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IWRODUCTIOK 

Tonight I hope t o  introduce t o  you a subject i n  which I have been 

very i n t e r e s t e d  fo r  about ten years. The experiments I am going t o  des- 

cribe during the next few days have a l l  been done i n  t h e  l a s t  t h r e e  years, 

s inae  January of 1946, by a group of men working with me i n  t h e  Radiat ion 

Laboratory and Department of Chemistry a t  t h e  Univers i ty  of  California i n  

Berkeley. Foremost among these  men i s  Dr. Andrew Benson who has been 

associated with me i n  t h i s  work r i g h t  from i ts  inception. A great d e a l  

of what I have t o  say i s  due t o  his very considerable experimental s k i l l  

and t o  the c o l l a h m a t i o n  of Mr. 3. A.  Bassham. 

' -- HISTORI GAL BACKGROUND 

The problem of  photosynthesis is  an old one. Ever since i t s  re- 

cognit ion i n  abmt 1840, chemists have been ooncerned n i t$  an attempt t o  

understand it. Perhaps it would be wise t o  give you some general  idea af 

its fundamental character .  I am sure t h a t  an audience such as t h i s  i s  

f i a r l y  me11 versed in t h e  importance o f  t h e  process. A l l  l i f e  on ear th  

as we know it stems from o r  depends upon this process which i s  the con- 

* Presented a s  the Peter Reilly Lectures, University o f  Notre Dame, 
April, 1949. 

H The work described i n  t h i s  paper was sponsored by t h e  Atomic Energy 
CornmissLon. 



vers ion of carbon dioxide and water i n t o  organic m a k r i a l s  through the  

agency of l i g h t  by cer ta in  specialized green organisma. 

A s  ea r ly  a s  1850 it was recognized t ha t  the  overal l  process was j u s t  

this - t h e  conversion of carbon dioxide and water i n to  reduced carbon, t h a t  

is, t he  substance of t he  l i v i n g  organism, and oxygen. And so we know f o r  cer- 

t a in ,  and have knovin f o r  a long time, t h a t  t h e  basic character  of the  process 

is 
Light  

GO2 + %O ---f Reduced carbon (carbowdrates, etc.) + O2 

We have also known t h a t  ordinary animal resp i ra t ion  is  very near ly  the  re- 

verse  of t h i s  process, supplying the energy t o  keep us warm, do mental and 

physical  labor, e t c .  These, then, a r e  the fundamental l i f e  processes : Photo- 

synthesis  and its reverse, Respiration, 

I n  the  mid-nineteenth century some of t h e  well-known names of organic 

chemistry were associated with attempts t o  understand what t h i s  process mas, 

and names l i k e  Liebig and Baeyer a r e  qui te  c losely  connected with t h e  early 

guesses a s  t o  what the  nature of the  proeess might be. Then, toward the 

end of t he  nineteenth century, t h e  organic chemists, and physical  chemists 

f o r  t h a t  matter, became more concerned with synthet in  processes and with 

simple physical processes and l e f t  t he  f i e l d  o f  photosynthesis alone f o r  
11 

q u i t e  a long time. There were, o f  course, t h e  names o f w i l l s t a t t e r  and Stoll 

who determined what was i n  the  plant ,  but not how it worked. They d i d  make 

some suggestions a s  t o  how it worked, but  most of  t h e i r  a c t i v i t i e s  were con- 

cerned mith t h e  determination o f  the  nature of the  compounds t h a t  one f inds  

in plants .  O f  course, the  name of marburg i s  very closely associated with 

theor ies  of t he  process o f  photosynthesis. 

A l l  of t h i s  progress mas pe r s i s t en t l y  hindered by t he  nature o f  the  pro- 

cess  i t s e l f .  It was a s  *hoggh chemists were t rying t o  discover what was going 



on i n  a sealed box by examining only what went i n  and what came out. They 

were t r y i n g  t o  deduce the  various things t h a t  might be happening ins ide  t h i s  

closed area which they could not see and had no way of examining, by looking 

o n l y  a t  t h e  fac tors  which determined t h e  r a t e  a t  which carbon dioxide would 

go i n  and oxygen come out, the  e f f ec t  upon it of l i g h t  in tensi ty ,  wave 

length, etc.  They were examining the  outs ide  of t h e  process and not t h e  

ins ide  , 

There was no nay of looking on t h e  i n s ide  u n t i l  i n  1939 Ruben and Xamen 

used t h e  isotope of carbon cal led  Carbon 11. The isotope provided a method 

of pu t t ing  a mark on t h e  atom. Such a mark would remain with it no matter  

what happened t o  t he  atom. No matter what transformations it underwent, no 

matter  what complicated processes it might be engaged i n  and how it might be 

converted, t h a t  l a b e l  remained. It was now possible t o  follow t h i s  cnrbon 

atom through the  various and devious routes tha t  it took i n  the  p lan t  on t h e  

way from carbon dioxide t o  sugar and other p lan t  materials. I t  was a s  though 

t h e  s c i e n t i s t s  had been given on eye which could look i n to  the  p lan t  c e l l s  

and which could see  the  ac tua l  processes taking place. 

The f i r s t  such experiments were done with the  labeled carbon atom, 

Carbon 11, which was made i n  the Berkeley cyclotron by Kamen. Theso mon 

worked under very grea t  d i f f i c u l t i e s .  The amount of the l abe l  t h a t  Was Pre- 

s en t  i n  the  carbon was reduced by one-half every twenty minutes. This meant 

t h a t  t h e  longest experiment they could do would be four or  f i v e  hours. 

Short ly  a f t e r  the discovery of Carbon 11, Ruben and Kamen discovered 

another isotope of carbon, Carbon 14. This isotope has a ha l fg l i fe  of about 

f i v e  thousand years, so  we have ample time t o  do any experiments. Unfortunate- 

S, however, Carbon 11, could not be made i n  l a rge  quan t i t i es  on t he  cyclotron 



i n  t h e  p r e w a r  days. It could only be made i n  very small amounts, and f o r  

t h i s  reason t h e  ear ly  experiments of Ruben were done mostly with Carbon 11 

which could be made i n  fairly high in tons i ty  on t h e  cyclotrons. 

After  t h e  development of the  nuclear p i l e s  during t h e  war, Carbon 14 

became ava i lab le  i n  l a rge  quan t i t i es  made e i t h e r  a t  Hanford o r  a t  Oak 

Ridge, and now a t  the end of the  war i n  1945 we undertook t o  resume the work 

of Ruben which was interrupted by t he  war and by Ruben' s death i n  1944. I n  

January, 1946 t he  work was resumed using the  now much mom ava i lab le  Carbon 

l4 with i t s  ha l f - l i f e  of f i v e  thousand years. The experimental time was now 

no longer a f ac to r  i n  the  experiments designed t o  discover tha complex pro- 

cess  by which carbon dioxide i s  converted i n  t h e  p lan t  from i t s  i n i t i a l  

s t a t e  i n to  its f i n a l  s t a t e  through the  agency of l i g h t .  

~ ~ I ?  FIXATION OF PHOT3SYNTJ,r'JS,3 

c l ea r  t ha t  t h e  simplest kind of an experiment would be t o  

a p lan t  i n  t he  l i g h t  some carbon dioxide with a l a b e l  on it and give 

It mas feed 

it only 

a very shor t  time f o r  pho-bosynthesis. By examining the  compounds present i n  

t h e  p l sn t  a f t o r  exposures of various durations, it should be possible, by 

reducing t h e  period of exposure, to eventually find only one compound 

formed with t he  labeled carbon. The beginning of t h e  process would thus 

be known and by then lsngthening the  period of exposure, under ca re fu l  

control  it should be possible t o  follow the  labeled carbon atom fn to  each 

succeeding compound. It would thus be possible t o  understand t h e  e n t i r e  

process of conversion within t h e  plant  ce l l .  

I n  an e f f o r t  t o  reduce the  time of exposure t o  a minimum i n  order t o  

obta in  the  very f i r s t  compound, we f i n a l l y  cut  t he  l i g h t  time down t o  zero, 
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t h a t  i s ,  we gave the oarbon dioxido not while t h s  l i g h t  was s t i l l  en, but 

immediately a f t e r  t h e  l i g h t  was turned of f .  This involved t h e  following 

conception of t he  nature  of the  reaction: namely, t h a t  t h e  absorption of 

oarbon dioxide i s  not d i r e c t l y  connected with the  a c t  of l i g h t  absorption, 

t h a t  is, the two a r e  separate  a c t s  and t h a t  l i g h t  absorption can c rea te  

solfiething i n  t h e  p lan t  which, a f t e r  the  l i g h t  i s  turned off ,  can pick up 

t he  carbon dioxide. 

This was not a new idea.  It was proposed by a number of invest igators  

including D r .  C. B. Van Niel  of Pacif ic  Grove. The idea which Van Niel  

suggested was based not upon the  study of green plants  alone but on a com- 

parison o f  tho biochemistry of various colored organisms, bacter ia ,  algao, 

e t c .  Through a study of t h e  compnmtive biochemistry of these organisms 

he postulated t h a t  t h e  process of l i g h t  absorption was concerned only with tha  .?? 

s p l i t t i n g  of t he  riater molecule and t he  removal of t he  hydrogen from the  oxy- 

gen and t h a t  t h i s  hydrogen mas i n  some form which could then l a t e r  reduco 

t h e  carbon d i o d d e  molecule. Also, t h i s  a c t i ve  hydrogen could be produced 

i n  a nmber of  ways o ther  than through the  agency of l i g h t  a s  i n  the  sulfur 

bacter ia ,  blue-green algae, e tc .  The thing %hat was unique about green 

p lan t  photosynthesis m a  t h e  production of t h i s  reducing hydrogen by the  

absorption of l i g h t  by chlorophyll and t h e  s p l i t t i n g  of water. This waa 

proposed by V:m Niel a s  early as  1936 and has been re i t e ra ted  by h i m  

several times, and I w i l l  describe some o f  our evidence which leads u s  t o  

t h e  samo opinion, a l b e i t  i n  more d e t a i l  by bringing it t o  an experimental 

do f in i t i on  much c loser  t h m  tk:t of Van Niel t  s comparative biochemistry of 

a lgao 2nd sulfur bacter ia .  



Fig, 1 represents t h e  overal l  process of pbbtosynthesis a s  if appears 

now. Carbon dioxide r eac t s  with water through t he  agency of l i g h t  t o  pro- 

duce reduoed carbon and oxygen. The primary energy conversion r e s u l t s  i n  

t he  photolysis  of water, producing oxygen from the  water, t h e  hydrogen 

paesfng t h rwgh  a s e r i e s  of hydrogen t r a n s f e r  systems o f  some s o r t  and 

then reducing t he  carbon dioxide t o  sugars, f a t s ,  carbohydrates, e tc .  That 

t h e  oxygen comes from the  water ra ther  than carbon dioxide was shown by 

t h e  experiments of Ruben with Oxygen 18. He fed t h e  p lan t  water contain- 

i n g  t h e  labeled oxygen and noted t ha t  t he  oxygen a s  it evolved had t h e  

i so top ic  compesition of water r a the r  than t h a t  of the  carbon dioxide. This 

means, of course, t h a t  t he  oxygen of the  carbon dioxide must pass through 

t h e  a a t e r  stage hefore it is  evolved a s  gaseous oxygen. This  was one 

question answered by the  isotope teolnique. 

Another question i s  answered by the  recent  experiments of  H i l l  and 

Scarishrick i n  England, i n  which f o r  t he  f i r s t  time the  green c e l l  has been 

broken dovm i n t o  a smaller fragment which can reproduce, a t  l e a s t  i n  p a d ,  

t h e  photosyr~thetic process, By grinding up green leaves t o  destroy the  

c e l l s  one dan e d r a c t  small green fragments which a r e  ca l led  chloroplasts, 

o r  chloroplast  fragments which a r e  called gram,  which contain  t he  green 

pigment and vfhich w i l l  evolve oxygen when they ore  illuminated i n  t h e  pre- 

sence of o proper oxidizing agent other than carbon dioxide, such ag 

quinone o r  ferr icyanide.  This process has exactly the  same charac te r i s t i cs  

a s  t h e  evolution of oxygen i n  photosynthesis. 

It appears t h a t  some of Van N ie l r s  suggestions a re  being established 

experimentally from several  points  of view - the  isotopic  one presented 



Fig. 1 

The Process of Photos 
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here and the  f a c t  t h a t  it i s  possible t o  i s o l a t e  t h e  oxygen-producing re- 

act ion and t i e  it t o  t he  primary photwhemical a& in  some way. 

Our experiments have been designed t o  begin t he  determination of the 

Path of Carbon i n  Photosynthesis and t o  determine t he  relationslxlp between 

t h e  carbon path  and the  completely independent a c t  of l i g h t  absorption. I n  

order t o  do t h i s  one would have t o  demonstrate t h a t  carbon can pass up from 

one t o  the other  of the compounds i n  the left-hand v e r t i c a l  l i n e  i n  Fig. 1 

i n  t o t a l  darkness, lsut t h a t  t he  r a t e  a t  which it passes from one end t o  t h e  

other  and t h e  amount which passes w i l l  depend upon t he  immediate prehistory 

of t h e  plant .  If the  passage from the  bottom t o  t h e  top depends upm a re- 

ducing agent made i n  t he  l i g h t  by s p l i t t i n g  water, it i s  c l e a r  t h a t  if one 

mere t o  i l luminate t he  p lan t  f o r  a period of time (as y e t  unknown) i n  the  

absence of carbon dioxide so t ha t  t he  reducing hydrogen which i s  s p l i t  from 

the water has nowhere t o  go, and then immediately a f t e r  turning o f f  t he  l i g h t s  

give t h e  plant  carbon dioxide, the  reducing agent which had been generated 

could carry  the carbon dioxide a t  l e a s t  pa r t  way along the  path  and perhaps 

the whole way. 

The first experiments were done t o  t e s t  t h i s  idea. The p l an t  material  

which we used f o r  the esr ly experiments were the  green a lgae  Chlorello and 

Soenedesmus. The reason f o r  this i s  two-fold. First of a l l ,  a g rea t  dea l  

of photosynthetic research had been done with these  algae, Chlorellg and 

Scenedesnus, t h e i r  k ine t i c s  have been studied, quantum y ie lds  have been 

determined, etc.  Secondly, being chemists, we liked t o  have something quanti- 

tatim t o  work with, and one can make up a quant i ta t ive  suspension of algae 

and t r e a t  it, .witbin limits, like an ordinary chemical. 



In order  to get the  algae we had t o  s e t  up a l i t t l e  "farmH t o  grow 

them. The continuous cu l tu re  apparatus i s  shown i n  Fig .  2. We can homest  

t h e  a lgae  every day, taking out nine-tenths and leaving one-tenth behind as 

an inoaulum i n  the  inorgef ic  nu t r ien t  solution. Having harvested t he  a lgae  

from t h i s  "farm," they o r e  now ready f o r t h e  experiment. The a l g a e n r e  

centrifuged out  o f  the  nu t r i en t  bath, washed once and resuspended i n  a 

su i t ab l e  Mfsr  f o r  t he  perforaance of the  experiments. The f l a sk  i n t o  

which the auspension i s  placed is  shown i n  Fig.-3 and t he  complete apparatus 

i s  shown i n  Flg. 4 Pure helium is buSbled through t he  a l g a l  suspension i n  

the  upper f l a s k  t o  sweep out t he  carbon dioxide of t he  a i r .  The l i g h t s  

a r e  turned on t o  i l luminate the  algae f o r  w r y i n g  or selected periods of 

time i n  the absence of carbon dioxide. An a l iquo t  pa r t  of t h e  algae i s  

taken i n  t he  evacuated sampling tube, and the sample then flows down i n t o  

t he  p a r t i a l l y  evacuated blackened vesse l  which contains a known amount of  

radioact ive  carbon dioxide. The whole t r ans f e r  operation can be done i n  

l e s s  than a second, the turning of two stopcocks being a l l  t h a t  i s  ne- 

cessary ( ~ i g .  4). The radioactive aarbon dioxide i s  i n  t h e  form of sodium 

bicarbonate a t  a small p a r t i a l  pressure of carbon dioxide, the re  being no 

o ther  gas i n  t h e  blackened f lask.  The black vessel  with t h e  radioactive 

carbon dioxide and the algae i n  it i s  shaken for various periods. After  
- 

a chosen period of  time, acid  i s  injected t o  k i l l  t he  atgne. An a l iquo t  

of t he  r e su l t i ng  suspension i s  counted t o  see  how much radiocarbon t h e  

algae hove picked up. 

Fig, 5 shows how much carbon dioxide i s  f ixed a s  a funct ion of the  time 

the  flask i s  $laken i n  t he  dark a f t e r  t h e  a lgae  have been pu t  i n t o  t he  vessel  

containing radioact ive  carbon dioxide. Curve B i s  t ha t  one which i s  ob- 

tained when t h e  algae have been illuminated f o r  t e n  minutes i n  the absence 
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carbon dioxide p r i o r  t o  g iv ing the  a lgae  t h e  radioact ive  carbon dioxide. 

For Curve A t h e  a lgae  were sa tura ted  i n  t h e  dark with or$inary carbon dioxide 

j u s t  p r i o r  t o  giving them t h e  radioact ive  carbon dioxide. The e f f e c t  of pre- 

i l lumina t ion  i s  t h e r e  i n  g rea t  measure, If t h e  a l g a e  a r e  i l luminated i n  t h e  

absence of carbon dioxide  and then, i n  the  dark, given the  rad ioac t ive  car-  

bon dioxide  they do i n d e ~ ?  reduce, t h a t  is, fix, a g rea t  d e a l  more carbon 

d i o x l i u  t h r n  Shcy do unde- t h e  reverse condit ions.  

The quest ion a r i s e s  a s  t o  how long t h e  c e l l s  mcst be i l luminated in 

t h e  absence of carbon dioxide  i n  o rze r  t o  g e t  t h i s  reducFng power penerated. 

It i s  okvious tlxt t h c r e  3-3 a 14mited amour& of rerluzing power ge rewted  

( r ig .  6) and t h a t  it i s  almost completely used dp by a one-minute exposure 

to carbon dioxide Cn the  dsrk. A second experinent  was dam to discswr  

how long t h e  i l luminat ion had t o  be i n  order t o  generate t h i s  reducing 

power. It was determined by simply measuring one-miizute dark f i x a t i o n s  

a f t e r  d i f f e r e n t  lengths  of time of prei l lumination.  The r e s u l t  i s  shown i n  

Fig.  6 which has f o r  nbcissn t h e  time i n  t h e  l i g h t  p r i o r  t o  dropping t h e  

cells f o r  one minute i n t o  t h e  darkened f l a s k  containing t h e  radioact ive  

carbon dioxide ,  It i s  apparent  t h a t  t h e  reducing power reaches ninety 

percent  o f  s a t u r a t i o n  I n  about twenty seconds. The decay uf t h e  reducing 

power after tu rn ing  t h e  l i g h t  off i n  t h e  upper vessel requires about t e n  

minutes. It may be used up by r e s p i r a t o r y  intermediates o r  r e s p i r a t o r y  

carbon dioxide. 

If t h i s  reducing power i s  t h e  same a s  t h a t  which func t ions  i n  ordinary 

photosynthesis,  then a s  long a s  the  reducing power is  the re  i n  l a r g e  amount 

t h e  r a t e  of absorpt ion of carbon dioxide by t h e  reducing power should be 

the same a s  though t h e  l i g h t  were on. Thus, t h e  dependence of  t h e  r a t e  of  
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dark f i x a t i o n  by preilluminated d g o e  on the p r t i a l  pressure  of  carbon 

dioxide  should r e f l e c t  t h e  dependencgf on rbon dioxide  absorpt ion  i n  or- 

din2ry photosynthesis  on t h e  p a r t i a l  pressure of cnrbon dioxide.  

Fig. 7 shows j u s t  t h i s  v a r i a t i o n  of dark f i x a t i o n  r a t e  (one-minute) 

a s  a funct ion  of carbon dioxide  pressure both  f o r  un-preilluminated c c l l s  

and prei l luminated c e l l s .  Curve B shows t h e  r a t e  of carbon dioxide  f i x a t i o n  

a s  a func t ion  of carbon dioxide  pressure f o r  prei l luminated a l g a e  and corres-  

ponds t o  tho  dependence of ordinary photosynthesis  on carbon dioxide  pressure .  

The r a t e  of dark f i x a t i o n  o f  cnrbon dioxide by t h e  u n - ~ r e i l ~ u m i n o t e d   cell^ 

(Curve A )  i s  very small  and shows vary l i t t l e  dependence on carbon dioxido 

pressure .  From t h e  k i n e t i c  point  of view, a t  l e a s t ,  wo have demonstrated 

t h a t  t h e  dark f ixcl t lan a f t e r  f re illumination resembles very c loso ly  the 

s t eady-s ta t e  photosynthet ic  p ic tu re  a s  it is a f fec ted  by carbon d iox ide  

pressure.  

You will no t i ce  t h a t  a11 o f  these  measurements a r e  measurements o f  t h o  

t o t a l  amount of carbon dioxide  fixed by t h e  p l a n t .  No information has 

y e t  keen given as t o  what has happened t o  t h e  carbon dioxide.  Fig. 8 

m i l l  g ive  an idea o f  what i s  t o  bo found. The r e l u t i v a  3rea and derlsl ty 

o f  t h e  spots  i s  n rough measure of  the r e l a t i v e  amount of those  r~mpounds 

which have been formed under the  speoi f ied  condit ions.  The compounds found 

i n  f i x a t i o n  i n  t h e  dark by prei l luminnted nlgae (Fig. 8b) were very d i f f e r -  

ent  from those  formed by f i x a t i o n  i n  t h e  dark by olgoe which were n o t  pro- 

i l luminated  (Fig. 8a) and, i n  f a c t ,  t hese  compounds formed by the  p r e i l l u -  

minoted algae were exactly t h e  same a s  those  formed by the n lgae  i n  t h e  

light ( ~ i g ,  8 0 ) .  The complete separa t ion  of carbon dioxide reduct ion  from 

t h e  primnry photochemianl a c t  has thus been es tabl i shed both k i n e t i c n l l y  

snd chemically. 



ONE MINUTE DARK FIXATION B Y  SCENEDESMUS 
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CARBON DIOXIDE PRESSURE 

Fig. 7 

The Dependence of 3ark F ixa t ion  
r,. Non-Freilluminat ed :il.l;no. 
B e  Preilluminated Algae. 







Radiogr of Dark Fixat ion Products 

Fig. €36 

The Products of 90 S~conds Photosynthesis Fn Radioactive 



We can now r e tu rn  t o  the  study of t he  order of appearance of t he  com- 

psunds i n  time and t h e  method of  analys is  represented i n  Fig. 8. 

I n  Fig. 9 i s  shown the  apparatus i n  which t h e  a lgae a re  exposed t o  

radioact ive  carbon fo r  t h e  chemical i so l a t i on  experiments. There i s  a 

t t lo l l ipopf l  i n  which the  a lgae a r e  suspended with l i g h t  sources on e i t he r  

s ide  sepqrated from t h e  f l lol l ipopn by infra-red f i l t e r s  t o  absorb t he  heat. 

The a lgae  a r e  allowed t o  photosynthesize f o r  a sho r t  period of time (one- 

half  t o  one hour) i n  t he  presence of 4% ordinary carbon dioxide i n  a i r  

which comes i n t o  t h e  tube a t  t he  top of t he  a lgas  f lask.  Af te r  t h e  algae 

have achieved a steady-state of photosynthesis i n  t he  normal carbon dioxide, 

radioactive carbon dioxide i n  the  form of an aqueous solut ion ol? sodium bi-  

carbonate is  in jec ted  i n t o  the  flask a f t e r  t he  removal of t h e  bubbling tube. 

The f l a sk  i s  then stoppered and shaken i n  t he  l i g h t  beam f o r  t h e  prescribed 

period of time (5  seconds, 30 seconds, 90 seconds, 5 minutes, etc.  a s  the  

case may be), a t  the end of which t h e  l a rge  stopcock a t  t h e  bottom i s  

epenod and t h e  a lgae  suspension i s  forced i n t o  hot alcohol as rapidly  a s  

~ossiblo t o  s tep  t h e  react ion.  For t h e  higher p lan t s  ( leaves) we have a 

s imi la r  f l a s k  i n  which, instead of a stopcock a t  the  bottom, the  whole 

f ron t  face comes off and the  leaves drop out i n t o  t h e  alcohol a t  t h e  given 

i n s t a n t .  

Now, a f t e r  having exposed the p l an t  t o  t he  radiocarbon f o r  t h e  desired 

length of time and having stopped t h e  a c t i v i t y  by immersing it i n  hot 80% 

alcohol and cooling it as  f a s t  a s  is reasonable, w e  have a suspension and a 

solut ion;  t h a t  is, there  a r e  denatared prote ins  and insoluble ce l lu lose  

suspended i n  t he  a lcohol  which has extracted from the  p lan t  a l l  t h e  

soluble mater ia ls .  For ve ry  shor t  periods of photosynthesis t l e s s  than 
CI 

periods of t h e  order  of 90 seconds) a l l  of t he  carbon which has been fixed 
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i n  t h a t  shor t  period of time, namely a l l  of the  radioact ive  carbon, i s  

s t i l l  i n  t h e  soluble  f rac t ion  and w i l l  be found i n  t h e  c l e a r  supernatant 

so lu t ion  o r  f i l t r a t e  from t h e  alcohol ex t rac t .  

A 1 1  subsequent operations a r e  on t h i s  a lcohcl  ex t rac t  from which has 

been f i l t e r e d  t h e  insoluble  denatured prote ins  and cellulose-like materials .  

METHODS Oi(" SEPARATION ANALYSIS 

Whm t h i s  work was s t a r t e d  i n  t h e  summer of 1946, no began by using 

c l a s s i c a l  methods of analysis ,  t h a t  is, t o  make ext rac ts ,  c r y s t a l l i z e ,  d is -  

till and use t h e  u s u a l  methods of separa t ion and i d e n t i f i c a t i o n  which were 

comon among organic chemists. We s t a r t e d  out  t h i s  may, and, u s  a matter  

of f a c t ,  worked f o r  about a year and a t  t h e  end of t h a t  year we had ident i -  

f i e d  ong compound. This mas very slow progress. Since we knew t h a t  the re  

were many compounds i n  t h e  p lan t  and s ince  we hod not accounted f o r  any- 

th ing  l i k e  a l l  t h e  rad ioac t iv i ty ,  it seemed l i k e  a good Idea t o  soek 

other  a n a l y t i c a l  methods. 

Ion Exchan~e: - About t h i s  time w e  began t h e  work v i t h  t h e  i o n  exchange re- -- 
s ins .  They have, of course, proved t h e i r  usefulness  i n  inorganic chemistry 

and a r e  only beginning t o  show how u s e f u l  they may bo i n  organic separat ions.  

It is poss ib le  t o  use t h e  ion  exchange r e s i n s  t o  separa te  t h e  organic ma- 

t e r i a l s  i n t o  ca t ions ,  or  p o t e n t i a l  m t i o n s ,  and i n t o  anions, o r  po ten t i a l  

anions, and into n e u t r a l  substances. Such a f rac t iona t ion  is ,  indeed, of 

value when dealing with a very complex mixture. It did  give us  a g rea t  

many leads  and n g rea t  d e a l  of information. 
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Using i o n  exchange r e s i n s  we were uble, f o r  example, t o  recognize t h e  

presence of sugars  because these  passed through both t h e  c a t i o n  exchanger 

and t h e  an ion  exchanger. We were ab le  t o  d e t e r n i n e  about how much was po- 

t e n t i a l l y  aa t ion ic .  There a r e  not  a g r e a t h n y  organic  substances which a re  

p o t e n t i a l l y  c a t i o n i c  except  t h e  amine bases .  There a r e  a fen o t h e r  organic  

c a t i o n s  like oxonium ion ,  but  most of them a r e  m i n e  bases of  one s o r t  o r  

another .  We were a b l e  t o  f i n d  t h a t  there was a group of compounds which oon- 

ta ined r a d i o a c t i v i t y  from t h e s e  s h o r t  per iods  of photosynthes is  which viere 

retained on t h e  c a t i o n  r e s i n  and which, a s  a mat t e r  of  f a c t ,  a r e  amino ac ids ,  

a s  was l a t e r  shown. A ve ry  l a r g e  f r a c t i o n  of  t h e  ma te r i a l  was r e t a i n e d  on 

t h e  an ion  r e s i n .  T h i s  could be o wide v a r i e t y  of  compounds i nc lud ing  car- 

boxylic a c i d s  and e s t e r s  of  inorganic a c i d s  such a s  s u l f u r i c  and phosphoric 

a d d s .  

The use  of  ion exchange r e s i n s  d i d  help o g r e a t  deal,  and i n  t h e  follow- 

i n g  y e a r  up u n t i l  t h e  Spr ing  of 1948 we were a b l e  t o  i d e n t i f y  unequivocal ly 

two o r  t h r e e  more compounds. Hanever, we still had not  accounted f o r  t h e  

major f r a c t i o n  of t h e  f ixed  r a d i o a c t i v i t y  i n  one minute of  photosynthes is .  

I t  appeared t h a t  other methods s t i l l  more r a p i d  would have t o  b e  found, 

Paper Chromatography and Radioautography: - I t  was a t  t h i s  t ime t h a t  we - 
undertook t o  use t h e  method of paper chromatography dsveloped by a number 

o f  British biochemists .  I t  was developed f o r  t h e  purpose of ana lyz ing  amino 

a c i d  mixtures  and p r o t e i n  hydro lysa tes .  It depends upon 3 r a t h e r  o ld  pr in-  

c i p l e  which had been known f o r  o long t ime. The p r i n c i p l e  i s  r e a d i l y  de- 

monstrated by a drop of i n k  on a p i ece  of  f i l t e r  paper; i f  it i s  a good b ig  

drop you w i l l  n o t i c e  t h a t  i t  spreads out  from where t h e  drop hit t h e  popor, 



and if it i s  t h e  r i g h t  kind of i n k  it w i l l  eventual ly  appoar a s  th ree  con- 

c e n t r i c  r ings  around t h e  middle spot and the  t h r e e  r ings  w i l l  be o f  d i f f e r -  

e n t  colors .  Our p a r t i c u l a r  ink gives a red r ing,  a green r i n g  and a blue 

one, which, mhen mixed together ,  w i l l  g ive a black ink. The point  i s  t h a t  

t h s  t h r e e  d i f f e r e n t  components of the  ink move a t  d i f f e r e n t  r a t e s  and 

a c t u a l l y  achieve separa t ion .  

If t h i s  i s  done i n  a qucintitative way, it i s  apparent how it might be 

used f o r  i d e n t i f i c a t i o n  purposes. The t h r e e  B r i t i s h  chemists, Consdon, Mar- 

t i n  and Synge, worked with t ho  method f o r  t h e  separa t ion  of amino acids,  and 

one of t h e  reasons t h a t  they  had such great  success  i s  t h a t  they  had an 

almost un ive r sa l  method of de tec t ing  t h e  amino a c i d s  on the  f i l t e r  pnper. 

The e a s i e s t  nay t o  show how t h e  method can be used ie tho  q u a n t i t a t i v e  

way i s  t o  descr ibe  t h e  way it i s  done. To prepare the  e x t r a c t  (from which 

t h e  inso lub le  ma te r i a l s  have beon separated) f o r  ana lys i s  it i s  concentrated 

t o  a small volume, of t h e  order of 2-3 CC. The analys is  i s  performed by 

plac ing a small a l i q u o t  p a r t  of t h i s  2-3 cc,  of so lu t ion ,  perhaps 50 o r  

100 pl., on t h e  corner of a l a r g e  $.em of f i l t e r  pnper ( ~ h a t m a n  No. 1, 

17" x 24")  a s  shown i n  F ig .  10. The sample i s  squeezed out of  t h e  p i p e t t e  

i n t o  the  c i r c l e  and t h e r e  i s  a f an  blowing on it t o  evaporate the  solvent 

and l eave  the compounds i n  t h e  circle .  Seext, t h e  paper i s  removed from 

the  frame and hung up i n  a box u s  shown i n  Fig. 11. This shows t h e  t o p  

viem of a box with four  papers. There a r e  two o r  t h r e e  frames i n  each box 

which contain troughs. The fo ld  i n  t h e  paper i s  l n i d  down i n  the bottom 

of  t h e  trough and o g lass  rod i s  placed on top  of t h e  fo ld  t o  hold the paper  

down i n  the trough, . ?  The paper l i e s  over t h e  edge and hangs down i n t o  

the  bottom of t h e  box. A f t e r  t h e  papers a r e  placed, a solvent, chosen 





Fig. 11 
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f o r  a s p e c i f i c  purpose, i s  poured i n t o  the  trough. It passes  up through 

t h e  paper by c a p i l l a r i t y  and down t o  t h e  edge of the  paper ( ~ i g .  12).  

A s  t h e  solvent runs dovin toward t h e  bottom of t h e  paper, t h e  compounds 

t h n t  wero put  on t h e  spot  a r e  spread out  i n  a  l i n e .  The compounds do not  

a l l  move a t  t h e  same r a t e ;  they  have d i f f e r e n t  r e l a t i v e  s o l u b i l i t i e s  i n  t h c  

organic solvent  and the re fo re  d i f f e r e n t  r a t e s  of progress. Thus, we s h a l l  

have spread along one edge of t h o  paper a s e r i e s  of  spots, each one re-  

present ing  a d i f f e r e n t  compound or  group of compounds. I t  may be t h n t  two 

compounds have very  near ly  t h e  same r e l a t i v e  s o l u b i l i t i e s  i n  a p a r t i c u l a r  

solvent,  i n  which case  t h e y  move together .  I n  t h a t  case, it i s  poss ib le  t o  

achieve separa t ion  of those  compounds by t ak ing  t h e  paper out  of t h e  box 

and drying off t h i s  p a r t i o - d o r  solvent ,  t u rn ing  t h e  paper around so tho t  

we nom have ins tead  of a  s i n g l e  spot  a  whole row of spots  spread along tho 

top  of t h e  paper and a d i f f e r e n t  solvent  i s  placed i n  the  trough.  Those 

compounds which f a i l e d  t o  separate i n  t h e  f i rs t  solvent  w i l l  have an oppor- 

t u n i t y  t o  sepcrote i n  t h e  second solvent .  

The r e s u l t  of t h i s  v i l l  be, then, a p a t t e r n  of spots  oach of whose 

coordinates with respec'c t o  the  o r i g i n  w i l l  be c h a r a c t e r i s t i c  f o r  t h o t  

p a r t i c u l a r  compound i n  t h e  same way t h 3 t  a melt ing point,  index of re-  

f m c t i o n ,  s p e c i f i c  r o t a t i o n  o r  any o the r  property of an organic substance 

i s  c h a r a c t e r i s t i c  o f  it. The extract ion coef f i c i en t ,  upon whiah tho  chroma- 

tographic  coordinotes depend, i s  p c r t i c u l a r l y  u s e f u l  s ince it can be e a s i l y  

determined on tracer amounts of ma te r i a l*  I n  o ther  words, from t h e  co- 

o rd ina tes  of t h e  compound (spot)  with respect  Lo i t s  o r ig in  and t h e  solvents  

used, one can say, i n  many cases unequivocally, what t h e  compound i s  and i n  

o the r  cases speci fy  wi th in  c e r t a i n  l i m i t s  a group of compounds it might be. 



Pig. 1 



I n  order  t o  do t h i s ,  however, it i s  q u i t e  obvious t h a t  one must have a 

method of loca t ing  t h e  compound on t h e  paper. This  i s  e s s e n t i a l ;  without it 

t h e  method of paper chromatogmphy i s  of no use .  A number of  methods have 

been usod, and one of themajor reasons f o r  t h e  succoss of paper chrom2to- 

graphy f o r  t h e  separa t ion  of amino a c i d s  i s  t h a t  the re  e x i s t s  an almost 

un ive r sa l  reagent for amino acid i d e n t i f i c a t i o n ,  namely tr iketohydrindene 

hydrake (ninhydrin) . When ninhydrin i n  a lcohol  so lu t ion  i s  sprayed on t h e  

paper and t h e  paper is placed i n  a worm a i r  a n r e n t ,  a purple color  dovelops 

wherever t h e r e  is  an amino acid.  By use of t h i s  method one can l o c a t e  almost 

a l l  t h e  amino a c i d s  on t h e  paper. 

Another method t h a t  has been used, with some degree of  success, i s  

f luorescence.  When the  paper i s  thoroughly d r i e d  and it i s  good clean paper 

t o  s t a r t  with, one can sometimes d i s t ingu i sh  compounds by t h e  f luorescent  

a reas  they  produce on t h e  paper by holding t h e  paper i n  an u l t r a v i o l e t  l i g h t  

beam, 

Thero have been a few other  reagents  t h a t  have been used with some 

success i n  l o c a t i n g  specia l ized  compounds. For example, 3 reducing sugar 

can be located  with a couple of reagents .  Naphtharesorcinol l o c a t e s  the  

keto-sugars, fructose and sucrose, very  n ice ly  sinco they form red spots. 

The molybdenum blue t e s t  can be used f o r  c e r t a i n  forms o f  phosphata; 

ammonium molybdate i s  sprayed on t h e  paper followed by t h e  add i t ion  of a 

buffer so lu t ion  which w i l l  g ive a blue co lo r  f o r  inorganic phosphate. Very 

e a s i l y  hydrolyzable organic phosphate w i l l  a l s o  shou up because the  rnolyb- 

d a t e  i s  sprayed on i n  a n i t r i c  ac id  so lu t ion  which hydrolyzes t h e  phos- 

phate t o  form inorganic phosphate. We have used a l l  of t h e s e  methods, but  

none of  them i s  u n i v e r s a l  f o r  a l l  compounds. 



However, we do have o method i n  our p a r t i c u l a r  case which i s  un ive r sa l  

f o r  a l l  compounds, pa r t i cu la r@ t h e  ones we wanted t o  f i n d ,  We a re  looking 

f o r  those  compounds which contcin th2  rndiooct ive  carbon, They nay be found 

by l a y i n g  t h e  f i l t e r  paper down on a t a b l e  and going over it with a Geiger 

counter  t o  determine where t h 8  r a d i o a c t i v i t y  i s  on tho  paper. A s  il matter  

o f  f a c t ,  we do t h i s  very of'ten, but t h e  resolv ing power of t h i s  procedure 

pe r  un i t  time i s  ve ry  small.  It would take a long tima t o  d e f i n e  a l l  of 

t h e  a r e a s  which a r e  radioact ive  on t h e  paper by t h i s  procedure. 

Fortunately,  t h e r e  i s  another easy way of doing t h i s  a l l  i n  one oper- 

a t ion ,  and t h a t  i s  simply t o  l a y  an X-ray f i l m  on the  f i l t e r  paper, press  

it down f l a t  t o  make good contact  with t h e  chromatogram and l e t  it expose 

f o r  a given period o f  time, depending upon t h e  amount of r a d i o s c t i v i t y  

t h a t  i s  on t h e  chromatogram. Then, t h e  X-ray f i l m  i s  removed and developed. 

Everywhere the re  i s  a radioact ive  compound on t h e  chromatogram t h e r e  w i l l  

be a dark spot  on t h e  f i l m ,  Fig. 13 shows such a result. 

Fig 1% shows t h e  paper chromatogram i t s e l f  a f t e r  it has been sprayed 

with ninhydrin t o  l o c a t e  t h e  amino a c i d s  which a r e  presont in t h i s  p a r t i -  

c u l a r  e x t r a c t .  Before spraying t h e  paper, we l a i d  on an X-ray f i l m  f o r  a 

coupld of days and took t h e  X-ray f i l m  o f f  and developed it, r e s u l t i n g  i n  

Fig. 13b. Here you will no t i ce  f i f t e e n  o r  twenty block spots  corresponding 

t o  r ad ioac t ive  areas on the  paper. After t h e  paper i s  sprayed, t h e  exposed 

X-ray film is  l a i d  down on t h e  paper. The perfect correspondendla between 

a rad ioac t ive  spot on the f i l m  and t h e  ninhydrin spot on t h e  paper which 

i s  a l a n i n e  is evident. A s imi la r  corrospondonco i s  t o  be noted f o r  a s p a r t i c  

acid,  s o r i n e  and glycine.  Note a l s o  the  absence of  any r a d i o a c t i v i t y  

corresponding t o  t h e  r a t h e r  l a r g e  ninhydrfn spot  f o r  glutamic ac id .  







You w i l l  n o t i c e  t h a t  t h e r e  a r e  many s p o t s  on t h i s  f i l m  i n  w e a s  which 

d3 not correspond t o  amino a c i d s .  Our mjor problem i s  t h e  i d e n t i f i c a t i o n  

of t h e s e  s p o t s ,  e s p e c i a l l y  t h e  group near  t h e  o r i g i n  which conta ins  such 

large amnunts of r a d i o a c t i v i t y .  A s  was mentioned e a r l i e r ,  t h z r e  a r e  s p o t  

t e s t s  f o r  a few o t h e r  compcunds. Using t h e  naphtharesorc inol  t e s t  f o r  

sucrose toge the r  w i th  s epa ra t e  chromatograms of genuine sucrose it was r e -  

l a t i v e l y  easy t o  demonstrate t h a t  one of t h e s e  unknowns corresponded t o  

sucrose. 

The s p o t s  nea r  t h e  o r i g i n ,  however, were no t  so easy  t o  i den t i fy .  The 

very f a c t  t h a t  t h e s e  spo t s  a r e  down naar  t h e  o r i g i n  t e l l s  u s  something very  

d e f i n i t e  abnut the  p r o p e r t i e s  of  these molecuios. ' h a t e v z r  thesa  substances 

a r e ,  they  are  extremely wat3r so lub le  an6 very  in so lub le  i n  organic  s o l -  

vents .  If t h e i r  p r o p e r t i e s  were othmwise,  t hey  v~ould hzve been found 

f a r t h e r  from tl-3 o r i g i n  on t h z  paper. The l i p i d s ,  f o r  oxampls, o r  any- 

t h ing  t h a t  has a ve ry  l a r g e  s o l u b i l i t y  i n  organic  so lven t s ,  w i l l  move o 

long way on t h e  chromatogram. 

he had i n d i c a t i o n s  from the ion exchange work w d  from t h e  e x t r a c t i o n  

p r o p e r t i e s  t h a t  t h e m  were s u g a r  phosphate and va r ious  phosphate e s t e r s  pre- 

s e n t .  I n  o rde r  t o  find out where on t h s  papor one would f i n d  these  phos- 

phate e s t e r s  we d id  a r a t h e r  obvious experiment. 3 allowed t h e  a lgae  t o  

photosynthesize i n  r a d i o a c t i v e  phosphorus {Phosphorus 32) f o r  a period of 

time and made a radiogrm of t h e s e  e x t r a c t s  which would t h u s  show only tht :  

phosphorus compowds. Tig. 1 4  is n radiogram (radioautograph of a papzr  

chromatogram) made of an  ex-tract of Scenedosnus algaa which had been 

p h o t o s y n t h ~ s i z i n g  f a r  one hour i n  radiophosphorus; t h z  black spo t s  wsrs 

made by r a d i a t i o n  from phosphrous and not  fronl carbon cnd each of t h m s  spo t s  

corresponds t o  a phosphorus compound of somd s o r t .  Thus, it is  evidcnt  t h a t  
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most of t h e  phxsphorus compounds a r e  where we expected them t o  be. 

I n  o rde r  t o  bs more s p e c i f i c  3 number of known phosphate e s t e r s  were 

prepzrcd radic3c. t ive by a y e a s t  f e m e n t a t i o n  i n  radiophosphorus. We i so -  

l a t e d  t he  fructose-diphosphate,  fructose-6-phosphate and phosphoglycerio ac id  

and made a one-dimensional chromatogram i n  t h e  butanol  d i r e c t i o n  of  t h e  mix- 

t u r e .  This radiogram i s  shown i n H g .  15 bes ide  one from algae photosynthe- 

s i r i n g  i n  c1h2. This  correspondcnco a l l  by i t s e l f  i s  no proof o f  t h e  

i d e n t i t y  o f  t h e  photosynthesized compounds. 

Th i s  c m  be  confirmed i n  a number of  ways. Perhaps t h e  b e s t  way Is  t o  

c>*-L ou-t a spot ,  e l u t e  it and n i x  it w i t h  a l i t t l e  o f  a known substance. Then 

run a ch~oinatogram on the  mixture  i n  two d f r e c t i o n s  on2 s e e  i f  t h e r e  is any 

s e p a m t i o n  b e h e e n  t h e  carSon r a d i o a c t i v i t y  on t h e  one hand and t h e  phos- 

phorus m d i o a c J ~ i v i t j y  on t h e  o the r .  It i s  v e r y  easy t o  te3.1 t h e  d i f f e r e n c e  

bstviieen t h e  tvio r a d i o a c t i - r i t i e s .  The r a d i a t i o n  from Carbon 14 does no t  

pene tza t e  t h r o  :gh t h o  X-ray 3 . . l r n ,  whereas t h e  s a d l a t i o n  from Phosphirus 22 

i s  a much st.rcil?er b e t a - m y  and goes r i g h t  through t he  X-ray f i lm .  S ince  

t h e  X--L2y f i l s  has emulsion on bo5h =ides,  one can t e l l  which one i s  car- 

bon os ;t e x ~ o s ~ s  only  one si-le o f  t h e  film ~ h i l e  %he phosphorus exposes 

boiLl s l d e s  o 9 - h  film. T h t s  s c ~ t  of -Lhj.j-\g has h e n  dcjne t o  demo~5 t ra t . e  

t h e  presence of  f ructose-diphosphate ,  glucc se-1-phosphate and f r u c t o  so-6- 

phosphate.  Both glucose-1-phosphate and f rx lose -6 -phospha te  come i n  t h e  

a r ea  marked KiZP; thsy  do n o t  soporate  very s ell, The presence of  

(glucose-l-phosphato) i n  t h e  p5o.';osynthesis experiment, has ?men f k r r h e r  

dcnons tmted  by t h e  3ppenrance of f r ee  glucose a f t e r  10 minutes hydro lys i s  

I n  0-1 _N hydrochlor ic  a c i d .  Mixed chromat,ogran,s have n lgo been made 

f o r  phosphoglyceric ac id .  



Comparison of known phosphates u i t h  
canpounds formed in photosynthesis. 

Fig.  1% 





We have t h u s  i d e n t i f i e d  about  f i f t e e n  compounds a s  havin$ been formed i n  

90 seconds of photosynthesis  and these  conta in  over  90% of t h e  carbon f ixed  

i n  t h a t  t ime. However, t h i s  information by i t s e l f  a l lows ve ry  l i t t l e  t o  be 

s a i d  about  t h e i r  sequence of  formation. There a r e  s t i l l  many compounds 

even i n  a s  s h o r t  a per iod  a s  30 seconds ( ~ i g .  16 ) .  Not u n t i l  t h e  t ime of 

photosynthes is  i s  reduced t o  5 seconds do we have only f o u r  o r  f i v e  ssmpounds 

formed (fig. 17) .  Most of  t h e  r a d i o a c t i v i t y  f i x e d  i n  5 seconds i s  i n  t h e  two 

lowes t  s p o t s .  It ~ o u l d ~ a p p e a r ,  the&, t h a t  t h e s e  a r e  t h e  f i rs t  compounds i n t o  

which radiocarbon i s  incorpora ted  by t h e  green p l a n t .  T h e i r  p o s i t i o n  corres-  
t h e  

p o ~ d s  w i t h  t h a t  f o r  which we a l r e a d y  had evidence wtxs/;;hosphoglyce~i~ ac id  

a rea ,  t h u s  i n d i c a t i n g  t h a t  i n  5 seconds t h e  m z t e r i a l  c o n s t i t u t i n g  65% of  t h e  

t o t a l  f i x e d  r a d i o a c t i v i t y  i s  phosphog3yceric ac id .  

Ca r r i e r - f r ee  I s o l a t i o n  of Phosphoglyceric A&: - It  seemed wise nC t h i s  -- 
s t a g e  t o  make a t  l e a s t  one p o i n t  of contac t  w i t h  t h e  c l a s s i c a l  methods of 

i d e n t i f i c a t i o n ,  t h a t  i s ,  a d i r e c t  i s o l a t i o n  and de termina t ion  of p r o p e r t i e s  

of  t h e  t y p e  t o  nhich most chemists  a r e  accustomed. I t  should be mentioned 

t h a t  i f  t h e  spo t  on t h e  r i g h t  (Fig. 1 7 )  i s  heated i n  0.1 N &drochloric  a c i d  

f o r  1-142 hours it becomes the  spot  on t h e  l e f t .  Thus, t hey  a r e  r e l a t ed ,  

and ou r  suggest ion was t h a t  t h e  one on t h e  r i g h t  was 2-phosphoglyceric a c i d  

and t h e  o t h e r  mus 3-phosphoglyceric a c i d .  

Furthermore, if t h e  temperature of t h e  a l g a e  is  lowered t o  about 4.O when 

they  a r e  given r a d i o a c t i v e  carbon d ioxide  f o r  about  10 seconds, one g e t s  u 

s i n g l e  s p o t  which i s  t h e  one l abe l ed  2-phosphoglyceric ac id .  Vie thus  have, 

t e n t a t i v e l y ,  t h e  fo l lowing  soheme r ep resen t ing  t h e  f i rs t  s t e p s  i n  The 2~1th  

of  Carbon i n  Photosynthesis .  



ig. 1 
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2-phosphoglyceric 3-phosphoglycoric 
a c i d  a c i d  

It was obvious t h a t  we had now e s t a b l i s h e d  t h e  condi t ions  f o r  prepar ing  

from t h e  p l a n t  a  s i n g l e  compound or,  a t  most, a p a i r  of compounds which 

would r e p r e s e n t  t h e  e a r l i e s t  products of  i nco rpora t ion  of  carbon d ioxide  i n t o  

t h e  p l a n t .  Although me had t h i s  body o f  evidence a l r e a d y  mentioned, t h a t  

t h e s e  two products  wdre 2-phosphoglyceric a c i d  and 3-phosphoglyceric ac id ,  

we thought  it d e s i r a b l e  t o  go about t h e i r  i d e n t i f i c a t i o n  by t h e  more usua l  

methods of i s o l a t i o n .  

We prepared 25 cc.  o f  packed a lgae  which had been exposed t o  radio-  

carbon i n  t h e  l i g h t  f o r  5 seconds sorresponding t o  Fig. 1 7 ,  We proceeded 

t o  i s o l a t e  t h a t  r a d i o a c t i v i t y  on t h e  assumption, pa r t l y  a t  l e a s t ,  t h a t  it 

was phosphoglyceric ac id .  Now I w i l l  o u t l i n e  f o r  you v e r y  b r i e f l y  what t h a t  

procedure was. An e x t r a c t  o f  t h e  a lgae  nos made us ing  a mixture of  con- 

c e n t r a t e d  hydrochloric  a c i d  and g l a a i a l  a c e t i c  a c i d .  If the  product  were 

phosphoglyceric  ac id ,  t h e  a c e t i c  acid-hydrochloric  gc id  mixture would no t  

h u r t  it i n  any way because t h e  phosphoglyceric acids a r e  very s t a b l e  compounds, 

One of  t he  reasonw f o r  k i l l i n g  t h e  a l g a e  with hydrochlor ic  and a c e t i c  a c i d s  

was t o  g e t  r i d  of a s  much of t h e  p r o t e i n  and c e l l u l o s e  a s  p o s s i b l e  i n  t h e  

e a r l y  stage and no t  t o  i nc lude  t h e  l i p i d  m a t e r i a l  and pigment, which cccurred 

i f  w e  k i l l e d  them i n  a lcohol .  We thus  obtained a p e r f e c t l y  c l e a r ,  c o l o r l e s s  

s o l u t i o n  conta in ing  a l l  t h e  r a d i o a c t i v i t y .  T h i s  e x t r a c t  of t h e  25 cc. of 

c e l l s  was token almost  t o  dryness t o  g e t  r i d  of  t h e  h y d r ~ c h l o r i c  and a c e t i c  

nc ids ,  and then  tokon up aga in  i n  8-10 cc. o f  water .  Although most of t h e  

a c i d  was gone it was s t i l l  an  a c i d i c  so lu t ion .  The pH was ad jus ted  t o  7 

by adding 1 N a l k a l i .  There was a  v e r y  heavy f l o c c u l a n t  p r e c i p i t a t e  (h is tone-  
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l i k e  ma te r i a l )  which ca r r i ed  with it most of t h e  r a d i o a c t i v i t y  a t  pH 7 ,  If 

t h e  pH i s  r a i ~ 3 d  t o  9, t h e  r a d i o a c t i v i t y  redissolved i n  t h e  supernate.  This  

mas I n t e r p r e t s 3  t o  mean t h a t  the p rec ip i t a t ed  mater ia l  forms a s a l t  w i th  t h e  

phosphoglyceric ncid which c a r r i o s  it out of so lu t ion  a t  pH ?, t h e  phospho- 

g lyce ra te  i o n s  being displaced i n t o  t h e  so lu t ion  a t  pH 9, 

This  ge la t inous  h is tone- l ike  ma te r i a l  was centr ifuged out  and we had n 

c l e a r  supernate  containing n e a r l y  a l l  of t h e  r ad ioac t iv i ty .  The so lu t ion  

i s  brought back t o  an ac id  condition, about pH 1, and barium ch lo r ide  is  

added t o  t a k e  out some acid-insoluble barium s a l t .  Here, again, a g r e a t  

dea l  o f  t h e  r 2 d i o a c t i v i t y  comes out  wi th  t h e  barium s a l t ;  i t  was mashed 

thoroughly wi th  warm d i l u t e  hydrochloric  n c i d  t o  wash t h e  a c t i v i t y  back I n t o  

so lu t ion  out  of  t h e  p r e c i p i t a t e .  The p r e c i p i t a t e  does not  dissolve,  but  t h e  

r a d i o a c t i v i t y  does come out  when washed with warm d i l u t e  hydrochloric  ncid. 

The supernate, t oge the r  with t h e  washings, i s  then  made alku:l&ne t o  g e t  a 

t r a c e  of an o lka l i - inso lub le  barium s a l t .  A t  t h i s  point ,  t h e  volume i s  g r e a t  

enough t o  r e t a l n  t h e  m a l l  amount of barium phosphoglycerate. The so lu t ion  

i s  now made up t o  50% alcohol  and t h e  r a d i o a c t i v i t y  comes out  i n  a barium 

s a l t .  The barium s a l t  i s  redissolved i n  0.05 2 ac id  and made up t o  50% 

a lcoho l  t o  r e p r e c i p i t a t e  it, and t h i s  oper2t ion i s  repeated h a l f  a dozen 

times. A s  t h e  opera t ion  i s  repeated, the  p r e c i p i t a t e  begins t o  appear  

c r y s t a l l i n e .  Finally, we recovered 10 mg. of  the  s a l t  which contained one- 

t h i r d  of t h e  i n i t i a l  r a d i o a c t l v i t y ,  The l a s t  fou r  supernates from these  

c r y s t a l l i z a t i o n s  contained another  35% of t h e  r ad ioac t iv i ty ,  making a  t o t a l  

of 65-70% of t h e  r a d i o a c t i v i t y  i n  t h i s  white c r y s t a l l i n e  ma te r i a l  which had 

8.6% phosphorus compared t o  8.7% f o r  barium phosphoglycerate. It had a molar 

r o t a t i o n  i n  molyMate s o l u t i o n  o f  -650t&000, the  reported r o t a t i o n  f o r  3- 

phcsphoglyceric acid being - 7 2 0 ~ .  The r o t a t i o n  of the  pure so lu t ion  i s  
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measur-.d and then ammonium molybdate i s  added. The molybdate g r e a t l y  en- 

hances t h e  r o t a t i o n  and t h i s  has beendesc r ibed  by Meyerhof a s  almost s p e c i f i c  

f o r  3-phosphoglyceric acid.  A sample of t h i s  i s o l a t e d  phosphcglyceric ac id  

was chromatographed and it appeared i n  the  proper pos i t ion .  

A f i n a l  characterf  ea t ion  of t h i s  m a t e r i d  was made a s  follows. We ob- 

ta ined from Prof. Carl Neuberg a sample of  100 mg. o f  t h e  barium s a l t  of what 

he s a i d  was pure 3-phosphoglyceric ac id .  We absorbed it on a column of s t rong 

base anion r e s i n  i n  t h e  chlor ide  form and e lu ted  t h a t  genkhne sample of 3- 

phosphoglyceric ac id  with 0.2 4 sodium chloride.  The e l u t i o n  curvs i s  shown 

i n  Fig. 18. It i s  evident  t h a t  it was not q u i t e  pure 3-phosphoglyceric acid;  

t h e r e  was a l i t t l e  e a s i l y  eluted phosphorus, but  a ve ry  small amount. Most 

of tho phosphcrus came out  i n  a s i n g l e  band a t  an e l u a t e  volume of 6.2 cc. 

This  constituted t h e  cn l ib ra t ion  of t h i s  p a r t i c u l a r  column. Five milligrams 

of our i s o l a t e d  mate r i a l  mas added t o  an equal amount of Neubergls phospho- 

g lycorfc  ac id  t o  make a t o t a l  of 10  mg. This mixture i s  absorbed on t h e  

i d e n t i c a l  column and t h e  same e lu t ion  with 0.2 8 sodium chlor ide  is  performed 

with the r e s u l t s  shown i n E g .  19. The s o l i d  po in t s  represent  t h e  t o t a l  phos- 

phorus coming out  p e r  u n i t  volume of e lua te .  Ncte t h a t  i n  add i t ion  t o  the  

t r a c e  of impurity added with Neuherg's s a l t  t h e r e  i s  cnly  o s i n g l e  peak re- 

present ing  t h e  bulk of both s a l t s .  The open c i r c l e s  represent  the  radioact ive  

carbon counts per  u n i t  volume of so lu t ion  coming through, and you see t h a t  t h e  

r a d i o a c t i v i t y  coincides exact ly  with t h e  3-phosphoglyceric ac id  curve. Thus, 

not only i s  t h e r e  only n s i n g l e  peak for t h e  mixture but  t h e  r a d i c a c t i v i t y  

coincides with it. This, taken with t h e  paper chromatograms, t h e  o p t i c a l  

ro ta t ion ,  t h e  ex t rac t ion  coe f f i c i en t  and d e r i v a t i v e  f i r n a t i o n  i s  about a s  

complete a comparison between twc, compounds, one au then t i c  and one unknown, 

as  need be made t o  determine i d e n t i t y  without doing an absolute  s t r u c t u r e  

determination. 



Fig. 18 

Slut ion curve of 3-phosphoglyceric ac id  (Eeuberg) from ( 6  x 80 mi. 
column of Dowex XL r e s i n  i n  the  chloride f o m .  Zhan t  is 0.2 - 
sodium chloride (neutral 1 







Fig. 2 
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DISTRIBUTION OF RADIOACTIVITY_ WITHIN aMPOUNDS 

I n  order t o  do t h i s  we w i l l  have t c  devise degfadntive methods f o r  

severa l  of t h e  var ious  compounds t h a t  a r e  shown i n  the radiograms vihich w i l l  

give us one carbon atom a t  a time s p e c i f i c a l l y ,  

Denradation of S_uccinic Acid: - The rur t ius  degradation of succinic acid has 

been modified t o  g ive  good y i e l d s  on small amounts. Methyl suocinate, pre- 

pared us ing diazomethane, i s  converted t o  t h e  diqzfde through t h e  dihydrazide. 

Rearrangement of t h e  d iaz ide  i n  ethanol  gives ethylenediurethitn which was 

hydrolyzed t o  give carbon dioxide from t h e  carboxyi groups and ethylenediamine 

from t h e  methylene groups of  t h e  o r i g i n a l  succinic  ac id .  

i .. 4: 

The carbon dioxide from t h e  cnrboxyl groups i s  counted ns barium carbonate 

and t h e  methylene carbons 3re counted a s  ethylenedlnmine dihydrochloride. 



Degradat ion o f  A l a n i n s  - Alaninc has been degraded by e i4he r  cf t h e  fol low- 

i n g  methods: 

Ninhydrin 1 3 2 - * C02 + CH3CHO-- -- '‘- hydra zone 

Degradation of  Hexme: - There a r e  chemical methods zf degrading t h a  hexoses - 
t h a t  h m a  been used, but t h e  one used here i s  somewhat e a s i e r .  The hexcse 

i s  farmented by _Lctctobscillug c m e i  2nd it can be shown, and has been shcwn 

by chemical l eg rods t ion  o f  t h e  methyl gluccside,  t h a t  t h e  l a c t i c  a c i d  which 

i s  formed frcm t h e  g lucose  by H .  c a s e i  r ep re sen t s  the  carbon otoms i n  t h e  

fo l lowing  way: 



- 2&* C : ..-.OH 
L. c a s e i  iu 
. .--..-- -- *h ,) 

NaAc 

d i s t i l l  

neu t ra l i ze  
F-' 

6 * Doubly underlined compounds a r e  those upon which 
measurements were made, 

Dndependent chemical degradations carr ied  out by Wood a t  Western Reserve 

Univers i ty  shaved t h a t  t h e  r a d i o a c t i v i t y  was t h e  same i n  each of these  pai rs ,  4 A 

t h a t  is ,  the  three-  and four-, tmo- m d  f ive-  and one- and six-carban atoms. 

Degradation of Malic Acid: - IiIalic acid and a s p a r t i c  ac id  have been oxidized 

with ch,:c;mic a c i d  t o  y ie ld  two molecules of  carbon dioxide from t h e  carboxyl 

groups and one molecule of a c e t i c  ac id  from t h e  alpha- an3 beta-carbon atoms. 

4 3  2 1 Cr03 1 and 4 3 2 
HOOC-CH2-CHOH-COOH . 2 C02 + CH3-COOH 

These c o n s t i t u t e  about a l l  the  degradations t h a t  we have done up t o  

t h i s  time, but  you w i l l  see  horn it was poss ib le  w i t h  jus t  t h i s  much informa- 

t i o n  t o  be ab le  t o  deduce t h e  necessary a t t r i b u t e s  of The Path o f  Carbon i n  

Photosynthesis.  



The Armen:: - The f i r s t  th ing we discovered was t ha t  the  six-carbon 

sugar achieved i t s  rad ioac t iv i ty  i n  a very de f in i t e  pattern.  The first car- 

bon atoms tha t  become radioactive, shown i n  a 30 second photosynthesis, arc 

t he  three- and the  four-carbon atoms. As the  photosynthesis proceeds f o r  a 

few more minutes, t he  two- and five-acquire rad ioac t iv i ty  and f i n a l l y  a f t e r  

4 longer period (of t h e  order  of 5 minutes) we san see rad ioac t iv i ty  i n  the  

one- and six-posit ions,  This i s  a  most important sequence of events, and I 

might E ;. t h a t  t h i s  r e s u l t  has a l s o  been observed byvood a t  Western Reservo 

Universi ty and Burr a t  t he  University of Hawaii. I n  t he  succinic acid, 

first t he  car%oxyl groups become radioactive and then t he  methylene groups. 

The same so r t  of th ing  holds f o r  malic acid,  and presumably s ince  t h e  malic 

a c i d  consis ts  of four  d i f f e r en t  carbon atoms we should f i nd  four different  

orders of radioact iv i ty .  However, we d id  not degrade t he  malic acid i n  such 

a nay a s  . to determine t h i s ;  all we did was t o  break i t  down i n t o  the two car-  

boxyl groups and t h e  two center atoms and exactly t h i s  pat tern  appeared, 

f i r s t  on the  end and then i n  the middle. The alanine is, perhaps, one of 

t he  most in te res t ing  compounds. It shows a  rad ioac t iv i ty  pa t te rn  ss f o l l o ~ s :  

first the  carboxyl group, then the alpha-carbon atom and f i n a l l y  the  beta- 

carbon atom appear radioactive.  

These, then, a r e  the  ac tua l  f a c t s  a s  w e  have them a t  t h i s  time. Vhat 

can we deduce from them? Remember t h a t  we have found two-, three- and four- 

carbon fragments pr io r  t o  t h e  sugar. l e  do not  see  f ivo- or  six-carbon acids .  

The f i r s t  ec~mpound we see i s  2-phosphoglyceric ac id  which i s  very closely re- 

l a ted  to t he  three-carbon a lanine and it w i l l ,  i n  a l l  probabil i ty,  have very 

nearly t h e  d i s t r i bu t i on  t h a t  t he  alnnine has. The link between them is 

eor ta in ly  through the  phosphopyruvic ac id ,  which i s  already evident.  i n  

t h e  5-second experiment, and a rapid reductive equilibrium, 
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I + H20 and ke ton iza t ion  

-1. 
CHj-C-CO2H 

6 

Furthermore, we have degraded t h e  a s p a r t i c  ac id  and it has almost exact ly  

t h e  same d i s t r i b u t i o n  a s  t h e  malic w i d ,  

Keeping i n  mind t h e  d i s t r i b u t i o n  of r a d i o a c t i v i t y  i n  t h e  hexose and i n  

t h e  three-carbon compounds and noting t h a t  most of  the  r a d i o a c t i v i t y  f ixed 

i n  a shor t  t ime (30 seconds) i s  found i n  t h e  hexose monophosphates, hexose 

diphosphate, t r i o s e  phosphate and phosphoglyceric acids,  it seems f a i r l y  

c e r t a i n  t h a t  -;he six-carbon skele ton  i s  formed by a combination of two three-  

carbon compounds. Since t h e  only compounds involved oro those of t h e  accepted 

g1yool;rtic senuence, t h e  obvious conclusionr i s  t h a t  the  hexose i s  formed by 

a simple r e v e r s a l  of t h i s  sequense. 

sucrose  

c b a a b c  
cH2 - CH-CH - CH2- C-CH2 
(5P03H2 OH 0 OH 0 0 ~ 0 ~ ~ 2  

- - - -- -- . 

c b "i a b c 
FH - CH-CH-CH-C-CH2 
O P ~ ? ~ H ~ ~ J H  d~ OH 8 ~ w ~ H ~  

c b a a b c  
undeOermined i CH2 - CH-CH-CH-C-GH;! 
P-contai n ing  : OP03H2 OH d~ OH 0 OH 
in termedia te  

I 
C 

.b 
? b a a b c  
a CH2 - CH-CH-CH-CH-CH 
, O P O ~ H ~  d H  OH O H  OH 0 
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A confirmation of t h i s  suggested sequence was found i n  t he  f a c t  t h a t  t he  su- 

crose formed i n  30 seconds photosynthesis i s  made ap of f ructose  having a t  

l e a s t  twice t he  spec i f ic  a c t i v i t y  of t he  glpcose. After longer periods of 

photosynthesis ( "90 seconds) t he  glucose and f ructose  moieties of sucrose 

have equal specif ic  a c t i v i t i e s .  Since a l l  of t he  intermediates a r e  o r ig ina l ly  

present unlabeled i n  t he  plant ,  t he  fructose der ivat ive  which i s  labeled be- 

fo re  t h e  glucose par t  will a t  f irst  f ind only unlabeled glucose compounds 

with which t o  combine, thus producing i n i t i a l l y  t h e  nnsymmetrical sucroso. 

It i s  of i n t e r e s t  t o  note here t h a t  t he  sucrose appears radioactive without 

the appearance of f r e e  radioact ive  glucose or  fructose,  indicat ing thn t  it 

i s  formed ?hczt  from f r ee  hexose but from some hexose derivatives,  probably 

phosphates. It i s  thus  qu i t e  easy t o  see  horn t h e  d i s t r ibu t ion  of the  radio- 

a c t i v i t y  i n  t he  hexose i s  achieved by the  combination of two properly labeled 

t r i o s e  phosphates formed from the  3-phosphoglyceric acid, a reversal  i n  so- 

quence of the  mil-known glycolyt ic ,  o r  respiratory,  reactions.  

T h 3  problem now i s  t o  construct  t he  three-carbon compounds i n  such a 

way tho t t he  carboxyl aarbon w i l l  be t he  f i r s t  one t h a t  i s  radioactive follow- 

ed by the  alpha-carbon atom and f i n a l l y  the  beta-carbon atom. Remember t ha t  

t he  very f i r s t  thing we see  i s  2-phosphoglyceric acid, and the  question i s  

thus directed t o  t h i s  compound. If t h e  f i r s t  compound one sees i s  a three- 

carbon fragment and if  one of t h e  reactants  i s  carbon dioxide, a one-carbon 

fragment, it seems only reasonable and, a s  a matter of f a c t  hardly possible 

otherwise, t h a t  t he  other  reac tan t  must be a two-carbon fragment, e i t he r  

f r e e  or very loosely at tached t o  mmathing la rger .  Now, what i s  t h i s  tito- 

carbon fragment and how is it formed? Furthermore, not only must It be 

formed but it must ge t  the re  continuously, i.e., it must be continuously 



regenemted from o the r  e x l y  in termedia tes .  I n  addi t ion ,  t h e  t a o e a r b o n  atoms 

must not  be equivalent .  Tire one t o  vt hich the carbon d ioxide  i s  t o  be a t tached 

must acqui re  r a d i o a c t i v i t y  before  t h e  o ther  one does. 

Although we have not  a s  ye t  unequivocally e s t ab l i shed  t h e  p r e c i s e  

s t r u c t u r e  cf t h i s  two-carbon carbon dioxide acceptor ,  t h e r e  a r e  two argu- 

ments which a r e  very  suggest ive t h a t  it might we l l  be v i n y l  phosphate. The 

f i r s t  of t h e s e  i s  t h e  s t r u c t u r e  of the  first observable carbon dioxide 

f i x a t i o n  product i t s e l f ,  2-phosphcglyceric ac id ,  viewed i n  the  l i g h t  of 

t h e  gene ra l ly  simple na ture  of t h e  indiv idual  r e a c t i o n  s t e p s  of  any bio- 

l o g i c a l  synthes is .  I t s  synthesis from v iny l  phosphate and carbon dioxide 

can be formulated simply a s follows: 

OH' FH2- YH-CO2' 
OH OP03H2 

The second i s  an  experimental observat ion t h a t  e x t r a c t s  of  organisms which 

have been photosynthesizing f o r  one minute o r  more conta in  an o r i g i n a l l y  

non-volat i le  compound, which a f t e r  10 minutes hydrolys is  i n  1 $ hydrochloric  

a c i d  a t  80' C, l i b e r a t e s  r ad ioac t ive  acetaldehyde. I t  i s  d i f f i c u l t  t o  

v i s u a l i z e  many t h ings  which would behave i n  t h i s  manner beside a  non-vola t i le  

v i n y l  e s t e r ,  presum:lbly of phosphoric a c i d .  S ince  t h i s  accords so  we l l  with 

t h e  o t h e r  compounds so  f a r  i d e n t i f i e d  i n  t h i s  scheme, we a r e  t e n t a t i v e l y  

c a l l i n g  it v i n y l  phosphate u n t i l  f u r t h e r  experiment confirms o r  denies it. 



Reca l l  t h a t  t h e  only compounds t h ~ t  we have seen o the r  than  t h e  sugars 

a r e  t h e  two-, th ree-  and four-carbon fragments,  and tht t h e  v e r y  first pro- 

duc t  i s  a three-carbon fragment which i s  formed by t h e  a d d i t i o n  of carbon 

d ioxide  t o  a two-carbon fragment. The next t h i n g s  we s e e  a r e  two four-carbon 

compounds, mal ic  and a s p a r t i c  ac ids ,  which a r e  very c l o s e l y  r e k i t e d  t o  oxalo- 

a c e t i c  a c i d .  The l a t t e r  compound, t oo  uns t ab le  t o  appear i n  t h e  paper chroma- 

togroms, i s  r e a d i l y  formed through carbon d iox ide  f i x a t i o n  by pyruvic ac id  

( o r  s imple d e r i v n t i v e ) ,  t he  well-known Wood-@ erkman r e a c t i o n .  

Pyruvic k c  i d  \ Oxaloacet ic  Bcid 
\. 

Mnlic Acid Aspa r t i c  Acid 

S ince  no l a r g e r  carbon ske l e ton  i s  found, i t  seems a l t o g e t h e r  reasonable  and, 

i n  f a c t ,  impossible  o therwise  t h a t  a four-carbon compound must be s p l i t  t o  

a two-carbon fragment u l t i m s t e l y  t o  r egene ra t e  t h e  two-carbon carbon d iox ide  

acceptor .  

S ince  oxo loace t i c  a c i d  would be t h e  f i r s t  four-carbon compound t o  be 

formed, it now remains for us t o  d iscover  by what r o u t e  t h i s  i s  converted t c  

v i n y l  phosphate.  I n  o u r  e a r l y  work wi th  Ch lo re l l a ,  vie had seen, i n  a d d i t i o n  

t o  mal ic  and a s p a r t i c  a c i d s ,  small  amounts of r a d i o a c t i v e  fumaric and s u c c i n i c  

a c i d s ,  bu t  had not  i d e n t i f i e d  any r ad ioac t ive  two-carbon compounds on t h e  

mhrcrnatograms. This  l ed  t o  t h e  supposi t ion  t h a t  t h e  two-cwbon compounds 

were v o l a t i l e  o r  e a s i l y  decomposed t o  g ive  v o l a t i l e  substances such a s  
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a c e t a t e  and a c e t y l  phosphate a s  wel l  cis ocetnldehyde and v inyl  phosphate. 

Since 8 d i r e c t  r e l a t i o n s h i p  between a c e t a t e  and succinate has been suggested 

in t h e  l i t e r a t m e  many times, e s p e r i a l l y  i n  connection with y e a s t  fermentetion, 

we proposed t o  use it as t h e  s p l i t t i n g  r eac t ion  t o  regenerate t h e  two-carbon 

compounds, t h u s  completing t h e  cycle.  

0'. 

' +  2 .J-l 3 2 1  id' - H20 I 
CH2-CH-C02H ! i" 1 

I \ OH I?TH~ I 
'+ 2 j-$poLj 1 L C' 'II 

i 
Sugars 

i j 3  2 1 
, CH3-FH-Wo,H 1 Y'- .-... 3 2 1 

1 2  2 1 ( "2 
i CH2=V-CO2H 

H02C-C"-CH2-C02E 0P03H2 

The Path  of  Carbon i n  Photosynthesis 

An ex3mincition of this cycle  shows h o ~ ?  t h e  d i s t r i b u t i o n  of r a d i c a c t i v i t y  

among the  carbon atoms comes about i n  accordance with t h e  experimental f a c t s .  

These cc;mpounds o r e  a l l  present  non-radioactive and t h e  cycle  i s  operat ing 

a t  the  i n s t a n t  of t h e  i n j e c t i o n  o f  r a d i c s c t i v e  carbon dioxide.  The first 

reac t ion  i n  which it t c k e s  p a r t  i s  t h e  carboxylot ion of v iny l  phosphate t c  

form 2-PGA (2-phosphoglyceric ac id ) ,  t hus  l ead ing  t c  the  group of three-  

carbon compounds labeled i n  t h e .  carboxyl group. The carboxyl-la beled 3-PGA 

formed from it goes on through the g l y c o l y t i c  sequence t o  produce 3,4-labeled 



hexose. Simultuneously with t h i s  carboxylstion, another  one t akes  place i n  

2 d i f f e r e n t  p a r t  of t h e  cycle, possibly a t  a d i f f e r e n t  r a t e ,  t o  form oxalo- 

a c e t i c  a c i d  f r c n  pysuvic a c i d  (wood-Werkman r e c o t i o n ) .  The oxaloncet ic  ncid 

t h u s  formed i s  l abe led  i n  t h e  Y-carbon group. This, than,  passes on through 

n a l i c  cc id  t o  fumaric ac id ,  which being symmetrical i s  labe led  i n  t h e  c a r b c w l  

groups, a s  i s  t h e  succ in ic  a c i d  formed from it. By a reduct ive  s p l i t t i n g  of 

t h e  succ in ic  a c i d  between t h e  methylene groups, two molecules of a z e t a t e  

viould be formed labeled  i n  t h e  carboxyl group. This,  i n  t h e  form of aceSbyl 

phosphate, is then reduced and dehydrated t o  form v i n y l  phosphate labeled  i n  

t h e  number one carbon atom and t h e  cycle  i s  ready t o  s t a r t  over again. Car- 

bcxyla t ion  of t h i s  v i n y l  phosphate produces 2-PGA labeled  i n  both t h e  >umbers 

one (1) and two (2) carbon atoms, But it i s  important  t o  note  t h a t  t h e  spe- 

c i f i c  a c t i v i t i e s  of t h e s e  two-carbon ctoms a r s  a s  y e t  very unequal. The 

r a d i o a c t i v i t y  i n  t h e  number two (2)  carbon atoms has been very much 6 i l u t e d  

by pass ing  through t h e  r e s e r v o i r  of non-radicact ive in termedia tes  which were 

present  t o  s t a r t  with, while  t h e  newly formed carboxyl group approaches i n  

s p e c i f i c  oct iv- . ty t h a t  of t h e  carbvn d ioxide  from which it has just been 

forned.  Some of t h i s  phosphoglyceric acic?, wi th  a high s p e c i f i c  a c t i v i t y  

i n  t h e  carboxyl group and a loiier s p e c i f i c  a c t i v i t y  i n  t h e  alpha-carbon atom, 

can then  go on t o  produce a hoxose carbon skele ton  hming  a high s p e c i f i c  

a c t i v i t y  i n  t h e  numbers two- am': five-carbon atoms. Some of it w i l l  go t o  

form t h e  o ther  three-carbon compounds, s e r inc ,  a lanine  an3 phcsphopyruvic 

ac id ,  having h igh  spec i f i c  a c t i v i t y  in  t h e  carbcxyl  group and lovier s p e c i f i c  

a c t i v i t y  i n  t h e  alpha-carbon atcn;. The pyruvic ac id  so formed i s  again  cnr- 

boxylated and passes on t o  form succin ic  ncid l abe led  i n  t h e  methylene groups 

a s  we l l  as i n  t h e  carbcxyl groups, but, of course, with t h e  lower s p e c i f i c  
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a c t i v i t y  i n  t h e  methylene groups. It i s  t hus  sppnront  t h a t  a s  t h e  cyc le  

runs, t h e  three-carbon compounds w i l l  become l a b e l e d  i n  t h e  o rde r  (l), (2), 

(3) wi th  t h e  two-, four- and six-carbon s k e l e t c n s  acqui r ing  r a d i c n c t i v i t y  i n  

a  corresponding fash ion .  T h i s  cycle  was f i r s t  proposed about  two years ago 

and can s t i l l  account f o r  a l l  t h e  p r e s e n t l y  e x i s t i n g  degradat ion d a t a .  

However, a s  t h e  range of organisms was extended ws found l e s s  and l e s s  

of  s u c c i n i c  and fwnar ic  a c i d s  u n t i l  i n  some cases  we fcund a l a n i n e  l abe l ed  i n  

t h e  alpha- and be ta-pos i t ions  and no rnd icnc t ive  succ in i c  and fumaric  ac ids  

a t  a l l .  Th i s  r a i s e d  sorne doubts  a s  t o  whether t h i s  was t h e  only  cycle ,  if it 

were t h e  cycle a t  a l l ,  by which t h e  p l a n t  was opera t ing ,  Furthermore, especial@ 

i n  t h e  case  o f  ba r l ey  l eaves ,  ve ry  l i t t l e  r a d i o a c t i v e  mnlic a c i d  was found 

b u t  r a d i o a c t i v e  g l y c o l i c  acic! and g lyc ine  appeared. While t h o s e  f a c t s  i n  no 

way r e l i e v e d  t h e  requirement  f o r  t h e  fundamental sequence 

it d i d  suggest  t h ? t  our s e l e c t i o n  of s u c c i n i c  a c i d  a s  t h e  four-cnrbcn com- 

pound t o  be s p l i t  might n c t  be t h e  most important  path, i f  indeed it took 

p l ace  a t  a l l .  

The appearance o f  two-carbon fra&ments which a r e  i n  a h ighe r  exibdation 

level than  a c e t i c  ac id ,  namely g l y c c l i c  a c i d  and g lyc ine  which a r e  a t  t h e  

same oxida t ion  l e v e l ,  and g lyc ine  presumably r ep re sen t ing  t h e  presence of 

g lyoxy l i c  ccid,  suggested t h a t  t h e  s p l i t t i n g  took p lace  on a four-carbcn 

compound more oxidized t h a n  succ in i c  nc id .  T h i s  i s  no t  a n  unwelcome change, 

s i n c e  t h e  d i r e c t  reduct ive  s p l i t t i n g  of s u c c i n i c  a c i d  t o  a c e t i c  a c i d  does 

no t  a l l  f i t  i n t o  t h e  p r e s e n t l y  known p a t t e r n  of  chemical r eac t ions .  



There a r e  a number of ways i n  which t h e  s p l i t  might occur  wi thout  going 

thro-agh malic ,  succinic and f m a r i c  a c i d s .  For example, c x ~ l o a c ~ e t i c  a c i d  may 

be hyJrolyzed d i r e c t l y  t o  produce one molecule of  g l y c c i i c  a c i d  and one mole- 

cule of g l y o x y l i c  aci?.. This  would account f o r  t h e  presence of g l y c o l i c  a c i d  

and glycine. Although we y e t  have not  i d e n t i f i e d  a g lyoxyl ic  ac id ,  t h e  pre- 

sence of g l y c i n e  seems very good evidence f o r  g lyoxyl ic  a c i d ,  The g l y c o l i c  

and g lyoxy l i c  a c i d s  could go through t h e  r educ t ion  cyc le  i n  t h e  two-ccrhon 

s t a t e  i n s t e a d  of i n  t h e  four-carbon s t a t e ,  f i n a l l y  reaching v i n y l  phosphate. 

The advantage of t h i s  scheme i s  t h a t ,  it does not  r equ i r e  t h e  presence of 

m y  new four-aarbon in t e rmed i s t e s  which we have no t  y e t  found. The disad- 

vantage i s  twofold, namely t h a t  t h e  type  of hydro lys is  suggested i s  t h e  i n -  

v e r s e  of  t h z t  shown i n  a l k a l i  s ~ l i t t i n g  of beta-ketc  a c i d s  which f o r  oxalo- 

a c e t i c  a c i d  would g ive  oxa l i c  a c i d  and a c e t i c  ac id ;  and t h e  u n d e s i r a b i l i t y  

of fcrming. two d i f f e r e n t  compounds i n  t h e  s p l i t  which must u l t i m a t e l y  feed 

back a g a i n  t c  t h e  same one, t h e  two-cerbon carbon dioxide a c c e ~ t c r .  

There ie ano the r  somewhat more p l a u s i b l e  scheme involv ing  t h e  preliminary 

ox ida t ion  of oxa loace t i c  a c i d  t c  dioxymaleic a c i d  which then  s p l i t s  t o  two mole- 

c u l e s  of  g l y c x y l i c  s c i d  by a r e ~ e r s a l  of a benzoin condensation. I t  is  i n d i -  

ca ted  ty t h e  folloaings;.heme i n  which no a t t empt  has been made t o  specify 

t h e  a c t u a l  r e a c t i n g  species such as  phosphate e s t e r s ,  e t c .  The do t t ed  arrcwn 

i n d i c a t e  possible a l t e r n a t e  pa ths .  

/ 

Vinyl  Phosphate _.- - 2 +Ti; - , Ta - ? H  

C H ~ - C O ~ H  -- 2 <Hi 
- P O Z H  - - ...- H02C-CH-C-CO2H 

C ~ H  / 



A p a t h  such a s  t h i s  i s  p re fe r r ed  f o r  t h e  fol lowing reasons .  F i r s t  o f  a l l ,  

t h e  r e a c t i o n s  a r e  a l l  simple h y i r a t i o n s  o r  hy6rcgenations i n  acccrd w i t h  t h e  

p r e s e n t l y  known h a b i t  of b iosyn thes i s  r eac t ions ,  and t h e  formation of carbon- 

carbon bonds by t h e  benzoin type  r eac t ion  i s  k n o w  i n  biochemistry.  There a re  

onzymes i n  v a r i o u s  o r g m i s n s  and bac t e r i a  which, f o r  example, can form a c e t o i n  

from acetaldehyde which i s  t h e  reverse  of t he  one here suggested. 

The second p i e c e  of evidence i s  i n  terms of dicxymaleic and g lyoxyl ic  

ac i6s .  There i s  a v e r y  l a b i l e  enzyme system i n  f r e s h  j u i c e s  of  green p l a n t s  

tihich w i l l  a c t  on dioxymaleic and a t  l e a s t  one cf t h s  products  i s  g lyoxyl ic  

ac i6 .  A more d i s t a n t l y  r e l a t e d  f a c t  i s  t h e  demonstrated conversion, i n  both  

animal and b a c t e r i a l  s tud ie s ,  o f  t h e  methylene carbon atom o f  g lyc ine  i n t o  

both carbon a t m s  of a c e t i c  a c i d .  This could be achieved through t h e  oxide- 

t i v e  dean ina t ion  of g lyc ine  t o  g lyoxyl ic  a c i d  fol1ov;ed by t h e  r e v e r s a l  of 

the  above sequence t o  producs  oxaloacetic,  a c i d  i n  which t h e  tvic c e n t r a l  

carbon atoms have o r i g i n a t e d  from t h e  methylene carbon atoms of t h e  g lyc ine .  

The o x a l o a c e t i c  a c i d  is  t h e n  decarboxylated t o  pyruvic which, i n  turn ,  i s  

o x i d a t i v e l y  decarboxylated t o  a c e t i c  ac id .  

This scheme sugges t s  t h e  presence of two more four-carbon compounds 

which we have not y e t  i d e n t i f i e d ,  t a r t a r i c  a c i d  and dioxymaleic ac id .  How- 

ever, t h e y  may bc th  be p r e s e n t  a s  phosphates o f  some so r t ,  o r  t h e  Zioxymaleic 

acid, i f  f r e e ,  might be t o o  u n s t a b l e  t c  be found on t h e  paper .  I n  e i t h e r  

case, t h e r e  a r e  s t i l l  a s u f f i c i e n t  number of u n i d e n t i f i e d  minor spots on 

t h e  rz id iogr~ms t c  a l l ow f o r  t h e i r  presence. 



Malonate I n h i b i t i c n ;  - There is  a r e l a t i v e l y  s imple way of  determining 

whether c r  no t  t h e  malic, fumaric,  succ in i c  a c i d  sequence i s  p a r t  of t h e  

phc tosynthes is  cyc le .  I t  i s  we l l  kncwn t h a t  malcnate  w i l l  i n h i b i t  t h e  

fumaric-succinic  ccnversion, and we now know t h a t  i t  w i l l  block t h e  oxnlo- 

ace t ic -mal ic  conversion a s  wel l .  If it could be determined whether o r  n c t  

t h e  phcltosynthetic cyc le  were ope ra t ing  under con6i t ions  cf malonate poison- 

i n g  known t o  e x i s t  wi th in  t h e  c e l l s ,  a n  answer t c  t h e  ques t ion  would be f o r t h -  

coming. The experiment was performed a s  fol lows:  A sample of algae (scene- 

desmus) was s p l i t  i n t o  twc parts .  One ( t h e  normal c o n t r o l )  was suspended i n  -- 
t h e  u s u a l  buffer (fumarata c r  phcsphate),  t h e  o t h e r  was suspended i n  0.05 & 

malonate b u f f e r  a t  t h e  same pH. Both were allowed t o  photosynthesize f o r  

one houz i n  4% carbon d ioxide- in  a i r  and then  given t h e  same amount of  radio-  

a c t i v e  carbon d ioxide  f o r  90 seconds i n  t h e  usua l  way. The t o t a l  amount o f  

carbon f ixed  was the  same i n  both cases,  inci icat ing very little if any e f f ec t  

cf t h e  malonate on c v e r a l l  carbon d ioxide  a s s i m i l a t i o n .  The chromatographic 

r e s u l t s  a r e  shcwn i n  F ig .  22. On t h e  l e f t  i s  shcwn t h e  radiogram of t h e  

c o n t r o l  and on t h e  r i g h t  i s  t h e  one f o r  t h e  malonate-inhibited a l g a e ,  

The most pronounced e f f e c t  i s  t h e  almost complete absence of r a d i o a c t i v e  

malic  a c i d  frcm t h e  malonate- inhibi ted a lgae .  The d isappearance  cf mnlic  

a c i d  can be taken  a s  proof t h a t  t h e  malonate had a c t u a l l y  pene t ra ted  the  

cell vmlls  and mas provid ing  a n  e f f e c t i v e  i n h i b i t i n g  w i r o n r n e n t  w i th in  t h e  

c e l l s .  The o t h e r  compounds, i nc lud ing  sucrcse ,  a r e  a l l  p r e s e n t  as i n  t h e  

cont ro l .  However, t h i s  f a c t  Icy i t s e l f  would not  be proof t h a t  t h e  ccmplete 

cyc l e  was st i l l  ope ra t ive  i n  t h e  presence of malonate. It mould be p o s s i h l e  

t o  g e t  r o d i c a c t i v i t y  i n t o  a l l  b u t  t h e  g lyc ine  and g l y c o l i c  a c i d  wi thout  t h e  

operati.cn of t h e  C4 -+ C2 s p l i t .  I, t h a t  case, t h e  r a d i o a c t i v i t y  would be 







p r e s e n t  on ly  i n  cnrboxyl groups of t h e  th ree -  and four-carbon compounds and 

t h e  numbers three- and four-carbon atoms of  t h e  hexose. The mere presence o f  

r a d i o a c t i v e  glycine and glycclic a c i d  i s  i n d i c a t i v e  of t h e  C4 -5;' C2 s p l i t  

u n l e s s  t hey  a r e  f c n e d  by some e n t i r e l y  indepeneent rou te .  The continued 

opera t ion  of  t h e  cycle was f i n a l l y  demonstrated by d o g r ~ d i n g  t h e  a l an ine  

found i n  each c f  the two experiments.  I n  both cases, about 35-40% of  t h e  

r a d i o a c t i v i t y  i n  t h e  a l a n i n e  was i n  t h e  alpha-  and beta-carbon atoms, t h e  

remaining 60.65% be ing  i n  t h e  carboxyl group. We, therefore ,  know t h a t  

t h e  C4 . -+ CZ s p l i t  can and does t a k e  p l ace  from a four-carbon compound 

formed p r i o r  tz mal i c  acic?. 

E f f e c t  o f  Light  on R e s p i r a t i o n :  - There i s  perhaps another  obse rva t ion  which --- 
can be i n t e r p r e t e d .  It c o n s i s t s  of t h e  f a c t  t h a t  t h e  f ive-carbon and s ix-  

carbon a c i d s  a r e  not formed i n  t h e  l i g h t  b u t  a r e  formed immediately a f t e r  

t h e  l i g h t  i s  tu rned  o f f .  This i s  shown i n  Fig. 23. The upper l e f t  is  an 

ord inary  30 second photosynthes is .  The Lower l e f t  i s  30 seconds of photo- 

s y n t h e s i s  i n  rad iocarbon dicxi.de followed by 150 seconds i n  t h e  l i g h t  mith 

helium flowing through t h e  suspension;  t h a t  i s ,  we have allowed t h e  p l an t  

t o  photosynthesize f o f  30 seconds and then, i n s t ead  of t u r n i n g  o f f  t h e  light 

and k i l l i n g  them a s  we d id  f o r  t h e  rad iogran  above, w$ switched t o  a tank 

of helium t c  l e t  it sweep ou t  t h e  radiocarbon so  t h a t  we had only  30 seconds 

of photosynthesis ,  b u t  me k e p t  t h e  l i g h t  on t o  s e e  what t h e  e f f e c t  was of 

having t h e  l i g h t  t h e r e  without  photosynthes is .  I n  t h e  lower r i g h t  is  shown 

t h e  r e s u l t  of 3n experiment c o n s i s t i n g  of 30-second photosynthes is  a f t e r  

which we switched t o  helium Gut, a t  the  same time, we turned t h e  l i g h t  o f f .  

The most oustanding d i f f e r e n c e  between t h e  two i s  t h a t  while  t h e  l i g h t  i s  on 
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on t h e r e  i s  p r a c t i c a l l y  no glutarnic, c i t r i c  and/or i s o c i t r i c  a c i d s  formed. 

Even i n  5 minutes (upper r i g h t )  of photosynthesis  t h e r e  i s  very l i t t l e  glu- 

tamic o r  i s o c i t r i c  a c i d  formed. I n  150 seconds i n  the  dark,  t h o s e  products  

which had just been made by p h o t o s p t h e s i s  and were r a d i o a r t i v e  obviously 

immediately got  i n t o  t h e  Krebs cyc le  and were converted t o  glutomic, i s o c i t r i c  

and, presumably, k c t o g l u t s r i c ,  o c o n i t i e  an& other  ac ids  of t h e  Krebs cycle .  

I would l i k e  t o  sugges t  the  fol lowing i n t e r p r e t a t i o n .  I n  o r d e r  f o r  t h e  

Krebs cycle t o  opera te  it i s  presumed t h a t  some form of a ce t a t e  i s  requi red  

t o  candense r i i t h  oxa loace ta te .  This forms a c o n i t i c  a c i d  and t h e  a c o n i t i c  

ac id  i s  hydrated t o  i s o c i t r i c  which i s  oxidized t o  oxolsucc in ic  and s o  down 

t o  k e t o g l u t a r i c  acid,  e t c ,  

Ncw i f  t h e r e  i s  nrj r a d i o a c t i v e  a c e t a t e  o r  i t s  equiva len t  present ,  t h e  com- 

pounds c f  t h i s  sequence cannot acqu i r e  radioactivity. I be l i eve  t h a t  t h e  

reason, then, t h a t  t h e  l i g h t  prevents  t h i s  from occurr ing  i s  t h a t  t h e  pre- 

sence of  a Mgh i n t e n s i t y  of l i g h t  keeps t h e  a c e t a t e  concent ra t ion  a t  n 



minimum by keeping it a l l  i n  the  form of v iny l  phosphate which presumably can- 

nc t  e n t e r  t h e  Krebs cy8le. Quite a p a r t  from i t s  i n t e r p r e t a t i o n ,  t h e  pheno- 

menon i t s e l f  i s  most i n t e r e s t i n g  bemuse it i n d i c a t e s  t h a t  not  only does t h e  

l i g h t  i n i t i a t e  a reduct ion  process  but i t  a l s o  i n h i b i t s  c d r t a i n  oxidat ion pro- 

cesses o r  a t  l e a s t  prevents  t h e  f r e s h l y  formed photosynthate which i s  mde,  

i n  t h i s  case  i n  30 seconds, from g e t t i n g  i n t o  t h e  Krebs cycle  and forming 

glutamic a c i d  and i s o c i t r i c  ac id .  It i s  not  unreasonable t o  suppose t h a t  

t h i s  d i r e c t  e f f e c t  of l i g h t  on t h e  course of p l a n t  metabolic r eac t ions  in 

add i t ion  t o  overall carbon dioxide a s s i m i l a t i o n  may b e  d i r e c t l y  connected mi th  

t h e  phenomenon of photoperiodism. A more immediate e f f e c t  would be  a n  in- 

h i b i t i o n  of r e s p i r a t i o n  by l i g h t .  This has indeed been observed i n  quite 

independent k i n e t i c  expzriments and w i l l  r equ i re  t h e  r e v i s i o n  o f  c e r t a i n  con- 

cepts  which have depended upon r l lowing f o r  r e s p i r a t i o n  i n  t h e  l i g h t  by 

assuming t h a t  it i s  t h e  same a s  it i s  i n  the  dark. 

It now seems worthwhile t o  g a t h e r  together  i n  n s i n g l e  c h a r t  what we pre- 

s e n t l y  be l i eva  about t h e  e a r l y  f a t e  of carbon d ioxide  in p h y t o ~ y n t h e s i s  and 

examine it i n  genera l  tens. (see c h a r t  on t h e  fol lowing page.) 

This c h a r t  makes no a t tempt  t o  de f ine  t h e  act i ial  r eac t ing  species  in- 

volved. 811 it purpor ts  t o  show i s  t h e  pa th  by which t h e  carbon skeletons 

a r e  constructed,  i.e., what i s  happening, not  how it happens. It remains 

fcr  fuLure work t o  i s o l a t e  the enzyme systems and determine t h e  d e t a i l s  of 

the atomic migrat ions.  That p a r t  enclosed i n  t h e  squ.qre i s  t h e  new pro- 

posa l  f o r  t h e  four-carbon cycle ,  This cycle provides a path, ( a s  d i d  t h e  

e a r l i e r  one shown) f o r  t h e  conv,rsior, of two molecules of carbon d iox ide  i n t o  

one molecule a t  the oxidat ion  l e v e l  of a c s k l d e h y d e  us ing  t e n  equivalents  

of reducing power. Some o r  a l l  of t h i s  reducing power has i t s  u l t i m a t e  o r i g i n  



i n  t h e  primcry photochemical a c t  and t h e  s p l i t t i n g  of  water ,  me cannot a s  y e t  

say  which ones do, but  t h e r e  i s  a pred i spos i t ion  t o  suppose t h a t  those  re- 

ducing equivalents  involved i n  tho  d i r e c t  reduction of t h e  carboxyl groups, 

f o r  example, i n  t h e  ccnversion of a c e t a t e  t o  v iny l  phosphate, a r e  t h e  most 

l i k e l y  ones. 

The four-carbon cycle thus  provides t h e  s t r u c t u r a l  raw m a t e r i a l s  f o r  t h e  

synthesis of  t h e  t h r e e  major c c n s t i t u e n t s  of  p l a n t s  - f a t s ,  carbohydrates and 

p ro te ins .  It i s  i n t e r e s t i n g  t o  note t h a t  r a d i o s c t i v i t y  appears i n  a l l  t h r e e  

of  these  groups i n  a s  short  a time a s  120 seconds of  phctosynthesis .  

Ultimately, a s  w e  lengthen t h e  time c f  exposure we should be a b l e  t o  

determine hcw t h e  p r o t e i n s  and f a t s  a r e  b u i l t  up and, inc iden ta l ly ,  how t h e  

r a r e r  compounds found i n  p l a n t s  a r e  constructed.  


