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INTRODUCTION

Biosynthesis begins with photosynthesis, Green plants and other
photosynthetic organisms use ﬁhe energy of absorbed visible light to make
orgénic compounds from inorgenic compounds. These organic compounds are
the starting point for all other biosynthetic phhways.

Thé products of photosynthes;s provide not only thg subétraﬁe
material but also chemicel energy for all subsequent bilosynthesis. For
example, nonphotosyntheticvorganisms meking fats from sugars would first
break down the sugars to smaller orgenic molecules. Some of the smaller
molecules might be oxidized with O» to CO, and water. These reaétions are
accompanied by & telease of chemical energy becausé 02> and gugsr have a
high chemical potential energy towards conversion to COz end HzO. In a
“bilochemical system only part of this energy would be released as heat.

The rest would be used to bring about the conversion of certain enzymic
cofactors to thelr more energetic forms, These cofactors would then enter
into specifiec enzymic reactions in such a way as to supply energy to drive
reactions invthe directlon of fat synthesis, Fats would be formed from the
small organic molecules resulting from the breakdown of sugars. Thus
suger, & photosynthetic product; can supply both the energy and the

material for the biosynthesis of fats.



Phoﬁosynthetic orpganisms achieve energy storage through their abil-
ity to con#ert elecktromagnetic eﬁergy to chémical potential energy. The con-
version begins when pigments a&bsorb light enefgy. The absorbed energy
chénges the electrénié cpnfiguration of the pigment molecule (chiordphyll)
from ite ground energy stete to an cxclted state. The return of the plg-
ment molécule to 1its ground state enefgy level is accompaniedvby some
(chemical) reaction which would not proceedeithout-an_1nput-of energj;
That 1s, the.products of this reaction have & smeller negative free energy'
of formatlon from thelr elements thap-doyﬁhé reactants (in the same reaction).
Thus some of the light energy 1s converted to chemical potential.

The detalled 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 oxidaﬁion~reduction reaction resulting in
the transfexr of hydfbgen from water to triphosphopyridine nucleotide (TPN):

1. mom + ment M o 4 opng o+ EHY AP = 452.6 Keal®

——>
The other reaction is the formatlion of an anhydride, adenosine triphosphate
(ATP),from the ions of two phosphoric acids, adenosine diphosphate and
6rﬁh0Q§hosphate:4 | _ ;7 | |

2. ADP-® + imo;“a 1ieht  pon 4 ATP-® 4 gt AF' = 411 Keal”
In each of these resctions some of the light energy is stored as éhemical
potential s indicated by the positive quantities for free energy change.

The structural formulas of these two cofactors are shown in Figure'l.

TPNH and its close relative DPNH (reduced diphosphopyridine nucleotide)

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

* Assuming these concentrations: (TPNH) = (TPN+), (ATP™4) = (ADP™®),

H = 10°7 M, HPO; = 10"° M,



TPNH end DPNH are reducing agente and cerriers of chemical potential, in
other words, strong reducing agents., Thus, one of their roles ;n bio--
chemistry is analogous to that of Hz in synthetic organié chemistry.

The function of ATP is to carry chemical potential and to act as -
& poverful phosphorylating agent. In the reductlion of en acid to an alde-
hyde, imporﬁant in phoiosynthesis, its role may be compared to that of

& minersl acid anhydride in organic synthesis;

Organic Synthesis

Carboxylic Acid Acid _ Acyl Reducing Aldehyde
Anhydride . Derivative Agent Acid
0 | o mH A
4 R-C + HC1
. - 1 <7 —_—
3. R C{é_ + /3 PCla ‘1;::::::f> R-C c1 catalyst 1 M
| - _ . > 1/3 HgPOg , '
Biosynthesls
0 0 - TPNH 0
b, Rcy. + ADP-0-POgI R-¢7 > R-¢’  + HOPOSH-

\\\\\ -7 \opoan*= enzyne \o-

S _ © =3 ADP
Among the many other reactions 0f ATP in blosynthesis, one which 18 of con-

siderable impcrtance in photosynthésia,,is in the formation of sugar phos-
phates from sugars.

5. B+ mom + ADP-0-POH" > R-OPOGH™ + ADP + Ha0

The -only known‘reactions of thé carbon redﬁction gycle in photosynthesis
which would require the use 6f TENH and ATP are of the type shoﬁn in

Eq. 4 and 5. These reactions are the meanévby which chemical poﬁential,
derived from the absorbed light,.is used to bring sbout the reduction and

transformation of carbon from CQ: to orgenic compounds.



e

These two cofactors, ATP end TPNH, are at present the only co-

factoré known to be generated by the light reactiohs of photosynthesls
whth at the same time seem to be reqpired for steps in the carbon reduction
cycle. The possibility remains, however, that there are other energetic or |
reduced cofactorsTactingvas caxriefs of hydrogen and‘energy frOm the 1ight
- reactions to0 the carbon'reductiOQ eycle. Such unknown cofacﬁors’mightbsub-
stitute for or rople.ce TPNH or ATP. They could, in fact, be'xooi'e effective
then the known cofactors,‘particularly'gﬁljggzg_where they might well be |
built’into the highly organizeé structure of the chloroplast. If such un-
xnown céfactors do exist, they would have to perfO:m«esBenﬁially the same
functions &8 TPﬁH and ATP and would presumsbly be obout,as effective as

carriers of chemicol poﬁential. In all discussions of the role. of TPNH and
ATP, the possibility of thelr replacement by as yet unidentified cofactors
should be kept. in mind. | | | |

For the purposes of discussiOn, let us coasider the‘photosynthesis

Vof carbon compounds as an isoleted set of reactions. The principal sﬁb-
sbrates for this set of reactions are COz, hydrogen (as TPNH), phosphate
(as ATP) and g  The ammonium ion may be contained in the plant nutrient
or'may be dériyed from the reduction of nirate. If nitrate reduction is the
source of NH4* the energy for the reduction'must~also come from the light, at
least indifrectly. Other probsble inorganic substrates for photosynthesis
of orgaﬁic compounds include sulfate,'magnesiﬁﬁ ion, end & number of trace
elements, Many of these are required for growth in rlents but mey or may

not be incorporated in organic comyounds by photosynthesis. : 7



CARBON REDUCTION CYCLE OF PHOIOSYNIHESIS

We believe the principel pathweys for the photosynthesis of simple
organic compounds from COz to be those shown in Figure 2 (1,2). The points
et which ATP and TPNH act in these pathways are indicated. Kinetic studies (3)
éhow that these pathways account for neerly all of the carbon dioxide re- .
duced during photosynthesis,at least in the unicellular algae, Chlorells |
pyrenoidosa. From other investigations (4) it appears that £he genéral
metabolic sequence‘is the same in most fespects-for all photosynthetie
orgenisms. (We shail discuse the recently proposed role of glycolic
acid in COz reduction in & later section on Carboxylic Acids.)

. The central feature of carbon compound metsbolism in photésynthesis
is the carbon reduction c¢ycle. Most of the carbon dioxlde used is incorg
porated via this cyele. Pathways lead from intermediateé in the cycle
10 variousﬁoﬁher important metabolites. A few of these pathways are
shown Jin Figure 2.

The initial step for carbon dioxide incorporation in the cycle
is the carboxyletion of ribulese~l,5-diphosphate at the mumber 2‘carbon
atom of‘the sugar to glve a highly labile B-keto acid. Evidence!for the
exlistence of this unatable intérmediate has been adduced fromngllgﬂga
studies (5). It hes not been isolated in the in gg_c_:gg_ reaction with the
enzyme, éarboxydismutase. The product of the reactlon in vitro is two
molecules of 3-phosphoglyceric acid (PGA). The products in intact photo-
synthealzing cells mey be two molecules of PGA or, es kiretlc studies in-

dicate (3), one molecvle of PGA and one molecule of triose phosphate.
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Once formed, the PGA is.transformed in two ways. Some molecules
are converted to products outslde the cycle vhile the remainder are re-
duced to 3-phosphoglyceraldehyde vie a reaction of the type shown in Eq.b,
The enzymes responsible for the two successive steps in the xduction are
probably similer to phosplhoglycerylkinase (6) snd triose phosphate de;
~ hydrogenase (7,8,9,10).

The néxt phase of the carbon reductionvcycle ic the convefsibn of
five'molecules of triose phosphate to three molecules of pentbse phosphate '
by a cerles of reactions. These reactions incluae condensations (aldolasé),
carbon chaln length dismutafiqns (transkatolase), removal of phésphate
lgroups (phosphatase), and interconversions of different pentose phosphates
(isomerése, epimerasg); ‘Enzyme systems which cetalyze reactiona similar -
ﬁo these steps are listed later in Table 2. The sequence of aﬁqps mey
be seen in the cycle diegram (Figure 2).

‘ The various pentose phésphatea axelconverted to fibuloae-5~phqsphate.
The finai step 1s the formation of ribulqse diphosphate (RuP) frdm ribﬁa
losé-s-phosphate. This step requifes one molecule of AEP‘(EQ, 5);

In order for'every reaction.in’the‘oycle to ochr at leaat once
(a complete turn of the cycle), the carboxylation‘regctiOn must occur three
tines. The net result of eachréomplete turn of the eycle 1s the'inéorporaw
tlon of three moiecules of €Oz and‘t@e productlon of one three-carbon(or
1/2 six-carbon) organic molecule.v Each complete turn of the cycle would
require 6 molecules of T?NH or equivelent reducipg‘cofactor (two‘pef CQz),
and 9 molecules of ATP, if each Cg carboxylation produet is split to two
molecules of PGA and 1if all of the PGA is reduced to triose Phospﬁéte.

If the carboxylation product is reductively split (deshed line in Figure 2)
the requirement for TPNH would probably be the same, that 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 carbon reduction cycle in essentially the form shown in Figure 2
was mapped during the period between 19h6 end 1953 (11,12,13,1%,15,16,17).
The experiments, results, end interpretations leading to its formulation
have been extensivéiy discussed elsevhere (2)., They will be briefly re-
vieved here, not negessarily in chrqnological order.

The cearbon which enters the plants' metabolism has been followed
through the various Intermediate compounds by laebeling the carbon dioxide
with radiocarbon, C%. The enalysis of the labeled compounds has been
carried out by papef chromatOgraphy and radlioautography. The 1ntapre-
tation of results leadhg to the cycie formulatlion has been based on the
kinetics of ﬁhe appearance Qf ¢ in vaerious identified compounds as a °
function of time of photosynthesis with C}%0; and other veriables.

The methods are best described by an fllustration. Cpnsider a

simple experiment with a suspension of the algae, Chlorella pyrenoldosa,

which have been very extensively used In these studies. These green uni-
cellular plants, suspended in water containing the necessary inorganic.
ions (nitrate, phosphate, etc.) and serated with a stream of c20, _
(ordinary carbon dioxide), pﬁbtosynthesize4ét s repld rate if 11lumineted
from each gide in‘a thin trensparent vessel. The COa is c0nt1nually.taken
up from the solution (where 1t is in equilibrium with bilecarbonate ion)-and
converted by the photosynthetlec plant through é serles of Dblochenmical )
interﬁediatés to varlous orgenic products. |

A solution of radioactive bicerbonate, HC'*03~, 1s suddenly intro-

duced into the algae suspension. The plant does not distinguish in any im-



portent way between the ¥ and ¢4 Whiéh are chemically slmost identical.

mecdla cely some of the ¢} jis incorporated into the first of the biochemical

'intermediatg.epmpopnds. As time passes, the ci4 gets ingo sub;equent inter-’

' médiates'in,thé chain. \Cter a few oéconds exposure to the C1402 the sus-

 pension of algae is run into methanol to o final concentration of  80%

- petienol. Thia trcatment denatures all the enzyme ‘nétant;y and freezes

ghe pattern of Ct* lsbeling bJ'y"eventing further chonge. Now the dead

 plant material is_analyzed for cedioacvive compounds Lo scc-vhich-are

3h§>firstistable products of carbon reduction during photosyntheéiS{
?he'first'step in this enelysis is to prepare an exiract of the

‘bolﬁbie conpounds . Thg_earlyvproductg of carbon reducition have been found

to ve sluple soluble molecules. This extract is then concentfated.and

>'&nalvwna by the method ol two-diwensional peper chiromelograply (12).

The llwo“,fncn of the wethod for these studies stems xrom the fact

that it_peymits the onalysis oi a lew microgreus or less of dozens of

‘ diffegént subspances in a single simplcroperationa-

Of_tﬁe&e mﬁnj_con@oun&s, those into which the planv incgrpgrates

Léax@onu}h Guring_its few U~L01u of pholosyntia uié wita HCl403" are redio-

active and cmit the perticies resullng from redlos ctive decay of the €%,

JIn Lhis_case ﬁhese arq Snparticles end phesevmayrbe detécted by the fact

that . they expose L~rey ;ilm; Thus, if a sheet of X—ray‘film is placed in

conu C6 WLBh LAU two dimensional peper caromato r&m, subsequent éevelop-

ment of uxu film will shov bi&ck spot on thu film coriresponding to the

exact shape end loction of each'radioactive.compcund on the paﬁer. A

quantitative determination of the amount of radiocarbon in each compound
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may then be made by placing & Geiger-Mueller tube with a very thin windbw over
the radibactive compouﬁd on the paper and counting electronically ﬁhe enlitted B-
particles. | |

The next stage in the method of radiochromatographic analysis is the
identification of the radioactive compounds. This identification ié accom-
plished in a variety of wdys. When a femiliar set of chromatographic solvents
has been used, thévposition of an unknown compound compared to the positions
of known substances provides a clue to its identity. The next step may be
elution or washing of the compound off the paper and the determination of
such chemicael énd physical-properties (e.g., the distribution coefficient)
of the substance as can be measured with a 5olutionvof a few mierograms or
less of the materiel. These properties ere then compared with those of known
compounds. The final check on the ldentity of the compound is frequently
made by plecing on the same spot on filter paper the.radiqactive‘coméound
and 10 to 100 pg of the pure nonradioective substence with vhieh the redio-
sctive compound is thought to be identical. The new chromatogram is then
developed. A radioautogréph is prepared to locate the radidactive gub-
stance, after which the paper is sprayed with & chemical sprey (for example,
ninhydrin for emino acids) which produces a color where the cariier compound
is located on the peper. Superposition of the vaper chromatogram and the
rédioautograph (x~ray film) will show an exact coincidence between chemically
develbped color.on the paper end the black spot on the fllm, provided the
two substances are identleal.

Once the identity of the radioactive compeunds formed during & short
period of photosynthesis had been established, experiments vere,performed
under & variety of conditions end times of exposure of the algae to radio-

caxbon.
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Thc radloautogram from the experiment with Chlorella deucribed above -
is shown in Figure 3 (10 sec PS w/bl402 Chlorella) Even after only 10

c*¢, o dozen or more~compounds are found. Some of

seconds ofkexposure to,
these,(the'sggar phosphates) are not sgpapated.f;om each bther byithe_first

\chromatograpﬁy and must be subjected to further analyqis.\Wh@n ﬁhe sugaf '-
monophbsphatesaara«hydrolyzeq to reﬁove the phoSphate‘grbupé and rechromato-
grephed," separate spots are found of trioge'(dihydioxyacetone), tétrpse,
penﬁoees (rivulose, xylulose and riste), hexoses (glucgsa and fructose), aﬁd
ﬁeptose~(sedoheptulo$e)a The radioactive sugar diﬁhOSphates area’glvés free-

ribulose,vfructose, glucose and.sedoheptulose. | | 1 .
After periods oi photosynthesis with 014 of less then 5 seconds, 3w
pPhos phoglyccric acid (PGA) vas found to be the predominunt radioactive pro-

! duct, Chemical degradation of this compound showed tieb the radioactivity
firSu eppears in the, carboxyl carbon (lh) Later klnetic studies ehowed that
the rate of incorporation of Cl¢ into PCA at very short t;mes ves much
greater than the ‘rate of lsbeling of any other cdmpound.(IB 1), Therefore,
it was concluded that PGA is the first °table product of carbon dioxide ‘

'fixation during photosynthesis, and furthcrmore, that carbon d10xide first
enters the carboxyl group of PGA,_presumably.via_a carboxylgtion reaqtion.

Further-réactionsljm-the phptogynthetic_seqpencerwere sugggsted_by“
the ‘already known pathvays of the-glypplyticvbreékdowh of13ugars,vhiCh lead
to PGA as‘an intermediate. Since the sugar phosphatés are important early
producty .of: carbon reduction in photosynthesis, it was proposed that they are
formed from PGA by a reve:sal of the glycolytice pathvay. Degfudﬂtion of the
radiocgctive hexoses from short experiments showed that they were labeled in

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

The hexose and triose phosphates may be converted by aldolase or
transaldolase and trensketolase enzymes to pentose and heptose phosphates
(Figure 2, Table 2). Degradetion of these sugars end comparisons of the
labeling patterns withih the molecules showed that this conversion dild occur
end in such & vay that five molecules of triose phcsphate were ultima@ely
converted to three molecules Of pentose phosphate. _

Other known metebelic pathways leading from PGA (Figure 4) give rise
first to phosphoenolpyruvic acid (PEPA) which then may underge further
transformations including the following: (1) 1t may be cerboxylated end
transaminated to give aspartic acid (2) it may be carboxylated and reduced
to give malic acid (3) it may be dephosphorylated and.transaminatedbto glve
alanine. All of these compounds &re labeled ufter short exposures of the
algae to HC*#0s™ in the light. .

The enzyme system of plants which during resplration brings about the
oxidation of triose phosphate to PGA in the gl&éolytic pathway wes known to
produce ATP and TPNH (or DPNH). If PGA is to be reduced to triose phosphate
during photosynthesis, it follows that ATP and TPNH must be supplied. We have
. elready seen that these two cofactors, and.possibly others, sre produced as
e consequence of the light reeotion and the splitting of water. It might be
expected that if the light were turned off from plants photosynthesizing in
oxdinary carbon dioxide at precisely the same time ihat €140, is introduced,
PGA would ‘no longer be reduced t0 sugaer phosphates, butl would still be
formed (if no lightﬁproduced cofactors are required for the carboxylation

reaction), Moreover, the PGA would still be used in other reactions not
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requiring these.cofactorsp In Figure 5; the radioautogiaph from just such an
experiment, this prediction proves to be correct. Labeled PCA 18 still
| formed by the algae from 110z durhg 20 seconds in the dark, but only 5 very
little of the PGA 1s'redﬁced to suger phospleies. At the same fime,‘a large
emount of slanine is forﬁed froﬁ-PGA via PEPA in veactions which do not re-
quire AT?§ The trace of labeled suger phosphates wbich does appeaf mayibev
due to the residuai ATP, or some unknown cofﬁctor; vhich was formed while
the 1light was om but which had not yet been used up when the c140p vas
introduced. The formation of ﬁalic acid and of alanine and aespartic acid‘
in the dark, indicate the presence of some reducing cofactors, either re-
maining from the light or dexved from some other metebolic reaction.

Before we discuss the evidence for the remaind r of the cerbon re-
duetion cycle, we must describe enother type pf.experimént'with ci402 aﬁd
\ﬁbotosynthesizing algég; In these experiments, algae are first permitted to
phatosynthesize faﬁ 20 minutes or more in the presence of a constant supply
of Ciéoé;' During this‘time envifonmental copditionﬁ.are maintained nearly
constent (temperatﬁré, Coz pﬂssuré, lighf_intensity, ete.). After about 10
minutes of exposure toiC?4Qa, 80 much radiocarbon lias passed through the
.varioué bidchemical 1n£ermcdiate combounds on'ité vey to end producte that
each éafbon atom of esch 1ntermediate compounds ébptaina;'ohlthq avgrage;
the same percentege of carbon-lh atoms as xhe CO2 which is being abaorbed;
In other worda,‘the specific rmdioactivities of éll the cérbon atoums of
&1l the early intermediates ere the seme as the specific raedioactivity of
the enteriﬁg radiocarbon, which caﬁ be measured.

! At this point, samples of the aslgse are‘femoved'without,Qiaturbing
the rest of the algaé and these aémples are killed and subsequently analyzed.

by the methods already described. The total radioactivity of each intermediate
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is meesured, and wvhen this is divided by the known specific radiocactivity of

the entering'cog; the total number of cerbon atoms of each intermed;ate-co&-
ﬁgund in the aample cen pe calculpted, Thus the number of moles per unit‘vol—
une of mlgae of the various intermediates of the actively photosynthesizing f
‘ gystem may be determined. Tﬁis number of moles Pper unit vqlumg‘of plant
material is an average soncentration, since the distribution of molecules

in such a heterogeneous system is not homogeneous,

This determination of the concentrations of intermediates in vivo is
en extremely valuable tool which has meny usea; but let us proceed for the
moment with,onevparticular application. Hﬁvingbtaken a sample of algse for
later determination of the concentrations of compounds, the experimenter |
turns off the light end proceeds to itske & series of Samylea of tﬁe‘algae
as répidly g8 possible, which ie sbait every three seconds. When the con-
cenﬁrations of compounds in these samples are determined, any chenges ree-
sulﬁing from turning off the light will be revesled. The tﬁo mosﬁ'étiiking
changes are found to be in the concentration of PCA which incresses rapidly .
and in the concentration of one paxticulax compound, ribulose diphosphate,
which drops repldly to zero (16,20). |

The increase in PGA oh turn;ng off the light is expected. The co-
factors, derived from the llght reaction, are necessary for the reduction
of PGA. The rapid drop in ribulose diphasphaﬁe,taken together with the fact
thet other sugaer phosphates initially do not drop rapidly in concentration,
indicates that the formation of‘ribulose diphbsphéte from other Bugér phos~
phates requires a light-formed cofactor. This conclusioh egrees with the
fact that the known engzyme which converts ribulose*5~?hosphate to ribulose-

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



bhate, aioneﬂémOng the sugar phosphates, means that it is being used-up by
 some reaction vhich does not require light. | |

N Ribuloae diphosphate, then, is used up by some reaction that proceeds
in'the dark,.and PGA éontinues to be formed in the dark.‘Could the carboxyla-v
tion of ribulose diphoéphaie to form PGA_be the first steﬁ-in carbon di&xide
reducticn?”mb énswer‘thié-dgestiOh,'another experiment siﬁiiai to thé\ohe

Just described was pe#formed. This time, however, instead bf turningvoff

the light, the light was left on ana carbon dloxide wAB'éuddéhly'removed (19)
The result af this experiment waB that the aoncentration of ribulose diphoe-
phate now rose rapidly while PGA dropped rapidly. Thus the carboxylation of RulP

¢

to give PGA was confirmed, -
THE CARBOXYLATION REACTIONS

: Thué'fér wevhavé'mentianed tﬁp carbo$y1a£ion_reactioﬁs.in photosyn- -
theéiéi' éérbdiylétiénléf'RuDP (ﬁhé‘cafbcn reduction eycle) and éarbbnyAticn'
‘of  PEPA. " ‘Wnen. éiéée havé been aiiowed'fb'bhoﬁosynfhésize for leés than &'
minuté, irtually all of the radioactivity found on the chromatogram prepared
from thé algae ds 10cated 1n compounda apparantly derived from these twn
reactions. There etill remained the possibility that other carboxyiatiun
reections might occur whieh would involve 1nterme¢iate ;ompounds toarun~
st&ble-dr.too’VOIétile to be seen on the chromatograms . Théée posaibilities
were tested.by making e quantitative comparison hetween the rate of upteke
, of Cl*ﬁh from the medium end the rate of eppearance of 14 in[compounda on
the chromatogrems (3).

For these éxperiments,-the algee vere kept a8 nearly as possible in

steady-state growth in the experimental vessel. Light, temperature,'pﬂ"and'



-15-

suppiy of inorganic nutrients were kept constant. Gas was cixnlated through
the algaé suspension in & closed system by means of & yump Levels of €Oz,
Qg, and, when present, 01402, were continuously meas: red and recorded. From
the known gas volumes of the aystem and the recorded rates of changes in
gae tensions, we calculated the total chenge in these gases as a‘function
_ of time. Then we added C**0z to the3system end took samples of algse gVery
few ééconds for the firsﬁ few minutes and then leés’frequentiy ﬁp to-én hour.
Each sample of algae was killed 1mmediately and a portion analyzed es deg~
cribea earlier. A part of each pample was reserved and was dried.on a8 plan-
chet to determine the rate of appearance of C** in all stable nonvolatile
compounda; Thisvrate pra#ed ﬁo be the seme a8 thé externally measured rate
of uptake of COg and C*¢ between 20 and 60 seconds after the ad&ition of ¢3¢,
I unstable or volatilk intermediates do praceda these steble compounds, they
are eqnivalent in micromoles of carbon 0 no mnre than 5 seconds photosyn-
thetle fixation , according to the shape ¢ the fixation curve during the _ |
first 20 seconds. | |

Ve analyzed each sample by paper chromatography, &and determined the
radioactivity in each compound in each sample. On the baais of the externally
measured uptake rates,at 1east &% 9f the carbon was found 0 be incorporated
into 1ndividua1 compounds on the paper chramatograma during the first 40
seconds. At lemst 70% of the total carbon upteke ratevcculdbe accounted :dr'l
by the apbeéfance of ihvéompounds.apparently derived from the RuﬁP
carboxylation'reéétion of the cerbon reduction cycle via the pathﬁaya shovm
in Figure 2; AnothériB%vbr mbre was found %o be incorpbratéd via C1-Cg

carboxylation. About 5%'was found in unidentified compounds or in glutamic
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ecid vhose photosynthetic pathway is mot definitely known. Of the 15% not
eccounted for, some may be in nonextractable polysaccharides whose sugar
phosphate precu;éors 5ec§ma labeled very éuickly. More of the unaccounted
for rédiocarbon is undoubtedly in & large number of unmeasured compéunds on
~ the chrqnatogrqms. Each of these compounds contains by itself too little ¢l
| to be readiiy determined, In any evenﬁ, it ;a clear that the known fixation.
pathwayé aré‘the only quentitatively important ones unless there are unknown
pathways utilizing the same iptermédiate compounds .

A_kinetic analysis of the appeafancg 6f €% in PGA and RuDP in this
bexperiment,»indicated that the carboxylation veaction reésults in the formation
of only one free molecule of PGA per molecule of COz enteriné the cycle.

The kinetic enalysis cannot say what the other three#carbon fraguent would be.
It might be merely s molecule of PGA bound in BOme ey 80 that_its 1abelihg
remains distinct from that of the PGA from the other half of the six-carbon
adaition product. The only other compoundg vhich seem to satisfy the kinetic
requirements and which could readily result from the spiittiﬁé of ﬁhe 8ix-
carbbn additionéproduct ere the trioée phosphates. The formation of a molecule
of triose jhOSphate in this way would require & reductive spiit of the addi-
tion product;vas indicated by the deshed line in Figureia. , |

' That such @ pathway differing from the in vitro reaction may exist
seems entirely reasqngble since the enzymes of ﬁhe carbbh reductian'cycle
appear to be closely aesociated wiﬁh the m&le;ular structures in which the
TPNH 15 formed in the chloroplest (21). In the intact plent the carboxylation
enzymé, as well as the enzyme'resp6nsible for the aplitting of the pfoduct,
" and the eﬁzyme whichﬂbringe gbout the reduction of TPN' to TPNH, might be
part of a structurally organized system. In fact, if a reductiyevecission

does occur, the reducing agent could be some substence formed from the oxidation /

of water -
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and preceding TPNH in the electron transport. chein. This substance might never
be avallable in sufficient concentration to be a factor in in vitro systems in
which cerboxydismutase 1s cduyled with isolated or broken chloroplasts, Buch
an explanation of the experimentally observed kinetic result is purely hypo-

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

blosynthetic pathway may follow a different course in an intact cell than that

which would be Predicted on the basis of studies wlth fragmented cells or

enzynes alone.

In higher Plante, much of the product Sf-phctosynthesis must be trans-
-ported fo a nonphotesynthetic part of the plant. This requires that higher pro-
portions of easily transported molecules such as sucrose are formed (h).v In
all higher plants that have been studiled, however, there is sppreciable direct

photosynthesis of amino acids and fats, not Just carbohydrates.

BALANCE AMONG SYNTHETIC PATHWAYS

We have seen that in each complete turn of the carbon rédudtidn cycle
three molecules of RuDP (15 carbon atoms) are carboxylgted by three molecules
of COx to give slx three-carbon compounds (18 carben atoms). Thus there 15 &
het gein of three reduced carbon atoms. These etoms sre withdrawn from the
cycle for furthey synthesis. They may be withdrawn from the cycle as PGA or
" as any of the sugar phosphates in the cyele. Before the photosynthetic re-
actions had been mapped, 1t vas éommonly believed‘that photosynthesis leads
first to carbohydrates only and that these carbbhydratés are then canverted

via nonphotosynthetic reactions to other compounds such as auino aclds and
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fatly acids. We now know that pathways leading from the carbon reductlon cycle
.to emino acids and fatty acids and other substances can be Just as important
quantitatively as those leading to carbohydrates. This is particulerly true

in an unicellular algae as exemplified by Chlorella pyrenoidosa, Whére iess»

than half of the assimilated cerbon is directly converted into Cafbohydrate
under some conditions. This carbohydrate,synthesis drews its carbon from the
bcycle in the form of sﬁgar phosphates. Consequently, more than half of tﬁe
carbon drained from the carbon reduction cycle as PGA or sugar phosphates may be
used in fat and,protein synthesis. |

Tt is_interesting to consider an extreme case in which all of the car-
bon sssimilated by the carbon redﬁction cyclé:WDuld be withdrawn froﬁ the
cycle as PGA, conyerted to PEPA, end then carboxylated to give four-carbon
compounds. In this case, 75% of the assimilated carhon.would enterr&1e photo- |
synthetic‘?athways via the carbon reduction cycle, while ﬁhe remaining 25%
would enter via the carboxyletion of FEPA. | |

With normsl conditions of steady-state growth under hugh light inten-
sity,%ﬁé ratios of various fixation.pathwayé must be determined to a large
extent by the rEQuiréments of thé plaht for the small moiécﬁies,ffcm which |
thé protein, carbohydraﬁe, fat and oﬁher}substances of the plant are aynﬁhea

sized,



H
j =
\&
1

PHOTOSYNITHESIS V8. OTHER FORMS OF BIOSYNTHES IS

Biosynthetic reactions in plants cennot be classified as photosynthetic
or nonphotosynthetic on the basia of direct photochemical action since all
reactions in thevsynthetic pathveys are probably ‘dark’ reactionse However,
we can make & classiflicetion on the basis of the lmmediate source of the re-
quired cofactors. The conversion of light energy results in the formation of
ATP end TPNH end perhaps other unknown cofacto;s. When these cofgctors are
formed by the light‘reaction end aere used to bring ebout the syntheais’ef.
carbon compounds, we may comsider the reactions to be photosynthetié. Also
included in this category would be preliminary stgps and intermediste steps
- such as hydrations, condensations and carboxylations.

It mey well be that all yhotoéynthetic.reactions, a8 just defin?d, ocaur
'1ﬁ the chloroplasts, while the light is on. If this 1s true, reacﬁioné outside
the chloroplest would derive their energy frdm gubstrate barboh_compounds |
which diffuse from the chloioplasﬁ 0 the extrachloroplastic spaces of the
cell. Buch an interpretation is suggested by the report by Tolbert (£2) who
found that chloroplasts isolated from Bwiss chﬁrd when allowed to photosyn-
thesize with HC403~ excreted meinly glycolic aéiq into the medium. Phos-
phate esters, of importance to the carbon reduction cycle, were retained in
the chloroplasts. Jsolated chloroplaéts have & carbon metabolism which is
much more limited than photosynthesis in intéét cells. This is probebly due to
loss qf enzymic activity by chloroplests during the isolation process. In all
probability the carbon compounds eicréted by intact chloroplasts in vivo
include other substances besides glycolate. |

There is more than a sementic reason for meking & diéthciiéh between

photosynthetic end nonphotosynthetic pathways. The enviromment of the photo-



sjnthetic metaboliémlié unique. Therg is an abundance of ﬁhe reduced and
energetic form of the‘coenzymEB; Hence synthetic pathwéys do not fequife energy -
vderived from degradative reactions such as decarboxylations and oxidations.
For example, a well known biosynthetic pathway leading to glutamic acid from
 acetete includes oxidative and decarboxylation etepsf Such a pathway 15 to '

| be ‘expected in g nonphotosynthetic system where oegradation of part of

“the substrate is the only means of dbtaining the energy and reducins power for
v;synthetic reactions‘ In a photosynthetie aystem, one mlght expect instead '
a pathway 1nvolving only condensations, reductions and carboxylations. We
cennot. say that ‘this difference 1n type of reaction will elwayn be borna out
'by the actual wechaniems when they are known. This proposed d;fference in ‘
'reaction type may'be a useful working hypothesia to thosa who attempt to

map photosynthetic pathways from experimental data.-

AMINO.ACID:BYNTHESIS-

Among the first compounde found to be labeled by photosynthesia of
01402 in algee vere alanine, aspartic seid, and eeveral other amino ‘aclds (ll)
These compounds were slowly 1abeled even in the dark when algaa were exposed
to C1402 Thgy and malic acid were much more rapidly labeled if the algae. wereiﬁ
photosynthesizing, or had been: photosynthesizing, Just prior to the moment of
eddition of C'%0z. We recognized that these amino acids yere.therefore
.products of photosynthetic reduction of COz, eVenutﬁopgh they<§ould slso
become lesbeled by reyersible respiraﬁoyy reactions.-Accelerated:1ncorpqrationv
of €** into amino acids in higher plents during photosynthesis hes been noted -
4n this laborétory'(25,2h) end in meny others (25,26,27;28). 'Nichipordvich (25)

has presented and reviewed evidence that synthesis of proteiné in the chloro-
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plasts of higher plants is greatly accelerated during photosynthesis. This
acceleraived proteln synthesls appears to ocuur directly from the intermediates
of photosynthetic carbon reduction since the proteins were labeled when C*402
ves used but not when C** lebeled cerbohydrate was administered. Photosynthe-
tically-accelerated synthesis of protein containing N*® was also observed
when leﬂg* was adminlstered. Sissakian (29) has reviewed evidence thaet
protein can be syntheslized in 1solated chloroplasts from nonprotein niﬁogen,
including peptides. | |

In experiments in this leboratory (30) 1t hes recently been poseible to

nmeasure the proportion of the total carbon fixed by Chlorella pyrenoidosa

which is directly incorporated into cerialn key amino asclds. These experi-
mente show that during steady-state photosynthesis In bright lighi with an
adequate supply of inorganic nutrients, the synthesis of these aminé‘acids

can accounf for 60% of &ll the carbon fixed by the algéé snd 30% of the uptake
of NH4+ which is aléo measured. If the light 1s turned off, thﬁ NH4+ ﬁptake end
Cl4 fixation into emino acids are both accelerated for dout lO‘minutea and'!
then drop to a very small fraction of the'ratészin~the iightf Fihally,

these experiments indlcate clearly that in Chlorells pyrcnoidoca there are

at least two pools of elenine, glutemic acld, aspartic acid and serine, and
probably other amino acids as well. One of thesé'poéis, especially in the
cases of slanine and aspartic acid, 1s labe1ed.extremeiy repidly efter the
introduction of C*40z to the slgee. S0 rapidlyvaré'these compounds labeled,
in fact, that the éite of thelr synthesis must be freely accessible to their
photosynthetically-formed precursors, nemely, phosphoenolpyruvic acid

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

that'the photosynthetic pools are lsolated from the extrachloroplastic regilon.
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We conclude, therefors, that in'géigzgélg.the more vepldly labeled pools of
enino acids are locaed at the site of photosynthetic carbon reduction, pro- -
bebly in the chloroplast.. |

The sizes of these pools of -emino acids, and their rates of synthesis

a8 determined from'kineticAlabelingxdata with Chlorells in & typlcal experil-.
ment are.shown in Table 1. |
- The amiﬁo aclds showm iIn Table 1 aré those which are most prbminehtly,

labeled with carbon fourﬁeen_duriﬁé a few @inutes of photosynthesils, VIn
addition, & number of other émiholacids becomé\labeled as time passes. The
rates of lebeling seem to indlcate that the carbon skeletons of these other
aclds ere probably derived, for the most part, from the listed esmino acids.
However, the sromatic rings of the amino acids are“synthesized by.another
pathvey. \

‘In Teble 1 ve compare the rates ofisynthesis of carbon skeletons that
have been measured with the rate of upteke of NH4*, The rate of syptheSis
of any given emino ecid does not necessarily represent the rete Qf.ihcorpora-
tion of Inorganic nltrogen into that amino acid, since it céﬁlﬁ be - formed by
trensamination from another smino acld, However,; the toial of the rates of |
synthesis of all ‘primary! amiho acids should eccount for the major fraction
of the rate of upteke of ammonia. By ‘primary' smino scids we mean those
amino ecids whose cérbon skeletons are not synthesized frém'some other emino
acid, . ;. Alanine, serine and éspartic aéid arebclearly 'primery* emino
acids since their rates of labcligg:reach,a;mﬂximum\asISOOn as the inter-
mediates in the carbon reduction cycie are,saturated (about 3 minutes 1n this
experiment) and ldn@;before they themselves, or'any other smino ecids, are
satureted with rédiocafﬁon (z0). Probabl& glutamic acid is a ‘primary’ emino

scld elso, but kinetic data alone cennot prove this at the moment. Glutamine
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is generally supposed to arise from glutamic acid, but there is some evidence
to indicate thet it mey arise as a 'primary’ amino acld amide (32,50).'

In any event, the rates of synthesis of slanine, serine and espartic |
ecid in reservoirs which wefbe;ieve to be closely associeted with the'chloro~
plasts in Chlorella are great enough to permlit ghe"following conclusions,

1) An appreciablé frgction of the carbon assimilated during rhotggyn-
thesis in Chlorella is used directly in the synthesis of emino acids witﬁouﬁw »
thé'intermediacy of sugars or any other class of compoundé except‘acid phos-~ :
phates end carboxylic acids. ‘

2) Since this amino acid synthesis accoﬁnts for a major portion of the
inorgenic hitrogenAuptake, these emino mcids must be used to & large extent
in protein synthesis. However, some importent amino acids (i.e. glycine) are
80 slowly labeled that they prdbably do not supply & major-part of the carbéﬁ
for protein synthesis. Instead,;the carbon skeletons corresponding to‘these
amino aclds musy Be 1ncorporatéa into protein in some form otherthen as the
free amino acid.

Before considering synthetic routes to specific amino acids, we wish
to reiterate our belief that photosynthetic reactios need not follow the
same course as the better known synthetic reactions of'othe: nonphotosynthetic
organisms. Also note that few if eny enzymes involved in emino acid synthesis
have?gzzn isolated from chloroplastéQ Tuusvwe are forced to suggeét nev and
untested hypothetical paths. Our guiding priﬁciples will be that‘chemical
potential ahould be used to drive the reactions rapidly in thé'forward ds-

rection end that loss of carbon or reduction level should be avoided whefever

possible.
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In Figure 6 are shown hypothetical pathways leading from‘PGA to alanine,
se?ine, aspartic ecid end malic acld. These pathways differ sgnawhat4from
 known enzymgtig.pathﬁays_in that inveachastep leading tb;thg am}QQ‘acid’ 
ammonia,reacts.ua with.a phosphoric acid ester.' | ‘

The rapid incorporation of inorganic nitrogen into organié compounds
'would be brought aboux by the large negative free energy change asecciated
with each of these reactions. Thus, these reactions, end not the reductive
emination of ketoglutaric acid alone, would accaunt far 8 major portion of
ammonia incorporation during photosynthesis. Th;g sggms‘entire;y regsonable
whqnlone_qons;ders that_PGA is both the immed;ata precuréér in ‘these re- .
actioﬁa aﬁdlthe.brimary product'Of carbon redﬁction éuriﬁg photosynthesis. )
These amino acids could then supply smmonie via transminase reactions for
the synthesis of many other amino acids. Holm-Hansen (35) has demonstrated
the presence of ) transminase activity in}apinach chloroplasts which is very

effective in the transfer of amino groups from unlabeled alanine to 014

. labeled pyruvic acid.

‘The.threefcarbon pfgcurSOré}£o'these gminé aqi&s are in repid équiliu‘
brium with PGA. PEPA beéomies' a“-_sgmrate_é. during -‘photésy‘::thes:.s in C40,
ip‘chlorella elmost es soon as ?GA iﬁse;f,viﬁg proposed ?hbsph@enoldﬁalécepaﬁe'
probaebly dqes'not,exisf except“in'ehéyme-cdmplexes;'Thus, bj‘the time the PGA. 
is 014-saturated, these amino acids are being 1abeled as rapldly as if they

were formed directly from 014Q2-_
_ It has been suggested that glutamic acid is formed during photosyntheeis
by a carboxylation of 7-am1nobutyr1c acid (34). Judging by air studies with

Chlorelle pyrenoidosa during steady-atate photogynthesis with-C*‘Qa, tbis;_.'

reactlon epperently does not constitute a_aonrcé of glutémate gince y-amino-

N o
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butyric acid does not become labeled, even by the time the glutamic acid is 50%
saturated with C* and long efter the rate of lebeling of glutamic acid has
passed 1ts meximum. Cleaxrly, a compound cennot be a precursor in a steady-
state system unless 1t is itself continuously regenerated. If the reaction does
occur at all, the glutamic ecid so formed could only be a shuttle for COz, re-
gernrating unlsebeled z@minobutyric acid. Even so, such & carboxylation reaction
does not account for more then about 1% of the carbon fixed in our studies

of steady-stete COz fixétion by Chlorella.

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

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

decarboxylation to give a-ketogluteric acid. Finelly, the reductive emination

would give glutamic acid. This pathwaey may be followed in Chlorella pyrenoldosa

in the synthesis of‘glutamic ecid; particularly vhen the light is turned off.
We suspegt that it is not the principel pathway during photosynthesis for two
ressons, one experimentél and one theoreticel. Experimentally, the rates of
labeling of the ihtermediate compounds such as citric acid and ketoglutéric
acid are too slow to permit them to serve as precursors to the more rapidly
labeléd reservoir of glutamic ecid. Theoretically, the pathway is objectionable
to us as & photosynthetic route because it involves twb oxldations and a de-
carboxylation

How else might glutamig acid be formed during photosynthesis? the avail-
abllity of three-carbon and two-carbon compounds suggests the possibility of
8 slmple condensation. Barker and co-workers (35,36,37) found an enzymic

pathivay in certain microorganisms leading from glutemic abid to pyruvie
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ecld and acetote vio cltranalate, Aesaconic acld and p-methylespartate.  The
reverse of this pathway might operete during photosynthesis also. Illowever,
we have been uneble @ far to {ind significent amounts of radilocarbon in

elther (-methylaspertic acid or mesaconlc acid in Chlorella which were syn-

~thesizing glutemlic acld from C*#0:. Mirecover, a general cnérgj conserving
principie would suggemt that PE?A and not free pyruvic acid should be the
three-carbon cdmpound that combineé with the two;carbon fragment# As we
shall ﬁee in the discussion_fér the synthesis of arqmatic rings, it hes been
proposed that PEPA can condense with an aldehydé,'etythrose_phosphate; tb
give (eventualiy) phosphoéhikimic acid (38). Perhaps & similar reaétlon»béf
tween fEPA end glyoxylic acid could lead.to7a product sﬁch as 7~hydroxyglu-
. temic mcid which could be subsequeﬁtly converted.ﬁo glutamic acid.: Dekker.(39)
has reported the preseﬁce of an enzyme in rat’livervwhich converts y-hydroxy- '
- glutamic acid to glyoxylate and some otber product which mey bé ealsnine. The
présence éf 7w£ydroxyg;utamic acid in greeﬁ legﬁés.has been reported by Vir-
‘tenen and Hieﬁala 40). The'degydrétipn and reduciion of 7-hyﬂroxyglgtsmic
acid to glve glutamié acid would be comon types of bilochemical reactions,
analogous to the formatioﬁ.of succinic acld from malic acid. waevér, wéAhave
“at preséut no experimentalvevidence'for such & ptahway. | | |
Threonine does not become lsbeled as repidly as the.amino écids'so: :
far discussed, sand it méy well be secondary‘in origin. That.is, it ma& be
an exemple of conversion of 'primary’ amina,acids (aspartic acid,valahine,
serine end glutamic acid).to other amino.acids of thelr respecti§e fémiiies
which presumably occurs in photésynthesis. |
The small amount of labeled glycine which is formed during steady-state

photoeynthesis'may come from either serine or glyoxylic acid.
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CARBOXYLIC ACTIDS

Malic end Fumaric Aclds. Malic acid and fumaric acid are repidly lebeled dur-

ing steady-state photosynthesis with 01402.4These aclds are prqbably formed by
reduction of ﬁhe product of carboxylation of FEPA. In the steady-state ei;
periment (8832) which gave the results shown in Table 1, ebout 5% of the ci4
uptake rate coulid be accoﬁnted for 1n the labeling of these two aecids. In
that experiment, very little of the radicactivity finds its way into succinic
acic. Iv would thus eppear that if malic and funaric acids sore lsbeled by
reductive carboxylation of PEPA, either 1) the reactionisequenée is highly
reversible, leading to exchange lebeling, or 2) the malic aﬁd suceinic acids
are converted to other cbmpoundé by ag yet undéﬁérmined paths,

The probability of lsbeling vias exchange 1) may be answered by.a thermo-
dynunic argument. Undexr the condltlons existing in the chloroplast during
photosynthesis, the‘ac#ual free energy change accompenying the conversion of
PEPA, COn, TPNH, and either ADP or IDP to malic scid, TPN', and ATP or ITP
is probably et least -7 Kecal. The ratio of the_forward‘to back reaction,

glven by:

forwverd rate | _ back rate plus net rate
back rate =R - RTlnI: back rate jl

AF = -R‘I.‘ln[

Lvould thus be 10° or greater, Since the rate of labeling of malic acid is
measarable end gives the net rate by a simple calculaetion, the back reaction,
and hence the exchange lebeling, can be showvn to be of hegligible imporience.

This type of calculation is of ®nsidersable importancg in EELEEEEE steady-~
stete kinetic calculations. Another exsmple is the cohversion of maelic acid to
fumarilc agid, In this case, the actuel free energy change is small, the two
~acids are essentlally in equilibrium with respectiko.014-labeling. Thus, the
. Bum of'thé pools of the two aclds can bé treated 88 a single‘entity from &

lebeling standpoint.
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- &nd
In any event, 1 meliceeid ic not labeled by excnange/is not converced

to succinic acid, yet is beipg formed at & rapid rate under steady-state .con-
ditions, it must undergo some‘as_yet unknown conversion; One possibility might
be that it is splitbté give}glyoxyliC'acidHand free ecetate . Thé actusl free
energy change for such & reaction under steady-state.conditions would be nega;'
tive, whereas the reaétion tovgive glyoxylic acid and acetyl CoA would pro-

. bably be positive and the latter reaétiqn would not occur; Acetéte could be

convertéd to acetyl phbsphate vith ATP and then to acetyl CoA. The scetyl CoA

| thus formed could be used in fattyvacid synthesis end other blosynthetic re- |
actions. The glyoxylic aéid}could be used in the synthesis of glycolic acid,
glycine, and possibly, es sugge ted in the previous section, glutamic acid.

The synthesis of labeled malic ecid could occur via condensation of
glyoxylate with_aqety1 CoAﬁ provided there is some other route for the label-
ing of these twb-carbonlacids (such as aré suggested léter) It is qﬁite liké;
ly that malic acid is 80 Bynthesized in the cytoplasm, outside the chloroplasts.
Within the chloroplasts, howvever, the - appearance of ¢34 in malic acid in the
very shortest exposures tO‘C1402 end in‘the,pre—illumination'expe:iments (see_
Figure 5) indicete that it 19; in part at least, a product of Cl-Ca:carboxyla~_}

tion and reduction.>'

- Glycolice Acid,‘Acetié Ad1d and Glyoxylic Acid. Even if acetate and glyoxylate

;f.are.formea from melic acld, there are probably other more importent synthetic
routes from the carbon reduction cycle to these compounds. Benson end Celvin (k1)
found that barley seedlings subjected to 30 seconds photosynthesisvwith c40, |

" followed by 2 minutes light without CO» formed large smounts of C3* labeled
g_lycoiic ecid. Calvin,’ et _e_x_]_:_ (14) ana Schou, et al. (42) degraded glycolic acid

end phosphoglyceric acid obtained from barley leaves and from Scenedesmus which
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had photosynthesized for a few seconds in the presence of Cc*40. or HC*0g5".

The alpha and beta carbon atoms of PGA were found to be always about eéual to
ean otherﬁn radioactiviﬁy and elways less than the carbokyl carbon until such
time (1 to 5 minutes) as all three carbon atoms were'cdmpletely labeled. The two
carbon atoms of glycolic acid were always about equai to cach other in labeling.

: N
When CY*H,O0H-COOH was cdministered to the unicellular algae, Scenedesmus, dur-

ing 10 minutes photosynthesis with l/b% COz in air or Ny, a pattern of photo-
synthetic intermedides was found similsr to that obtained during photosynthesis
with C*40s. Mgreover, upon degradstion of the PGA, we found thaﬁ‘iess then 10%
of the redioactivity was in the carboxyl cearbon. Clearly, glycolic acid is in-
corporated for the most part into normel intermediates of the carbon reduction
cycle without preliminary conversion to COz, since sovlittle 4 vas founé in
the carboxyl carbon of PGA. However, éxha end beta carbon atomé of the PGA
‘were found to be equally lsbeled. Thus the pathway from glycolic acid to the
elpha end beta carbon atoms of PGA involves & raendomization of the lebel. This
could mean that elong this pethwvay there is e symmetrical intermediate or that |
an intermediate is in raepid reversible equilibrium with & symmetricel compound.
(see below)

| When Wilson and Celvin (19) studied the effect of CO» depletion following
& .period of photosynthesis Wth 40z by slgse, they found that ‘the lowering
of COz pressure resulted in a greaﬁ increase in the emount of 1;beled glyeollc
acid. This incresse in labeled glycolic scid was sustained for at.lgastllo
uinutes., Upon epplication of 1§ CCz agein the level of labeled glycaliéﬁacid
decl.ined. ’

Tolbert (22) found.thét glycolic acid formation from C}40s during 10

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

COn pressure thaen et high COs pressures. As mentioned earlier, he also found
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that glycolic acid is the predominaﬁt labeled compound excreted into the medium
by chloroplosts from Swiss chard photosynthesizing in the presence of HCY405™.
He hed shown earlier (43) that glycolic lebeled wi'thvcl4 is excreted into the
‘medium by Chlorella photosynthesizing in C'#0p. He suggested that glycolete ﬁay
function in ion‘balance with HCOs~ between c¢ells and theilr medium ér between
chloroplasts and other cell compartments. He also proposed that glycolate might

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

Moses and Cal#in (W) exposed,phbtosynthesig;ng Chlorellarpyrenoidosa,to_
tritium-lsbeled vwater for various periods from 5 seconds to 5 minutes. Analysis
was made by the usuel extraction, two-dimensional paper chromatogrephy and
raediocautography. The greatest darkening of the film by far occurred where it was
in éontact with the glyecolic scid area of the chfomatogram; ThiS'fesﬁlt, which
we will discuss later, seems to egree with Tolbert's suggestioh tﬁat_the ely-
colic ecid acts as a carrier of hydrogen.

During normal photosynthesis (Figure 2), two-carbon moietiés‘(carbon
atoms number 1 and 2 from & keto éugar phosphate} are transferred during a
resction similar to that catelyzed by'transkétqlasev(hs,hé) to an'aldo—sugaf
phosphate,vproducing & nev ketpae phbsphate, two carbon. atoms ;Qnge: than the .
starting aldose. Other enzymes_have-béen'found 15 hOQphotosynthetic organisus
which convert the cgrbon atovanumber‘l'and 2 of‘g ketosgvphosphate to acetyl
,.jhosphate, leaving the r¢mqind¢r of the sugar aévaﬁ aldose phbsphate. One of
these 1s phosphoketolase (47), which is specific for xylulose-5-phosphate, |
while another is fructose—6—phos§hate ketoiase (98) wﬁich dag act on either
fructose-6-phosphate or xyiulosé-5;phosphgte._Theaé enzynes reQuire thiamine
pyrophosphate, inorganic phosphate snd, in some cases, Mg++. Stimu;ation by
Mn++ or Ca++ in place of Mg++'could sometimes be bbserved, whikablévels of

Mn ebove 10™° vere inhibitory.



Breslow has propoéed a mechanism for the role of thiaminé Ppyrophosphate
in these reactions (49,50). In his mechanism, some of which forms the basis for
part of Figure’ﬁ; the hydrogen at posiltion 2 of the thiszole ring 1s an active
hydrogen which can discociate from the acidic carbon at that position to give
a carbanion. This carbanion adds to the carbonyl carbon of the ketose (some-

vhat analogous to cyenhydrin addition). The bond between carbons 2 and 5 of
the ketose breaks, with the electron pair going to the reduction of carbon 2
of the ketose, to give & glycolaldehyde-thiemine pyrophosphate. The remainder
- of the sugar becomes an aldose. Reversal of this reaction @ath, with a differ-
ent mldose, coﬁpletes the trensketolase reaction.

Alternatively, glycolsldehyde-thismine pyrophosphete mey eléminate the
elements of water (OH from the béta cerbon and H' from the elpha carbon af the
glycoladehyde moieﬁy) to give the enol form and thence the keto form of acetyl-~
ThPP. This compound cen undergo phosphgglastic cleavage to give acetyl phos-
phate and thiemine pyrophosphate (ThPP).

The mechanisms find support in the demonstration by Brglew that the
hydrogen atom oﬁ the number 2 position of the thiazole ring does exchange
rapidly in D20 (49). In support of an snslogous mechanism ®r the role of ThFP
iﬁ the oxidation of pyruvate; Kramplitz end co-vworkers (51,52) éynthesized the
postulated intermédiate, an a cetaldehyde~-ThPP compound with the acetaldehyﬂe
bonded to the number 2 carbon atom of the thiagole ring &s an elpha hydroxy-
ethyl group.This compound was found to be active in the reactivation of car-
boxylase end élso to be capable of nonenzymatic reection wlth acetaldehyde to
give acetoin. The postulated mechanism for the oxidation of .pyruvic acid thus

begins with a reaction between pyruvate end ThPP to give.addition of the carbonyl
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carbon to the thiazole .ring position numbér 2. Concurréntly or iﬁmcdiately
fblloﬁing thié eddition, decarboxylation oceurs to give acetaldehyde-ThPP.
- This compound reacts wilth 6xidized lipoic acid to give acetyl dihydrolipoic
.aCid which; in turns, reacts wiih Coenzyme A tb give dihydrblipbic acid end
_acetyl Coenzyme A. (53,5#,55,56) -
Wilson and Calvin (19), following their observation of glycolate accumu-

lation at low 002 pressure, suggcsted that the glycolyl moiety transferred by
| tranukeuolase is the source of glycolic acid. We would like‘now to suggest
"spec1flcally Lhat the glycolaldchyde»ThPP compound formcd in the first step
of the transketolase or phosphoketclase reactions may under/oxidation to give

glycolyl Coenzyme A and, eventually, glycolate. Thls oxidation need not follow
& bathway exactly enalogous to the oxidation of acetaldehydeéThPP, but ve j
have‘showh it éo in Figure ﬁ q’Au mentiOned earlier, glycolate can be ‘in-
- corporated into Lhe alpha and beta carbon atoms of PGA during photosynthesis,
vhich comes from carbon atoms 1 end 2 of the pentose in the carbon reduction_ :
cycle. Thus it appears thaﬁ thé pathway frgm pcntdéé phosphate to-glycolaﬁe
and glyceréldehyde phoéphate shéuld be reversible. The. incbrporation of'gly-
colate via such & pathway would require an energy input, probably in the form
of an activation by ATP. Finally, some state in the incorporation pathway
should involve equilibration with a symetric intermediacavbecause administraa
tion of glycoiate-é-c14 to photosynthésizing plents leads’tckPGA labeléd '
_equally in the alpha and beta carbon stoms., we have indicated one such
symmetrlc compound , and there may be o’th er possibilitics. -

The formation of glycolyl coenzyme A and reduced lipoic acid ss shown in

Figure 7’ are hypothetical..If glycolyl coenzyme A wewr formed, then it seems
1ikely'that 1t would be an important intermedlate in paths which are as yet

unknowvn. In any event, if there ls eny conversion of carbon atoms number 1 and



2 of ketose to glycolic acid during photosynthesis, then en oxidation of the
glycolyl fragmént is reduired 50 that some cbfactor, though not‘necessarily
lipoic acld, must be reduced.

Let us now attempt to explain the observation that labeled glycolate
accunulates durlng photosynthesls with cl4o, when the CO; pressure is reduced.

1. Enzyme systems are present in chloroplests which can bring sbout
the oxidation of glycolete to glyoxyléte with oxygen and the reduction of
glyoxylete to glycolate with DPNH . (57) If some steady-state relation be-
tween these two acids exists, it might well be shifted towards.more glycolate
gt low CO- pressures by the increase in the ratlo of DPNH/bPN+ vhich would re-
sult from the decreased utilizgtion of TPNH for the carbon reduction cycle.
Moreover, the oxidation of glycolete by O must in fact be limited in rate
during photosynthesis, or glycolate would not be seen at all. Possily gly-

, colaté is more effectively éxidized by some intermedlate hydroxyl or peroxide
involved in the liberation of oxygen following the splitting of watér during the
primary act in photosynthesls. If so, such an intermediate oxidant may de-
crease in concentretion at low COp pressure due to recombination with pri-

mery reductent which would build up, again as a rgsuit of decreased utiliza-
tion by the carbon reduction cycle. A decresse in the oxident concentration
wwuld reduce the oxidaetlon of glycolate.

2. Low COz pressure might result in higher pH ineide the chloroplasts.
The‘phosphoketo;ase reaction,leading to acetyl coenzyme A and involving the
removal of OH from glycolaldehyde-ThPP, might be blocked, and the oxidation
of the glycoleldehyde~ThFP to glycélyl coenzyme A might be favored.

3. It glycolyl coenzyme A is formed eand is e biosynthetic intermediete,
the reactions in which 1t is used might require COz enelogous to the conver-

sion of acetyl coenzyme A to malonyl coenzyme A in fatty acid biosynthesis.
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" Low COz pressure could thus lead to.an increased\concentration of glycoly-
CoA and permit its more repid hydrolysis to glycolate.

Tenner eand co-workers (58,59) have recently proposed e direct rouie
from COzx to glycolic :acidl dufing; photosynthesis. According to his schene,
€0z is reduced by TPNH &nd MnCl” to the radical CHO- . Tvo of these CHO"
radicels are thén condensed 1o glve glyoxal, thence glycolic aéidJ This gly~
colic acid is then oxidized by two molecules Qf’MnCi(OH)g (profuead in the
first step) to give glyoxylic scid. AcCOrdihg td Tanﬁer, the greafer lshel -
ing of glycolic acid at 1ow €0 pressure during photo»ynthcsia with 014Qg
is due to the first atep being first order with reﬁpect +0 the utilization of -
: CQg ‘and the production of trivalent menganese, while the second step is second _
order with respect to the utilizatlon of trivelent menganese.

Whether or not Tenner's suggested route from €O to glycolic acid will
. be borne out by experiment remaina 1o ba geen. In sll of our experimenta with
c140., labelgd giyéolic acid has been a'relqtively»minor product of the photo-
synthesis;except in those caéés wﬁefe the COp preésure has been permitted‘to
~drop to a very low level. Glycolic acid is somewhat vplatile, bu£>it ie &
cﬁrious characteristic or'this,cbmpound on peper chromatograms thgtvélthOuéh
20 to 85% mey evaporate from the peper during deveippment of the cthmaiﬁgram,
the remainder diséppears only very slowly from the pepers. This statement is
based on measﬁrementv6f.radioactiVity following chromatoaraphy‘of syhthetic'
Ci4~ldbeled glycolic acid;vThus it would seem that 1f 8 pathway leddiﬁg ai-
rectly from CO; to glycolic acid (that is, with no isoleble intermediates)
wexe quantitatively important, we should have séen mucﬁ?izbeled glycolic acid
folloving short periods of photosynthesis with C40z. I. could be thet under

normel ecenditions of photosynthesis (say with 1%‘062 in air), the reservolr
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size or concentration of glycolic acid is very small so that it would not
appear to be sttongly labeled even though carbon from C1%Q, enters it very
repidly.

However, Moses (44) conducted perallel experiments (3 minutes photosyn-
thesis by Chlorella in the presente of €'%0, in one case, gnd T-0 in the other).
ihe trit}um—labeled glycolic acid esccounted for more than 50% of the darkening |
of the radiocautograph in the subsequent analysis by chromatogrephy, vhile in
the parallel experiment, the CY¢ glycolic ecid contained 1éss than 5% of all
the CY* found in compounds on tne chrometograph.. Thus the_incorporation of i
hydrogen into nonexchangeeble positions on glycoLié acid seems to ocuur at
ten times or more the rate of incorporation of C'* into the same compound. The
simplest interpretation is that glycolic acid plays e much more importent
rble in the transport of hydrogen or reducing power than it does?in Inter-
mediste in carbon compound formetion from COz.r If any carbon dlioxide is
reduced directly to glyecolic acid during photosynthesis by Chlorella, it would
seem to be a minor part of the totel, |

A special role for glycolic acid in hydrogen trensport is suggeste& by
a combination of experimental findings from several laborastories. To Moses'
finding of extremely rapid tritium lebeling of glycolic scid end Tanner's
iﬁplicatiOn of the role of glycolic acid with the requirement for manganese, ve
mey edd Delavin end Benson's report (60) of the light stimuletion of the oxi-
dation of glycolic acid with Oz to glyoxylete and peroxlide in isolsted chloro-
plaests. Further, we must mention that menganese is thought by Kessler (61)
to play some part in the formetion of peroxide or Oz from water during the
early stages of photosynthesis. Some form of peroxide is commonly postulated:
as an intermediete between water and Op during photosynthesis, and it may be

that the plant has some mechenism for conserving the chemical potentisl energy
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which would be lost if peroxide vere t§ be permitted to decompose to water
and oxygen by a catalse mechenism. | f‘ | |

The decreese in lebeled glycolate in algee grown in Mh++—defieient |
media (58,59) may'be due o (1) Some increase in the level of &n infermediaté
lln the oxygen evolution pathway whlch s €180 cepable of oxiaiﬁinb glyoolate -
bo glyoxylate. Preuumably_Mn mlght be requlred for the breakdown of this
oxidant tolog. (2)'A decrease in reduced pyridine nucleotide concentration ‘
due to impairmeht of the oxygen evolving pathvay; or (5) Some enzymic re-
quirement for Mn++.in the biosynthetic pathwey from giycolaldehydefThPP
to glycolate. ' |

Points (1) and (2) are related ﬁo the mechenisms suggested earlier for

the effedt of low CO» pressure on glycolate concentration.

Acetate. As shown in Figuré ‘T, acetyl phosphate can be forﬁed_from the carben
reduction cyclé vie the phosphoketolase pathway. This involvés dehydration

of the ThPP-acetaldehyde compoﬁnd derivéd.from’carbOn atom; 1 and 2 6f ke~

tose phosphaies. This route is especially ettractive as a photosynthetic paﬁh+
way since it consérves'chemical enefgy and requires no oxidation or.decarboxyla-
tion. Known enzyme systems would reedily convert the acetyl phosphate to
acetyl coenzyme A for fatty acid photooyntheais.

Anothcr pathway from the carbon reduction cycle to acetyl CoA could be
via oxidative decerboxylation of pyruvic acid. This resction is of ﬂletype
which ve have earlier viewed as unlikely in photoéynthesizingjcﬁloraplasts oﬁ
ground of economy. However; this‘eéonomy ﬁakeé_on a different aspect if one

congiders the rapid formation of alanine, vwhich we believe mlght be a reductive
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aﬁination of phosphoenolpyruvic ecid derived from the carbon cycle (30). Our
experiments indicate that about one-third of all NH4+ upbeke occurs via‘this
route. The resulting alanize nmust bQ;use§7é considereble extent in transemine-
tlon reactions, resulting in the production of pyruvic acid.\ﬁhile pyruvic acid
'is not labeleﬁ'soon enough after the infroduction of C**0> to photosynthesizing
plants to permit us to consider it a precursor to aianihe, it does bccome'
slowly labeled at laﬁer times. Thus pyruviec ascid could be & product of
trensmination from alanine. The dow labelihg bf)pyruvate nay be because
elanine haes a very large reservolr, which does not saturate with'c?4 for some
minutes. Once formed, the pyruviec acid cannot éasily be converted.béck to
PEPA. Rather, it must elther go to malic acid via reductive cerboxylation, or
be oxidizéd to acetyl CoA and COz.

The light-dark transient effect in C14Qa upteke during photosynthesis
has often been observed (16,20). When the light is turned off, folloving a
period of photosynthesis of algae with C}40n, lebeled glutamié acld and cltric
acid accumulaté. One expianation of this éffect has been given hased on the
proposed formation of sacetyl coenzymé A by pyruvie acld oxidation. proiq
acid in its oxidized form is required to accépt the electrons in this oxidation.
It wes suggested that while the light 1s on this cofactor is kept mostl&'in
its reduced state, dihydrolipoic ecid. The reduced cofactor could nbt promote
pyruvic acid oxidation. When the ligbt is turned off end reducing pover is
no longer generated, the oxidized form of lipoic acid would be made and the
oxidatlon lesding to acefyl,coenzyme A would occur. Subseguent reactions, vie
the glyoxy;ate cyecle, wouldlﬁhen produce citric and glutamic acids.

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

phate 1s stlll formed vie phosphoketolase just after turning off the light, it
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will tend to accumulaie. Ko redgcing‘powgr or ATP is availleble for synthesis of
fatty acids in the dark inside the chloroplasts. Therefore, acetyl phosphate will
break down to free acetate which wiil diffuse oﬁt of the chiloroplaest into the
cytoplasm. There it will be used, via the glyoxylate cycle, in the synthesis of

glutemic acid (62).

CARBOHYDRATES

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

compounds the following sugar phosphatess 3-phosphoglyceraldehyde, dihydroxy-
acetOne phosphate, fructose-l,6-diphosphate, fructose-6-phosphete, erythrose-

4 -phosphate, sed;heptulose-i,7~diphosphate, sedoﬁeptulose~7»phosphate, ¥ylulose-
5-phosphate, ribulose-5-phosphate, ribose-5;phosphate, and ribulose—l,5—diphqs—
Phate. Besides these compounds, glucose phosphates asre found to be véry rapidly
lebeled in all plents in which we have studied the photosynthesis of carbon
compounds £rom 01403.‘ When characterized, both glucose-6-phosphate and |
glucose-l-phosphate have been found. Other sugars found to be labeled some-
whaﬁ more slowly in thesé experiments,- and identified.as the free sugars
following hydrolysis of the sugar monophosphate area, include mennose end
galactdse. _

In virtually all the studies of‘the labeled products of the photosyn-
thesis of carbon compounds from CY40, there hés been found a striking ebsence
of unphosphorylated monosaccharides (14). This is hardly surprising, since
’ photosyntheisizing—chloroplasts form phosphorylated sugars as intermediates in
the carbon reduction cyele, since there is an sbundance of ATP in the chloro-
plasts, and slnce most known transformations of monossccharides require phos-

phorylated forms of the sugars. Trensformation of the phosphorylated sugars
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to the free sugars woulﬁ for the most part result in a waste of chemical energy,
for the sugar would then usuelly have to be phosphorylated again in reactions
requiring ATP or UTP. Only when it becomes necessary to form a molecule

which cen be transported through the chloroplast membrene is 1t likely that a
free sugar of relatively small molecular welght such as sucrose would be pro-
duced.

X listing of various enzyme systems whlch appear to be responsible for
the cabon reduction eycle has been delayed until now, since many of these bio-
chemical‘steps are of interest in é discugsion 6f carbohydfaﬁe syhthesis. In
Table 2 there asre listed the enzymes reported in the literature which appear
to be responsible for steps of the carbon reduction cycle (Figure 2). Table 5
lists other enzymes which could eccount for subsequent steps in the synthesis
of carbohydrates found to be labgled following relatively short periods of
photosynthesis of algee with C1*0z.

We wish to emphasize thet the finding of an enzyme in plant tissue does
not, of course, prove that that particuwla reaction goes on in the photosynthe-
sizing chloroplest either at all or in precisely the seme way that it has been
found to occur in vitro. Moreover, we would‘not consider the lsolation of en
enzyﬁe with high catelytic ectivity & necessay condition for believing that
8 given reaction mey occur in vivo. The orgenigation of the intact chloroplast
inside the iiving c¢ell and replete with a;l neceassary natural cofactors end
enzymes is such that some steps which occur in vivo may prove extremeiy aiffi--
cult to demonstrate in cell free systems. Nonetheless, the isolation of a cell
free system, capsble of carrying out 8 reaction which has been s uspected on
the basils of Eg'zixg studies is importent corrobérative evidence.

The various enzymes listed inTebles 2 end 3, if present in chloroplasts,

could account for virtually ell of the monosaccharide phosphates found to be
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. significently labeled with Ct# f_bli-owing a period of ,_photosyntheeis with C¥0s
for sevefal-mihuteebin algae;' Preshmably‘there 18 aiso:presenivanotherPhos;
phohexose isomerase which catalyzee £he conversion of_fructoee;G-phosphate’to
mannose -6-phosphate. - |
Among fhe enzyme systems ifsted'inATdble 3 are several which utiiize;
sugar nucleotides in the biosynnhetic conversion of sugars. Such systems have
been widely studied and have been discussed and reviewed elsevhere (88 89,90)
Hessid and co-workers have widely stuuied the 1nterconversions of sugars by
~ these systems in higher plants and have summarized the interrelations of many
~of these systems in plents (91) Certain of these syetemu, vhich appear in
'Table-p, are particularly active in the early labeling of sugars in plants
phooooynthesiziné with Cl402 and must be mentioned here, if only briefly.
Buchanan (15) 1dentified uridine diphoqphete glucose (uppG) and urim
. dine diphosphate galactose (UDPGal) invalgae-and found that-the liexose moleties:
of theee compounds were labeled with 014 durlng short periods of cl‘oa photo-.;
synthesis even before sucrose. Thus the galactose found to be labeled 1n some

experiments may be formed by the\UDPG—UD?Qel system.

) Dieaecharides,endfPoiyeaceharidee, As slreedy indicated, when Chlorella pyre-

noidoss photOsyntheEize in the preaence-of-C‘*Ga,'eucrOSe 1s the first free sugar
to be labeled to any extent. Benson (92) found that the radiocarbon 1n the fruc-
tose moiety of the sucrose, following rhotosynthesis of cl40p by, Chlorella,

Scenedesmus and soybean leaves, as greater than the radioactivity in the glu—x

cose moiety. Mureover, the difference between fructose and’ glucoea became
greaLer as the time of photosynthcais was decreased. The prior labeling of the -
fructoae indicated that the glucose phosphate used in the syntheeis of sucrose

is formed from fructose phosphate.
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A gstudy of the phosphorykhbted products of slo rt-term photosynthesis in
€140, led to the discovery of a sucrose phosphate (93). The 'hexose monophos-
phates® produced during photosynthesis in c+40, were treated‘with an invértase~
free phosphatase preparation and squected 10 paper ghromtography. While in
most cases there were only minute tfaces of sucrose formed by this treatment,
in suger beet (5 minutes in C'#02) there was an apprecisble quantity. It
was identifled by cochromatography, and enzymlc hydrolysis to glucose and
fructose.

When this 'hexoese monophospliate' semple was subjected to chromatography in
t-butanol:picric acid:water, radioactive areas corresponding to glucose~6-
phosphate, fructose-6-phosphate, sedoheptulose and mannose phosphates, and
sucrose plosphate were obtained. The sucrose phos phate gave sucrose On phos-
phatase treatment, and on acid hydrolysis, glucose and fructose phosphate were
produced; The latter did not cochromatograph with fructbse-6~phosphate.

It eppeared that in sucrose synthesis in green plents there are two
possible mechanisms. Glucose-l-phoéphate mlght react with fructose-l-phosphate
t0 give sucrose phosphate, which would be dephosphorylated to sucrose. Alter-
natively,ysucrose phosphate synthesis might be envisaged to occur through uri-
dine diphosphate glucose (15) which becomes lebeled shortly before sucrose
in kinetic experiments with €140, (18). The uridine diphosih ate glucose may
be formed from glucose-l-phosphate by a UDPG pyrophosphorylase (reaction 15,
Table 3). This pathway is shown, along with other pahways which may very likely
occur during photosynthesis of carbohydrastes from €Oz, in Figure 8.

Leloir and Cardini (85) have isolated from wheat germ wiat eppears to be
two sysiems, one which catalyzes the reaction of fructose plus UDPG to
give sucrose plus UDP end the other which catalyzes the reasction UDPG plus
fructose-6-phosphate to give sucrose phosphate plus UDP. Burma asnd Mortimer (94)

have reported that with exclsed suger beet leaves and leaf homogenetes radio-
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ective UDPG and sucrose were formed when redioactive glucose-l-phosphate,
fructose-6-phosphate and UTP were added. They propose a mechanism identical to
that postulated by Buchenen except . in the choice'of fructose-6-phosphate as
the precursor instead of fructose-l-phosphate. '

Not much is known about the formation of other polysaccharides. There is
a rapid lsbeling of unidentificd polysaccharides during photosynthesis with
c140,. On the usﬁal'two-dimensional chromatogram, developed es described
earlier, these compounds form what appears to be & homologous series of poly-
glucoses extending from the origin nearly to sucrose. The éompound of this

series closesbto sucrose has been hydrolyzed and found to contain bnly glucose.
> FATS

During photosynthesis by unicelluler algse, 1t is not uncommon for as much
as 30% of the carbon dioxide teken up to be incorporated into.fats.‘ In Scene-
QEEEEE).for example, after 5 minutes ;n light in the presence of Cl4~labeled
carbon dib#ide, 30% of the fixed radioasctivity is found in 1ipid materlals. This
incorporation of radiosarbon is greatly in excess of the raté of any syntheéis
that could.take ﬁiace in.the'darkrand is en indication of the stimulation of fat
production in the light, Fat synthesis requires a grester number of equi velents
of reducing egents then does synthesis of carbohydrate or pretein.-.Moreover, :
the composition of the chloroplasts includes é very high proportion of fat
material. Since there is an abundance of reduced cofactors end ATP in the -
chloroplast, end since the end product, fat, is needed in the chloroplest, it

18 1likely that much fat synthesis tekes place in the chloroplast and is there-

fore to be considered photosynthetic.



Fatty Acids. All the vell known biosynthetic patihways to fatty acids require -
as a ctarving meteriel acetate or acetyl CoA. We have already suggested under
‘Carboxylic Acilds' four ways in which acetate, or acetyl CoA,.could be made.
These were: Lirst, splitting of melic acid to glyoxylate and acetate ; second,
reduction of glycolic acld to ecetate; third, oxidation of pyruviec acld to
scetyl CoAj; and, fourth, dehydration and phospnoroclastic splitting the postu-
lated glycolyLenzymc complex from transketolase reacition of the carbon reduction
cycle to glve acetyl phosfhate. We favor the last way as being the most likely.
However, 1f only the first three of these pathWayé is availeble, the third is
probably the most important.

However the acetate is formed, it is rapidly converted‘to Tets 1in the
light in algee. Experiments with chnedesmus photosynthesizing in the presence
of acetate-1-C1% and €20, (14) demonstrated a light-accelerated incorporation
of acetate into fats. A similar light-enhenced incorporation of acetate-2-C1%
into lipids by Euglena was found by Lynch and Ceivin (95). Siscakien (96) de-
monstrated the synthesis of higher fatty acids from labeled acetate in chloro-
plaste from sunflower plents. The utllization of free acetate in the light
by chloroplasts is to be expected shce ﬁhere is sn asbundance of ATP in the
photosynthicsizing chloroplagts for the conversion of acetate to acetyl phos-
phate and thence to acetyl CbA. ,

The scheme of fatty scild synthesis proposed by Wakil snd Ganguly (97) for
the formetion of fatty aciﬁs from acetyl CoA in animal tissues has been‘widely
accepted. A silmilar pathwéy nay ex}st in photosynthetic tissues. This pathway
1s incorporated in the hypotheticai scheme of fat photosynthesis shown in
‘Figure 9. Wakil (98) and Wekil and Ganguly (99) report that the first step in
the synthesie from acetyl>CoA is & carboxylation to glve malonyl CoA. This

o ,
step requires bilotin and ATP, as well as Mn . Malonyl CoA and acetyl CoA
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then condense 0 give acetoacetyl CoA which then undergoes a séries of reductive
steps to glve eventuall& butyryl CoA and carbon dioxide (97).

While the work of Genguly end Wekil hes been with enimal tissues, it
appears from the studles of Stumpf end co-vorkers (iOO,lOl,lOQ,lO}) that similar
systems of fétty acid synthesis exist in plant tiésues. Thebearly stages of
fat synthesis may well be similar in»photosynthesizing'chloroplasts to those
known for other plant tiésue end animals. The later stages and the fai pro-
ducts formed during photosynthesis in chloroplests are very likely different,
since the chloroplast in all likelihbod requires specialized fats for its
operation. Benson and co-workers have identified a gumber of interesting com-
pounds of glycerol phospliete and fetty acids as products of fat formation in
green tissues. According to these workers, phosphatidyl glycerol 15 a maJjor
component of plant phospholipids. Moreover; they state that active tréns;

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

- Glycerol Phosphete. 'Alpha~D—glycery1—l*phosphate is présumably formed in
chlorbplasts during photosynthesis by direct reduétion with TPNH of.dihydroxy~'
acetqne phosphate. This compound could then be further converted to'ﬁhe poly-
glycerol phosphates reported by Benson. The various glyéerol phosphates would
then bresumably‘react with fafty acetyl CoA to produce fats. Some of thesé

postulated biosynthetic routes are shown in Figure 9.
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ARQIIATIC NUCLEIX

The shikimic acid pathway for the biosynthesis of aromatic compounds,
including emino ecids, from carbohydrates has been vwell established by the |
work of Davis (38) and his collaborators, who used biochemicel mutants of E:
coli. Without going into the details of this pathway, we may point out that
the starting materisls are phosphoenolpyruvete, which is readily availaple uas
a photosynthetic intermediate, end D-erythlwse-4-phosphate, which is also en
intermediate of the carbon reduction cycle. Presumebly, therefore, the syn-
thesis of aromatic smino acids in photosynthesizing plants would follow a
pathwaylsimilar to the shikimic acid pathway. The first step in that pathway
is the condensation of phosphoenolpyruvate with erythrose-lL-phosphate to give'
a seven-carbon compound which has been identified as 2-keto-3-deoxy-D-arsbo-
heptonic acid-T-phosphate. This intermediate aubsequenily undergoes ring
closure to give dehydroquinic acid. Rearrangcments vie a number of additional
steps gives eventuelly phenylalanine and tyrosine. Higuchi (107) has summarized
some Of the reasons for belleving that the shikimic acid pathway does oceur
in higher plants. For example, shikimic acld 18 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 we learn more about the cepsbilities of the chloropleast to form com-
pounds from carbon during photosynthesis, we come closer to the conclusion that
. the chloroplast, as it exists in the living, undisturbed cell, is &a self-

_ all
sufficient factory capeble of producing essentially/of the materials required
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for 1tv.repienighmcnt Thus it appearv t0 be able to malé all klnds of sugars,
polysaccharides, proteln, fats, plgments, enzymes and cofactors. In addlt;on to
this, 1t produces for export to the cytoplasm, reserves of organiq compounds .
These are probably sugars; glycolig ecid, and other neutral, relatively small .
molecules,.whiéh can be‘readiiy transported through the chloroplast membrane.
Until more is known sbout the development and formation of chloroblasts, Qe‘
cannot say Jjust when it gains this complete synthetié abilityaaﬂo doubt there
are early stages in the development of chloroplasts in which it must be built
from cytoplasmic ﬁaterials derived in turn from amlready functioning chloro-
plasté. There is no reason to suppose the chloroplast functions without nuclear
control, even though 1t does not appear to have a nucleus of its ovn. Presum-.
ably it is possible for RNA molecules to move in and out of the chloroplést
in some wéy;_It cennot be said at the moment whether or not the chlorqplast
is capable of'syntheéizing nuclear material.vlt WQulq_seem likely, however,
that the chloroplest can syﬁthesize purines and'pyrimidines,Acoenzymes, nucleo-
tide materiais which are needed for the contipued functioning of the chloroplest
‘as & SGlf-uufflCient biosynthetic factory. If, es we-now-think, pfotein 8yn-
thesis and enzyme synthesis occurs in the chloroplest, then elther the chloro-
plast must obtain a store of RNA molecules et its initial consﬁruction; or,
else such molecules must be able to.travel back énd forth from the chloroplast
to the cytoplesm.

In conclusion, we would say that the point of view of the ability‘af
the chiloroplast to carry out photosynthetic formation oﬂ many compounds is 8
departure from the view held only a few years ago. It wes then thought that
the primary function of photosynthesis was to form carbohydrate only. This

carbohydrate wes then thought to be used by the cytopla sm in the synthesis of

K3
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8ll other compounds. Cf course, the chloroplest must supply the carbohydrate

end reducing pover for the cytoplasmic synthesis. It now appears that chloro-
plasts also synthesize a complete spectrum of bilochemlcal products, all of which
might reasonably be considered to be photosjnthetic products. Finally, as ve
learn more about the photosynthetic paths to these producta, we are impressed
not merely by their complexity but much more by the econony with which both

energy and material ere utilized.
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Table 1.

RATES OF FLOW OF CARBON THROUGH ACTIVE POOLS OF AMINO ACIDS

STEADY STATE EXPERIMENT %2

'cOmeund Caleulated Rdﬁé of Bynthesis . ‘Eqpiv. NH,* Upteke
poles of Carbon | pmoles of Ny
Alsnine o I Co2.67 _ 0.8
Serine o | . o ‘O.ﬁ9 - L 0.16 R
Aspartic Acid . - 0.8 ; | 0.2
Glutamic Acid | 0.98 . 0.20
Glutemine ‘ 0.32 ; | 0.13
Glycine® - | o.0h | - 0.02
citrulline** | 0,09 S 0.09
Threonine* | : 0.20 ' _ 0.05
Total | TR o 1.69
Externally measured uptake: 17.0 ' | _ 2.6

% of total through these pools; 52 - 655

* not included in totals

¥ Pigures are for cerbamyl carbon only
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Table 2

PLANT TISSUE ENZYMES WHICH CATALYZE PHOTOSYNTHETIC REACTIONS OR SIMILAR REACTIONS

Enzyme Rumber Reaction Plant Materizl Investigator {is% Author)
Carboxydismutase »
'Carboxylating Enzyme’ i CO> + EuDP + Hp0 --+2 3-PGA Chlorells Quayle (63), Hayaudon {(64)

Spinach ieaves, ebtc. Weissbach (65,66,67)
’ Jexoby (68), Racker (69)

Puosphoglyceryl kinase 2 3-PGA + ATP ---»1,3 DPGA Pea seeds Axelrod (6. )
Triose phosphate dehydro- 3 1,% DPGA + TENH --->GLl3P + TPL  + Pi Sugar beet leaves Arnon(7,0), Rosenberg (71)
genase Seversl algae and Stump?f (9,10)
higher plants greea Fuller (72)
~ tissues
Triose phosphate isomerase 4 Gl3P ~wem- - DHAP Pea seeds Tewfic (73)
Aldolase 5 Gl3P + DHAP -->FDP Pea seeds Stumpf (9 ), Tewfic (73)
6 ELP + DHAP -~ STP Pes seceds Hough (75)
Phosphatase T FOP + HQ -->F6P + Pi Spinach’ » Racker (76,77)
8 SDP + H.0 --» STP + Pi Spinach Racker (76;77)
Transketolase 9  FEP + GL3P --- ELP + XuSP Spinach Horecker (%45)
10 STP + G13P --» RSP + XuSP Spinach Horecker (45)
Ribulose'phosphate-
xylulose phospheate 11 RusP --+ Xu5P Yeast Srere (73)
isomerase
Puosphoribulokinase 12 RuSP + ATP --s RuDP + ADP Spinach Hurwitz (79), Weissbach (&0)

* pbbreviations: DHAP = dihydroxyacetone phosphate, ELP = erythrose-L-phosphate, FDP = fructose-l,5-diphospnaste, FOP =
fructose-6-phosphate, GL3P = glyceraldelhyde-3-phosphate, Pi = inorgeriic phosphate, 1,3DPGA = phosphoglyceryl~3-phiosphate,
R5P = ribose-H-piosphate, RulP = ribuwlose-l,5-diphosphate, BudP = ribose-5-phosphate, SDP = sadoheptulose-l,7-diphosphete,
STP = sedohepiulose-7-phosphate, XubP = xylulose-5-phosphiate.

o



Table 3

SOME PLANT TISSUE qun«ms VB.ICH MAY CATALYZE REACTIOI\IS FQR PHOTOSYNTHETIC FORMATION as' CARBOHYDRATES
. ' (BEYOIm THE CARBOE REDUCTIOH CYCLE) »

Enzyme Number ' Reaction , Planﬁ Material Investigator (lst Authar)
Pho pnohexose isomerase 13 FeP _—-;; GéP* . Phaseolus radiatus Remasarma (81)
Phospnoglucomu-»ase . 14  GAP + Pi-enzyme--» GDP + -enzyme Broadbeaniseeds‘ Morits {82)

- . . GDP --» GlP + Pi-enzyme - Sidbury (83)
UDPG-pyrophosphorylase 15  GIP + UIP --» UDPG + PP Mung bean seedlings Ginsberg {(84)
UDPG-fructose-6-phosphate o , g ,

transglycosylase 16 UDPG + F6P --» sucrose + UDP Wheat germ - Leloir {85)
Sucrose phosphatase 17  SuP + Hz0 --» sucrose + Pi
UDPG-Y4~-epimerase 18 1DPG --» UDPGal Mung bean seedlings lNeufeld (86)

(zelactowaldensase) - : -

UIP + sugar—l-phosphate--»UDPSugar ‘Mung bean seedlings  Neufeld (86)
"4+ PP : Kalckar (87)

*

SuP =
phosphate.

Abbreviations (see alsoc Table 2):
sucrose phosphate, UDPGal

GIP = glucose-1 ,6—diphos“phate; G6P = glucgse-6-phosphate, PP = pyrophosphate,

= uridine diphosphogalactose, UDPG = uridine diphosphoglucose, UIP = uridine tri-
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NH2
E'\ 20 fiHe |
HC” C”7 NNH, L 2C
i ] HC C-Na HC™ C—Ny
HC CH I I CH | i ScH
+N AN Noer ¢!
I
HC H HC——— H Hf
| !
HC—OH HC—-OPOsH™ HC—OH
] 0 I o} 1 0
HC—OH H?—OH H?—OH
1
w—le g e W
(
HC—0—P—0—P —O0—CH HC—0-—P—0—P—0—P—0OH
H I I H H 1 I il
o} .0 o o] o}
Triphosphopyridine nucleotide {oxidized form) Adenosine triphosphate (ATP)
(TPN*)
In Adenosine diphosphate (ADP),
H__H terminal phosphate is reploced by —OH.
/C’ C¢0 :
He \ﬁ’ ~NHg
HC._ _CH
(. Nicotinamide portion of
R TPNH (reduced TPN*)

MU-17251

Fig. 1. Formulae of TPN and ATP.
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i
(i‘,:o 10 ) HZ?:O ®
HO-CH arp ¢=0
1 "' H(li'OH
HC-OH .
HoC-0® €0, ASPARTIC ACID
ADP " T
HPOF ¢
b P CHz
: : ch|:—0® beg —> MALIC
026-G~OH i Acio
i GOz
¢=0 |~
POLYSACCHARIDES I
' SUGROSE 0 :57'@”/*%/
' Py 4 e
i 7 G-0® —> —> ALANINE
Coz2
N\ 6Lucose -
PHOSPHATES ®=PosH
MU-20774-A

Fig. 2.

Carbon reduction pathways in photosynthesis,
Compounds: (1) 2-carboxy-3-keto-1, 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.

« { Pt fructose diphosphate and sedoheptulose

diphdsphate lose one phosphate group before
transkétolase reaction occurs.,



Fig: 5.

wHO =

Radioautograph of two-dimensional paper
chromatogram. Alcoholic extract of Chlorella

pyrenoidosa after 10 seconds photosynthesis with
14 ,
c 02 .

ZN=-2689
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Heptose Hexose phosphates
ond pentose €«— 1
phosphates . Triose phosphate
TPNH Light
ATP
& HoC~OPOSH™
| +*€0p =—> HC-OH
- v |
! . *COOH
3-PGA
4
2-PGA
: {
.v ?HB (Ing
HC—NH, C-OPOsH™
1 g €0,
*COOH *COOH —_—

Alanine PEPA

*
O-0-0-0-0-0

*?OOH
?Hz Aspartic
HC—NH, acid

|
*COOH

*?OOH *(l;OOH
H
e | ppan  GHe
¢=0 | = HC—oH
*COOH ¥COOH
Malic acid
MU-17339

Fig. 4. Labeling of compounds with C14 during early steps
in carbon dioxide reduction during photosynthesis

with Cl402 .
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Fig. 5. Radioautografh of chromatogram of products of
20 seconds Cl40

fixation by Chlorella in the dark
following a period of photosynthesis.
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Fig. 6. Hypothetical pathways of photosynthesis of alanine, aspartic
acid, serine and malic acid. €
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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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Fig. 9. Some possible pathways of fat photosynthesis

from CO, . For details of the carbon reduction
cycle, see Fig. 2.



. This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
misslion, nor any person acting on behalf of the Commission:

A. -Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use”of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission' includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








