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ABSTRACT

THE PATH OF CARBON IN PHOTOSINTHESIS

YIII. THE ROLE OF MALIC ACTD'™
James A, Bassham, Andrew A, Benson and Melvin Calvin

Radiation Laboratory and Department of Chemistry

Tniversity of California, Berkeley

ABSTRACT

Malonate'has been found to Infribit the formation of malic acid
during short perioﬁs_of photosynthesis with radicactive carbon dioxide,
This result, togeﬁher»with studies which show the photosynthetic cycle
to be operating normally_at the same time, indicates that malic aecid is
not an intermediatelin phqtpsypthesis but is probably closely related to
some intermediate of the cyele,

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, Atomis
Energy Commission,

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

YTII. THE ROLE OF MALIC AcID(®)

James &, Bassham, Andrew A, Benson and Melvin Calvin
Radiation Laboratory and Department of Chemistry
University of California, Berkeley
Jenuary 25, 1980

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 threse-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 tc give a four-carbon compound which is split and reduced to
give two molecules of the two-carbom carbon dioxide acceptor, This second
carboxylation might be the Wood-Werkman reaction (2), The enzyme system
for this reaction has been found in‘higher'ﬁlantS‘by"Vennesland, et al, (3).
In this case, the expected products would be oxaloacetic acid and perhaps

the closely related dicerboxylie acids,

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

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

(2) Wood, H.,G,, Werkman, C.H., Hem:.ngway9 A, and Nier, 4,0., J, Biol,
Chem,, 139, 365 (1941).

(3) Vemnesland, B,, Gollub, M, and Speck, J.F., Jo Biol, Chem,, 178,
301 (1949).
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In order to test the validity of the proposed regenerative cycles
and elucidate some of its details, an investigatiom of these acids was
undertaken, Malic, sucecinic and fumaric acids were found to have incorpo=
rated radioactive carbon in dark (respration) experiments suggesting their
formation by a reversal of respiration reactions (4), while radiocactive
malic alone of these acids was found afﬁer short‘periods of photogynthesis
with labeled carbon dioxide, Thus, it appears that succimic and fumaric
acids are not intermediates in photosymthesis and that malic acid Is pos-
sibly related both to respiration and photosymthesis,

In order to establish whether malic acid is an actusl infermediate
in the regenerative cycle or merely a carbon reservoir closely related to
some intermediate, an attempt was made to inhibit the formation of malic
acid, In addition to the well knowwm inhibition of succinic dehydrogenase,
it has heen reported that malonic acid inhibits the formation of malic acid
from oxaloacetic acid (or from pyruvic acid and carbon dioxide) in animal

\
tissues (5,6), If the formation of malic acid could be irhibited and, ab
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 Calvin, M,, J., Exper. Botany (in press),
{5) Das, N.B., Biochem, J., 31, 1124 (1937).

(6) Pardes, A.B,, and Pyttery V,R., J. Biol, Chem., 178, 241 {1949).
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METHODS AND MATERIAL o

In each pair of experiments a one day growth from one liter of
a continuoﬁs cwlture of Scenedesmus (7) yielded 2,0 grams of wet packéé
cells, One gram of celis was suspended in phosphate buffer {0.007M, pH
L.3) and the other in phosphate buffer ard 0,54 malonate (pH 4.3). After
varying periods in the dark, {Colummn 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 By C and D, Table 1} and then the radicactive sodium bicarbonate
solution { 100 mierocuries, 0,012 miilimoles) was added, the flask stop-
pered and the ceils allowed to photosynthésize for thirty to ninety
seconds (Column E) before being killed in boiling ethanol, The alcohol
extract was then analyzed by paper chromatography and radioautogrephy (8).
The percentages of the total fixed activity found in maiic acid are given
in Column G, Table 1.

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

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

(7) Benson, A.A,, Calving, M., Haas, V.A., Aronoff, S,, Hall, A.G.,
Basshamy, J,4,; 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., Goodaie, T.C,, Haas, V.A,
and Stepka, W, J, Am, Chem, Soc., (in press),
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Table 1
Time L% GO 1% ¢0 Airl Total Percent| Perceni Distribution of Radicactivity
- O W - ..)LL.M - [P I NI R s o
in wu&,bwﬂs vau ¢ _©N Radice Tahibition in od%avao >n4m Pernentages Persent
_j Dark ﬁwmxﬁ lig activi off of m¢m4q;jm Aetivity Aspartic
m&wwmygmzh Minutes|Mivute gwﬁgcmm Sac, |Fixed, Msldic | Melic Carboxyl peta |total found|Acid
A B ¥ D B F it H X o K L M
M1 150 30 10 0 60 5,0 241 50 25 30 1035 1,50
70
B=1 210 30 10 0 60 TaT 8,14 55 25 27 107 1,68
M-2 255 30 i5 0 60 ToT 1.64 41 25 29 95 2.13
66
B=2 315 30 15 0 60 9.0 4,86 4, 25 31 99 2,19
M=3 180 40 0 0 30 1.6 0,42 73 12 15 100 o
83
B3 240 40 0 0 30 2.4 2,48 31 7 1 10 98 | e
- .
M=/ ] 210 30 0 10 1 90 | 14.0 0.45 50410 50+10% 3.86
97 .
B4 | 270 30 | 0 10| 90 [15.9  |13.9 55410% | 452107 5.93

Light intensity = 5500 foot candles for M=1 to B-3s 20,000 foot candles for M-4 and B-i,
Temperature = 22° C,

M-1, M2, M-3, M-/ are malonate inhibition experiments,

B-1, B-2, B=3, B~} are the control experiments,

*In M~4 and B-/ alanine rather than glyceric acid was degraded,
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recrystallized twice with unlabeled caleimm glycerate, The specific
activity of the resuiting labeled csleium glycerate wés determined and
the following dégrédation carried out,

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

Te the non=volatile residue of sodium glyoxylate, 5 mlp 1.08
periodic acid was added, and after twenty-four hours the volatiie contents
were distilled into a carbonate-free sodium hydroxide sclution, Barium
chloride solution was then added, the barium carbonate precipitate centricﬂ
fuged, washed and dried, and the supernate acidified and steam distilled
to collect the formic acid, The steam distillate was nsutralized 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
radiocactivity in Columns I, J and K of Table 1),

The percentages of radicactivity fowd in the alpha and beta
carbon atoms of glyceric acld serve as a measure of the operation of the
regenerative cycle since carbon, initially incorperated into the carboxyl

groups of giyceric or oxalacetiec acid by a carboxylation, must pass through
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all the intermediates of the cyels before it can reach the alpha and
beta positions, The near squality of the alpha and beta labeling suggests
a symmetrical two-carbon intermediate at some point in the cycle although
there is some indication of inequality in the labeling of these positions,
Purther investigation of this distribution of radiocactivity is being made
together with degradation of more tﬁom and sixecarbon compounds,

From Table 1 it is sesn that although the radioactivity incor-
porated in malic szcid 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 itself i1s not an inter=
mediate in the cycle but a carbon reservoir closely related to an inter-

mediate (Figure 1}, .

"reducing malonate
: power zsarbon dioxide inhibits
Hexose <———glyceric acid = oxaloacetic — ¥ = malic

acid?  —~=—— acid

carvon dioxide

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 oxaloacetie

acid), When radicactive carbon dioxide is introduced and enters the ecycle
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via carboxylation reactions it is soon found in malic acid, Moreover,
since unlabeled malic acid is being converted to a cyecle intermediate
the percentage of lébeled carbon in the alpha and beta positionsis less
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 radicactivity is incor-
porated in maiic acid and less unlabeled carbon finds its way into two =
carbon carbon dioxide acceptor, thus increasing the labeling of the
alpha and beta carbong of glycerie acid,

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

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

It may be that the carboxylation of pyruvate to oxalacetate is

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

(9)  Bonmer, J, and Wildmen, S.G., Arch, Biochem,, 10, 497 (1946)

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

of labeled aspartic formed in the third pair of experiments was tco

small to permit accurate counting,)

SUMMART

Malonate has been found to inhibit the formation of malic acid
during short periods of photosynthesis with radioactive carbon dicxide,
This result, together with studies which show the photosynthetic cycle
to be operating norma11§ at the same time, indicates that malic acid
is not an intermediate in photosynﬁhesis but is probably closely related
to some intermediate cf the cycls,

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

the participatiocn of these acids as intermediates in photosynthesis,









