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THE PATH OF CARBON.IN PHOTOSYNTHESIS
THE CARBOXYLIC ACIDS¥®

by
Jo A. Bassham
Radiation Laboratory
University of California, Berkeley
" ABSTRACT

June, 1949 ' -

1, Methods have been developed for the separation, isolation,
identification, and degradation of the carboxylic acids formed in the
reduction of carbon dioxide duriﬁg photosyﬁthesiso

2, 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
spiitting and reduction of the'resﬁlting four-carbon acid to two new
molecules of acceptor, One molecg;g of acceptor is then used to con-
tinue the reductive cycle and the cgﬂéf"is,used,in’ﬁﬁéécsynthesiso

3. The participation of 2=PGA, phosphoenolpyruvate, phosého=
enoloxalacetate; and glycollate in the cycle are discussed and a

tentative cycle is proposed,

¥ The work described in this paper was sponsored by the Atomic
Energy Commission,
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THE PATH OF CARBON IN PHOTOSYNTHESIS:
THE CARBOXYLIC ACIDS*
by
J. A. Bassham
Radiation Laboratory

University of California, Berkeley

I. Introduction

The reacti§ns which comprise the process of photosynthesis appear
to be at least as numerous and complex as those of ény other biological
process, By employing the results of studies not only of photosynthesis
in green plants but also of phétosynthetic'bacteria and of other biologe-
ical systems, Van Niel (1) has presented a s£rong argument for the
division 6f these féactions into two major classes. These are the
photolyéis of waters:

Light
2 HoO + 2 B—> 2 BHy + Oy,

and the reduction of carbon dioxides

Light
' COp + 2 AHy— (CHy0) + Hy0 + 2 A,

While AHy and BH, may be identical, it seems feasible to include a third

* The work described in this paper was sponsored by the Atomic Energy
Commission,
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clasg of reactions for the transfer of reducihg powers

2BHp + 2 A———=>2 AH, + 2 B,
Combination of the three classes of reactions then gives us the general

statement of photosynthesiss

' Light '
Ho0 + GOy ————= (CHp0) + 0y,
if we consider the products to be of the carbohydrate reduction level.

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

water and the transfer of redﬁcing power, there is at present a rapid

scoumulation of knowledge regarding the reduction of carbon dioxide in

photosynthesis, This information has been obtained by employing the

‘tracer technique, Using 0119 Ruben, et.al. (2,3,4,5) studied the uptake

of carbon dioxide by plants both in the light and in the dark, The dark
fixation products as well as those from short periods of photosynthesis
wefe’found to be largely wéter soluble and some components exhibited the
properties of ea:boxyli@ acids, thus lendiné support to the proposals

of Iiebig (6), Thimann (7), Dcﬁoé (8) and others that carboxylic acids
commonly found in plants are actually intermediates in photosynthesis.
The failure of Ruben and coworkers to find -any of these acids among the
labeled products isrunderstandable in view of the difficulty of working
with 0119 which has a half life of only 20,5 minutes, Many of the
techniques that have heen developed for the isclation of intermediates
eontaining the long-lived 614 which have repeatedly demonstrated the

presence of such acids as fumaric, malié, and succinic, would be inappli-

cable with ¢*%, The discovery of ¢l (nalr life = 5000 years) by Ruben
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and Kamen (9) made possible a more detailed investigation éf the path of
carbon in photosynthesis, but the war, coupled with Ruben'’s untimely
death, interrupted the work, In 1946 the investigation was taken up by
Celvin, et.,al, (10,11,12,13,14,15) at the University of California,
Radiation Laboratory. This study has reéulted in the identification of
a large number of @@mpoundé formed by fixation and reduction of carbon

dioxide by Chlorelia and other plants. The compounds isolated thus far

fall inte three general classess the carboxylic acids, the amino acids,

and a groﬁp coﬁposed of sugars, sugar phosphates, and compounds such as
phosphoglyceric acid closely related to sugars through glycolysis, MNost
of the compounds isolated have been found bhoth in dark fixatién of carbon
dioxide after a period of illumination of the plant and in short'périods |
{2 seconds to 90 seconds) of photosynthesis. On the basis of early
results, Calvin and Benson (10) proposed the tenfative path shown in
Figure 1 for the réductibn of carbon dioxide in photosynthesis. While
recent studies have suggested modifications iﬁ some details of this cyele,
the;basie prineiple of a regenerative two, three, and four carbon
carboxylic acid cycle plus the formation of carbohydrates via a reveisal
of the glycolytic path has been supported by all the subsequent work,
The details and modifications of this scheme will be discussed in a
later section.

The purpose of the author has been té'identify the carboxylie
acids involved in the regenerative'cycle and to elucidate the details

of their formation. In order to apply the tracer method to a study of
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Figure 1.

Oxalacetate +C0, Q ATP
Tricarboxylic - CH3C05" ———> CH3=C-COO”
acid cycle +2 [H]
48| -2 cop B 2@ A +C0, B

W

- - I\ -
00C-CHy=CH,=-C00" 00C=CHy=C=C00"

+2 @
=Ha0 \

“00C~CH-CH-C00™ «—— ~00C=CHy~CHOH-C00~

Phospho-enol=
pyruvate

2[H].

Sugars; starch
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this nature, it was found necessary to develop several techniques. First
21 goed.method of separating and identifying the intermediates of photo-
synfhesis formed with tracer carbon had to bé found. This problem was
complicated by the relatively large number of labeled intermediates, by

the instability of some of thé comﬁounds, and by the very minute quanti-

ties formed. Thus, while the great sensitivity of the tracer method may

detest the presence of a very small amount of a compound, the usual
methods of identification =- melting point, quantitative analysis of its
elements, eic., ~= are quite ingppliéableo | |

Secondly, it was found that the isolation and ideﬁtification of
tracer amounts of the photosynthetic intermediates was ‘greatly facilitated
if ous had available the suspected comnounds, labeled with 014 Gonse—
guently, a number of these cempounds were synthesized with 014

Finally, cnce a compound is isolated and identified, a way must
be found to degrade it one carbon atom at a time and thus locate the
position of ¢+ within the molecule, This method is particularly useful
in studying the regenerative cycle sincé it demonstrates the derivation
of one intermediate from another; enables one to measure the rate of |
turnover of compounds in’the cycle, and affords information regarding
the formation of carhoﬁ=carbon bonds by carboxylation, The development

and use of these methods will be discussed in the following sections,
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II,' Separation, Ismlation, and Identification of Photosynthetic
Intermediates - :
4, 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 pyrenoidosa, or Scenedesmus, as

well as leaves from Barley and other plants were em?loyed in various
experiments, After a short period of photosynthesis or dark reduction
with 614622 the plants were killed with boiling ethanol, extfécted with
hot 80% ethanol, and the iﬁsoluble material removed by filtration. The
filtrate was concentrated at reduced pressure and room temperature;.and
the concentfated solution brout to pH 6 with dilute alkali, The solution
was continuously extracted with ether for six hours to remove lipids, |
The aqueous layer was acidified to pH 1 and extracted continuocusly with
ether for fifteen hourso. This ether extract, which contains the carboxylic
acids, is then concentrated at reduced pressure and room temperature,.

Bo Silica Gel Separation

In the earlier work, a éilica gel column was employed to separate
the carboxylic acids., The metho&s described by Isherwood (16) were used
for the preparation of the silica gel and the detection of the acid
fractions, 1In aadition to some of the acids previously reported, keto-

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

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

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

in Figure_z;
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Indicator Reservoir
Developing Solvent Reservoir

E, Mixing Funnels

Receiver
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- The procedure for analyzing for acids containing"c14 was as follows,
Three grams of dry silica gel were mixed with 2 ml, O,5 N HpS0, and the
mixture run through a 90 mesh sieve, About 20 ml, of 10% butanol-chloro-
form solution Was'added to the dry poﬁder, the mixture'poured into the
column, and thé solvent permitted to run through. The pH 1 ether extract
from preliminary separation was evaporated to dryness at room temperature,
about 10 mg. oflcarrier acids added, and the mixture taken up in 200
of n-butancl, Chloroform was then added until the total volume was 2,0 ml,
and any insoluble material was removed by centrifugation. .After the solution
had run in, three 2-ml. portiéns 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 thrﬁugh the column, about 30 ﬁlo 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 gellcolumn was combined in the mixing
funnels with a slower flow (0.1 as much) of indicator solution. {The
indicator solutior was made by dissolving 20 mg, thymol blue in 2 ml,
of 0,1 N NaCH and 100 ml., of CO, free Ho0). When theré is" too little
crganic acid to detect in the solven@lcdming off the column, the agueous
phase is blue while the organic phase is colorless. As soon as a
detectable apount of acid.begins to come through, the aqueous phase
turns yellow and the organic phaée 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 sliquots counted,*

After about 110 ml, of the 10% butanol=chloroform solution had
passed through»the column, the developing sblvent 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 phase., TFinally the column was washed with 100% butanol in
order to remove as much as possible'of any remaining acids,

The fesults of a typical experiment are shown in Table 1, It
should be kept in mind in considering the data presented therein, that
while the absen;e 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 product., 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 béen 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 continuously extract with ether. The ether extract was

¥ Unless otherwise specified, all counts referred to in this paper wers
made with very thin samples (less than 0.1 mg./em?) so that self sbsorp-
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 dérriefo Several
recrystallizations were carried out, the specific activity being deter-
mined after each recrystallization. When the specific activity is
unchanged after a recrystallization, the activity originally present
in the acid is obtained from the specific activity and the total amount
of carrier added. For example, 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, the total carrier added would

be 50 mg., which can be takeun as the total amount of malic acid present
since the acid fromlihe plant_is of negligible weight, If the specific
activity were found to be 4000 counts/mg. the total malic acid activity
would be 200;060 cts/min, or‘95% of fraction 8., Because of the danger
of co~crystallization, even with repeated recrystallizations, a deri-
vative should then be prepared; recryétailized and its specific
activity obtained, In the case of malic acid, dehydratioﬁ (see Section
III C) éives fumaric acid which is eagily separated and purified. The
fumaric acid thus formed must have a specific activity of 134/116 or
1,15 that ofimalic acid,

During the time when the silica gel method of sepération was
employed, most of the experiments involved fixatioﬂ of labeled carbon
dioxide in the dark, after a period of illumination and carbon dioxide
starvation, in which case most of the carboxylic activity appears as

mélic 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 section,

C. Paper Chromatographic Séparation

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 014, A£11 amino écids present were detected by the nin-

hydrin color tést while those containing ¢4 were detected by scanning
the paper with a Geiger counter tube and, more accurately, by making
a radioautograph. A superposition of the transparent radioautograph
on the original chr;matogram which has been sprayed with a ninhydrin
solution to develop the color with the amino acid spots then suffices
to demonstrate which amino acids were labeled with Cl4 during the
course of the experimeﬁto

It was found that if the alcohol extfact 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 inh positions not occupied
by amino acids., Whén tests are found which identify these compounds,
it becomes possiﬂle to accomplish an almost complete separation, isc=

lation, and identification of a large number of biological substances
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- in one operation,

The method used in preparing the chromafograms is as follows, 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 ﬁieee of Whatman No, 1 filter
paper, 18 x 22-1/2 inches. A one inch fold is made along the long
edge nearest the starting spot or Torigin" and the fold is placed in a
long shallow trough where it is held by a glass rod weight., - 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 3. Thé box is kept in a room in which the air temperature is
,thermostated at 250}3° 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 in a drying TOOM,

After the paper is free of phenol the entire proceéé 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‘iutidine have been used very successfully as a second solvent for
amino acid separations {18,19), it was found by Calvin, Benson and
Stepka'that a solvent composed of a n-butanol, propionic’acids 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 propionate, the solvent is prepared just before it
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is used from equal volumes of itwo 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 the second solvent in the
drying room, the pay.r is usually scanned with a Geiger tube to ascere
tain the approximate locations of radiocactive compounds. The paper is
then placed’against a sheet of Eastman No-Screen X-ray film and the
fiim exposed for one to tﬁirty days,'éepending on the amount of iadio=
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". Radiocautographs 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 tests, |

As previously mentioned, most of the carboxylic acids can be removed:
from a pH 1 agueous 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 ﬁhysical'constant for each acid, This constant

38 the ether-water distribution coefficient, D, which will be defined
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here as the concentration of organic acid iﬁ the’ether phase divided

by the concentration in the aqueous phese, at pH 1, where the organié
acid has been equilibratedvbetween the two phases., Thus it is possible
to cut out a spot from a paper chromatogram, elute the substanceé from

the paper with a couple drops of water, acidify tﬁe eluate with a

little hydrochloric acid, add ether, equilibrate, count aliquots from
the two phases, and in this way determine the distribution coefficiént
of tracer amounts of Clé-labeled acids, 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 compounds,

Labeled sucecinic acid had been isolated from Chlorella pyrenoidosa

by Calvin and Benson {11) in early studies of dark reduction'bf labeled
carbon dioxide, and the presence of succinic and malic acids haa been
demonstrated by the silica gel method in later experiments; therefore
these acids were among the first to be studied on the papér chromatograms,
For this purpose these acids and some closely related acids were synthe-
sized with Cl4 labels at high specific activity so fhat they might be
applied to the papers and their positioﬁs found, The syntheses of these
acids will be discussed in section III, ‘Malic, succinic, fumaric
oxalacetic, tartaric, glycolic, glyceric and isocitric¥ 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 unknown plant con-
sfiﬁuents and predict from its ﬁosition 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
spof 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 found that the positions of these acids vary soﬁewhat more
from éxpériment to experiment than do the positions of neutral amino
acids and sugars° In order to understand the movement of a given acid
on & paper chromatogram it is neéegsary to consider briefly the theory
of movement of a solute in a partition chromatogram.,

According to Consden, Gordon and Martin (18) the Rp of a solute -

is given by
AL

Ay + abg

Rp =
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where Ajp is the fradtion of cross-sectional area occupied by the mobile

phase, Ag is the fraction of cross-sectional area occupied by the station-
ary phase and &, 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

RF = 1 °
\ 1+ GAS/AL

The term AS/AL is a constant for a given paper and set of solvents while
a ié characteristic of the solute and determines its position on the paper.

The gross distribution of a carboxylic acid between the stationary
aqueocus phase and the mobile organic phase depends on the distribution
coefficient of the undissociated acid and on the degree of dissociation.
of the_acid, ‘The degree of dissociation depends on the pH gf the aqueous
phase and on the dissociation constant of the acid., Consequently,; the
gross distribution of a given acid, and hence its Ry value is in general
a function of two physical properties of the acid, its diétribution
coefficient and its dissociation constant(s) and one experimental condi-
tion, the pH of the aqueous phase of the chromatogranm. | |

If neutral, nonabuffered solvents are employed; the pH of the
~ aqueous phase at a éiven point depends only on the concentration of
carboxylic acid at that point, and as the ﬁohile phase carries the acid
past this point there is a decreasing concentration of acid and ingreas=
ing degree of ionization with a resultant changing distribution éf the
acid between phases, The rate of movgmenﬁ of the acid therefore decreases

when its concentration decreases and streaking is produced. (20);
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This effect can be avoided by maintaining the pH of the agueous
phase at a éonstant valué; This is accomplished either by employing
an scidic solvent or a buffered solvent, Lugg and Overell (20) have
used an acidic solvent to effect the separation of carboxylic acids.
By using formié acid as a "swamping" acid, they suppressed the ioni-
zation of the acids so that the Ry values depend principally on the
digtribution 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 bé accomplished either by apply=
ing the buffer to the origin gnd allowing the water-saturated mobile
solvent to4carry it along, or by dissolving the buffer in the solvent
béforehando The Ry 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 acidip solvents in both directions (20),
the resultant positions of the acids tend to overlap those of amino
acids, sugars, and other plant constitﬁentso The usekoffSOivgnts of
differing pH moves the acids to a region of fhe papef apartJffoﬁ the
rest of the plant constituents, as shown in Figure 5., .Such "area®
separation ié desirable in analysis of plant extracts in that it cir-

cumvents preliminary fractionations.
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’ The butanol=propicnic acid solvent served as the acidic solvent
and water-saturated phenol was employed as the other solvent. The usual
method of buffering in the phenol direction has been to apply the buffer
to the origin aloﬁg with the mixture of acids or cell extract. The paper
is éun first in phenoi so the buffer is carried along the paper for a
short distance in the'séme path as the acids. ©Since the buffer capacity
thus obtained is limited, it is ﬁeceSsary to use very smell amounts of
acids, From one to five micrograms of acids gives satisfactory results,
The colorimetric methods described by Lugg and Overell give best results
for twenty micrograms or more so the tracer method of detection is
- preferable for this purpose,

As would be expected, the RF values decrease with increasing pH
of the buffer and even with buffers of the same pH, some variation is
obtained due perhaps to wvariations in movement of the buffer on the
paper. For purposes of separation and identification, however, the
felative‘rather than the absolute positions of the acids is adequate,
The Rp values reported are the averdge of those obtained from a
number of chromatograms on which the buffer épplie& to the origin was
from pH 6 to pH 7,

The Ry values of the carboxylic acids as well as the values for
othef compounds studied by members of this laboratory are shown in
Figure 4.

" The relation of Rp 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 butanolaﬁropionic apid solvent and water were éeter-
mined in a mannef similar to the determination of ether-water
distribution Qoefficients alreadj described, The volumes of organic
soivent 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 to organic phase is |
found to be 0.55 according to the calculation below. The necessity
for approximately duplicéting the ratio existing on the chromatogram
arises from the fact that some of the propionic acid is extracted into
the agueous phase and the cbmposition and hence the solvent properties
of the remaining organic phase is thus aependent on - the volume ratio
of the two phases, since this ratio determines how much of the pro-
pionic acid is extracted, |

The Rp values and distribution coefficienté-of alenine and glu=
cose were also ﬁeasured‘énd alanine was used as a sfandard, its con-
stants being employed to célculate AS/AL;

Ag/A; = (1-Rp)-Rpa |

(1-.333).333 x 3.65

0.55

The Rp values of the other compounds studied were then calculatea

according to the expressions

1 .
RF = o
1l+0.55a
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Table Ii

- Comparison of Measured and Calculated Rp Values

in Butanol-Propionic Acid-Water Solvent
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Solute a RF {calculated) By (measured)
Alanine 3.65 - 0.333
Fumafic 0,50 0.78 o TR
Suceinie 1.02 o64 65
Glycollic 2,06 AT .51
Malic 240 k3 oAb
Isocitrie 2.75 40 ohl

‘ Glyceric 2,95 .38 .38
Tartaric 3.20 036 .32
Glucose 5.75 A 020

LY
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Gomparisch of the ca}culated BF values ﬁith measured‘RF values §hows
fairly good'agreement and affords additicnal evidenée that paper chrqma-
tograms of this type are partition chrométogramso

D, Identification of Labeled Compounds

In addition to the techniques already discussed it is often de-
sirable to confirm the identity of a compound by some additional
method, The conversion of malic acid to fumarié acid previously
mentioned is an example of this type of test. The usual procedure
is to add to the tracer substance a Qeighed amount of the inactive
compound., This mixture is récrystallized and the specific activity
checked, .The purified material is then converted to anocther cémpound
which is purified and its specific activity measured, as well as its
distribution coefficient. If the distribution coefficient of the
aétivity now agrees witﬁ that of.the derivative the proof of th;
identity of the original compound is ﬁnequivocalo

Succinic acid has been converted to succinic-dihydrazide (see
Section IV-A) and the specific activity of this derivative checked,
Other‘derivatives which might be prepared with the acids studied ine-
clude tartaric acid from fumaric acid and various high molecular wéight

esters from each of the acids.
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ITI. Syntheses of Intermediates with cl4
A, Malic and Succinic-Acids
The synthesis of malic and succinic acids lébeled with carbon
fourteen from cafboxyl=1ébeled sodiuﬁ acetate has been éarried ou’d

through the following reactionss
14 . ‘ 14
(1) 2 CHyC™0gNa * (CaHy),80,————> 2 CH,C™0,H, ¢ Na,SO,

(2) CHyGM0,0,H; + @211502@@002}02}15—%czﬁ5ozo=co-=cnzgl’ozczﬂ5
) ' Pt ] | U ,
(3} C,H0,0-C0-CH,C Lo 2oty ¢ By———C,H 0,0-CHOH-CH,C "0oC,Hs and
C,H0,0-CH,CH, cufozczﬂs
| | (1) or= | |
(4) 2 K0 ¢ C,H0,C-CHOH-CH,O 0202H5—@E—>H020=GH0H==GH20M02H +
2 CoHsOH
and
14 (1) om” 1
2 Hy0 + CoHg0,C=CH,CH)C™ 05CoHs5 Wnozcccﬂzcﬂzc 0oH +
©* 2 CoHsOH

The sarboxyl-labeled sodium acetate was obtained from the Bio<Organiec
Group of the Radiation Laboratory and was prepared frém radioactive
barium carbonate by the methods descrlbed by To+bert (21)

Conversion of CHy0M40oNa to CﬂgCM0202H5

One gram of sodium acetate labeled 1g the carboxyl position with
6.0 millicuries of radiocarbon was placed in a 20 ml;lampule with:a long
neck and 5 ml, of freshly radistilleq diethyl sulfaﬁé\plus 10 A concentrated
HQSOL were added, The ampule was evacuated and then fi11ed with dﬁy

nitrogen at atmospheric'pressure° 1t was then sealed and the lower part
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containing the reaetants_immersed in an oil bath at 160° to 175© for twp»r

_ hours, with occasional gentle shaking, care béing3§g%§n;to avoid splashing

the reactants up the sides. The ethyl acetate produ@ed:refluxesg cone

densing in the cool neck of the ampule, A%t the end of this time, the

ampule wag cooled to room temperature, then immerséd in liquid nitrogen.

_ The neck was opened and quickiy attached to arUgtube/conne@ted to a

vacuum system. Both the receiver on the other afm Qf”the U=tube and

the ampule were immersed in 1iquid nitrogen and ﬁhé*éystem evacuated;

The U-tube was then closed off from the vacuum 1ineiénd tﬁe liquid nitrogen

bath removed from the ampule, Several hours were allowed for the ethyl

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

from the liquid nitrogen bath and detached from the U-tube, Some diethyl

sulfate distills over with the prcdu@t but is not detrlmental to the next

reaction since it reacts with the catalyst, sodlum methoxlde to give

sodium sulfate and methyl ethyl ethers H
(CZ 53 SOA + 2 NaOCH ~—————————€>2 uzﬁﬁocHa + N&280£
Conversion of CHBGMOQCQHS 6 czﬁgﬁzcaooag};zg%z@gﬁﬁ

Reaction 2 is a modification of a genera13p%o¢§aureg described by
Adickes and Andresen (22) for the syntheses ef:aaké£g acids and in#olyes
a Claisen condensation of diethyl oxalate and é fagg?.aeiﬁ ester, in this
aasegjethyl acetate, The reaction wes carried out'iﬁ 8 120 ml. three=-
necked flask fitted with a mercury seal stirrer and reflux condenser
equ1pped with a Call, drying,tubeo About 40 mlo dry ether was dlstllled

into the flask and 1.4 grams of sodium methoxida.plu@ 2 ml, diethyl oxalate
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quickly added and the third neck stoppered, The flask was warmed with

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

yellow, The solution was allowed to cool and the ethyl acetate tube was
attached to the third neck of the flask, The ethyl acetate was gently
distilled into the reaction mixture and the tube was cooled and warmed
several times to insure flusﬁing of all the ethyl acetate vapor into the
reaction flask, ether vapor providiﬁg the flushing gas. The third neck
was again stoppered and the flask warmed on the water bath at 37°C with
stirring for sixteen hours,

After cooling, the reaction mixture was transferred to a flagk
containihg 50% HZSOL kept colder than ¢°C by occasional immersion in an
acetone and solid €O, bath. After stirring the contents of the flask,
the ether layer was removed and the acid-agueous ?hasg extracted Sevérél
times with ether. The combined ether.fractions were concentréted~at'
09C at reduced pressure. The crude ester mixture was géed dirégtly’in
the next step of the synthesié; ! |

Conversion of Cos0,0-CO-CHyG *02C2H5 to CQHsbszCHOH@C§201&0262H5

14

14
and CoHy0,C CHyCHC 0yCoHs

Reaction 3 was carried out in a small threeqﬁéﬁked flask fitted
with a gas tight induction stirrer and a hydrogen inlef tube, which is
connected»through two three-way stopcocks to a hyﬁroggen'tank9 an aspirator
an& a 500 ml. gas buret with a leveling bulb, Thié_appératus is shown in
Figure 5,

The crude esters from the previous reaction were diluted With

20 mlo 95% ethanol and placed in the reaction flask with»AOO mgO'Ptozo

'
‘
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Figure 5
Hydrogenation Apparatus
A, Reaction Vessel
B, Induction Stirrer
Ce Gas Buret _

Ds Leveling Bulb

To Hydrogen tank

MuU1 522
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Assuming 100% yield from sodium acetate, there were 12,20 millimoles of
diethyl oxalacetate which, together With‘l,765 millimoles of Ptozs
iwould use up 15.73 millimoles of hydrogen gas or 382 cc. at 2300% 1
atmosphere pressure, if diethyl malate were the only reduction producto
The flask was stoppered and the system filled with hydrogen by
reducing the pfessure by means of the ‘aspirator until the ethanol just
began to boil, closing the stopcock to the aspirator and admitting hy=
drogen to the system., This procedure was repeated about five times, after
which ths waﬁer in the gas buret was displaced by hydrogen to 450 cc.,
thevin@ernal pressure of the system was adjusted to ;ne étmosphere withv
the leveling bulb; and the stopcock to the hydrogen supply closed. The
stirrer was then started and the uptake of hydrogen followed with the
gas buret. The reaction was carried out at room temperature (23‘00)° In
~one hour the hydrogen upteke was 328 ec, and in two hours the hydrogen
uptake had stopped with 372 cc, having been absorbed. ’

Conversion of the Esters to the Free Acigg

The flask was then @penedg-the.solution‘femoved from ﬁhe catalysf
with a dropper, the catalyst rinsed and the rinsings and solution of.
products combined and shaken 12 hours with 100 ml, O;S N NaOH golution
at rcom temperature., The mixture neutralized, concentréted at; reducéd
pressure, and transferrea to a 100 cco. ceﬁtrifuge'eoneg where 8 ml, of
1M GaClé‘éolutiqn was added, precipitating calcium oxalate. The super-
natant solution was removed with & syringe and combined with several
» rinsings of the calcium oxalate.precipitatea Counting of the precipitate

showed no appreciable percentage of the starting acti&iﬁyo
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The solution of free acids was acidified with 3 mio ) HQSOA
and continuously ether extracted overnight. The ether extract was
then evapcrated to dryness at room temperature and reduced pressure.
The crude residue contained a mixture of malic aﬁd suécinic acids,
‘A small amount of the mixture was epplied to a chromatogram and
the succinie and malie spots identified., No other spots were produced.
Of the 1140 mg. of mixed préduet‘obtaineds 861 mg. or 755 of
the yield were taken up in 0.1 N HCl and separated by repeated fractional

ether extractioms., If M, is the fraction of a compound remaining in the

aqueocus phase after n ether extractions, V2 - ‘the ratio of the ether
volume to the water volume in each extraction and D the distribufi@n €o=
efficieﬁﬁs.theg M, is given by

My = 1/(1 D = )%,

: IS

For suecciniec acid, D = 0,15 and for malic acidé-DE%,?%Ql?; If Vg[Vl s 2,
the fraction of succinic acid remaining in the aquéaﬁé‘phase after 10
extracticons will be 0.0726 and that of the malié.acidiﬁill'ﬁe 0.730, - The
combined sther extracts can then be extracted with Suitabie volumes of
O,er HOl to remove malic acid preferentially fromjtﬁéﬁefher phase. The
resulting intermediate fraction can then be Subjecte@f%c the same 4wo
processess; When the agueous solutions @bntained moréf£hap_l5 parts Qf
malic acid to one part of succinic and the ether\sclﬁﬁion @Qntginéd the-
@ppoéite proportion of these acids, the solutions Wéfé évapbratgd to -
dryﬁessvat reduced pressure and the acids eachnre@rysﬁailized from ethyl

acetate and toluene solution. The mother liquors were combined with the
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intermediates from the ether extractions andvthe entire-procgss of ether
ext:acti@n and recrystallization repeated. A yield of 308 mg, succinic
acid of 28.4% of theeretical'and 48) mg. malic acid_or.BQ% of'theorétical
was obtained, so that the total yield was 67.4% from sodium acetate., The
specific activity of the malic acid was 3,68 pc./mg. and that of the
succinic acid was 4,17 pe./mg. In £hé case of malic acid oﬁiy the car-
boxyl carbon adjacent to the hydroxy-substituted carbon atoﬁ is labeled
while in succinic acid the label is eqﬁally distributed between the two
carboxyl groups since the molecule is symme£ricalo

B. Oxalacetic Acid '

Crude diethyl oxalacetate prepared according tq the procedure
described above, was dissolved in 30 ml, ether and extracted with 2 ml.
portioné of 10% K2003 solutign until addition of a'drép_of 1% FeGl3
solution to a small sample of the ether solution plus 50% ethanol no
longer gave the deep red color of: a positive enélitésﬁ;‘ The agueous
solution was then neutralized and-aéidified at OOO“wigh‘diln%e“éulfbric
acid and extracted several times with ether, The.coﬁﬁinéd ether extracts
were concentrated at reduced pressure and the ester‘dissolved in concene
trated hydrochloric acid at 0°C. The solution was kép%tat 5@C'for,thrée
days. The hydrochloric acid and aleohol were‘evaporgiéé;;g'ggggg at 0°C,
The residue was recrystallized from acetone ané toluéﬁeo The yield of
pure acid was 27%, based on sodium acetate. ;5'7?%h

C. ?umaric Acid | |

Carboxyl-labeled fumarie acid was prepared-iﬁ*the following way.
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A.smali ampule containing 49.7 mg. carboxyl-labeled malic acid‘having a
specific sctivity of 3.68 pc./mg. was evacuated and filled with dry
nitrogen &t atmospheriQ‘pressureo The ampule was sealed and immersed

in an bil bath . at 140° to 15006 for two hours, After @éblings the ampule
was opened and the fumaric and malic acid mixture transferred to a 2 ml,
centrifuge tube, The fumaric acid was reerystallized from Watefs cene
trifuged, washed, dried and weighed., The yield was 29.5 mg, or 68.5%

of theoreticsl, and 13,0 mg, or 26% of the malic acid was recovered,

The specific activiiy of the fumariec acid is 4.25 pc./mg. The product

gives only cne spot on a chromatogram and its distribution ceefficient
is 1,0, The label is distributed equally beiween the two carboxyl

ecarbons, each having one half the specifiec aétivity of the labeled

- carboxyl carbon in malic acid,

D; Tartaric Acid

Carboxyl-labeled fumaric acid was converted te carboxyl-labeled

‘di-tartaric acid by oxidation with sodium chlorate in the presénce of

csmic acid, S R
14 L : . 14 14
3 HOoCT"CH=CH=C""0H + 3 H2@ * Gl@”g’"‘““”;%HB HOQC CHOH=CHOH=C™0
The provedure of Milas and Terry (23) was modified slightly for prepara-
tien of a2 small gqiantity of tartaric acid. ‘
To a selution of 1.6 g, of sodium chlorate and 50 g o @l&m
jabeled fumaric acid diséolved in 2,0 ml, 850 at 509 was added 200 A
of 1% osmic acid solution., The solubion was warmed on a water bath at

50° for nine nours at which time it was cooled and the osmie acid removed

2

H+Cl
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by extraction with benzene, An excess of barium chloride solutioﬁ was
added and the precipitate of barium tartrate centrifﬁged, dried and
~weighed. The barium tartrate was decomposed by warming with a calculated
amount of dilute éulfuric acid for 1/2 hours, after which the barium
sulfate was removed by centrifugation and the supernatant solution con-
centrated to about 200 *, | | |

Adrop of alcohol was added and the solufion cooled 1o 0°C,
The tartaric acid crystallized out and was centrifuged and washed a
couple of times with a drop of éol@ 50%.alcohol9 thén dried and weighed,
A yield of 15.0 mg. or 23% was obtained, The product gave only one
spot on a paper chromatogram and had the proper distribution coefficient,
0,004 | | |

E., Glyeollic, Glyoxylic and Oxalic Acids

Carboxyl-labeled glycollic acid was obtained‘from the Bio=Organic
Group of the University of California Radiétion-Laboratory.and wWas .
prepared by monochlorination of carboxylelabeled.aaétic-acid\fqlloWed
by hydrolysis (24). = B

| The syntheses of glyoxylic and oxalic acids is contemplated

in the near future. Chlorination of labeled acetitacid to dichlorcacetic
and subsequent hydrolysis ﬁoﬁld give glyoxylie acid:wﬁile tri-chlorination
of acetic acid and hydrolysis would yield oxalic aeid. An alternative
preparation of‘glyoxyiic acid is the oxidation of ﬁgrtaric-acid by

periodate (25),
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hd IV, Degradations.

A, Sucecinic Aeid

The first organié acid isclated from algae which had reduced
labeled carbon dioxide was sueccinic acid aﬁd‘therefore it was this acid
which was first degraded., It was believed that pyrolysis of a salt of
!succinic azid to ﬁroduce decarboxylation, and measurement of the acti-
vity in the resulting carbon dioxide might not prcﬁide an unequivocal
measurement of the carﬁoxylceafbon activity due 16 the possibility of
exchange réacti@ns at high temperatures, The Hoffman degradation is
apparently not applicable since it has been reported that treatment
of succinic diamide with potassium hypébromite solution produceé a

* compound of the formula CAHGOENQBTQ which on treatment with alkali gives

i
A\

HoG NH

Hzg\\\N//Q§§

A satisfactory degradation of succinie acid was found in the

B=lactyl ures,

" (26)

Curtius Reaction {27) and the following series of réé@tions have been
carried out,

oy ISR S, N S N ok %

(1) BO,G-CH,CH 00H + 2 CHNg——>2 Ny + GH;0,0-CH,CH,00,0Hs

(2) GI’BODCJ'HQCHpCO CHy ¢ 2 N H, ———3 \%’GH CE C%) + 2 CH,O0H
2Y53 244 AN AN 3
H;_)Wa HN@NHQ
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G 0 0% Ox
() >°%H2%ch/ « 2 HNO, _.,}cwchﬁcm, v 4 B0

o N 2 Z <
HéNaNH HN NHﬂ N3 | N3

A Curtius Oy
(4 ;\\}ﬁﬂgﬁﬂgcf * 2 OgHOH >2 N, ¢ \GeNHaCHQCHQNH=c/O
7

Ny

3 Rearrangement CQHKD

' i
fEY. A % ~ er g *
(5} uQHSOQCaNH=CH2C-H NH002u2H5 + 2 HQ;Q + 2 HBr ——-—)BrHBNERZCHQNHBBr &

2
2 60, *+ 2 CoHs0H

Suseinicdihivdrazide
Resction 1 was carried out in a 60 ml., conical flask into which
was placsd 280 mg, of labeled succinic acid and 10 ml. ether., A solution

£ diaz@meihane in ether was sdded with shaking until the yellow color

o

T dizzomethane persisted., The solution was allowed to stand several

)

hours after which the ether and excess diazomethane were removed by
avéporati@n at 09 and reduced pressure, Thr©nghout thé proc@dure.thé
usual safety precautions were observed in working with diazomethane,
The ester was distilled from the residue in nggg‘intc a small liquid
nitrogen trap, after which it was transferred with a dropper and several
rinsings with ethancl into a}j@ ml, @onical,fiééko

Regcti@n 2, the conversion of diethyi succinate to succinie
dihydrazide was carried cut according to the bfocedure of SchBfer and
Schwan (28), which was adapted o small-seale gynthesisg, Tcrthe-esterw
alegohol solutien was addeﬂ 300 mg. 85% hydfaiine hyﬂ%éﬁ@c “The flask was
fitted with auﬁmall‘réflux condenser and the réamtign mixture refluxed
on a steam bath for five hours, The reaction mixture Waé evéporated
to dryness al reduced pressufe aﬁd‘ihe residue of crude suscinic dihy-

drazide taken up in water and recrystallized. A 90% yield, based on

Noc,Hs
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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
succinic acid used.

Ethylenediurethan

The sucecinic dihydrazide, dissolved in 5 mi, 2,0 N HCl, was
transferred to a small flask equipped with a mechanical stirrer and
immersed in an ice salt bath. About 20 ml. ether was added and then
450 mg. NaNO, dissolved in 5 ml; ﬁater was added dropwise, In this way
most of the ether soluble produéeg succinicediazide, was extracted as
formed from the reaction mixture, .When all of the NaNOé solution had
been added, the stirring was cﬁntinued a few minutes, then stopped and
the ether layer removed. The aqueous layer was extracted several times
with ether and the ether extracts combinéd° Absolute alcohol was added
to the ether solution and most of the ether removed by evaporation,
The aleoholic solution was then refluxed on a water bath oyernight.
The solution was then evaporated to dryness at reduced pressure ahd the
residue taken up in water and recrystallized. After drying, the product,
ethylenediurethan, was further purified by sublimation in vacuo and a
yield of 117 mg. (36% from succinic acid) was obtained, Tﬁe specific
activity was determined, o
Hydrolysis of Ethylenediurethan ‘

A soiutioﬁ of 104 mg., of eﬁhylenediurethan ih 5 mi, of 85%
hydrobromic acid was refluxed for tws hours in a 30 ml; two=neckéd_
flask equipped with a reflux condenser aﬁd a‘hitrogen inlet tube,

During this time a slow stream of niirogen carried the evolved carbon
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dioxide through the condenser into a sodium hydroxide bubbler from
which it was recovered as barium carbongte, 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 wés 1.02
ﬁillimoles 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./cm® layer on a thin aluminum disk, Sample
preparations and corrections for self-absorption were in accordance
with the procgdures described in "Isotopic Carbon® page 118 (7).

The sclution of ethylenediamine dihydrobromide in the reaétion
flask was evaporated to dryness and methanolic potassium hydroxide was
added to thé residue, After the methanol was evaporated, the ethylene
diamine was distilled in vacuo and converted to ethylene diamine dihydro-
chloride by addition of methanqlic hydrogen chloride, The solution was
concentrated ﬁntil the product crystallized out. The salt was then re-
crystallized from water-methanol, centrifuged, drigd and weighed, A
yield of 52 mg. (77% of theoretical from ethylene diurethan) was obtained
and the specific activity was determine_d° The entire purification
process (distillation, etc,) was thenrrepeated and the specific activity
again measured and found to be unchanged. Specific activities as low
as 6.0 disintegrations per minute (2.7°10"% mc,) pe’fmgo were measured,
In some cases the aetivity 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 aciao
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#* %Kk
HO,C-CH,CROH-C0,H # 4/3 HCr0,™ + 16/3 H' 2 60y * 0330328 .,
- | ! 13/3 Hp0 +74/3 Cr

The carboxyl gréups yield two molecules of carbon dioxide and a molecule

of acetic acid is obtained from the alpha and beta carbon atoms.

Degradation of the acetic acid could then be performed by decarhoﬁylation°
400°

*  xK : * * % '
2 CH3002Bay /o —————— GHG=GH, + BaCOy (30)
, 1/2 hour ,

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

Oxidation of Malie Acid

To a solution of 100 mg, clé-1labeled malic acid in 10 ml. of
1,0 N sulfuric acid in a 100 ml., flask equipped with nitrogen inlet
vbubblerg reflux condenser, and dropping funnel was added 20 ml, of
0,15 M chromic acid solution over a period of two hours., 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 hydro%ide bubf)ler°

Addition of barium chloride to the sodium hydroxide solution
precipitated barium carbonate which was washed, d?ied, weighed and
counted. ' The weight of barium carbonate, after correction for sodium
‘hydroxidé blank gives a yield of 96%,

Acetic acid was obtained by steam distilléiion of the reaction
mixture, The steam distillate was titrated with ﬁarium hydroxide; and
then evaporated to dryness at reduced pressure, The barium acetaﬁe.was

.recrystallized from water and its specific activity determined, From

" the specific activity of the barium acetate and its theoretical yield



| =41 o UCRL-735
(100 mg.), the activity in the a and § carbon atoms of the malic acid
can be détermined without interferencé from the carboxyl activity.
Aspartic acid has béén @egraded by exactly the same procedure,
HOG-CHNHoGH,C0H * 4/3 HOr0,” + 19/3 H'~——32 COg + CH3COOH + NHj+
| 4/3 et

‘ T+ 10/3 HO
€. Alenine
The decarboxylation of slanine with nirhydrin wes carried out

using the evacuated U-tube method of Van Slyke. .

N [ OH & NHp -
’ ~  + CH,C.. COOH >
O j\m hae 00 _

Y 8 OH - '

1 < + CHzCHO + Co2 % NH3
OH

NS

The procedure was modified from that described by Eenson ggag;°(13)
to give the activity both of the caiboxy1=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 1ts 2yl
dinltmphenylhydrazone° |

| CH3CHO ¢ (NOg)y CgHyNHNH;~—> (N02)2 CgHyNEN-CHOH + ﬁQO

To 5 ml, of an aqueous solution of 15,0 mgo @f cl4-1zbeled

alanine and 150 mg. citrate buffer (pH 2.5) in a 30 ‘ml, flask was added
200 mg. ninhydrin at 0°C and the flask quickly closed with a tube lead;ng
to a closed stopcock, The flask was immersed in liquid nitrogen and
after several minutes a vacuum pump was attached to the stopcock tube,
‘the stopcock opened, and the system evacuated, The stopcock was again

closed, the flask removed from the liguid nitrogen and after warming to
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room temperature, placed on a steam bath for thirty minutes. 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 ml. flask §ontaining a 2 ml, solution of
22 mg. {2/3 the theoretical requirement) of 2,4=dini£fopheny1hydrazine in
glacial acetic acid., A stopcock, attached to the U-tube at its center, led
te a vacuum pump. With both stopcocks closed, both flasks were immersed
in liquid nitrqgena After several minutes both-stopcocks were opened and
the system evacuated. The stopcock to the vacuum pump was then closed and
the ninﬁydrin reaction flask.(le) removed from liquid nitrogen and warmed
on a water bath until all the liquid inside the flask had distilledlinto
the 2,4-dinitrophenylhydrazine flask (F-2). With both stopcocks closed, the
gcntents of F=-2 were warmed oﬁ a water bath at 70°C for several minutes, and
meanwhile, F=1 was.replacéd with a third flask, F=3, which contained 15 ml.
6 N NaOH, Both flasks were again immersed in liquid nitrogeﬁ and the sysﬁem
evacﬁated, The stopcock to the vacuum pump was closed-éﬁd F-2 warmed, its
volatile contents distilling i:i'ltozf.‘F=3¢, Finally F=3 was ﬁarmed to room tem=
perature with occasional shaking, removed from the'U=fﬁbe éna:ité contents
vtransfefred to a centrifuge t'ube° Barium chloride solution was added and
the precinitated bariuﬁ'carbonate was centrifuged; driéé, weighed and cbunted°
The residue of acetaldehyde 2,4-dinitrophenylhydrazone in F-2 was re=
crystallized twice from glacial acetie acid,»dried-and_its.specific acti§ity
determined, From the theoretical yield and the épecific_activitys the per-

- centage of alanine activity in the alpha and beta carbons can be calculated.
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V. Application of Methods
A, Introduction
The reduction of carbon dioxide during photosynthesis might proceed through
either of two initial steps. The first possibility ié the direct reduction of

bicarbonate to fommic acid or formaldehyde.

0 ' 0
4 s
(1) H0~¢7 _ *RH, 9HC\O_ + H,0 + R

0
(2) ®* + HC_(O_ + RHp————>H,00 + Hy0 + R

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

by reduction of the carboxylated compound,
o | ‘)0 -
(3) &H+ Howcfgf——-————:»Aac* 4+ HO
0= Yoo
W B el o+ RH,——3>ACHO + Hy0 + R~
ot \ .

(5) AcHO + RH2'——¥——-—> [cazt] + A +R

The first of these two schemes, parficularly thefformationiof formaldehyde,
first proposed by Baeyer (31) in 1870, had been studied by a:great many ﬁorkers _
prior to the development of tracér methods, but the résults reported were ine ‘.
conclusive and’ contradictory (32), Since the advent of ‘tracer éafbon, when
it became possible to detect much sﬁ;ller amounts of photosynthetic'inter—

mediates, the one carbon compounds have been lookedvfor and have not been

found. (33) (3).
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At the same time, several three and four carbon compounds have been found
to appear, labeled with radiocactive carbon after nearly every experiment in=-
volving reduction of labeled carbon dioxide by plants, The repeated occurrence
of these compounds, under conditions of carbon dioxide.reductioh suggests that
carbon diokide is first incorporated'by:cérboxylatidn of a:GZ-or;GB acceptof
into a three or four carbon carboleic acid which is subsequently reduced,

The reduced carbon must then be usgd to syn?hesize céxbchydrateS‘or other
photosynthetic products and the acceétor must be regeneratedo There are two
ways in which this might occur. First, the acceptor might retain its
identity thronghout the cycle, merely holding the carbén dioiide.during»reev
duction and then passing the reduced carbon on to another éystemé That

this is not the case is indicated by degradation studié;, which show that
the early products of carbon dioxide fixation quickly.become labeled in
each carbon position when labeled carbon dioxide is déédo —

The second way in which the acceptor can be regengrated is by carboxy-
1ation9:followed by reduction and finally by splitﬁiné{intb fﬁo.moieéales
~of acceptor., One molecule of acceptor can then be'ﬁéédito @ontinue'thev
carbon dioxide reduction cycle, ‘Thé'ofher moleculgéggﬁéccépébégbor some
‘member of the cycle derived from it, can then be usedjfor_carbohydrate syn£;
thesis. o J

An obvious corollary to this scheme is thatAthe;ﬁ&iber.of cafboxylatibns
per cycle must equal the number oflcarbon atoms in th;;acceptoro ‘Thus, the
,identifiéation of three and four carbon'productS'éf:éé%bén dioxide reduction

which appear to be formed before any other products pfOVides>a'strong indi-

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

acceptor of carbon dioxide is a two carbon compound, This was further verie-
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fied by Calvin and Benscn who found that the first stable compound to appear
labeled with tracer carbon in very short periods of photosynthesis was a
three carbon @ompound, 2-phosphoglyeceric acid (1391&)7 As the time of photo=-
synthesis increased; other products of photosynthesis appear and in 90 seconds
photosynthesis with Scenedesmus the observable producﬁs are 2~ph§sphoglyceric
acid, 3-phosphoglyceric acid, phosphoenolpyruvic acid, glucose=l=phogphate,
glucose-t-phesphate, fructose~l,6-diphosphate, fructose-6~phosphate, sucrose,
aspartic acid, serine, alanine; malic acid, glycollic acid, and small amounts
of fumaric and succinic acids and glycine (12913914); ‘

The formation of sugars and sugar éhosphates points to a formation of
carbohydrates by a reversal of the glycolytic path, while the formation of
29 3 and 4 carborn carboxylic acids and amino acids indicates the operation
of a twe, three and four carbon cycle to regenerate the carbon dicxide
acceptor. The problem, therefore, is to determine which of the observed
@ompoundéiéfe aetually members of the cycle and which are not actually inter-
mediates but are rapidly formed from intermediates.

Since 2-phosphoglyceric acid appears to be the first stable product of
cerbon dioxide reduction, one might take as & starting point the carboxy-
lation of some acceptor to form 2-PGA., This acceptor might be some unstable
compound such as vinyl phosphate, in which case the carboxylation could be

the addition of bicarbonate ion to the double bond, probably through the agency

of an enzyme,

Q-pO3H" g@ EPOBH“
(1} CHy=CH + H0-CO5 > CHy=CHp=C02”

For every two molecules of 2-PGA formed, 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 phosphoenclpyruvates

| SH PO3H™ PO5H”
(2) CHy=CHp=(0p ~—————9p H,0 + CHy = C = C02"

Now if a second molecule of bicarbonate ion adds to the double bond,
in the opposite direction (because of enzyme specificity, or perhaps re-
pulsicn of the carboxyl group by the two acid groups_dn the a=-carbon),

and another dehydration occurs, the product would be phosphoenoloxalacetic

acid,
PO;H" PO3H™
( 3} CHp=0-CTy ¢ HO=CO0o "~ > ’020=CH2-—ECOZ°’
. PO3H™ |  OPO4H"
(4} T0,0=CHy=C~COoH™ DH,0 + “05C=CH- -=C.82“’
PO3H™ N 'B
or (4)' 70,0=CHy=(=C0y" - > HOPOH™ 4 "0,0=CHy-C-C05~

The carboxylation of pyruviec acid to oxalacetic acid is the well=knocwn Wood=

Werkman reaction (34).

The reduction and splitting of oxalacetate to two molecules of vinyl
phosphate or a two carbon compound of the same redﬁcfibn level‘}eduires ten
equivalents of reducing agent.

4

| | | H
2§ + =ozcmaﬁzagnco§ + 5 RHZ—————%2CH2=8H *5R+3H0
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This differs from the previously proposed cycle;lpaggr4g_ip_which oxalacetate
. was reduéed to acetate which was then reductively carquylated to give
pyruvate, The early forﬁation of 2«PGA is evidence in favor of the present
schemeo

There are several pathé by which the reductive sflitting of oxalacetate
to vinyl phosphate could occur, the difference dependiﬁg on the point in
the series of reductions that the splitting oceurs. Oiélacetate might be re=
duced thrwugh malate and fumarate to succinate which could spllt reductlvely
to acetate and the acetate could then be further reduced An alternative is
the hyirolytic splitting of oxalacetate to glycollate and glyoxylate and
reductlon of these two-carbon compourds, A thlrd:pOSS;blllty is the hydrolytic -
gplitting of malate to two molecules of glycollate, 5Cthér possibilities
include the oxidation of oxalacetate to dihydroxymalégté'and éplitting to two
molecules of glyoxylate, P

Because malate was always found in photosynthésis experlments together
with small amounts of fumarate and succinate and becanse enzyme systems which
bring about the transformations Of these acids from one to another were
known to exist; it was tentatlvely pr@posed that the: cycle was completed by

the foxlowing reactionss

(5) ’02‘3”‘532”8“302” + RHp——————————— 053 -CHp=CHOH-C0," + R
(8)  T0x0-CHy=CHOH-CO,™ e Y H0'# “0p0-CH=CH=CO0”
{7) “09C=CH=CH=CO2~ + RH, e “03CaCRaCH,=00," + R -

(8) “0,0-CHy=CH,-CO,™ + Ry — 2 CH4C05” + B
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{9) H' ¢ CH300p” + HyPO,” ¢ Rily—————">CHp=CHOPC,H™ + R + 2 H,0

B. Degradation btudiea*

If the ecysle composed of reaction 1 4o 9 is in cperation at the stard
of &n experiment involving photosynthetic uptake of labeled carbon diloxide,
the labeling of the various compounds formed will proceed at a rate de-
pending on the rate of movement of carbon through the cycle, and for a few
turns of the cycle, the labeling will be unequal among the several carbon
atoms of each molecule, This is demonstrated in Figure 6 where the labeled
positiong after one tuvrn of the cycle are marked with twe asterisks and
those lzbeled after two turns of the cycle are marked with one asterisk.

L course, the actual situation is not that of complste ccnversion of all
the molscules of one intermediate to the next with each turn of the cyc$e
but rather is analogous %o & series of reservoirs tbreugh which is “pumped"
a stream of carbon with twe inlets (carboxylations) and one outlet (forma-
tion of carbohydrates). The "pumping® energy is the reducing energy formed
by the photochemical reaction. When radiccarbon is adm;tted through the
inlets it spreads from pool toe pool, becoming more dllvte with each step,
Thus the concentration of labeled carben which reaches the inmner, reduced

on of the carboxylic acids after a pericd of photosynthesis is de-

it en the apgpregabe ,on@entrati@n af the intermediates.and the rate of
Bturning? of the cyele and may alse depend on the @oncentwat1©ns of othey

reservoirs, not intermediates in photosynthesis, but in rapid equilibrium

% 1 the alanine degradations menmticned in section V=B were performed by

Dr. 4, A, Benson,
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Figure 6
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with intermediates,

One method of testing the operation of the qyelé is to degréde a sus-
pected intermediate and determine the distribution of‘aétivity within the
molecule., The first such degradation was carried outlwith succinic acid
obtained from Chlorella after a period cof dark reductién of labeled carbon
dioxide following illumination, It was found that 2.6% of the radio=-
activity was prsesent in the methylene carhgns of the succinic acid, Thus
the operation of a cycle was demonsirated in dafk redﬁcti0n, buﬁ not
necsssarily the participation of succinic acid in the‘cyclea‘since it coﬁld
be werely derived from a photosynthetic intermediate, “Glucose obtained from
a similar experiment was degraded by other members of.the laboratory (35),
and 24% of the“activity found in other than the 3 and 4 positions, thus
3gain indicatiﬁg the operation of a cycie during dark reduction, Degrada-
tion cf alanine from:the same experiment demonstrateﬂ'that 89% of the
activity was in the carboxyl groups 10% in the aégaﬁﬁoh‘gnd'iegs than 1%
in the Becarbon,  Alanine is thouglt to be in eéuiiigiiﬁm Wﬁth-pyfu#ate a
through the transaminase system. | . | »

In another dark fixation experiment followiﬁg a period'of-illumination,
malic acid was degraded and 0.86% of the activity f@uﬁd in_the‘methylene
carbons. In the same experiment 2% of the alanine\aétivity was found in thé
a and B carbon atoms,

When dark fixation of labeled carbon dioxidé waé ¢éffied.out.Without a
period,oflpreillumination, no_acfiviﬁy was found‘ig7£hé ﬁeﬁhylenevcépﬁon.
atoms of succinic acid, indicating that the incorpoféti@n of carbon dioxide

into the molecule was entirely by a respiratory meehaniémo Such a mechanism
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might be the Wood-Werkman carboxylation followed by the usual tricarboxylic

acid respiration cycles

3* X E -
(10) ¢o, # CHyC=00," > “0,C=CHp=G-CO0y

0 l@f
| | .
(11)  “08-CHy=C-C0p= & GE5005” —————3 “0,C~CHg-C=CHCO,”

v wa X - #* : -
{(12) 0oC=CH5=0=CHCO,  + H0 > °020mCH2wCHmCHOH-COZ
002’ - @2“
: % - *zﬁﬂ * }
(13) ”OQC=CH2=CHnCH0H=COg > ”026=GHQa Hagacoz”
.02
{14) 02'5«-CH-=C_CO2 + H? > OQCwGHQCHszOnGOQ +* 002

-2 [H]

: - ¥ - . B -
(15) "0,C=CH,=CH,~C0=C0, > “0,6-CHyCHy=00," + GOy

The distribution of labeled carbon in succinic acié-from dark fixation ex-
periments following illumination is probably the result of both respira=-
tion fixation and reductive fixation but it is to be noted that the re=-
ductive fixation is many times greater than theﬂ?espiration fixation during
the first two minutes following illumination (115;

When Scenedesmus aré allowed to photosynthesize with radioactive carbon -
dioxide for 30 seconds, and the malic acid is isolated and degraded, 6,5%
of the sctivity is found in the a aﬁd g carbons and 93.5% is in the car-
boxyls carbtons, Aspartic acid from the sameé exﬁeriment shows 96% in the
carboxyl groups and 4% in the other two positions. Aspartic acid is pre=
sumed to be in equilibrium with oxaloaéeﬂicaacid through the transaminase

system.
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Barley which had photosynthesized for 75 minutes with 1abe1ed zarbon
dioxide yielded succinic acid which when degraded was feund to contain
7% of tts radicactivity in the methylene carbons and 63% in the ecarboxyl
carbons,

C. Malonate Inhibition Experiments
Another method of testing the validity of a proposed cycle or series

of

sonversions 1s o use a poison or inhibiter whieh is known to block
one or more steps of the series. A epecifie set of conditions is designed
to test the operation of the cycleg and two experiments are performed cne
with inbibitor and cne without. The results of the two experiments are
compared and the differences are interpreted in the_llgnt of the knewn
effects of the inhibitor, | |

[ £n inhibitor which could be'used to test the.series of'hydrogenatione
from oxaleacetate to succ;nate was found in malonateo Quastel and
Weoldridge (36} and ethers (37) dem@nstrated that malonate 1nh¢b1ted the
oxidation ef saccinate both &ﬂ certaln béeterna and 1n b*ain ‘and museie
tleeueb- They 1nterpreted the inhiblnlon by malonate as belng due to a
cempenimlen Wlth eaeclnate For sue01nle dehydrogenaeeo . \‘

Goszy and Szentaﬁyrﬁgyl (38) found that resplratlon in plgeen breast

muscle was inblblted by malonateg and this flnalng 1ed in, later worﬁ to
the postulatlon by Szent=Gyr®gyi and eo=wmrkers of a hydrogen earrler sySa o
tem consisting of fumarate and su0c1nate w1th SUCClﬂl@ dehydrogenaeeo They
believed thlS system to be Speelfleally polsoned by malonatec They feund
that re«p&raticn im malomate p01soned t1 Lssue was restored by the addition
of fumarste,
The malonate inhibition'ofzboth euecinie aﬁd'melic dehydregenaSes has

been studied by Das (39) who found that both enzymes were inhibited by
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malonie seid, He further reported the sueccinic déhydrogenase was inhibited
by Qxalacetate.even more stiengly than by malonate, Lactic dehydrogenase
wag alsc found teo be inhibited by melonate, Finaile Jowetﬁ and Quastel
(40) found that the breakdown of acetocacetate is inhibited by malonatéo
The relaticns of these agids and ensymes ére shown in Figure 7,

There are three conditions common to 2]l these reactions., First,
the compounds involved are all three- and four-carbon carquylic“acidso
Secondly, the enzyme catalyzed reaction in each case may be considered as
an addition to a double bond, a=3 to the carboxyl group., Finally, each
reaction involves the addition of either twe hydrogén atoms or of a
hydrogen atom and & hydroxyl group to th° double bondﬁ

The enzyme in sach case may contain two fﬁnctlonal parts. The first
mighﬁ be a protein with a sgpatial arrangement of its components which per=
mits it to form & complex speclflcally w;th threea or four=carbon carboxy= '

lic acids, This part of the enzyme might be unable to dlstlngulsh ‘between

these several acids and woula form complexes Wiﬁ_t;ﬁy of them9 includlng

malonat@° The fract1©n of enzyme. *omplexed w1th any partlcular acld ‘
species would then be merely s fanmtion @f the various acld concentratlonso

The second portion of the enzyme is the onevwhlch‘glves 1ts speclfle

city and probably haa as its function the allgnlp _ r1draw1ng together of
the hydrogen (or water) acceptor with the éorﬁgsééﬁding don@ro 3In‘the
case of'hydr@gén trangfer, if the don§r is é éafbé%&iié aéiﬁé then thé
accsptor may be some coenzyme in-ité:oxidizédfééé%é;?vafke#émplég malie
‘dehydrogenase requires coenzyme I dlphosphoPyrldlnenucleotlde (DPN),

The use-of malmnatp as an inhibitor has been extended to plants by
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various workers, Bomner has studied the effect of malonate on respiration
in spinach leaves (41) and found that‘the respiration could be inhibited

by as much as 90% by infiltrating into the leaf a solution containing 5 mg,
malonate per ml, He interprets téis result as indicating that respiration
in spinsch leaves proceeds through the tricarboxylic acid eycle (page 38).,

In order to study the effect of malonate on photosynthesis it was
necessary to devise a way of introducing the malonate into a pilant suitable
for tracer studies, and then with the plant photosynthesizing, allew re-
duction of Iabeled carbon dioxide by the plant to take place,

The green algges Scenedesmug, were used for the pﬁrpcseo A 2/ hour
growth from a continuous culture was centrifuged and 1.3 cec., wet, packed
cells were obﬁainedo These cells were divided into two equal portions and
one portion was suSpended'in 50 ml., water. The other portion was suspended
in a sodium malonate buffer, pH 4.3, which contained 5 mg, malonic acid per
ml, Both suspeunsions were keptfin'@he dark at room temperature. After
three and one-half hours, the cells in malonate buffervﬁere centrifuged and
resuspended in 100 ml, water with a smali amount\of fu@arate bvuffer, The
suspension was placed in a thin, Watérajacketed vessel.whiéh was illuminated
from both sides., A rapid stream of 4% €0,y in air Was-ﬁassed %hrough the
solution for 30‘minutes to hasten the end of the iﬁauétibn period and start
the algae photosynthesizing. A stream of unenriched aif was then bubbled
through the suspension for 10 minutes., At the'énd ofiﬁhis time, the air
stream was stopped; & solution containing cLé iabeleduéddium bicarbonate
rapidly run into the flask from a syringe, and the flask quickly closed. The
flask was shaken under illumination for 90 seconds, at the end of which time‘

a large stopcock in the bottom was opened, the top stopper removed, and the
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zell suspension repidly run into a beaker containing 400 ml, boiling absolute
ethanol,

The resuliing 80% ethanol suspension was counted and filtered after 30
- minates and the clear, green filtrate counted and then concentrated at ree-
ducedfpfessure and room temperature, The total activity fixed by the cells
was 14 ue, and of that, 80% was carried into the aleohol extract, The final
volume of the extract was 2,0 ml, and of this, 100. aliquots were applied
to papers and slhiromatographed,

The {treatment of the second portion of cells was exactly the same except
for the absence of maionate inhibitor and the fact that they were left in the
dark thiree hours longer before they were started photosynthesizing; The nonak
inhibited cslls fixed 16 uc, of radiocarbon and 76% of this was carried into
the alechol sxiract,

The radicantographs of the chromatograms prepared from the inhibited and
non-inkibited cells are shown in Figures 8, 9 and 10, tcgether with one in
which synthetic labeled malic and succinie acids were added to the extract
from the malonate-inhibited celléo As can be seenS the most pronounced
difference is the dlminuﬁlcn of malic acid in the inhibited cells, Thus, it
gppears that the inhibition of the reduction of Oxalaeetate to malate was

successiul, Sincé very little succinéte or fumarate ﬁas'obtained‘in either
case it was impossible to measure the inhibition of éu@@inié dehydrogenase,
Because the formatlon of malate has been very greatly reduceds the operation
of the regencrdtlve eycle should be greatly reduced als@s if melate were a
member of the cy@leo Alanine degradation provides =z convenient meansg of
testing the operation of the cycle and considerable actﬁvﬂty was obtaired in

alanine in each experiment, so the alanine spots were eluted and the de-
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gradation with ninhydrin was carried out,

It was found that in the alanine obtained from the malonate-inhibited
cells, 33% of the total activity was in the o and B carbons, whereas in
the alanine from non-inhibited cells, the a and B carbons contained 44% of
the activity. Thus it appears that the regenerative cyecle is operating
nearly as well in the malonate-inhibited cells as in the normal cells, I¢&
is strongly indicated, therefore, that malic is not a member of the regenerative
eycle, or at least that there iz an alternaste cycle nct involving malate and
that this alternate cycle is the principal one in operation in photosyne-
thesizing Scenedesmus., It is further indicated that neither fumarate nor
succinate are members of the regensrative cycle since the most likely pati
by wnich they would be formed would be by reduction of oxalscetate through
malats,

It should he noted that malonate inhibition did not increase the amounts
of the phosphate esters; alanine, serine, sucrose or glycollic acid. In
another malonate inhibition experiment in which the cells were suspsnded in
malonate btuffer only one hour instead of three, the amount of malate decreased
-as in the experiment shown but the amount of glyccllate actually increased
appreciably., The possible significance of this result is considered in the

following section.
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VI. Discussion and Summary

A, Discussion

By applying the methods which have been developed for separation, iso-
lation, identification end degradation of products of carbon dioxide re=
éuétion in photesynthesizing plants it should become possible eventually
to carry out a detailed anslysis of the path of carbon in photosynthesis,
The applicaticns performed thus far represent & begimning of this anslysis
and serve to indicate the way in which this work might be continued,

By systematicaliy varying the time of labeled carboh.dioxide reduction
in plants from preillumination to very short photosynthesis periods ito
perhaps several minutes photosynthesis and by isolation and degradation
of the products, one can watch the relative rate of intrpduction of carbon
fourteen intc all the carbon positions of all the intermediates., With this
data the actual path of carbon will be traced from the time it enters the
first fixation product until the time it emerges as carbohydrate and ss
other storage productg in the plants. At the same time, inhibition gtudies
can serve to limit the number of alternative paths which must be investigated
and perhaps to indicate the correct scheme,

The final part of the path to carbohydrates is already becoming known
through the work of Caglvin and Bepsen, Much work remains to be done on the
vhotosynthesis of fatty acids and some of the amino acids. Bub the real
foundation of plant synthesis is the reduction of carbon dioxide to the
fundamental carboxylic‘acids from which are synthesized all the produchs
of photosynthesis.

The proposal of a three; and four-carbon 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, C;-Cy additionm,
etc., have received nc experimental support. That the tricarboxylic acid
cycle is in operation in respiration is indicated by the formation of cone
siderable amounts of isocitriec, glutamic, fumaric, succinic and malic acid

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

a reversal of this cycle in phetosynthesis is excluded as a possibility by
the absence of appreciable quantities of these acids with the exception of
malic in photosynthesis experiments. The relative increase in malic scid
during photosynthesis ss compared with the other Krebs Cycle acids indicates
that malic acid is formed by some path other than that cycles. The inhibition
of malic acid formation by mslonate during photosynthesis indicates that malic
acid is formed by reduetion of oxaloacetic acid, Although malic acid is ruled
out as a member of the regenerative cycle by the same experiment, the rapid
appearance of malic acid during photosynthesis indicates that it lies very
close to some actual member of the cyele. Although oxaloacetic acid itself
has not been isclated in our experiments; its presence is indicated by the
rapid formation of labeled aspartic acid in short term reducticns of radic-
active. carbon dioxide,

Consequently, it is tentetively suggested that oxaloacetic acid is a
member of the regenerative cycle. Further, the formation of 2-PGA ag the
first stable product of carbon dioxide reduction seems to place it as =
member of the cycle, Phosphoenolpyruvate has been identified as an early
product also so that it is possible to list at least these three consecutivé
members of the cycle with some confidence,

The mechanism by which oxaloacetate or some other four-carbon &cid is

split and the resulting fragments reduced to vinyl phosphate or its equivalent
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remains unknown. Since the reduction of oxalascetate through malic acid
is apparently not part of the regenerative cycle, the splitting probably
takes place at a reduction level close to that of oxalacetate. The re-
duction levels at which splitting might occur are shown in Figure 11,

No gignificant amount of tartraie has been found in short term photo-
synthesis experiments so far, so it may bs that some phosphate ester of
tartrate is involved in the actual splitting to £wo carbon fragments, Such
an ester would be quite stabls and only very slowly hydrolyzed as compared
with the labile, easily hydrolyzable esiters of the phosphosnol type. For
example, hydrolysis of the phosphate sster, 2=PGA, is known to require
heating in acid on a sieam bath for several days. Conseguently, such an
ester can be an irntermsdiate in carbom reduction without the appearanse of
the free acid in short term experiments.

Glycollate has been found in a number of shori term experiments and
frequently appears in higher concentration (of activity) than malic scid,
The ccencentration of glycollate is not decreased in malonate inhibition
experiments and in one such experiment is actually increased., If malate
and glycollate are formed from oxaloacetate by s eparate patha, the ine-
hibition of malate formation might be expected to increase the amount of
glycollate formed, provided the formation of glycollate is not also inhie-
bited.

The appearance of small amounts 6f glycine in short term reductions
might be taken as an indication of the formation of labeled glyoxylate,
Whether glyoxylate would be formed by oxidation of glycolliate or by
splitting of either phosphotartrate or phosphohydroxymaleats cennot 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 phosphodihydroxymaleate and splitting of the
1atte£ to glyoxylate and phosphoglyoxylate. 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 acids,

The reduction cof gilycollate to vinyl phosphate may cccur through a series
of hydrogenations, phosphorylaticns and dehydrations. A possible path for
these reductions is shown in Figure 12, Since none of the compounds inter-
mediate between glycollate and 2-PGA have been isolated, the mechanism shown
must be considered as very tentative, and is presented only in order to indicate
the kind of transformaticns which may take place and to provide a basis for the
thermedynamic calculations which are to follow, As in all the reactions pree
sented so far, these reactions involwe only the formation of phoéphate esters
and anhydrides, enolizationshand additions to carbon-carbon double bonds,

Although little experimental evidence is available to substantiate the
proposed mechanism of carbon reduction from glycollate to vinyl phosphate,
it is of interest to consider the energy relations of‘this mechanism zs well
as those of the proposed carboxylation reactions.

In Table III are listed a number of free energies of known and proposed
compounds involved in carbon diocxide reduction. The values focllowed by the
letter B are obtained from Borsook (42), while those laheled C were cale
culated by the author. The standard state is 1;0 melar aqueous solution,
298° K., pH 0. The methods by which approximate calculations of the free
energies of some of the compounds were made are discussed in Appendix I.

The reactions, starting with the carboxylation of vihyl phesphate are

listed in the order of their positions in the cycles
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(7)

(8)

w7 UCRL=735
PO3H 2 PO3H™ .
H = CHp + HOCO,” — Hp= =-002'= AF = 7,770
H OPO3H™ . ’2P03H:
Hy=C=C05" T Hy0 + CHp= C-COp AF = =550
PO4H"™ . PO3H"
CHy=C=C0,~ + HOGO,” T 2 “0,C=CHy- gcozun—§H2@'+
POH"
“0,C=CH=C~C8,™ AF = +5,770
PO3H” PO3H™
"0,C=CH=C-C05" ¢ 2 [H] + Ho0~~—>"0,C=CH,0H + CH3=C0, AF = =3,310
gPO3H . QPO3HZOPO;H™
H® + CHy=C0, + ATP™43 > ADP=3 ¢ CHp= AF = O
PO3HZOPO,H” gPOSH POgH” PO,H
Hza‘\\ + 2 {jl—>|cH,"- g «—90&2 + AF = 426,300
| H2P04
PO.H" PO-H"
CH2=<Z S e2 @1]«-——>GHB=K§O s AF = 42,300
" “oH “oH 4
PO4H” .. POJH™
CH,- LS . H)0 + CH = CHp . AF = =500

No free energy value is assigned to the reducing agent which would supply

the hydrogen atoms (denoted by 2 H ) in reactions 4, 6 and 7, but it is seen

that a reducing agent of considerable strength is required in step 6.

At

pH 7, a two electron reducing agent with a potential of 0,16 v would be re-

quired and the standard potential (pH 0) would be 0.57 v.

Such a strong

reducing agent has not been found in other biological systehs and would un-

doubtedly be unique to photosynthesizing plants;
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Table II1

FREE ENERGIES OF SOME CARBON COMPOUNDS

298° K. 1.0 ¥ agueous
Hy0 =56,690 calories B
H* (pH 7) =9,560 G
HO=CO0," <140,230 B
¥y po, = =Fhy0
CH,00,= 90,130 B
CH;CHO 31,650 B
CH,O0H=G0," 118,710 G
CE;C0-00," =107,900 B
=0,0=CHy=C0=C0," <186,140 B
CHOH-CHOH-CO,™ 156,340 G
PO3H™ QH _
gHQ - 81{-002". =154,060 c
1:’031'1'=
CH,OH-CH-C0,™ ~153,110 ¢
PO3H" .
CHy= C-CO0,” ~96,970 c
QPOLH™
PO3H" LOPO.H" .
gaz - (\i 3 2(F) -105,430 ¢
PO3H" ,
=0,C=CH=C=C0," «175,140 C
CHy=CH-OPO;H™ (®) -20,650 c
PO3H™
CH3-=< 79,130 c
CH3=CH(OH) (OPO3H™) =76 ,840 c
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The free energy required for the photolysis of water at pH 7,

Ho0 +nhy >1/2 0, + 2 H  + 2 e~

is 37,570 calories and if a reducing agent of sufficient strength to brinug

about reaction 6 is formsd at the same time,

HyO +R + n ha > 1/2 05 + RH, AF = 0

then the miniQum light energy required would be about 64,000 calories., Since
the energyvof-one einstein of light of 7000 2 wave length is 40,670 calories,
two quanta would be required for the formation of one molecule of reducing
agent and the phoﬁolysis of one water molecule,

It is to be noted that the carboxylétians cperate against a positive
free energy and it may be that some.enzymatic energy transfer system-iﬁ re=
quired to supply the necessary free energy for these reactions. Kinetie
studies of carbon dioxide reduction in plants (43) indicate that some come
plex is formed with bicarbenate ion or carbon dioxide prior te carboxyliation
to 2=-PGA and that the reaction prcéeeds with & negative free energy of about
5700 calories, This energy in addition to the energy required in carboxye
lation might be supplied by tﬁe release of a high energy phosphate bond in
some way or by some other energy transfer systenm.

Another point at which energy might be required is the reduction and
splitting of oxalecacetate to glycollate, Although the free energy of the
overall reaction 4 is =39310 cﬁlories, the actual mechanism of this reaction
is not indicated and it is poésible that unstable intermediates are involved,
The formation of these intermediates may require a supply of energy from
the photochemical process, 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=-
periments., Glycollate is found when photochemical reducing power is availe-
able, both in preillumination and photosynthesis experiments. The actual

mechanism may be the reduction of oxalacetate to an unstable product which

splits spontaneously to glycollate.,

Toz" COZ" j =
(9) g8 + HpP0,” + [PROTEIN]- [COENZLME|  HG-0-F-0-|R G
| 010
OP03H= 0 TIE
0 E|N
0, é 1|2
2 - H ==0=\=0-= fﬂ
€0,
Diphosphotarate-snzyme complex
. D.P.T. Enz, complex + RE; > D.P.T. Enz, complex o Hy, + R
D.P.T. Bnz. complex - 2 Ho — 2 cfoz" +[PROTEIN! = |COENZYME|
CH20P03H°

The free energy calculations indicate that there is mo serious energy
block in the proposed mechanism of carbon dioxide reduction. They gl&@
show at what point a high energy reducing agent is required. As more in-
formation is obtained regarding the actual intermediates invelved, it may
be found that the actual mechanism is more efficient energetically.

B, Summary

1. Methods have bheepn developed for the separatiocn, isclation, identi-
fication, and degradation of the carboxylic acids formed in the reduction
of carbon dioxide during photosynthesis.

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

primary reduction of carbon dioxide during photosynthesis takes place via
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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 mcle=-
cule of acceptor is then used to continue the reductive cycle and the other is
used in photosynthesis,

3. The participation of R-PGA, phosphoenolpyruvate, phosphocenoloxalacetate

and glycollate in the cycle are discussed and a tentative cycle is proposed.
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APPENDIX 1

Calculations of Free Energies of Some Organic Compounds

Because the free energies of some of the compounds involved in the path
proposed for carbon dioxide reduction in photosynthesis were not known,
approximate calculations were made so that the energy required for the several
steps in the scheme could be estimated,

As a starting point, the free energies of glyceric écid and glycollic
acid wer; required together with the free energies of formation cf phosphate
esters and "high energy" phosphate anhydrides.

According to Lipmann's (44) calculation for the reaction

CH,0H-CHOH=CO02" H,0 + CH3-C0-C0p",
AF = =8250 calories,

The free energy of glycerate therefore is = (=8250) = 56,690 - 107,900 =
=156,340 calories,

Lipmann also calculated the energy of hydrolysis of phosphoglycerol
as =2280 cal. so that the free energy of 3-PGA may be estimated as (E)
=156,340 + 228C = «154,060 cal., where eciuals the free energy of H,PO 4
minus the free energy of water,

The free energy diffgrences between 2-PGA, 3-PGA and phosphoenolpyruvate
can be calculated from the equilibrium concentrations; namely 59% 3-PGA, 12

2=PGA; 29% PEP by the relation

OF = <RTInK,
The resulting values ares
3=PGA o——————> 2-PGA AF = +950 cal.
2-PGAT 2 PEP + Hy0 _ AF = =550 cal,
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Consequently,
OF of 2-PGK = (B) =154,060 + 950 = (P) ~153,110 cal.
l and

OF of PEP = (B) <153,110 + 56,690 =550 = (B) =96,970 cal.

Since AF for pyruvate is =107,900 cal,, the energy liberatgd on hydrolysis
of the high energy phesphate bond is, in this case,

«107,900 = 96,970 = =10,930 or = 11,000 cal,
The energy liberated by a secondary phosphate ester (2-<PGA) is =2280=950 o
about =3200 cal.

The free energy of glycollate was egtimated from the free energies of

isopropyl alechol, lactate, and ethyl alcchol,

-—

-

THAG -
‘\HB ) H jc\
>CHOH /HOH
HAC “0.G
3 ‘ 2 -119,780
b5 450

+1070 -
\\\ | | H\
CHOH
/

H‘JC _020
43,380 <118,710

The substitution of <H for aCHB on & secondary alcohol shouwld produce
approximately the free energy change in the two cages,

The free energies of the remainiﬁg‘phosphate esters and anhydrides were
calculated by simply assuming that the free energy of formation of each
primary ester is -2280 cal., each secondary ester =3200 cal., and each

anhydride or "high energy" phosphate bond -11,000 cal,
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