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. ABSTRACT

THE PATH OF CARBON IN PHOTOSYNTHESIS

VIII. THE ROLE OF MALIC Actp®/
James A, Bassham, Andrew A, Benson and Melvin Calvin

Radiatiqn'lgbpratpry"and'Dgpartment of Chemistry

Tniversity of California, Berkeley

HABSTRACT

Malonate;hasubggglfcgnd‘tc inhibit the formationm of malic acid
during short perigdsuof‘photosynthesis with radicactive carbon dioxids,
This result, together with studies which show the photosynthetic cycle
to be operating'nqrmallyrat‘the same time, indicates that malic aecid is
not an intermediat@»igﬂphgtqsynthesis but is probably closely related to
some intermediate Qf the cycle,

Absence of labeled succinic and fumaric acids in these experi-
ments, in addition to the failure of malonate to inhibit photosynthesis,

precludes the participation of these acids as intermediates in photosynthesis,

() The work described in this paper was sponsored by the U.S, Atomie
Energy Commission,

To be published in the Journal of Biological Chemistry,
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THE PATH OF CARBON IN PHOTOSYNTHESIS

VIII, THE ROLE OF MALIC ACID(*)

James}Ao Basshgm; Andrew A, Benéon and Melvin Calvin
RadiationALaboratory and Department of Chemistry
University of California, Berkeley
Januery 25, 1950

_ It has been suggested that the fixation of carbon dioxide during
photosynthesis is initiated_by the carboxylation of some two-carbon compound
to give phosphoglyceric acid or some closely related three-carbon compound
which is then used in two ways (1), Part of it is reduced via a reversal
of the well known glycolysis to hexose while the remainder is further
carboxylated to give a four=-carbon compound which is split and reduced to
give two molecules of the two-carbon carbon dioxide acceptor, This second
carboxylation might be the Wood=Werkman reaction (2), The enzyme system
for this reaction has beén found in higher’ﬁlantS'by~Vennesland§ et al, (3).
In this case, the expgcted products would be oxaloacetic acid and perhaps

the closely related dicarboxylic acids.

(*¥) The work described in this paper was sponsored by the U.S, Atomic
Energy Commission,

(1) Calvin, M, and Bemson, A.,A,, Science, 107, 476 (1948).

(2) Wood, H,G., Werkman, C.H,, Hemlngway9 A, and Nier, A,0., J, Biol,
Chem., 139, 365 (1941).

(3) Vennesland, B., Gollub, M, and Speck, Jo.F., J, Biol, Chem,, 178,
301 (1949).
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In order to test the validity of th¢ proposed regenerative cyclé
and elucidate some of its details; an investigation of these acids was
undeftakeno Malic, succinic and fumaric acids were found to have incorpo~
rated radioactive carbon in dark (respira;ion) experiments suggesting their
formation by a reversal of respiration reactions {4), while radioactive
malic alone of these acids was found af£er short'periods of photosynthesis
with labeled carbon dioxide, Thus, it appears that succimic and fumaric
acids are not intermediates in photosynthesis and that malic acid is pos-
sibly related both to respirgtion and photosynthesis,

In order to establish whether malic acid is an actual intermédiate'
in the regenerative cycie or merely a carbon reservoir closely related to
some intermediate, an attempﬁ was made to inhibit the formation of mall
acid, In addition to the well known inhibition of succinic dehydfogenases
it has been reported that malonic acid inhibits the formation of malic acid
from oxaloacet?c acid (or from pyruvic acid and carbon dioxide) in animal
tissues (5,6), If the formation of malic acid could be inhibited aud, at
the same time, the operation of the cycle followed by degradation studies,

then the participation of malic acid in the cycle could be tested,

(4) Benson, A.A, and Calviny M,, J, Exper., Botany (in press),
(5) Das, N,B., Biochem, J., 31, 1124 (1937).

(6) Pardee, A.B., and Potter, V.R., J, Biol, Chem., 178, 241 (1949).,
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METHODS AND MATRRIAL - - . =
In each pair of experiments a ene day growth from one liter of

! , f P CE L . a . ; ;" . ;r;ﬁ ‘S(\'; W ‘
a continuous culture of Scenedesmus (7) yielded 2.0 grams of wet packed "' %

cells, One gram of cells was suspenaed in phosphate buffer (0,007M, pH
4.3) and the other in phosphate buffer ard 0,5M malonate (PH 4.3), After
varying periods in the dark, (Column A, Table 1) the cells were centri- |
fuged from the buffers, resuspended in 70 ml, phosphate buffer and illu-
minated in a thin water-jacketed vessel, A stream of air and carbon
dioxide was passed through the cell suspension for thirty to forty minutes
(Columns B, C and D, Table 1) and then the radioactive sodium bicarbonate

solution { 100 mierocuries, 0,012 millimoles) was added, the flask stop-

‘pered and the cells allowed to photosynth&size for thirty to ninety

seconds (Column E) before being kﬁlléd in boilingvethanol, The alcohol
extract was then analyzed by paper chromatography and radioautography (8),
The percentages of the total fixed activity foﬁnd in malic acid are given
in Column G, Table 1.

The phosphoglyceric acid obtained from the cell extract wes
hydrolyzed in acid and the hydrolysate rechromatographed to give a single

spot of glyceric acid, The glycefic acid was eluted from the paper and

LE SRy

(7) Benson, A.,A., Calvin, M., Haas, V.A., Aronoff, S.,, Hall, A.G,,
Basshamy, J.A., and Weigly, J,W,, Chapter 19, "Photosynthesis in Plants",
Iowa State College Press, Ames, Iowa, 1949, pp 381-401,

(8) Benson, A.A,, Bassham, J.A,, Calvin, M,, Goodale, T.C., Haas, V.A,
and Stepka, W,, J, Am, Chem, Soc,, (in press),
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Table 1
Time '4% co 1% 002 Air|] | Total Percent! Percent Distribution of Rédibactivity
in 096% Afre~| Aive C$4©2 Radio= Inhibitior in Glyceric Acid Percentages Percent
Dark Light Tight activity ol of Starting Activity Aspartic
EXPERIMENE Minutes|Minutes | Minutes Sec, | Fixed, pec, Malic ;| Malic Carboxyldl alpha | beta |total found|Aecid
A B c D E F G H I 3 K L M
M=1 150 30 id 0 60 5.0 2,41 ' 50 25 30 105 1,50
. 70
B=1 210 30 10 0 60 7.7 8,14 55 28 27 107 1.68
M=2 255 30 15 0 60 7.7 1,64 41 25 29 95 2.13
. 66 'j
B=2 315 30 15 0 60 9.0 4,86 A, 25 31 99 2,19
M=3 180 40 0 -0 30 1,6 0,42 73 12 15 100 coa
3 83 e
B=3 240 40 0 0 30 2.4 2,48 31 7 10 98 cee
M- | 210 30 0 10| 90 | 14.0 0,45 | . 50410 50+10% 3,86
' ’ 97 ,
B=4 |270 30 0 10 { 90 | 15.9 13.90 55410" 45310 5,93

- Light intensity = 5500 foot candles for M-1 to B-35 20,000 foot candies for M=4 and Bel.

Temperature = 22° C,

i M=1, M-, M=3, M-4 are malonate inhibition experiments,

B-l, B=2, B-=3, B=4 are the control experiments,

 *In M~/ and B=-/ alanine rather than glyceric acid was degraded,
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recrystallized twice with unlabeled calcium glycerate, The specific:
activity of the resuylting labeled calcium glycerate w;s determined and
the follcwinéﬂégg;gaéiioﬁ carried out,

Fifty mg. of caleium glycerate (0.4 millimoles) was placed in
a flask with 0,80 ml, 1,0N periodic acid, After twb hours, the solution
was made slightly aikaline ahd the volatile contents, including formal-
dehyde, were distilled in vacuo into a solution of dimethyldihydroxy-
resorcinol where the dimethone compound was isolated and recrystallized,

To the nonevolatile residue of sodium glyoxylatey, 5 m19 1,0N |
periodic acid was addsd, and after twenty=four hours the volatiie oontents
were distilled into a carbonate-free sodium hydroxide solution, Barium
chloride solution was then added, the barium carbonate precipitate centriag
fuged, washed and dried, and the supernate acidified and steam distilled
to collect the formic acid, The steam distillate was neutralized with
barium hydroxide and concentrated to dryness, The barium formate was
recrystallized from water and alcohol., The specific activities of the
barium carbonate, barium formate, and dimethone compound were determined,
and with the theoretical yields, gave the total radiocactivities of the
carboxyl, alpha, and beta carbons (expressed as percentages of starting
radioactivity in Columns I, J and K of Table 1),

The percentages of radioactivity foud in the alphg\and beta
carbon atoms of glyceric acid serve as a-measure of the operation of the
regenerative cycle since carbon, initially incorporated into the carboxyl

groups of giyceric or oxalacetic acid by a car‘boxyiat:*i.on‘9 must pass thfough



=Qe= UCRL=584
all the intermediates of the cycles before it can reach the alpha and
beta positions, The near equality of the alpha and beta labeling -suggests
a symmetrical twoecarbon intermediate at some point in the cycle although
there is some indication of inequality in the labeling of these positions,
Further inVestigation of this distribution of radicactivity is being made
together with degradétion of more tﬁOm and sixe-carbon compounds.

From Table 1 it is seen that although the radicactivity incor-
porated in malic acid was appreciably decreased by malonate, the'operation
of the cycle was as great in the first two and fourth malonate inhibited
cell suspensions as in the controls and significantly greater in the third,
This can be explained by assuming that malic acid itsélf is not an intere
mediate in the cyclé but a.carbon reservoir closely related to an inter-

mediate'(Figure.l}o',

‘reducing malonate
. ower carbon dioxide irhibits
P 11
Hexose <—————glyceric acid >, oxaloacetic ——¥ee==malic
gLy P

acid? ~~=—— acid

carborn diqxide

carbon dioxide, reducing two-carbon compound
acceptor S
power
Figure 1 /

In normal photosynthesis (control experiments) malic acid is
rapidly interconvertible with a cycle intermediate {possibly oxaloacetic

acid), When radiocactive carbon dioxide is introduced and enters the cycle

.
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via carboxylation reactions it is soon found in malic acid, MNoreover,
since unlabeled malicvacid is being converted to a cycle intermediate
the percentage Ofllébéléd carbon in theialphaéaﬂd'bété ﬁositionéis lesé
than that which would be obtained without an unlabeled carbon reservoir,

When malonate is introduced, the interconversion of malic acid
and the cycle intermediate is inhibited, so less radioactivity is incore
porated in malic acid and less unlabeied carbon finds its way into two =
carbon carbon dioxide acceptor, thus increasing the labeling of the
‘dlpha and beta carbons of glyceric acid,

The operation of the cycle in the presence of sufficient
malonate to inhibit the formation of malic acid provides additional
evidence that succinic and fumaric acids are not intermediates in the
cycle since it has been found that malonate blocks the conversion of
suceinic acid to fumaric acid in at least some plaﬁt tissuesr(9,10),

There remains the observation that total carbon fixed appears
to be decreased some 15 per cent to 35 per centiby malonate, This
indicates that malonate inhibits some other reaction by which carbon is
incorporated in the plant since the difference ingmalic is not gréat
enough to account for the difference in total activity fixed,

It may be that the carboxylation of p&ruvate to oxalacetate is

slightly inhibited as has been reported for animal tissues (6), However,

(9) ‘Bonnerg J, and V\T:‘Lii.dmar‘l‘9 S,G,y Arch, Bioéhemo, 10, 497 (1946)

(10) Laties, G.; Arch, Biochem., 22, 8 (1949)
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this inhibition cannot account for the decrease in malic labeling since
aspartic acld, presumed to be formed from oxaloacetic acid by a trans-
aminase system, was found to contain nearly as much radioactivity in
the first two inhibition experiments as in the controls, (The.gmount

of labeled aspartic formed in the third vpair of experiments was toco

small to permit accurate counting,)

- SUMMART

Malonate tias been found to inhibit the formation of maliec acid
during short periods of photosynthesis with radioactive carbon dioxide,
This resuit, together with studies which show the photosynthetic cycle
to be operating normallj at the same time§ indicates that malic acid
is not an intermediate in photosynthesis but is probably closely related
to some intermediate of the eyele, |

Absence &f labeled succinic and fumaric acids in these experiments,
in addition to the failure of malonate to inhibit photosynthesis, precludes

the participation of these acids as intermediates in photosynthesis,





