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THE PATH OF CARBON IN PHOTOSYNTHESIS

J. A. Bassham and Melvin:Calvin

Department of Chemistry and Lawrence Radlation Laboratory
~ University of Celifornla, Berkeley 4, California

INTRODUCTION

Biosynthesis begins with photosynthesis, Green plants and other
photosynthetic organisms use the energy of absorbed visible light to make
organic compounds from inorganic compounds. These organic compounds are
the starting point for all other blosynthetic pthways.

Thé products of photosynthesig provide not only the substrate
material but also chemical energy for all subsequent blosynthesis. For
example, nonphotosynthetic.organisms meking fats from sugars would first
break down the sugars to smaller orgenic molecules. ESome of the smaller
molecules might be oxidized with Oz to CO; and water. These readtiona are
accompanied by a release of chemical energy because Op and gsuger have a
high chemical potential energy towards conversion to COz end HgO, In a
“bilochemical system only part of this energy would be released &s heat.

The rest would be used to bring sbout the conversion of certain enzymic
cofactors to thelr more energetic forms. These cofactors would then enterxr
into specific enzymic reactions in such a way as to supply energy to drive
reactions in the direction of fat synthesis. Fats would be formed from the
small organic molecules resulting from the breakdown of sugars. Thus
sugar', & photosynthetic product, can supply both the energy end the.v

materlal for the bhiosynthesis of fats.



Photosynthetic orpanisms achieve energy storage through their abil-
ity to convert electromagnetic energy to chemical potential energy. The con-
version begins when pigments absorb light energy. The absorbed energy
changes the electronic configuration of the pigment molecule (echlorophyll)
from 1ts ground energy state to an excited state. The return of the plg-
ment molecule to its ground state energy level is accoﬂpanied by some
(chemicel) reaction which would not proceed without an input df energy.

Thet is, the.products of this reaction have & smaller negative free energy‘
of formation from their elements than do thé reactants (in the same reaction).
Thus some of the llight energy is converted to chemical potential.

The detailed mechanism of all of these energy conversion steps 1s
not known. However, the net result is often formulated by two chemical |
equations. One of these 1s an oxidation~reduction reaction resulting in
the transfer of hydrogen from water to triphosphopyridine nucleotide (TPN):

+ ligh + *

1. HOH + TPN ____g___; 1/2 0, + TPNE + H'  AF' = +52.6 Keal
The other reaction is the formation of an anhydride, adenosine triphosphate
(ATP),from the ions of two phosphoric acids, adenosine diphosphate and

ortho-phosphate :
light
—l

In each of these reactlons some of the light energy is stored mss chemical

. : N *
2. ADP-® + HPO,"2 HOH + ATP-* + H'  AF' = 411 Kcal

potentlal as Indicated by the positi#e'quantities for free energy change.
The structural formulas of these two cofactors arc shown in Figure'l.
TPNH and its close relative DPNH (reduced diphosphopyridine nucleotide)

serve a double function in photosynthesis and in all blosynthesis. Both

* Assuming these concentrations: (TPNH) = (TPN+), (ATP™%) = (ADP™3),

H =107 M, HPO; = 107° M,
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TPNH end DPNH ere reducing agents end carriers of chemical potential, in
other words, strong reducing agents, Thus, one of their roles in bio-
chemistry is analogous to that of Hr in synthetlc organié chemistry.

The function of ATP is to carry chemical potential end to act as
8 powerful phosphorylating agent. In the reduction of an acid to an alde-
hyde, important in photosynthesis, its role may be compared to that of

& minersl acid anhydride in organic synthesis;

 Organic Synthesis

Carboxylic Acid Acld Acyl Reduging Aldehyde

Anhydride : Derivative Agent Acid
0 0 Hs A c
. ! .1 - / —-————_—,« R"C + H
5. R -+ /3 BC1s —‘2::::::5’ R-C{ e catelyst h
. ' - > 1/3 HgPOg ,
Biosynthesls
0 0 TPNH o
b R-C7y. + ADP-O-POGH™ > R-¢7 — > R/ + HOPOSE
‘ . s \\\\\ OPQgH" enzyne o
—3 ADP

Among the many other reactions of ATP in blosyntheslis, one which is of con-
siderable importance in photosynthesis, 1s in the formation of sugar phos-

pheates from sugars.

5, H' + ROH + ADP-O-POSH > R-CPOgH™ + ADP + Hg0

The only known‘reactions of th§ carbon redﬁction cycle in photosynthesis
which would require the use of TPNH and ATP are of the type shown in

Eq. 4 and 5. These remctions are the means by which chemical potentisl,
derived from the asbsorbed light, 18 used to bring sbout the reduction and

transformation of carbon from CO; to orgenic compounds,
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These two cofactors, ATP end TPNH, ere at present the only co-
factors known to be generated by the light reactians of photosynthesis
whth at the same time seem to be required for steps in the carbon reduction
cycle. The possibility remains, however, that there are other‘energétic or
reduced cofactors escting a&s carriere of hydrogen and energy from the light
reactlons 10 the carbon reduction eycle. Such unknown cofnctors‘might pub-
stitute for or replace TPNH or ATP. They could, in fact, be ﬁore effective
then the known cofactors, particularly in vivo where they m;ght well be
built into the highly orgenized structure of the chloroplast. If such un-
known cofactors do exist, they would have to perform essentimlly the same
functions a8 TPNH and ATP and would presumably be ebout as effective as
carriexrs of chemicél poiential. In all) discusslons ¢f the role of TPNH and
ATP, the possibility of thelir replacement by as yet unidentified cofactors
should be kept in mind. |

For the purposes of discussion, let us consider the photbsynthesis
of carbon compounds as an isolated set of reactions. The principal sub-
straies for this set of reactions are COz, hydrogen (as TPNE), phosphate
(as ATP) and NH4+:_ The amuonium ion mey be contained in the plant nutrient
or mey be derived from the reduction of nitrate. If nitrate reduction is the
source of NH4+ the energy for the reduction must also come from the light, at
lesst indiTrectly. Other probasble inorganic substrates for photosynthesis
of organic compounds include sulfate, magnesiuﬁ ion, end & number of trece
elements, Many of these are required for growth 1n plents but may or may

not be incorporated in organic compounds by photosynthesis, ’



CARBON REDUCTION CYCLE QF PHOTOSYNI'HESIS

We belleve the principel pathways for the photosynthesis of simple
organic compounde from CO- to be those shown in Figure 2 (1,2). The points
et which ATP and TPNH act in these pathways ere indicated. Kinetic studies (3)
shov that these pathweys account for nearly all of the carbon dloxide re-
duced during photosynthesis,at least in the unicellular algae, Chlorella
pyrenoldosa. From other investigations (i) it appears that £he general
metabolic sequence is the same in most respects for all photosynthetic
organisme. (We shall discuss the recently proposed role of glycolic
acid in €Oz reduction in & later section on Carboxylic Acids.)

The central feature of cerbon compound metsbolism in photdsyntheeis
is the carbon reduction c¢ycle, Most of the carbon dioxide used is iﬁcor»
porated via this cycle., Pathways lead from intermediateé in the cycle
to various‘other important metabollites. A few of these pathways are
shown in Figure 2.

The initial step for carbon dioxide incerporation in the cycle
is the carboxylation of ribuleose~l,5-diphosphate at the number 2 cexrbon
aton of‘the sugar to gilve a highly lebile B-keto acid. Evidencejfor the
existence of this unatable intermediate has been adduced from in vivo
estudies (5). It has not been isolated in the in vitro reaction with the
enzyme, carboxydismutase. The product of the reaction in vitroe is two
molecules of 3-phosphoglyceric scid (PGA). The products in intasct photo-
synthesizing cells may be twa molecules of PCGA or, as kire tic studies in-

dicate (3), one molecule of PGA and one molecule of triose phosphate.



Once formed, the PGA is transformed in two ways. Some molecules
are converted to products outslde the cycle while the remainder are re-
duced to 3-phosphoglyceraldehyde vie e reactlon of the type shown in Eq.lh.
The enzymes responsible for the two successlve steps in the:pduction are
probably similar to phosphoglycerylkinase (6) snd triose phosphate de-
hydrogenase (7,8,9,10). |

The néxt phase of the carbon reduction cycle 1s the conversion of
flve molecules of triose phosphate to three molecules of pentbse phosphate
by a serles of reactions. These reactlons include condensations (aldolase),
carbon chain length dismutations (transketolase), removal of phésphate
.groups (phosphatase), and interconversions of diffcrent pentose phosphates
(isomerase, epimerase). Enzyme systems which catalyze reactions similar
to these steps are listed later in Table 2. The sequence of steps may
be seen in the cycle diagram (Figure 2).

The various pentose phosphatcs are converted to ribulose-)—phOSphate.
The final step 1s the formation of ribulose diphosphate (RuDP) from ribu-
lose-5-phosphate. This step requires one molecule of ATP (&q. 5).

In order for every reaction in the_cycle to occﬁr at leamst once
(a complete turn of the cycle), the carboxylation'regction mustvoecur three
times. The net result of each complete turn of the cycle ls the 1n¢orpora—
tion of three molecules of COz; and the production of one three-carbon(or
1/2 six-carbon) organic molecule., Each complete turn of the cycle would
require 6 molecules of TFNH or equivalent reducing cofactor (two per CQa),
and 9 molecules of ATP, if each Cg carboxylation praduet 1s split to two
molecules of PGA and 1f all of the PGA is reduced to triose phosphate.
If the carboxylation product is reductively eplit (dashed line in Figure 2)
the requirement for TPNI would probably be the same, thet is 6 molecules
per complete turn of the cycle. In this case, however, the cycle might

require either 9 molecules of ATP or only 6.



EVIDENCE FOR THE CARBON REDUCTION CYCLE

The earbon reduction cycle in essentially the form shown in Figure 2
was mepped during the period between 1946 and 1953 (11,12,13,14,15,16,17).
The experiments, results, and interpretations leading to its formulation
have been extensiveiy discussed elsewhere (2). They will be briefly re-
vieved here, not necessarily in chronologlcal order.

The carbon which enters the plants' metabolism has been followed
through the various Intermediate compounds by labeling the carbon dioxide
with rediocarbon, C**. The analysis of the labeled compounds has been
carried out by paper chromatogrephy and radioautography. The intepre-
tation of results leadhg to the cycle formulstion hes been based on the
kinetics of the appearance of €'* in various identified compounds as &
function of time of photosynthesis with C'¢0z end other varisbles.

The methods are best described by an illustration. Cpnsider a

pimple experiment with & suspension of the elgae, Chlorella pyrenoildosa,

vhich have been very extensively used in these studles. These green uni-
cellular plants, suspended in water contalning the necessary inorganicr
ions (nitrate, phosphate, etc.) and merated with a stream of CY20g _
(ordinary carbon dioxide), photosynthesize»ét & rapid rate if illumineted
from each slde inra thin trensparent vessel. The COa is continually‘taken
up from the solution {where it is in equilibrium with bicarbonate ion) ‘and
converted by the photosynthetic plant through e serles of blochemical :
intermediates to various orgenic products.

A solution of radioactlve bicarbonate, HC'*0s~, is suddenly intro-

duced into the algae suspension. The plant does not distlnguilsh in eny im-
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portent way between the € and € vwhich arc chemically almost identical.
Imnediately some of the ¢4 is incorporated into the first of the biochemical
intermediate compounds. As time passes, the C* gete into subsequent inter-
mediates in the chain. Aftcr & Tew oecconds exposure wo the c140, the sus-
pension of algae is run into methanol Lo a final concentrotion of 80%
wmethanol. This treatwment denatures all the enzyme insitantly end freezes

the pattern of C** lsbeling by preventing further change. Now the dead
plant nateriel is enalyzed for radloactlve compounds to sce which are

+vhe first stable products of carbon reductlon during photosynthesls.

The first step in this analysis Is to prepare an exiract of the

coluble compounds . The_eaxiy‘products of carbon rcduction have been found

t0 be sluple soluble molecules. This extract is then concentrated_and
gnalyzed by the method of two-diwensional peper clivometography (12).

The duporicnce of the wethod for these studies stems fron the fact

that it permits the onalysis oif a lew microgreus or less of dozens of
different substances in a single simple operatioil.

0f these many conpounds, those into whichi thce plant incgrporates

.caz%on~lh during its few geconds of photosynthesis with HCl403" are r&6dio-
active and cmit the pertlcles resulting {rom r&dioactive decay of the c4.
In this cece these ere p-particles end these may be detected by the fact
that they expose x-ray fila. Thus, 1f a sheet of x-ray film 1s placed in
contact with the two-dimensional peper chrdmatogram, subsequent develop-
ment of tie film will shicw u« black spot on the film corresponding to the
exact shape and lowtion of cach radioactive. compcund on the paper. A

quentitative deticrmination of the amount of radiocarbon in eech compound
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may then be made by placing & Gelger-Mueller tube with a very thin window over
the radioactive compouﬁd on the paper and counting electronically the emitted P-
particles.

The next etage in the method of radiochromatographic enalysis 1s the
identification of the radiocactive compounds. This ldentificetion i; accom-
plished in a variety of ways. When & femilisr set of chromatographic solvents
has been used, the'position of en unknown compound compared to the positions
of known substances provides a clue to its ldentity. The next step may be
elution or washing of the compound off the paper and the determination of
such chemical énd physical properties (e.g., the distribution coefficient)
of the substance as can be measured with a solutlion of a few micerograms or
less of the materisl., These properties ere then compered with those of known
compounds. The final check on the ldentity of the compound ie frequently
made by plecing on the same spot on filter paper the radicactive combound
end 10 to 100 pg of the pure nonradicactive gubstance with which the radio-
active compound is thought to be identical. The new chromatbgram is then
developed. A radioeutograph is prepared to locete the radiéactive sub-
stance, after which the peper 1s sprayed with & chemical spray (for example,
ninhydrin for emino acids) which produces e color where the carrier compound |
is located on the peper. Superposition of the paper chromatogram and the
rédioautograph (x-ray £1lm) will show an exact coincidence between chemically
developed color‘on the paper and the black spot on the film, provided the
two substances are identical.

Once the identity of the radiocagtive compeunds formed during a short
period of photosynthesis had been estaeblished, experiments were performed
under a varlety of conditions and times of exposure of the algee to radio-

carbon.
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The radioautogfam from the experiment with Chlorells described sbove
1s shown in Figure 3 (10 sec PS w/C}%0p Chlorells). Even after only 10
seconds of exposure to C'*, g dozen or more compounds are found. Some of
these (the sugar phosphates) are not separated from each other by the first
chromatography and must be subjected to further analysis. When the sugsr
monophosphates are hydrolyzed‘ﬁo reﬁove the phosphate groupas and rechromato-
graphed, - scparate spots are found of triose (dihydioxyacetone), tetrose,
pentoscs (ribulose, xylulose andlribose), hexoses (glucose and fructose), and
heptose (sedoheptulose). The radioactive sugar diphosphates area givés free-

ribulose, fructose, glucose and sedoheptulose.

After periods of.photosynthesis with C** of less than 5 secopds, 3~
phosphog] yeeric gc;d (PGA) was found £0 be th§ predominant radioactivg pPro-
duct, Chemical degradétion of this compound showed tiet the radioacti#ity
first sppears 1ln thehca:bdxyl carbon (14). Later kinetic studies showed that
the rate of incorporation of C** into PGA'at very short times ves much
greater than the rate of labeling of any other compound (18,1). Therefore,
1£’was concluded that PGA is the first stable product of carbon dioxide
fixation during photosynthesis, and, furthermore, that carbon dioiide first
enters the carboxyl group of PGA, presumably vie a carboxylation reaction.

Further reactions in the photosynthetic sequence were suggested by
the slready known pathways of the glycolytic breékdown of sugars which lead
to PCA as en intermediate., Since the sugar phosphates are important early
products of carbon reduction in photosynthesis, it vas propoéed that they are
formed from PGA by a reversal of the glycolytic pathvay, Degradation of the
radioactive hexoses from short experiments showed that they wefe labeled in

the two center carbon astoms (numbers 3 and 4) just as one would expect if
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two molecules of carboxyl-lsbeled PGA were first reduced to triose and then
linked together by the two labeled carbon atoms to give hexose (Figure L).

The hexose snd triose phosphates may be converted by aldolase or
transaldolase and transketolase enzymes to pentose and heptose phosphates
(Figure 2, Table 2). Degredation of these sugars and comparisons of the
labeling patterns withih the molecules showed that this conversion did occur
and in such & vay that five molecules of triose phosphate were ultimately
converted to three molecuwles of pentose phosphate.

Other known metabolic pathways lesding from PGA (Figure 4) give rise
first to phosphoenolpyruvic acid (PEPA) which then may undergo further
transformations including the following: (1) it may be carboxylated and
trensaminated to give aspartic acid (2) 1t may be carboxylated and reduced
to give melic acid (3) it mey be dephosphorylated and.transaminatedvto give
alenine. All of these compounds ere labeled after short exposures of the
algae to HC*%03~ in the light. .

The enzyme system of plants which during respiration brings about the
oxidation of trlose phosphate to PGA in the glféolytic pathvay wes known to
produce ATP and TPNH (or DPNH). If PGA is to be reduced to triose phosphate
during photosynthesis, 1t follows thet ATP and TPNH rmust be supplied. We hawe
elready seen that these two cofactors, and poeslibly others, are produced as
e consequence of the light reaotion and the splitiing of water, It might be
expected that 1f the light were turned off from plants photosynthesizing in
ordinery carbon dioxide at precisely the same time that C 40 is introduced,
PGA would no longer be reduced to sugar phosphates, but would still be
rormed (if no light-produced cofactors are required for the carboxylation

reaction). Moreover, the PGA would still be used in other reactlons not
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requiring these cofectors. In Figure 5, the radioautograph from Just such an
experiment, this prediction proves to be correct. Labeled PGA is atill.
formed by the elgae from C140z durhg 20 seconds in the dark, but only d very
little of the PGA 18 reduced to suger phospledies. At the same time, a large
emount of slanine is formed from PGA via PEPA in resctims which do not re-
quire ATP. The trace qf labeled sugar phosphates which does appear may be
due to the residusl ATP, or some unknown cofactor, which was formed while
the 1light was on but which had not yet been used up when the C'40g was
introduced. The formation of mslic ecid and of alanine and aspertic acid

in the dark, indicate the presence of some reducing cofactors, elther re-
meining from the light or dedved from some other metsbolic reactlon.

Before ye discuss the evidence for the remaind r of the carbon re-
duction cycle, we¢ must describe another type of experiment with C*0p and
‘bhotoaynthesizing algae; In thesé experiments, algae are first permitted to
photosynthesize for 20 minutes or more inm the presence of a constent supply
of C1%0z. During this time environmental conditions ere maintained nesrly
constant (temperatﬁre, COz pessure, light intensity, ete.). After about 10
minutes of exposure to (1402, 80 much radiocarbon Has passed through the
various biochemical intermediate compounds on ite way to end producte that
each carbon atom of eacﬁ intermedliate compounds éontains, on the average,
the same percentege of carbon-1ll atoms as the COa which is being ebsorbed.
In other words, the epecific redioasctivities of éll the carbon atoms of
all the early intermediates are the same as the specific radicactivity of
the enteriﬁg radiocarboﬂ, which can be measured.

! At this point, semples of the algae are'removed without distmrbing
the rest of the algaee and these samples are kllled and subsequently analyzed

by the methods already descrlibed. The totasl radloactivity of each intermediaete
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is measured, and when this 1s divided by the known specific radiocactivity of

the entering CO», the totasl number of cerbon atoms of each intermediate-com-
ﬁbund,in the sample can be calculasted, Thus the number of moles per unit vol-
ume of algae 0f the various Intermediates of the asctively photosynthesizing |
system may be determined. This number of moles per unit vqlume of plant
meterial is an average soncentration, since the distribution of molecules

in such a heterogensous system is not homogeneous.

This determination of the concentrations of intermedistes in vivo is
an extrenmely valuable tool which has many usea; but, let us proceed for the
moment vith,onevparticular epplication. Having'taken a sample of algaevfor
later determination of the concentrations of compounds, the experimenter
turns off the light and proceeds to take & series of samples of the elgae
as rapidly a8 possible, which is abart every three seqonds. When the. cone
centrations of compounds in these samples are detexmined, any chenges re-
sulting from turning off the light will be revealed. The two mosg‘étriking
changes are found to be in the concentration of PGA vhich increeses rapidly
and in the concentration of one paxticular compound, ribulese diphosphate,
which drops raepldly to zero (16,20).

The increase in PGA oﬁ turning off the light 1s expected. The co-
facfors, derivéd from the llght reaction, are necessary for the reduction
of PGA. The rapld drop in ribulose diphasphaﬁe,taken together with the fact
that other suger phosphates initially do not drop yapidly in concentration,
indicates that the formation of ribulese diphosphate from other suger phos-
phates requires a light-formed cofactor. Thls conclusion egrees with the
fact that the known enzyme which converts ribulose-5-phosphate to ribulose-

1,5-diphosphate (RuDP) requires ATP (Teble 2), The drop in ribulose diphos-



-1l

phate, alone emong the sugar phosphates, means that it is being used up by
some reactlon which does not require light.

Ribﬁibae diphosphate, then, is used up by some reaction that proceeds
in the dark, and POA continues to be formed in the dark. Could the carboxyla-
tion of ribuiose diphosphate to foxrm PGA be the first step in carbon dioxide
reduction? To ansver this question, another exéeriment similer to the one
Just described was performed. This time, however, instesd of turning off
the light, the light wés left on snd carbon dioxide was suddénly‘removed (19).
Thé result.df this experiment was that the concentration of ribulpsé diphos«
phate now rose repidly while POA dropped rapldly. Thus the carboxylation of RulP

{

t0 give PGA was confirmed.
THE CARBOXYLATION REACTIONS

Thus far we bave mentioned two carboxylation resctions in photosyn-
thesiss 'cérboxylétion of RuDP (the carbon reduction eycle) mnd carboxylation
of PEPA. Vhen algee have been ellowed to photosynthesize for less than &
minute, virtually sll of the radicactivity found on the chromatogrém prepared
£rom the algee is located 1n éompounda spparently derived from these two
reactions. There still remsined the posslbility that other carbbxylatian
reactions might o¢cur which would involve 1ntermed1ate compounds to00 un-
steble or too volatile to be seen on the chromatograms. These possibilities
were tested by meking & Quantitativé comparison between the rate of uptake
of'cl‘oblfrdm tﬂe medium end the rate.of eppearance of ¢4 in*éompounds on
the chromatogrems (3).

For these experiments, the algee were kept &s nearly as possible in

steady-state growth in the experimental vessel. Light, temperature, pH and
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gupply of inorgenic nutrients were kept constant. Ges waes cilmilated through
the algae suspensiOn in a closed system by means of & pumm ' Leveis of COz,
Qz, and when present, 01402, were continuously measmured and recorded. From
the Mnown gas volumes of the syatem and the recorded rates of changes in
 gee tehsions; we calculated the totel change in these gases &s alfuncinn

~of tiﬁe. Then we sdded C}*(p to the system end took samples of algme every
few seconds for the first few minutes end then leés’frequently up to an hour.
Each sample of algae was killed 1mmadiate1y and a portion analyzed Bg des~
cribed earlier. A part of each semple was yeserved and wBS dried.an 8 plan-
chet to detemmine the rate of appearsnce of (3% in all stable nonvolatile
compounda; This rate prafed to be the seme as the externally messured rate
of upteke of COz ead C'* between 20 and 60 seconds after the sddition of CM.
If unsteble or volatilk intermediates do preceda these stable compounds, they
are equivalent in mioromoles of carbon %o no mre than 5 Beconds photosyn-
thetic fix‘atian , eccording to the shape ¢ the fixation curve during the |
first 20 seconds. | '

We ahalyzedveﬁch ssmple by peper chromatography, and‘determined the
redioactivity in each compound in each semple., On the baesis or'thé externally
messured uptéke rates,at least 85% of the carbon was found to be 1ncor§orated
Into individual compdunds on the paper chromatégrams during the first 40
seconds. At least T0% of the total carbon upteke rate couldbe accounted for |
by the eppesrence of €M% in compounds spperently derived from the RuDP
carboxylation reaction of the cerbon reduction cycle via the pathways shown
in Figure 2. Another 5% or more wes found to be incorporated via €1-Cg

carboxylation. About 5%'was found in unidentified compounds or in glutamic



-16-

ecid whose photosynthetic pathway is ot definitely known. Of the 15% not
accounted for, some may be in nonextractable polysaccharides whose sugar
phosphate precursors become labeled very quickly. More of the unaccounted
for radiocarbon is undoubtedly in a large number of unmeasured compounds on
~ the chramatograms, Each of these compounds contains by itself too little ¢4
to be readily determined, In any event, it ls clear that the known fixation
pathwayé are the only quantitatively important ones unless there are unknown
ﬁathways utilizing the same intermediate compounds.

A kinetlc anelysis of the eppearance 6f ¢** {n PGA and RuDP in this
experiment, indiceted that the carboxylation reaction results in the formation
of only one free molecule of PGA per molecule of COx entering the cycle.

The kinetiec analysie cannot sey what the other three-carbon fragment would be.
It might be merely a molecule of PRA hound in some wey 80 that its lsbeling |
remains distincet from that of the PGA from the other half ¢f the six-carbon
addition product. The only other compounds which seem to satisfy the kinetic
requirements and which could readily result from the splitting of the six-
carbon eddition product are the triose phosphates. The formation of & molecule
of triose phosphate in this way would require & reductive eplit of the addi-
tion product, es indicated by the dashed line in Figure 2,

Thet such a pathway differing from the in vitro reaction may exlst
seems entirely reasonable since the enzymese of the carbon reduction cycle
apbear t0 be closely associated with the moleéular structures in which the
TPNH 4s formed in the chloroplest (21). In the intact plent the carboxylation
enzyme, as vell as the enzyme respongible for the splitting of the product
and the enzyme which brings sbout the reduction of TPN' to TPNH, might be
part of a structurally organlzed system. In fact, if a reductive scission

of water
does occur, the reducing egent could be some substence formed from the oxldation /
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and preceding TPNH in the electron transport chain. This substance might never
be avallaeble in sufficient concentration to be a factor in in vitro systems in
which carboxydismutase is coupled with isolated or broken chloroplaste. Such
an explenation of the experimentaslly observed kinetic result is purely hypo-

- thetical. We mention it to focus attention on the possibility that a given

bilosynthetic pathway may follow a different course in an intact cell then that

which would be predicted on the besis of studies with fragmented cells or

enzymes alone.

In higher plents, much of the product 6f photosynthesis mist be trans-
ported to a nonphotosynthetic part of the plant. This requires that higher pro-
portions of easlly transported molecules such as sucrose are formed (4). In
all higher plants that have been studied, however, there is apprecismble direct

photosynthesis of amino scids and fats, not just carbohydrates.

BALANCE AMONG SYNTHETIC PATHWAYS

We have seen that In each complete turn of the carbon reducdtion cycle
three molecules of RuDP (15 carbon atoms) are carboxylated by three molecules
of COz to give six three-carbon compounds (18 carbon atoms), Thus there 1é a
net gein of thiree reduced carbon atoms. These atoms are withdrawn from the
cycle for further synthesis. They may be withdrawn from the cycle ag PGA or
a8 any of the sugar phosphates in the cyele. Before the photosynthetic re-
actions had been mapped, 1t was commonly believed that photosynthesis leads
first to carbohydrates only and that these carbohydrates are then converted

via nonphotosynthetic reactions to other compounds such as anino aclds and



fally acids. We now know that pathways leading from the carbon reduction cycle
t0 emino acids and fatty aclds and other substances can be Jjust as important
quantitatively as those leading to carbohydrates. This is particulerly taxue

in an unicelluler algee as exemplified by Chlorelle pyrenoidosa, where less

than half of the asssimilated carbon 1s directly converted into carbohydrete
under some conditions. This carbohydrate synthesis draws 1ts cerbon from the
cycle in the form of suger phosphates. Consequently, more than helf of the
carbon drained from the carbon reduction cycle as PGA or sugar phosphates may be
used in fat and protein synthesis.

It is interesting to consider en extreme case in which all of the car-
bon essimilated by the carbon reductlon cycleIWDuld be withdrawn fram the
cycle as PGA, converted to PEPA, end then carboxyleted to give four-carbon
compounds. In this case, 75% of the assimilated carbon would enter. the photo-
synthetic pathways vie the carbon reduction eycle, while the remaining 25%
vould enter via the carboxylation of FEPA.

With normel conditions of steady-stete growth under high light inten-
sity,%he ratios of various fixastlon pathuways must be determined to a large
extent by the requirements of the plant for the small molecules from which
the protein, carbohydrate, fat and othexr substances of the plant are synthe-

sized.
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PHOTOSYITHESIS VE. OTHER FORMS OF BIOSYNTHESIS

Bilosynthetlc reactlons in plants cannot be classified as photosynthetic
or nonphotosynthetic on the basls of direct photochemical action since ell
reactions in the‘synthetic pathvays are probably 'dark' reactions. However,
we can make & classificetion on ihe basis of the immediate'squrce of the re-
quired cofactors. The conversion of light energy results in the formation of
ATP and TFNH and perhaps other unknown cofactors. When these cofactors are
formed by the light_reaction end are used to bring ebout the gynthesis df-
carbon compounds, we mey consider the reactions to be photosynthetic. Also
included in this category would be preliminary stgpa end Intermediate steps
- such as hydratlons, condensations and carboxylations.

It mey well be that all photoéynthetic'reactious, ag Just defingd, ocaur
in the chloroplasts, while the light is on. I{ this ls true, reactioné outside
the chloroplast would derilve thelr energy from substrate carbon compounds
which diffuse from the chlofoplasﬁ to the extrachloroplastic spaces of the
cell. Buch an interpretation is suggested by the report by Tolbert (22) who
found that chloroplasts isolated from Bwiss chérd vhen allowed to photosyn-
thesize with HC**03~ excreted meinly glycolic acid into the medium. Phos-
phate esters, of lmportance to the carbon reduction cycle, were retained in
the chloroplasts. JIsolated chloroplassts have & carbon metabolism which is
much more limited than photosynthesis in intact cells. This is probably due to
loss Qf enzymie ectivity by chloroplests during the isolation process. 1In all
probability the carbon compounds excréted by intact chloroplests Efllfgﬂl
include other substances besides glycolate.

There is more than a sementic reason for meking s disthction between

photosynthétic snd nonphotosynthetic pathways. The envifonment of the photo-
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synthetic metaboliém is unique. There 1s an ebundence of the reduced and
energetlce form of the coenzymes. Hence synthetic pathwéys do not requife energy
derived from degradative reactions such as decarboxylations end oxidations.
For example, a well known biosynthetic pathwey leading to glutamic acld from
acetate includes oxidative and decarboxylation etepsl Such a pathway is to

be expected in & nonphotosynthetic system where degradation of part of

the substrate is the only means of ¢btaining the éﬁergy and reducing'power for
synthetic reactions. In & photosynthetic ayste@, one might expect instead '
a pathway involving only condehsationa, reductions end carboiylations. We.
cannot say that this difference in type of reaction will blways be borne out
by the actual mechanisms when they are known. This proposed difference in
reaction type may be a useful working hypothesis to those who attempt to

map photosynthetic pathways from. experimental data.

AMINO ACID SYNTHESIS

Among the first compounds founé 0 be labeled by photosynthesis of
0*40, in algase vere alanine, espartic acid, and several other‘aminq aqida (ll).
These compounds vere slovly laebeled even in the dark when algae were exposed
to C**0z. They and malic acid were much more rapidly lebeled if the algee were
photosynthesizing, or had been photosynthegising, Juet‘prior to the moment of
eddition of C'*0r. We recognized that these emino acids were therefore
products of photosynthetic reduction of COz, even though they. could slso
become lebeled by reversible respiratory reactions. Accelerated inco:pgration
of C** into amino acids in higher plents during photosynthesis hes been noted .
in this laboratory (23%,24) end in many others (25,26,27;28). Nichiporovich (25)

has presented and reviewed evidence that synthesis of proteins in the chloro-
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plasts of higher plants 1s greatly accelerated during photosynthecis. This
accelerated protein synthesls appears to ocuur directly from the intermediates
of photosynthetic carbon reduction since the proteins were leobeled when C**0z
wes used but not when C}* lebeled carbohydrate was administered. Photosynthe-
tically-accelersted synthesis of protein containing N*® was also ohserved
when NY®H,* vas sdminietered. Sissekien (29) has reviewed evidence thet
protein cen be gynthesized in lsolated chloroplasts from nonprotein nitmgen,
including peptides. | _ |

In experiments in this laboratory (50) iﬁ has recently been possible to

measure the proportion of the total carbon fixed by Chlorella pyrenoidosa

which is directly incorporated into certain key amino ascids. These experi-
ments show that during steady-state photoaynthesis in bright light with en
adequate supply of inorgenic nutrients, the synthesis of these aminb_acids

can account for 60% of ell the carbon fixed by the algée'and 30% of the upteke
of NH.;+ vhich is also measured. If the light 1s turned off, ‘the NHet ﬁptake and
C1¢ fixation into emino acids are both accelerated for dout lO‘minutes and
then drop to a very smell frectlon of the ratés_inmthe iight. Fihally,

these experiments indlcate clearly that in Chlorelle pyrepoidosa there are

at least two pools of slanine, glutamlc acld, aspartic ecid shd serine, and
Probably other emino acids as well. One of thesé pools, especially in the
ceses of slenine and espertic mcid, is lebeled extremely repidly after the
introduction of C*4Qz to the slgse. fo rapldly are these compounds labeled,
in fact, that the éite of thelr synthesis must be freely esccessible to their
Photosynthetically-formed precursors, nemely, phosphoenolpyruviec ecid

and PGA (see Figure 1). The studies of Tolbert (22) end Moses (31) indicate

that the photosynthetic pools are isolated from the exirachloroplestic region.
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We conclude, therefore, that in Chlorella the more repldly lebeled pools of
enino acids arc locaed at the clte of photosynthetie carbon reduction, pro-
bably 1n the chiloroplast.

The sizes of these pools of amino aclds, end thelr rates of synthesis
es determined from kinetlc labeling data with Chlorelgg;;n e typical experi-~
ment are shown in Table 1.

The emino acids shown In Teble 1 are those which are most prominently
labeled wilth carbon fouxteen duriﬁé & few minutes of photosynthesgls, In
addition, a mumber of other amino acilds becomé'labeled as time passes. The
retes of lebeling seem to indicate that the carbon skeletons of these other
aclds are probably derived, for the most part, from the llsted amino acids.
However, the arometic rings of the amino acids are synthesized by.another
pathwey.

In Teble 1 ve compare the rates of!synthesis of carbon skeletons that
have been messured with the rate of upteke of NHs¥. The rate of synthesis
of any glven emino acld does not necessarily represent the rate of incorpore-
tion of inorganic nitrogen inte that amino scid, since it could be formed by
trensamination from enother emino acid, However, the total of the rates of
synthesis of all 'primary' amino acids should asccount for the major fraction
of the rate of upteke of emmonia. By ‘primary’ amino acids we mean those
emino ecids vhose carbon skeletons sre not synthesized from some other amino
scid, . . Alsnine, serine and aspartic acld are clearly 'primery‘ aemino
aclds since their rates of lebeling reach a maximum. ags asoon es the inter-
medlates in the carbon reduction eycle are saturated (ebout 3 minutes in this
experiment) and long before they themselves, or any other emino acids, are
saturated with radiocarbon (30). Probably glutamic acid is a ‘primary' emino

acld elso, but kinetic date alone cennot prove this at the moment. Glutemine
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is generally supposed to aerise from glutamic acid, but there is some evidence
to indicate thet it mey arise as a 'primary' smino acld amide (32,30).

In any event, the rates of synthesis of alenine, serine and aspartic
acld in reservoirs which wefbelieve to be closely assoclated with the chloro~
plasts in Chlorelle are great enough to permit éhe'following conelusions.

1) An eppreciable fréction of the carbon assimilated during photpgyn-
thesis in dhlorella 1s used directly in the aynthesis of amino acids witﬁout_
the intermediacy of sugars or any other cless of compounds exeept'acid phos-~ :
phates and carboxylic ecids. | | |

2) 8ince this smino acld synthesis accoﬁnts for a major portion of the
inorgenic nitrogen‘uptake, these emino acids must be used to & large extent
ih protein synthesis., However, some importent amino acids (i.e. glycine) are
80 slowly lebeled that they probebly do not supply & mejor part of the carboﬁ
for proteln synthesis. Instead,lthe carbon skeletons corresponding to‘theae

ALY

amino aclds must be 1nconporateé into protein in some form otherthen es the
free amino acid.

Before considering synthetic routes to specific amino aclds, we wish
to reiterate our belief that photosynthetic reactiar need not follow the
same course a8 the better known synthetilc reactions of'othe: nonphotosynthetic
orgenlsms. Also note that few 1f eny engymes involved in emino acid synthesis
have?gzzn isolated from chlorOplastsQ Thus we are forced to suggeét new and
untested hypothetical paths. Our guiding prihciples will be that cheﬁical
potential should be used to drive the reactions rapidly in the forward di-

rection and that loss of cerbon or reduction level should be avolided wherever

possible.
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In Figure 6 are shown hypothetical pathways leading from PGA to alanine,
serine, aspartic acid end mallic aclid. These pathways differ somewhat from
known enzymatic pathways in that in each step leading to the am;no acid,
emmonia reacts . with e plo sphoric acid ester.

The rapid 1ncorporation of lnorganic nitrogen into organicvcompounds
would be brought about by the large negativezfree energy change agsociated )
with each of these reactions. Thus, these reactions, and not the reductive
emination of ketogluteric acid alone, would account for a major portion of
amonia incorporation during photosynthesis, This seems entirel& regsonable
when one gonsiders that PGA 1s both the immediate precursér in these re-
actims aﬁd the primary product of cerbon reduction during photosynthesis.
These emino acid& could then supply ammonla via transminase reactions for
the synthesis of many other amino scids. Holm-Hansen (33) has demonstrated
the presence of a_transmipase activity in spinach chloroplasts which is very
effective in the transferﬂof amino groups from unlabeled,alaﬁine to Ci4-
lebeled pyruvic meid. |

The three-carbon precursors to these aminé eclds are in repid equili-
brium with PGA. PEPA becomes G -saturated during photosynthesis in C1%0p
in Chlorells g;mogt as soon as PGA iﬁseif. Thg proposed phbsphoenoloxalécetate
probebly does not,éxist except in enéyme complexes. Thus, by the time the 2GA
is C'*-saturated, these smino aclds are being labeled as_;qpiﬁlf as if they
vere formed directly from C;‘Qz~

It has been suggested that glutamlc ecid is fqrmed during photosynthesis
by e carboxylation of y-aminobutyric acid (34). Judging by air studies with

Chlorelle pyrenoidosa during steady-state photosynthesis with 01‘02, this

reaction apperently does net constltute a source of glutamate since y-amino-
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butyric acld does not become labeled, even by the time the glutemic acid is 50%
saturated with C** and long after the rate of labeling of glutemic acid has
passed its meximm. Clearly, & compound cannot be s precursor in s steady-
state system unless 1t 1s itself continuously regenerated. If the reactlon does
occur at all, the glutamic ecld so formed could only be & shuttle for COz, re-
genrating unlebeled z?minobutyric acid. Even so, such e carboxyluztion reaction
does not account for more then ebout 1% of the carbon fixed in our studies

of steady-state COx fixation by Chlorella.

One possible route from PGA to glutemic acid would begin with conversion
of PGA to PEPA, followed by carboxylation of PEPA to give oxalacetic acid.
Condensation of oxalacetic acid with acetyl CoA would glve citric acid, thence
aconitic acld, thence isocitric acld. Proceeding elong the Kreb's cycle, the

next two steps are oxidation to oxelosuccinic acid, followed by oxidation and

decarboxylation to give C-ketoglutaric acid. Finally, the reductive amination

would give glutamic acid. This pathway may be followed in Chlorella pyrenoidosa

in the synthesis of glutamlc acid,; particularly when the light is turned off.
We suspeot that it is not the principal pathwey during photosynthesis for two
reasons, one experimental end one theoreticel. Experimentally, the rates of
labeling of the intermediate compounds such es citrlc acid and ketoglutaric
acid are too slow to permit them to serve as precursors to the more rapidly
laebeléd reservoir of glutemic acid. Theoretically, the pathway 1s obJectionable
t0 us ae & photosynthetic route because it involves twé oxldations and a de-
carboxylation

How else might glutemic acid be formed during photosynthesis? the avail-
abllity of three-carbon and two-carbon compounds suggests the possibility of
& simple condensation. Barker and co-workere (%5,%6,37) found en enzymic

pathway in certain microorgesnisms leading from glutamic acid to pyruvie



ecid end acctoic via cltromolate, nesaconic acld and f-metlylosparvate. The
reverse of biils pathvey might operete during photosynthesis also. lowever,
we have been uneble ® fer o [ind significont amounts cof radiocerbon in
elther p-methylaspertic ceid or mcsaconic scild in Chlorella which were syn-
thesizing glutamlic aclid from C*40:. M.reover, a general cnergy conserving
principle would suggest that PEPA and not free pyruvic acid should be the
three-carbon cémpound thet combines with the two-carbon fragment. As we
shall see in the discusslon for the synthesis of aroumatlc rings, it hes been
proposed that PEPA can condense with en aldehyde, erythrose phosphate, tb
give (eventuslly) phosphoshikimic acid (38). Perhaps s similar reaction be-
tween PEPA end glyoxylic acid could lead to a product such as 7—hydroxyglu-
temic ecid which could be subsequently converted to glutemic acid, Dekker (39)
has reported the presence of an engyme in rat liver which converts y-hydroxy-
glutemic acid to glyoxylate and some other product vhich mey he alanine. The
presence of 7«hydroxyg;utamic acid in green leaves has been reported by Vir-
tenen and Hieﬁala (40). The dehydrétion and reduction of y-hydroxyglutemic
acid to glve glutamic ecld would be common types of biochemical'reactiona,
analogous to the formetion of succinic acid from melic ecid. However, we have
- et present no experimentsal evidence for such a ptahway. |
Threonine'does not become lebeled as rapldly as the amino écids BQ
far discussed, end it may well be secondary in origin. That is, 1t may be
an exemple of conversion of 'primary' emino acids (aspartic acid, alanine,
serine and glutemic ecid) to other emino acide of their respectlve fémilies
which>presumably occurs 1ln photbsynthesis.
The small amount of labeled glycine vhich is formed during steady-state

Photosynthesis may come from either serine or glyoxylic acid.



CARBOXYLIC ACIDS

Malic and Fumaric Acids. Malic aecid and fumaric acid are repildly labeled dur-

ing steady-state photosynthesis wita 01402.'These aclds are probably formed by
reduction of the product of carboxylatlon of PEPA. In the steady-state eﬁ;
periment (8872) which gave the results shown in Table 1, ebout 5% of the C1*
uptake ratve could be accounted for in the labeling of these two ecids. In
that experiment, very little of the radicactivity finds 1is way into succinic
acla. It woudd thus eppesr that if mallc and fumaric aclds are lsheled by
reductive carboxylation of PEPA, either 1) the reaction‘sequeﬁce is highly
reversible, leading to exchange lebeling, or 2) the malic aﬁd succinic acids
are converted to other compoundé by a8 yet undééérmined.paths.

The probability of lsbeling via exchange 1) may be answered by.a thermo-
dynemic argument. Under the conditions existing in the chloroplast during
photosynthesis, the‘ac:ual free energy change accompenying the conversion of
PEPA, €O, TPNH, and either ADP or IDP to malic ecid, TPN', snd ATP or ITP
is probably et least -7 Kcal. The ratlio of the forward to back reactilon,

glven by:

forwvard rate - R - RI1 back rate plus net rate
back rate = n back rate

AF = -RTln[
rwould thus be 10° or greater. Since the rete of lebeling of welic acid 1s
measurable snd gives the net rate by a simple calouwlation, the back‘reaction,
and hence the exchange lebeling, can be shown to be of negligible importance.

This type of calculation is of ®nsiderable importance in in vivo steady-
state kinetic calculations. Another example is the conversion of melic acid to
fumeric scid. In this case, the actual free energy change is small, the two
acids are essentially in equilibriwm with respect to Cl‘—labeling. Thus, the
sum of the pools of the two aclds can bé treated a8 & single entity from a

labeling staendpoint.
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In any event, 1f melicecid is not labeled by exchange/is not converied

to succinic acid, yet 1s being formed at & rapid rate under steedy-state con-
ditions, it must undergo some as yet unknown conversion. One possibility might
be thet 1t 1s eplit to give glyoxylic acid end free acetate . Thé actusl free
energy change for such a reaction under steady-stete conditions would be nega-
tive, whereas the reaction to give glyoxyllc acld end acetyl CoA would pro-
bably be poslitive end the latter reaction would not occur. Acetate could be
converted to acetylvphosphate with ATP and then to acetyl CoA. The acetyl CoA
thus formed could be used in fetty acid synthesis end other blosynthetic fe-
ections. The glyoxylic acid could be used in the synthesis of glycolic acid,
glycine, and possibly, es suggested in the previous section, glutamic acid.

The synthesis of labeledﬂmalic ecld could occur via condensation of
glyoxylate with acetyl CoA, provided there is some other route for'thé lebel-
ing of these two-c§rbon acids (such es aré suggested léter). It is qﬁite like-
iy thqt malic acld is so synthesized in the cytoplasm, outside the chloroplastis.
Within the chloroplasts, however, thé gppearance of C*¢ in malic acld in the |
véry shortest exposures to C**0z end in the pre-illumination experiments (éeei
Figure 5) indicate thet it is; in part at leesst, & product of Cy-Cz carboxyla-

tion and reduction.

Glycolic Acid, Acetic Acid and Glyoxylic Acid. Even if acetate and glyoxylate

ere formed from maelic ecid, there are probably other more lmportant synthetic
routes from the carbon reduction cycle to these compounds. Benson and Calvin (L1)
found that barley seedlings subJected to 30 seconds photosynthesis with ct4o,

. followed by 2 minutes light without COz formed large smounts of C}* lebeled
glycolic acid. Calvin, et el. (14) end Schou, et al. (42) degraded glycolic acid

end phosphoglyceric acld obtained from barley leaves and from Scenedesmus which
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hed photosynthesized for a few seconds in the presence of cY40. or HC1405".

The alpha and beta carbon atoms of PGA were found to be always about edual to
ea:i otherﬁn rediocactivity end always less than the carbokyl carbon until such
time (1 to 5 minutes) as all three carbon atoms were completely labeled. The two
carbon atoms of glycolic ecid were alwgys about equel to each other in lebeling.

Vhen CY*H,OH-COOH was cdministered to the unicellular algae, Scenedesmus, dur-

ing 10 minutes photoeyntheais with 1/2% COz In air or N, a pattern of photo-
synthetic intermedises was found similer 4o that obtained during photosynthesis
with C%0s. Mgreover, upon degradation of the PGA, we found tha£ less then 10%
of the rediocactivity was in the carboxyl carbon. Clearly, glycolic acid is in-
corporated for the most part into normsl intexrmediamtes of the carbon reduction
cyele without preliminery conversion to COpz, since so little C** was found in
the carboxyl carbon of PGA. However, ékha end beta carbon atomé of the_PGA
‘were found to be equally lsbeled. Thus the pathway from glycolic ecld to the
elpha and beta carbon atoms of PGA involves & randomizatlon of the label. This
could mean that along this pathway there is & symmetrical Intermedimte or that
an intermediate ie in rapid reversible equilibrium with & symmetricel compound.
(see below)

When Wilson and Celvin (19) studied the effect of CO- depletion following
s 1period of photosynthesis with C1%0z by slgee, they found that ‘the lowering
of COo preésure resulted in a greaf increase in the smount of 1§beled glycolic
acid. This increasse in labeled giycolic acld was sustained for at lgastllo
minutes. Upon applicetion of 1% CQz agein the level of lebeled glyc&lic‘acid
declined. |

Tolbert (22) found that glycolic acid formation from C}40- during 10

minutes photosynthesis in leaves of Sedum alboresum is much higher at very low

€Oz pressure than at high CO» pressures. As mentioned earlier, he also found
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that glycolic acid is the predominant labeled compound excreted into the medium
by chloroplests from Swiss chard photosynthesizing in the presence of HCY405".
He hed shown earlier (43) that glycolic labeled with C}* is excreted into the
mediuvm by Chlorella photosynthesizing in C'%0,. He suggested that glycolate may
function in ion belance with HCOs™ between cells and thelr medium or between
chloroplasts and other cell compartments. He also proposed thaet glycolsate might

be a carrier of 'sarbohydrate reserves' from the chloroplasts to the cytoplasm.

Moses and Calvin (&) exposed.photosynthesiz;ng Chlorella pyrenoldose to
tritium-lebeled water for verious perlods from 5 secomnds to 3 minutes. Anslysis
was made by the usual extraction, two-dimensional paper chromatography and
radioautogrephy. The greatest darkening of the film by far occurred where it was
in contact with the glycolic acid area of the chromatogram. This result, which
we will discuss later, seems to sgree with Tolbert's suggestion tﬁat the gly-
colic acid acts as a carrier of hydrogen.

During normal photosynthesis (Figure 2), two-carbon moieties (carbon
stoms number 1 and 2 from a keto sugar phosphate) are transferred during a
reaction similer to that catalyzed by transketolase (h5,46) to an aldo-sugar
phosphate, producing & new ketose phosphate, two carbon atoms longer than the
starting aldose. Other enzymes have beenvfound in nonphotosynthetlic orgenisnms
which convert the carbon atoms number 1 and 2 o: a ketose phosphate to acetyl
phosphate, leaving the remeinder of the sugar as aﬁ aldose phosphate. One of
these is phosphoketolase (47), which 1s specific for xylulose-5-phosphate,
while enother is fructose-6-phosphate ketolsse (48) which cen act on either
fructose-6-phosphate or xylulose-5-phosphate. These enzymes require thiamine
pyrophosphate, inorganic phosphate end, in some cases, Mg++. Stimulation by
Ma' ' or Ca¥T in place of Mg++ could sometimes be Sbserved, while levels of

Mn ebove 10™2 vere inhibitory.
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Breslow has propoéed a mechanism for the role of thiaminé Pyrophosphate
in these reactions (h9,50). In his mechaniem, some of which forms the basis for
part of Figure 7., the hydrogen et poscition 2 of the thiazole rlng is an active
hydrogen which cean discociate from the acldic carbon at that position to give
a cerbanion. This carbanion adds to the carbonyl carbon of the ketose (some-
what anslogous to cyenhydrin asddition). The bond between carbons 2 andlﬁ of
the ketose breeks, with the electron pair going to the reduction of cerbon 2
of the ketose, to glve a glycolaldehyde-thiamine pyrophosphate. The remainder
- of the suger becomes an aldose. Reversal of this reaction ?ath, with a differ-
ent mldose, co&pletes the trensketolase reaction.
Alternatively, glycolaldehyde-thilsmine pyrophosphate mey eléminate the
elements of water (OH— from the béta carbon and HfAfrOm the elpha cerbon of +the
glycoladehyde moieﬁy) to give the enol form and thence the keto form of acetyl-

[,
phate and thiamine pyrophosphete (ThFP).

Iro
ThPP. This compound cen undergo phosphoclastic cleavage to give acetyl phos-

The mechanisms find support in the demonstration by Breslow that the
hydrogen atom on the number 2 position of the thiazole ring does éxchange
repidly in D20 (49). In support of an enalogous mechanism ®r the role of ThPP
iﬁ the oxidation of pyruvete, Krampitz end co-workers (51,52) synthesiged the
postulated intermédiate, an a cetaldehyde-ThPP compound with the acetaldehyde
bonded to the number 2 carbon atom of the thiezole ring as an alpha hydroxy-
ethyl group.This compound was found to be active in the reactivation of car-
boxylaese end also to be capsble of nonenrymatic reection with acetaldehyde to
glve acetoin. The postulated mechanism for the oxidation of pyruvic acid wthus

begine with a reaction between pyruvate and ThPP to give addition of the carbonyl
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carbon to the thiszole .ring positvion number 2. Concurrently or immedietely

following this eddition, decarboxylation occurs to gilve acetsldehyde-ThPP.

This compound reacts with oxidized lipoic ascid to give acetyl dihydrolipoic
acid vhich, in turns, reacts with Coenzyme A to give dihydrolipolc acid and
acetyl Coenzyme A. (53,54,55,56)

Wilson and Cslvin (19), following their observation of glycolate accumu-
lation at lowycqa pressure, suggested that the glycolyl moiety transferred by
transketolase 1s the source of élygolic acid. We would like nov to suggest
specifically that the glycolaldshyde-ThFP compoﬁnd formed in the filrst step
of the transketolase or phosphoketo;gse reactions may unde%?oxidation to give
glycolyl Coenzyme A and, eventuslly, glycolate. This oxidation need not follow
e pathway exactly analogous to the oxidﬁtian of acetaldehyde-ThFF, but we |
heve shown 1t 80 in Figure ¢ucyAm mentioned esrlier, glycolate can be in-
Eorporated into the slphe and beta cerbon atoms of PGA during photosynthesis,
which comes from cerbon atoms 1 and 2 of the pentose in the caibon reduction
cycle. Thus 1t appears thaﬁ the pathway from pentose phosphate to glynolate
and glyceraldehyde phosphate ehould be reversible. The incorporation of gly-
colate via such a pathway would require an energy input, probably in the form
of an activatlion by ATP. Finally, some state in the incorporation pathway
should involve equilibration with a symmetric intermedlate because administra-
tion of glycolate-2-Ct4 to photosynthesizing plants leads to PGA lebeled
equally in the elphe end beta carbon atoms. We have indicated one such
symuetric compound, end there may be other possibilities.

The fdrmation of glycolyl coenzyme A end reduced lipoic acid as shown in
Flpure 7> are hypothetical. If glycolyl coenzyme A weire formed, then it seems
likely that it would be an ilmportant intermedlate in paths which are as yet

unknowvn. In eny event, if there is eny conversion of carbon atoms number 1l and
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glycolyl fregment is reduired 50 that some cofactor, though nol necessarily
lipolc acid, must be reduced.
Let us now attempt to explain the observation that labeled glycolate
sccunmlates durlng photosynthesis with Cc140, when the €O, pressure 1s reduced.
1. Enzyme systems are present in chloroplasts which can bring ebout
the oxidation of glycolate to glyoxyléte wilth oxygen end the reduction of
glyoxylate to glycolate with DPNH . (57) If some steady-state relation be-
tween these two acilds exlsts, 1% might well be shifted towards more glycolate
et low COp pressures by the increase in the ratlo of DPNH/DPN+ which would re-
sult from the decreased utilizgtiou of TPNH for the carbon reduction cycle.
Moreover, the oxidation of glycolate by Op must in fact be limited in rate
during photosynthesis, or glycolate would not be seen at all. PossiBly gly-
colate is more effectlvely oxidized by some Intermediaste hydroxyl or peroxide
involved in the lilberation of oxygen following the splitting of water during the
primary act in photosynthesis. If s0, such an intermediate oxidant may de-
crease in concentration at low CQp pressure due to recombination with pri-
uery reductent which would build up, again as & result of decreased utiliza-
tion by the carbon reduction cycle. A decrease in the oxident concentration
wutild reduce the oxidation of glycolate.
2. Low COz pressure might result in higher pH inside the chloroplasts.
The phosphoketolase reactlon,leading to acetyl coenzyme A and involving the
removel of OH from glycolaldehyde-ThPP, might be blocked, and the oxidation
of the glycoleldehyde-ThFP to glycélyl coenzyme A might be favored.
3. It glycalyl coenzyme A is formed eand is a blosynthetic intermediate,
the reactions in which 1t is used might require COa enalogous to the conver-

sion of acetyl coenzyme A to malonyl coenzyme A in fatty acid blosynthesis.,



~ 3l

Low COz pressure could thus lead to an increased concentration of glycoly-

CoA and permit 1ts more rapid hydrolysis to glycolate.

Tanner and co-workers (58,59) have recently proposed & direct route
from COz to glycolile acid dufing photosynthesls. According to his scheme,
C0> 1s reduced by TPNH and MaClL™ to the rasdical CHO* . Two of these CHO*
radicels are then condensed to give glyoxal, thence glycolic scid. This gly-
colic acid is then oxidized by two molecules of MnCl(OH)p_ (profucad in the
first stap) to give glyoxylic acld. According t0 Tanner, the greater lahel -
ing of glycolic acid at low (O pressure during ‘photosynthesis with C1*Q,
is due to the first step being first order with respect to the utilization of
€Oz 8nd the production of trivelent manganese, while the second step is second
order with respect to the utilization of trivalent menganese.

Whether or not Tanner's suggested route from €O to glycolié acid will
. be borne out by experiment remains to be seen. In sll of our experiments wiﬁh
C140;, labeled glycolic acid has been & relatively minor product of the photo-
synthesls,except in those casés vhere the COp pressure has been permitted to
drop to a very low level. Glycolic acid is gomewhat volatile, but it is &
curious characteristic of this compound on paper chromatogrems thaet although
20 tp 85% may eveporate from the paper during development of the chrometogram,
the remalnder diseppears only very slowly from the papers. This statement is
based an measurement df rediocactivity following chromatography of synthetic
CY%._lebeled glycolic acid. Thus it would seem that if s pathvay leadiﬁg di-
rectly from COz to glycolic acid (that 1s, with no isoleble intermedistes)
were quantitatively important, we should haeve seen mucﬁ?I:beled glycolic acid
+ following short periods of photosynthesis with 0. I. condd bé that under

normel cénditions of photosynthesis (say with 1% CO: in air), the reservoir
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size or concentration of glycolic acid is very esmall eso that it would not
appear to be strongly lebeled even though carbon from Cc1%Q, enters i£ very
repidly.

However, Moses (44) conducted persllel experiments (3 minutes photosyn-
thesis by Chlorella in the presence of C*%0p in one case, and Tp0 in the other).
fhe tritium-labeled glycolic ecid eccounted for more than 50% of the darkening |
of the radiosutogreph in the subsequent analysis by chrometography, while in
the parsllel experiment, the CY* glycolic acid contained less than 9% of all
the C** found in compounds on tne chrometograph. Thus the incorporstion of ‘
hydrogen into nonexchangeeble positions on glycolié acid seems to ocour at
ten times oOr more the rate of incorporsetion of C1% into the same compound. The
simplest interpretation 1s that glycolle acid pleys s much more importent
role in the transport of hydrogen or reducing power then 1t doas?in inter-
mediate in cerbon compound formetion from CQ-.: If any csrbon dloxide is
reduced directly to glycolic acid during photosynthesis by Chlorellsa, it would
seem to be a minor part of the total.

A specilel role for glycolic acld in hydrogen transport 1s suggested by
a combination of experimental findings from several leboratories. To Moses'
finding of extremely rapid tritium lebeling of glycolic ecid end Tenner's
implication of the role of glycolic meid with the requirement for manganese, ve
mey edd Delavin and Benson's report (60) of the light stimuletion of the oxi-
dation of glycolic acid with Oz te glyoxylate eand peroxide in isolated chloro-
plasts. Further, we must mention that maengenese is thought by Kessler (61)
to play some part in the formaetion of peroxide or Oz from water during the
early stages of photosynthesis. Some form of peroxide is commonly postulated
a8 an intermediate between water and Op during photosynthesis, and it may be .

that the plent has some mechanism for conmerving the chemical potentisl energy
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which would be lost if peroxide vwere to be permitted to decompose to water
and oxygen by & catalse meclanism.

The decrease in lebeled glycolate In algee grown in Mn++—deficient
media (58,59) may be due to (1) Some increase in the level of en intermediste
in the oxygen evolution pathway which ie'alao cepeble of oxidizing glycolate
to glyoxylate. Presumably Mn++ might be required for the breakdown of this
oxidant toloa. (2) A decrease in reduced pyridine nucleotide concéntration
due to impeirment of the oxygen evolving pathway; or (5) Some enzymic re-
quirement for Mn++ in the blosynthetic pathway from glycolaldehyde-ThPP
to glycolate.

Points (1) and (2) are related to the mechanisms suggested eéarlier for

the effedt of low CQOp pressure on glycolete concentration.

Acetate. As shown in Figure 7, acetyl phosphate can be formed from the carbon
reductlon cyclé vie the phosphoketolase pathway. This 1nvolvés dehydration

of the TinPP-acetaldehyde compound derivéd from carbon atOmé 1l and 2 of ke-

tose phosphates. This route 1u especlally ettractive ss a photosynthetio path-
way since it conserves chemlcal energy and requires no oxidation or‘decarboxyla-
tion. Kunown enzyme systems would readlly convert the acetyl phosphate to

acetyl coecnzyme A for fatty acid photosynthesis.

Another pathwsy from the carbon reduction cycle to acetyl CoA could be
via oxidative decarboxylation of pyruvic acid. This reaction 1s of thetype
which we have eerlier viewed as unlikely in photosyntheslzing cﬁloroplasts on
ground of economy. However, this economy takeé‘on a different aspect if one

considers the rapid formation of alanine, which we believe might be a reductive
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amination of phosphoenclpyruvic ecid derived from the carbon cycle (30). Our
experiments indicate that about one-third of all NH4+ uptake occurs via‘this
route. The resulting alaniue must be,useg7a considerable extent ln transemina-
tion reactions, resulting in the production of pyruviec acid. While Pyruvie acid
'i8 not labeleﬁ soon enough after the in£roduction of C1%0, to photosynthesizing
plants to permit us to consider it & precursor to slanine, it does become:
slowly lebeled &t later timcs. Thus pyruvie eeld could be & product of
transmination from elanine. The dow lebeling Of‘pyruvate mey be because
alsnine hes a very large reservolr, which does not saturate with C'* for some
minutes. Once formed, the pyruviec acid cannot eassily be converted,béck to
PEPA, Rather, it must either go to malic acld via reductive cerboxylation, or
be oxidizéd to acetyl CoA and COz.

The light-dark transient effect in 01492 uptake during photosynthesis
has often been observed (16,20). Vhen the light is turned bff, following a
period of photosynthesis of algae with C*02, lebeled glutamic mcid and citric
gcid accumulate. One explanation of this effect has been glven based on the
proposed formation of acetyl coenzyme A by pyruvic acid oxidation. Lipoic
acid in its oxidized form is required to accépt the electrons in this oxidetion.
It waes suggested that while the light is on this cofactor is kept mostly in
its reduced state, dihydrolipoilc acid. The reduced cofactor could not prouote
pyruvic acid oxidation. When the light is turned off end reducing power is
no longer generated, the oxidized form of lipolc acid would be made end the
oxidation leeding to acetyl coenzyme A would occur. Subsequent reactions, via
the glyoxylate cycle, would then produce citric end glutemic acids.

However, 1f acetyl phosphate is formed by phosphoketolase during photo-
synthesis, a different explenstion can be made. If we suppose that acetyl phos-

phete is stlll formed vie phosphoketolase just after turning off the light, it
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will tend to accumulate. No reducing power or ATP is available for synthesis of
fatty acids in the dark inside the chloroplasts. Therefore, acetyl phosphate will
bresk down to free sascetate which willl diffuse out of the chloroplest into the
cytoplasm. There 1t will be used, via the glyoxylate cycle, in the synthesis of

glutamic acid (62).

CARBOHYDRATES

Monossaccharides.  The carbon reduction cycle (Figure 2) includes as intermediate

compounds the following sugar phosphatesi 3-phosphoglyceraldehyde, dihydroxy-
acetone phosphate, fructose-l,6-diphosplate, fructose-6-phosphate, erythrose-

L -phosphate, sedoheptulose-i,7-diphosphate, sedoheptulose~T-phosphate, xylulose-
5-phosphate, ribulose-5-phosphate, ribose-5-phesphate, and ribulose-l,5-diphos-
phate. Besldes these compounds, glucose phosphates are found to be véry rapidly
lebeled in all plents in which we have studied the photosynthesis of carbon
compounds from C'#0p. When characterized, both glucose-G-phosphate and
glucose-l-phosphate have been found. Other sugars found to be labeled some-
vhat more slowly in these experiments, end identified as the free sugers
following hydrolysis of the sugar monophosphete area, lnclude mannose end
galactdse.

In virtually all the studies of the labeled products of the photosyn-
thesis of carbon compounds from €140, there hés been found & striking ebsence
of unphosphoryleted monosaccherides (14). This is hardly surprising, since
photosyntheisizing chloroplasts form phosphorylated sugers es Intermediates in
the carbon reduction c¢ycle, since there is en sbundance of ATP in the chloro-
plasts, and since most known transformations of monosaccharides require phos-

phorylated forms of the sugars. Transformetion of the phosphorylated sugars
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to ‘the free sugars would for the most part result in a waste of chemical energy,
for the suger would then usually have to be phosphorylated sgein in reactlons
requiring ATP or UTP. Only when 1t becomes necessary to form a molecule

which can be transported through the chloroplast membrane is 1t likely thet a
free sugar of relatively small molecular welght such a&s sucrose would be pro-
duced.

ﬁ}listing of various enzyme systems which appear to be responsible for
the cabon reduction c¢ycle has heen delsyed until now, since many of these bio-
chemical steps ere of interest in & discuesion 6f carbohydfaie syhthesis. In
Table 2 there sre listed the enzymes reported 1n the literature which appear
to be responsible for steps of the carbon reduction cycle (Figure 2). Table 3
lists other enzymes which could account for subsequent steps in the synthesis
of carbohydrates found to be labgled following relatively short periods of
photosynthesis of algae with C1*Qg.

We wish to emphasize thet the finding of an enzyme in plant tissue does
not, of course, prove that that particwla reaction goes on in the photosynthe-
sizing chloroplest either at all or in precisely the same way that it has been
found to occur in vitro. Mgreover, we would’not consider the isolation of an
enzyme with high catelytic ectivity a necessxy condition for believing that
e given reaction mey occur in vivo. The organigation of the intact chloroplast
inside the living cell and replete with &ll necessary natural cofactors and
enzymes is such that some steps whlich occur in vivo may prove extremely diffi-
cult to demonstrate in cell free systems. Nonetheless, the lsolation of a cell
free system, capsble of carrying out s reaction which has been s uspected on
the basls of gg_zixg_studies is important corrobérative evidence.

The verious enzymes listed inTables 2 and 3, if present in chloroplasts,

could account for virtually ell of the monosaccharide phosphates found to be
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significently labeled with cle following & perlod of photosynthesis wilth cl40,
for several minutes in algae. Presumably there 1is also present enother phos-
phohexose isomerase which catalyzes the conversion of fructose-6-phosphate to
mannoce-6-phosphate.

Among the enzyme systems listed in Teble 3 are several which utilize
sugar nucleotides in the blosynthetic conversion of sugars. Such systems have
been widely studied and have been discussged and revieved elsewhere (88,89,90).
Hussld end co-workers have widely studied the interconversions of sugers by
these systems in higher plants end have summariéed the interrelations of many
of these systems in plants (91). Certain of these systems, which appesar in
Teble 3, are perticulerly ective In the early labeling of sugars in plents
photosynthesizing with C140p and must be mentioned here, if only briefly.

Buchanen (15) identified uridine diphosphate glucose (UDPG) and urL
dine diphosphate galactose (UDPGel) in algae and found that the hexose moleties
of these compounds were lebeled with C** during short periodabof ci40, photo~ ,
synthesis even before sucrose. Thus thevgalactase found to be labeled in aoﬁe

experiments may be formed by the UDPQ-UDPGal system.

Disaccharides and Polysasccharides. As slready indiceted, when Chlorella pyre-

noidosa photosynthesize in the presence of C1*0z, sucrose is the first free sugar
to be lebeled to any extent, Benson (92) found that the radiocarbon in the fruc-
tose molety of the sucrose, following photosynthesis of €140 by Chlorells,

Scenedesmus end soybeean leaves, wae greater than the radioactivity in the glu-

cose molety. Moreover, the difference between fructose and glucose beceume
greater as the time of pholosynthesis wase deoreased. The prior labelihs of the
fructose indicated that the gluccse phosphate used in the synthesis of sucrose

is formed from fructese phosphete.
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A study of the phosphoryhted products of slort-term photosynthesis in
Cc140, led to the discovery of a sucrose phosphate (93). The ‘hexose monophos-
phates' produced durihg photosynthesis in CY40p were treated with en invertase-
free phosphatase preparation‘and subjected to peper chrombography. While in
most cases there were only minute tfaces of sucrose formed by this treatment,
in suger beet (5 minutes in C*%0z) there was an eppreciable quentity. It
was identifled by cochromatography, end enzymic hydrolysis to glucose and
fructose.

When this 'hexose monophospuate' sample was subjected to chromatography in
t-butanol:picric ecld:water, radioactive areas corresponding to glucose-6-
phosphate, fructose-6-phosphate, sedoheptulose and mannose phosphates, and
sucrose phosphate were obtained. The sucrose phos phete gave sucrose on phos-
phatase treatment, and on acid hydrolysis, glucose end fructose phosphate were
produced; The latter did not cochromatograph with fructose-6-phosphate.

It eppeared that in sucrose synthesis in green plents there are two
possible mechenisma, Glucose-l-phoéphate might react with fructose-l-phosphate
t0 glve sucrose phosphate, which would be dephosphorylated to sucrose. Alter-
natively,ysucrOSe phosphate synthesls mlight be envisaged to occur through uri-
dine diphosphate glucose (15) which becomes lebeled shortly before sucrose
in kinetic experiments with C*¢0- (18). The uridine diphosih ate glucose may
be formed from glucose-l-phosphate by a UDPG pyrophosphorylase (reaction 15,
Table 3). This pathwey is shown, along with other pahways which may very likely
occur during photosynthesis of carbohydrstes from COz, in Figure 8.

Leloir end Cardini (85) have isolated from wheat germ what eppears to be
two systems, one which catalyzes the reaction of fructose plus UDPG to
give sucrose plus UDP and the other which catalyzes the reaction UDPG plus
fructose~6-phosphate to give sucrose phosphate plus UDP. Burma and Mortimer (9L)

have reported that with excilsed sugar beet leaves end leaf homogenetes radio-
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ective UDPG snd sucrose were formed when radioactive glucose-l-phosphate,
fructose-6-phosphate and UTP were added. They propose a mechanism identical to
that postulated by Buchanen except in the choice of fructose-6-phosphate as
the precursor instead of fructose-l-phosphate.

Not much is known sbout the formation of other polyssccharides. There is
a rapid labeling of unidentified polysaccherides during photosynthesis with
C140,. On the usual two-dimensional chrometogram, developed es desceribed
earlier, these compounds form what appears to be a homologous series of poly-
glucoses extending from the origin nearly to sucrose. The compound of this

series closedt to sucrose has been hydrolyzed and found to contain only glucose.

* FATS

During photosynthesls by unicellular elgae, 1t is not uncommon for as much
as 30% of the carbon dioxide teken up to be incorporated into fats, In Scene-
desmus, for example, after 5 minutes in light in the presence of C4-lebeled
carbon dioxide, ¥0% of the fixed redioactivity is found in 1lipid materiels. This
incorporation of radlosarbon is greatly in excess of the rate of any synthesls
that could.take place in the derk and is &sn indication of the stimulation of fat
production in the light. Fat synthesis requires & greater number of equl velents
of reducing egents than does synthesis of carbohydrate or preteln. Moreover,
the composition of the chloroplasts includes & very high proportion of fat
material. Since there is an abundance of reduced cofactors end ATP in the
chloroplast, end since the end product, fet, 1s needed in the chloroplest, it
is likely that much fat synthesls takes place in the chloroplast and 1s there-

fore to be considered photosynthetic.
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Fatty Acids. All the well known biosynthetic pathways to fatty acids require -
as a ctarving meteriel acetate or acetyl CoA. We have already suggested under
'Carboxylic Acids' four ways in which acetate, or acetyl CoA, could be made.
These were: first, splitting of malic ecld to glyoxylate and acetate ; second,
reduction of glycolic scid to acetate; third, oxidetion of pyruvie acid to
escetyl CoA; and, fourth, dehydretion and phosphoroclastic splitting the postu-
lated glycalylenzyme complex from trensketolese reaction of the carbon reduction
cyclé to glve acetyl phosphate. We favor the last way as being the most likely.
However, if only the first three of these pathWayé is aveilsble, the third is
probably the most important.

However the acetate 1s formed, 1t 1s rapldly converted to fets in the
light in algae. Experiments with Bcenedesmus photosynthesizing in the presence
of acetate-1-C*%* end €205 (14) demonstrated a light-accelerated incorporation
of acetate into fats. A similar light-enhanced incorporation of acetate-2-Ct4
into 1lipids by Euglena was found by Lynch and éalvin (95). 6Silssaekian (96) de-
monstrated the synthesis of higher fatty aclds from lebeled acetete in chloro-
plaste from sunflower plents. The utiligation of free acetate in the light
by chloroplasts is to be expected shce there is en sbundance of ATP in the
photosynthesizing chloroplagts for the conversion of acetate to acetyl phos-
phate and thence to acetyl CoA. |

The scheme of fatty acld synthesis praposed by Wakil and Ganguly (97) fof
the formetion of fatty acids from acetyl CoA in enimal tissues has been widely
accepted. A pimilar pathway may ex}st in photosynthetic tissues. This pathway
is incorporated in the hypotheticai scheme of fat photosynthesis shown in
‘Figure 9. Wakll (98) end Wekil and Ganguly (99) report that the first step in
the synthesie from acetyl CoA 1s a carboxylstion to glve malonyl CoA. This

-+ .
step requires bilotin end ATP, as well as Mn . Malonyl CoA end acetyl CoA
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then condense to give acetoacetyl CoA which then undergoes a sgeries of reductive
steps to give eventuall& butyryl CoA and carbon dioxide (97).

While the work of Ganguly end Wskil has been with snimal tissues, 1t
appears from the studles of Stumpf end co-workers (100,101,102,103) that similar
systems of fatty sclid synthesis exist in plant tissues. The early stages of
fat synthesis may well be simller in photosynthesizing chloroplasts to those
known for other plant tissue and animals. The later stages aend the fat pro-
ducts formed during photosynthesis in chloroplests are very likely different,
since the chloroplest in all likelihood requires specielized fats for its
operation. Benson and co-workers have identified a pumber of interesting com-
pounds of glycerol phosphate and fatty &scids as products of fat formation in
green tissues. According to these workers, phosphaetidyl glycerol is a major
component of plant phospholipids. Moreover, they state that active tréns-

phosphatidyl action is observed during photosynthesis (10%,105,106).

- Glycerol Phosphate. Alpha-D-glyceryl-l-phosphate i1s presumably formed in

chloroplaests during photosynthesis by direct reduction with TPNH of dihydroxy-
acetqne phosphate, This compound could then be further converted to the poly-
glycerol phosphates reported by Benson. The vafious glycerol phosphates would
then presumebly react with fatty acetyl CoA to produce fats. Some of these

postulated blosynthetic routes are shown in Figure 9.
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ARQIIATIC NUCLEI

The shikimic acid pathway for the biosynthesis of sromalic conmpounds,
including emino acids, from carbohyydrates has been well estaeblished by the
work of Davis (38) and his colleborators, who used biochemicel mutents of E.
coli. Without going into the details of thils pathway, we may point out that
the starting materials are phosphoenolpyruvete, which is readily availeple as
a photosynthetic intermediate, and D-erythose-h-phosphate, which is also en
intermediate of the carbon reduction cycle. Presumably, therefore, the syn-
thesls of aromatic emino aclids in photosyﬁthesizing plants would follow &
pethwey similar to the shikimic scid pathway. The first step in that pathway
is the condensation of phosphoenolpyruvate with erythrose-hk-phosphate to give
s seven-carbon compound which has been identified as 2-keto-3-deoxy-D-arsbo-
heptonic scid-T-phosphate. This intermediate subsequenﬁly undergoes ring
closure t0 give dehydrogquinic acid. Rearrangcments via a number of additional
steps gilves eventually phenylalenine and tyrosine. Higuchi (107) has summerized
some of the ressons for believing that the shikimic acid pathway does occur
in higher plenis. For example, shikimic acid is of widespread occurrence and
some of the enzymes of the pathway have in fact been found in higher plants.
Neish (108) has further reviewed evidence for the shikimic acid pathway in

plants.

OTHER BIOSYNTHETIC PRODUCTS

As wve learn more sbout the capabllities of the chloroplast to form com-
pounds from carbon during photosyntihesis, we come closer to the conclusion that
the chloroplast, as it exlsts in the living, undisturbed cell, is a self-

all
sufficient factory capable of producing essentially/of the materials required
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for its.replenishment. Thus it appears to be sble to make all kinds of sugars,
polysaccharides, proteih, fats, pigmentg, enzymes and cofactors. In addition to
this, 1t produces for export to the cytoplasm, reserves of organic compounds.
These are probably sugars, glycollc ecld, and other neutral, relastively small
molecules, whiéh can be readily transported through the chloroplest membrene.
Until more i1s known ebout the development and formation of chloroplasts, we
cannot say Just when it gains this complete synthetic ability. No doubt there
are early stages ln the development of chloroplasts in vhich 1t must be built
from cytoplesmic materials derived in turn from elready functioning chloro-
plasté. There is no reason to suppose the chloroplast functlons without nuclear
control, even though it does not appear to have a nucleus of its own. Presum-
ebly it 1s possible for RNA molecules to move in end out of the chloroplest
in some way. It cannot be sald at the moment whether or not the chloroplsst
ie cepeble of synthesizing nuclesar meteriel. It would seem likely, however,
that the chloroplest can synthesize purines and pyrimidines, coenzymes, nucleo-
tide materiels which are needed for the continued functioning of the chloroplest
ag e self-sufficlent bilosynthetic factory. If, &8s we now think, pfotein syn-~
thesis and enzyme synthesis occurs in the chloroplest, then either the chloro-
plast must obtain e store of RNA molecules et its initial construction; or,
else such molecules must be able to travel back and forth from the chloroplast
to the cytoplasm.

In conclusion, we would say that the point of viev of the ebility of
the chloroplast to carry out photosynthetle formetlon of mény compounds is s
departure from the view held only a few years'ago. It was then thought that
the primary functlon of photosynthesis was to form carbohydraté only. This

carbohydrate was then thought to be used by the cytoplasm in the synthesis of
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all other compounds. Of course, the chloroplest must supply the carbohydrete

and rcducing pover for the cytoplasmic synthesis. It now appears that chloro-
plasts also synthesize a complete spectrum of biochemicel products, all of which
might reasonobly be considered to be photosynthetic products. Finelly, as we
learn more about the photosynthetic paths to these products, we are impressed
not merely by their complexity but much more by the economy with which both

energy and meterial ere utilized.
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Table 1

RATES OF FLOW OF CARBON THROUGH ACTIVE POOLS OF AMINO ACIDS

STEADY BTATE EXPERIMENT %2

Compound Calculated Ra;e of Synthesis Equiv. NH.t Uptake
pmoles of Cerbon umoles of NHg'

Alenine ' | 2.67 | ' 0.89
Berine | o9 0.16
Aspartic Acld : 0.89 0.22
Glutemic Acid 0.98 - 0.20
Glutemine 0.3a 0,13
Glycine* ‘ . 0.0k 0.02
Citrulline™™ 0.09 . 0.09
Threonine 0.20 0.05
Total 5.4 | , 1.69
Externally measured upteke: 17.0 ) 2.6
% of total through these pools: 32 655

* not included In totals

** figures are for cerbamyl carbon only
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Table 2

PLANT TISSUE ENZYMES WHICH CATALYZE PHOTOSYNTHETIC REACTIONS OR SDMILAR REACTIONS

Reaction

Enzyme Number Plant Material Investigator (lst Author)
Carboxydismutease -
'Carboxylating Enzyme’ 1 COs + RuDP + Ho0 --+2 3-PGA Chlorella Quayle (63), Maysudon (6&)
Spinach ieaves, etc. Weissbach (65,66,67)
‘ Jexoby (68), Racker (69)
P..osphoglyceryl kinase 2 3-PGA + ATP --+1,3 DPGA Pea seeds Axelrod (6 )
Triose phosphate dehydro- 3 1,3 DPGA # TPNH --->GL3P + Sugar beet leaves Arnon(7,0), Rosenberg (71)
genase Several algae and Stumpf (9,10)
higher plants green Fuller (72)
tissues
Triose phosphate isomerase i G13P ----- DHAP Pea seeds Tewfic (73)
Aldolase 5  Gl3P + DHAP -->FDP Pea seeds Stumpf (9 ), Tewfic (73)
6  ELP + DHAP --- STP Pea seeds Hough (75)
Phosphatase T FDP + H.0 -->F6P + Pi Spinach’ Racker (76,77)
| 8 SIP + HQ --» STP + Pi Spinach Racker (76;77)
Transketolase 9 F6P + QL3P --= E4P + XuSP Spinach Horecker (L45)
10 STP + G1%P --» R5P + XuSP Spinach Horecker (L45)
Ribulose'phosphate-
xylulose phosphate 11 RusP --+ XuSP Yeast Srere (78)
isomerase
Pnosphoribulokinase 12 RuSP + ATP --» RuDP + ADP Spinach Hurwitz (79), Weissbach (80)

* Abbreviations: DHAP = dihydroxyacetone phosphate, ELP = erythrose-L-phosphate, FDP = fructose-l,0-diphospnate, FEP =
fructose-6-phosphate, GL3P = glyceraldehyde-3-phosphate, Pi = inorgsriic phosphate, 1,3DPGA = phosphoglyceryl-3-pliosphate,

RSP
STP

!

ribose-5-phosphate, RullP = ribulose-l,5-diphosphate, RudP = ribose-5-phosphate, SDP = sedoheptulose-1,7-diphosphate,
sedoheptulose-~T-phosphate, XuSP = xylulose-5-phospheate.
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Table 3

SOME PLANT TISSUE ENZYMES WEHICH MAY CATALYZE REACTIONS FOR PHOTOSYNTEETIC FORMATION OF CARBOHYDRATES
(EEYOND THE CARBON REDUCTION CYCLE)

Enzyme Number Reaction N Plent Material - Investigator (1st Authar)
Phosphohexose isomerase 13 F6P — o . Phaseolus radistus Remasarma (81)
Phosphoglucomutase 1% G6P + Pi-enzyme--» GDP + enzyme . Broadbean seeds Morits (82)

GDP ---» GIP + Pi-enzyme Sidbury (83)
UDPG-pyrophosphorylase 15 @GP + UIP --» UDPG + PP Mung bean seedlings  Ginsberg (84)
UDPG-fructose-6-phosphate ' :

transglycosylase 16 UDPG + FEP --» sucrose + UDP Wheat germ Leloir (85)
Sucrose phosphatase 17 SuP + Ho0 --» sucrose + Pi
UDPG-L-epimerase 18 PG ——» UDPGal Mung been seedlings Heufeld (86)

(galactowaldenase) :

UTP + sugéi‘—l-phosphate-»UDPSugar Mung bean seedlings Neufeld (86)
"+ PP : . Kalckar (87)

* ' .

Abbreviations (see also Table 2): CIP = glucose-l,6-diphosphate, G6P = glucose-6-phosphate, PP = pyrophosphate,
SuP = sucrose phosphate, UDPGal = uridine diphosphogelactose, UDPG = uridine diphosphoglucose, UIP = uridipe tri-
phosphate.
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Fig. 1. Formulae of TPN and ATP.
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Fig. 2. Carbon reduction pathways in photosynthesis.

Compounds: (1) 2-carboxy-3-keto-1l, 5-
diphosphoribitol, (2) 3-phosphoglyceric acid (3-PGA),
(3) glyceraldehyde-3-phosphate, (4) dihydroxyacetone
phosphate, (5) fructose-1, 6-diphosphate,

(6) erythrose-4-phosphate, (7) sedoheptulose-1,
7-diphosphate, (8) xylulose-5-phosphate,

(9) ribose-5-phosphate, (10) ribulose-5-phosphate,
(11) ribulose-1, 5-diphosphate, (12) 2-phosphoglyceric
acid (2-PGA), (13) phosphoenolpyruvic acid (PEPA),
(14) oxalacetic acid.

- ¥ fructose diphosphate and sedoheptulose
diph&sphate lose one phosphate group before
transkétolase reaction occurs.
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Fig. 3. Radioautograph of two-dimensional paper
chromatogram. Alcoholic extract of Chlorella
pyrenoidosa after 10 seconds photosynthesis with

14
C OZ'
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Fig. 4. Labeling of compounds with ct? during early steps
in carbon dioxide reduction during photosynthesis

with 01402 .
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ZN-2688

Fig. 5. -Ra.dioautografh of chromatogram of products of
20 seconds Cl40, fixation by Chlorella in the dark
following a perio& of photosynthesis.
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Fig. 7. Pathways from carbon reduction cycle to acetyl
phosphate and glycolic acid. For details of the
carbon reduction cycle, see Fig. 2.
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