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THE PATH OF CARBON IN PHOTOSINTHESIS
X. CARBON DICXIDE ASSIMILATION IN PLANTS(*)
M. Calvin, J.A, Bassham, A.A. Benson, V. Lynch, C. Ouellet,
L. Schou, W, Stepka, and N.E. Tolbert
Radiation Laboratory and Department of Chemistry
and Division of Plant Nutrition

University of California, Berkeley

ABSTRAGT

The conclusions which have been drawn from the results of
01402 fixatlion experiments with a variety of plants are developed in
this paper. The evidence for thermochemical reduction of carbon dloxide
fixation intermediates is presented and the results are interpreted from
such a viewpoint.

The relative rates of appearance of the first observed products
of carboxylation reactions of photosynthesis (phosphoglycerate and malate)
have been shown dependent upon experimental conditions. The cyclie
sequence of reactions requir ed for regeneration of the postulated Cs
carbon dioxide acceptor is discussed in the light of accumulated evidence.

Such evidence obtained from degradation of probable intermediates is

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

For publication in The Proceedings of the Society of Experimental
Biology.
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reduction, By employing the results of studies not only of photosynthesis
in green plants, but also of photosynthetic bacteria and other biological
syétems; van Niel had presented a strong argument for the division of these
reactions into two major classes, The first group of reactions involves the
primary absorption of light energy and its conversion to chemical energy
and the employment of this energy to decompose water, forming oxygen and

reducing power, The other group of reactions is comprised of those processes

by which this reducing power converts carbon dioxide to the various organic

compounds formed in photosynthesis,
Further confirmation of the propesal that carbon dioxide reduction
is accomplished entirély by dark reactions was obtained throﬁgh preillumination
studies conducted in this laboratory (l—h); In these experiments, green
algae Chlorella and Scenedesmus were first illuminated in the absénce of
carbon dioxide and then allowed to fix G140, in the dark, When the cells
were killed and analyzed, the ¢4 1abeled products were found to be the
same as those férmed when the algae were allowed to fix 01402 in the light
for short pgriods and then killed immediately, Moreover, these experiments
indiqated tﬁéﬁ'theireducing power had a half-life of sgveral minutes in the
dark, With thé»pqint-of view engendered by these results, the efforts in
this laboratony have been,directed»toward the revelation of the mechaﬁism
of the utilization of'this energy in carbonmdioxide reduct?ono
Normal photosynthesis isva steady~state mocess, The rateé of‘the
individual‘reactions involved afe highly depeﬁdent upon external factors

such as light intensity, carbon dioxide pressure, temperature and nutrient
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conditionse An intermediate between carbon dioxide and protein, fat, and

carbohydrate will exist in amounts dependent upon the relative rates of

its formation and conversion, It is seen, then, that the amounts of

isolable intermediates masy vary considerably and that one might expect
rather low concentrations of many important metaboliteso

Experiments with high specific activity G140, have allowed
a great numper of observations on this hitherto almost impemetrable system

of reactions, The advantages of such a method lie first in its sensitivity;

intermediates of concentrations of less than 10‘6‘g may be readily deter-

Secondly, addition of labeled
12

mined in a few milligrams of plant material,

carben to a plant in steady-state photosynthesis with C 02 allows one to

follow the path of carbon in the normal reduction of carbon dioxide, When

labeled carbon didxide (Clhoz) is added to that being absorbed by the

plent , Figure 1, the reservoirs of the intermediate products are consecutivey

labeled with Clk. The specific radioactivity of sach reservoir increases

to a maximum (equal to that of the initial carbon dioxide) prior to that
of any subsequent intermediate, &snalysis of the products of photosynthesis

in clbo by two-dimensional paper chromatography has allowed separation

of most of the low molecular weight products, When the plant is exposed

to radiocarbon for shorter periods it is found that fewer polymeric products

7

are formed. As the time is decreased, the amount of radioactivity incor-

.

porated into the fats; protein and carbohydrate approaches zero, and only
the intermediaﬁeé of hexoses and amirio acid synthesis are detectable, Figure

2 shows the relative rate of appearance of radicactivity in intermedidates
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soluble in aqueous alcohol,
Exposure of various plants to Glh-labeled carbon dioxide under

”

a variety of conditions, both in the light and in the dark, followed . .
by killing the plants and analysis o the labeled compounds formed has

led to the following experimental results and conclusions.

Products of Short Photosvnthesise.= The length of exposure ofraneactively

photosynthesizing plant tollabeled carbon dioxide in the light was shortened
wntil all tie labeled carbon fixed by the plant was found in a few com~

pounds (3,5,6). These compounds were found to be phosphoglycerlc ac1d, phos-

nhopyruvic acid, malic acid and sometimes glyceric acid.
For example, when the green alga Scenedesmus _was allowed to- photOSynthe31ze

at 10,000 foot candles for five seconds, analysis showed that 87% of the

activity was incorporated in phosphoglyceric acids, 10%Z in phospuopyruvic

acid, and 3% in malic acid, Radioactive products of five second and ninety

second photosynthesis by Scenedesmus in 01402 are shown in the radiograms

of Pigure 3., -These are radipautographs of paper chromatograms of the

products extracted from 50 mg, of packed cells,.
ACld hydrolysis of phosphoglycerlc

Identification of thsphquycgri¢'Acid.—
The

acid which was isolated chromatographically‘prpduced glyceric aqi@.
glyceric acid was identified by subjection to periodate oxidation. All

of the radiocactivity 1n1t1ally present in the glycer1c a01d could be

accounted for in the expected products of periodate oxidation, carbon

dioxide, formic acid and formaldehyde, Phosphoglyceric acid was identified

independently by its isolation from Scenedesmus which had phot9§ynthesized

for five seconds in Clhoz. Over 65% of the fixed activity was so isolated,
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and the product characterized as the barium salt by its solubility, specific
rotgtion, phosphorus analysiss and‘ipn g;change resin adsorption properties
(6). Phpsphoglyceric acid had previqu§ly been identified as a major
constituent of the products oﬁ_BOAsgcondAphoﬁosynthesis by Scenedest§

by its adsorption properties on anion exchange resins (1), The phos=
phoglycerate S0 isoléted was hydrolyzed to glyceric acid which was

identifed by physical properties, distribution coefficient, acidAstreﬁgth;
anion resin adsorption properties, and by con&ersion to the p~bromphenacyl

ester (1,4).

Sequence of the Intermediates in Phbtosynthesisq- As longer exposures

-

to C:U‘*O2 in the light are permit@e@,»fifteen—sixty seconds, radioactivity

is found not only in the above compounds but also in aspartic acid, alanine,

’

” -

serine, glycine, glycqlip acid, and triose phosphatasg hexose phosphates,
hexose diphoéphate, sucrose and sevgréluothep as yet unidentified phos-
phorus—containingrcompounds. (Figu;g L) Radioactiyity accumalated more

slowly in succinic, furmaric, citric and glutamic acids; glucose, fructose
éhd a number of amino acids (1A",hreon:I.ne.9 phenylalanine9 glutamine, asparagine,
tyrosine)., It should be notgd thatvappearaﬁce of a labeled compound in

the light and not in the dark indicates that that comgound is a product

but not necessarily an intermediate of photosynthesis,

The identity of a number of these phosphate esters with those
involved in glycolysis suggested that thg synthesis of sucrose is accom~
plished through a reversal of glycolysig° When sucrose isolated from.

Chlorella which had photosynthesized for 30 seconds in GlhO was
nlorelLa - v 5
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hydrolyzed, the specific activity of the f ructose was twice that of the

glugose moiety, _This reeult isrt‘lflat »expecf,ec.lA from a reversal ot he gly~
colytic sequence, Further support for this suggested mechanism of sucrose
synthesis is found in the identity of the distribution of Cuf in the 3,1;,7

the 2,5 and the 1,6 carbons of hexose“withl that in the'carboxyl, alpha and

betg carbons, respectively, »of Agly_ce'r’ic agid(Table 1).

The proteim of i‘:hgins‘plubl‘e products formed ‘d.l‘.lrill’lg‘ 60 second
Fhotosynthests by Soenedesms consains radioactive aino scids in approxi-
mately the same proportion as those’fpur’ld in the soluble products. The
proteins synthesized in longer 1?_imes show that the p;*oport_ior; of amino
acid constituents differs_greatly fxfom that ofrt he free amine acids.. Th’e‘
insoluble products synthesized by barley in five minutes consist largely
(}95%)01‘.‘ polyglucose compqunds 3 _thoserof Scenedesz_rys are_abou‘b half

polysaccharide and half protein, of which alanine and aspartic acid are

the major constituentse

Effect of Light Intensity'on Ea_rly Products.~ As the light intensi’_;y is

decreased the number of products fonped in BQ'yseco‘nds decreasesluntil_at'

LOO foot candles the principal productsv are the three carbon qzompouncisx

as is seen in the radiograms (Figurg_j)v.‘ These are pk}osphoglyceric acid

and phosphopyruviec ac;id-.v It has not yet been po_gsible to d:}fferentiété 2— ,
and 3—phosphqglycerate with certainty on paper chromatograms, The collection
of information available is consistent with the pos_sibility that the major
compound in‘the AOO_ fqot candle ra_dic_ag»r‘ax_n! _‘:'L—_s'Bb_-phpvsphoglyc‘erate, while that

below and to the right of it is 2-phosphoglycerate., Separate experiments
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performed at high light intensity (AOQvaoot candleé) and low temperature .
(2°¢) showed reversal of radioactivity accumlation in this pair of com~
pounds. At low temperature one might expect the eQuilibrium between 2-
gnd 3-phosph9glycerate to be slowly attain?d, hence the prior labeling in
the 2-isomer, At higher temperature and low light intensity the greater
amount = of radiocactivity in the 3-ispmer is attributed to its rapid for-
mation from the less stable 2~isomer,

The radioactivities determinedipy cquntingrof radiocactive areas
of the ghromatograms defined by the radiograms in Figure 5 are given in

Table 2, (
Dark Fixation Products,= Two types of dark fixation of. labeled carbon

were observed, The first type was_pbtained when plants were exposed to

C
carbon dioxide (Figure lOa}X "in which case the labeled products as well

1402 immediately following a periodrof:illumination in the absence of

as their rates of formation were fognd to be nearly the same as in short
exposures (15-60 seconds) in the light(Figure 10b). The proportion of ]
radiocarbon fixed was appreciably greater (3), Depletion of the malic acid

(Ch) and alanine (03) reservoirs by preillumination (reduction to hexose)

resulted in their restoration with labeled compounds as soon as a source of

carbon dioxide became available,
The second type of fixation was obtained when the exposure to

radioactive carbon dioxide in the dark did not. follow soon after a period
of illumination (Figure 10c). A much slower rate of fixation of radio-

carbon (one-tenth to one one-hundreth the rate) was observed and the labeled
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products (95% of the total) were malic, sucoinio, fumaric, citric,
glutamic and aspartic acids, and alanine (3). These compounds are
believed to be labeled by fixation of carbon d;oxide through rever—
sibility of the common carboxylation reactions. The effect of light
on the labeling of some of these compounds will be discussed 1ater.
Those compounds labeled in the light and in preillumination
experiments only are considered products of photosynthesis, while
alanine, malic acid, and aspartic acid, labeled slowly in non-preil-
luminated dark experiments and much more rapidly in light and preil-
luminated dark experiments, are considered to be products of both
photosynthesis and reversible respi;ation reactions.
Degradation Studieo
Degradation of hexose formed during short periodS'of photo~

synthesis with labeled carbon dioxide revealed that t he highest‘per—
centages of labeled carbon were in the 3 and 4 positions, the noxt__
highest in the 2 and 5 positions and the least in the 1 aﬁdoé positions,
In some cases, labeling of_the 1,6 positions was found equol to that
in the 2,5 positions (4,8). Degradation of phosphoglycerio acid and
of alapine demonstrated that the greatest labeling was in the carboxyl
groups, Exceptions to this distribution (La) have been considered
caused by brief photosyntheSis~of’exchange with 012Q2 immediately be-
fore killing the plant. This resulted in decreased carboxyl labeling -
and 3;& labeling in hexoses, The results of a number of degradations
are given in Table 1, It is seen that as the length of oxposure of

the plant to Clb’O2 is shortened, the proportion of radiocarbon in the



UCRL7658
carboxyl group of glyceric acid to the total radiocarbon ip'the’molecule
becomes large in the case of the preillumination experiment, This
result suggests that phosphoglyceric acid which is the first isolable
product‘of photosynthesis is formed by a carboxylation of some 02

compound . |

Malic and aspartic acids from_short—term photosynthesis with
ClAOZ have been degradgd and again most of the labeling has been found
in the carboxyl groups., This distribution of activity; together with
the early appearance of labeled malic acid and phosphopyruvic acid,
suggests that phosphoglyceric acid is converted to phosphopyr-vic acid
which then is carboxylated as in the Wood-Werkman reaction (9) to
give oxaloacetic acid from which, in turn, malic and aspartic acids
would arise, The enzyme system.fgr sgch a cgrboxyiation has been found
in higher plants by Vennesland et, ale (1o » Thus, there would be
two carboxylations involved in carbon dioxide reduction in the light,
one a C‘l to G, addition and the other a Cl to C3 addition, |

Additional evidence for these two fixation mechanisma was
obtained from comparison of trager studies aﬁ high and low light in-
tensities, While the predominant labeled product of short exposures
to Cll"'O2 at high light intensity (400 to 10,000 foot candles) is phos-
phoglyceric ‘acid, the principal labeled pr- "1ct at low light intensities
(50 foot candles and lower) is malic acid (11), This variation in
products is thought to be the result of variation with light'intgnsity

of the concentrations of the respective carbon dioxide acceptors,
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is known to be present in these experiments, and from triose phosphate
one obtains some pyruvaldehyde under the conditions of analysis of
the plant extract. Commercial pyruvaldehyde contains appreciable a-
mount s of acetéldehyde and formaldehyde'which probably are decompositiog ,
products. Labeled pyruvic acid might give some formic and acetic acids,
Another argument against Cl-Cl condensation can be based on
the absence of apprecigﬁle radiocactivity in two-carbon compounds in
short-term experiments, Glycine and glycolic agid are»not found to .
be significantly labeled in short experiments (one sgcond barley photo-
s&nthesiSvshowed no detectable glycolate or glycine), and this evi-
dence is in agreement with the fact that the alpha and beta carbon
atoms of glyceric acid pos:ass only 5% of the total label of the gly-
ceric acid molecule in these experiments. If the Cy compound were
formed by c?ndensation of Cl compounds, present in very small con-
centrations, then the C, compounds should become labeled very rapidly.

- Finally, there is good evidence that the labeled carbon which
is eventually incorporatéd in the Cy compound must first be incorporated
in a 03 OerLF compound, If plants are illuminated in CMO2 for short
periods under conditions where the 03 and CA compounds are normally
found to be labeled and then are illuminated for an additional period
in the absence of carbon dioxide; there is found to be a disappearance

of Cg and Cl, compounds and an accumulation of labeled glycolic acid and
glycine, This suggests the close relationship between the latter two

compounds and the 02 carbon dioxide acceptor, This carbon dioxide
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acceptor must be formed as a direct result of the photochemically
produced‘reducing power and must itself accumulated in the absehce of
carbon dioxide, This explains why ﬁﬁe formation of phosphoglycerie acid
ia the light sensitive carboxylation.

If glycolic acid and glycine, accumulated by illumination in
the absence of carbon dioxide (Figure 1la b) are assumed to be derived
from or are precursors of the 02 acceptor molecule, one must conclude
that the Czbacceptor is not the product of Ql reduction and Cl-Cl
condensation, The formation of such a C, compound by direct reduction of
carbon dioxidevand Cl-Cl addition would be higﬁly dependent upon thei
amount of carbon dioxide available, and conditions of low cerbon dioxide
pressure would not lead to the observed great increase in C2 compounds,

If the C —Cl condensation is dismissed as the mechanism of

1l
C formatlon, there is left the alternative of splitting the C, compound
from a larger molecule, ‘The only larger molecules found to be labeled in
the very short-tem Photosynthesis experiments were the ?3 and 94raeids,
phosphoglyceric acid,}phosphopyrpvic acid and malic acid, while, at tle
same time, a small but significant labeling of the alpha and beta carbons
of phosphoglyceric acid was found._ Since the sum of the radioéctivity
found in the C3 and Ch compounds in such short term experiments was equal,
withih experimental error, to the total activity fixed during the experi-~
ment; it appears that all appreciably labeled compounde were detected by
methods of analysis employed. The splitting of a G compound would result

in either a profitless decarboxylation or in the formation of formaldehyde
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or formic acid, neither of Which_'have been found to be labeled signifi-
cantly even in longer experiments, Consequently, the most likely regene¥
rative mechanisms would appear to be the cleavege of aC L dicarboxy]j.c
acid to give two 02 molecules which would ‘oe converted to the two-carbon
carbon dioxide acceptor; Thus, there would be a regenerative cycle con—
sisting of Gy to Cy addition, Cl to C3 addltlon, and splitting of a Gb,
compound to two 02 compounds. This proposed cycle will be de51gnated

as "cycle" A in this paper. Thus far, no @cperlmertal_ev;dence I}as been
found which would corrbradict the exis‘bence of the proposed cycle, |

Varner and Burell (12) report experiments in which Bryophyllum

leaves were exposed to GJAOQ.in the dark and then exposed to light in

an aﬁmosphere free of CIZ‘OQ_. Degradation of malic acid formed in one

of these a:peri&xehts gave 21% of the total labeling‘ of the molecule in
carbon atoms 2 and 3, 34% in carbon 1 (alplra cai'boxyl), and 45% in

carbon 4 (beta carbokyl). Degradatlon of glucose from starch in the

same experiments gave for th 3,[; carbon atoms 52% and for the 2 5, and
1,6 kpos:.tlons (total for four atoms_) h8%.. Ysrner and Burrell concluded
that the conversion of malic acid to carbohydrate does hot take place via
the cycle A mechanism described above, since th:.s mechanisﬁiA should produce
hexose predominanbly labeled in the 2,5 positions rather than the 3,1+w |
positions. They further concluded that . the lal;eljng-fourid could be‘ accounted
for by a reversal of the Wood~Werkman reac‘cion; Unfortunately, although |
it is stated that the plants are exposed to light in an atmosphere free of

CMO{ » no mention was made as to whether or not unlabeled carbon dioxide
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was excluded at the same time, If carbon dioxide was excluded, then cycle ‘
A; by itself, of ccurse, could not operate since it involves a carboxylation.
Even if carbon dioxidé were hot exeluded during illumination it would not

be surprising if Bryophyllum, which stores carbon in a large reservoir of

malic acid in the dark, should, upon illumination, convert this carbon to
phosphoglyceric acid via the reversible Wood-Werkman resction., It is un-
likely that this plant would depend upon its natural environment, notably
deficient in carbon dioxide, to supply sufficient carbon dj.oxide for con-
version of malic to carbohydrate entirely through éycle A, It seems likely
that the carbon dioxide, temporarily "freed" by the Wood-Werkman decarboxy-
lation never actually escapes the cell, but rather is used immediately in
the carboxylation of C, compound and possibly in other carboxylation re-
actions not related to photosynthesis, If énly C, to Cl carboxylation is
involved, then for each two malic acid molecules decomposed via the Wood
Werkmen reaction, one is cleaved via cyele A, If, in Vamer and Burrell's
experiments’, the ¢ mbination cycle A and Wood—Werkman reaction mechanism
described above were operating, the resulting distribution of labeling
in hexoses would be 53% in the 3,4 position and 47% in the 2,5 plus 1,6
positions; If only the Wood- Werkman transformtion were involved, these
figures would be 62% and 38%, respectively. Consequently; the Bryophyllum
experiments are by no means in contradiction to the proposed cycle,
In attempting to elu‘pidate details of cch'Le A;, several dicar-

acids have been considered as‘possible intermediates, Succinic and

fumariec acids-3 tentatively suggested in earlier papers, appear more likely
to be respiration intermediates than photosynthetic intermediates, s:?.nce

their specific activities increase only slowly during photosynthesis. In
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fact, in some cases, alpha, beta labeled glyceric acid and 2;5 plus
1,6 labeled hexose have been found in the complete absence of any
labeled succinic acid, ’However, malic acid, because of its more f;pid
1abeling in the light, seemed a possible intermediate in the proposed
eycle, !

In order to aéceftain.whethey malic.acid might bg_such an
intermediate, an attempt was made to inhibit its formation during short
periods of photosynthesis (7).”v893n9§esmus was pretreated with sodium
malonate buffer in the dark, and resuspended in malonate-free buffer in
the light. PFinally, after a suitable adaptation period in the light
the actively photosynthesizing cells were exposed to CJ‘Z‘O2 for short
periods, It was found on analysis of @he cell constituents that al-

though total fixation of labeled carbon_was decreasad Qn;y slightly
(12-35%) over that fixed under similar conditions by non-malonate pre-
treated cells, the_radiocarbon incorporated as malic acid was strongly
decreased (60~97%). The other products of this short term exposure
were reiatively unchanged. Moreover, degradation of glyceric acid from
the malonate treated cells and untreated‘cells showed a labeling of the
alpha and‘beta carbon atoms which was not decreased by malonate pre-
ireatment. This result is interpreted as ?ndicating that malic acid
is not itself an intermediate bepwegn carbon”dioxide‘and'the alpha and
beta carbon atoms of glyceric acid in photosynthesis. Consequently,

if the conelusion that phosphoglyceric acid is ah intermediate in

carbohydrate photosynthesis is correct and if carbohydrate is formed from
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phosphoglyceric acid by a reversal of glycolysis reactions, then malic

acid is not an intermediate in photosynthesis. The role of malic acid

appears, thefefére, ﬁo be that of a carbon reservoir, readily derived -
from an intermediate in photosynthesis.
Since neither'malic acid, fumaric acid nor succinic acid
appears to be an intermediate in cycle Ay ‘the four-carbqn compound which
is split to two 02 fragments must be either a four carbon dicarboxylic
acid or some other four carbon compound that can be derived from oxalo-
acetic acid without first being converted to malic acid;A There are four
such dicarboxylic acids with the terminal carboxyl groups as would be
expected from the proposed carboxylation mechanism, Oxaloacetic acid
itself might cleave hydrolytically to give one molecule of glycolic acid
and one molecule of glyexylic acid, ‘Ta:taric aci@, the hydration product .
of oxaloacetic acid, would give the same products. " Dihydroxymaleic acid,
which might be formed by oxidation of oxaloacetic acid (orytartaric
acid) could give two molecules of glyoxylic acid, Diketosugeinic acid
could cleave hydrolytically to one molecule of oxalic acid and one
molecule of glyoxylic acid. _
Of the various possibilities the two»mostﬁplausible seem Lo -

be the cleavage of tartaric acid, analogous to glycolytic splitting of
hexose; ard the cleavage of dihydroxymaleic acid by a reversal of the
benzoin condensation. The benzoin type reaction is known to occur in

certain organisms which form acetoin from acetaldehyde, Thus far, we

have been unehle to demonstrate the presence of labeled tartaric acid
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in short term experiments with labeled C],‘L’Og,
~ An alternative mechanism for the cleavage of a four garbbn

molecule involvérs‘ the preliminary redx;ct,ion”of one or both of the car-.
boxyi groups of the L, carbon acid 'followed by gq];svequentcleavagerof the
product. 4n analogy for such" a reduction is found in the “?eduction of
l,Bndiphosphoglyceric acid to 1, 3—diphosphoglyceraldehyde; A very .
similar medhanism could be postulated for the reduction'of 1,3-diphos=~
photartaric acid to 1,3-diphosphotartaric acid aldghyde.

This product could either be split to phosphoglycolic acid
and phosphoglyoxal or further redt ‘2d to diphosphotartaric dialdehyde
which could then be cleaved td phosp)hoglycolaldehyde and phosphoglyoxal.
This mechanism, although as yet unsubstantiated by any experimental l
evidence, is made attractive by the close a:;alqgies forva}ll the reactions
invoived that can be found in the reactions of glycolysise Thus, the
cleavage of.dipho‘sphotartaric dialdehyde bears avclcsg resemblance to
the splitting of l,é-fructose diphosphate by aldolasve.(

The varioqs paths from Clup to Cé ‘fragmenjc.fs described above
are shown in Figure 7., For the sake of simplicity, only the non-phos-
phorylated forms are shown. Whatever t.be mechanj.s_m of the cleavage, the
products pre'swnably would be reduced to tbe 02 carbon dioxide acceptor,
elther vinyl phosphate or glycol phosphate.

.If the cleavage is at the dicarboxylic acid level, then glyoxy]_w

’

acid and glycolic acid might be intermed::.atesvln this reduction, but if the

splitting is at the dialdehyde level these two carbon acids are formed by
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side reactions, The latter mechanism gains support from the degradation
studies of glycolic acid énd glyceric acid obta@ned from 15 second exposure
of barley leaves of Clh02 in the iight (Table 1), Since more than one-half
the label of the glyceric acid was in the carboxyl group it is to be expected
that after another carboxylation with Clh02bat least two-thirds of the label
of the 4 carbon intermediates was in the two carboxyi groupse. I1f the CA
acid were split directly to two 02 acids, the carbo#yl group of the 02 acid
would arise from the carboxyl groups‘of'the GA acid and should carry two—r
thirds of the label‘of the 02 molecgle. If the cleajage took place at

the dialdehyde level, there is the possibility of obtaining symmetrically
mnlabeled prodgcts which could then be oxidized to symetrically labeled
glycolic acid, The distribution of rgdiocarbon found in the glycolic acid
is in accord with the latter mechanism.

However, it should be noted that a number of experiments have
been reported both from this»laboratory and from others (4;8;12) in which fhe

2,5 carbon atoms of a hexose do not have.the:séme specific activity as the 1;6
carbon atoms, This implies that there e;ists routes in‘w@ich the 02 fragment
maintains its unsymmetrical labeling throughout the cycle,

The formation of labeled glycolic acid during short periods o
photosynthesis with C:u’O2 was found to be dependent on the partial pressure
of oxygen, Thus; in corresponding lengths of e mosure to 01402, the per-
centage of total fixed activity found‘in»glycolic acid was about ten times
greater when the atmosphere surrounding the plant contained_zo% oxygen than when

the plant was exposed in an atmosphere containing 1% oxygen, This effect
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might be explained in at least two ways. The oxygen might be used in the oxi-
dation of oxaloace@ic acid to a more o;idizeq_gcid if the latter is an inter-
mediate in cycle A, In this case the operation of cycle A would be accelerated
by the increase in OXygen pressure desgribed above,

If the cleavage of G, compound occurs at a lower reduction level,

L
then the initial Cz cleavage products migh@ be more reduced than glycolic

acid and the oxidatiog of these reduced compounds would be favored at incréased
oxygen concentrations, In this case, the'fg;ma?ion of Co carbon dioxide
acceptor would be decreased by increased oxygen. It may be possible in fukure
experiments to measure the rate of formation of 92 carbon dioxide acceptor in
the presence of high and low OXygen pressures by degrading the labeled phos-
phoglyceric acid and thus discover which of the abovelexplanations of oxygen—

enhanced glycolic acid formation is the more probable,

. Relatjon of Respiration to Photosynthesis

The processes invol ed inAre§pirationAin animal @iésues and in
yeasts have been shown to be operative in plant tissue (13). Evidence
that the major oxidative}and degarngylatiopA?eaqtions_gye invagcord with the
existence of a tricarboxylic acid cycle is rapidly accumulating.

The rate of respiration is approximately one-twentieth that of
photosynthesis at saturating light intensities;“bui a vast number o? experi-
ments have been reported at intensities near the compensation point, Toward
the end of understanding the relationships between the chemical reactions

of photosynthesis and respiration we have performed a number of experiments

(3).
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I

Dark Respiration. As described earlier, the series of reversible reactions

ending in decarboxylations has been shown to involve‘the intermediates qf
the Krebs tricarboxylic acid cycle, aspartate (oxalacetate), citrate, igo-
citrate, giutamate, alpha~ketoglutarate, succinate, fﬁmarate and malate.
Aspartic acid, malic acid and alanime become lebeled with ¢ both in
photosynthesis and in dark 01402 fixation experiments. It is possible that
the resefvoris of these compounds are common to both photosynthesis and
respiration.
A -series of experiments were performed -with Scenedesmus and barley
. leaves in which the products of short (30 seconds) photosynthesis were
partially respired in the dark immediately afterwards. Algae rapidly
converted the phosphate esters involved in sucrose synthesis to glutamate,
succinate, fumarate and citrate. The steadj,decrease in radicactivity in
the cells showed that 01402 was being lost by decarboxylations., The come
pounds oﬁ;erved'to be most susceptible to respiration in these experiments
were glycolic acid and the phliosphate esters.‘ One hour of dark respiration
in air diminished the amount of labeled phosphate esters to about 10% of
its vaiue immediately following 30 seconds photosynthesise After 18 hours
dark reépiration;thé products closely resembled those found by dark exchange
of 61402 in the respiratory intermed?ates. Barley leaves have not produced
observable amounts of labeled succinate and fumarate, even after extended
periods of dark respiration. Labeled glutamic acid appears. only after
one hour of respiration by barley compared to its appearance in copious

amounts in algae after two minutes, Radiocactivity in glutamine invariaflly
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parallels that of glutamate, slthough equilibrium betwéen the:two is -
not rapidly attainedo If the gradual disappearance of radioactive haose,
triose, and gl yeeric acid phosphates in barley leaves involves succinate
and fumarste as interme diates, the conceﬁtrétibn of these acids must be
very lows
In five minutes of photoSynthesis barley leaves synthesize sucrose

as the major product. Sucrose synthesized by 30 seconds of steady-state
photosynthesis in C]"’*O2 is not appreciably respired in the dark after

an hour, During this dark time the amourts of radiocactivity in phose
phorylated intermiiates: of sucrese)synthesié is rapidly ‘and greatly
diminished without notable decreasé in' sucrose radipactivity, When
intact barley seedlings are allewed to photbsyhtheéize 30 seconds:fola
lowed by 18 hour dark respiration in air,-the amount of radicactive ducrose
remaining in the leaves is almost megligibles The roots, on the other
hang were found to contain the active citrate, malate, alanine, phos=
phoglycerate and some sucroses In thése experiments; the carbem™df: °
sucrose was transferred to the roots where it appeared in@fééﬁifé%ory»
products. |

' Lighthespirationg- When algae or barley leaves phbtosynthésize (ap=-

proximately 8000 foot canldes) ianlAOZ’for'30¢seconds“and then, in one
cdse; are illuminated in carbon dioxide-free air for'a short time and,
in another case, allowed to respire in the dark for the same length of
time, the amounts of labeléd;triaarboxylic acid cyce intérmediates

" formed in the light respiratlon: éxperiment are much smaller than those

)
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found in the dark respiration experiment., Aneerobically in the light
the absence of respiration intermediates is even more striking. Such
experiments must bé done in the absence of 01202 since the latter rapidly
displaces the CH4wlabeled products of the preceeding phdosynthesis which
are converted to polymeric productse

The major effect of aerobic illumination in the absence oif carbon
dioxide is the formation of glycolic acid and glycine. Up to 30% of the
fixed radiocactivity may be converted to glycolic acid in this way (Eigure
8)es Thus, glycolic acid rapidly accumulates in the light and very rapidly
disappears in the dark(3)., The possibility (remaining to be investigated)
is that glycoli acid oxidation, catalyzed by an enzyme system widely
distributed in green plants (14) and demonstrated in colorlessvaigae
(15) represents an alternative oxidative mechanism in the higher planfs.

The inhibition of respiration by light was demonstrated by van
Niel (16) in acetate metabolism in Rhodospirillum rubrm. The stability
of photesynthetic‘intermediates toward oxidation in the light is alse
in aceord with the kinetic results of Weigl (17) who worked with barley
leaves, Weigl observed a ten=-fold increase in specific radiocactivity of
respiratory carben dioxide produced by immediately previously photosyne
thesized intermeéiates upon cessation of illumination, The carbonm dioxide
respired during'photosynthesis‘then came from relatively non-radiocactive
sourcess It is possible that the physical site of light respiration may
be quite different from that of photosynthesise

These results mean that light does at least affect respirability

of intermediates of sucrose synthesis (3). The fact that some compounds
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are found te be intermediates in both respiratiom and phot@synfhesis suggests
that the sams melé@ules of the compounds may be involved in both processes,
This iz not necesarily the case since the processes may be physically separa-
tede The inhibition of the respiratiocn of newly photosynthesized materials
by 1iéht wonld geem to indicate a close interaction betweem the two proces-
gese. This interaction is at present best interpreted in terms of a reduction
of the steadv-sbate concentrations of respiratory intermediates which are
used as photosynthetic intermediates in the light. This leads te a lower
rate of appearance of newly incorporated carbon in the tricarboxylic acid
cyele dm the light,

Inhibition of respiration by illumination is dependent upon the light
intensity, The experiments referred to above involved intensities of 10,000

foot sandlss, As the light intensity is decreased, the rates of appearance

of radiocarben in respiratory intermediates and in photesynthetic intermediates
approack sach other. Figure 9 ghows the relationship of the»rate of formation
of radiocactive respiratory intermediates and related reservoirs of sucrose
synthesis (ineluding alanine, aspartate and malate.)

Feeding Fxperiments, - & mmber of feeding experiments with both algae and
barley have been performed. The interpretation € such experiments is come
plicated by such questioms as the penetration of the substance inte the cell
and the fast of complex internal organization within the cell entailing

the p@ssibiliﬁy of different sites of metabolism for the same substance,
However, the feeding of labeled acetate to Scenedesmus had led to a definite

result, Ia the dark, Figure 10a, acetate is respired through the expected
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tricarboxyliec acid cycle intermediates, Im the light, Figure 10b, whether
carbon dioxide is present or noty; acetate is comverted te fats in additiom
to the tricarboxyliec acid cycle intermediates. Omly a small. fraction of

the acetate consumed is converted to sucrose or its precurscrs. It is

thus épparent that reducing power resulting from the photochsmical reactions
maykbe used to convert acetate directly inte faise

Poisonigg Experimentg,- & number of polsoning experiments have beem performed
using those peisons previously employed in the study of photosynthesis. 1In
addition to the difficulties eqcountered in the interpretation of the feeding
experiments there is the question of the number of sites and the relative
degree to which they are affected by a given poison.

When photosynthesis in Chlorella suspended in 1.5 x 1074 M iodo-
acetamide is inhibited as much as 90% as measured by 614@2 fixation, the
absolute rate of sucrose synthesis {as measured by the amount of 014 in
sucrose) is not decreased but is increased at lower degrees of inhibitiom,

No abnormal phosphoglyeeric acid accumulaticn occurs in the presence of iodo=-
acetamidea (18). |

In view of the known action of lodcacetamide om other enzyme systems
beside friose phosphate dehydrogenase it is possible that these other systems
are more sensitive to this poison., Such selective action might possibly
result in the blocking of other paths of carbem uwtilization and lead to
a more rapid sucrose synthesis at certain iodoacetamide concentrationg, Als
ternatively, sucrose may be synthesized by a pati not invelving triose phos=

phate, although this in contradiction te the present accumulated information.



31~

UCRL=658

Cyanide and hydroxylamine are strong inhibitors of' photosynthesis,
We have shown that these poisons do not prevent the initial carboxylatiom
step with the formation of phesphoglyceric aéido Scsnedesmus (Gaffron D=3
strain) were placed aercbically in the light without carbom dioxide for 30
minutes in order to increase the concentration of the 0y acceptor. The poi-
son was them given to the algae one minute before adding 014020 In this
length -of time the peison becomes effective btut the light-generated 0, ace
ceplor will not have completely dssomposed, Phosphoglyceric acid and malic
acid ars formed in large aﬁounts and 1ittle of the G4 appears in the other
compounds normally formed during photosynthesis, such as the phosphate esters
an& sugars (Table 3).

1%t has been suggested that hydroxylamine inhibits the oxygen libe
erating stete of photosynthesis. This oxygen libseration step need not occur
similtaneously with fhe first carboxylation, and the formation of phospho-
glycerie acid in the presence of hydroxylamine verifiss this suggestion,

The formation of the glutamic acid and also of succinic, fumaric and citrie
acid during one minute photosynthesis in the presence of hydroxylamine is much
greater then in an equivalent period of either dark fixafion or carbon dioxide
or of uninhibited photoéynthesiso This indicated that hydroxylamins may
reverse the light inhibition of respiration and therefore the rate of appear-
ance of newly assimilated carbon in the respiratory intermediates,

Effect of pH on Carbon Dioxide Fixation.- Im an attempt te influcence

the rates of the enzymatic processes and consequently the proportlons -
of the produtsy 2 rumber cf one minute photosynthesis experiments were
carried out on suspensions of Scenedesmus which had beem photosynthesizing

for 10 minutes at 3000fcet candles in M/300 phosphate solutions of
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various pH values rangi;:lg between 1.6 and 1le4e The rate of fixatioen
of 31402 remained approximately normal between pH 4 and 9; it was still
50% or more at pM 2 and 10,' but it fell abruptly above pH 10.5. The
depressed rates obgerved were not: fhirther affected by letting the cells
stand for 30 mimutes; moreover,lthe normal rate eculd be restored
by bringing the pH back to 7,

Radiochromatography of the samples revealed no striking dif-
ferences between the mature and relat ive amounts of the radiocactive proe
ducts formed at those different pH values, except for malic acid-and
sucrose, A4s shown in Eigure 11, on passing from pH 1.6 to pH 1l.4 the
percentage of malic acid increases from 5 to 25%, while that of sucrese
derreases from about T to 0%, Phosphopyruvic acid seems to follow -
mélic acid in that the absolute amounts‘ of both these compounds show
a sharp naximum at pH 9. On the whole, the general pattern does not break
down even at extreme pH values, On the other hand; there are some com-
pensation effects, such as a larger production of acidic material (malic)
to counteract the alkalinity,

‘ SUMMARY

The conclusions Whiéh have been drawn from the results of 614’02
fixation experiments with a variety of plants are developed in this paper.
The evidence for thermochemical reduction of carbon dioxide fixatioen

intermediates is presented and the results are interpreted from such a

viewpoint.
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The relative rates of appearance of the first observed products
of carboxylation reactions of photosynthesis (phosphoglycerate and malate)
have been shown dépendentqupon experimental conditions. The cyclie
- sequence of reactions required for regeneratiom of the postulaﬁed €s
carbon dioxide acceptor is discussed in the light of accumulated evidence.
Such evidence obta}ped from degradation of probable intermediates is
tabulateds

Respiration and photosynthesis have been found interrelatede There
afe cempcuhds common to both systems. Light has an inhibitory affeét
upon respiration of immediately préviously fbrmed,intermediates of
hexose synthesis, This effect has been recognized as a funetion of light
intensity., It has alsoc beem shown pertinent in acetate metabolism in algae.

Preliminary observations on the effects of inhibitors and abnormal
conditions upon the course of carbon dioxide firation interpreted on the

basls of present information.,
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TABLE 2
Effect of Light Intensity on Early Products
Fraction cfvradidactive carbon fixed expressed in percent, in products
of steady state photesynthesis in 4% 002 in air by Scenedesmus -D3 in

thirty seconds,

Light Intensity(a)(foot candles) 400 800 4000 8000
Total GlA £ixed (e CoDolle X 10~6 0.36 0.65 3.6 3eT
3-phosphoglyceric acid 55 33 10 12
2-phosphoglyceric acid(C) 3 17 5 5
phosphopyruvic acid(d) 12 10 5 5
triosephosphates 1 1.3 1.6 1.5
hexose phosphates 15 17 69 62
malic acid 3.0 4ol 4 6.1
aspartic acid 1.8 245 1.5 2.0
alanine 1.7 1.2 1.5 | 1.6
serine - o3 03' | 5
glycine — o2 o2 o4
glycolic acid - s3 02 8
sucrose - o3 o5 1.0
fats - - 6 244
succinic acid 0.5 - o2 0.1
fumaric acid = - 02 0.15

eitric acid 2 1.2 o5 0.6
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TABLE 3

Effect of Cyanide and Hydroxylamine on 01402 Fixation by Scenedesmus

2

During Photosynthesis

Per Cent of Total Soluble Cl4 Fixed

Compound Fo Inhibition 5 x 10™°M 3 x 1074
Hydroxylamine Cyanide
(75% Inhibition) (95% Inhibition)

phosphoglyceric 16.1’ 7.7‘ 2344
glyceric 40 2.9 0.0
t;iose and hexose POA 36,0 1.0 7.3
malic , 240 62.1 26,3
glutamic 0.5 262 ‘ 0,0r
aspartic 9,0 0.0 5.6
alanine 306 0.0 16,11
succinie 0.8 563 102’
~ fumaric 0,8 1.9 'dosb
citric (iso) 0.8 6.3 2.3

sucrose 0.1 . 0,0 0,0
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Figure Captions

Figure 1.

Figure 2, (0, Fixation by Scenedesmus. Total radioactivity rixed,( ).
Radicactivity fixed in 80% ethanol-inscluble products,‘ . Light
intensity, 500 foot candles. 4% carbon dioxide in air. Temperature,
20%,

Figure 3. Radiograms of One and Sixty Second Steady State Photosynthesis by
Barley Leaves., The paper chromatograms from which these radiographs
were prepared were developed horizontally in phenel and vertically in
butanol-propionic scid-water solvent (6).

Figure 4. Incorperation of C14 in Products of Short Photosynthesis by Scenedesmus.
Light intemnsity, 500 f.c. Temperature 20°C. The radicactivity as
defined by the radioautograph was determined directly on the series
of paper chromatograms. Large thin window geiger-miiller tubes (K. G.
Scott type) were used for radiocactivity determination. The products
chromatographed include only those soluble in 80% ethanol.

Figure 5. Effect of Light Intensity Upon Products of Thirty Seconds Photosynthe-
gis by Scenedesmus. Aqueous ethanol extracts of approximately equal
amounts of cells were used in these radiograms. The two major com-
pounds in the 400 f.c. radiogram were identified as phosphoglyceric
acid and phosphopyruvic acid. The spot with inereased radicactivity
in the 800 f.c. radiogram was also identified as phosphoglyceric
aeid.

Figure 6. Dark and Photosynthetie 01402 Fixation by Chlorella.

a. Two minutes dark fixation Ly Chlorella which had been preillumi-
nated in nitrogen five minutes at 5,000 f.e.

p. Thirty seconds steady state rhotosynthesis, &,000 f.c.

Forty-five minutes dark 01402 fixation by non-preilluminated cells.

(¢}



Figure 7.

Figure 8,

Figure 9.
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Products Synthesized by Sugar Beet Leaf During Five Minutes Followed
by Two Minutes Aerobic Illumination. Glycolic acid represents almost
thirty percent of'the 50% ethancl-goluble radioactive products.

Effect of Light Intensity on Incorporation of 01402 into FPhotosynthe-
sis Products and Some Respiration Products. The lower curves include
radicactivity in succinic, fumarie, citric end glutamic acids only.*
The curves for photosynthesis include the remainder of the 80% ethanol-
soluble products. It should be noted that the time as well as the
radiocactivity scales are different in the two plots. The relative

slopes, however, are quite different.

Figure 10 a,b. Assimilation of Acetate-l cl4 by Scenedesmus. Algae were given

Figure 11.

labeled acetate for thirty minutes (8.5 x 10-4 liolar, pH 4) immediately
after steady state photosynthesis (8,000 f.c.). Half of the cells

were killed in 80% ethanol in the dark, 10a. The remairder was illu-
minated ten minutes, &,000 f.c., and killed, 10b., Considerable unused
lebeled acetate remained after the thirty minute dark period. During
the whole experiment, 4% carbon dioxide in nitrogen passed through

the cell suspension. |

Effect of pH on Fraction of Sucrose and lialic Acid in Products of
Sixty Seconds Photosynthesis by Scenedesmus. These figures were
obtained by direct counting on paper chromatograms of several series

of experiments.
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