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A kinetic study of the accumulation of cL4 in the intermediates of 

steady. state photosynthesis in cUO2 provides information regarding the 

sequence of reactfona involvedo The work described applied the rpdfo- 

~ ~ ~ a n e ~ u s  cmbowlatisn reaetfon resulting in d i e  acid aa well as 

phosphoglycerate is demonstrated in experiments at Ugh light. intensity, 

A comparison of radioactivities in a number of phosgkLoPylated sugars as 

a Pmoticn of time reveetls concurrent synthesis of fructose and sedohep 

t141.oae phosphates followed ty that of ribulose phosphates and later IJJ~ 

that of glucose phosphateso The p s s i b U P Q  that the cleavage of C 
4 

compounds to C2 carbon dioxide acceptors may involve C and C5 sugars a 
and evidence for this meehanisn is presented, 

(1) The work described in this paper is sponsored kg- t h e  Uo So Atomi~ 
Energy Conrmission, 



The path of carbon i n  photosynthesis begins with a small number of 

carboxylation reactions. A d i r ec t  approach t o  the nature and sequence of 

subsequent reactions requires an observation of the r a t e s  of transfer of 

labeled carbon atoms from carbon dioxide t o  the successive intermediates of 

phytosynthesis. The complexity of the inter-relationships, among the vmious 

intermediate compounds increases considerably as one examines successive 

steps. Some of the intermediates can undergo transformation in to  two or 

more al ternat ive products and thus provide points of branching i n  the syl- 

the t i c  sequence, Since some of these products may i n  the i r  turn be involved 

i n  the i n i t i a l  synthetic reactions, cycles w i l l  appear, and the steady state 

becomes a ra ther  del icately balanced network of interrelated and interde- 

pendent reactions, a change i n  any one of which must r e su l t  i n  some change 

i n  most of the otherso 

This paper consti tutes a report  of an extension of an experimental 

quantitative k ine t ic  analysis of t h i s  complex system, Although ultimately 

it should be possible t o  describe such a system more or l e s s  rigorously i n  

terms of the r a t e  of passage of carbon i n t o  and through the multitude of 

compounds (and part icular  par t s  or atom positions i n  compounds) of which it 

i s  p a t ,  it seems, somewhat premature t o  try and do so i n  preeise algebraic 

terms now when we = % j u s t  beginning t o  discover the nature of what it is 

we wish to  describe, nor i s  tliis necessary i n  o r d e ~  t o  recognize a number of 

ratiher straightforward kinet ic  relationships which one i s  l ike ly  to encounter, 

Some of the more common of these elements which are to  be expected may 

be described schemcitically i n  the following .law i n  which at l e a s t  foW essen- 

t ia l  kinet ic  elements are  represented: 



( 1  1 The simple conaeeutaive sequence having a precurso~product  r e l a t i  onship 

would be represented by the transformations A - 4 3  *Go 

(2) The banehing sequence would be represented by the transformations 

B C and C -942 and/or E, 

(3) The cyeBia system i n  which a product also plays a par t  in the produsti on 

of i t s  precursor may be represented i n  the sequence B+C*E and pakt or a i l  

of E serving, in t u n o  as a contribUtory soume f o r  Bo 

(4)  I n  a highly organized chemical system, such as  the in t ac t  ce l l ,  there is 

very l ike ly  t o  be more than one reservoir of e cornpad serving more than one 

purpose, This i s  represented i n  the diagram by the two reservoirs f o r  the eom- 

pound B, the seeond being represented by B g o  Bg very well not be i n  the  

d i r ec t  sequence of intermediates preaeedini C, and the r a t e  of equUitrPation 

bstween B and B n  may have any re la t ion  t o  the r a t e s  of the other reactionso 

The teahnique of o w  kinet ic  expe~iment presumably corresponds t o  a steady 

s t a t e  system in which the mass concentration i n  each of the comgods remains 

eonstanto Just how closely w e  have approaehsd this idealized situation in the 

experhenta8 arrangement remains ye t  t o  be deterdned in view of tihe 

r a the r  large fluctiuatfons in C02 ~oneenkration just pr ior  t o  and during the 

runo (See experimental p a t o  A number of simple kinet ie  consequences between 

compounds related as above may be fmmedi a t d Y  s e t  downok 
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Into the f irst  member of t h i s  system ( i n  t h i s  case corresponds to  car- 

bon dioxide) at  a t i m e  t = 0 is  inserted the labeled atom, The measurements 

then consist  i n  the determination of the r a t e  of appearance of the labeled 

atom i n  all successive compounds and atomic positions, From the nature of 

these appearance curves and the various compounds concerned it should be 

possible t o  determine the i r  place i n  the complex synthetic system which must 

ex i s t  i n  the c e l l s  

It i s  worth mentioning a t  t h i s  point t ha t  the method of determining 

precursor-product re la t ion  which depends upon the relationship between the 

specif ic  a c t i v i t y  of the two suspected materials is  not unequivocally appli- 

cable i n  the highly organized system of the i n t a c t  cel l ,  although it has beeu 

quite successful i n  its application fo r  simpler reactions which might be studied 

i n  isolated enzymatic systemso3 The reason f o r  t h i s  i s  the very l ike ly  occur- 

rence of such reservoirs as represented by B t o  The specific ac t iv i ty  as usually 

determined (counts/min. /mgO of compound ) is not necessarily significant i n  e s  tat- 

l ishing a precursor-product relationship when the compound is isolated from a 

complete organism as it is  in the present experiments. There may be a number of 

d i f fe rent  sources f o r  any part icular  compound md these sources may be more or 

l e s s  isolated kinetically,  not i n  equilibrium with each other, sc tha t  although 

the specif ic  ac t iv i ty  of a part icular  precursor i n  a certain isolated region of 

the organism might be very high, it would not appear tha t  way when tha t  compound 

i s  isolated from the whole organism and thus diluted by the i n e r t  bon-~adioactive: 

reservoirs  &om other sourceso 

Perhaps the simplest possible consequence, which i s  easily recognized, is 

the f a c t  t h a t  the appearance curves should have f i n i t e  i n i t i d .  slopes o n u  

for  those compounds which have no appreciable s table  reservoirs 

(3)  B. G o  Wood, "Advances i n  E n ~ y m o l o y ~ ' '  Vo1. M I I  Interscience Publi?hers, 
Inoo,  New York, New York (1951)0 po 135; Federation Proc., z9 553 i1950). 



them 

tha t  

hitially labeled material. bll athers4 must, of 

zero s l o p  ainee the reservoirs lying between 

the ~esemeai r  of a precursor w i U  become saturated before tha t  o? i ts 

product, Seaondly ( t h i s  i s  simply mother mode sf expression of the i n i t i a l  

slope idea previously dewxibed 1, f f the percentage dis-bribution of l abe l  

among a p a r t i o l a b w ~  selected gapsup of c o n p o d s  is plotted, tha t  one which 

precedes the others i n  time w i l l  be the one having a negative initial slope 

The case of a product w h I &  iaa turn, serves as source f o r  a t  l e a s t  p a ~ t  of 

its p e a ~ a r  can be vergr muah more complex, However, i n  its simplest aspect, 

the r a t e  of inmr ation of labe l  in to  it would consist  of the sum of two 

ra tes ,  namely, t ha t  in which the l abe l  is first incorporated and tha t  i n  

whicth the l abe l  is incorporated into its precursor, Particular examples of 

these cases w i l l  appear i n  the diaeus3sfono 

The resu l t s  of previous investigations of this l e b o r a t o d b  and recently 

those of ofher laboratories5 demonstrated tha t  a predominant carboxy..tion 

of the l a t e r  products in separate e x p r h e e t s  demonskated t h e  psbaa.b.Uity 



sf a sequence of reactions similar, i n  the reverse o r d e ~ ,  to  those known in 

glycolysie. A major problem has been the source of the C2 carbon cUaxi.de 

acceptor required for  phosphsglycerate sp.b;hesis, Ssvesd years ago the 

4 
r e su l t s  of work i n  this laboratory suggested tha t  the soume of %e carbon 

dioxide lsy i n  the C4 compoul;bds related t o  malic acid. While a Cq L---J*- 

mediate is  not essent ial  t o  such a cycle7 the shul taneous and rapid for- 

mation of m d i e  acid i n  steady s t a t e  photosynthesis suggests $hat i t s  CA 

precursors may. be involved i n  the process of C2 synthesis, The resu l t s  

herein reported seem t o  implicate C7 and C compounds as well in this 
5 

Experimental - Past 

&gaeo - S c e n e d e e  DJ grown continuously i n  E shaLing apparatus8 were 

harvested da i ly  whereby a crop of 2-2,5 cc, of packed ce l l s  was obtaine8 

from one l i t e r  of medium, There is  a correlation between the age of the 

c e l l s  and the s ize  of the ribulose diphosphate reservoir,  Two-day ce l l s  

The algae were centrifuged quickly, washed once with deionize2 water 

anll ~ e s u s p n d e d  a t  a coneentratiolzl of 2 coo of  mlbs  per 208 DL, cf w a k r  

5a a water jacketed c i rcu lar  illumination vessel k i t h  plane sides % @mo apart, 

( 6 )  M, C a v i n  and A, A, Bemon, Science, 107, 476 (194823 Sci~n"c, 2s- 
643 (l94.710 

(7) Eo W, Fager, J, Lo Rosenberg and KO Gaffron, Federation LF-=CacOy z9 
535 Ca9fjo), 



This was f l 4 d n a t e d  $porn both sides with 300 w, ref lector  spot l igh t s  with 

most of the  infrared absorbed by wa6er-aooled absorbent glass  plateso After 

20-30 minutes photosynthesis with @ carbon dioxide-in-air, the gas bubbled 

tbrough the euspensf on was changed t o  air fo r  f ive minutes , Qne mg a of 

potassium dihydrogen phosphate was added two minutes before t = 0 as h J f f e r  

f o r  the NaHC 3 t o  be added at  t = 0, 
e 

The temperatwe measured in the algal suspension wae controlled by that. 

of the circulating water i n  the water jacket, 

Time se r i e s  experiments. - Immediately before adding 100 /ice of 

(9% C ~ I  the gas circulating system was  elosed whereby a i r  was recirculated 

from the top of the vessel t o  the bottom using a rubber tubing pmPPo of 

r e l a t ive ly  s d  m l m e 0  At t = 0 r a d i o b i ~ a r h n a t e  i n  0,5 do was injected 

in to  the soPution and vigo~ous s t i r r i n g  accomplished by the rapid gas circu- 

la t ion,  Duking the fimt f ive  seconds a small U-tube containing 200pco of 

J-4 C O2 previously closed off an appropriate stopcock w a s  opened t o  the 

circulating system, Circulation of this gas was con%inued throughout the 

experiment, 

SarnpXes of the algae were withdram a t  five-second intervals through 

an 8 ma stopcock at  the bottom of the illumination sease l  into Erlellglej~er 

f lasks  e~ntaining approximately four volumes of h U h g  e+uhanolo 

Determination of t o t e l  f ixa t ion  e m e s ,  - The 8% ethanol suspensions of 

algae were f i l t e red  with Gelfte and the so l ids  re-extracted with hct 6% 

ethanolo Aliquot; portions of the extracts were taken inuneciiztely foz  colori- 

deterxination, From e, standard c m e  prepred f o r  txbracts 

of algae, the mount  sf algae taken I n  each smp1e %bTa8 
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determined, The curves i n  Figures 1 a ~ d  2 were obtained from these values 

and the ac t iv i ty  measured by d i r ec t  counting of the i n i t i a l  ethanol sus- 

pensions and of the f i n a l  extsacts, 

ChPomato~ranhy of d a d  exbractso - Each e x t ~ a c t  was concentrated t o  1-2 ml. 

and recounted using micro pipettes t o  redetermine the amount of extpact 

equivalent to  tha t  from 10 mm,3 of fresh ce l l s ,  The appropriate volume ,f 

ext rac t  was placed a t  the origin of oxalic acid-washed Whatman No, 1 paper 

and developed i n  the longer direction f i r s t  with freshly d i s t i l l e d  phenol 

solutions containing 2% deionized water, The second solvent was butanol- 

propionic acid-water Radiograms of these chromatograms required 7-3 0 

days exposure t o  Eastman 8 % & ~ ~ e e n @  &ray f i lmo 

Ena,mnatie hydro1~sis  and rechromatorrzuhg of ~ a d i o a c ~ i v e  hexose phosphate 

areaso - I n  most instances extracts  of Scenedesmus give two weUpseparated - 
radioactive areas, each of which contained hexose monophosphateso9 The sum 

t a t i d  of both areas i s  hereafter i n  this paper designated the INP area 

{hsxose monophosphate area),  The fas te r  moving region i n  both solvents has 

been called the FMB area (fructose monogkhobsphate area) simply because upon 

hydrolysis the dominant hexose found here i s  fructose, while the slower 

moving region has been called the GMP area monophosphate area) f o r  

a similar reason, In dl, cases a t  Peast one other labeled sugar is f o n d  i n  

the hydrolysates of each of these areaso 32 

(11) In the GKD 
hep-hdose 

area the additional ~adioacstive s u g a  is predominantly sedo- 
while t h a t  i n  the FY9 area seems to  be predomLnantly mannsse. 

In  sugar beet, soy bean and barley there is  very l i t t l e  mannose, These 
~ w o  sugars are not well separated e i ther  as f ree  sugars or as phosphates 
by the paper chromtographie methods here used, They are most readi ly 
distinguished by the ease with which the heptose is converted to the 
heflm&vdh-fde i n  diln%e acid, a treatment which leaves the mannsse 
unchanged, 
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After coun$i;lg t h e  indiedual. rdioact i -se  areas, they were eluted and 

hydrolyzed with 100 y of Polidase (Schwarr f o r  three days 09 The Wdroly- 

sa t e s  were rechromatographed on WhatmaB Noel paper and developed as far as 

possible i n  both solvents, Radioactivity i n  each of the tLtwee sugars was 

determined by d i rec t  counting of the areas defined by darkened areas i the 

~ a d i o g ~ a m  viewed d e r  the paper on a standard Lray i l l d w t o r o  The 

~ a d i s a c t i v i t f e s  observed on the chromatograms of the hydrolysates approached 

but did not equal those of the or iginal  monophosphate areas due t o  mechani- 

c a l d  adsorption losseso Hence, the percentage of each sugar in the hydroly- 

sa t e  was determined and the original  amma$, %n each phosphate w a s  determined 

using t h i s  fract ion and the t o t d  a c t i v i t . ~  i n  the phosphate areao Hydrolysates 

of the 20' experiment were prepared from zhe separated fructose and glucose 

monophosphate areaso Those of the 15' experiment were of the t o t a l  of both 

areas, The formation of sedoheptulose a t  very short times was investigated 

at two points, 10 seconds and 20 seconds, i n  the 2' experiment@ These times 

appear t o  correspond t o  t k s  l e s s  than 5 seconds of photosynthesis a t  room 

temperatureo 

Radioactivity determination i n  chromatographically separated compoundso - 
The radioactive areas defined by the radiogram aligned with radioactive ir ik 

spots on corners of the p q p r  were counted direct ly wii& 5.5-6 cm, diameter, 

1.2-1.4 rngo/cm0 mica window Geiger Mudler tubesob Large areas were counted 

i n  small sections while small sharply defined spot: were counted sbnLlarly so 

that geometric or coincidence er rors  would be re la t ive ly  constant.'' The l a t t e r  

(12 ) Separate experiments have demonstrated 
c ib le  values t o  within 5% on d s f  
c m r i e s  added, 

tha t  this method em give regamsdu- 
papers and independent mounts of 



type of errors wxre avoided by r e s t r i c t ing  the particular amount of ac t iv i ty  

counted at one ti& t o  values giving negligible coincidence error, Radio- 

ac t iv i t i e s  recorded i n  the curves f o r  individual compounds are those measured 

on paper and have been standardized for  a constant counter ef2*i@lency, Since 

counting of G~ on such chromatograms corresponds t o  about one-third 21 I values 

sb tahed  by direc t  plating, the actual radioact ivi t ies  fixed i n  each cornprj-iuld 

a r e  t h e e  times greater than recorded, 

The points ueed for  the c u n e s  f u r  photosynthesis a t  15' represent a 

weighted average of the radioact ivi t ies  measured on each of three se ts  of 

chromatogramso Where undue cliffision or incomplete separation of a particular 

=ea was involved, the value for  its radiaact ivi ty was given l e s s  weight, 

Results 

The ra t e s  of f ixa t ion  of cU a t  2O and 15' are shown i n  Figures 1 and 2. 

The products insoluble i n  both 108 and 80% ethanol diminish t o  zero a t  short  

times, The c7wve i n  Figure 2 shows the effect of decrease in carbon dioxide 

pz-esswe upon the r a t e  of i ts  assimilation, The apparent l inea r i ty  of the 

c w e  a f t e r  4 minutesU i n  this part icular  experiment as wel l  as  i n  a d u p  

l i c a t e  suggests tha t  a saturation value of  a carboqlat ion r e a t i o n  m a y  have 

keen reached whereafter the other reactions continue at  LO$ of %he hf%ial! rate 

until the carbon dioxide is  p r a c t i e a l 2 ~  s~nseuned, The effect  of this deerease 

i n  a s s w a t i o n  r a t e  i s  a general decrease in the amol~n,t of radiocarbon i n  

most of the soluble intermediates i n ~ ~ a l ~ ~ e d ,  

(13) me apparent difference between t h i s  observation and the U ~ - ~ Q  
platted photosynthetic ra te  dependence upon GO2 pressure rimy be 
1wgel.y a matter of a c d e ,  



The algal extracts  were cbrornatog~aphed t~o-d imens iona l ly~~ ,  whereupon 

the phosphorylated products were separated in to  several major areas, phos- 

phoglycerate, p h o s p h o p v a t e ,  r i b d o s e  diphosphate m d  as yet  unidenti- 

f i ed  phosphorylated coXUp0Und with a very l a b i l e  glucose linkageo The products 

previous@ reported as hexose monophosphates were separated into tv- m a  j or 

monophosphate areas, one containing most of the glucose monophosphate and a 

sedoheptulose monophosphate, the other containing most of the fructose mono- 

phosphate and a mannose mon~phosphate~ In very short times the glucose mono- 

phosphate area f ~ o m  barley extracts contained almost pure sedoheptulose ac t iv i ty  

and the fructose 

of Figure 3 show 

of radioactivity 
- 

f o r  cornpariaon, 

monophosphate area had only fructose activityolb The curves 

the trend observed in Scenedesmuso The ra t e  of appearance 

i n  ribulose diphosphate i n  the same experiments is included 

The very s r n d l  amounts of glucose and fructose diphosphates i n  the ribu- 

lose diphosphate area were not determinedo The approxlmate ra tes  of the i r  

appewanee was the same as  tha t  of t h e i r  monophosphateso The amounts of 

ribulose monophosphate i n  the Scenedesmus used under the present condition 

was small compared t o  tha t  of its diphoaphateo 

The re su l t s  are reported as curves f o r  radioactivity i n  individual corn- 

pounds, The C3 compounds (Figure 41, the sugar phosphates and sucrose 

(Figure 5) and the C4 acids with glutamic added f o r  comparison (Figwe 6) 

include the major soluble products of the t o % d  f ixaitioa. (Figure 2 l o  The 

ordinates i n  several cases were adjusted t o  &%ow direc t  comparison of 

(14) In an attempt t o  avoid any change i n  steady state conditions a t  the 
t b e  of the feeding of the ~ 1 4 0 ~ ~  the entering stream of GO2 was not 
interrupted i n  a 10 second soy b a n  experiment, In this  case the 
sedohep%rdose contained more radioact ivi ty than my other single 
compound on the papero 



groups of cumso F$gme '7 includes a l l  the major products on the same sca leb  

III a l l  such curves the ordiz~s-ws represen-f radioactivity emerging from the 

pager, whish i s  one-third of the amount measured SJ di rec t  plating, and @or- 

3 * 
responds in each figure t o  some arb i t ra ry  amount of ce l l s  (usualP4- -10 me 1. 

Discussion 

The tnalysess described ty the  curves allow certain canciusions to  be 

drawn regarding the sequence of intermediateso It is clear tha t  the curves 

f o r  products of cakboxy9ation w i l l  have f i n i t e  slopes a t  zero time while 

d l  others have zero slopes. It  is  apparent, therefore, t ha t  there ex is t s  

no appreciable s table  reservoir between phosphoglyceric acid and caPbon 

dioxide, It would also appear that the psssibi l izy exis ts  of phospholpypuvate 

being a primary product, Although i t s  ini t ia l .  slope (Figwe 4.) appears t o  ix! 

f i n i t e ,  it is saturated with C~ after  the phosphoglycerate, Radiograms 

from 5-second photosynthesis showed only phosphogljreerate and malic acid 

ac t iv i ty ,  The possibi l i ty  e d s t s  t ha t  phosphopyruvate has a zero i n i t i a l  

slope followed by veqy rapid equi l ibrat ion with phosph~glycerate~ 

M i c  acid (Figure 6 )  apparently has a f i n i t e  s l o p  a t  zero time, The 

l inea r  f ixa t ion  observed i n  the in i t ia l .  40 seconds intersects  the abcissa at 

about 3 seconds w h i k  phosphoglycerate intersects; a t  2 secondso Zt mst 

be pointed out that orafy infiz&teky f a s t  and complete I f i fxhg of the add& 

5% could y ie ld  n u r v s s  inzersecting a t  about zero time. Following the 

i n i t i d  l i nea r i ty ,  the mdic  acid curve increases i n  slope abruptly bir a 

factor  of about four ,  This greater r a t e  of malic acid labeling is; experi- 

msntally exactly e q c d  t o  tha t  of phosphsglycerate, The first. slope, then, 

would comespond t o  a sfmpLe c ~ b o : ~ i h t i 3 n  rate,  while the greater Later 

~ 1 3 ~ ~ 3  reppssents c;zsboxylatiora of labeled C?, coup~urads related to and arias- 

Ing from phosphoglycerate. This s i tuatfon would correspsnd t o  the cycling 
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feedback described I n  our ea r l i e r  diagram by the re la t ion  B--6 +E -+-B, 

i n  which B would correspond t o  phosphoglycerate, 6 is  something clobsely 

related t o  d a t e  and E i s  on the path t o  the C2 carbon dioxide acceptoro 

Approximate equality of the r a t e s  of d i c  acid and phosphoglycerio 

acid labeling provide strong evidence t h a t  a Cq compound is a primary piriduct 

i n  steady s t a t e  photosynthesis. The slow r a t e  of equilibration of c1h2 with 

malie acid i n  the dark precludes the poss ib i l i ty  of using th is  reaction to  

account for  the rapid labeling of malic acid i n  the l ight .  

The experiments on malonate i n h i b i t i o d 5  indicated tha t  mal io  acid i s  

probably not d i r ec t iy  involved as sn intermediate i n  the regeneration of 

the C2 carbon dioxide acceptor but they do prmkt the pwticipat ion of a 

very closely related C4 acid which normally may b i n  rapid equilibrium 

with malic acid and which i s  present i n  extremely low concentration, 

The relat ionship of the t o t a l  f ixa t ion  curve i n  Figure 2 and those 

f o r  phosphoglycerate and mdate i n  Figure 7 fo r  the same experiment should 

be pointed out. The r a t e  of accumulation of i n  malic acid i s  rela- 

t ive ly  undiminished a f t e r  four minutes compared t o  tha t  of the C3 compounds, 

particularly phosphoglycerate, I f  the l inea r i ty  beyond four minutes i n  the 

t o t a l  f ixat ion c m e  (Figure 2) i s  a t  all signif icant ,  and if one attempts 

t o  r e l a t e  t h i s  t o  the phosphoglycerate a d  d a t e  behavior, one comes t o  

the conclusion t h a t  there are two independent carboxylation reactions hav- 

ing different  dependencies an carbon dioxide pa r t i a l  pressureo The C2-3 

(phosphoglycerate) reaction saturates  a t  a higher p a r t i a l  pressure than does 

the C3--PG4 (malate) reaction. The first  l inea r  component of the t o t a l  

(15) J. A. Bassham, eS al., J. Bid. Chem,, 781 (19.50). 



fixation, then, would include the nost rapid entry v i a  the C2+3 reaction 

independent of carbon dioxide pressure above the saturat ion point, The second 

l inea r  portion could correspond t o  the slower C3-C, reaction which has 
bt. 

become the only one independent of GO2 par t i a l  pressure, the  G2-C3 reac- 

t ion  having become dependent on GO2 par t i a l  pressure and proceeding mozc slowly, 

This might be considered i n  terms of two adsorption isotherms controlling 

each of the independent carbon dioxide f ixat ion reactions and i n  which the 

points of saturation f o r  these two independent reactions are  f a i r l y  close 

together, with that  for  the C 2 / G 3  reaction a t  s l igh t ly  higher pressures 

of C02*  T ~ G E  one finds two regions i n  which the r a t e  of carbon dioxide 

f ixa t ion  i s  independent of the carbon dioxide pressure and the t rans i t ion  

from the one region t o  the other is rather  sharpo 

It is of in t e res t  t o  examine the relationship between the sugar phos- 

phates which appear i n  the hexose monophosphate areao If one p lo ts  the 

percentage dis t r ibut ion of radioact ivi ty  anong the sugars (glucose, fructose , 
mannose and sedoheptulose) which occur i n  t h i s  area, i n  order t o  determine 

the p r io r i ty  of the i r  labeling i n  t ime ,  one arr ives  a t  the rather  elear-cut 

r e s u l t  t h a t  fructose and sedoheptulose appear t o  be labeled very nearly 

simultaneously, w h i l e  glucose and mannose l a g  behind (Figure 81, This 

s i d t a n e o u a  appearance would correspond to  the branching point C-D 

i n  the e a r l i e r  diagramso 

The two or more competing reactions which determine the change of  

radioact ivi ty  i n  a given compound include i ts synthesis from i t s  precursor 

and the exchange or equilibration with, or conve~sion to, sub~equenti non- 

labeled reservoirso When the flow r a t e  of radiocarbon i n t o  the metabolic 

sequence dimhishes as described by the Lotdl fiwaticn curve, Figme 2, 



equil ibrat ion witk w-ieabled r e s e s v ~ i r s  of closely reLated compounds may 

overtake it and the reservoirs of i n t e m e a : ~ ~ $ s  d o n g  the synthetic sequence 

most closely related t o  these unlabeled reservoirs would be observed to  

diminish most rapidv i n  radioact ivi t r ,  The resu l t s  f o r  the  longer periods 

of photosynthesis a re  included for  the purpose of discussing such effecdirsO 

It can be seen t ha t  the curve fo r  glucose monophosphates, Figures 5 and 7, 

decreases very rapidly after four minutes when the t o t a l  f ixat ion rat@ 

decreased, Figure 2, Fructose monophosphates do not decrease s o  rapidly i n  

radioact ivi ty  and phosphoglycerate appears t o  be the last compound suffer- 

ing di lut ion,  A l l  t h e e  compounds are diluted presumably by the inactive 

polysaecharfde reservoirs of the plant, Distribution of radiocarbon within 

the C6 and Cg molecules is not affected by this type of di lut ion since 

the cycle f o r  regeneration of carbon dioxide acceptors does not seem to  

involve hexose synthesiso 

Whfle complete degradation da ta  a re  not. ye t  available for  the pentose 

and heptose or even fo r  some of the simpler compounds, and while the rela- 

t ionships between the pentoses and h e p t ~ s e s  are pot by any means completely 

established, i t  seems wor thwh~e  t o  proceed on the l i k e l y  p o s s i b i l i t ~  that  

the heptose precedes the pentoae an2 may 50, z, precursor t o  ito We are thus 

led t o  the following modification of o m  original  proposal for  the sowee 

of the C2 carbon dioxide aecepi;oro 

'6he dotted arrow leading from t r iose  d i ree t ly  t o  eqyCMhronic acid would 

correspond t o  the reductive caxboxyPation of dihydroqacetone 
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which is  e x a c t q  andogous t o  the reahactive fwcarboqlation of py~uvia acid 

leading t o  malic acido The existence of enzymes capable of performing the 

l a t t e r  reaction has been demonstrated, The other dotted arrow leading 

d i r ec t ly  t o  eq th ron ic  acid provides a possible al ternat ive route.'' This 

is, of course, a diagrammatic chart  and i s  intended to  represent prim=-ily 

the carbon skeletons involved rather  than the precise reacting chemical 

species, Furthermore the carbon skeletons here designated undoubtedly 

unde~go preparatist ~eamangernents of the H and 0 atoms attached to  them 

between the carbon changes. 

It is thus clear tha t  both fructose and sedoheptulose can become 

labeled simultaneously, or  e i the r  one s l ight Iy  ahead of the other, depend- 

ing upon conditions, The s p l i t t i n g  of the four-carbon fragment into two 

C2 carbon dioxide acceptors i s  still essenmtiaJ-ly here, but i n  the present 

proposd it is  done while attached to  a cycl ical ly  migrating three-carbon 

piece. While further speculation is  possible,17 it seem wiser to  await 

the r e su l t s  of more precise kinet ic  measurements on more rigorously con- - 
t ro l l ed  steady s t a t e s  as well  as degradation studies,  The data presented 

i n  this paper and the available information on the dis t r ibut ion of radio- 

carbon i n  the products of short  photosynthesis are consistent wi th  the 

present propsa l .  

(16) W, VisWae  and S o  Qchoa, Nature, 147, 768 (19511 0 
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Captions to Figures 

Figure 1 - GO2 fixation by Scenedesms during photosynthesis at 2' C The 

c-ccrve represents the total fixed and there was no appreciable 

insoluble reaction product at the time interval shown. 

Fiyre 2 - GO2 fixation bg Scenedesmus during photosynthesis at 15' G O  

Figwe 3 - Radioactivity incorporated in the heptose phosphate areas and 

the ribulose diphosphate area during photosynthesis by Scenedesmm 

at 20' C, (10 cuemrnocells), The eedoheptdose is contaminated 

w2th some mannose and the ~mnnose is contaminated with some sedo- 

heptulose as they a re  given heree 

Figure 4 - 602 fixation in the two- and three-csrbon compounds during photo- 
synthesis by Scenedesm at 15* (2. ( i ~  cuomm. cells). 

Figme 5 - GO2 fixation in the sugar phosphates and sucrose during photo- 

synthesis by Scenedesms at 15' G o  (10 cu.mm. cells). 

Figwe 6 - GO2 fixation in the four-carbon acids and glutamic acid during 

photosynthesis by Bcenedesmus at G o  (10 cu.mmo cells). 

Ff&/ur°e 7 - GO2 fixation in the major soluble compounds in the same s a d e  

during photosynthesis by Soenedesmus at 15' 6. (10 @uomme cells), 

Figure 8 - Percentage distribution of fixed chrbsn among the sugars, gheose, 

fructose, mannose a d  sedoheptulose during photosynthesis bx 

Scenedesmus at 15O G o  The distribution of to%& count in the 

heptoae area between mannose and sedoheptdose shorn above was 

made from the ratio of these %wen substances as deterained f~ 

Figure 30  
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