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THE PATH OF CARBON IN PHOTOSYNTHESIS
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

ABSTRACT R

The conclusions which have been drawn from‘the results of
61402 fixation experiments with a variety of plants are developed in
this paper. The evidence for thermochemical reduction of carbon dioxide
fization intermediates is presented and the results are interpreted from
such a viewpoint,
| The relative rates of appearance of the first observed products
of carboxylatiSn reactions of photosyﬁthesis (phosphoglycerate and malate)
have been shown dependent upon experimental conditions. The cyclic
sequence of reactions requir ed for regeneration of the postulated Cy

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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tabulated,

Respiration and photosynthesis have been foupd interrelated,
There are compounds common_fo.both gystems° Light has aﬂ inhibitory
affect upon respirationfof immediately previously formed intermediates
of hexose synthesiso This effect has been recognized as a function of
light intensity., It has also been shownvpertinent in acetate metaboligm
in algeeo

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

basis of present information.
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v THE PATH OF CARBON IN PHOTOSYNTHESIS

X. CARBON DIOSIDE ASSTMILATION TN PLANTS')

M, Calvin, J.A, Bassham, A.A, Benson, V. Lynch, C, Ouellet,
Ts Schou, We Stepka and N.E, Tolbert
Radiation Laboratory and Department of Chemistry
| and Division of Plant Nutrition
Universit&uof.California, Berkeley

April 1, 1950

"If someone tells me that in making these conclusions
I have gone beyond the facts I reply: !This is true,
that I have freely put myself among ideas which can~
not be rigorously proved, That is my way of looking
) . at things. Ivery time a chemist concerns himself with
these mysterious phenomena and every time he has the
. luck to make an important step forward he will be led
. instinctively to attribute their prime cause to a
class of reactions in harmony with the general results
of his own researches, That is the logical course of
the human mind, in all controversial matters',

_YLouis Pasteur, 1857

The reactions which comprise the process ef photosynthesis
appear to be at lea§t as numerocus an@ complex as those of any other
biolégical process, The classification of these reactions has
evolved from the experiments of many workers withiﬁ the past two
decades. For example, the work of Warburg and Christian with

intermittent light and thatof Hill on the photolysis of water by iso-

lated’chloroplasts in the absence of carbon dioxide gave strong sup-

) port to the theory of séparatioh of water photolysis from carbon

(%) The work described in this paper was sponsored by the Atomic
“ - Inergy Commission,
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reduction, By employing the results of studies not only of photosynthesis
in green plants; but also of photosynt hetic bacteria and other biological

systems, van Niel had presenﬁedra.strong_argument for the division of these
reactions into two major classes, The first group of reactions involves the
primary absorption of*lightvenergy and its conversion to chemical energy
and the employment of this energy to decompose water, forming oxygen and
reducing.ﬁowero The otper-grgup of féactions 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 proposal that carbon dioxide reduction
is accomplished eptirély by dark reactions was obtained throﬁgh preillumination
studies conducted in this 1abor§t6ry (l-h); In these experiments, green
algae Chlorella ,and_Scengdesmu§ were first illuminated in the absénce of
céfbon dioxide and then allowed to fix Cll*O2 in the dark, Whén the cells
were killed and analyzed, the ¢4 1abeled products were found to be the
same as those fdrmed when the aigae were allowed to fix Cl~’+02 in the light
for short}pgriodsiandvthen k%lled immediately., Mbreover, these experiments
indiqated tﬁét‘the‘redﬁcing power had a half—life of sqveral minutes in the
dark, With.fhé p9int—6f view engendered by thesg results, the efforts ih‘;
this laboratory have been_directedltoward the revelation of the mechaﬁis@b
of the utilizatibn of';higsenerg& in carbonwdioxide reduct?ono’. o
qumal photosyn@hesis is a steady-state mrocess, The rateé of"tﬁ;‘
individualdrea§£iohs involved afe highly depegdent upon external faqtbrs} |

such as light intensity, carbon dioxide pressure, temperature and nutrient

v
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conditions, An intermediate betwegn carbon dioxide and protein, fat, and
carbohydrate will exist in amdunts dependent upon the relative rates of
its formation and-convefsion. It is éeén, theﬁ, that the amounts of

isolable intermediates may vary considerably and that one might expect
rather low concentrations of many important metabqliteso
"Experime‘nts‘with'high specific activity CJ'Z*O2 have allowed
a gréat'numper of observations on this hitherto almost impemetrable system
of reactioné. ' The advantages of such a method lie first in its sensitivity;
intermediates of concentrations of less than”lo'é.g may be readily deter-
mined in a few milligrams of plant material, Sécondly; addition of labeled
carbpn to a plant in stgadyhstate photqsynthesis with 01202 allows,one>to
follow the path of carbOn.in the normal reduction of carbon dioxide, When
labeled carbon didxide (cl‘*oz) is added to that being absorbed by the
plant , Figure l;vthé rese?voirs of'bhe intergediate productsraré”consecutiveb
labeled with Glh; The specific radiocactivity of each reservoir increases
to ; maximum (equal to that of:the initialrcarbon dioxide) prior to”that_

of any subsequent intermediate, hinalysis of the products of phot osynthesis

in Clho b& 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

P

are formed. As the time is decreased, the amount of radioactivity incor-
poratéd into the faﬁs; protein and carbohydrate approaches zero, and only
the intermediates of hexoses and amirio acid synthesis are detectable, Figure

2 shows the relative rate of appearance-of radiocactivity in intermedidates
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soluble in aqueous alcohol, _
Exposure of various plants to Clh—labeled carbon diokide,under .
a variety of conditions, both in the light and in the dark, followed .
by killing the plants and analysis o the 1abeled compounds.formed has

led to the following experimental results and conclusions.

Products of Short Photosynthesise— The length of exposure of an actively

photosynthesizing plant to labeled carbon dioxide in the light was shortened

until all tie labeled carbon fixed by the plant was found in a few com~
pounds (3,5,6).

phopyruvic 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, analy51s showed that. 87% of the

activity was 1ncorporated in phosphoglyceric acnds? 107 in phospuopyruv1c

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

second photosynthesis by‘Scenedesmusdin Clhozware shown in the radiograms,

of Figure 3, These are radioautographs_ofvpaper chromatograms of the

products extracted from 50 mg, of packed .cells,. -

Identification of PhogghogLyceric Acid.- Acid hydrolysis ofrphosp?og}ycepic

acid which was isolated chromatographically produced glyceric acid,
glyceric acid was identified by subjection to periodate oxidation. All

of the radioactivity initielly~present in the glyoeric acid.oould be

v

accounted for in the expected products of perlodate ox1datlon, carbon

dlox1de, formic acid and formaldehyde. Phosphoglyceric acid was 1dent1f1ed

Scenedesms whlch had photosynthe31zed'

independently by its’ 1solat10n from

for five seconds in 01“02. Over 65% of the fixed activity was so isolated,

These compounds were found to be phosphoglycerlc ac1d, phos-

The o

v
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and the product charactéfized as_the_barium”sslt by its solubility, specific
rotgtion, phosphorus analysis, anqzipn sfchange resin adsorption properties
6). Phpsphoglyseric_asid'hsd pfe?iqgs;yvbssn identified‘as s major '
constituent of the produéts ofﬁBO;sssogd_pho@osynphssis by Scenedesmis

by its‘adsorption'properties on anion exchange resins (). The phos=
phoglycerate s0 1solated was hydrolyzed to glycerlc acid whlch was
identifed by phy31cal propertles, dlstrlbutlon coefflclent 301d strength
anion re51nladsorptlon properties, and_by_conver51on to the p-bromphenacyl
ester (1,4).

Sequence of the Iptermediates_in Phstgsynthgsisq- As longer exposures

to clho in the light are permitied, fifteen-sixty seconds, radioactivity

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

. Pl

serine, glycine, giycqlic acid? and triose phosphates, hexose phosphates,
hexose diphosphate, sucrose and several other as yet unidentified phos-

phorus-containingrcompqunds? (Eigure L) Radiocactivity accumulated more

slowly in succinic, furmaric, citric. and glutamic acids, glucose, fructose

and a number of amino acids (threoninesrphenylalanineg glutamine, asparagine,

tyrosine). It should be noted that appearance of a labeled compound . in

the light and not in thé dark indicates that that compound is a product
but not necessarlly an 1ntermed1ate of photosynthe51s,
The 1dent1ty of a number of these phosphate esters with those

involved in glycolysis suggested that the synthesis ofvsucrose is accom-

plished through a reversal-of glycolysis, Whenmsucrose isolated from.

Chlorella which had photosynthesized for 30 seconds in;01h0 was
A . - - L 2
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hydrolyzed, the specific activity of the.fructose was twice that of the

glueose moiety, This reeult 1s that expected from a reversal oﬂ;he gly—

colytic sequence, Further support for this suggested mechanism.of sucrose

synthesis is found in the identity‘of tnepdistribution of Clh_in the_3,h,
the 2,5 and the 1,6 carbons of hexose with that in the carboxyl, alphe and
beta carbons, respectively, of glyceric acid (Table 1). |

The protelm.of the 1nsoluble products formed during 60 second
photosythesis by Scenedesmis < contains radioactive amino acids in approxi-
mately the same proportion_as thoseufound in the soiuble p:pddcts. _The
proteins synthesized in 1onger‘times-showlthst the proportion of amino :
acid constituents difﬁersrgreatly from_thst ofjihe free anino acids} The.
insoluble products synthesized by barley in five minutes consist lafgely
(;>95%)of polyglucose“compounds; \those_of Scenedesmps ere_about half-
polysaccharide and helf protein, of which alanine and aspartic acid ane

the major constituents,

iffect of Light Intensity on Early Products.— As the light intensity is

decreased the number of products foznwd in 30 seconds decreases until at
LOO foot candles the principal products are the three carbon @ompounds

as is seen in the radiognams (Flgure 5) These are phosphoglyceric a01d
and phosphopyruvic acid.» It has not yet been possible to differentlate 2-» ,
and 3-phosphoglycerate with certainty on paper chromatograms. The collectlon
| of information availabie is consistent with the possibility that the mejor
compound in*the AOO"foot candie rediognan~is'3jphosphoglycerate, while that

below and to the right of it is 2-phosphoglycerate. Separate experiments
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performed at high light intensity (4000 foot candles) and low temperature . .
(2°C)_§h6wed.revepsglmof.rad@ogcﬁiyipywéygg@u}ationfin this pair of com= .
pounds. At 1gw-temperature:one‘m;ght.expect the'equilibrium between 2-

and 3-phosphoglycerate to be s}owlyﬁgt?aingd, hence the prior labeling in
the 2-isomer, . At higher temperature and low 1ightfintensity the greater
amount . of radiocactivity in the 3—;§9mer‘is"éttribut5d to its rapid for-
mation from thejlessvstable.2—i§omer; '

| The:radiqacpiviti?s_deperm;ned;py799unﬁing_qf radioactive areas:
of the ghrqmatograms,definedvby the radiograms in Figure 5 are given in

Table 20_
Dark Fixation Products,=- Two types of dark fixation of. labeled carbon

were observedg The firstAtypeAwas_pbpained“whgn plgnps were exposed_to
Clhoz immediately follcwing a periodrof:il}umination in the absence of
garbon dioxide. (Figure lOa}’ “in which case‘the labeled products as well
as their!rates of ermation_were foqnd to"be nearly the same as in short
exposupes (15—6O seconds) in the‘l@gbﬁ(?égure;lOb)o The proportion'of |
radiocarbon fixed was appreciably greater (3). Depletion of the malic acid
(Ch).and‘alanine (03) reservoirs by preillumination (reduction to hekose)
resﬁlted 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 .
radioéctive carbon dioxide.ip'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~dioxide,through rever—
sibility of the common carboxylation reactions. The effect of light
on the labeling of some of these compounds will be discussed iator. ,
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~ .
1umina£ed dark experiments, are considered to be products of both
photosynthesis and reversible_respi?ation reactions: | |
Degradation Studieo
Degradation of hegoso formed dgring short periods of photo-
synthesis with labeled carbon»diogide revealed that t he highest'pora
centages of labeled carbon were in'the 3 and 4 pos;tions; the next .
highest in the 2 and 5 positions and the least in the 1vandoo positions.
In some cases, labeling of.the 1,6 pooitions was found eoﬁol 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
groupss Exceptions to this distribution (ha) have'beeniconsidered-
caused by brief photosyntheSis of exchange with 01202 immodiately.be-
fore killing the plant, This resulted in decreased carboxyl labeling -
and 3,4 labeling in hexoses, The results of a number of degradations ,
are given in Table 1. It is seen that as the length.of oiposure of

the plant to 01402 is shortened, the proportion of radiocarbon in the
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carboxyl group of glyceric acid touthe total radioparbonvip'the'molecule
‘becomes large in the case of the preillumination ex.periment6 This
result suggests that phosphoglygeric agid 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

ClhOz 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 apd phgsphOpyrgvic acid, -

suggests that phosphoglyceric acid is converted to phosphopyrvic acid

shich then is carboxylated as in the Wood-Werkman reaction (9). to

give oxalogcetic acid from which, in turn, malic and aspartic acids .

would arise, The enzyme system fgr sgcﬁ 2 cgrboxylation has been found

in higher plants by Vennesland §§,‘§l£ (10 » 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 03 addition, |
Additional evidence for these two fixation mechanisma was

ocbtained from comparison of traqer studies ap highvand Jow light in-

tensities, While the predominant‘labeled product. of short exposures. .

‘ to 01‘*02 at high light intensity (400 to ~1o;ooo foot candles) is 1:'>hos-w .

phoglyceric'acid,.the principal labeled pr- ict 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'intensity

of the concentrations of the respective carbon dioxide acceptors,



-15-

UCRL-658
~ The Cp carbon- dioxide acceptor must be a highly reduced
compound. . It would'be-fofmed readily in the.presgnce oI photo=
.chemically produced reducing power but in the dark it would probably
be formed only by reversal of the 02 to Cl carboxylation and in the
latter case subsequent rapid qxidative rractions might keep its con-
centration at a very low level,

. The conceﬁt?ation of 03 carbon dioxide acceptor; probably
phosphopyruvic acid, would dependvon the rate of glyco;ysis and on
phe forward and reverse rates of the two carboxylation., In the.dark;
the concentrations of CB-Carbon diéxide acceptor is maintained by
glycolysis'while concentration of C2 carbon dioxidg gcceptor will bg
very small, as discussed int he preceeding paragraph, Consequently,
in the dark and at low light_inpensitigs,_@he predominant product
will be malic acid in short term exposures. As the light intensity
is increaseg,‘the concentration of 02 carbon dioxide .acceptor tends
to increase, causing an increase in the rate of Cp to C; carboxylation.

Ultimate%y, the C?-Cl reaction becomes the faster of the
two carboxylations, with the result that at high light intensities
phosphoglyceric acid is the predominant product formed ip~short times.

Generation of C_ Compound,~ There remains the necessity for con- -
. <~ . .

binuously generating the two-carbon compound which, according to the
above proposals, is carboxylated to give phosphoglyceric acid, One
possible mechanism f or forming a C, compound would be a Cl—Cl con-

densation. This possibility is being investigated, but is considered
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unlikely for several reasons, The direct coupling of two carbon.
dioxide mglecules with simultaneous reduction seems an. improbable
mechanism, Moreover, the expected préduct/of such a reaétion;
oxalic acid; has not been found labeled, even with the veryAsen—
sitive methods of detection employed,

If carbon dioxide is first reduced to some other Cl
compound, then labeled formaldehyde or formic acid should be found.
However; the most labeling'we have found in these compounds, after

two minutes exposure of the Scenedesmus to radloactlvn carbon dioxide

during whlch a total of 1.7 x lO6 dis ./sec. was fixed, was as fol-
Jows: The formaldehyde, isolated by adsorpt;pn chroma@ography as

the 2,A~dinitrophenylhydrazone? contained about 33 dis,/sec., while
the total voiatile acids not reacting with 2;h—dinitrpphenylhydrazine
contained about 200 dis./seco There is good_reason to believe the
latter is mostly acetic acid but-in'thg fbllowing calculations it

is assumed to be all formic acid. The specific activity of labeled
carbon dioxide used was 1.7 x 10t dis./mole seco Consequently, -

if the molar specific activity of the formic ecid and formaldehyde
were that of the Cll*O2 used, as it would have to be if these compounds
were actual intermediates in photosynthesis yet pressnt in such small
concentrations; the actual quantities of these compounds would 2 x lO;lQ
moles of formaldehyde andllZ'x-lOmlO moles of formic acid in one gram -
of wet packed .cells.. There is evidence that even these small quantities

of formic acid and formaldehyde may be artifacts, Labeled triose phosphate
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is known to be present in these experiments, and from triose phosphate
one obtains some pyruvaldehyde under the ponditions of analysis of
the plant extract, Commercial’pyruvaldehydercontains appreciable a-
mount s of acetéldehyde and formaldehyde'which probzbly are decompositiop ,
products, Labeled pyruvic acid might give some formic and acetic acids.

Another argument against C —Cl condensation can be based on

1
the absence of apprecigble radioactivity.in two-carbon compoqnds ig
short-term experimentso Glycine and_glycolic agid are‘not found to .
be significantly labeled in short experiments (one s?cond barley photo-
s&nthesis»showed no detectable glycolate Qr‘glycine), and this evi-
dence is in agreement with the facp that the alpha and beta carbon
atoms of glyceric acid poscass only 5% of the total label of the gly-

- ceric acid molecule in these ex.periments° If the C, compound were .
formed by c?ndensation of Cl compounds; present -in very small con-
centrations, then the 02 cdmpounds should become labeled very rapidly.

- Finally, there is good evidence that the labeled carbon which
is eventually incorporated in the Co compéund must first be incorporated .-
in a 03 or Ch compound., If plants are illuminated in C]‘Z'O2 for short
periods under conditions where the C3 and Ch compounds are normally
found to be labeled and then are illuminated for an additional period
in £ﬁé'absence of carbon dioxide, there is'found to be a disappearance
of Cs anq Cl, compounds and an accumulation of labeled'glycolic acid and
glyeine, This suggests the close relationship between the latter two

compounds and the C2 carbon dioxide acceptor, This carbon dioxide
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acceptor must be formed as a direct result of the photochemlcally

produced reduc1ng power and must 1tself accumulated 1n the absence of

_carbon dioxide. This explains why the formatlon of phosphoglycerlc a01d

is the light sensitive carboxylation,
If glycolic acid and glycine, accumulated by illumination in "
the absence of carbon dioxide (Figure lla,b)_are assumed to be derived

from or are precursors of the 02 acceptor molecule, one must conclude

that the C, acceptor is nct_the product of Cl reduction and Cl-Cl

condensation, The formation of such a C, compound by direct reduction of

carbon dioxide and Cl'Cl addition would be highly dependent upon the
amount of carbon dioxide available, and conditions of low carbon dioxide
pressure would not lead to the observed great increase in 02 compounds,

If the Cl—Cl condensation is dlsmlssed as tha mechanlsm of

02 formatlon, there is left the alternative of splitting the C, compound

from a larger molecule. ‘The ‘only larger molecules found to be labeled 1n

the very short-temm photosynthe31s experlments were the C3 and Ch a01ds,
phosphoglyceric ac1d,.pho$phopyrg71c acld gnd mal;c acid, while, at tle
same time, a small bub‘sigpiflccp@ labcllng:of the alpha and beta carbons
of phosphoglyceric acid was foupd._ Since the sum of thc radloéctlvity
found in the C3 anq Cl+ compounds in such shorp'perm experiments was ééuél,
withiﬁ experimental error, to the total activity fixed during the experi-
ment, it appears that all appreciablyrlabeled‘compoundc were detccted by"
- methods.of analysis eﬁployed.. The splitting cf a 03 compound would result

in either a profitless decarboxylation or in the formation of formaldehyde
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”

or formic acld, neither of whlch have been found to be labeled 51gn1f1-
cantly even in longer experiments. Consequently, the most llkely regene-
rative-mechanisms would appear to be the cleavage of a Ch dlcarboxyllc
acid to give two 02 molecules which would be converted tO'bhe two=carbon
carbon dioxide acceptor:v Thus, there would be a regeneratlve cycle con-—
sisting of Cl to 02 addition, C1 to 03 addltlon, and spllttlng of a C/+
compound to two 02 compounds. This proposed cycle will be des1gnated
as "cycle" A 1n this paper. Thus far, no experlmem;al ev1dence has been
found whlch would contradlct the exlstence of the proposed cycle, ..
Varner and Burell (12) report experlments in whlch Bryo ng
leaves were exposed to cﬂhoz in the dark and then exposed to light in
~an atmosphere free of 01402. Degradatlon of mallc ac1d formed in one
of these experlments gave 21% of the total 1abe11ng of the molecule in
carbon atoms 2 and 3, 34% in carbon 1 (alpha carboxyl), and 45% in
Carbon L (beta carboxyl). Degradatlon of glucose from starch in the
same experlments gave for th 3, 4 carbon atoms 527 and.for'the 2 5, and
l 6 positions (total for four atoms) AS%. Varner and Bnrrell concluded
that the conversion of malic acid to carbohydrate does not takevplace via
the cycle A mechanism described above, slnce thls mechanlsm Bhould produce
hexose predomlnantly labeled in the 2, 5 p051tlons rather than the 3, A |
p051t10ns. They further concluded tnat.the labellng'found could be accounted
| for by a reversal of the WoodAWergman reacbion; Unfortunately, although" |
ir is stated that the plants are exposed to light in an atmosphere free of

ClhO,, 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 course, could not operate since it involves a carboxylation.

Even if carbon dioxide were not excluded during illumination.it would not

be surprising if Brfyophyllum9 which stores carbon in a large reservoir of
malic acid in the dark, should, ﬁpon illumination; convert this carbon to
phosphoglyceric acid via the reyersib}g Wood-Werkman reaction, It is un-
likely that this plant would depenqnupoglitshnatural environment, notably
deficient‘in carbon dioxide, to supply sufficient_carbon dioxide for con-
version of mglic to carbohydrate egtirely through éycle A, Tt secems lilkely
that the carbon dioxide, temporarily "freed" by the Wood-Werkman. decarboxy-
lation'never actually escapes the cell? bﬁt.?ather is used immedia@ely in
the carboxylation of Qz compound and possibly in other carboxylation re-
actions got related to photosynthesj.s_o  1£ gnly 02 to Cl carboxylation is
involved, then for each two malic acid molecules decomposed via the Wood
Werkman reaction, one is cleaved via cycle A, If, in Varﬁer and Burrell's
experiments; the c mbination cycle A and Wood-Werkman reaction mechanism
described above were operating, the resultingvdistribution of labeling
in hexoses.Would be 53% in the 3;h position and 47% in the 2,5 plus 1,6 .
positions; If only the Wood- Werkman tr§qsformation 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 éttempting»to‘elugidatg‘dgpail§ of cycle A, several dicar-
acids have been considered asipossible intermediatese SuccinicAand
fumaric écids, tentatively SUggested in earlier papers,.appear more likely
to be respiration intermediates than‘pbotosyp@hetic'intermediatesg since

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;pidj
labeling in the light, seemed a possible intermediate in the proposed
cycle, :

In order to aéceftain_whgthgy ma}iq gcid mighp»bgvsuch an
intermediate, an attémpt was made to inhibit its formation during short
pgriods of photosynthesis (7).F‘Sgep§qesmus was pretreated with sodium
malonate buffer in the dark, and resuspended in malonate-free buffer in
the light. Finally, after a suipable adaptation pe?iod in the»light
the actively photosynthesizing cells were exposed. to C?402 for short
periods, It was found on analysis of @he cell constituents that al—

though total fixation of labeled carbon_was‘Qec?eased pn}y slightly
(12-35%) over that fixed under siﬁilgr conditions by nog-mélonate pre-
?reated'cells, the_radiocarbon incorporated as malic acid was strongly
decreased (60-97%)., The other products of this short term exposure
were reiatively unchanged. Moregver,_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-
ﬁreatment. This result is interpreted as @ndicating that malic acid
is hot itself an intermediate be?wegn parbonhdioxide‘and'the alpha and
beta carbon atoms of glyceric acid invphotosynthesis. Consequently,

if the conclusion that phosphoglyceric acid is éﬁ intermediate in

carbohydrate photosynthesis is cbrrect and if carbohydrate is formed from
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phosphoglyceric acid by a reversal of gLycolysis reactions, then malic
acid is not an 1ntermed1ate in photoaynthe31so The role -of malic-acid

’

appears, therefore, to be that of a carbon reserv01r, readlly derlved '
from an intermediate in photosynthe§isa.
"Since neithexj ‘malic acld, fumaric aci'df nqr»succir__iic_; acid
appears to be an intermediate in cycle As the fqur-carboﬁ compound which
is split to two c, fragments must be either a four carbon dicarboxylic
acid or some other four carbon'cqmpoung thg? can be der;ved from oxalo-
acetic acid without first being converted to malip-acid;.»There>are four
such dicarboxylic acids with the terminal carboxyl_groups as would be
expected from the proposed carboxylation mechanism, Oxaloacetic acid
itself mightﬁcleave hydrolytically to give one molecule.of glycolie acid
and one molecule of glyoxylic acid, ‘Tartaric acid, the hydration .product .
of oxaloacetic acid, would give the same products, Dihydroxymaleic acid,
which might be formed by oxidat;on_of_ogglqacetig~acid (or tartaric
acid) could give two molecules bf glyoxylid}acid.JaDiketosuQcinic acid
could cleave hydrolytiéal;y to one molecule of oxalic acid and one
molecule of glyoxylic acid.,
~Of the various possibilities the two most plausible seem to -
be the cleavage of tartaric acid,.analogOgs to glycolytip sp}itfing of.
hexose; and the cleayage of dihydroxymaleic acid by a reversa} of the

benzoin condensation, The benzoin type reaction is known to occur in

certain orgahismsiwhidh'foxnlacetoin from acetaldehyde, - Thus far, we

have been unalle to demonstrate the presence of labeled tartaric acid
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in short term expériments with labeledﬁC}AOva |
" An alternative mechanism for @hg cleavage of a fqur garﬁbn
molecule. involvéé the’preZ'Limir;ary redx_xc;'bibnwof one or both _ofp_he car-:
boxyi groups of the 4 carbon acid.followed by‘subsequentvcleavage of thg
product° An analogy for such a reductlon 1s fbund in the reductlon of
1 3~d1phosphoglycerlc acid to 1 3—d1phosphoglyceraldehyde. A very .
similar medhanism gould be postulatgd for theNreduction'of 1,3-diphos~ o
photartaric acid to 1,3-diphosphotartaric acid aldehyde, .
This pro&uct couldngitpgr be split to phosphoglycolic acid
and phosphéglyoxal or further redi ed ﬁp diphosphopartapicrdialdehyde
which could then be cleaved»to phosphoglycolaldehyde andlphosphpglyoxal.
This mechanism, althouéh as yet unsubstappiatgd by any‘experimentdl'
evidence, is made attractive by thg qlqse agalqgies fqr gll the :eaqtions
invoived-thatAcén-be found in'the.reactions of glycolysiss Thus, the
cleavage of dlphosphotartarlc dlaldehyde bears a clase resemblance to
the splittlng of 1, 6-fructose dlphosphate by aldolase. ,

A

The varlogs paths from Ch to Cz_fragmep?s described‘ébpve_

‘are shown in Figure 7. For the sake of simplicity, only the non-phos-
phorylated forms are shown,ﬁ Wyateygr tbe mgchanism of thg pleavage; the
products presumably'wouldibe reduced po the Czlcarbonldioxide acceptor,

elther vinyl phosphate or glycol phosphate.

v

-If ‘the cleavage is at the dlcarboxyllc acid level, then glyoxyllc ‘
acid and glycolic acid might be 1ntermed1atesrln this redgctlon, 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'bhe.degradation
studies of glycolic acid and glycerlc acid obtalned from 15 second exposure

of barley leaves of Cll*O2 in the light (Table 1), Since more than one-half
the label of the glyceric acidAwas in the carboxyl group it is to.be expected
that after another carboxylation with ClhozAat least two—tﬁirds of the label
of the 4 carbon intermediates Was in the two carboxyl groups. If theICh
acid were split directly touowo C2vacids, Phe carbogyl group of the‘d2 acid
would erise from the carboxyl groups_of_the CA acid and ehould carry two-
thirds of the label’of the C2 moleegle. vaphe cleavege took place at
the dialdehyde level, there is the”poes;bility ofhobtaining sy@metrically
unlabeled prodocts which could then be oxidized to symetrically labeled
'glycolic acid, The distribution of_rediocarbon found in the glycolic acid
is in accord with the latter mechanism,

However, it should be noted that a number of experlments have
been reported both from this laboratory and from others (4,8,12) in Wthh the
2,5 carbon etoms of a hexose do not have,the:same specific activity as the 1,6
carbon atomsov This‘impliee that there e;ists routes in‘which'the C2 fragment
maintains its unsymmetrical labeling throughout the cycleo | |

The formetion of labeled glycolic acid doring short periods of
photosyntbesis with c1402 was found to be dependent on the partial pressure
of oxygen. Thue; in eorresponding lengths of ernosure to 01402; the per—~
centage of total fixed activity found‘in‘glycolie acid was bbout ten timeé
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 twg wayse The oxygen might be gsed in the oxi-
" dation of oxaloace@ic acid to a more oxidized acid 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 C, compound occurs at a lower reduction level,

L

‘then the initial 02 cleavage products migh@ be more reduced than glycolic

acid and the oxidatioq of these reduced oompounds_would be favored at incréased
oxygen concentrations, In th%s pase; the_fgrma?ion of Cy carbon dioxide
acceptor would be decreased by increased oxygen., It may be possible in fubure
experiments to measure the rate of formation of 92 carbon dioxide acceptor in
the presence of high and low_szgen pressures by degrading the labelgd phos~-

phoglyceric acid and thus discover which of the above explanations of oxygen- :

enhanced glycolic acid formation is the more probable,

. Relation of Respiration to Photosynthesis

The processes invol“ed inrre§piratiqnbin_animal tiésues and in
yeésts‘haye been shown to be operative in plant tissue (13). Evidence
that the major oxidative‘and dqurbpzy}at?op»?eagtions_gpe,in_ggcord ﬁith the
existeﬁcé of d tricarboxylic acid cycle is rapidly accumulating. |

The rate of respiration is approximately one-twentieth that of
photosynthesis at saturating light intensities, but a vast number o?_experi—
ments have been reported at intensities near the compénsation 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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Dark Resp;;ation. As,described earlier, the series of reversible reactions
ending in_degarboxylations has been shown to involve.the intermediates of

the Krebs.ﬁricarboxylic acid cjcie, aspartafév(oxélacetate), citrate,»iso-
citrate, giuﬁamate, alpha~ketoglutarate,.sucginate, fumarate and malate,
Aspartic acid, malic acid and alanime become libeled with Clh both~in
photosynthesis and in dark ClL*O2 fixation experiments. ‘It is possible that
the resefvoris of these compounds are common to both photosynthesis and
respiration.,
4 series of experiments were performed.with Scenedesmus and barley
. leaves in which the products of short (30 seconds) photosynthesié were
partially respired in the dark immediately afterwards. Algae rapidly
converted the phosphatebesters involved in sucrose synthesis to glutamate,
suceinate, fumarate and citrate. The stead&_decrease in radiocactivity in
the cells showed that 01402 was being lost by decarboxylations. The come=
' poundS'oﬁéerved'to be most susceptible to respiration in these experiments
were glygolic acid and the phosphate esters.‘ One hour of dark respiration
in air giiminished_ the amount of labeled phosphate esters to about 10% of
its value immediately following 30 seconds photosynthesise After 18 hours
‘daﬁk reépiratioh;thé’products closely resembled those found by dark?xchange
of 01402 in the respiratory intermediates. Barley leaves have not produced
obsérvable 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. ' Radicactivity in glutamine invarially
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parallels that of glutamate, although equilibrium betwéen tH& two 4s .
'"nét:fépidly attainedo If»thé gradual disappearance of radicactive hgoée,
- triose, and gl¥ceric acid phosphiates in barley leaves involves succinate
and' fumarete as intermediates, the conceﬁﬁfétibn‘of'these’aéids mugt be
very lows ) |
In five minutes of photosynthesis barley leaves synthesize sucrose
as the major product. Sucrose synthesized by 30 seconds of steadjnstate
photogynthesis in 61402 is not appreciably respired in the dark after
an houre “During this dark time the amourits of radicactivity in phose
phorylated intermdiates’ of sucrose-synthesié is rapidly iand-greatly:.
diminished without notable decrease in' sucrose radioactivitys When = -
intact barley seedlings'are’alloWedfté'photbsynthesize 30 seconds:fole -
lowed by 18 hour dark respiratién in air, :the ‘amount of radiocackive: Sucrose
remaining in the leaves is almost‘negligibles The roots,fdﬁ the other
hang were found tbicénﬁain‘the3acfibe’éitfate, malate, alanine,’ phos~"
phoglycerate énd some sucroses In thesé experiments; the carberoE: ¢
suéréée was transferred to the rbotsiwhéfefit~dppeared.iﬁifégﬁifé%qrﬁ- o
productse :

" Light Respirationg- When algae or'bérley:leavés"phctésjnthésize-(ap-fz

 proximately 8000 foot carldes) invCl402'fof‘BOfsédonds’and'théﬂg in one
case, ayve illuminated in carbon .dioxide-free air for'a short time and,
in énotﬁer'casegVallowed to:respire in the dark for:-the same length of
timey the amounts of.1abelé&:triearboxylic-acid'cydb"intérmediatéS‘r~

“formed 4n the light respiratidn:éxperiment are much smaller than those
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foqnd in the dark respiration experiment° Angerobically in the light
the absence of respiration intermediates is even more striking. Such
experiments must be done in the absence of 01202 since the latter rapidly
displaces tie Cl4=labeled products of the preceeding phdosynthesis which
are converted t§ polymeric productse

The major effect of aerobic illumination in the absence ot carbon
dioxide is the formation of glycolic acid and glycine.r Up to 30% of the
fixed radioactiﬁity may be converted to glycolic acid in this way (Eigure
8). Thus, élycolic acid rapidly accumulates in the light and very rapidly
disappears in the dark(3). The possibility (remaining to be investigated)
is that glycoli:écid oxidation, catalyzed by an éniyme system widely
distributed in green plants (14) and demonstrated in colorless aigae
(15) represents an.alternative oxidative mechanism in the higher plan£So

The inhibition of ;espiration by light was demonstrated by van
Niel (16) iﬁ acetate metabolism in Rhodospirilium rubrum, The stability
of photosynthetic intermediates toward oxidation in the light is alse
in aceord wifh the kinetic results of Weigl (17) who worked with barley
leaves, Weigl observed a ten=fold increase in specific radipéctivity of
respiratory carbon dioxide produced by immediately previously photosyn-
thesized intermediates upon cessation of illumination, The carbom dioxide
respired during'photosynthesisAthen cane from relatively non-radioaétive
sourceso It is possible that the physical site of light respiration may
be quite different from that of photosynthesis,

These results mean that light does at least affect respirability

of intermediates of sucrose synthesis (3). The fgct that some compounds



=29-

UCRL=658

" ave found te be intermediates in both respiratiom and photosynthesis suggests
that‘the sams mQIé@ales of the compounds may be involved in both processes.
This is not necesarily the case since the processes may be physically separa-
ted, The inkibition of the respiration of newly photosynthésized materials
by 1iéht would seem te indicate a close interaction betweem the two proces-
sese This interaction is at present best interpreted in terms of a reduction
of the steady-state concentrations of respiratory intermediates which are
used as photosynthetic intermediaﬁes in the light., This leads t@_a lower
rate of appearance of newly incorporated carbon in the tricarboxylic acid
cycle in the light.

Inhibition of respiration by illumination is dependent upon the light
intensity, Thé_experiments referred to above involved inteﬂSities of 10,000
foot eandles. 4s the light intensity is decreased, the rates of appearance
of radiocarbon in respiratory intermediates and in photosynthetic_intermediates
approach each other. Figure 9 shows the relationship of the_rate of formation
of radfoactive respiratory intermediates and related reservoirs of sucrose
synthesis (including alanine, aspartate and malate,)

Feeding Experiments. = & mumber of feeding experiments with both algae and

barley have been perf‘orméd° The interpretation € such experiments is com=
plicated by such questioms as the penetration of the substance infe the cell
and the fact of complex internal organization within the cell entailing

the stsibility-@f different sites of metabolism for the sam substance,
Howevery, the feeding of labeled acetate to Scenedesmug had led to a definite

resulto, Im the dark, Figure 10a, acetate is respired through the expected
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tricarboxylic acid cycle intermediates, In the light, Figure 10b, whether
carbon dioxide is present or not, acetate is converted to fats in édditian
to the tricarboxylic acid cycle intermediates. Omly a small.fraction of
the acetate consumed is converted to sucrose or its precursors;‘ It is
thuscgppareﬁt that reducing power resulting from the photochemical reactions
mag‘be used to convert acetate directly inte fatse
Poisoning Experiments,- A4 number of polsoning experiments have beem performed
using those poisons previously employed in the study of photosynthesis. In
additioh to the difficulties encountered-in the interpretation of the feeding
experiments there is the question of the mumber 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 01402 fixation, the
absolute rate of sucrose synthesis (as measured by the amount of 014 in
. suerose) is not decreased but is incressed at lower degrees of inhibition,

No abnormal phosphoglyeeric acid accumulaticn occurs in the presence of iodo=
' acetamidea(IS). )

) In view of the known action of iodcacetamide om other enzyme systems
beside triose 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 carbom utiiization and lead to
a more‘;apid sucrose synthesis at certain iodoacetamide concentrationg, 4l-
ternatively; sucrose may be synthesized by 4 path not invelving triose phose

phate, although this in contradiction to the present ascumulated information.
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Cyanide and hydroxylamine are strong inhibitors of ' photosymthesis.
We have shown that these poisons do not preverit the initial carboxylation"
step with the formatiom of phosphoglyceric acid. Scenedesmus (Gaffron D=3
strain) were placed eserobically in the light without carbon dioxide for 30 -
minutes in crder to increase the concentration of the Cp accéptor. “The pois~
son was then given to the algas one minute before'adding"GlAOZO- In this
lengti -0f time the poison becomes effective but the -light-generated C, ac-
eceptor will not have completely decomposed. Phosphoglyceric acid and‘malic.
acid are formed in large aﬁounts and little of the G4 appears in the other
compounds normally. formed during photosyqthesisg such as the phosphate esters
and sugars {Table 3),

It has been suggested that hydroxylamine inhibits the bxygén'lib~
erating staté of photosynthesis, This oxygen liberation step need not occur
simultaneously with ﬁhe first carboxylation, and the formation of phoéphoé'
glycerie acid in the presence of hydroxylamine verifies  this suggestion,

The formation of the glutamic acid and also of suceinic, fumaric and citric °
acid during one minute photosynthesis in the presence of hydroxylamine is much
greater then in an equivalent period of either dark fixation or carbén dioxide
or of uninhibited phctoéynthesiso. This indicated that hydroxylamine may
reverse the light Inhibition of respiration and therefore the rate of'appeaf-
ance of newly assimilated carbon in the respiratory intermediates.

Effect of pH on Carbon Dioxide Fixation.- In an attempt te :Influcence

the rates of the enzymatic processeé and consequently the proportions
of the produkts, & mumber of one minute photosynthesis experiments were
carried out on suspemsions of Scenedesmug which had been photosynthesizing

for 10 minutes at 3000foot candles in M/300 phosphate solutions of
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#arious pH values rangipg between 1.6 and 1ls4e The rate of fixation
of 61402 remained approximately normal between pH 4 and 95 it was still
50% or more at pH 2 and 10, but it fell abruptly above pH 10,5. The
depressed rates ;bserved were not:fﬁrther affected by letting the cells
stand for 30 mimutes; moreover,'thé normgl rate could be restored
by bringing the pH back to 7;

Radiochromatography of the samp}es revealed no striking difw
ferences between the mature and relative amounts of the radioacﬁiﬁe pro=
ducts formed at those different pH values, except for malic acid-and
sucrese, 4s shown in Figure 11, on paséing from pH 1.6 to pH 11.4 the
percentage of malic acid increases from 5 to 25%, while that of sucrose
déaieases from about 7 to O%, Phosphopyruvic acid seems to follow -
mélic acid in that the absolute amounts of both these campdﬁnds'show
a sharp maximum 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=
penéation effects? such as a larger production of acidic maferial {malic)
to counteract the alkalinity.

SUMMARY

The conclusions whiéh have been drawn from the results of 01402
fixation experiments with a variety of plants are developed in this paper.
The evidence for thermochemical reduction of carbon dioxide fixation

intermediates is presented and the results are interpreted from such a

‘viewpoint,
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L $he relative rates of appearance of the first obserVed products
of carboxylation reactions of photosynthesis (phosphgglyceratevand-malate)
. have been shown dépendent'uéon experimental conditions.. The eyclic
i sequence of reactions required for regeneration of the postulaﬁéd 62
carbon dioxide acceptor is discussed in the light of accumulated-evidence.
Such evidénee obtaiped from degradation of probable intermediates is
tabulateds
Bt - Respiration and photosynthesis have been foundlinterrelatedo’VThere
afe eompouhds common to both systems., Light has an inhibitory affeét
upon respiration of immediately préviously formed intermediates of
hexose synthesis, This effect has been recognized as a function of light
intensity, It has also been shown pertinent in acetate metabolism in algae,
Preliminary observations on the effects-of,inhibitors and abnormal
conditions upon ﬁhe course_of carbon dioxide fixation interpreted on the

basis of present informatiomn,
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Plant B

Condition PI

Time (sec)
Foot Candles
{x 10-3)

120D
(Dark)

10

PI
18

coD

~ (Dark)

Glyceric
COOH

CHOH

CH,0K

96

2.6
1.7

|10

PS

B
PS
15

10

B
S
30

2

95
2.5
1.2

49
25
26

75
6

9

B
PS
60

10

L4
30
25

S |s
PS |PS
30 |96

10

S
PS
30

3

e

S

PS
30
MI

2

S
PS
60

2.7

S
PS
60
MI
2.1

PS

2ol

PS
o)
MI

.207

o 53d°

PS
30

10
F

81

[
10

13
12
15

51

48
24
28

25

31

43
27
30

21
23

10| 10

-

Alanins
COOH

CHNHy

GH3

89
10

0.5

67

»

48
JVA

<5

56

~50

~50

-ggn

Glycolig
COOH

CH,0H

5045
5045

48

47
53

Sucrose
GBeCA

02605

Cl=' 06

7%
17

37
34
32

87

Malic Acid
Both E:COOH)

CHOH-CHpe

93,4
6.5

Aspartic Acid
Both (-COOH)

~CHNHp=CH,

96
A

’
i

* -
¥

PI - Preillumim ted, PS - Photosynﬁhesis, MI - Malonate pretreated
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- TABLE 2
Effect of Light intensity on Early Products
Fraction of-radidactive carbon fixed expressed in percent,. in products
of steady state photosynthesis in 4% Co, in air by Scenedesmus -D3 in

thirty seconds,

Light Intensity(a)(foot candles) 400 800 4000 8000
Total GlA fixed ° Copolo X 10-6 0.36 0.65 3.6 3.7
3=phosphoglyceric acid 55 33 10 12
2=phosphoglyceric acid(c) 3 17 5 n 5
phosphopyruvie acid(d) 12 10 5 5
triosephosphates 1 1.3 1.6 1.5
hexose phosphates 15 17 69 62
malic acid 3.0 bel 4 6.1
aspartiec acid 1.8 2e5 1.5 2.0
alanine 1.7 1.2 1.5 ’ 1.6
serine , - o3 ;3‘ ‘i o5
glycine - o2 o2 ol
glycolic acid - o3 o2 .8
sucrose - o3 o5 1.0
fats ' - - o6 PAVA
succinic acid 0.5 e 0R 0.1
fumaric acid we - o2 0.15

citric acid -2 1.2 o5 046
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TABLE 3

Effect of Cyanide and Hydroxylamine on 01402 Fixation by Sgenedesmus

.During Photosynthesis *

Per Cent of Total Soluble Gl4 Fixed

Compound No Inhibition 5 x 10~ 3 x 10“4'
Hydroxylamine Cyanide
(754 Inhibition) (95% Inhibition)

‘ 'phosphoglycéric ‘ 16,1 1.7 2304

glyceric | 460 2,9 | 000.
B t?iose ahd hexose PdA 36,0 1.0 | 7.3
malic . 24,0 62.1 26,3
glutamic 0.5 2,2 0.0
aspartic 9.0 0.0 | 5.6
alanine 3.6 0.0 16011
| succinic 0.8 503 l;2v
' fumaric | 0.8 L9 0.8
citric (iso) 0.8 6.3 | 2.3

sucrose 0.1 . 0.0 Ood

[95



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.
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Figure Captions

01402 Fixation by Scenedesmus. Total radiocactivity fixed,<:).
Radicactivity fixed in 80% ethanol-insoluble products, @ . Light
intensity, 500 foot candles. 4% carbon dioxide in air. Temperature,
209.

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 phenol and vertically in
butanol-propionic acid=ﬁater solvent (6).

Incorporation of Cl4 in Products of Short Fhotosynthesis by Scenedesmus.
Light intensity, 500 f.c. Temperature 20°C., The radioactivity as
defined by the radiocautograph was determined directly on the series

of paper chromatograms. Large thin window geiger-miiller tubes (K. G.
Scott fype) were used for radiocactivity determination., The products
chromatographed include only those soluble in 80% ethanol.

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 increased radiocactivity

in the 800 f.c., radiogram was also identified as phosphoglyceric
acid.
Dark and Photosynthetic 01402 Fixation by Chlorella.

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

b. Thirty seconds steady state photosynthesis, 8,000 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% ethanol-soluble radicactive products.

Effect of Light Intensity on Incorporation of 01402 into Photosynthe-
sis Products and Some Respiration Products. The lower curves include
radiocactivity in succinic, fumarie, citric and glutemic 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
radioactivity scales are different in the two plots. The relative

slopes, however, are quite different.

Figure 10 a,b. Assimilation of Acetate-1 cl4 by Scenedesmus. Algae were given

Figure 11.

labeled ascetate for thirty minutes (8.5 x 10-4 Molar, pH 4) immediately
after steady state photosynthesis (8,000 f.c.). Half of the cells i
were killed in 80% ethanol in the dark, 10a. The remairder was illu—"
minated ten minutes, 8,000 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 suspensicn.

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

of experimentis.
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5,0
HO0C=C0-C0~-CO0OH 3 HO0C=COOH + CHO=COCH
A
2[9) 20)
Y Y
HOOC=COH=CO0H=CO0H ~——————23>HO0C=CHO + CHO=COOH
2[) 24
H50 Y \{
HOO G=CHy=00-~CO0HE———5HOOC=CHOH=CHOH=COOH ————— HOO%CHQOH + CHO=-COOH
‘ | B0 3
2[H) 2(H)
2[&)
s v
HOOG=CH,y=C0=CHO —————HO0G=CHOH=GCHUH=CHO HOOC=CH,OH + CHO=CHO
2(H] 2[]
% \

CHO=CHOH=CHOH=CH0 ———> GH@»CHéOH + CHO-CHO

A8 |43

Y
CHC=CH,0H

2[4)

VA
0320H#CH20H

Figure 7

Possible Routes Between the Four«-Carbon and the Two-Carber Carbon Dioxide
Acceptor Molecules

Reduction steps}are written downward while cleavage and other reactions are
written teo the right.
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