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DYNAMIC r'lETABOLIC REGULATION OF THE PHOTOSYNTHETIC CARBON REDUCTION CYCLE 

J. A.Bassham and Martha Kirk 

" The necessity for metabol i c regul ation of carbon reduction pathways 

in photosynthesis became apparent as the result o~ two discover1es which 

have altered earlier concepts of photosyhthesis. The first of these was 

the recogniti6nthat direct products of photosynthesis include not only 

carbohydrates, but also amino acids and other products. The other dis-
that there is an 

covery vias 'I exchange of molecules of some intermediate compounds of 

photosynthesis with molecules of the ~?me compounds involved in glycolysis. 

Some of the earliest studies of photosynthesis with l4C02 revealed 

labeling of amino acids and fats at times comparable to those required 

fo~ the labeling of sug~rs.' Later quantitative tracer studies with 

l4C02 and photosynthesizing fc~lorell.£. pyrenoidosa shm'led that ulanine 

and other amino acids are formed directly from intermediates of the'basic 

carbon reduction cycle,2 and that their rate of labeling \·,ith 14C can 

account for as much as 30% of the tota1 14C02 incorporation during the 

first minutes of photosynthesis. 3 During that same period only about 

one-third as much 14C was found in sucrose, a major carbohydrate product 

of photosynthesis in Chlorella. Benson and cm'lorkers4 have shown that 

. gal~ctolipids are rapidly labeled by Chlorel1a, with 40% of the l4C label 

of the lipids appearing in the fatty acid moieties after 5 min photo­

synthesis in Ch10rella with 14C02• 

This direct formation of amino acids and fatty acids from inter­

mediates of the photosynthetic carbon reduction cycle makes these 

compounds equivalent in some respects to free sugars as immediate products 
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of carbon ~educt~~n in photosynthesis; It.seems likeli that some regu-

lationof,theflowof:carbonfrom the basic cycle to the production of 

these compounds must be re;quired .in order to maintain a balance betv/een 

thei r syntheses and thei r uti' i zati on in the further syntheses of macro-

molecul es. ' 

Green plant cells ~ass through various s~ases of development' 

requiring synthesis of changing proportions of fats, proteins, carbo-

,. hydrates and other macromolecules such as nucleic acids. ~~~-~~'=_~~=~=~_---.. ~ 
" ·f:---~~.~~1}~-=in~_tbi~ma1:~re:]e·~y.e·s~~O·f_.-suc6-~-pi.ants~~a-S_::sugar. __ beef-m.ay· p.r9~~=~~~.·::=-_~~~ 
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duce almost exclusively carbohydrate for translocation to other parts 

of the plant. Yet in young, rapidly gro .... ting leaves of these same 

plants, a considerable portion of the photosynthetically reduced carbon 

must be allocated,tothe production of proteins and lipids and other 

materials .required for the building of the chloroplasts themselves and 

. of the ne\'! cell s. 

',To a la,rge extent, of course, the regulation of these syntheses of 

'. macromolecules will ~~ accomplished through the control of enzyme syn~ 

thesis, according to mechanisms that are rapidly' being discovered. 

N~vertheless, there would seem to be a need for a dynamic metabolic 

r,egulationof the pool sizes of these compounds. This regulation 

, should be capable of rapid response,to changing environmental conditions 

and should not be dependent upon syhthesis of new enzymes., In short, 

·the type of regu'lation needed to maintain reasonable pool sizes for 

small molecules produced directly from the photosynthetic carbon reduc-
. . , 

tion cycle probably is dynamic regulation of key enzymes at or near the 

bran~h points in the cycle itself. 
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The second development which focused attention on the need for , 

metabolic. regulation was the finding that the intermediate compounds 

of photosynthesis and glycolysis in green cells are riot completely iso­

lated from one another~ Earlier studies ~ith ehl~rella and 14eo2, as 

well as 14e-labeled glucose, had suggested that there is some separa­

tion between certain pools of intermediates of the photosynthetic carbon 

reduction cycle and of glycolysis and respiration. 5 Hm'Jever, it is now 

clear that there is an important exchange between some pools of photo­

synthesis and of glycolysis. Heber and Willenbrinck6 reported that 

some labeled intermediates of the photosynthetic carbon cycle are trans­

ported from the chloroplast to the cytoplasm in Elodea. Based on his 

experiments with Elodea and Spinacia, Heber7 concluded that the phospho­

glyceric acid (PGA)*, dihydroxyacetone phosphate (DHAP), and fructo~e-

1,6-diphosphate (FOP) "function as transport metabolites in photosyn­

thesis." Hhile those results were obtained by a post mortem IInon-aqueous" 

, isolation of chloroplasts fo1lO'.."ing photosynthesis with tracers by the 

intact leaf, the findings have in general been confirmed by other tech­

niques described belo\'J. 

, In the meantime, studies of 14C-and 32P-labeling of metabolites by 

ehlorella photosynthesizing in light a'nd respiring in the dark had demon,­

strateda clear interaction, betv/een the intermediate compounds of photo­

synthesis and glycolysis. S The results of a similar'study are shown in 

Fig. 1. After some 14 min of photosynthesis with: 14C02 and 34 min with 

32P-labeled phosphate, PGA waS saturated with respect to labeling by 

each of these isotopes. When the light was turned off and the flow of 

electrons and ATP from the photochemical apparatus stopped. th'e reduction 

*A list of abbreviations used in this paper is given with Fig. ~. 
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of,PGA abruPtlYC~ased~ leadin9 to a rapid rise in both',32p and l4C 

-label. ,Af:terabout,30.secthelevel' of PGAdeclined, since the photo­

synthetic carboxylation'reaction had by then stopped and PGA \'las no longer 

being formed. The decline in the level of labeled PGA is due to its con-

version to other products such as alanine and its consumption by respira-' 
, , 

tion via the tricarboxylic cycle (see Fig. 2). 

After about 2 min the level of 32P-labeled PGA rises to a steady­

. state level in the dark which is higher than the steady-state level in 

the light, while the l4C~labeling of PGA continues to decline. This 

- shm·/s that'the doubly-labeled PGA is, being replaced by ne\'Jly formed, 

singly-labeled PGA made from the ,glycolysis of unlabeled carbohydrate 

stores. Glycolysis of course introduces the same 32P:·label as photo-
. . . ;. ' 

. synthesis, since in each case the phosphate group is derived from a 

rapidly turning-over pool of ATP, I'lhether the latter is formed by photo­

synthetic phosphorylation or oxidative phosphorylation. 

Up to this point the resulfs could be interpreted as indicating 

isolated ~ools of PGA for photosyrithesis and glycolySii. However. if 

this were the case, when the,light is again turned on the glycolytic 
, . 

pool of PGA should be unaffected and the 32P-iabeling should not drop 

significantly more t,han the l4C label,. The 32p label of the PGA drops 

very much more than the l4C label. This drop indica~es that all of the 

32P-labeled PGA isi~mediately affected by the light. Thus, photosyn­

thesis acts on the entire labeled pool of PGA. This data clearly' 
~ I , ' , . , 

-
, established the fact that PGA, formed' in-the, dark by ~lycolysis,can 

be immediately us'ed in the: photosynthetic tarbon red~ction cycie when 

the light is turned on. 
• • 

. ' 
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With the i nterchangeabil ity of PGA between photosynthes is and 

glycolysis complicating the kinetic studies, it became increasingly 

urgent that we perform parallel studies of photosynthesis in isolated 

chloroplasts ~ Chloroplasts capabl~ of photosynthetic reduction of 

carbon dioxide at only 20% (usually much less)9 of the rates to be 

expected in vivo did not appear to be suitable for quantitative studies, 

particularly of regulatory mechanisms •. By modifying a number of condi­

tions in isolation and incubation, it was possible to obtain rates of 

carbon dioxide assimilation by isolated spinach chloroplasts approaching 

in vivo rates for healthy leaves. at least for 10 or 15 min. 10 HO\·rever, 

when the labeling of various products of this photosynthesis by isolated 

spinach chloroplasts were measured,'l it was apparent that the levels of 

certain intermediates of the photosynthetic carbon reduction cycle, par­

ticularly CHAP, were abnormally high, as compared with le~els seen with 

intact plants. The reason for this difference became clear \'/hen vIe 

studied the distribution of intermediate products betv/een the chloro­

plasts themselves: and the supernatant solution in which the chloroplasts 

had been su~pended~11~12 Over 80% of the carbon fixed appeared in: the 
. . 

suspending m,edium. Of this, by far the greater portion: was in PGA and 

OHAP, with substantial amounts appearing also in FOP, sedoheptulose-1,7-
'. . 

diphosphate (SOP), and glycolic acid. Ribulose-l,5-diphosphate (RuOP), 
, 

fructose-6-phosphate(F6P), glucose-6-phosphate (G6P), and sedoheptu16se-. 

7-phosphate (S7P) were well retained in the chloroplasts. 

Thus, there is astrik{ng differential behavior in the migration 

. of photosynthetic int~rmediates from chloroplast to suspending medium. 
, , I • 

In general, those compounds of the photosynthetic carbon reduc~ion cycle 
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... following the' carboxylation reaction an'dpreceding the diphosphatase 

'reaction (see Fig. 2) tend to diffuse from the chloroplast to the' 

~edium, while those comp~undscoming after the diphosphatase reaction 

and preceding the carboxyl ation reacti on (except for pentose monophos­

. :.;" 'phates) are well retained insi de .the chloroplasts. 

". ~. 

. ,:.-.. I,; 

... 
, ,', 

, . 

~"'. . .:,', ~.' .. 

Given the interaction between the intermediates of photosynthesis 

. and glycolysi s and the demonstrated'move'ment of intermedi ates between 

chloroplasts and cytoplasm, it seemed clear that some form of light-dark 

dynamic metabolic regulation of key enzymes of photosynthesis and gly­

colys isis req ui red. 

Direct kinetic evidenc~ for light-dark changes in the activities 

of enzymes of the carbon reduction cycle came from the same light-dark 

studies with Chlorel1a in the presence of ~2p and l4C that. \'/ere reported 

above. 8 Tnelevel of FOP plus SOP in light and dark is shown in Fig •. 3 •. 
, " . , 

··When the Hght is first turned.off, these suga~ diphosphates drop in 

~~oncentrationto nearly ze~o, as would be expected from the faci that 

;".; light is no longer supplying cofactors for the reduction of PGA to· 
.,' .. :', triose phosphate, from which these sugar diphosphates are formed. 

. . ,~ . .-
, '.' . ~. '. .' .,' 

However, the leveLof FOP plus SOP then rises, passing through a maxi-

: .... ,mum to a new steady-state dark level. This result clearly suggests· 

that the diphospha~a~e has· become in~ctive and that a phosphofructokinase 
'... :' ... -, \' .' 

;:., ". ,,' ,has been activated in the dark, and is utilizing ATP formed by oxidative 

" ' .. ' 

.. ~. ~ " 

" "" . 

. .'1" 

'. phosphorylation •. Note also tl1af the sugar'diphosphates formed in the 

light are made partly from endogenou~ sugars that are not fully labele~ 

with Hc . 

.. The levels of ATP, as well asUTp"and ADP, in light and d~rk are 

" sholtm in Fig~ 4. It can be'seen that \·thile the ATP initially dtops . 

• 

L. ... 



..... 

, " 

'-7-

rapi dly whenlhe 1 i ght is turned off, it soon ri ses to a hi gh dark 

steady~state level due to oxidative photophosphorylation. Thus, there 

is ampleATP for the PFkinasereaction. 

Tli'e'timerequi red for acti va ti on of the diphos!:lhatase reacti on 

in light \'las revealed by a detailed kinetic experiment with Chlorella 

in which, follo~inga period of steady-state photosynthesis with l4C02 
and a perio~ of darkness, the light was turned on again and samples 

were taken at 10-sec intervals for the next 2 min. In Fig. 5 it can be 

seen that the level of FOP rises very sharply for 30 sec. We attribute 

this rapid rise to the onset of reduction of PGA due to cofactors from 

the li~ht reactions, together with the iriactivity of the diphosphatase 

following a period of darkness. After 30 sec the diphosphatase has 
, I 

been activated and the level of fructose diphosphate then drops rapidly, . 

sinc~ the photosynthetic carbon reduction cycle is not yet fully operative 

and the rate of reduction of PGA to triose phosphate has not reached the 

steady-state level~ Later, the labeled fructose 'dirhosphate level rises 

more slowly towards th~ steady-state level. 

Fig. ,5 also shows that the transient incre~se in DHAP is much 

smaller than that of FOP. This means that the transient peaks are not 
, , 

due merely to a wave of carbon coming from the sudden reduction of a 

large pool of PGA. If that were the case, the transi~nt peak in DHAP, 

which precedes FOP in the cycle', would be higher than the peak in FOP. 

Instead, the smaller DHAP peak is a reflection of the higher FOP peak, 

and indicates an active,reversible aldolase reaction in light and dark. 

Also, if the transient oeaks were merely w~ve phenomena induced by 

, the sudden ~eduction of PGA, one would expect the wave to passon to 
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the next intermediate'fn the, cycle', F6P, but a't 'a diminished magnitude. 
. . - . 

~Jhat'actually happens can be seen in Fig.' 6, which compares the behavior 
, ...... 

oflabe1edF6P with that of FOP. The level of F6P initially drops while 

',the diphosphatase isinattive and only begins to rise at 30 sec or pre­

cisely the time when the diphosphatase has suddenly become activated. 

O~ce the diphosphatase is activated there is a transient peak in the 

levels of F6P before steady 'state isachieved~' Thi s is due to the ' 

sudden removal of the diphosphatase 'bottleneck, allowing carbon from 

the accumulated FOP to flm'l into thesugar monophosphate pool. -·Precisely 

the same situation is seen ~ith SOP ~nd S7P '(Fig. 7). The only difference 

is in the steady-state pool sizes 0f~he compounds involved. This'simi-' 

larity in the transient peaks of FOP and SOP strongly suggests an identi-

'cal me'chanisrn of regulation and quite possibly that th~ same dipho~pha­

tase operates for,both reactions. 

'The possibility that the transient peak'in FOP and SOP could be 

caused by residual dark PFkinase activity seems unlikely~ -PFkinase 

, ,activity during the first seconds of Hght should not be greater than 

the ,dark activit~. The'level of ATP does'not ri~e mor~ than lS% when 

the light is turned on (Fig. 4). 'The level of F6P, as just mentioned, 

initially dr6ps. . . ~ 
, ' , 

E~idence for the light-dark regulation of the carboxylation reaction, 

also came first from the .light-dark studies ofChlorel1a pyrenoidosa with 

. 14c02an~'H32~0~2, described earlier~8 When the light ~as turned off, 

the level of the carboxylation substrate, RuDP, fell rapidly at first. 

Afte,r 2m;'n dat'kness, the rate of fall in RuOP level was no longer pro~ 

portional to the RuOP level, indicating that the 9ctivityof the enzyme 
~ J" 

for this reaction had diminfshed •. 

" 

i, . 
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Further evidence for the light activation of the carboxylation 

. reaction came from studies of isolated spinach c~loroDlasts.ll Fig. 8 

shows that when the light was turned off following a period of photosyn-

thesis with spinach chloroplasts the level of:ribulos~ diohosphate at 

first dropped rapidly but then leveled off at virtually a constant 

value in the dark, indicating that the carboxylation reaction I'las no 

longer active. When the light was turned on again the level of RuDP 

rose very rapidly due to the inactivity of the carboxylation reaction 

and to the production of ATP from the light which is required by the 
I 

ribulose phosphate kinase to convert Ru5P to R~DP. Subsequently the 

level of RuDP declined towards a steady-state level. 

An even more impressive proof. of the inactivity of the carboxylation. 

reaction in the dark is shown in Tabl~ 1. 13 In this light-dark-light 

. experiment with spin~ch chloroolasts photosynthesizing with l4C02 , addi­

ti cns of ATP and of ATP + R5P Here made to separate f1 asks of chI oro­

olasts just after the light was turned off. As can be seen, the effect 

of the ~dditions was to maintain the level of RuDP in the dark at"its 

previous light level. In s~ite of this there was no fixation in the dark 

follo',/in9 a period of very active fixation of l4C02 in the light. vJhen 

the light wa~ again turned on, a smaller but substantial'rate of l4C02 

fixation was seen in all three fla§ks. Thus, in this experiment both 

substrates, RuDP and 14C02, were prescnt in the chloroplasts in the dark 

but no carboxylation occurred. Nevertheless, the system 'yo/as not per!T!anently 

inactivated, for subsequent light was able to ~timulate high fixati6n rates. 

The reason for light-dark di~hosphatase r~gulation seems. obvious. 

Given the diffusion of ATP and of some sugar phos::>hates between chloroplasts 
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Table I 

1st light Period Dark' Peri od 2nd light Period 

Rate* RuDP* , Rate RuDP Rate 

Control 143 0.08 . -3 0.02 82 

+ ATP 154 0.10 -10 0.07 . . 104 

+ ATP, R5P 145 0.08 -3 0.08 86 

*Rates are given in ~mole~ 14C02(mg Chl hr)-l; RuOP concentration is given in 

.~mo1es 14C(mg Chl)-l. 

I 

" 

", 

RuDP' 

0.23 

0.37.· 

0.27 
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and cytoplasm, phosphofructoki nase and fructose diphosphatase shaul d 

not be active. at the same time, lest they together operate as an ATP~se. 

The reasons for regulation of the carboxylation reaction \'fere n'ot 

so apparent. Green cells contain a highly active oxidative pentose 

phosphate cycle. This cycle is immediately activ?ted \'Ihen the light 

is turned off, as indiCiated by the data sho\'m in Fig. 9, obtained 

d~ri~g the previously described steady-state experiment with photosyn­

thesizing Chlorella in the presence of 14C02 and 32P-labeled phosphate. 

As soon as the light is turned off both the 32p and 14C l~be~ of 

6-phosphogluconic acid rise rapidly and are maintained at an appre­

ciable level during the entire dark peribd. When the light is again 

turned on the formation of 6-phospho~luconic acid ceases. 

The site of the· operation of this oxidative pentose phosphate cycle 

may well be within the chloroplasts~ It was found earlier14 that the 

addition6f vitamin K to photosynthesizing Chlore'la causes the imme­

diate appearance ~f 6-phosphogluconic acid even while the light is on. 

: Vitamin K is supposed to ca~sethe short circuiting of electrons being 

. transported through the photoelectron transport system, thereby leading 

to a cycl i c ,photophosphoryl at; on and preventi~g the reduction of NAD'P+. 

Th~re is evi dence 15 that NADP+ and NADPH ~re not t'ransported 

between chloroplasts and cytoplasm. Since the effects caused by vita­

min Ker by interruption of the light seem to be likely results of 

interruption of photoelectron transport, the sudden appearance of 

6-phosphogluconic acid looks like an indication of operation of the 

oxidative pentose phosphate cycle within the chloroplasts. 
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While there is probably no oxidative electron transport system 

within the chloroplasts, NADPH produced by the operation of theoxi­

dati ve pentose phosphate cycl e coul d be used for bi osyntheses 'f/ithi n 

the chloroplasts--for example, the conversion of sugars to' fatty acids. 

Appa rently ATP di ffuses readily f~om the cytopl asm into the ch loropl asts ,12 

and ATP, as already mentioned" is rapidly produced by oxidative phos­

phorylationin' the cytoplasm. Thus, biosynthesis can proceed inside 

the chloroplasts in the dark \1ith ATP from the cytoplasm and NADPH from 

the operation of the oxidative pentose phosphate cycle in the chloro­

pl asts. 
I 

If this hypothesis is correct. then there should be 'a regulatory -

mechanism. which in the dark would block the transformation of pentose 

, mo~ophosphates to RuDP to PGA. Only one of these two ste~s need be 

inactive in the dark, a,nd it appears that it may be the carboxylation 

step from ribulose diphosphate to PGA. v.Ie have already demonstrated 

(Table 1) that \'lith addedATP, pentose rr.onophosphates can be converted 

, to ribulose diphosphate in the dark •. 

What is the mechanism of the light-dark regulation of the diphos-
, , 

phatase and ri bul ose di phosphate react ions? Is01 ated enzymes 'flhi ch 

'ca~alyze 'these reactions are:' D-fructose-l,6-diphosphate, l-phospho­

hydrolase, 3·1·3·11 (hexose diphosphatase) , and 3-phospho-D-glycerate 

carboxy:-lyase (dimerizing), 4·1·'·39 (ribulosediphosp,hate carboxylase) • 

. , " Both erizymes are characterized by a pH optimum which is higher than 

normal physiological pH for chloroplasts and a requirement for high 

'level of magnesium ;on. 16 ,17 Activation of these enzymes by light could 

, . ' 

", 
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be the result of movements of magnesium and hydrogen ions through mem­

branes'. Dilley and Vern'on lSreported a 'ight-depende~t uptake of H+ 

and an efflux of K+and ~lg++ ion by isolated spinach chloroplasts. This 

reported ion flow might appear at first to be contrary t'o that required 

for enzyme activation. However" the ;ight-driven flm.,r of ions is across 

,the thylakoid membranes within the chloroplasts, and probably leads to 

a f1 ow of hydrogen ions from the stroma region into the membrane­

enclosed thylakoids, and a flo\'t of magnesium ions into the stroma. 

Thus measurements of pH and'of metal ions in the suspending medium may 

well reflect changes occurring within the stroma, particularly if the 

chloroplasts are broken or "leaky". 

Another indication that light-induced ion flow may be responsible 

for light-dark regulation of the enzymes is to be fo~nd in the fact that 

'cer~ain fatty acids and fatty acid esters simultaneously inhibit photo­

phosphoryl ati on, the carboxyl ati on reaction , and the di phosphatase, 

reaction. 19 These inhibitions, which are reversible, are thought to be 

accomplished by some indirect effect of alteration in the properties of 

the chloroplast membranes. A likely alteration in membrane properties 

would be in the light-induced ion pumping capacity., Photophosphorylation 

is thought to require a pH gradient across the .thylakoid membranes,20 and, 

like the other inhibited enzymes, photophosphorylation requires magnesium 

ion. 21 

Whilelight~indu~ed ion pumping provides a plau~ible mechanism for 

,the 1 i ght-dark regul ation of the di phosphatase and carboxylati on reacti ons, 

we visual;z~ a different, but as'yet unknown, mechanism as providing a 

. '~ .. 
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fine regulation of th~diphosphatase reaction whenpl~ntsare photo~ 

synthesizing with thelights.on. At all times while photosyrithesis is 

proceeding there would be sufficient diphosphataseactivity to permit 

the cycle to regenerate pentose phosphates at a steady-state rate suffi­

cient to provide for the operation of the basic photosynthetic carbon 

reduction cycle. However, additional diphosphatase activity would be 

. so adjusted as to eit~er pile up the excess fixed carbon at the level 

of PGA, DHAP, and FOP, which would be used for biosynthesis of proteins, 

. fats, and other materials; or, with greater diphosphatase activity, the 

excess carbon \~ould be accumulated in fructose-6-phosphate which could 

, . then be converted to carbohydrates (Fig. 2). This type of regulation 

would thus satisfy the changing requirements for biosynthesis in response 

to physiological change, such as grm'lth and development. 

We are in6lined to make two predictions about this mechanism. First, 

,it should be ~elated to hormonal or genetic control and may well. iflvolve 

the adjustment of a regulatory factor by the activity of an inducible 

enzyme. Second, this regulatory factor may exert its effect through some, 

quantitative change in the light activation. In this way it could pro-

vide the fine, or verriier, control needed to insure ,the precise diphos-

, phatase activity to keep the basic carbon cycle running while at the same 

time adjusting the supply of carbon to'biosyntheHc path\-/ays. 
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FIGURE CAPTIONS 

Fig. 1. Levels of 14C and 32P-labeled PGA in ChlorellaEYrenoidosa 

during photosynthesis and respiration. 

Fig. 2. Relations between photosynthesis, glycolysis, and synthesis 

of macromolecules, and regulatory control points. 

Compounds of the photosynthetic carbon reduction cycle above 

the dotted line are those which tend to be retained in the 

~hloroplasts, those bel 0 ... ' the dotted line have been found to 

be readily transported from chloroplasts. Intermediate com­

pounds in paths other than the photosynthetic carbon reduction 

cycle are not shown. 

Abbreviations used in this figure and in the text are: PGA, 

.3-phosphoglyceric acid; OHAP, dihydroxyacetone phosphate; 

Ga3P, glyceraldehyde-3-phosphate; FOP, fructose-l,6-diphosphate; 

F6P, fructose-6-phosphate; SOP, sedoheptulose-l,7-diphosphate; ., 
S7P, sedoheptulose-7-phosphate; E4P, erythrose-4-phosphate; 

Xu5P,·xylulose-5-phosphate; R5P, ribose-5-phosphate; Ru5P, 

ribulose-5~phosp~ate; RuDP, ribulose-l,S-diphosphate; G6P, 

glucose-6-phosphate. 

Fig~ 3 •. Levels of l4C-l abe led FOP plus SOP in Chlorella .Elrenoidosa 

during photosynthesis and respiration • 

Fig. 4. Levels of 32P-labeled ATP, UTP, and ADP, in'Chlorella Eyrenoidosa 

during photosynthesis and respiration • 

. Fig. 5. Levels of 14C-labeled FOP and OHAP, in Chlorella pyrenoidosa, 

during photosynthesis and respiration. 

• 
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.. ~ .. ", . 

. , ..... :. FIGURE CAPTIONS (Cont. )'.' .' 

.• Fig. 6. U~vels'of 1_4C~labeled F.DP an.d F6P, in Chlorella EY-renoidosa, 
. ' , '. 

~uring photosynthesis and respiration. 
. . . 

Fig. 7. Levelt.6f l4~-labeled SOP and S7P, in Chlorella E,Yrenoidosa, 

'during photosynthesis and respiration •. 

Fig.·~. Levels' of' Rubp labeled with 14C and 32p in isolated spinach. 

chloroplasts, photosynthesizing, and in the dark • 
. .. ' ' . 

. Fig. 9. levels of 6-phosphogJuconic acid labeled with 14C and 32p, in 

Chlorel1a pyrenoidosa, during photosynthesis and respiration • 

. ; 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mlSSlon, 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. 






