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THE PATH OF CARBON IN PHOTOSYNTHESISg 

THE CARBOXYLIC ACIDS* 

by 

Jo Ao Bassham 

Radiation Laboratory 
University of California~ Berkeley 

ABSTRACT 

June.9 1949 

UCRL-735 

L Methods have been developed for the separation~ isolation, 

identification~ and degradation of the carboxylic acids formed in the 

reductio~ of carbon diox~de during photosynthesiso 

2o These methods have been applied and the results indicate that 

the primary reduction of carbon dioxide during photosynthesis takes 

place via two carboxylations of a two carbon acceptor followed by 

splitting and reduction of the resulting four~carbon acid to two new 

molecules of acceptor. One molec~e of acceptor is then used to cona 

tinue the reductive cycle and the other is used.in'photosynthesiso 

3o The particip~tion of 2=PGA, phosphoenolpyruvate$ phospho-

enoloxalacetate~ and glycollate in the cycle are discussed and a 

tentative cycle is proposedo 

-------------------------
* The work described in this paper was sponsored by the Atomi© 

Energy Commissiono 

-· 
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THE PATH OF CARBON IN PHOTOSYNTHESIS: 

THE CARBOXYLIC ACIDS* 

by 

J. A. Hassham 

Radiation Laboratory 

University of'California, Berkeley 

I. Introduction 

The reactions which comprise the process of photosynthesis appear 

to be at least as numerous and complex as those of any other biological 

process. By employing the results of studies not only of photosynthesis 

in green plants but also of photosynthetic bacteria and of other biolog­

ical systems, Van Niel (1) has presented a strong argument for the 

division of these reactions into two major classes. These are the 

photolysis of water~ 

Light 

and the reduction of carbon dioxide: 

Light 

While AH2 and BH2 may be identical, it seems feasible to include a third 

* The work described in this paper was sponsored by the Atomic Energy 
Commissiono 
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class of reactions for the transfer of reducing powerg 

Combination of the three classes of reactions then gives us the general 

statement of photosynthesisg 

Light 
H20 ~ C02 > (GH20) + 029 

if we consider the products to be of the carbohydrate reduction levelo 

While very little is known about the details of the photolysis of 

water and the transfer of reducing power9 there is at present a rapid 

accumulation of knowledge regarding the reduction of carbon dioxide in 

photosynthesiso This information has been obtained by employing the 

tracer techniqueo Using Cll 9 Ruben~ et.,al 9 (2 9 3,49 5) studied the uptake 

of carbon dioxide by plants both in the light and in the darko The dark 

fixation products as well as those from short periods of photosynthesis 

were found to be largely water soluble and some components exhi~ited the 

properties of carboxylic acids 9 thus lending support to the proposals 

of I.iebig (6) 9 Thimann (7) 9 Ochoa (8) and others that carboxylic acids 

commonly found in plants are actually intermediates in photosynthesis., 

The failnre of Ruben and coworkers to find.any of these acids among the 

labeled products is understandable in view of the d~fficuJ.ty of working 

with c11
9 which has a half life of only 20o5 minuteso Many of the 

techniques that have been developed for the isolation of intermediates 

~ontaining the long=lived c14 which have repeatedly demonstrated the 

presence of such acids as fumarics malic, and succinics woul.d be inappli­

cable with cllo The discovery of c14 (half life = 5000 years) by Ruben 
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and Kamen (9) made possible a more detailed investigation of the path of 

carbon in photosynthesis.l> but the warll ·coupled with Rubenns untimely 

death, interrupted the worko In 1946 the investigation was taken up by 

Calvinp ~a14 (10,llj)12,13,14,15) at the University of California,. 

Radiation Labo:ratoryo This study has resulted in the identification of 

a large number of compounds formed by fixation and reduction of carbon 

dioxide by Qhl£rel.JJ! and other plantso The compounds isolated thus far 

fall i~to three general classesz the carboxylic acids.l> the amino acids, 

and a group composed of sugars, sugar phosphates, and cbmpounps such as 

phosphoglyceric acid closely related to sugars through glycolrsiso Most 

of the compounds isolated have been found both in dark fixation of carbon 

dioxide after a period of illumination of the plant and in short periods 

(2 seconds to 90 seconds) of photosynthesiso On the basis of early 

results 9 Calvin and Benson (10) proposed the tentative path shown in 

Figure 1 for the reduction of carbon dioxide in photosynthesiso While 

recent studies have suggested modifications in some details of this cycle, 

the.basic principle of a regenerative two 1 three, and four carbon 

carboxylic acid cycle plus the formation of carbohydrates via a reve~sal 

of the·glycolytic path has been supported by all the subsequent worko 

The details and modifications of this scheme will be discussed in a 

later section.o 

The purpose of the author has been to identif,y the carboxylic 

13_cids involved in the regenerative cycle and to elucidate the details 

of thelr formationo In order to apply the tracer method to a study of 
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this natura 9 it was found ne~essary to develop several techniqueso First 

a good method of separating and identifying the intermediates of photo­

synthesis formed with tracer carbon had to be foundo This problem was 

complicated by the relatively large n~mber of labeled intermediates, by 

!;he i:nsta'bili.ty of some of the compounds, and by the very minute quanti.,. 

ties formedo 1busp while the great sensitivity of the tracer method may 

dete<';:t, the presence of a very small amount of a compound 9 the usual 

methods of' identification "'"' melting point, quantitative analysis of its 

elementsp etco ~= are quite inapplicableo 

Se©~>ndlyll it was found that the isolation and identification of 

tracer amounts of the photosynthetic intermediates was'greatly facilitated 

if (me had available the suspected compounds, labeled with c14., Conse-

quently51 a :rJ.umber of these compounds were synthesized with c14o ,,,, 

Finallyy once a compound is isolated and identified~ a way must 

be found to degrade it one carbon atom at a time and thus locate the 

p~sition of Gl4 within the moleculeo This method is particularly useful 

in studying the regenerative cycle since it demonstrates the derivation 

of one intermediate from anothers enables one to measure the rate of 

turnr,wer of compounds in the cycleS~ and affords information regarding 

the formation of carbon-carbon bonds by carboxylationo The development 

and use of these methods will be discussed in the following sectionso 
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II.. Separation~ Isolationy and Identification of Photosynthetic 
Intermediates 

Ao Preliminary Fractionation 

The carboxylic acids were separated from the other products of 

carbon dioxide reduction by the methods described by Calvin and Benson (11). 

One day old cultures of algae, Chlorella Eyrenoidosa2 or Scenedesmus, as 

well as leaves from Barley and other plants were employed in various 

experimentso After a short period of photosynthesis or dark reduction 

with cl4o2, the plants were killed with boiling ethanol9 extracted with 

hot SO% ethanol~ and the insoluble material removed by filtration. The 

filtrate was concentrated at reduced pressure and room temperature, and 

the concentrated solution brout to pH 6 with dilute alkalio The solution 

was continuously extracted with ether for six hours to remove lipidso 

The aqueous layer was acidified to pH 1 and extracted continuously with 

ether for fifteen hourso This ether extracts which contains the carboxylic 

acids, is then concentrated at reduced pressure and room temperatureo 

Bo Silica Gel Separation 

In the earlier work~ a silica gel column was employed to separate 

the carboxylic acidso The methods described by Isherwood (16) were used 

for the preparation of the silica gel and the detection of the acid 

fractionso In addition to some of the acids previously reporteds keto-

glutaric acid was studied and found to come through the column in about 

the same range as succinic acid when a mobile phase composed of 90% 

chloroform and 10% n~butanol was employed.. The apparatus used is shown · 

in Figu+e 2o 
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Figure 2 

A. Silica Gel Column 

B. Indicator Reservoir 

C.., Developing Solvent Reservoir 

D. E. Mixing Funnels 

F. Receiver 
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The procedure for analyzing-for acids containing cl4 was as followse 

Three grams of dry silica gel were mixed wi~h 2 mlo 0.5 N H2S04 and the 

mixture run through a 90 mesh sieveo About 20 ml. of 10% butanol=chloro-

form solution was added to the dry powder~ the mixture poured into the 

column~ and the solvent permitted to run through. The pH 1 ether extract 

from preliminary separation was evaporated to dryness at room temperature 9 

about 10 mgo of carrier acids added, and the mixture taken up in 200 

of n~butanol. Chloroform was then added until the total volume was 2.0 mlo 

and any insoluble material was removed by centrifugation. After the solution 

had run in~ three 2~mL portions of 10% butanol~90% chloroform solution 

were added, each being allowed to run into the silica gel. The column 

above the silica gel was then carefully filled with 10% butanol=chloroform 

solution and a reservoir of this developing solution attached. The rate 

of flow of solvent through the column, about 30 ml. per hour was main~_ 

tained by applying a pressure of 1 to 4 pounds per sq. in. of nitrogen 

as needed. The flow from the silica gel column was combined in the mixing 

funnels with a slower flow (0.1 as much) of indicator solution. (The 

indicator solution was made by dissolving 20 mg. thymol blue in 2 nil. 

of 0~1 N NaOH and 100 ml. of C02 free H?.O). When there is too little 

organic acid to detect in the solvent coming off the column, the aqueous 

phase is blue while the organic phase is colorlesso As soon as a 

detectable amount of acid begins to come through, the aqueous phase . 

turns yellow and the or~anic phase pink. The various acidic fractions 

as well as the intermediate cuts were collected in separate receivers.? 
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concentrated at room temperature, and aliquots countedo* 

After about 110 ml. of the 10% butanolgchloroform solution had 

passed through the column~ the developing solvent was changed to 20% 

butanol-chloroform in order to elute from the silica gel acids with 

greater solubility in water relative to their solubility in the 

organic phaseo Finally the column was washed with 100% butanol in 

order to remove as much as possible of any remaining acidso 

The results of a typical experiment are shown in Table lo It 

should be kept in mind in considering the data presented therein, that 

while the absence of activity in a given acid fraction indicates that 

the acid has·not been a product of the reduction of labeled carbon 

dioxide in that particular experiment, the presence of activity in a 

given fraction does not prove that the carrier acid is the same as the 

labeled producto Thus in the example shown, the activity which was 

found in the first fraction was not acetic acid~ since any labeled 

acetic acid would have been removed in the concentration of the pH 1 · 

extract., 

In order to demonstrate the identity of the activity in a given 

fraction, it was necessary to acidify the concentrated fraction and 

once again continuou~ly extract with ether. The ether extract was 

----·-----..~------

' * Unless otherwise specified, all counts referred to in this paper were 
made with very thin samples (less than Ool mg./cm2) so that self absorp~ 
tion could be neglected. These thin plates were made with the turntable 
apparatus developed by A. A. Benson. (17)" 

----------------------------~ 
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then evaporated to dryness, and the residue was recrystallized.~> usually 

after adding an additional measured amount of c~rriero Several 

recrystallizations were carried out, the specific activity being deter­

mined after each recrystallization. When the specific activity is 

unchanged after a recrystallization9 the activity originally present 

in the acid is obtained from the specific activity and the total amount 

of carrier addedo For examples if 40 mg. of malic acid were added to 

fraction 8, shown in Table 1, and if 10 mg. of malic acid had been 

added to the original mixture of acids 9 the total carrier added would 

be 50 mg~, which can be taken. as the total amonnt of malic acid present 

since the acid from the plant is of negligible weight. If the specific 

activity were found· to be 4000 counts/mg. the total malic acid activity 

would be 200,000 cts/min. or 95% of fraction 8. Because of the danger 

of co~crystallization, even with repeated recrystallizations, a deri= 

va ti ve should then he preparerd9 reel ys Lall±z·ed and its specific 

activity obtained. In the case of malic acid, dehydration (see Section 

III C) gives fumaric acid which is easily separated and purified. The 

fumaric acid thus formed must have a specific activity of 134/116 or 

1.15 that of malic acid. 

During the time when the silica gel method of separation was 

employed, most of the experiments involved fixation of labeled carbon 

dioxide in the darkll after a period of illumination and carbon dioxide 

starvation, in which case most of the carboxylic activity appears as 

malic acid. However, the silica gel method could be applied to the 
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separation of other acids which have been found since then~ and would 

have been, had it not been for the advent of an easier and more satis= 

factory method which will be described in the following sectiono 

Co Paper Chromatographic Separation 

The methods which had been described previously (18~19) for 

the separation of amino acids by paper chromatography were applied by , 

Stepka, Benson, and Calvin (12) to the separation of amino acids 

obtained from plants which had been permitted to reduce carbon dioxide 

.labeled with c14o All amino acids present were detected by the nin= 

hydrin color test while those containing cl4 were detected by scanning 

the paper with a Geiger counter tube and 3 more accurately~ by making 

a radioautograph. A superposition of the transparent radioautograph 

on the original chromatogram which has been sprayed with a ninhydrin 

solution to develop the c9lor with the amino acid spots then suffices 

to demonstrate which amino acids were labeled with c14 during the 

course of the experimento 

It was found that if the alcohol extract from the whole cells was 

concentrated and applied to the paper and the chromatogram developed 

in the usual way, good separation of a nUmber of labeled compounds other 

than amino acids was obtained. The presence of these compounds is indi= 

cated by darkening of the radioautograph film in positions not occupied 

by amino acids. When tests are found which identify these compounds~ 

it becomes possi~le to accomplish an almost complete separation9 iso­

lation, and identification of _a large number of biological substances 
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in one operation" 

The method used in preparing the chromatograms is as followso The 

solution or mixture to be analyzed is concentrated to 0.5 ml. or less 

and applied with a dropper to a circle 15 mm. in diameter near the 

corner~ two inches from each edge of a piece of Whatman No. 1 filter 

paper9 18 x 22-1/2 inches. A one inch fold is made along the long 

edge nearest the starting spot or "origin'1 and the fold is placed in a 

long shallow trough where it is held by a glass rod weighto The paper 

passes over a horizontal bar slightly higher than the edge of the 

trough which is supported in a frame within a vapor~tight wooden 

box and the box is closed. The troughs and boxes used are shown in 

Figure 3o The box is kept in a room in which the air temperature is 

thermostated at 25°C. The solvent advances down the paper with a 

straight front and reaches the bottom edge in 16 to 20 hours. The paper 

is then removed from the trough and hung ina drying room" 

After the paper is free of phenol the entire process is repeated 

with a different solvent and with the flow across the paper at a right 

angle to the direction of flow of the first solvent. While collidine 

and lutidine have been used very successfully as a second solvent for 

amino acid separations (18 919), it was found by Calvin~ Benson and 

Stepka that a solvent composed of a n~butanol9 propionic acid9 and 

water is more satisfactory for separation of some of the other products 

of carbon dioxide reduction in plants. In order to avoid the slow 

formation of butyl propionate9 the solvent is prepared just before it 
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is used from equal volumes of two solutions, one composed of 1246 volumes 

of n-butanol and 84 volumes of water, the other composed of 620 volumes 

of propionic acid to 790 volumes of water., 

After the chromatogram has been freed of ~he second solvent in the 

drying room, the pai ,.i' is usually scanned with a Geiger tube to ascer-, 

tain the approximate locations of radioactive compound~o The paper is 

then placed against a sheet of Eastman No-Screen X-ray film and the 

film exposed for one to thirty days, depending on the amount of radio~ 

activity and the number of compounds in which it is distributed.. The 

film is then developed and the original paper may be sprayed to 

identify the amino acid "spots" .. Radioautographs of typical chroma-

tograms are shown on pages 54-56 .. 

The other spots must then be identified in different ways.. The 

phosphate esters have been identified by Calvin, Benson and Haas (15) 

by a variety of methods, including syntheses by plants and by yeast 

fermentations with radioactive phosphorus, p32, hydrolysis of unknown 

phosphorus~containing spots and chemical tests with the products, and 

phosphate color testso 

As previously mentioned, most of the carboxylic acids can be removed 

from a pH 1 aqueous phase by continuous ether extraction. This property 

of limited solubility in ether serves to distinguish the organic acids as 

a class from the other compounds encountered in this work and also pro-

vides a characteristic physical constant for each acid.. This constant 

is the ether~water distribution coefficient, D, which will be defined 
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here as the concentration of organic acid in the ether phase divided 

by the concentration in the aqueous phase.ll at pH l.ll where the organic 

acid has been equilibrated between the two phases. Thus it is possible 

to cut out a spot from a paper chromatogram.~' elute the substance from 

the paper with a couple drops of water.ll acidify the eluate with a 

little hydrochloric acid, add etherp equilibrate, count aliquots from 

the two phases 9 and in this way_determine the distribution coefficient 

of tracer amounts of c14 .. labeled acidso This can then be compared with 

the distribution coefficients of known acids, and the identity of·a sub­

stance occupying a given spot is thereby limited to a very few compoundso 

Labeled succinic acid had been isolated from Chlorella EJ!enoidosa 

by Calvin and Benson (11) in early studies of dark reduction of labeled 

carbon dioxide, and the presence of succinic and malic acids had been 

demonstrated by the silica gel method in later experiments; therefore 

these acids were among the first to be studied on the paper chromatograms. 

For this purpose these acids and some closely related acids were synthe­

sized with cl4 labels at high specific activity so that they might be 

applied to the papers and their positions found. The syntheses of these 

acids will be discussed in section III. Malic, succinic, fumaric 

oxalacetic, tartaric, glycolic, glyceric and is'ocitric* acids have 

all been applied to the papers and the positions of all except oxalo­

acetic, which decomposes and streaks on the paper, have been determined. 

* The .author is indebeted to Dr. R. E. Stutz for supplying some isocitric 

acid labeled with C-14. 
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The labeled acids were first applied one at a time, each with serine 

and alanine~ to different chromatograms and their positions relative to 

these standards determined.. They were then applied two., three and four 

at a time until all their positions relative to each other were known .. 

It was then possible to view a chromatogram of unknovm plant con~ 

stituents and predict from its position which spot might be one of the 

organic acids being investigated. The suspected acid at several times 

the activity of the unknown spot is then added to the cell extract and 

the mixture applied to a new paper.. If the unknown substance is identical 

with the added acid~ no additional spot will appear on the second chroma-

togram and the investigated spot will contain the sum of its activity 

on the first paper and the added activity .. 

Another technique used to identify an unknown spot~ is to elute the 

spot from the paper, add a known labeled acid and apply the mixture to 

a new paper.. If the two compounds are identical~ only one spot will 

be obtained .. 

It was foru1d that the positions of these acids vary somewhat more 

from experiment to experiment than do the positions of neutral amino 

ac:tds and sugars.. In order to understand the movement of a given acid 

on a paper chromatogram it is nece~sary to consider briefly the theory 

of movement of a solute in a partition chromatogram., 

I According to Consden 9 Gordon and Martin (18) the RF of a solute 

\ 
is given by 
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where AL is the fraction of cross=sectional a rea occupied by the mobile 

phase, As is the fraction of cross-sect:J.onal area occupied by the station-

ary phase and a, the distribution coefficient of the solute, is the con-

centration of solute in the stationary phase divided by the concentration 

of solvent in the mobile phase& This expression can be written as 

0 

The term As/A1 is a constant for a given paper and set of solvents while 

ct is characteristic of the solute and determines its position on the papero 

The gross distribution of a carboxylic acid between the stationary 

aqueous phase and the mobile organic phase depends on the distribution 

coefficient of the undissociated acid and on the degree of dissociation 

of the acido The degree of dissociation depends on the pH ~f the aqueous 

phase and on the dissociation constant of the acido Consequently, the 

gross distribution of a given acid, and hence its ~ value is in general 

a function of two physical properties of the acid, its distribution 

coefficient and its dissociation constant(s) and one experimental condi-

tion, the pH of the aqueous phase of the chromatogramo 

If neutral, non~buffered solvents are employed, the pH of the 

aqueous phase at a given point depends only on the concentration of 

carboxylic acid at that point, and as the mobile phase carries the acid 

pa,st this point there is a decreasing concentration of acid and increas-

ing degree of ionization with a resultant changing distribution of the 

acid between phaseso The rate of movement of the acid therefore decreases 

when its concentration decreases and streaking is producedo (20) o 
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This effect can be avoided by maintaining the pH of the aqueous 

phase at a constant value. This is accomplished either by employing 

an acidic solvent or a buffered solvent. Lugg and Overall (20) have 

used an acidic solvent to effect the separation of carboxylic acids. 

By using formic acid as a "swampingrt acid, they suppressed the ioni-

zation of the acids so that the RF values depend principally on the 

distribution coefficients of the free acids. 

It is possible to maintain the pH of the aqueous phase at a higher 

level by employing buffers. This can be accomplished either by apply­

ing the buffer to the origin and allowing the water-saturated mobile 

solvent to carry it along, or by dissolving the buffer in the solvent 

beforehand. The RF value then depends on both the. distribution 

coefficient and the dissociation constant of the carboxylic acid. 

It is desirable in two-dimensional paper chromatography to employ 

a low pH solvent in one direction and a higher pH solvent in the 

second direction so that a different order and degree of separation is 

obtained in the two directions. While it is possible to obtain good 

separations of a number of carboxylic acids with two-dimensional 

chromatograms which employ acidic solvents in both directions (20), 
. ' 

the resultant positions of the acids tend to ov~rlap tpose of amino 

acids, sugars, and other plant constituents. The use oP'solvents of 

differing pH moves the acids to a region of the paper apart.froin the 

rest of the plant constituents, as shown in Figure 5 •. Such 11 area" 

separation is desirable in analysis of plant extracts in that it cir~ 

cumvents preliminary fractionations. 
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The butanol=propionic acid solvent served as the acidic solvent 

and water~saturated phenol was employed as the other solvento The usual 

method of buffering in the p~enol direction has been to apply the buffer 

to the origin along with the mixture of acids or cell extracto The paper 

is run first in phenol so the buffer is carried along the paper for a 

short distance in the same path as the acidso Since the buffer capacity 

thus obtained is limited, it is necessary to use very small amounts of 

acidso From one to five micrograms of acids gives satisfactory resultso 

The colorimetric methods describ-ed by Lugg and Overell give best results 

for twenty micrograms or more so the tracer method of detection is 

preferable for this purposeo 

As would be expected, the ~ values decrease with increasing pH 

of the buffer and even with buffers of the same pH, some variation is 

obtained due perhaps to variations in movement of the buffer on the 

papero For purposes of separation and identification, however, the 

relative rather than the absolute positions of the acids is adequateo 

The RF values reported are the average of those obtained from a 

number of chromatograms on which the buffer applied to the origin was 

from pH 6 to pH 7o 

The RF values of the carboxylic acids as well as the values for 

other compounds studied by members of this laboratory are shown in 

Figure 4o 

The relation of RF values in the acidic solvent to the distribution 

coeffeicients is shown in Table 2. The distribution coeffeicients of the 
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solutes between butanol=propionic acid solvent and water were deter-

mined in a manner similar to the determination of ether-water 

distribution coefficients already describedo The volumes of organic 

solvent and water used were so adjusted that the final volumes of 

organic phase after equilibration would be about two times that of 

the water phase. This was done in order to approximate the conditions 

on the paper where the ratio of aqueous phase ~o organic phase is 

found to be Oo55 according to the calculation below. The necessity 

for approximately duplicating the ratio existing on the chromatogram 

arises from the fact that some of the propionic acid is extracted into 

the aqueous phase and the composition and hence the solvent properties 

of the remaining organic phase is thus dependent on the vo~ume ratio 

of the two phases, since this ratio determines how much of the pro-

picnic acid is extracted. 

The RF values and distribution coefficients of alanine and glu~ 

cose were also measured and alanine was used as a standard, its con~ 
' 

stants being employed to calculate As/AL• 

As/it = (l=RF)~Rra 

= (1-.333).333 X 3o65 

The RF values of the other compounds studied were then calculated 

according to the expressiong 

RF = --=1..__ __ 
1 + 0.55 a 



... 

a.25= 

Table II 

Comparison of Measured and Calculated Rr Values 

in Butanol-Propionic Acid-Water Solvent 

UCRL-735 

Solute ex RF (calculated) RF (measured) 

Alanine 3o65 
____ ... ____ 

Oo333 
I 

Fumar:i.c 0.,50 0.78 o72 

Succinic lo02 .64 o65 

Glycollic 2o06 .47 o51 

Malic 2.,40 o43 o45 

Isocitric 2o75 .,40 o41 

Glyceric 2o95 o38 o38 

Tartaric 3o20 o36 .32 

Glucose 5.,75 .24 .,20 
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Comparison of the ca~culated ~ values with measured Rr values shows 

fairly good agreement and affords additional evidence that paper chroma-
' I 

tograms of this type are partition chromatogramso 

Do Identification of Labeled Compounds 

In addition to the techniques already discussed it is often de= 

sirabJ.e to confirm the identity of a compound by some.additional 

methodo The conversion of malic acid to fumaric acid previously 

mentioned is an example of this type of testo The usual procedure 

is to add to the tracer substance·a weighed amount of the inactive 

compoundo This mixtlire is recrystallized and the specific activity 

checkedo The purified material is then converted to another compound 

which is purified and its specific activity measured, as well as its 

distribution coefficiento If the distribution coefficient of the 

activity now agrees with that of the derivative the proof of the 

identity of the original compound is unequivocalo 

Succinic acid has been converted to succinic~dihydrazide (see 

Section IV=A) and the specific activity of this derivative checkedo 

Other derivatives which might be prepared with the acids studied in ... 

elude tartaric acid from fumaric acid and various high molecular weight 

esters from each of the acidso 
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III. Syntheses of Intermediates with cl4 

Ao Malic and Succinic Acids 

The synthesis of malic and succinic acids labeled with carbon 
' 

fourteen from carboxyl~labeled sodium acetate has been carried ou:t 

through the following reactionsz 

(1) 2 CH3c
14o2Na + (C2H5 )2so4~--~> 2 CH3c14o

2
H5 + Na2so4 

NaOCHJ · 14 
(2) CH3~14o2c2H5 + G2H5o2c ... co2c2H5 > C2H5o2c ... CO=CH

2
C 02C2H5 

Pt , l4 
(3) G2H5o2c-co-c~c14o2c2H5 -1l- H2 :> c2H~,0.2C=CH0H=C~f:2C o2c2H5 and 

C 2H5o4c=C~CH2 C~ 2 c2H
5 

(1) OH"" , 
(4) 2 ~0 + c2H.c02C=CHOH=C~Cl4o2c2H5 . > H02C=CHOH..CH;zC14o2H + 

.,; (2) H+ 

and 

The carboxyl=labeled sodium acetate was obtained from· the Bio~rganic 

Group of the Radiation Laboratory and was prepared from radioactive 

barium carbonate by the methods described by Tolbert (2l)o 

ConveTs~-of cH3c14o2Na to CH3c14o2c21!5,, 

One gram ~f sodium acetate labeled i~ the carbo~l position with 

6.0 millicuries .of radiocarbon was placed in a 20 ml,o ampule with a long 

neck and 5 ml., of freshly redistilled, diethyl sulfate plus 10 )\ eoncentrated 

~so4 w.ere addedo The ampule was evacuated and the:p. 'filled with dry 

nitrogen at atmospheric pressure., It was then sealed and the lower part 



UCRL=735 

containing the reactants immersed in an oil bath at 160° to 175° for two 

hours.? with occasional gentle shaking, care being ~~Jm to avoid splashing 

the reactants up the sideso The ethyl acetate produced refluxes.~~ con-

densing in the cool neck of the ~puleo At the end of this time.ll the 

ampule was cooled to room temperature.~~ then immersed in liquid nitrogeno 

The neck was opened and quickly attached to a ·U.,tube connected to a 

vacuum systemo Both the receiv€!'!' on the other arm of the U""tube ·and 

the ampule were immersed in liquid nitrogen and the system evacuatedo 

The U=tube was then closed off from the vacuum line· ·Emd the liquid nitrogen 
> 

bath remo·ved from the ampule o Several hours were allowed for the ethyl 
. ' 

acetate to distill into the receiver which was then closed off.ll removed 

from the liquid nitrogen bath and detached from the U'?tubeo Some diethyl 

sulfate distills over with the product. but is not detrimental to the ne:xt 
~ •' ~ 

reaction since it reacts with the catalyst3 sodium J11Ert'l1o~de to give 

sodium sulfate and methyl ethyl $therg 

(C2H5)2so4 9F 2 NaOCH3 ))2 c2H
5
0CH3 + -~2so4 

Co~~~~~ ?._f CH3e14o2~2H; to C2H5o2C=C0=C~~:~2~2H;) 
Reaction 2 is a modification of a general proc~dure.~~ described by 

Adickes and Andresen (22) for the syntheses of <t""k!':}t~' acid~ and involves 
~ '' \ . 

a Claisen condensation of diethyl oxalate and a fatty.a~id ester.ll in this 

case9 ethyl acetateo The reaction ws.s ©arried out in a 120 mlo three.., 

necked flask fitted with a merrcu:ry seal stirrer a~d·.Teflux condenseii:• 

equipped with a CaCl2 drying tubeo ·About 40 mlo dry, ether was distilled 

into the flask and lo4 grams of sodiUlll m.ethorlde plu£; 2 mlo d:iethyl oxalate 



.... 

~ . 

~29- UCF.L.,735 

quickly added and the third neck stopperedo The flask was warmed with 

a water bath until the ether·refluxed and the solution became pale 

yellowo The solution was allowed to cool and the ethyl acetate tube was 

attached to the third neck of the flasko The ethyl acetate was gently 

distilled into the reaction mixture and the tube was cooled and warmed 

several times to insu:r'e flushing of all the ethyl acetate vapor into the 

reaction flask~ ether vapor providing the flushing gaso ',l'he third neck 

was again stoppered and the flask warmed on the water bath at 37°C with 

stirring for sixteen hourso 

After cooling~ the reaction mixture was transferred to a flask 

containing 5o% H2so4 kept colder than 0°C,by occasional immersion in an 

acetone and solid co2 batho After stirring the contents of the flask~ 

the ether layer was removed and the acid=aqueous phase extracted several 

tlmes with ethero The combined ether fractions were concentrated. at 

0°C at reduced pressureo The crude ester mixture was used directly in 

the next step of the synthesiso 
·. 14 
Conversion of c2H502C=CO=CH2C 02C2H5 

14 u 
and c2H2o2c CH2CH2C o2c2~5 

Reaction 3 w~s carried out in a. small three"'n~~ked flask fitted 

with a gas tight induction stirrer and a hydrogen inlet tube$ which is 

connected through two three=way stopcocks to a hydrogen tank 9 an aspirator 

and a 500 mlo gas buret with a leveling bulbo This apparatus is shown in 

Figure 5o 

The crude esters from the previous reac.tion were diluted with 

20 mlo 95% ethanol and placed in the reaction flask With 400 mgo rto20 
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·,----To Hydrog1n tank 

l!'igure 5 
BYdrogenation Apparatus 
A. Reaction Vessel 

B. Induction Stirrer 

c. Gas Buret 

D. Leveling Bulb 

MUI522 
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Assuming 100% ~eld from sodium acetate, there were i2o20 millimoles of 

diethyl oxalacetate which~ together with lo765 millimoles of Pt02, 

would use up 15o73 millimoles of hydrogen gas or 382 ceo at 23°C~ 1 
I 

· atmosphere pressurej if diethyl malate were the only reduction producto 

The flask was stoppered and the system filled with hydrogen by 

reducing the pressure by means of the ·aspirator until the ethanol just 

began to boil~ closing the stopcock to the aspirator and admitting hy~ 

drogen to the systemo Tlds procedure was r.epeatad about five times, after 

which the water in the gas buret was displaced by hydrogen to 450 cco 9 

the internal pressure of the system was adjusted to one atmosphere with 

the leveling bulb~ and the stopcock to the hydrogen supply closedo The 

stirrer was then started and the uptake of hydrogen followed with the 

gas bureto The reaction was carried out at room temper~ture (2J°C)o In 

one hour the hydrogen uptake was 328 cco and in two hours the hydrogen 

uptake had stopped with 372 ceo having been absorbedo 

Conversion of the Esters to the Free Acids 

The flask was then opened~ the solution removed from the catalyst 

with a dropper, the catalyst rinsed and the rinsings and solution of 

products combined and shaken 12 hours with 100 mlo Oo5 N NaOH solution 

at room temperatureo The mixture neutralized~ concentrated at reduced 

pressure~ and transferred to a 100 ceo centrifuge cone~ where 8 mlo of 

1M CaC12·solution was added 9 precipitating calcium oxalateo The super= 

natant solution was removed with a syringe and combined with several 

rinsings of the calcium oxalate precipitate. Counting of the precipitate 

showed no appreciable percentage of the starting activityo 
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The solution of free a©i.ds was acidified with 3 mlo l N ~so4 
and continuously ether extracted overnighto The ether extract was 

then evaporated to dryness at room temperature and redu~ed pressureo 

The crtide residue contained,a mixture of malic and succinic acidso 

A small amount of the m:lxture was applied to a chromatogram and 

the succinic and malic spots identifiedo No other spots were producedo 

Of the 1140 mgo of mixed product obtained9 861 mgo or o755 of 

the yield were taken up in Oal N HCl and separated by repeated fractional 

ether extractionso ,If Wn is ~he fraction of a compound remaining in the 

aqueous phaseafter nether extractions.\>~- the ratio of the ether 
vl 

volume to the water volume in ea~:Jh extraction and D the distribution co= 

efficient9 the~ Mn is given by 

For succinic acid 9 D ""' Oo15 and for malic acid.9 D .!"1 0:<>0!7 o I:f VVVi ,. 2.9 

the fraction of succinic acid remaining in the aqueous phase after 10 

extractions will be Oo0'726 and that of the malic acid'.will be Oo 7.30o The 

combined ether extracts can then be extracted with su~table volumes of 

Ool N HCl to remove malic acid preferentially from th~i :et;her phaaeo The 

resulting intermediate fraction. can then be subjecte~:·;to :the same two 

processeso .When the aqueous solutions ~ontained mor~'i;ha:p. 15 parts ·Of 

malic acid to one part o.f succinic and the ether .sol~':\iion cont~~ned the· 

opposite proportion of these acids 9 the solutions were evaporat13d to 

dryness at reduced pressure and the acids each recrystallized from ethyl 

acetate and toluene solutiono The mother liquors were combined with the 
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intermediates from the ether extractions and the entire process of ether 

extraction and recrystallization repeated. A yield of 308 mg. succinic 

acid or 28.4% of theoretical.and 481 mg. malic acid or 39% of theoretical 

was obtained~ so that the total yield was 67.4% from sodium acetate. The 

specific activity of the malic acid was 3.68 iJ.c./mg. and that of the 

succinic acid was 4.17 iJ.C./mg. In the case of malic acid only the car= 

boxyl carbon adjacent to the hydroxy=substituted c~rbon atom is labeled 

while in succinic acid the label is equally distributed between the two 

carboxyl groups since the molecule is symmetrical. 

B. Oxalacetic Acid c 

Crude diethyl oxalacetate prepared according to the procedure 

described aboves was dissolved in 30 ml. ether and extracted with 2 ml. 

portions of 10% KzC03 solution until addition of a drop of 1% Fec1
3 

solution to a small sample of the ether solution plus ?0% ethanol no 

longer gave the deep red color of. a positive enol t~st.~· The aqueo'US 
' ' •, !' 

solution was then neutralized and acidified at 0°C·:with dilute sulfuric 

acid and extracted several times with ether. The.co~bined ether extracts 

were concentrated at reduced pressure and the ester Ciissolved inconcen"' 

trated hydrochloric acid at 0°C. The solution v.tas kept at 5©C :f.'or ,three 

days o The hydrochloric acid and aicohol were .evaporat«~. in ~ at 0°C o 

The residue was recrystallhed from acetr5ne and toluene. The yleld of 

pure acid was 27%~ based on sodi~ acetateo 

Co Fumaric Ac:id 

Carboxyl=labeled fumaric acid was prepared·in•the following way. 
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A small a.mp·Jle cont,aining 49o 1 mgo carb'oxyl=labeled malic acid having a 

specific act.ivi.ty of 3o68 UJoCo/mgo was evacuated and filled with dl"Y 

nitrogen at atmospheFi© pressureo The ampule was sealed and immersed 

in an oil bath at 140° to 1,50°C for two hourso After cooling~ the ampule 

was opened and the f'umari~ and malic·acid mixture transferred to a 2 mlo 

cent,:J."ifuge tube" The fumaric acid was recrystallized from water~ cen= 

t.rif'ugeds washeds dried and weighedo The yield was 29o5 mgo or 68o5% 

The speeifi~ activity of the fumaric acid is 4o25 ~©o/mgo The p~oduct 

gives only one spot on a chromatogram and its distribution coefficient 

is loOo The label is distributed equally between the two carboxyl 

carbons9 each having one half the speteifi© activity of the labeled 

carbo;xyl <e:a.rbon in malic acid o 

Do Tartaric Acid 

Carboxyl=labeled fumarie:J acid was converted to carboiyl=labeled 

dl~tar'tari© acid by oxidation with sodiTh~ chlorate in the presence or 
osmiel ac;id o 

.-

OsO 
3 H02CJl,4CH,CH=Cl402H + 3 Hi2;0 1i- Clo= 3:---4~)~.J H02c14CHOH=CHOH=C14o

2
H + Cl = 

The pr'~t?edure of MJ~.las and Terry (2.3) was modified ·slightly fo:r prepa:ra= 

tion of a small qu.a:ntity of tartaric acido 

To a solution of lo6 eso u-f -sudi"Um ohlu"'!"ate .-and 50 mgo c14= 

labeled fumaric acid dissolved in 2.,0 mlo 1120 at 50©G was added 200 'A 

of 1% osmic: aoid sohttiono The solution was warmed on a water bath at 

50° for nine hours at which time it was ~Cooled and the osmic acid removed 
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by extraction with benzeneo An excess of barium chloride solution was 

added and the precipitate of barium tartrate centrifuged~ dried and 

weighed" The barium tartrate was decomposed by warming with a calculated 

amount of dilute sulfuric acid for 1/2 hours~ after which the barium 

sulfate was removed by centrifugation and the supernatant solution con-

centrated to about 200 ~o 

Adrop of alcohol was added and the solution cooled to 0°Co 
I 

The tartaric acid crystallized out and was centrifuged and washed a 

couple of times with a drop of cold 50% alcohol, then dried and ~eighedo 

A yield of 15o0 mgo or 23% was obtainedo The product gave only one 

spot on a paper chromatogram and had the proper distribution coefficient, 

Eo Glycollic~ Glyoxylic and Oxalic Acid~ 

Carboxyl=labeled glycollic acid was obtained from the Bio=Organic 

Group of the University of California Radiation L~b.or~to:ry. and was. 

prepared by monochlo:rination of carboxyl=labeled. )metic acid. followed 
I 

by hydrolysis (24)o 'I·. 

The syntheses of glyoxylic and oxalic acids. is contemplated 

in the near future., Chlorination of labeled acetic :acid to dichl<;>roacetio 

and subsequent hydrolysis would give glyoxylic acid while tri=chlorination 

of acetic add and hydrolysis would yield oxalic ac;ido An alternative 

preparation of glyoxylic acid is the oxidation of ta~taric ~cid by 

periodate (25)o 



IVo Degradations 

Ao Succinic Acid 

'rhe first organic acid isolated from algae which had reduced 

labeled carbon dioxide was succini.c acid and· therefore it was this acid 

which.was first degraded., It was believed that pyrolysis of a salt of' 

succinic acid to produce decarboxylation~ and measurement of the acti-

vity in the resulting carbon dioxide might not provide an unequivocal 

measurement of the carboxyl=carbon activity due to th~ possibility of 

exchange reacti~ns at high temperatureso The Hoffman degradation is 

apparently not applicable since it has been reported that treatment 

of succinic diamide with potassium h~~obromite solution produces a 

compound of the formula C4fl602N2Br2 which on treatment with alkali gives 

i3=1actyl urea 9 

,,:·,' 

A satisfactory degradation of succinic acid was found in the 
, 

1~\ I 

Curtius Reaction (27) and the following series of r~actions have been 
'' .. , 

carried outo 

* * '* * (1) H02C=C~CH2co2H + 2 CH2N2--~) 2 N:z + CH3o2C=?H2cH2co2cH3 

* * 10~ * *··~ 
(2) CHJ02;C=CH2CH2C02CH3 <\• 2 N2:a4--7) __ _>C=CH2CH2~ · + 2 CH30H 

H2N=NH liN=NH2 
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Curti us 
<fi' 2 c.,H~OH 2 N..., <ll> 

~ ~ ~ 
Rearrangement 

* * 6 * (5) C2H5o2c.,NH=CH
2

CH
2

NHC02c2H5 + 2 H20 + 2 HBr ---.•BrH3N~R2C~NH3Br + 

2 C02 + 2 C2H50H 

Reaction 1 was ca:rri.ed out in a 60 mlo conical flask into which 

was plac:~sd 280 mg., of labeled succinic acid and 10 mlo ether~ A solution 

of d:ia2;omethane in ether was added with shaking until the yellow color 

of d:l.e.zomethane persJ.stedo The solutio:;::. was allowed to stand several 

hours after which the ether and excess diazomethane were removed by 

evaporation at OiO'C and redUqt}(i pressureo Th:ronghout the procedure the 

:usua.l safety pre.;;;autions were observed in working with diazomethaneo 

The ester was distilled from the residue in vacuo into a small liquid 

nitrogen trap!) af't,er which it was transferred with a dropper and several· 

rinsings with ethanol into a 30 mlo conical flasko 

Reaction 2!l the conversion of diethyl succinate to succ:ln:l\c 

dihydrazide was carried out ac(;ording tot}le pi'ooedure of.Sch~felr and 

Schwan (28) .1! which was adapted to small=:scale Syrithesiso To the ester= 

alcohol solution was added 300 mgo 85% hydraiine hy'd'ra.teo The flask was 

fitted wi t.h a snw,ll -reflux condenser and the reaction mixtur~ refluxed . . 

on a steam bath for five hourso The reaction mixture was evaporated 

to dryrress at reduced pressure and the residue of crude su©cinio dihy= 
' 

drazide taken up in water and recrystallized~ A 90% yield 9 based on 
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succinic acid was obtained. The specific activity was measured and 

found to agree· with that calculated from the specific activity of the 

su~cinic acid used. 

~~xlenediurethan 

The succinic dihydrazide$ dissolved in 5 ml. 2.0 N HCl, was 

transferred to a small flask equipped with a mechanical stirrer and 

immersed in an ice salt bath. About 20 rnl. ether was added and then 

450 mg. NaN02 dissolved in 5 ml. water was added dropwise. In this way 

most of the ether soluble produce~ succinic-diazide~ was extracted as 

formed from the reaction mixture. When all of the NaN02 solution had 

been added~ the stirring was continued a few minutes~ then stopped and 

the ether layer removed. The aqueous layer was extracted several times 

with ether and the ether extracts combined. Absolute alcohol was added 

to the ether solution and most of the ether removed by evaporation. 

The alcoholic solution was then refluxed on a water bath overnight. 

The solution was then evaporated to dryness at reduced pressure and the 

residue taken up in water and recrystallized. After drying~ the product, 

ethylenediurethan~ was fUI·ther purified by sublimation in ~ and a 

yield of 117 mg. (36% from succinic acid) was obt~ined. The specific 

activity was determined. 

JJx._droly~i.§_o.f' .E.;t]l:ylenediurethan. 

A solution of 104 mg. of ethylenediurethan in 5 ml. of 85% 

hydrobromic acid was refluxed for two hours in a JO mlo two=necked . 

flask equipped with a reflux condenser and a nitrogen inlet tubeo 

During this time a·slow stream of nitrogen carried the evolved carbon 
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dioxide through the condenser into a sodium hydroxide bubbler from 

which it was recovered as barium carbonate~ 210 mg. The blank for 

the volume of sodium hydroxide used was previously determined at 7 mg. 

of barium carbonate and the theoretical yield from reaction 5 was 1.02 

millimoles of carbon dioxide or 201 mg. of barium carbonate, so the 

actual yield was nearly quantitative., The barium carbonate was 

counted as a 1.0 to 2.0 mg./cm2 layer on a thin aluminum disk. Sample 

preparations and corrections for self=absorption were in accordance 

with the procedures described in "Isotopic Carbon11 page 118 (17). 

The solution of ethylenediamine dihydrobromide in the reaction 

flask was evaporated to dryness and methanolic potassium hydroxide was 

added to the residue. After the methanol was evaporated, the ethylene 

diamine was distilled jB ~ and converted to ethylene diamine dihydro~ 

chloride by addition of methanolic hydrogen chloride. The solution was 

concentrated until the product crystallized out. The salt was then re­

crystallized from water~methanol 9 centrifuged, dried and weighed. A 

yield of 52 mg. (77% of theoretical from ethylene diurethan) was obtained 

and the specific activity was determined. The entire purification 

process (distillation, etc.) was then repeated an.d the specific activity 

again measured and found to be u:rwhanged. Specific activities as low 

as 6.0 disintegrations per minute (2.7"10~9 me.) per mg. were measured., 

In some cases the activity of the methylene carbons was as low as 2.,6% 

of the total succinic activity (29). 

B. Malic Acid 

Malic acid was degraded by oxidation with chromic acid., 

. ; 
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The carboxyl groups yield two molecules of carbop dioxide and a molecule 

of acetic acid is obtained from the alpha and beta ~arbon atomso 

Degradation of the acetic acid could then be performed by decarboxylationo 

* ** ~oo
0 

* * ** 2 CH3C02Ba1/2 > CH~=CH3 + BaC03 
1/2 hour 

(30) 

To date only the degradation to acetic acid and carbon dioxide has been 

carried outo 

Oxidation of Malic Acid 

To a solution of 100 mgo c14~labeled malic acid in lO·mlo of 

loO N sulfuric acid in a 100 mlo flask equipped with nitrogen inlet 

bubblerp reflux condenserp and dropping funnel was added 20 mlo of 

Ool5 M chromic acid solution over a period of two hourso The flask 

was heated on a steam bath during this time and a slow stream of nitro-

gen carried the evolved carbon dioxide into a sodium hydroxide bubblero 

Addition of barium chloride to the sodium hydroxide solution , 

precipitated bari·um carbonate which was washed~ dried 9 weighed and 

countedo The weight of barium carbonate9 after correction for sodium 

hydroxide blank gives a yield of 96%o 

Acetic acid was obtained b,y steam distillation of the reaction 

mixtureo The steam distillate was titrated with barium hydroxide9 and 

then evaporated to dryness at reduced pressureo 1he barium acetate was 

,recrystallized from water and its specific activity determinedo From 

the specific activity of the barium acetate and its theoretical yj.eld 



(100 mg.) 9 the activity in the~ and ~ carbon atoms of the malic acid 

can be determined without interference from the carboxyl activity. 

Aspartic' acid has been degraded by exactly the same procedure., 

** 6 .. + *** + H02C=CHNH2CH2C02H + 4/3 HCro4 + 19/3 H )2 C02 + CHJCOOH + NH4+ 

4/3 Cr+++ + 10/3 H20 
C. Alanine 

'l'he decall"boxylation of alanine with ninhydrin. was carried out 

using the evacuated U=tube method of Van Slyke& 

oc;y: 
fY8)_,PH * ** 
~ 'oH • CH30HO + C02 + NH3 

The procedure was modified from that described by Benson ~o~o{13) 

to give the activity both of the carboxyl=labeled .carbon and the .sum of the 

alpha and beta carbons in one experiment., The carbon dioxide was collect~ 

ed as barium carbonate and the acetaldehyde was converted to its 2$4-

dinitrophenylhydrazone., 

To 5 rnl., of an aqueous solution of 15.,0 mgo of cl4=labeled 

alanine and 150 mg., citrate buffer {pH 2.5) in a jo·rnl., flask was added 

200 mg. ninhydrin at ooc and the flask quickly clbsed with a tube lead~ng 

to a closed stopcock., The flask was immersed in liquid nitrogen and 

after several minutes a vacuum pump w~s attached to the stopcock tube, 

the stopcock opened.9 and the system evacuated. The stopcock was again 

closed, the flask removed from the liquid nitrogen and after warming to 



room temperature~ placed on ~ steam bath for ~hirty minuteso The flask was 

again cooled and attached through the stopcock to a U-tubeo On the other 

arm of the U-tube was placed a 30 mlo flask containing a 2 mlo solution of 

22 mgo (2/3 the theoretical requirement) of 2,4-dinitrophenylhydrazine in 

glacial acetic acido A stopcock.)) attached to the U-tube at its center, led 

to a vacuum pumpo With both stopcocks closed, both flasks were immersed 

in liquid nitrogeno After several minutes both stopcocks were opened and 

the system evacuatedo The stopcock to the vacuum pump was then closed and 

the ninhydrin reaction flask (F-1) removed from liquid nitrogen ~d warmed 

on a water bath until all the liquid inside the flask had distilled into 

the 294-dinitrophenylhydrazine flask (F-2)o With both stopcocks closed, the 

contents of F-2 were warmed on a water bath at 70°0 for several minutes, and 

meanwhile, F-1 was replaced with a third flask, F-3, which contained 15 mlo 

6 N NaOHo Both flasks were again immersed in liquid nitrogen and the system 

evacuatedo The stopcock to the vacuum pump was closed.and F-2 warmed, its 

volatile contents distilling into''F-3o Finally F-3 was warmed to room tem­

perature with occa,sional shaking, removed from the U-tube and its c'ontents 

transferred to a centrifuge tubeo Barium chloride solution was added and 
,,.· 

the prec:ip.i. +~ate.:l barium carbonate was centrifuged, dried.ll weighed and countedo 

The residue of acetaldehyde 29 4-dinitrophenylhydrazone in F .. 2 was re-

crystallized twice from glacial acetic acid, dried and its specific activity 

determinedo From the theoretical yield and the specific activity, the per-

centage of alanine activity in the alpha and beta carbons can be calculatedo 
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V o Application of Methods 

Ao Introduction 

The reduction of carbon dioxide during photosynthesis might proceed through 

either of two initial stepso The first possibility is the direct reduction of 

bicarbonate to fonmic acid or formaldehyde. 

(1) 

(2) 

A second possibility is the carboxylation of a carbon dioxide acceptor followed 

by reduction of the carboxylated compound. 

1J ~· 

(3) AH + HO-( -:--·. --~> A-t' · + ~0 
o- 'o"' 

The first of these two schemes, particUlarly the £ormation of formaldehyde, 

first proposed by Baeyer (31) in 1870, had been studie.d by a .great many workers 

prior to the development of tracer methods, but the results reported were in­

conclusive and-contradictory (32)o Since the advent :or tf'acer carbon, when 

it became possible to detect much smaller amounts of photosynthetic inter­

mediates, the one carbon compounds have been looked for and have not been 

foundo (33) (3)o 
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At the same time~ several three and four carbon cqmpounds have been found 

to appear, labeled with radioactive carbon after nearly every experiment in-

volving reduction of label~d carbon dioxide by plantso The repeated occurrence 

of these compounds, under conditions of carbon dioxide reduction suggests that 

carbon dioxide is first incorporated by'carboxylation of a c2 or 03 acceptor 

into a three or four carbon carboxylic acid which is subsequently reducedo 
' 

The reduced carbon must then be usyd to synthesize ca,bohydrates or other 

photosynthetic products and the acceptor must be regeneratedo There are two 

ways in which this might occuro First, the acceptor might retain its 

identity throughout the cycl.e, merely holding the carbon dioxide during re .. 

duction and then passing the reduced carbon on to another systemo That 

this is not the case is indicated by degradation studies~ which show that 

the early products of carbon dioxide fixation quickly pecome labeled in 

each carbon position when labeled carbon dioxide is usedo 

The second way in which the acceptor can be regenerated is by carboxy-
. ' 

lation, followed by reduction and finally by splitting-into two molecules 

o~ acceptor o One molecule of acceptor can then be used to continue ·the 

carbon dioxide reduction cycleo 
.. •; : .·-~'•\,. . . : 

The ·other molecule. of'acceptor, or some 
/' 

member of the cycle derived from it, can then be use(i ;f'or carbohydrate syn..;, .... 
thesiso 

\t. 

An obvious corollary to this scheme is that the number of carboxylations 

per cycle must equal the number of carbon atoms in the acceptoro ·Thus~ the 

identification of three and four carbon products of;·eif;rbon dioxide reduction 

which appear to be formed before any other products P,rovides a strong indi-

cation that two carboxylations are involved in the cycle and that the first 

acceptor of carbon dioxide is a two carbon compoundo This was further veri ... 
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fied by Calv·in and Benson who found that the first stable compound to appear 

labeled with tracer carbon in very short periods of photosynthesis was a 

three carbon c•,mpmmd-~' 2=phosphoglyceric acid (13 914) o As the time of photo-

synthesis increased~ other products of photosynthesis appear and in 90 seconds 

photosynthesis with §oenede~~ the observable products are 2-phosphoglycerio 

aeid 9 J=phosphoglycer:ic acid9 phosphoenolpyruvic ac;1..d-~' glucose=l=phosphates 

glucose=b=phosphates fructose=l9 6=~iphosphate9 fructose=6~phosphate-~' sucrose9 

aspartic acid,\) serine9 alanine.~> malic acid!J glycollic acid!J and small amounts 

of fuma:ric; and succinic acids and glycine (12.\ll3 9 14)o 

1'he f'omation of sugars and sugar phosphates points to a formation of 

carbohydrates by a reversal of the glycolytic; path!J while the formation of 

2 9 3 and 4 carbon carboxylic acids and amino acids indi10ates the operation 

of a two 9 three and f'our carbon '~ycle to regenerate the carbon dioxide 

a0ceptoro 'J;'he problem!! therefore 9 is to determi:\'lle which of the observed 
~; . 

compounds are actually members of the cycle and which are not actually inter= 

mediates but are rapidly formed from intermediateso 

Since 2=phosphoglyceri.c acid appears to be the first stable product of 

carbon dioxide reduction9 one might take as a starting point the carboxy= 

lation of some acceptor to· form 2=PGAo This aGceptor might be some unstable 

compound such a.s vinyl phosphate.9 in which case the carboxylation could be, 

the addition of bicarbonate ion to the double bor1d 9 probably through the agency 

of ar1. enzyme o 

(1) 

For every two molecules of 2=PGA fo:rmed.11 one could go to 3=PGA and eventually 
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be reduced to carbohydrate, while the other could undergo the well-known de-

hydration to phosphoenolpyruvateg 

Now if a second molecule of bicarbonate ion adds to the double bond, 

in the opposite direction (because of enzyme specificity~ or perhaps re­

pulsion of the carboxyl group by the two acid groups on the a-carbon), 

and another dehydration occurs, the product would be phosphoenoloxalacetic 

acido 

(3} 

(4) 

The carboxylation of pyruvic acid to oxalacetic acid is the well-known Wood­

Werlanan reaction (34)o 

The reduction and splitting of oxalacetate to two molecules of vinyl 

phosphate or a two carbon compound of the same reduction level Tequires ten 

equi va,lents of reducing agent o 

H -
2 H+ + =o2C=OH2 .. § .. co~- + 5 RH2----)~2C~=gH + 5 R + 3 H20 



-47-

This differs from the previously proposed cycle~ page 4$ in which oxalacetate 

was reduced to acetate vmich was then reductively carboxylated to give 

pyr,;~.vateo The early formation of 2""PGA is evidence in favor of the present 

schemeo 

There are several paths by which the reductive splitting of oxalacetate 

to v1.nyl phosphate could occur$ the difference depending on the point in 

the series of' reductions that the splitting occurso Oxalacetate might be re­

duced through malate and fumarate to succinate which could split reductively 

·to acetate and the t;icetate could then be further redhcedo An alternative is 

the by3.:rolytic spli ttin.g of oxalacetate to glycollate and glyo:xylate and 
' . . . . . 

reduction of these two=carbon compoundso A third possibility is the hydrolytic 

splitting of malate to two molecules of glycollateo Other possibilities 

include the oxidation of oxalacetate to dihydroxym.ale~te and splitting to two 
: i' 

molecules of glyoxylateo 

Because malate was always found. in photosynthesis ·experiments together . 

with small amounts of fumarate and succinate andbeeause enzyme systems which 

bring about the transformations of these acids from one to a~other were 

known to exist, it was tentatively proposed that the qycle was completed by 

the following reactions8 

(5) -o2c=CH2cg~co2= ~ RH2 ..,02C -~CH2~HOH=C02"" +R 

1 I 

(6) ~02Ce·CH2-CHOH-C02"" 
·· .. - ~ H2o· '1} o2c..,<m,.,cH ... co2 I 

(?) =o2C=CH~CH=C02= + RH2 ~o2c~CH2.,.C~.;C02 "" + R. 

(8) =o2C=OH2~cH2~co2= + RH2 
,. 

2 ·c:El3co2"" + R 
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4}> R + 2 ~0 

If the ~y,;le composed of react.icn 1 to 9 is in operati«m at the start 

of· a:n. exper1ment involving photosynthetic uptake of labeled carbon d:iorlde9 

the la'beling of the various compounds formed will proceed at a rate de= 

pending on the. rate of movement of carllon through the cycle.9 and for a few 

t.un•s of the c:ycle 9 the labeling will be unequal among the several carbon 

atoms of each moleculeo Th.i.s is demonst:r'ated in Figure 6 where the labeled 

posi tiom3 after one tu.rn of the cycle are marked with two asterisks and 

those labeled af·ter two tlY.rns of the cycle are marked with one asterisko 

Of course9 the actual situation is not that of complete conversion of all 

the molecr_;les of one intermediate to Jthe next with each tu.m of the cycle 

but Tti;theZ' is anatogous to a series of reservoirs through which is Wpumped" 

a stream e>f carbon with two inlets (carboxyla'tions} and one outlet (forma~ 

tion or carbohydrates)o The Wpumping11 energy is .the reducing energy formed 

by thE; photochemical reactiono When radioc~arbon is 'adm:Hted through the 

:tnlets it spreads from pe:.ol to pool.9 becoming more dilute with each stepo 

Thu~ the concentration of' labeled carbon which reaches the inner9 reduced 

position of the carbory1ic acids after a period of' photosynthesi,s is de= 

P'a:nd,n"\1 c:1 the aggregate ooncentrat:l.on of the intermediates. ~d the rate of 

rr8t:D..r·nir2g!lll of' the cy~le and may also depend on the concentrations of other 

reseJL•voirs.9 XJ:.ot int;ex·mediates in photosy.nthesis9 but in rapid equilibrium 

th~:: alau.ine deg:radat:lLons ment::loned i.n s ec;tion V=B were performed by -
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with j_ntermediates e 

One method of testing the operation of the cycle is to degrade a sus-

pected int,ermediate and determine the distribution of act.ivit,y within the 

moleculeo The first such degradation was carried out with succinic acid 

obtained from Chlorella after a period of dark reduction of labeled carbon 

dioxl.de following illuminationo It was found that 2.,6% of the radio-

activity was present in the methylene carbons of the succinic acid.. Thus 

the operation of a cycle was demonstrated in dark.reductions but not 

necessarily the participation of succinic acid in the ~ycle, since it could 

be :rr:c:r:ely derived from a photosynthetic intermediate., Glucose obtained from 

a similar experiment was degraded by other members of the laboratory (35), 

and 24% of the acti v"i ty found in other than the 3 and 4 positions, thus .. 
again indicating the operation of a cycle during dark reduction.. Degrada-

tion of alanine from the same experiment demonstratecl that 89% of the 

activity was in the carboxyl group, 10% in the a~carbon and le~s than 1% 

in the 13-carbono Alanine is thought to be in equj.l:p)~;ium with pyruvate 

through the transaminase systemo 

In another dark fixation experiment following a· period of illumination, 

malic acid was degraded and 0.,86% of the activity found in the .methylene 

carbonso In the same experiment 2% of the alanine activity was. found in the 

a and 13 carbon atomso \,' .. ~ 

When dark fixation of labeled carbon dioxide was carried out without a 

period of preillumination, no activity was found in the methylene ·carbon 
. ~ i ' ' 

atoms of succinic acid, indicating that the incorporation of carbon dioxide 

into the molecule was entirely by a respiratory mechanismo Such a mechanism 
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migll~ be the Wood~Werkman carboxylation followed by the usual tricarboxylic 

acid respiration cycleg 

(10) * ~ co
2 

-ll- CH2C-C02- --------,.. 

0 10 = 

""02~-c~J~co2- + cn3co2- ---~;.. -o2C-cH2-t.~HG02-(11) 

(12) 
* 1o2-

-o2c=cH2...c .... cHco2- ~ H2o ----_...;~ 

(13) 

co -
* I 2 ~2 [H] 

-o2C-CH2~CH-CHOH-C02- -----~ 

(14) 

The distribution of labeled carbon in succinic acid from dark fixation ex-

periments following illumination is probably the result of both respira-

tion fixation and reductive fixation but it is t.o be noted that the re-

ducti\re fixation is many times greater than the respiration fixation during 
' ·'' 

th,:~ first two minutes following illumination (11) o 

When Scenedesm~ are allowed to photosynthesize with radioactive carbon · 

dioxide for 30 seconds, and the malic acid is isolated and degraded, 6o5% 

of the activity is found in the a and ~ carbons and 93o5% is in the car-

boxyl'ca1''bonso Aspartic acid from the same experiment shows 96% in the 

carboxyl groups and 4% in the other two posit:ionso Aspartic acid is pre-

sumed to be in equilibrium with o:xaloacetic· acid through the transaminase 

system., 
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Barley which had photosynthesized for 75 minutes with labeled carbon 

dioxide yielded succinic a0id which when degraded was found to contain 

J7% of i t.s radioactiv.i.t.y in the met.hylene c;arbons and 63% in the ~arboxyl 

carbonso 

Co Malonate Inhibition EXJ)eriments 

Anot~er method of testing the validity of a proposed cycle or series 

of <Gomrers:ion.s is to use a poison or inhibitor which is known to blo<l:lk 

one or more steps of the serieso A specific set of conditions is designed 

to test the opera·tion of the cycle9 and two experiments are performed, one 

with in~~bitor and one withouto T.h® results of· the two experiments are 

;:;ompare~ and '~he differences are interpreted in the light of the known 

effect.s of the inbibitoro 

An inhibitor which could be used to test the series of hydrogenations 

from oxaloacete.te to j3Uccinate was found in malonateo Quastel and 

Wc;;oldridg~ (36) and oth~rs (/37-) d.ell'lonstrated that ,m~l~nate inb,i bi ted the 
. . ' 

oxidation of succl;na7e ;both in certain bacteriaapdin brain and muscle 

tissueo .· They interpreted. the inhibition by m,a.lona.te as being due to a 

competi ·~ion with succinate fo.r succinic. dehydrogenase o 

Goszy and: Szent~~gyi (38) fotind that respirat~on ~n p~geon_breast 

muscle was i~llibited by,malonate9 and :this finO.ing led in l~terwo:rk to 
' 

the postu~atio,n by Szent=Gyr5gyi and co..,.,vmrkers ._of a hydrogen ca!r:l,er sys= 

tern consisting of fumarate and succinate with succinic dehydrogenaseo They 
' ' ... ' 

believed this system to be spec:ifJ..cally poisoned: by 'malonateo. They found 

' that respiration ir.r- malonate poison(;)d tissue was restored by the addition 

of fumarate., 

The malonate inhibition of both succin~c and ·malic dehydrogenases has 

been studied by Das (39) who found that both enzymes were inhibited by 
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maJ.onie addo He ftv.:other reported the succinie dehydrogenase was inhibited 

by oxalacetate even more strongly than by malonate., Lactic dehydrogenase 

was a1so f'ou:n.d t.o be inhibited by malonate" Finallys Jowett and Quastel 

(40) found that the breakdown of acetoacetate is inhibited by malonateo 

The relations of these acids and enzymes are shown in Figure 7o 

There are three conditions common to all these reactions" First.g 

the 1;;;omp.ou:nds involved are all three= and four=carbon carboxylic acids o 

Secondly~ the enzyme .:;atalyzed reaction in each c.ase may be considered as 

an addition to a double bond9 a:=[3 to the carboxyl· groupo Finally3 each 

reaction :involves the addition of either two hydrog~n atoms or of a 

hydrogen atom and a hydroxyl group to the double bondt. 

The enzyme in ea;]h ~;ase may eon:tain two functional partsb The first 

might be a protein with a spat.ial a.rrangement of i~s 'components which per .. 

mi ts it to form a. complex specifically with three;,· .or four,carbon carboxy= 

lie acidso This part of the enzyme might .be. unab,~e. ,to .~ist.irlguish between 
' ' ' 

these several a~t~ids and wou.td form ~·omp],e;xes Wi.t.h··~y of them.lJ including 
' ' ' 

malonateo The .f:racti©1li. of enzyme comple:}!:ed with,~y pa,rticular acid 

species would then be merely a function. of the various acid qoncentrationso 

The second portion of the enz.yme is the on~·~h~~hgi~es·its specifi., 
. ·, .. ,· ·.. . - .. •t'' .. 

city and probably has as its function th~ aligidng.oi' drawing together of 

the hydrogen {or water) acceptor with the corresp~XJ.ding donoro . In the 

case of hydrogen transfer9 if the don~r is a carboxy~ic- a~id,\l then the 
;, ·,; ' ' .. 

·, ·,1 

aceepto:r may be some coenzyme iri. it.s oxidized·stateo· For example 51 malilt:l 

·dehydrogenase requires coenzyme ! 51 diphosphopyrid:i.nenucleotide (DPN)o 

The use of. malonate as an :inhibitor has been extended to plants by 
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various workers. Bonner has studied the effect of malonate on respiration 

in spinach leaves (41) and found that the respiration could be inhibited 

by as much as 9(1/, by infiltrating into the leaf a solution containing 5 mg. 

malonate per ml. He interprets this result as indicating that respiration 

in spinach leaves proceeds through the tricarboxylic acid cycle (page 38). 

In order to study the effect of malonate on photosynthesis it was 

necessar,y to devise a way of introducing the malonate into a plant suitable 

for tracer studies 3 and then with the plant photosynthesizing.~> allow re~ 

duction of labeled carbon dioxide by the plant to take place. 

The green algae9 Scenedesmuss were used for the purpose. A 24 hour 

growth from a continuous culture was centrifuged and lo3 cc. wet.~> packed 

cells were obtained. These cells were divided into two equal portions and 

one portion was suspended in 50 mi. water. The other portion was suspended 

in a sodium malonate buffer» pH 4.3.~> which contained 5 mg. malonic acid per 

ml.. Both suspensions were kept·in t,he dark at room temperature. After 

three and one .. half hoursSJ the cells in malonate buffer were centrifuged and 

resuspended in 100 ml. water with a small amount.of fumarate buffer. The 

suspension was placed in a thin . .~> water=jacketed vessel which was illuminated 

from both sides. A rapid stream of 4% co2 in air was passed Jch:rough the 

solution for JO minutes to hasteh the e:nd of the induction period and start 

the algae photosynthesizing. A.strearri of unenriched ai'r was then bUbbled 

through the suspension for 10 minuteso• At the end of this time.9 the air 

stream was stopped9 a solution containing cl4 labeled sodium bicarbonate 

rapidly run into the flask from a syringe.~> and the flask quickly closedo The 

flask was shaken under illumination for 90 seconds 9 a-t the end of which time 

a large stopcock in the bottom was opened~ the top stopper removeds and the 
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cell suspension r~pidly n1n into a beaker containing 400 ml. boiling absolute 

ethanol. 

The I'esulting 80% ethanol suspe..."'ls~wn was counted and filtered after 30 

min:utas ana the clear9 green filtrate counted and then concentrated at re~ 

duced pressu?e and room temperatured The total activity fixed by the cells 

was 14 (J.'c;. l;).nd of that.ll 80% was ¢8.X'ried into the alcohol extract. The f:J.;nal 

volume of the extract was 2.0 w~. and of this$) 100,. aliquots were appl:l-ed 

to papers and r:;h:roma tographed 0 

The treatment of the second portion of cells was exactly the same except 

for the absence of malonate inhibitor and the fact that they were left in the 

dark 'Gh:t'ee hou.:cs longer before they were started photosynthesizing. The non­

inhi.bited cells fixed 16 !J.Co of radiocarbon and 76% of t.his was carried into 

the alcohol extracto 

The radioautographs of t.he chromatograms prepared from the inhibited and 

non=:tuhibited cells are shown in ,F'igures 8.\) 9 and 109 together with one in 

which synthetic labeled malic arid succinic acids were added to the ext.ract 

f:rom the malonatte=inhibi ted cells o As can be seen.ll the mos.t pronounced 

difference is the diminution of malic acid in the inhibited cells. Thus, it 

appears that the inhibition of the reduction of oxalacetate to malate was 

successful o Sinc;e very little succinate or fu.rnarate was obtained in either 

case it was impo·ssible to measure the inhibition of' succinic dehydrogenaseo 

Because the formation of malate has been very great•ly reduced 9 the operation 

of the regenerative cycle should be greatly reduced afso~ if malate were a 

member c1f the cycle o Alanine degradation provides a convenient means of 

testing ·'the operation of the cycle and considerable act:11ri.t,y was obtained in 

alro:dne in each experi.ment~ so the alanine spots were· eluted and the de= 
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gradation with ninhydrin was carried outo 

It was found that in the alanine obtained from the malonate-inllibited 

cells, 33% of the total activity was in the a and ~ carbons, whereas in 

the alanine from non-inhibited cells, the a and ~ carbons contained 44% of 

the activityo Thus it appears that the regenerative cycle is operating 

nearly as well in the malonate-inhibited cells as in the normal cells o It, 

is strongly indicated, therefore, that malic is not a member of the regeneratiiTe 

cycle, or at least that there is an alternate cycle net involving malate and 

that this alternate cycle is the principal one in operation in photosyn.~ 

thesiz:i.ng S~edesm~o It is further indicated that neither fumarate nor 

succinate are members of the regenerative cycle since the most likely path 

by wh:J.ch they would be formed wm.lld be by reduction of oxalacetate through 

mala teo 

It should be noted that malonate inhibition did not increase t.he amottt1.ts 

of the phosphate esters, alanine, serine, sucrose or glycollic acid. In 

another malonate inhibition exper:iment i:n which the cells were suspe:nded in 

malonate buffer only one hour instead of three, the amount of malate decreased 

-e.s in the experiment shown but the amount of glycollate actually increased 

appreciably. The possible significance of' this result is considered in the 

follm'ling section. 



Vlo Discussion and Swnmary 

Ao Discussion 

~61.-

By applying the methods which have been developed for sepa.rati.on, :tso., 

lation, identification and degradation of products of carbon dioxide re­

duction in photosynthesizing plants it should become possible even.t,u.ally 

to carry out a detailed analysis of the path of carbon in photosynthes:l.s o 

The applications performed thus far represent a beginning of this analysis 

and sez've to indicate the way in which this work might be continuedo 

By systematically varying the time of labeled carbon dioxide reduction 

in plants from preil1tunination to very short photosynthesis periods tc 

perhaps several minutes photosynthesis and by iscl1ation and degradation 

of the products, one can watch the relative rate of introduction of carbon 

fourteen into all the carbon positions of all the intermediateso With this 

data the actual pat,h of carbon wi.ll be traced from the time it enters the 

first fixation product un·til the ·t.;ime j,t emf-:lrges as ca:rbohydra.te and a.s 

other storage products in the plantso At the same t:ime, inhibiM.on st.;udies 

can serve to lim:i..t the number of alternative paths which must be investigated 

an.d perhaps to indicate the correct schemeo 

The final part of the path to carbohydrates is already becoming known 

through the work of Cal"·;iin and Bensono Much work rema.ins to bt"t done on the 

photosynthesis of fatty acids and some of the amino acidso But. the real 

foundation of plant synthesis is the reduction of carbon dioxide to the 

fu.l'ldamental carboxyl:i.c s.cids from which are synthesized all the products 

o:f photosynthesiso 

The proposal of a tr..ree- and four~carbo:n carboxylic acid cycle has been 

supported by all the experiments performed in this laboratory whereas the 
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alternatives which include direct reduction to formaldehyde, C1-c1 addition, 

etco, have received no experimental support. That the tricarboxylic acid 

cycle is in operation i.n respiration is indicated by the formati.on. of con­

siderable amounts of isocitric, glutamic, fumaric, succinic and malic acid 

in dark, non-preilluminated fixation experiments, but by the same reasonings 

a reversal of this cycle in photosynthesis is excluded as a possibil! t.y by 

the absence of appreciable quantities of these acids with the exeept:ion of 

malic in photosynthesis experiments. The relative increase in malic acid 

during photosynthesis as compared w::tth the other Krebs Cycle acids :!..nd:Lcat.es 

that malic acid is formed by some path other than that. eycle. The inhi.bitio:n 

of malic acid formation by malonate during photosynthesis indicates that malic 

acid is formed by reduction of oxaloacetic acido Although malic acid :ls ruled 

out as a member of th~J regenerative cycle by the same experiments the rapid 

appearance of maH.c acid during photosynthesis indicates that it lies very 

close to some actual member of the cycle. Although oxaloacetic acid itself 

has not been isolated in our experiments, its presence is indicated by t:b.e 

rapid formation of labeled aspartic acid in short term reductions of radio­

active. carbon dioxideo 

Consequently, it i.s tentatively suggested that oxaloacetic acid is a 

member of the regenerative cycleo Further, the formation of 2-PGA as the 

first stable product of carbon dioxide reduction seems to place it as a 

member of the cycleo Phosphoenolpyruvate has been identified as an early 

product also so that it is possible to li.st at least these three consecutive 

members of the cycle with some confidence. 

The mechanism by which oxaloacetate or some other four-carbon add is 

split and the resulting fragments reduced to vinyl phosphate or its equivalent 



remains unknown. Since the reduction of' oxalacetate through malic acid 

is apparently not part of the regenerative cycle, the splitting probably 

takes place at a reduction level close to that of' oxalaceta.te. The re~ 

duction levels at which splitting might occur are shown in Figure 11. 

No significant amount of tartrate has been found in short term photo­

synthesis experiments so far.ll so it may be that some phosphate ester of' 

tartrate is involved i.n the actual sp.l:ttting to two carbon fragments. Such 

an ester would be quite stable and only very slowly hydrolyzed as compared 

with the labile .I! easily hydrolyzable esters of the phospho·.:~nol type. For 

example.ll hydrolysis of the phoa.phate ester.\) 2=PGA.~~ i.s known to requ:l.re 

heating in acid on a steam bath for several dayso Consequently$) such an 

ester can be an intermediate in carbon redu(;tion without the appearaw~e of 

the free acid in short term experiments. 

Glycollate has been found in a number of' short term experiments an.d 

frequently appears in higher concentration (of' activity) than mali.c acid.o 

The concentraf.;ion of' gly:ee;llat.e is not decreased in malona·te inhibition 

experiments and in one such expE1rime:nt is actually increasedo If malate 

and glycollate are formed fr,om o:xaloacetate by s eparat.e paths~ the in~ 

hibi tion of malate formation might bE1 expected to increase the a.xnou.n.t:, of.' 

glycollate formed!' pr~vided the formation of glycollate is not alSC} i:nhi~ 

bi·tedo 

The,appearance of small amounts of' glycine in short term reductions 

might be taken as an indication of' the formaM-on of labeled glyoxylateo 

Whether glyoxylate would be f'o:::'med by oxidation of glycollate or by 

splitting of' either phosphotartrate or phosphohydroxymaleate cannot be 

decided at present. 
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A possible path for the splitting of the four~carbon acids might be the 

oxidation of phosphotartrate to phosphodihydroxymaleat.e and splitting of the 

latter to glyoxylate and phosphoglyoxylateo The oxidation of phosphotartrate 

might be malonate~inhibited but not necessarily since the phosphate esters 

may require a different enzyme system than the unsubstituted carboxylic acidso 

The reduction of g1ycollate to v:l.nyl phosphate may occur through a series 

of hydrogenations, phosphorylations and dehydrat:tonso A possible path for 

these reductions i.s shown in Figure 12o Since none of the compounds intei'~ 

mediate between glycollate and 2~PGA ha;re been 1.solated, the mechanism shovm. 

must be considered as very tentative, and is presented only in order to :indicate 

the kind of transformations which may take place and to provide a basis for the 

thermodynamic calculations which are to followo As in all the reactions pre­

sented so far, these reactions i.nvolve only the .format:ton of phosphate esters 

and anhydrides, enolizat:l.ons and additions to earbon~carbon double bondso 

Although little experimental evidence is available to substant:l.at.e the 

proposed mechanism of carbon reduction from glycollate to vinyl phosphat.e, 

it is of interest to consider the energy relations of th.J.s mechanism es well 

as those of the proposed carboxylation rea.ctionso 

In Table III are listed a number of .free energies of known and proposed 

compounds involved in carbon dioxide reductiono The values f1ollowed by the 

letter B are obtained from Borsook (42))) while those labeled C were cal~ 

culated by the authoro The standard state is loO molar aqueous solution, 

298° Ko, pH Oo The methods by which approximate calculations of the free 

energies of some of the compoiL~ds were made are discussed in Appendix Io 

The reactions, starting with the carboxylation of vinyl phosphate are 

listed in the order of their positions in the cyclez 
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vinyl phosphate 

Figure 12 

,. 
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(1) 3 -zpo H~ 
H == CH2 + HOC02 

(2) 
ZH ZPOJH~ 

H2- -co2- AF ,., -550 

(3) 
~P03H~ 

CH2~ -co2= + HOCo2= 

(4) 
~POJH= 

-o2c~CH= -C02 ~ ~ 2 @) ~ 3 .. gpo H= 
+ H2~ o2C=CH20H + H2=C02 liF .., =3 9 310 

~PO H .. , 8POJ~Po3n· (5) H+ + H2~co2= + ATP-4 ADP=.:> -t- Hry= llF ..., 0 
6;. 

. ~PO a-gfPO HJ <PO ~ ~POJ~P03H" (6) H2- ~ 2 [1]4 ~/.. : 3 ~C~""' H 3 + AF = +26,300 
~ 

· H2Po4-

<PO,!f" c:PO-H"" 
(7) C~= :> ~ 2 @f]~CH3- 'oH .:5 - t:.F = +2. 3 300 

. H 

(8) 
(Poyr 2P03a- . 

CH3- ~~0 + vH,. CH2 . t:.F ,., -500 
H . 

No free energy value is assigned to the reducing agent wp~ch would supply 

the hydrogen atoms (denoted by 2 H ) in reacti?ns 4, 6 and 7, but it is seen 

that a reducing agent of considerable strength is required in step 6o At 

pH 7, a two electron reducing agent with a potential of Ool6 v would be re= 

quired and the standard potential (pH 0) would be Oo57 Vo Such a strong 

reducing agent has not been found in other biological systems and would un-

doubtedly be unique to photosynthesizing plantso 
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Table III 
'" 

FREE ENERGIES OF SOME CARBON COMPOUNDS 

298° Ko loO M aqueous 

H20 ~56,690 calories B 

W (pH 7) -9,560 c 

HO=C02"" "'14.0,230 B 

® ~F~po4~ -6FH20 

CH3co2= -90,130 B 

CH3CHO -319650 B 

CH.,OH .. co .... - -118s710 c 
"'-· " 

CH3co ... co2"' -107s900 B 

=o2c ... cH2-co-co2- .. 186,1)140 B .. 
CH20H ... CHOH.,.C02- eol56s34.0 c 

~POJH"" ~H 
~ - H-co2~ ® -15.4s060 c 

~P03ll 
CH20H= ff .. co2"" ® ... 153,1)110 c 

~POJH~ 
CH2"" -C02 .. ® ..96,970 c 

~PO H-
H2~co2- (j) .. J.16,4JO [: 

gro3H· <P03H-
H2 ... 2® -105.11430 e 

~POJH"' 
-o2c-cH= -co2- ® -175,140 c 

CH2=CH...OPO JH .. ® -20,650 c 
·~· -<l'OJH" @ CH3 -79,130 c 

CH3 ... cH(OH)(OP03H·) 0 -76,840 c 



The fref': energy required for the photolysis of water at pH 79 

H2o + n h v 1/2 02 + 2 H+ + 2 e= 

is 379 570 calories and if a reducing agent of sufficient strength to bring 

about reaction 6 is formed at the same time, 

then the minimum light energy required would be about 64.,000 calories.., Since 

the energy of one einstein of light of 7000 i wave length is 40,670 calories, 

two quanta would be required for the formation of one molecule of redudng 

agent and the photolysis of one water moleculeo 

It is to be noted that the carboxylations operate against a positive 

free energy and it may be that some enzymatic: energy transfer system :l.s re= 

quired to supply the necessary free energy for these reactionso Kinetic 

studies of carbon dioxide reduction in plants (43) indicate that soro.e com= 

plex is formed with bicarbonate :J.on o:r carbon dioxide prior t.o carboxyla·tion 

to 2=PGA and that the reaction proceeds with a :riegathre free energy of about 

5700 calories. This energy in add:i.tion to the energy required in carbo:Ky= 

lation might be supplied by the :release of ,s. high energy phosphate bond in 

some way or by some other energy transfer system. 

Another point at which energy might be required is the reduction a11d 

splitting of oxaloacetate to glycollate. Although the free energy of the 

overall reaction 4 is =3 9 310 calories, the actual mechanism of this reaction 

is not indicated and it is possible that unstable intermediates are involvedo 

The formation of these intermed:l.ates may require a supply of energy from 

the photochemical processo This possibility is supported by the fact 

that although aspartic acid is formed during dark respiration., indicating 
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the formation of some oxaloacetic acid~ no glycollate was found in such ex-

perimentso Glycollate is found when photochemical reducing power is avail-

able, both in preillumination and photosynthesis experiments o 'rhe actual 

mechanism may be the reduction of oxalacetate to an unstable product which 

splits spontaneously to glycollateo 

(9) 

Diphosphotarate~enzyme ocm.pl.e:x 

DoPoTo Enzo complex + RH2~. --------7~ DoPoTo Enzo complex o F-'2. + R 

D.,PoTo Enzo complex o 2 H2------)~·· 2~02= +(PROT~E]~~ 

CH20P0
3

H= 

The free energy calculations :i.ndica.te that there is no ser:i.ous e:ne:rgy 

block in t.he proposed mechanism of carbon diorlde reductiono They also 

show at what point a high energy reducing agent is requiredo As mor'e i:n-

formation is obtained regarding the actual intermediates involved, it may 

be found that the actual mechanism is more efficient energet:i.callyo 

Bo Summary 

lo Methods have been developed for the separation3 isolation, identi-

fication, and degradation of the carboxylic acids formed in the reduction 

of carbon dioxide during photosynthesiso 

2o These methods have been applied and the results indicate that the 

primary reduction of carbon dioxide during photosynthesis takes place via 



-71-- UCRL-735 

two carboxylations of a two carbon acceptor followed by splitting and reduction 

of the resulting four-carbon acid to two new molecules of acceptor. One mole­

cule of acceptor is then used to continue the reductive cycle and the other is 

used in photosynthesis. 

3. The participation of 2-PGA, phosphoenolpyruvate, phosphoenoloxalacetate 

and glycollate in the cycle are discussed and a tentative cycle is proposedo 
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APPENDIX I 

Calculations of Free Energies of Some Organic Compounds 

Because the free energies of some of the compounds involved in the path 

proposed for carbon di.oxide reduction in photosynthesis were not knownJ) 

approximate calculations were made so that the energy required for the several 

steps in the scheme could be estimatedo 

As a starting point.!) the free energies of glyceric acid and glycollic 

acid were required together with the free energies of formation of phosphate 

esters and "rdgh energyn phosphate anhydrides o 

According to L:i.pmarm~ s (44) caloule:tion for the reaction 

CH20H=CHOH=C0z= ~H20 ~ CHJ=CO~co2~, 

AF g -8250 calorieso 

The free energy of glycerate therefore :i.s ~ (~8250) ~ 56,690 - 107JJ900 ·­

-156,340 c::alorieso 

Lipmann also calculated the energy o-f hydrolysis of phosphoglycerol. 

as -2280 caL so that the free ener~.r of 3-PGA: may be estimated as @ 
-156.!'340 + 2280 "" (!) ~154.ll060 caL.ll where ® equals the free energy of ~Po4= 
minus the free energy of watero 

The free energy differences between 2-PGA, 3=PGA and phosphoenol.py:ru.vate 

can be calculated from the equilibr:l..um concentrations, namely 59% 3~PGAs 12% 

2-PGA, 29% PEP by the relation 

The resulting values areg 

3-PGA ::;;,=::::====~ 2~PGA 

2-PGA:;;;.:::====:::!PEP + H20 

AF "" -RTlnKe 

AF = +950 caL 

b.F = ~550 calo 
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Consequently~ 

liF of 2~PGA = ® -154,060 + 950 ""0 =15.3 3 110 caL 

and 

Since 8F for PJTUvate is -107 3 900 calo~ the energy liberated on hydrolysis 

of the h:J.gh energy phosphate bond is, in th.i5 case, 

~107,900 - 96,970 ~ =10,930 or - 11,000 c&lo 

The energy liberated by a secondary phosphate ester (2=PGA) is =2280-950 o':r: 

about =3200 calo 

The free energy of glycollate was estimated from the free energies of 

isopropyl alcohol~ lactate~ and ethyl alcoholo 

+1070 

~43~380 

The substitution of ""H for ~cH3 on a secondary alcohol should produce 

approximately the free energy change in the two caseso 

The free energies of the remaining p4osphate esters and anhydrides were 

calculated by simply assuming that the free energy of formation of each 

primary ester is ~2280 calo, each secondary ester ~3200 calo 9 and each 

anhydride or "high energy" phosphate bond ~11,000 calo 
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