways of photosynthesis of alanine, aspartic 
acid, serine and malic acid. 
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Fig. 7. Pathways from carbon reduction cycle to acetyl 
phosphate and glycolic acid. For details of the 
carbon reduction cycle, see Fig. 2 . 
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Fig. 9. Some possible pathways of fat photosynthesis 
from C02 . For details of the carbon reduction 
cycle, see Fig. 2. 
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This report was prepared as an account of Government 

sponsored work. Neither the United States, nor the Com
m1ss1on, 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. 
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