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JAMES A. BASSHAM and RICHARD G. JENSEN 

Laboratory of Chemical Biodynamics, Lawrence Radiation Laboratory, 
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INTRODUCTION 

It is still pOssible to find in many textbooks of botany and 

plant physiology the unqualified fonm..U.ation of photosynthesis as a 

sinple chemical equation: ~ + H20 hv > {CH20}+ ~· 1 .. The clear 

inplication, sometimes specifically stated, is that the sole products 

of photosynthesis are oxygen and carbohydrates. 'Ihis .concept of 
. 

photosynthesis has been f1nnly entrenched until the past decade. If 

it were. correct, it is possible that a discussicn of the carbon 

metabolism of photosynthesis would hold little except academic 

interest to those engageg 1n agricultural research. cne could attempt 

ally an inproverner:.t in l.ne overall rate of photosynthesis, and perhaps 

1n the relative yields of usable carbohydrates such as sucrose and 

starch. 

Fortunately, for the purposes of this symposium, as \'o-..11 as the 

future of agricultural research, this older formulation of photosynthesis 
. I 

is incorrect. It is true that the intennediate compounds of the primary 
' . 

photosynthetic carbon reduction cycle are a number of sugar phosphates, 

as well as 3-phosphogl.yceric acid (PGA). However, any definition of 

photosynthetic products which includes tree ·carbohydrates, such as 

sucrose and starch, soould also include tree amino acids and proteins, 
~ . 

tatty acids· and fats, and c~s, vitamins and p~ts. There is 
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evidence that all these substances can be synthesized in the 

chloroplasts by reactioos requiring cofactors produced by photo­

electron transport and photophosphorylation. Mature leaves of certain 

species c;)f plant may produce, under appropriate conditions, alm:>st 

exclusively one product, such as sucrose. Rapidly growing and 

developing leaves of the same species make much higher levels of 

fats and proteins and other constituents. Unicellular algae, such 

as Chlorella ·pyrenoidosa, can be made to produce predominantly fat 

or predominantly protein, depending upon the choice of environmental 

ccmditions. 

'!he 'reascn for the variatioo in products of photosynthesis may 

sometime:s be fairly obvious, as in the case of nitrogen deficiency 

or abundance. To detennine the reasons for product variability in 

other less obvious cases, we nust learn much oore than we presently 

know about the control mechanisms within the chloroplasts and the 

relatioos between chloroplast metabolism and the metabolism of the 

nonphotosynthetic parts of the green cell. 

We will need to know how cootrol is effected of the now of 

carbon into diverse piosynthetic pathways from key intermediates in 

the photosynthetic carbon metabolism such as PGA. We must discover;-
" 

how the enzymic· machinery of the chloroplast is regulated for light 

and dark operation, and what determines the extent of export of 

specific photosynthetic intennediate conpounds from the chloroplasts 

to the cytoplasm. We will be interested m how the regulatory 

mechanisni adapts· the metabolism to changes 1n env1ronmental conditiOn, 

. 
' 

' 

" •. 

. . 

' 



, 

. ~ 

-3-

such as in the ievels of carbon dioxide, phosphate, nitrate and other 

m:1nerals, and light intensity and quality. A great many of these 

questicns cannot be answered satisfactoril.y at the present time. 

However, SOl"'O 1nfonna.tion is now available which may help point the 

way to future research and its application 1n this area. 

'IRE PHCYroSYN'lliEI'IC CARBON REDUCTION CYClE 

'Ihe photosynthetic carbon reductim cycle, as elucidated by Calvin 
-

and coworkers (1), is shown in Figure 1. 'Ihe detailed reactims, and 

................ 
Insert Fig. 1 about here 

................ 
the ar~ts leading to ·their formulation, are discussed 1n other 

reviews (2) (3). Although this cicle has been widely accepted as 

essentially correct since its publication twelve years ago, some inves­

tigators closely concerned with the problem of carbon retabolism and 

photosynthesis maintain reservatioos about all, or part, of the cycle. 

SoiTE criticisms of the postulated cycle have been reviewed elsewhere 

(4), as have our interpretations of ·the questions raised (5).. It is 

appropriate to our present purposes to say that one of the principal 

types of obJ ect:1ons raised to the cycle has been the inadequacy /Of 

" enzymic activities isolated from gr-een tissues to carry out key 

reactions of the proposed cycle. As we shall indicate, it appears . 
.. ·~· 

that several steps 1n the proposed cycle may be reactims subJect to 

stroog netabolic regulatim by changeS brought about between ligtlt and 
. ; 

dark, and perhaps by other environmental cmd1t1als. . If this 1B the 
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case, it should not· be surprising if enzymes isolated under inappropriate 

physiological canditicns might be 'switched off" and, therefore, show 

deficient biochemical activity. Factors controlling enzymic activity 

such as those involved in allosteric effects an enzymes can be very 

subtle. It seems possible that appropriate conditions for activating' 

such regulated enzymes may have escaped even the most rreticulous 

enzynologists. 

Let us review the photosynthetic carboo reduction cycle briefly. 

It may be said to start with the priming of a pentose phosphate molecule 

by the phosphoribulokinase reaction with ATP ." 'Ih1s step ''energizes" 

the ribuiose phosphate molecule by placing a second phosphate group in 

close prox1m1ty to the· subsequent carboxylation site an the second carbOn 

atom. According to the evidence and proposals of Rabin and T.rown ( 6) , 

an enzyme substrate conplex is then forined through additioo of enzyme 

sulfhydryl to the carbonyl group at carbon atom two. 

The resulting th1ohem1acetal could then lose water to g1 ve an enol 

form, sorretimes postulated as necessary for adctl.tion of carbJ:In dioxide · 

across a double bond between carbon atoms two and three ( 7) • The newly 

incorporated carba1 balds to carbon atom two. The bond between carbon. 

three and two then breaks, releasing carboos three, four and f1 ve as 

"' PGA, and reducing carbon atom two which is still bound to tne sulfur 

atom of the enzyme. Hydrolysis of the carbon two sulfur bond gives 

back the or1g:1nal enzyme and another· JJX)lecule of PGA. 

However, if the newly foi'r!Ed carboxyl group, booded to carbon 

atom two, could be phosphorylated and. reduced prior tO l1berat1oo from 

f i 

,[ 

• 

• ¥ : 



,; 

,. 

\ 

\~ 

the enzyne, newly incorporated carbon could be converted directly into 

triose phosphate witrout first becoming part of a free molecule. The 
\iY) 

proposal of a reductive carboxylaticn reactim in photosynthesis (8), 
0 

perhaps mediated by an organized enzyme system found only in the intact 

chloroph,.sts (5), has gained sore support from kinetic tracer studies 

which indicate. that the newly incorporated radiocarbm f'rom photosynthesis 

with 14c~ finds its way too quickly into the sugar phosphates for it 

to have passed through the :f'ree pool. of PGA (5). However, the postu-

lated reductive carboxylation reactim remains only an interesting 

speculation for want of further &lld more canv:lncing evidence., The 

kinetic data with tracers could equally well be accounted for by an 

enzyme-bound PGA whose. equilibration with the free PGA pool is not as· 

fast as the cawersion of bound PGA to triose phosphate. 

The proposed cycle specifies that PGA is phosphorylated with 

photochemically produced ATP to give phosphoryl 3-phosphoglyceric acid. 

'Ih1s acyl phosphate is then reduced by NADPH in the presence of triose 

phosphate dehydrogenase. 'lbis reaction is the only reduct! ve step in. 

the photosynthetic carbm reduction cycle as it is usually written.· 

Part of the resulting glyceraldehyde-3-phosphate 1somer1zes to 

dihydroxyacetone phosphate. '!he two triose phosphates condense to 

·. give .fructose ~.&,;.diphosphate (FDP), which then undergOes a phosphatru;e 

" reaction to give fructose-6-phosphate (F6~). A reaction II2diated by 

transketolase with thiamine pyrophosphate (TPP) as coenzyme converts 

.fructose-6-phosphate to ~hiamine pyrophosphate glycolaldehyde additioo 

. conpound (TPP-aiCH-cH2CH) and eryt.hrose-4-phosphate. 

I 
II 

i 
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Aldolase condenses erythrose-4-phosphate and glyceraldehyde-3-

phosphate to give sedoheptulose-l~ 7-diphosphate (SDP), which is con• 

verted by phosphatase to sedoheptulose-7-phosphate (S7P).; A trans­

ketolase reaction on S7P produces another molecule of TPP-cHOH-cH20H 

and a molecule of ribose-5-phosphate (R5P)., 

Each of the two molecules of TPP-cHOH-cH20H undergoes a. trans­

lr.etolase reaction with a molecule of glyceraldehyde-3-phosphate, giving 

two m:>lecules of xylulose-5-phosphate (Xu5P).. The Xu5P molecules are 

converted by an epimerase to ribulose-5-phosphate (Ru5P) while the 

R5P is converted by an isomerase to Ru5P, thus completing the cycleo 

In each complete tum of the cycle three molecules of pentose 
'· 

diphosphate react with three m::>lecules of carbon dioxide to give six 

molecules of PGA which can be reduced to yield, ult:1mately, three 

toolecules of pentose phosphate plus one m::>lecule of triose phosphate. 

The "extra" triose phosphate molecule thus represents the gain in end 

products from the reduction of three rnol~les of carbon dioxide. 'Ihis 

reduction requires nine molecules of ATP 9 and s~ roolecules of NADPH. 

The reduced carbon thus generated by the basic photosynthetic 

carbon· reduction cycle can be used as a starting point for a number 

of secondary biosynthetic pathways~ only one of which is the formation 

of sucro~ and po1y~ccharides. 

PHCYIDSYNTHE.TI:C PA'IHWAYS 'ro END PRODUCI'S 

Sucrose and·~o!Ysaccharides. 

~the-earliest labeled products of photosynthesis in ·Chlorella~ 

as well as .1n spinach leaves and other plants, are urid1ne diphospho­

glucose (UDPG), ur1d1ne d.iphosphogalactose (UDPGal) (9) and adenosine 

.. 
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diphosphoglucos~ (ADPG) (10). The kinetics· of the labeling of UDPG 

led to the postulaticn that the pathway 1n photosynthesis leading to 

sucrose and polysaccharides involves the conversion of fructose-6-

phosphate to glucose-rronophosphate, which, in tum, reacts with 

uridine triphosphate (Ul'P) to give UDPG. It has been shown (11) that 

leaf homogenate and leaves convert radioactive glucose-1-phosphate~ 

F6P and t1I'P to UDPG and, ultimately, to sucrosee Presumably other 

disaccharides and polysaccharides are synthesized by suitable condensa­

tiOns between UDPG or ADPG and .the appropriate hexose phosphate, such 

as glucose phosphate or galactose phosphate. Although either ADPG or 

UDPG can, function as gl.ucosyl donor .1n starch synthesis (12), it 

appears ·that ADPG is specific for starch synthesis in leaf chloroplasts 

(13) (14) (15)o 

Insofar as the required UTP or ATP for UDPG and ADPG synthesis 

comes 1'.rom photochemically generated ATPI these reactions may be con­

sidered as photosynthetic. 

carbon reduction cycle+ F6P'+ G6P + GlP 

ATP + GlP + ADPG + PP1 

ADPG . anwlose ~ starch 
primer 

. ATP + UDP : UTP + ADP 

UTP + GlP + UDPG. + PP1 

UDPG + F6P + sucrose phosphate + sucrose + Pi 

. Traces, of l4c-labeled sucrose phosphate are obtained .from plants 

photosynt!l')esizing With 14~v while !'ree 14c-labeled .fructose is absent. 
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Thus it seems that the sucrose phosphate route may be the photo­

synthetic one • 

.Amino Acids ~ Proteins 

Arn:mg the first conpotmds fotmd to be labeled by photosynthesis 

wit.h 14~ in algae were alanine, aspartic acid, serine, glycine, 

glutamic.acid and other amino acids (16)e Under appropriate 

\:· · physiological conditions, the labeling of sane of these am:ino acids, 

notably alanine, proceeds roore rapidly at short exposures to 14~ 

than the labeling or sucrose. In fact, the labeling of alanine, 

Which occurs within a very few secoods after· the cOII'IIrencernent of 

photosynthesis with 1400(?, requires that this arn:1no acid be derived 

quite cU;-rectly from intermediates of the photosynthetic carbon reduction 

cycle (17) •. 

It appears that the pat:tway of photosynthesis of alanine begins 

with phosphoglyceric acid from the photosynthetic cyclee The 

3-phosphoglyceric acid ronred by the carboxylation reaction is coo...; . 

verted Via 2-phosphogl.yceric acid to phosphoenolpyrU.Vic acid (PEPA) 

which then presumably 1s hydrol.yzed to tree pyruvic acid. Free pyruvic 

acid can then undergo transamination with glutamic acid to give free 

alanine. 

' The prominence of carbon labeling of alanine a.f'ter sh:>rt periods 

of photosynthesis for a time led us to suspect that alanine might be 

a site of primary nitrogen incorporation into amino groups ( 17). 

However, careful kinetic studies (18) using 14c and the heavy isotope 

~)convinced us that the primary site of nitrogen incorporation into 
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amino groups is principally into glutamic acid, presumably via 

reductive arnination of alpha-ketoglutaric acid. The relative lateness 

of l~c labeling of glutamic acid is apparently a consequence of there 

being more pools of intermediate compounds lying between the carbcn 

reduction cycle and glutamic acid. 

It is supposed that carboxylation of phosphoenolpyruvic acid 

gives oxaloacetic acid which can condense with acetyl CoA to give 

citric acid. 'lhe citric acid presumably is cooverted by reactions 

of the Krebs cycle to alpha-ketoglutaric acid. The primary incor­

poration of nitrogen into amino groups of glutamic acid via reductive 

arninatiori of alpha-ketoglutaric acid presumably utilizes NADII generated 

by photo-electron transport. Additicnal nitrogen incorporation may 

proceed via amidation, form:lng glutamine by a reacticn utilizing ATP 

produced by photophosphorylation. 

carbon reduction cycle ~ 3-PGA ~ 2-PGA ~ PEPA 

PEPA ~pyruvic acid ·transamination> alanine 

[0] transamination 
2-PGA ) hydroxypyruvic acid ;) ) serine 

HOH 

PEPA + ~ ~ oxaloacet1c acid 
' . 

oxaloacetic acid . transamination aspartic acid 

·oxaloacetic acid+ acetyl CoA ~citric acid 

_.. -+- 4 a-ketoglutaric acid ) glutamic acid 
. NArH 

NHti 
PEPA .+ CC2 + ~ [HJ ~ malic acid 
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As just mmtioneq, carboxylation of PEPA would give oxaJ.oacetic 

acid. In adclition to the reactions leading to glutamic acid, 

oxaloacetic acid could .be transaminated to give aspartic acid, always 

seen as one of the early labeled products of photosynthesis in the 

presence of 14~. Reduction of oxaloacetic acid, or reductive 

carboxylation of PEPA, would give malic acid, another of the earliest 

photosynthetic products outside the photosynthetic carbon reduction 

cycle. The reason for this rapid formation of. labeled malic acid is 

not yet clearly understood, but it may well prove to have an as yet 

unsuspected biosynthetic role in photosynthesis. 

Glycine synthesis requires the precursor glyoxylic acid. cne 

possible source of this glyoxylic acid might be the splitting of 

isocitric acid (generated as described above) by isocitratase to 

give glyoxylate and succinate. Another source of glyoxylate could 

be the oxidation of glycolic acid, a compound frequently found to be 

labeled with 14c following short periods of photosynthesis in the 

presence of 14~. However, sore plant cells, such as Chlorella 

pyrenoidosa, appear to be::.- devoid of a glycolic acid oxidase ( 19). 

Very inportant roles have somet:1mes been ascribed to glycolic 

acid as an intel"'lred1ate .in photosynthetic carbcn reduction. It has 

. ' 
been suggested (20) that glycolic acid itself, or an imnediately 

related two-carbon conpound, is synthesized de novo by photosynthetic 

carbon dioxide reduction and condensation of one-carbon units. 'lhis 

view has been supported by Zelitch (21) • who fOund that after short 

periOds of photosynthesis by tomato discs floating on bicarbonate 

" i 
i 
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the specific activity of glycolic acid was higher than that of 3-PGA. 

The opposite result has been reported by Hess and Tolbert, who fotmd 

the specific_activity of PGA to be always higher than that of glycolate 

(22) • Probably these seemingly contradictory results are explainable 

:1n tenns of corrpartnentalization and separate pools of the same com-

pound :1n different parts of the plant cell. 

In our o\m laboratory, and 1n sene others (23), ldnetic data 

thus far_ obtained are consistent with the proposal that glycolic acid 

is derived by oxidation of sugar phosphate :1nte:rnediates of the carbon 

. .reduction cycle. A recent result, obtained 1h kinetic studies of 

photosynthesis of 14~ by isolated spinach: chloroplasts, is shown :1n 

Figure 2. 
' ............. . 

Insert Fig. 2 about here 

.............. 
Possibly there is less arrbiguity about compartmentalization with 

isolated chloroplasts than with whole cells. It is clear that labeling 

of PGA is much faster than that of glycolic acid~ Moreover, the 14c · 

labeling of glycolic acid has a zero slope at the shorter times and 

only becones labeled as sugar rronophosphates are labeled. In fact, 

the rate of glycolic acid labeling is proportional to the degree of 

" labeling of the ·sugar nx>nophosphates. This suggests, but does not 

prove, a precurso~product relationship. It appears that the glycolic 

· acid is fo~ from the · carbon atoms one and two of the ketose 

phosphates. <he possibil.ity is that the glycoaldehyde thiamine 

pyrophosphate conpound, formed 1n the course of the transketolase 
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reacticn, undergoes oXidatioo to glycolic acid. Another proposal 

is that ribulose diphosphate can be oxidized, giving glycolic acid 

phosphate from carbon atoms one and two. We do know that glycolic acid 

fonnation is favored by high levels of oxygen (24) and low levels of 

carbon dioxide (25), and in unicellular algae, such as Chlorella 

pyrenoidosa, by high pH's (23). Since high levels of oxygen produce 

at the same time increased rates of formation of glycolic acid and 

diminished levels of intermediates of the carboo reduction cycle, 

particularly ribulose diphosphate (24) , it has been suggested that 

the inhibition of photosynthesis by oxygen at low co2 pressures is a 

direct consequence of the draining off of carbon from the photosynthetic 

carboo z:eduction cycle, due to the oxidation of sugar phosphate inter­

nediates. This would, in tum, decrease the supply of carboxylation 

substrate, ribulose diphosphate. In an elaboration of this idea, Coombs 

and Whittingham (26) suggest that the oxidation leading to the formation 

of glycolic acid from the sugar phosphates is accomplished by hydrogen 

peroxide or another peroxide fol"':red by a "Mehler" reacticn between 

oxygen and sene primary reductant such as ferredoxin. In the presence 

of normal photosynthesis with carbon dioxide the level of reduced 

ferredoxin is presuned to be too low to react to produce the peroxide. 
"' 

It is postul.ate<i that in the absence of carbon dioxide, or at very low 

levels of carbon dioxide, photosynthesis would not utilize the reduced 

ferredoxin rapidly and its level would increase to a point where it 

could react with oxygen. This proposal was ccnsistent with the findings 

that high light 'intensity 1n the absence of carbon dioxide and the 

presence or oxygen increased the rate of production of glycolic acid. 

I 



' 

41 ··"· 

'I 

-13-

It is perhaps worth noting that in the study by Coombs and 

Whittingham, as well· as in the c earlier studies by Bassham and Kirk 

(24), an increased production in glycolic acid was accompanied by an 

:increased r6rmaticn of labeled glycine, despite the fact that both 

studies were done with Chlorella pyrenoidosa. Thus, there may be 

sorre mechanism for the conversion of glycolic acid to glycine in 

this organism, despite ·the reported absence of a glycolic acid 

oxidase ( 19). 

The synthesis of protein :in the chloroplasts and hip;her plants 

is greatly accelerated during photosynthesis (27) (28). This protein 

synthesis appears to utilize intermediates of the photosynthetic • 

carbon reduction cycle, since the prote:ins are labeled when 14co2 is 

adm:inistered but not when 14e-labeled carbohydrates were supplied (28). 

Illuminated, isolated chloroplasts synthesize protein from non-protein 

nitrogen ( 29). IVbreover, spinach chloroplasts, isolated after a period 

of photosynthesis with 14co2 , are found to have incorporated l4c into 

the soluble prote:in of the chloroplasts nuch m:>:r;-e rapidly than it was 

into the soluble cytoplasmic protein. 

With the development of techniques for achieving ste~y-state 
' 

photosynthesis in the presence of labeled carbon dioxide over long 

periods of time_ (30)~ it became possible to study the product-precursor 

. relationships for the route .fro~ C~ to protein.. Such studies indi­

cated tpat there are in Chlorella pyrenoidosa at least two pools ~f 

amino acids, only ooe of which is rapidly labeled with 14c during 

p~tosynt~esi.s with 14~. In the case of some· andno acids, such,as 
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alanine, the ma.ximum ·rate of labeling was achieved as sooo (5 minutes) 

as -the :iinrrediate precursors, :inte~diates of the carbon reduction 

cycle, were saturated with 1~~ (17). No other labeled compounds fu 

the cell, except such interrilediates and phosphoenolpyruvic acid, were 

saturated with l~c~ by this time, indicating precursor-product rela­

tionship between cycle intermediates and amino acids. 

The next step was to isolate, during a period of photosynthesis 

lasting several hours, both the- free arn:1no acids and the labeled proteins 

which were hydrolyzed to give their arn:1no acid substituents. When this 

was done (31), it was found that the labeling of the bound amino acids 

in every' case reached -a max.1rnum rate only ai'ter ·the pool of· actively 

turning.over free amino acids had become saturated with 14c. 

The ratio between the .size of the actively tum.ing over amino acid 

pool and the size of the total pool of the same amino acid varies over 

a wide range for different amino acids. 'Ihus, under the conditicns 

chosen, the specif'ic radioactivity of the free pool of alanine at the 
I . ' 

time of saturation of the actively turning over pool was about 0.45, 

indicating that the actively tUmfug over pool of alanine was about 

45% of the total a.lanine pool. The relatialShip between the labeling 

of t~ ~ pool. and the bound amino acid nx>ieties 1s shoW'}. in. Figure 3. 
. ' . . . 

. . . . ~. • ........ . 
Insert Fig. 3 about here 

••.• 0 ••••••••••• 

In sharp C<J'ltrast, the actively turning over pool of glycine 

represents only 'about 1.5% of the total free pool of glycine under the .. · 

cond1t1a'lS chosen. · 'lbe relationship between the labeling of this pool 

' 
r--, 

I 

i 
.• , ... ~ 
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Insert Fip-. 4 about here 
••• 0 ••••••••• 

and the bound moieties of gl.ycme is shown m Figure 4. These data 

explain why it was thought earlier (2) that the bound glycine rmietiea 

of protein might arise from some precursor other than free glycme. 

We suspect that the boundary between the actively turning over pool 

of amino acids and the other pools of andno acids is provided by the 

chloroplast marnbrane. This cannot be proved by ldnetic studies alone 

and must await confirmation by studies-with isolated chloroplast 

systems which are capable of total biosynthetic activity. In any 

event, protein synth~sis m the chloroplast from the pools of actively 

turning over amino acids may be considered as photosynthetic. Such .. · 

· ·synthesis would probably utilize~ .ATP from photophosphorylation for . 
the activation of the amino acid moieties preparatory to the fonnation 

of peptide bonds and protems. 

There seems now to be abundant evidence·, which I shall not 

attenpt to review, that chloroplasts contain the necessarY, genetic mfor­

rna.tion in the form of DNA am protein synthesizing machinery m the 

.form of ribosomes and soluble RNA to permit· the chloroplasts to synth~ . . 
size their own conponents of protein.. Perhaps at some future date it 

will become possible to prepare from suitable plants, for example 

spmach, isolated chloroplasts of sufficient biochemical integrity 

to permit their inj eetion into large s:1ngle cells of other plants, 

such as Nitella, witl'Put loss of biochemical activity. 

Fats and ·Pigments· 

During ph:>tosynthesis by unicellular algae, it is not uncoiTITal 
;. 

for as nu~ as 30% of the carbcn dioxide taken up to be incorporated 
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into fats. Probably ·a hie11 percentage of this incorporated carbon 

is bound into the lipids of the lamella 1n the chloroplast. These 

lipids and phospholipids are thought to play important roles 1n the 

physical-chemical processes associated with photo-electron transport 

and photophosphorylation in photosynthesis. 

Glycerol phosphate required for lipid synthesis is probably 

derived by the reduction with NADPH of dihydroxyacetone phosphate . . 

(DHAP), an internediate in .the carbon reduction cycle. Galactose-6-

phosphate, required for the synthesis of various galactolipids may be 

formed from UDP-galactose, derived from UDPG. 

It is pres\..11'Ted trat fatty acid biosynthesis follows routes s1milar 

to those reported for nonphotosynthetic systems. · Such systems begin 

with acetyl CoA. In the presence of biotin and ATP, acetyl CoA is 

carboxylated to give malonyl CoA. According to Lynen (32) the bond· 

to CoA is replaced by a bond to the sulfhydryl group of an enz~, 

and the resulting rnalonyl-5-enz~ decarboxylates to give acetoacetyl 

enzyme plus co2• This compound then undergoes reduction of the carbonyl; 

dehydration and further reduction to give butyryl -&-enzyme, which is 
. \ 

then converted to butyryl CoA •. This series of reaCtions is then 

repeated with another nplecule of maJ.ony~ CoA, the end result being 

' 
. the lengthening of the fatty acid chain by two carbons, with each 

cycle of reactions. U:mg-chain fatty acids then presumably esterify 
. . 

with glycerol phosphate or galactose phosphate to make the lipid~ and 

phospholipids found :1n the lamellae of the chloroplast ( 33). 

Peina.ps the Jrost 1mportant unanswered question regarding photo­

synthesis of rats 1s the questioo of the origin C?f the acetyl CoA, 
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or acetate rroiety for the start:lng point of fatty acid synthesis. 

Several possib111ties may be suggested, but there is little evidence 

to favor any one of these in photosynthesis. 

1. Pyruvic acid derived from 3-PGA ~auld undergo oxidative 

decarboxylation yielding 002 and a?etyl Coen~yme A. Such a process, 

invol v1ng both loss of ~ and oxidation, runs counter to the general 

direction of photosyn~hesis. Since in bright light it is presumed 

that the NADP is rrostly in the reduced fonn, oxidative reactions 

would require a separate pool of oxidized cofactor, perhaps NAD. It 

would seem that the oxidative decarboxylation of pyruvic acid, useful 

in supplying both reducing power and acetyl CoA in nonphotosynthetic · 

reactions, would not be such a useful reaction in photosynthesis. 

2. Acetate migtlt arise by some cleavage of malic acid to acetate 

and gl.yoxylate. However, in view of the high requirement for acetate 

m:>ieties for fatty acid synthesis, such a reaction would tend to pro-

duce too Dn.lCh glyoxylate. 

3. Perhaps the most efficient production of acetyl Coenzyme A . 

in photosynthesis would be by a phosphoketolase reaction which would 

convert some of the TPP-CHOH-CH20H directly to acetyl phosphate. The 

acetyl phosphate could then be converted without energy loss to acetyl 

' Coenzyme A. Part of the attractiveness of this proposal lies in the 

fact that TPP-CHOH-CH20H Dn.lSt be formed anyway in the course of the' 

transketolase reactions which are two_ of the key steps 1n the phot~ 

synthetic carbon reduction cycle • 

. ,It has. already been suggested that glycolic acid might be formed 

l:)y an oxidation of TPP-CHOH-CH20H. It these proposals are correct, 

,I 
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TPP-cHOH-CH20H is at .an extremely important branch point for the 

diversion o~ carbon from the basic carbon reduction cycle and the 

bee-.,inning of biosynthetic pathways. Indeed, this could be a primary 

regulatory point for the distribution of carboo to the three major 

classes of end products-fats, proteins and carbohydrates. Clearly 

the control of the supply of acetyl Coenzyme A would regulate fat 

synthesis. Glycolic acid formation and oxidation to glyoxylic acid, 

followed by transamination to give glycine, could serve to regulate 

the rate of protein synthesis. The small pool size of the actively 

turning over glycine pool rr,;zy provide _a limitation to total protein 

synthesi&. Carbohydrate synthesis' could then depend upon the net 

accumulation of carbon in the cycle in excess or that drained off for 

the synthesis of proteins and fats. 

Obviously this is a mst tentative speculation. It i~ intended merely 

to illustrate the ldnd of branch point~ and control mechanisms that we ' 

rm.lSt look for if we are to make a serious _effort in the direction of 

regulating the quality 1 as well as the quantity· of products of photo­

synthesis. 

Aside from the synthesis of lipids and phospholipids, a considerable 

portion of the carbm in a developing chloroplast must go into the 
' ' -- -

biosynthesis or. key pi~ts, such as chlorophyll and carotene. 'Ihe 

biosyhthetic pathways to these substances are well known in the litera-
'· ' ·; 

ture, 1 and there is no reason not to suppose that the synthetic pathways · 

occurring in the chloroplast follow-~ s1m1lar routes and ·utillze- appro- , 

priate starting compounds derived from the photosynthetic carbon 
-\ ./· 

reduction cycle. 

f 
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REGULATION OF PHOTOSYNTHETIC METABOUSM 

let us now turn t'o the principal subject of this discussion­

that is, the mechanisms of rretabolic regulation in the photosynthetic 

apparatus. I shall then atterrpt some suggesticns about. possible ways 

in which we might hope to utilize these regulatory mechanisms in 

:influencing by external 100ans the course of metabolism during photo­

synthesis. 

Durmg the past several years we have ccnducted a number of 

investigations on the kinetics of photosynthetic metabolism in uni­

cellular algae, dur1ng conditions of both steady-state photosynthesis 

and sudden environmental change. 'Ihese changes have included variation 

in phys~cal factors, such as lietlt and carbon dioxide pressure, ·and 

also the application of certain chemical substances which penetrate 

the cell and :interrupt, or alter, the normal course of metabolism. 
I 

'Ihe basic technique for carrying out these studies is to estab:... 

lish a condition of steady-state photosynthesis (30), usually with a 

species of unicellular algae such as Chlorella P:frenoidosa. The radio-
. I 

active tracer, 14c in 14c~ .. 32p :in phosphate, or both, is then added 

in such a way that the chemical level and specific radioactivity of 

the isotope is maintained throughout the course of the experiment. 

' Small samples or the algae are taken from time to t1me and are quickly 

k:Uled in 80% ·methanol •. 

The environmental change, whether physical or chemical, is then 

inposed and sarnples are rapidly taken during and after the period of 

transition troni the ccnd1tion of steady-state photosynthesis to the new 

.. 
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physiological state. ~ubsequently, all of the samples of killed 

plant materiSJ. are subjected to two-dim:msional. paper chromatography 

and radioaut9graphy. The amount of each isotope in each individual 

intermediate cornpo1.md from each sarrple is then determined by appro­

priate counting teclniques. Finally, the level of tracer in each 

sarrple as a function of tine is plotted. 

Pn analysis of the steady-state levels of intermediate compounds 

and of the changes in these levels upon the imposition of the environ­

mental change · pennits us to draw conclusions about the dynamic behavior 

of the'system. This behavior provides clues.about the, interaction 

between the various subcellular compartrrents in the cell, the chloro-

plasts and the cytoplasm. Also we can learn something about metabolic 

regulation, as, for exarrple ,: between light and dark. Infonna.tion can 

be obt~ned about alterations in the now of carbon along various 

biosynthetic pathways that have .been induced by these physical changes 

or by added chemicals. 

Some of the earlier studies were perfotmed.with various well known 

inhibitors of photo-electron transport, and photosynthetic phosphory­

lation ( 34) • In general, the results of these ·studies were predictable: 

inhibitors of phOto-electron ~ransport resulted in changes in the carbon 

reduction cycle,very'similar to those induced by turning off the li~jlt. 

The 1nterruption of the supply of electrons and of ATP stopped the 

formation of RuDP from Ru5P, and the reduction of PGA to triose 

pnosphate. 'lhe transient changes produced were as would b~ predicted. 

An· interesting result was found upon the addition of the compound . . . . . 

• 
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Vitamin K5• · Th~s compound had been reported to be a stinu.llator of 

cyclic photophosphorylation (35). Cyclic photophosphorylation is~ 

in a sense, accomplished at the expense of net photo-electron 

transport, which results 1n the reduction of NADP. Electrons, 

raised by light reaction 1 to a high reducing potential, are cycled 

back through a phosphorylation step instead of being used for NADP 

reduction. 'Ihe addition of Vitamin Ks should therefore produce an 

excess of ATP and a deficiency of NADPH. Thus, it migtlt be possible 

to s1mulate in the extreme an effect of an inbalance between the 

supply of electrons and high energy phosphate. It seems possib~.e 

·that the balance between the supply of these two co factors may con-. 
stitute one facet of metabolic regulation of end products in photo-

synthesis. 

Addition of Vitamin K5 in sufficient concentration to inhibit 

photosynthesis caused a gr>eatly accelerated formation of . oligo­

saccharides and polysaccharides. Such an acceleration would indeed 

be consistent with the concept that an exaggerated supply of ATP 

might favor those reacti~s of macrorolecular synthesis which require 

only ADP and not NADPH. 

Soon after Vitamin K5 addition, 6-phosphogJ.uconic acid was seen 

to accunulate ~ the'li&ht for the first time (Figure 5). Later the 

............... 
Insert li'ig. 5 about he.re 

............... 
ano~t of z:ibose-5-phosphate also increased, clearly indicating the 

operation of the ox1dati ve pentose phosphate cycle in the light in 

contrast to the usual .finding that it was seen only in the dark. It 
I. 
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therefore appeared that the interruption of photo-electron transport 

caused NADP to be cawerted entirely to its oxidized form, thereby 

st1mulat1ng sugar ph:>sphate oxidation via the oxidative pentose phos-

phate pathway. 

Another interesting class of inhibitors proved to be the fatty 

acids of chain length six to eigtlt carbons, and the fatty acid ester, 

mathyl octanoate (36). The effect of the addition of these inhibitors 

at the level of around 5 x 10-4 M is to inhibit reversibly photosyn­

thesis in whole algae cells. The fatty acids operate in their undis­

sociated form, since, to be effective, they must be added at pH 5. If 

the pH is raised to 7, the effect can be reversed, and photosynthesis 

is restored, indicating that the fatty acids have dissociated and 

diffused out of the algae into the medium. 

This behaVior su~sts that these inhibitors act at sorre lipid­

containing surface, or lamellae~ Our current. hypothesis is that the 

. introduction of the fatty acid, or its ester, somehow reversibly 

alters the structure of the lipid layer. This structural change 

would cause a loss in capacity for photophosphorylation. 

The metabolic effects of the addition of these inhibitors are 

a sudden cessation of photophosphorylation, inactivation of the 

' fructose diphosphatase and sedoheptu1ose diphosphatase reaction, and 

inhibition of the carboxylation reaction. The sites of these inhibi­

tions of the . carboo cycle are shown in Figure 6. · 

..•....•.... 
Insert Fig. 6 about here 

•••••••••••• 
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It is of partiqular interest that these three seemingl.y unrelated 

reactions of photosynthesis should all be affected . be the same :inhibitor. 

Whatever the mechanism of the relationship between photophosphorylation 

~d the diphosphatase and carboxylation reactions, the fact that they 

are related strongly suggests sore type of close metabolic regulation 

which will pennit the plant to switch its metabolism. As we shB.ll see, 

the fatty acid~ and their esters. seem to be m1micldng light-dark regu­

lation in some respects. 

Light-Dark Transient ·studies 

Using the teclniques just described, and enploying both 32p and 

lijc as tracers, we have studied the metabolic behavior of unicellular 

algae during light-dark and dark-light transitions (37). These 

studies gave some interesting indications about the relation between 

photosynthetic and glycolytic reactions 1n the green cell, and the 

mechanism of enzymic regulation of these reactions. between light and ........... 
dark. Insert Fir,:. 7 about here . .... • ..... . 

The 14c labeling of PGA (in this experiment Sa.turated in the 

light) increases rapidly when the light is turned off, du:e to the 

sudden stopping of the supply of NrP and electrons from photochemical 

reactions(Fig. 7). Shortly thereafter, the level of PGA rapidly falls 

"' and ccntmues to decline in the .dark, due to the conversion of PGA 

to various biosynthetic secondary products of photosynthesis. 

Prominent aJOOngst. such products are amino acids, for example, alanine. 

When the light is turned on again, the level of 14c labeling of PGA 

drops slightly 11 due to the sudden supply .of electrons and PTP for its 

reduction, and then rises gradually toward stea.dy ... state light level. 
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The 32p labeling of PGA parallels the 14c labeling in the light, 

as would be expected by the operation of the photosynthetic carbon 

reduction cycle, which continuously introduces completely labeled 

14oo2 and 32P-:-labeled PGA. When the light is turned off, the 32p 

labeling of PGA rises and begins to drop, still following the 14c 

labeling. 

Then, during tne continued dark period, the 32p labeling of 

PGA levels off and does not drop in ·parallel with the 14c labeling. 

This clearly shows that new PGA is being made by the plant cell from 

carbon sources which have not became appreciably labeled with 14c 

during ti:e previous period of photosynthesis. Of course, either 

photosynthetic or glycolytic format.ion of PGA introduces completely 

32P-labeled phosphate. So far, the results could be explained in 

terms of separate sites for PGA formation in photosynthesis and in 

glycolysis. The presumption would be that the photosynthetic pool­

of PGA had declined to a low level while the.pool of glycolytic PGA 

had risen. 

However, when the light is turned on again, ··the 32P-labeled 

pool of PGA, which now nrust be presumed to be primarily glycolytic 

in origin, drops very rapidly. 'Ihl.s-:.ind.icates that reduction of PGA 

is immediately caused:by electrons and ATP from the l~ght reactions. 

It therefore appears that there is a rapid interaction between photo­

synt~esis and glycolysis. 

The carbon and phosphorus labeling of other sugar phosphate 

inte:rnediates in . the carbon reduction cycle followed similar patterns. 

In the light 11 and in the first few secoods of darkness 11 the labeling 

. ( 
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, with carbon and phosphorus was parallel. In the subsequent dark 

period and 1n the first few seccnds of light there was a large d1f-

ferential between phosphorus and carbon labeling. 

From these tracer studies it may be concluded that intermediate 

compounds of photosynthesis and glycolysis are readily interchangeable. 

There are two ways 1n which intermediate canpomds could be acted upon 

by enzymes of both photosynthesis and glycolysis: (1) Intermediates 

of the two processes could diffuse freely between chloroplasts and 

cytoplasm, while the enzymes responsible for the two processes would 

be segregated, as between chloroplast and cytoplasm. (2) Enzymes in 

the chlo~oplasts might be capable of carrying out reactions of photo­

synthesis in the light, and· then through some switching mechanism 
I 

perform· a ty:pe of glycolysis in the dark. 

Experiments with isolated chloroplasts can help us to decide 

between these possibilities. During the past year it became possible, 

as a result of irrproved tecmiques of chloroplast isolation and incuba­

tion in our laboratory, to achieve high rates of photosynthesis of 

carbon compounds rrom carbon dioxide with isolated chloroplasts ( 38). 

These rates of complete photosynthesis with isolated chloroplasts 

approach 65% of the 1n vivo rates for 10 to 15 minutes. These periods 

of time are sufficient for us to study the kinetics of intermediate 

formation and transport f.'rom the chloroplasts. Also we can investigate 

light-dark transients and the possibility of conversion from photosyn­

thetic to glycolytic metabolism • 

. When k:ipetic studies were performed on the· labeling of photosyn­

thetic intermediate CO!'TPOunds by chloroplasts in the presence of 14c 
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and 32p, it was found that a disproportionate amount of labeled carbon 

and phosphorus appear 1n dihydroxyacetone phosphate (:CHAP), and, to a 

lesser extent, other compounds. A typical radioautograph of the 

prod~cts of photosynthesis with isolated chloroplasts and labeled 

carbon and phosphorus is shown in Figure 8 • 

. . . . . . . . . . . . 
Insert Fig. 8 about here 

ooo•e•o••••• 

The reason for this accentuation of certain photosynthetic inter­

mediates was found when we carried out experiments in which the chloro­

plasts we;re quickly centrifuged f'rom the suspending medium prior to 

killing with methanol. Analysis of the separated pellet material and 

supernatant material showed. that there had been a very large export of 

photosynthetic intermediate compounds into the supem,ate. 

Of equal interest was the fact that the export of compounds from 

the chloroplast did .not appear to be an indiscriminate leakage. If 

the transfer of compounds from the chloroplast to the suspending 

rneditnn were the result merely of holes in the chloroplast membrane, 

one would expect an approximately equal proportion of all of the inter­

mediate compounds to cone out of the chloroplasts. But this was not 

the case, as s~wn by the data in Table I which gives the rates of 

••••••• 0 •••• 

Insert Table I about here 

............ 
appearance of radiocarbon 1n intermediate compounds and other products 

of photosynthesis 1n the. pellet and in the supernatant solution at 
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3 minutes. By far, the greater part of the compounds found to be 

heavily labeled 1n isolated chloroplasts are quickly transported into 

the supernate, while other intermediates of the photosynthetic car­

bon reduction cycle, such as F6P, S7P and RuDP, are rather well-

retained in the pellet. 

Of course, the pellet must retain a certain min1ma.l amount of 

all of the inte:rrrediates of the carbon cycle, if the carbon cycle is 

to continue to rune It might be supposed that the fall-off in the 

rate of photosynthesis of carbon compounds, after 15 or 20 minutes 

in isolated chloroplasts, is due to the loss in the ability of the 

chloroplast to retain this minimal quantity of photosynthetic inter-

rrediates. However, the reason for the rate decline is probably m:>re 

subtle. We shall see in a moment that in transient studies, such as 

between ligpt and dark,· the chloroplasts have the ability to reabsorb 

inte:rrrediates from the suspending medium. In any event, if inter­

mediate compounds diffuse freely between chloroplasts and cytoplasm 

in vivo, as they do between isolated chloroplasts . and the suspending 

medium, the· transient changes between light and dark resulting in 

utilization of photosynthetic intermed;iates by· glycolysis can be 

understood. 

Nevertheless, interaction between the two processes at the level 

of rootabolites poses other questions. If the metabolic intennediates 

are in contact with enzymes of both photosynthesis and glycolysis, 

then certain switching mechanisms for some enzymic activities would 

seem to be required.; 
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Consider the enzymes fructose-1,6-diphosphatase (catalyzing a 

reaction of photosynthetic carbon reduction) and phosphof'ructold.nase 

(a reaction of glycolysis) • 'Ihe diphosphatase would convert FDP to 

F6P and inorganic phosphate as a step in the photosynthetic carbon 

reduction cycle. Then F6P would diffuse to the site of the phospho­

fructokinase, where it would be phosphorylated with ATP to r-J.ve FDP. 

The FDP could then recycle through the photosynthetic step to give 

F6P and inorganic phosphate. · 'lhe net effect would be equivalent to 

an ATPase activity resulting in the rapid hydrolysis of photosyn­

thetically-produced ATP in the ligtlt, and of ATP produced by oxidative 

phosphorylation in the dark. 

Perhaps this undesirable effect is partly prevented by the apparent 

ret en tim of F6P by the chloroplast. However, light-dark kinetic 

studies with algae cells jridicate that there is an additional switch:ing 

rnechanism(J7~ Figure 9 is shown the 14c labeling of FDP and SDP during 

••••ao•v~oo•o 

Insert Fig.. 9 about here 

ee•••••o•ooo 

photosynthesis in the llgpt and during the transition to darkness. 'Ihe 

level of FOP fell rapidly when the light was turned off, as would be 

expected from th~ fact that PGA is no longer being reduced to triose 

phosphate, which condenses to make FDP. However, after about one and 

a half minutes the ;levels of FDP and SDP · rise markedly, passing through 

maximums and then declining to steady-state levels which are character­

istic of the dark. ·· 

• 

• 
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It appears.that FOP is being formed by a phosphofructokinase 

reaction utilizing ATP, as glycolysis begins .1n the dark. At present, 

no gpod reason can be suggested for the formation of SDP. Perhaps it 

is an accidental result of the release of triose phosphate by aldo­

lase following the formation of FDP. This triose phosphate can then 

react with some erythrose-4-phosphate, which presumably can still 

come from F6P by transketolase-mediated reactions. In any event, it 

is clear that if FDP and SDP can diffuse freely back and forth between 

the sites of photosynthesis and glycolysis,asthe experiments wit~ 

'isolated chloroplasts .1ndicate, the diphosphatase which was active 

while the light was on must have been switched off .1n the dark, 

beginning about one to two minutes after the onset of darkness. 

That there is sufficient ATP to permit_ phosphofructokinase 

reactions in the dark is clear from the data shown in Figure 10. In 

o••••e~••e»•• 

Insert Fig. 10 about here 

........... 
this and other experiments we have frequently seen that the ATP lev~l, 

which declines mornentaril.Y: when the light is turned off rap~dly, comes 

back to an equal, or higher, level than that observed 1n the light. 

'Ihe transient changes in pyrophosphate (PPi) seen in the same 

figure should be interpreted with caution. It nnist be noted that the 

light-dark transients seen :1n this experiment with pyrophosphate have 

not always proved to be reproducible :1n other experiinents, and the 

reason for this variation is not yet clearly understood. 
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It has been suggested (39) that pyrophosphate may arise, at 

least in bacterial photosynthesis, as a side reaction from a precursor 

of ATP. In our experiments with algae photosynthesizing 1n the 

presence of 32P-labeled phosphate, addition of rrethyl octanoate 

caused a very rapid decline in labeling of ATP and, at the same time, 

a m:>rrentary increase in the level of pyrophosphatee This finding 

could also be interpreted as indicating PPi derivation from a pre­

cursor to ATP in photophosphorylation. 

However, it nust be remembered that pyrophosphate can be pro­

duced by a variety of metabolic reactions, some of which are of 

great irrportance :1n photosynthesis. As noted earlier, pyrophosphate 

is produced by the reaction of tJrP with glucose-1-phosphate to give 

UDPG. The formation of ADPG from ATP and glucose-1-phosphate also 

produces pyrophosphate. Pres'l.mlably these reactions occur at a much 

greater rate in the liW1t than 1n the dark,. and the increased level 

of pyrophosphate might result from a shift in the steady-state concen­

tration due. to its :increased fonna.tion by s~ch reactions. An addi­

tional possibility is that pyrophosphatase is itself subject to 

light-dark control, perhaps as a part of some regulatory mechanism. 

'Ibis brief discussion of PP1 changes serves to point up the 

complexity of the interactions of metabolites from diverse biosyn­

thetic pathways, and the need for experiments designed to observe 

simultaneously the leve:ts of transient· changes in as many as possible 

of the metabolic compounds involved in these networks of reactions. 

'lhe simultaneous 'employment of l4c and 32p in careful kinetic studies 

during steady-state photosynthesis with homogeneous populations of 

ii 
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cells or intac~ chloroplasts seems to offer considerable hope for 

future research in this area. 

Another facet of light-dark. control in photosynthetic cells seems 

to be indicated by the data shown in Figure 11, which was obtained 

................. 
Insert Fig. 11 about here 

•.• • • • e • • • • • • • • • • • 

.from the experilrent with unicellular algae grown under levels of C0:2 
(37). . 

approximating those of air/ Under these conditions the level of ribu-

lose diphosphate is much larger than that of' any other intermediate of 

the carbon reduction cycle. Consequently, ribulose diphosphate is 

found for a si@'rl.ficant tUne after the light is turned off. However, 

if the enzymic activity remains constant for the carboxylation reaction 

in light and dark, one would expect the rate of disappearance of RlDP 

to be always proportional to the concentration of RuDP, unless the 

level of RuDP were above saturation. 

What we see is that as the level of ribulose diphosphate decreases, 

its rate of disappearance is not in a constant proportion to the level 

of the RuDP. The result is that after several minutes the rate of 

disappearance of RuDP is practically zero, and the RuDP persists for 

many minutes or darkness. This clearly indicates that the activity of 

the carboxylation reaction is greatly d1m:1nished 1n the dark. 

It was noted some years ago (40) (41), and was recently confinned 

(42), that the level of bicarbcnate required· for half-saturation of 

the carboxYlation reaction with RuDP in the presence of the isolated 
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carboxylation enzyrre ;ts of the order of 2 x 10~2 M. However, in whole 

cells, as well as 1n isolated chloroplasts (38) the level of' bicarbonate 

required to achieve half the saturating rate of carboxylation is approxi­

mately 6 x 10-4 M. Thus, it seems that there may be some light activa­

tion for the carboxylation reaction (not necessarily the enzyme activity 

itself) which requires a degree of organization not found with the 

isolated enzyrres. '!he light-dark switching of the activity of the 

cArboxylation reaction indicated by the kinetic data with the whole 

cells may be a light-dark switching of this activation of the carbon 

dioxide, or bicarbona~e • 

. We have been able recently to carry out light-dark transient 

stUdies with spinach chloroplasts. In these experiments both 32P­

labeled. phosphate and 14~ were employed as tracers. The levels of 

labeling ·in 3-PGA during photosynthesis and then in the dark are shown 

in Figure 12. In cc:ntrast to the results with whole algae cells, there 

e.o • • • e • • • • • • • 

Insert Fig. 12 about.here 

•••••••••etoeo 

is no evidence for glycolysis in··this case. The curves for 14c and 

32p labeling remain exactly parallel throughout the course of the 

experinent. 

Also~ it is clear that there is little dark conversion of PGA to 

secmdary products, indicating either that the isolated chloroplasts 

have lost the capability for such conversion or that m:>st of such con­

version QCcurs outside the chloroplast. It should be remerrhered from 

... 
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Table I that ro~t of the PGA is exported from the isolated chloro­

plasts to the medium, and the rerna..1ning level of' PGA may well be too 

low to permit such biosynthetic pathways to be followed. 

Figure 13 shows the behavior of RuDP labeling. Labeling with 

............•.. 
Insert Fig. 13 about here 

............... 
32p and 14c is quite parallel throughout the experiment. 'Ihere is a 

clear indication of light-dark switching of the carboxylation enzyrre 

in this figure. 'Ihe level of RuDP falls during the first minute of 

darkness~ Then the level of RuDP remains quite constant for the 

remainder of the dark period, suggesting the inactivation of the 

carboxylation reaction. '.toJhen the light is turned on, we see a very 

large rise in the level of RuDP, suggesting that the light activation 

of the carboxylation reaction is not complete during the first minute 
,, 

of light. Then the level of RuDP falls back towards some steady-state 

level. · Presumably the carboxylation reaction is now functioning at 

the steady-state light rate. 

The level of 32p and 14c in dihydroxyacetone phosphate (DHAP) is 

·shown in Figure 14. 'lbe labeling of DHAP falls about 40% during the 

.............. 
Insert Fig. 14 about here 
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period of darkness, despite the fact that other experiments indicate 

that 80% or,rore of the !HAP is in the supernatant at the time the light 

is turned off. 'rhus, some DH.AP diffuses back into the chloroplast from · 

the suspending medium. _The. transitory peak 1n. DHAP labeling irnme<iiately 
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after the light is turned on has been observed in other experiments 

as well as this one.. It may be the result or the dark iriactivation 

postulated for the diphosphatase reaction.. Thus, an increase in the 

levels of: FDP and SDP bet:ore the activation or the diphosphatase could 

be reflected :1n an increase in the level of DHAP. 

Figure 15 shows that the level · ot: ATP declines greatly in the 

•••••••••••••~••o 

Insert Fig. 15 about here 
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dark and rises rapidly in the light. More surprising is the fact that 

the level of ADP also decl~ed in ~the dark and rose again in the· light. 

This fall and rise in ADP in this particular experirrent is well outside 
. . 

the limits of experimental error, but with other isolated chloroplast 

experiments this effect has so far not proved reproducible. Nonethe­

less, it suggests .that with this particular chloroplast preparation, 

there nrust have been an active reyokinase, or adenylate kinase, activity 

which brought about the following reaction:· 2 ADP : ATP + AMP. 

Thus, when the light is turned off and photophosphorylation stops, 

the level of ATP falls due to the .continued requirerrent of the opera-

tion of the carbon reduction cycle. Upon the depletion of ATP, the 

equilibrium would cause ADP to be converted to ATP and AMP, with the 

ultinate result being the conversion of both ADP and ATP to .AMP. 
. ' 

'Ihe consequences of this reyokinase activity could well be the 

regulation of . key enzyniic steps by the level of AMP. Ano~her possi- . 

bility is that the level of :inorganic phosphate rises in the chloro­

plasts during the dark and itself causes an ~ition of certain key 
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reactions. Thus, the inhibition of ADPG pyrophosphorylase by 

inorganic phosphate, according to Priess, et al. (43), may .be a 

means of light-dark regulation of starch synthesis in leaf chloro­

plasts. During photosynthesis the level of inorganic phosphate 

. would be kept low and the activity of the ADPG pyrophosphorylase, 

stinu.tlated. by PGA, would be high, thereby permitting active starch 

synthesis. In the dark the level of inorganic phosphate might rise 

and thereby quench the activity of this biosynthetic pathway. 

SUMMARY AND CONCLUSIONS 

Photosynthesis produces as end products. not only sugars and carbo-

hydrates, but proteins, fatty acids, fats, and a great variety of 

other compounds required for the regeneration of chloroplasts. When 

green cells are rapidly growing and dividing, so also are the chloro­

plasts growing and dividing, and a large proportion of photosyntheti­

cally incorporated carbon dioxide is utilized for the productiOn of· 

these diverse end products. 

I have attempted to outline, insofar as they are known to us, the 

pathways leading from carbon dioxide to these end products. It seems 

m::>st likely that the green plant cell employs a variety of regulatory 

mechanisms to control the now of carbon to various end products J 

depending upon the requirements imposed by environment and upon the 

physiological state of the cell. I have given some experimental evi­

dence indicating that light-dark ~gulation of rnetabolism in chloro-

plasts is not ~complished solely by the supply, or lack. of itb of 
~ . 

electrons an~ high energy phosphate from the photochemical reaction. 

'. . .-~ :.,• 



-36-

Rather, there are addi~ional control points, particularly at the 

level of the diphosphatase reaction and the carboxylation reaction. 

It may be that the administering of fatty acid esters, such as rrethyl 

octanoate, can m1m1c the effect of darkness'· since the same reactions 

are affected. 

'Ihe need for these regulatory rrechanisrns becomes more apparent 

·-when one views the evidence for interaction between reactions of 

photosynthesis and glycolysis and the diffusion of :1ntennediate c~ 
. . 

poun<E between the sites .of these two processes.· Many 1nterest:1ng 

questions remain to be answered regarding the apparent differential 
I 

export of photosynthetic 1nterrred1ates from the chloroplasts. Of 

great importance are questicns about branch points at which carbon 

is drained from the primary photosynthetic process and utilized in 

"' . . . the synthesis of various end products. How is the flow of photosyn~ 
'~ 

thetically reduced carbon into end products distributed at these 

branch points? 

I A better understanding of these regulatory. nechanisrns should be 

of value to future agri~ultural research. Perhaps it will be possible 

to manipulate the regulatory mechanisms to produce rwre or better end 
\ 

products in photosynthesis in green leaves. 

Expe~ents with various chemical :inhibitors already sue.,gest that 

we can alter the ratio of NrP to electrons supplied. for the photosyn­

thetic reaction of carbon reduction to. end products, and that we can 

mimic certain phases of light-dark regulation. Thus far, experiments 

have b~ l1m1te4 to levels of inhibi~ors which cause complete inhi­

bition or photosynthesis. Experiments with carefully controlled 

'. 
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lower levels qf such inhibitors might well bring about interesting 

changes 1n the quality of photosynthetic products over lon~r periods 

of. tirre •. Obviously, such applications and extensions of our knowledge 

to agr:-1.cultural research will be of primary interest to those con-

cemed with the quality of green leaves as agricultural products. 

'Ihe importance of such control of products of green leaves must 

not be underrated. Leaves which can be ccnsumed directly as food by 

people may well become much IJ'X)re imPortant in agriculture in the 

future. If leaves used for fodder are enriched in fats and . protein, 

greater productivity of animal protein can be achieved. Utilization 

of such potentially vast crops as jungle foliage might become an 

economic reality if a light chemical spraying by airplane could 

result, a few days or weeks later, in leaves greatly enriched in 

.fats and protein. 

Such hopeful predictions are mere speculations today. Noriethe-

less, today' s and tomorrow's discoveries of the nature of the distri­

bution ·of photosynthetically reduced carbon·, an(i the mechanisms of 

regulation of this distribution, provide a basis for a new era of 

agcicultural experimentation. 
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Table I 

Rates or Formation or lLic-Labeled Compotmds in Isolated Spinaeh 

Chloroplasts Photosynthesizing with 14CC2• 

Compound 

3-Phosphoglyceric acid 
Dihydroxyacetone phosphate 
Phosphoglyceraldehyde 
Su~ar diphosphates 
Hexose and Heptose rnanophosphates 
Pentose manophosphates 
Sucrose 
Unidentified ·Spot "M" 
Aspartic.acid 
IV'alic acid 
Serine 
Alanine 
Glycine 
Glycolic acid 

Total 

Grand TOtal 62.37 

fYeasured externally 65. 0 

Rates at 3 m:in 
lliT1 14 C/rng Chl/hr 

Supernatant 
· · ·Pellet ·solution 

2.90 
0.19 
0.07 
0.15 
3.15 
0.27 
0.17 
0.12 
0.035 
Oo055 
0.036 
0.044 

Negligible 
·o~o7 

26.70 
16.20 

1.58. 
2.70 
0.93 
1.20 

0.99 
0.15 

0.036 

0.10 
4~50 

55.11 



-42-

(legends) 

Fig. 1. The carbon Reduction Cycle of' Photosynthesis. 

Asterisks denote the approximate order of 14c labeling of 

specific carbon atoms of' intermediate compounds of the cycle 

1n e.xperimmts 1n which plants were allowed to photosynthesize 

for a short time with 14oo2• Such experiments and their 

interpretation have been reviewed elsewhere (2) (~) (5). 

I. ribulose-5-phosphate (Ru5P); ·n. ribulose-1,5-diphosphate 

(RuDP); Ill. 3-phosph0glyceric acid (PGA); rv. phosphoryl-3-

phosphoglyceric acid; V. 3-phosphoglyceraldehyde (GA3P); 

. VI. fructose-6-phosphate (F6P); .. VII. dihydroxyacetone phosphate 

(IHAP); VIll. fructose-1,6-diphosphate (FOP); IX. sedoheptu­

lose-7-phosphate (S7P); X. sedoheptulose-1,7-diphosphate (SDP); 

xt. ribose-5-phosphate (R5P); XII. thiamine pyrophosphate 

gJScolaldehyde addition compound (TPP-cHOH-CH20H) , phospho­

enolpyruvic acid (PEPA), thiamine pyrophosphate (TPP); 

x:rn. :xylulose--;.5-phosphate (Xu5P)·, glucose-6-phosphate (G6P) •. 

Enzymes: 

7. rib ulose-S-phosphate ldnase; 8. ribulose diphosphate 

carboxylase (carboxydismutase); 9. phosphoglyceryl lq.nase; 

10. triose phpsphate dehydrogenase; 13. triose phosphate 

isomerase; 14 and 17 ~ aldolase; 15 and 18. d1phosphatase; 16, 

19 and 21. transketolase; 20. phosphoribose isomerase; 22. 

ribulose phosphate-xylulose phosphate isomerase; 23. hypo­

thetical reduction of PGA ooiety. 
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Fig. 2. Comparison of 14c labeling of PGA, F6P and S7P, and 

glycolic acid during photosynthesis in isolated spinach 

chloroplasts. 

Fig. 3. Photosynthetic ll.tc labeling of f'ree and bound alanine. 

Fig. 4. Photosynthetic 14c labeling of free and bound glyc:lne. 

Fig. 5. Changes in levels of F6P, R5P and 6-phosphogluconic a.Cid 

induced by addition of Vitarn:in Ks to photosynthesizing 

Chlorella pyrenoidosa. 

Fig. 6. Sites of methyl octanoate inhibition of the photosynthetic 

_carbon reduction cycle. 
. \ 

Fig. 7. Labeling of PGA with 32p and 14c during photosynthesis and 

respiration of Chlorella pyrenoidosa. 

Fig. 8. Radioautograph of 32p and 14c-labeled compotmds from chloro­

plast photosynthesis. 

Fig. 9. Labeling of FDP and SDP with 14c during photosynthesis and 

respiration of Chlorella pyrenoidosa. 

Fig. 10. Levels of 32P-labeled ATP, ADP, U'1'P and PPi during light 

and dark with Chlorella pyrenoidosa. 

Fig. 11. Labeling of RuDP with 14c during photosynthesis and 

reseiration of Chlorella pytenoidosa. 

Fig. 12. Labeling of PGA with 32p and 14c during photosynthesis and 

. dark 1n isolated spinach chloroplasts. 

Fig., 13. Labeling of RuDP with 32p and 14c dur:Lng photosynthesis and· 

dark in isolated spinach chloroplasts. 
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Fig. 14. Labellrig of DHAP with 32p and 14c during photosynthesis and 

dark in isolated spinach chloroplasts. 

Fig. 15o Labeling of ATP, PJ5P and PPi with 32p dur:ing photosynthesis 

and. dark in isolated sp:1nach chloroplasts. 
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