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THE PATH OF CARBON IN PHOTOSYNTHESIS. V. PAPER GHFXIMATOGRAFHY 

AND RACIOAUTOGRAPWP OF THE PRODUCTS (1) 

A .  A .  Benson, J .  A. Bassham, M.  Calvin, T. C ,  Goodale, 

V .  A. Haas and W . Stepka 

Radiation Laboratory and Department of Chemist--. 
and Division of Plant  N-atrition, University of 

California, Berkeley, California 

Paper chromatography has been employed t o  separate the  radio- 

a c t i ve  products formed during photosynthesis i n  " 4 ~ 2 .  

The method has been used fo r  t h e  saparation and i den t i f i c a t i on  

of carboxylic acids  and phoqha te  es te r s .  

The f i r s t  obse,ved product of carbon dioxide ass imi la t ion  

during photosynthesis has been i so la ted  and shown t o  be 

phosphoglyceric a d d .  

For publication i n  The Journal of the  American Chemical Society. 

(1) The work described i n  t h i s  paper was sponsored by t he  Atomic 
Ewrgy Conmission, 



TIB PATH OF CARBON I N  PHOTOSYNTHESIS. V . PAPER CHROMATOGRAPMY 

ANI! UDIOAUTOGRAPHY OF THE PRODUCTS (1) 

by 

A.  A .  Benson, J, H. Basah?,m, M. Calvin, T .  C. Goodale, 

V .  A. Haas alzd W . Stepka 

Radiation Laboratory and Department of Chemistry and 
Division of Plant  Nutrition, Universi ty of California,  

Berkeley, California 

Invest igat ion of t h e  reduction of carbon dioxide i n  p lan t s  requires  

a rapid, general and unequivocal method fo r  separating and ident i fying a 

l a rge  number of compounds. Paper chromatography i s  such a method, T h i s  

paper cons t i tu tes  a repor t  of progress i n  t he  de-ielopment of experimental 

procedures i n  the appl icat ion of paper chromatography t o  t he  separation of 

compourds formed by plants  during shor t  periods cf photosynthesis. The com- 

poucds involved a r e  important intermediates of  p la id  and animal metabolism. 

These methods shm1.d f ind appl icat ion not only i n  other biochemical problems, 

but i n  the  control  of chemical synthesis  (2) a s  well. 

A number of products formed during a sho r t  period of  photosynthesis 

with radioactive carbon dioxide have been reported ( 3 , 4 , 5 , 6 , 7 )  . The c lass ica l  

(1) The vork described i n  t h i s  paper was sponsored by t he  Atomic Energy 
Commission. 

(2) R.L.M. Synge, Biochern. J., &, 99 (194.8). 
(3) &.a. Benson, e t .  a l . ,  llPhotosynthesis i n  Plants" ed. by J,  Franck and 

W. E. Loomis (1owa S t a t e  College Press, Bmes, Iowa, 1949) * Chapter 19.  
( 4 )  M.  Calvin ard A.B, Benson, Science, m, 476 (194.8) . 
( 5 )  VY. Stepka, ix. n. Benson and I. Calvin, Science, 138, 304. (1948) . 
( 6 )  M ,  Calvin and A. A. Benson, Cold Spring h r b o r  Symposia i n  Quant i ta t ive  

Biology, Vol. X I I I ,  page 6, 1948. 
(7 )  M .  Calvin and Q. A. Benson, Science, 102.. 140 (1949). 



biochemical methods and ion  exchange techniques which mere used i n  those 

i den t i f i c a t i ons  would require  considerable e f for t  t o  separate the  l a rge  number 

of compounds involved. The success of paper chromatography i n  separating two 

groups of compounds important i n  phytosynthsis, amino ac ids  (8) and sugars 

(9,10), prompted the  present work on separation of polycarboxylic acids and 

phosphate e s t e r s .  These compounds cons t i tu te  the present ly  knomn in t e r -  

mediates i n  t he  synthesis  of plant  m t e r i a l  (11). 

The primary r equ i s i t e  for  t h e  use of t h i s  method i s  some means of de te r -  

mining the  posi t ion of a compound i n  the  chromatogram. Both chemfcal and 

physical methods have been used, The former includes color t e s t s  which de- 

pend on development of a color d i r e c t l y  on t he  paper by t he  us3 of specif ic  

reagents: ninhydrin fo r  amino ac ids  (8), naphthoresorcinol o r  Tollens re- 

agent f o r  sugars ( lo ) ,  f e r r i c  ion f or  hydroxamic acids  (12,13), pH indicators  

f o r  acids  ( U ) .  One physical method i s  the  detection of fluorescence of t h e  

compound i t s e l f  o r  of some d e r i w t i v e  of it prodv.cod on t he  pa?er, exci3e.d 

by u l t r a v i o l e t  l i g h t  (15).  

A very general physical method dopends on t h e  incorporation of a radio- 

ac t ive  isotc7e i n to  t he  compound qnd i t s  detection by a Geiger counter o r  a 

($) R. Consdcn, A.H. Gordon and B.J.P. Martin, Biochem J., 3, 224 (194.4). 
( 9 )  A. E. Flood, E. L. Hirst  and J . K . N .  Jones, Nature, &,&, 86 (1947). 
(10) S, M. Partr idge,  Biochem. J., 42, 238 (1948) ; Nature, m, 270 (3.946) . 
(11) 1; preliminary descr ipt ion of t he  general appl icat ion of paper chroma- 

tography with radioisotopes has been published (7)  . 
(12) E. Stadtman, pr ivate  communication. 
(13) R. IQ. Fink and K.  Fink, Atomic Energy Commission Report MDDC-U87 (19471, 

"The Use of Radioactive Reagents i n  F i l t e r  Paper Pa r t i t i on  ~hromatography'' 
(14) J.W. H. Lugg and B.T. Overell, Nature, 87 (194.7) ; i u a t r a l i a n  Jm-~rxal 

Sc i  , Res . , A, 98 (1948) . 
(15) D.M,P. Ph i l l ips ,  Nature, I& 53 (1948). 
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photographic f i l m .  Such a d e t e c t i o n  method f i n d s  i d e a l  a p p l i c a t i o n  i n  t h e  

problem of determining t h e  path of  carbcn i n  photosynthesis,  s ince  it i s  

poss ib le  t o  d e t e c t  the  number and pos i t ion  of a l l  compounds containing t h e  

r ad ioac t ive  carbon atoms by exposing t h e  paper  t o  a sheet  o f  X-ray f i l m .  

Radioautography has been used t o  i d e n t i f y  amino ac ids  (16) and t h e  extens ion  

t o  o t h e r  compounds ( 7 )  depends oc1.y upon t h e  a b i l i t y  of t h e  method t o  separ- 

a t e  t h e  compound and the  i d e n t i f i c a t i o n  of  t h e  r e s u l t a n t  S F L ~ .  

I d e n t i f i c a t i o n  of those  compoum3s f o r  which s p e c i f i c  color  recictions 

e x i s t  i s  r e l a t i v e l y  simple, For many compounds found i n  p l a n t  e x t r a c t s  no 

color  r e a c t i o n s  a r e  known. The most usefu l  proper ty  of organic  substances 

i n  t h e  i d e n t i f i c a t i o n  of t r a c e r  amounts of  ma te r i a l  has been t h e  d i s t r i b u -  

t i o n  c o e f f i c i e n t  between imnisc ib lo  so lvents .  It i s  r e a 2 i l y  determined and 

i s  h ighly  charctcteris3.c,  e s p e c i a l l y  when measured as a fucc t ion  of pH. It 

has proved e s p e c i a i l y  use fu l  t o  d i s t ingu i sh  befmeen n number of p o s s i b i l F t i e s  

f o r  a n  unkncnn spot;. We have f o m d  it convenient t o  synthes ize  t h e  suspsctcd 

pmpcund cozia in ing  a radioLsofope and t o  determine t h e  chromatographic 

pos i t ion  by mdioautography. Unequivocal i d e n t i f i c a t i o n  i s  then accoupXis~ed 

by p repa ra t ion  of a mixed chromatogr3m. The i s o l a t e d  eubstsnce e lu ted  (l7,18) 

from t h e  paper i s  co-chroma tog~apbsd with t h e  a u t h e n t i c  specimens. I d e n t i t y  

of the  two sam?les i s  evidenced by t h e  appearance o f  a s i n g l e  spot .  

Two-dimensional paper chromatograms mere prepared i n  a conven-bional 

rnannq-r (8,19) . The solvent  flowed downwards through t h e  paper  suspended from 

R.I. FiI~k,  C.E. Dont m d K .  Fink, Notwe, A@, 801 (1947). 
( i7 )  C,E, Dent, Biochen. J , ,  @., GO (194'71@, 
(18) R. Consden, 8.8. Gordon and A.J.P. Nlartin, Biochem. J,, & 590 (194.7). 
(19) C.E. Dent, Biochem. J., &, 169 (1948). 
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a long s t a i n l e s s  s t e e l  trough, Fig. 1, To reduce v o l a t i l i z a t i o n  and de- 

composition of compounds the paper FJUS dried i n  a hood without heat .  

Selection o f  Solvents: - Phenol, saturated with water a t  the  room tempera- - 
ature,  2A0 C, was chosen as  t h e  first solvent and proved s a t i s f ac to ry  i n  

moving most of the  radioact ive  components. 

The use of l u t i d ine  o r  co l l id ine  a s  a second solvent i s  prohibited 

by t h e  i n s t a b i l i t y  o f  many phosphate e s t e r s  i n  these  bases. Much hydrolysis 

and formation of immovable material  occurred with l u t i d i n e  and streaking of 

spots indicated slow decomposition. 

The acidf s sclvent butanol-propionic o cid-wa t a r  wcs chosen a s  t h s  

second solvent f o r  much of t h e  present work since it e f f ec t s  an optimum 

separation of a majority of components. By varying the  proportion o f  pro- 

pionic acid it i s  possible t o  change t he  water content of the  organhc phase 

from 20 t o  50%. An intermediate composi-Lion, approximately 31% water, 

appeared t o  give an 0ptimu.n ~ ~ p 3 ~ i t i . c n  o f  the  compounds involved. Another 

solvent, butanol-acetic acid-water, has been used and i s  especia l ly  effective 

i n  moving the  phosphate e s t e r s .  Such solutions must be freshly prepared, 

s ince  the composition of tho p:iasos changes upon e s t e r i f i c a t i on .  I n  several  

expertnents t he  solvent system ethylene glycol d ie thy l  ether-propionic acid 

(formic acid)-water provided a so lvmt  with des i rab le  charac te r i s t i cs  and 

without t he  disadvantage of es te r i f i ca t ion .  

Fiutanol-propionic a cid-water: - Fresh solvent i s  prepared from equal 

volumes of two solutions, A (1246 m l .  n-butanol and 84 ml. water) and B 

(620 m l .  r e d i s t i l l e d  propionic acid and 790 m1. water). A and B a r e  adjusted 

t o  give a single phase solut ion ghich becomes cloudy upon cooling t o  22' C 

or  2O C below t h e  thermostatted room temperature. S ta in less  s t e e l  troughs 

24 inches long with a semi-circular cross section 1-1/2 inches i n  diameter, 



Fig. 1, were f i l l e d  with 98-120 m l .  of solvent f o r  two papers (18 inches by 

22-1/2 inches). The time required f o r  the  solvent t o  t raverse  the  paper 

var ied from f i f t e e n  t o  twenty hcurs. 

Butanol-acetic acid-water: - f r e sh  so lu t ion  i s  prepared from 74 m l .  - 
n-butanol, 19 m l .  a ce t i c  acid  and 50 m l .  water. 

Preparation of Radioauto~r-: - The dr ied  chromatogram was folded t o  f i t  

t h e  conventional 14 inches by 1 7  inches Eastman No-Screen X-ray f i l m  with 

t h e  o r ig in  a t  one corner. One o r  two fi lms were then exposed t o  t h e  chroma- 

togrom i n  a light-proof llEastman X-Ray Exposure Holder1' which can be stocked 

and weighted with a carton of sand t o  equalize pressure d i s t r ibu t ion .  In 

tho case of c14-p32 radiograms both s ides  of t h e  dupl i t ized f i l m  a r e  exposed 

by phosphorus while CU exposes only the  adjacent emulsion. x f t e r  dovelop- 

ment of t he  f i l m  only the  ~3~ a c t i v i t y  i s  shown on one s i4e  of tho f i l m  while 

t h e  o-\he- i s  exposed by both radiat ions.  For docunentcr- ion it i s  advisable t o  

use two sheets  of  f i l m  on one s ide  of  t he  chromatogram so t ha t  t h e  second 

sheet shows only P~~ nc t iv i ty .  

The a c t i v i t y  emerging from the  paper (Whatman No. 1 f i l t e r  paper) i s  

30% of t h a t  detectable  i f  t he  sample ae r c  dried i n  a th in  f i l m  on g lass  or  

n e t a l  and countod d i rec t ly .  The time of exposure of  the X-ray f i l n  depends 

upon t h e  i n t ens i t y  of the  rad ia t ion  coming from the  paper. An a c t i v i t y  of  

15,000 dis integrat ions  per minute per  Em2 produces s a t i s f ac to ry  exposure 

i n  t h r e e  t o  s i x  d a ~ s .  

It has not been possible t o  reproduce t he  radiograms accurately by 

photography. Very f a i n t  radioact ive  spots a r e  readi ly  discerned when the  f i l n  

i s  observed by l i g h t  ref lected from a white background. The d e t a i l s  of more 

exposed spots such as  the  phosphate e s t e r s  a rd  c l ea r ly  seen when viewed 

over a standard X-ray i l luminator.  
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Radioactive ink (20) provides an exact record of t h e  r e l a t i v e  posi t ion 

(20) We a r e  indebted t o  lhr. A ,  G. Hall of t h i s  laboratory f o r  t h i s  suggestion 
and preparation of t he  stamp. 

of the  f i l m  and chromatogram during exposure, Opposite corners of t h e  chroma- 

& togram a r e  marked with stamp pad ink containing a non-volatile C -labeled 

compound 8 

&cl ica t ion  of Plant Extracts on paper: - The 80 percent ethanol extract  o f  

algae ( 1  g. packed c e l l s )  or  leaves (2 g.) is concentrated &i vacuo ( l e s s  

than 20' C) t o  2 m l .  Ten t o  two hundred micro l i t e r s  of ex t rac t  i s  applied 

t o  the 1 .5  cm. origin  c i r c l e ,  An a i r  stream warmed with a flame, when sta- 

b i l i t y  of t he  compounds allowed it, rapidly  dried t h e  spot by flowing above 

and below t h e  paper. Infra-red lamps caused decomposition and a r e  not s a t i s -  

fac to ry  heat sources, 

The capacity o f  Whatman No. 1 f i l t e r  paper var ies  with t h e  type of com- 

pound and t he  solvent. Loads ~ a r y i n g  from a few micrograms f o r  carboxylic 

acids and up t o  1 o r  2 mg. f o r  t h e  sugars have been  successful^ separated. 

I t  i s  possible t o  scparate simple mixtures on a l a rge r  scale  by a one- 

dimensional technique. A mixture is applied i n  a 1.5 cm. wide s t r i p n e a r  

the  edge of  a  sheet  and separated i n  an appropriate solvent i n t o  two o r  more 

bands. A s  much as 20 mg, of hexoses o r 4  mg. of hexose phosphates have been 

separated i n  t h i s  way. 

IDENTIFICATION 

The majority of compounds so  f a r  found t o  be involved i n  photosynthesis 

a r e  well  knovin metabolic intermediates whose physical and chemical propert ies 
4 

a r e  known. Ear l i e r  work (3)  had established the  presence of l a rge  f rac t ions  



U CRL- 363 

-9- 

of t h e  f ixed a c t i v i t y  i n  alanine,  malic acid, sucrose and phosphoglycoric 

acid .  When the  chromatograms were made it was a r e l a t i v e l y  straightforward 

matter  t o  determine which of the  fo r ty  spots detectable i n  a radiogram of 

90 seconds photosynthesis by Scenedesmus corresponded t o  these compounds. 

Iden t i f i ca t ion  of the  remaining cxnpounds i s  begun i n  t h i s  work. 

The posit ions o f  these  xidioactive compoun6s a r e  reproducible f o r  ex- 

t r a c t s  of a given plant .  However, absolute RF values f o r  compounds i n  such 

mixtures should not be applied universally (19). The presecce of contiguous 

substances on t h e  paper, whether they be radioact ive  o r  not, may d i s tu rb  

equilibrium and movement of spots. For example, inorganic phosphate i s  

found t o  r e s t r i c t  the  movement of adjacent compomds. It i s  necessary, then, 

t o  consider the  r e l a t i v e  loca t ion  of known v i c ina l  spots r a t h e r  thon the  

absolute pas i t ion  on the  chromatograms. The locat ion of a spot r e l a t i v e  t o  

several  standards, t h a t  is,  the  pat tern  of spots,  presents t he  most r e l i a b l e  

method of describing chromatographic posit ion.  I n  t h i s  paper, t he  posi t ions  

of the  neu t ra l  amino acids,  ser ine  and alanine, a r e  taken as reference points. 

A schematic p l o t  of RF values of compounds involved i n  photosynthesis i s  

given i n  Fig. 2 ,  

The CarSopl ic  Acids (21) : - According t o  Consden, Gordon and iki r t in  (8) 

the  RF of a solute  i s  given by 

AL + a:$ 
where AL i s  the  f rac t ion  of cross-sectional area occupied by t he  mobile 

phase, As i s  the fraction of cross-sectional area occupied by t h e  s ta t ionary 

(21) A.Sstracted from the  thes i s  of J. A. Bassham submitted i n  p a r t i a l  
fulf i l lment of the  requirements f o r  the  Ph.D. degree, University 
o f  California, B erlreley, California , June 1949. 



phase, and g, the  d i s t r i bu t i on  coef f ic ien t  of the  solute, i s  t he  concentra- 

t i on  of so lu te  i n  the  i n  the  s ta t ionary  phase divided by the  concentration 

of so lu t e  i n  t he  mobile phase. This expression can be wr i t t en  a s  

R~ - 1 
1 + a&/AL 

The term A ~ / A ~  i s  a constant f o r  a given paper oed s e t  of solvents while 

a i s  cha rac t e r i s t i c  of  t.ho so lu te  alzd determj.nes i t s  posi t ion on t he  paper. - 
The gross  distribu-kion of a carbomlf c acid  between the  s ta t ionary 

aqueous phase and t 5e  mobile organic phase depends on t h e  d i s t r i bu t i on  co- 

e f f i c i e n t  of t h e  undissociated ncid and on t he  degree of dissoc ia t ion  of t he  

acid. The degree o f  d i s soc ia t ion  depends on t h e  pH of t h e  aqueous phase 

and on t h e  dissocia t ion constant of t he  acid ,  Consequently, t h e  gross d i s t r i -  

bution of a given a d d ,  a ~ d  heme i t s  EF value, i s ,  i n  general, a function 

of two physical propert ies of tbe  acid, i t s  d i s t r i bu t i on  coef f ic ien t  and 

i t s  d i ssoc ia t ion  constant ( a )  and one experirneltal condition, t h e  pH of t h e  

aqaeous phase of tho chromatogram. 

If neutral, non-buffered solvents a r e  employed, tho p~ of the  aqueous 

phase a t  a given point depends only on t he  concentration of carboxylic ac id  

a t  t ha t  point, and a s  the  mobile phase carr ied the ncid past  t h i s  point t he r e  

i s  a decreasing concentration and increasing degree of ionizat ion of the  acid  

with a resul%ant  changing d i s t r i bu t i on  of the  acid between phases. The r a t e  

of movement of the  acid therefore  decreases when i t s  concentration decreases 

and s t reaking i s  produced (14), 

This  e f fec t  can be avoided by maintaining t h e  pH of the  aqueous phase 

a t  a constant  value. This i s  accomplished e i t h e r  by emplcying an ac id ic  

solvent o r  a huffeszd sol-rent. iugg and Ovorell have used an ac id ic  solvent 
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t o  e f f ec t  t he  separation of  carbcrxylic acids.  By .asing formic acid  a s  a  

tlsviampi~gf~ acid,  they suppressed the  ionizat ion of t h e  t e s t  ac ids  so t h a t  

t he  RF values depend pr inc ipa l ly  on the  d i s t r i bu t i on  coef f ic ien t s  of t h e  

f r ee  acids. 

It i s  possible t o  a d j u s t  the pH of t he  aqueous phase by employing 

buffers,  This can be accomplished e i t h e r  by applyihg t he  buffer  t o  the 

o r ig in  or  by dissolving t h e  buffer  i n  t he  solvent beforehand. The RF 

value then depends on both t he  diskr ibut ion coeff ic ient  and the  d i ssoc ia t ion  

constant of t h e  carboxylic acid. 

It i s  desir35y.a in -i;wo-dimensional papar chromatography t o  employ a 

low pH solvent i n  one d i r ec t i on  and a higher pH solvent i n  t h e  other d i rect ion 

s o  t h a t  a d i f fe ren t  order and d.egree of separation i s  obtained i n  the  two 

d i rec t icns .  W i l e  it I s  possible t o  obtain good separat ions  of  a number 

of c a r b o ~ y l i c  ac ids  ~ 5 t h  two-dimensionnl chroma tograms which employ ac id i c  

solvents i n  both d i rec t ions  (14), the  resu l tan t  posi t ions  of the  ac ids  tend 

to overlap those of amino acids, sugars and other p lant  consti tuents.  The 

use of solvents of d i f f e r i ng  pH moves the  acids  t o  a  region of the  paper 

apa r t  from the  r e s t  of the  p lan t  consti tuents,  a s  shown i n  Fig. 2. Such 

"area" separation i s  des i rab le  i n  analysis  of p lant  ex t r ac t s  i n  t h a t  i% 

circumvents preliminary f ract ionat ions .  

The usual  method of buffering i n  the  phenol d i rec t ion  has been t o  

apply the  buffer  t o  t h e  orlgia along wlfh ths rnixtu~e of ac ids  o r  c e l l  ex- 

t r a c t .  Since t h e  buffer  capacity thus obtainod i s  l imited it i s  necessary 

t o  use very small amounts of acids.  From 1 t o  5 micrograms of acid  gives 

s a t i s f ac to ry  rcsults. The colorimetric methods d.oscrijed by Lugg and Overell 

give bes t  resuits f ~ r  20 micrograms o r  more, so  the  t r ace r  method of de- 

t e c t i o n  i s  preferable  f o r  t h i s  purpose. 
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Several  corboxylic ac ids .  labeled with CU have been synthesized and 

chromatographed t o  determine t h e i r  pos i t ions  a i t h  t h e  solvents  employed. The 

r e s u l t a n t  RF values a r e  given i n  Fig. 2 and they  represent  avorage values ob- 

t a ined  from chromatograms buffered a t  pH 6-7 a t  t h e  or ig in .  I n  add i t ion  t o  

malic, succinic, fumaric and t a r t a r i c  acids,  which were s tudied by Lugg and 

Overell,  i s o c i t r i c  (22), g l y c o l l i c  (23) and g lycer ic  ac ids  have been separ- 

ated.  

The r e l a t i o n  o f  RF values  i n  an a c i d i c  solvent  t o  the d i s t r i b u t i o n  

c o e f f i c i e n t s  i s  shown i n  Table I. The RF values and the  d i s t r i b u t i o n  co- 

e f f i c i e n t s  of t h e  acic!s, of a l an ine  and of glucose were measured. Using 

t h e  constants  02 alnnki7s a s  a standard, the  term A ~ / A ~  was calculated and 

f m n d  t o  be 0,55. The RF values  of o ther  so lu tes  can then be calculated 

accordjng t o  J ~ h e  expression 

Comparison of t h e  ca lcula ted  RF values with measurec! RF values shows f a i r l y  

good agreement and a f fo rds  add i t iona l  evidence tha t  paper chromatograms of 

t h i s  type a r e  p a r t i t i o n  chroma tograms. 

Inspection of radiograms of c e l l  e x t r a c t s  from p lan t s  which had been 

exposed t o  &&-labeled carbon dioxide f o r  s h o r t  periods indicated severa l  

compounds i n  t he  oarboxylic ac id  region. Tho synthet ic  labeled ac ids  were 

co-chromatographed, one a t  a t i n e ,  with t h e  p l a n t  e x t r a c t s ,  I n t e n s i f i c a t i o n  

of an unknown radioactive spot  by the authent ic  compound demonstrated t h e i r  

i d e n t i t y .  Plant  ac ids  were then eluted ind iv idua l ly  from the  paper and 

(22) We a r e  indebted t o  D r .  R. E. Stutz f o r  a  sample of ~ ~ ~ ~ ' l a b e l o d  
i s o c i t r i c  acid.  

(23) Labeled glycolic ac id  was obtained from D r .  B. M, Tolbert .  See 
f l Isotopic  Carbon1! by Calvin,Heidelberger,Reid,Tolbert and Yankmich, 
3ohn B i l e y  and Sons, Inc ., 1949. 
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TABLE I 
Comparison of Measured and Calculated RF Values i n  . 

Butanol-Propionic Acid-Water Solvent 

d lanine 

Fuma ri c 

Succinic 

Glycolic 

Malic 

I s o c i t r i c  

Glyceric 

Tar ta r ic  

Gluc o so 

- RF (calculated) [RF (measured) 

-_1- __II_) 

.I..--- . 0.333 
I 

co-chromatographed with t h e  corresponding synthet ic  compound. Finally, 

if no sepamtion appeared between unknown and synthet ic  acid, t h e  unknown 

was subjected t o  sui table  physical and chemical confirmatory t e s t s .  

The acids  formed i n  short  term photosynthesis and pos i t ive ly  iden t i -  

f i ed  so f a r  include malic, succinic, g lycol ic  and fumaric. Those found in 

resp i ra t ion  experiments (dark f ixa t ion  of labeled carbon dioxidd without 

preillumination of t he  p l an t )  include i s o c i t r i c  o r  c i t r i c ,  succinic, 

h a r i c  and molic. 

S y n t h e s i s o f  Succi& and Malic Acids: - One g n n  of carboxyl-labeled 

sodium ace ta te  ( spec i f ic  a c t i v i t y ,  6 p,c,/mg,,) was converted t o  malic and 

succinic acids  by the  following se r ies  of reactions:  



PtO2 * JC Y (1) OK" Succinic acid 
.':>Et02CH2CH2C02Et + Et02CCH2CHOHCOZEt L ..* and 

(2) Ma l i cac id  

The standard methods were modified whsn necessary f o r  small-scale syhthesis. 

The mixture of succinic and malic e s t e r s  was obtained by using unpoisoned 

PtOZ ca ta lys t  and one atmosphere of hydrogen a t  room temperature with rapid 

s t i r r i n g  of a 95 percent ethanol solution f o r  two hours (24). The f r e e  acids  

were separated by f r ac t i ona l  e ther  extract ion and rec rys ta l l i za t ion .  The 

yie ld  of succinic acid  was 28 percent of t h e  theore t ica l  and of malic acid 

39 percent of theoret ical ,  so t ha t  the  t o t a l  y ie ld  was 67 percent. The 

spec i f ic  a c t i v i t y  of the malic acid was 3.7 pc./mg. and t h a t  of the 

succinic acid was 4.2 yc./mg. 

Synthesis of Fumaric Acid: - Malic acid  was converted t o  b a r i c ?  

acid  by heating i n  nitrogen a t  UOO C f o r  two hours. F i f t y  milligrams of 

carboxyl-labeled malic acid  gave 30 mg. (69 percent) of fumaric acid  and 

1 3  mg. unreacted malic a c i d ,  The spec i f ic  a c t i v i t y  of t he  product was 

4.2 yc./mg, 

Synthesis of dl-Tartaric Acid: - Fumaric acid was oxidized with - 
sodium chlorate  and osmium tetroxi.de according t o  t he  method of Milas and 

Terry (a) 
Iden t i f i e s t i on  of Gl~ceric Acid: - The radioactive acid \ a s  eluted --- 

Zrom paper with water. Hydrochioric acid mas added t o  give a 1.0 8 solu- 

t i o n  i n  the graduated centrifuge tube. After  e the r  was added and the  phases 

r47-IWl. Fallebin, Ann. chim., :$o-] 4, 156 (1925). 
(25) N. A .  Milas and E. M. Terry, 3 .  Am. Chem. Soc., 47, 1412 (1925). 



mixed by forcing one phase through the other with a narrow tipped dropper, 

t h e  mixture mas centrif'uged, I n  1.0 m l .  of t h e  7.0 ml, ether  phase was 

found 14.0 c.p.n. I n  0,050 m l ,  of the 1.8 ml, aqueous phase mas found 

1300 c .p .me The r e su l t an t  d i s t r ibu t ion  coefficient ,  0,005, approxhntes  

t h a t  of authent ic  g lycer ic  acid, 0.004-0,008. 

Authentic radioact ive  glycer ic  acid was prepared by hydrolysis (3) 

of phosphoglyceric acid  eluted from a number of chromatograms. After  heat- 

ing two days i n  a sealed evacuated tube a t  120' C i n  1 _N hydrochloric acid 

the  solvent mas evaporated & mg2. The product was Oaken up i n  water: and 

on a l iquo t  pa r t  co-chromatographed with t he  e lute?  unknown material.  A 

s ing le  spot  was obtained. 

Iden t i f i ca t ion  of Malic Acid: - The spot on o chromatogram suspected -- 
t o  be malic acid mas eluted and i t s  distributLon coeff ic ient  betaeon water 

(pH 1) and e ther  was found t o  be 0.020, The constant f o r  low concentrations 

of t he  authent ic  labeled dl-mnlic acid is 0.017. The eluate, 20,500 c.p.n., 

mas co-crystallized with 50.0 mg, of malic a c i d  and found t o  have a spec i f i c  

a c t i v i t y  of 395 cep.m./mg. unchanged by sublimstion i n  wcuo. This mas de- 

hydrated by heating under nitrogen fo r  24 hours a t  1 4 5 O  C .  The spedific 

a c t i v i t y  of the  fumaric acid  was 500 2 50 ~ , ~ . r n . / r n ~ .  The d i s t r i bu t i on  co- 

e f f i c i en t  between water (PH 1 )  and ether was found t o  be 0.9 (authentic 

value, 1,0),  

PhosphatB-s-be=: - The grea te r  par t  of the  a c t i v i t y  f ixed i n  shor t  periods - 
of photosynthesis (26) l i e s  i n  t h e  area near the  o r ig in  (Fig, 3 ) .  A char- 

a c t e r i s t i c  of t h i s  area  i s  the  presence o f  threo d i s t i n c t  spots which moved 
+a - - 

(26) c1402 was given to t he  plants  during steady-stete phot.osynthesis with 
ordinary carbon dioxide f o r  the lengths of time indicated. 
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about  t h e  same small d i s t ance  i n  t h e  phenol bu t  d i f f e r e n t  d i s t ances  i n  t h e  

butanol-propionic acid. {and thus  l i e  one above t h e  o the r  i n  t h e  butanol  

d i r e c t i o n .  AS t h e  periods of photosynthesis with c1'b2 a r e  shortened, 

t h e  f r a c t i o n  of a c t i v i t y  i n  t h i s  orea increased .  I n  f i v e  seconds photo- 

syn thes i s  only t h e  uppermost spot i n  t h e  p a t t e r n  of  t h r e e  i s  r ad ioac t ive ,  

Therefore, t h e s e  compounds inc lude  t h e  f i r s t  and sone of t h e  subsequent 

in termedia tes  i n  f i x a t i o n  and reduction o f  carbon by p l a n t s  (27). 

I t  was suspected t h a t  t h e  compounds i n  this area of t h e  chromatogram 

viere phosphate compounds. This  was confirmed by chromatographing t h e  e x t r a c t  

of sone a lgae  which had photosynthesized f o r  an  hour with normal C02bin tho  

presence of inorganic radiophosphate ( P ~ ~ ) .  The radiogram thus  obtained 

( ~ i ~ .  4 )  was remarkably s i m i l a r  i n  this area  t o  those  obtained from radio-  

carbon experiments. 

pj2-labeled known phosphorylrited in termedia tes  of g lyco lys i s  were 

prepared by y e a s t  e x t r a c t  f ermentatmon of g lucme.  A mdiogr,?m of t h e  

water  e x t r a c t  i s  very  s i m i l a r  t o  the  ?32 photosynthesis  radiogrsn  and t h o  

orea nea r  t h e  o r i g i n  i n  c14 photosynthesis radiogram, F ig .  3. The components 

o f  t h i s  mixture were separa ted  by standard procedures dopendent on s o l u b i l i t y  

as we l l  a s  by s e l e c t i v e  e l u t i o n  from a s t rong base anion exchmge res in ,  

Doviex A-1. By t h e  l a t t e r  method n s e r i e s  of f r a c t i o n s  were obtained from 

which t h e  r ad ioac t ive  conpounds could be more r e a d i l y  separated by chroma- 

tography i n  t h e  butanol-acid-water solvent, Fig. 5a,b. 

Yeast Fermentation: - One hundred grams of Type 20-40 Flsischmann --- 
d r y  yeast was suspended i n  300 ml. of ~ / 1 5  potassium monohydrogon phosphate 

at 37' f o r  t h r e e  hours. The mixture was centr ifuged and t o  40 ml. of t h e  

(27) Simi la r  radiograms have been obtained from Chlorella,  Scgnedesmus, 
geranium and barley.  
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supernate was added 155 ell, of 50 percent glucose and 10 mg. sodium pyruvato. 

Kfter incubation a t  32' f o r  jO minutes vigorous fermentation had s ta r ted .  1. 

Then 5 ml. potassium dihydrogen phosphate containing 2 ncuries of P~~ was 

a d b d  t o  the  fermentation mixture After  t h r ee  hours incubation, approxima- 

tsly 80 percent of t he  t o t a l  phosphorus mas organic. The mixture was in- 

cubated for  an addi t ional  three  hours a f t e r  t h e  addi t ion of 2 m l .  of 1 @  

sodium f luor ide  and 6 g, sod im  pyrmate.  Absolute alcohol was then added 

t o  the fermentation mixture t o  a f i n a l  concentration of 95 percent. A l l  

of the prote ins  and $14 percent of the phasphons compounds 

The p rec ip i t a t e  was washed t h r ee  times mith water which extracted over 35 

perpmt of t h e  phosphorus ac t i v i t y .  An a l iquo t  of this water extract gave 

six major spots on the  radiogram. 

S e ~ a r a t i o n  of Fermentation Products: - The water extract wtis absorbed 

on a Dowex 11-1 anion exchange r e s in  column in  t h e  chloride form. Q water 

wash removed 2.4. percent of the  phosphate. Elution mith 0.1 sodium ckLoride 

separated the  remaining phosphates i n to  two d i s t i n c t  f rac t ions .  The fbst  

f rac t ion  eluted from the  r e s i n  was found t o  contain fructose-6-phosphate, 

inorganic phosphate and a t  l e a s t  th ree  unident i f ied  The second 

f rac t ion  contained only fructose-1,bdiphosphate and phcsphaglyceric acid, 

Fig. 5a. The f rac t ions  were chromatographed i n  the  butanol-acetic a c id  so l -  

vent and the  individual  spots of the  radiograms were i den t i f i ed  by spray 

t e s t s  applied t o  t he  paper o r  by chemical ana lys i s  of so lu t ions  of t h o  

eluted spots. 

Iden t i f i ca t ion  of ~ructose-1.6-diphosphate: - The spot having t he  

lowest RF value i n  both t h e  phenol and butanol-acetic acid  d i r ec t i ons  was 

eluted and identified a s  fructose-1,6-diphosphato by the  follovting t e s t s .  



ana lys i s  (28,29) showed t h a t  there were two moles of phosphorus t o  one molo 

of fructose.  Seven minutes hydrolysis a t  100' i n  a 1 3 hydrochlcric ac id  

converted 25 percent of t h e  o r ig ina l  organic phosphorus t o  inorganic phos- 

phorus. When t h i s  seven-minute hydrclysate was re-chromstogrciphed, two nevi 

radioactive spots of equal i n t ens i t y  appeared. One of the  nevi spots  con- 

tained only i n o r g a d c  phosphate; t h e  o ther  spot  vhich contained f ructose  

and no e a s i l y  hydrolyzable phosphorus was l a t e r  shown t o  be fructose-6-was- 

p h t e  . 
Ldentif ication of Fructose-&Phosphate: - I n  the  radiograms of samples -- 

containing the f i r s t  radioactive components eluted from the anion exchange 

column, a spot, Fig. 5b, was obtained i n  the  butnnol-acetic acid-water sol-  

vent t h e  i n t ens i t y  of which, f r o m  sample t o  sample, corresponded d i r e c t l y  

t o  t h e  f ructose  analysis .  The eluted spo ts  contained fructose and phos- 

phate i n  3 1:l r a t i o ,  The chromatographic posi t ion of t h i s  ccmpouncl mas 

i den t i ca l  with t h e  f ructose  compound obtained by hydrolysis of fructose-1,6- 

diphosphate. Therefore, it nust bc an acid  s tab le  f ructose  monophosphate, 

presumably fructose-6-phosphate. k mixed chr~rnatogram of  t h i s  mater ia l  

with inac t ive  glucose-1-phosphate shoned considerable overlapping of t he  two 

compounds. 

Iden t i f i ca t ion  o f  Phosr~ho~lvcer ic  acid:  - The spot labeled PGA i n  

Fig 5a gave a negative spray t e s t  f o r  e a s i l y  hydrolyzable phosphate. Ji solu- 

t i on  o f  t h e  e luted spot contained no f ructose  and gave no inorganic phos- 

phate when hydrolyzed f o r  seven minutes i n  1 _N hydrochloric ac id  a t  loo0. 

When heated f o r  one hour with a-naphthoreso~cinol i n  concentrated su l fu r i c  

(28) J. H, Roe, J. Biol. Chern., _L07, 1 5  (1943). 
(29) R.J.L. Allen, Biochen. J e ,  2, 858 (1940). 
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acid,  a blue color (30) ,  the  same a s  obtained with an authent ic  sample of 

3-phosphoglyceric acid, was observed, 

m h o & ~ c e r i c  Acid i n  Kl@-pcir~24s : - Two e a r l y  experiments indicated 

t h a t  t h e  uppermost of the pa%tern of throe spots  shown i n  photosyn-&hsis 

radiogmms might be phosphogl-yceric acids . The f $:-st  was a chromatogram 

of t h e  sodium hydroxide e luate  of the  weak base anion resin,  Duoli'ce k-3, 

which had been shown t o  contain l a rge ly  phosphogl.yceric acid  (3,7) radio- 

a c t i v i t y ,  The posi t ion of the  spot obtained corresponded n i t h  t h a t  of tho 

uppernost of t h e  ' ~ h ~ e e  epots, The scdond experiment involved i so l a t i on  

of radioact ive  ba~ i -~ rn  phosphoglycerate from a smcl-1 alLquot of the  ex- 

t r a c t  from a one-hour photosynthesis i n  inorganic radiophosphate by co- 

c ry s t a l l i z a t i on  with 10 mg. of t h e  authentic barium s a l t .  After  th ree  

rec rys ta l l i za t ions  from water t h e  s a l t  was decationizec? and co-chromato- 

graphed with an a l g a l  extract  (90 second photosynthesis i n  ~ ~ 0 ~ )  . Exact 

correspondonce of the  P~~ a c t i v i t y  with c14 a c t i v i t y  i n  t h e  uppermost spot 

of t h e  phosphate area was observed. After t h e  radiophosphorus had decayed 

t o  f i v e  percent of i t s  i n i t i a l  ac t iv i ty ,  t h e  pa t te rn  obtained ms iden t i ca l  

t o  t h a t  o r ig ina l ly  apparent and t he  uppermost spot of t he  pa t te rn  of three  

which now was mqde almost en t i r e ly  by carbon rad ia t ion  had tho i den t i ca l  

posi t ion and shape o f  t h a t  given by the phosphorus formerly present. 

These experiments s t rongly indicated t h e  i den t i t y  of the  upper spot 

a s  phosphoglyceric acid  but did not preclude t he  pos s ib i l i t y  of a highly 

ac t i ve  contaminant i n  co-crystal l izations,  Synthesis of labeled phospho- 

g lycer ic  acid by yeast  ferment2tion provided authent ic  material  f o r  co- 

chromatographing with unknown mixtures. 

(30) S. Rapaport, Biochcn. Z., a, 406 (1937). 
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Carrier-Free I so l a t i on  of Phosphoalyceric Acid: - When the  period of photo- - 
synthesis  i n  rcdiocarbon i s  su f f i c i en t l y  shortened only one major radio- 

act ive  compound appears and i s  i n  tho posi t ion corresponding t o  t h e  upper- 

most of  t he  pa t te rn  of three .  This radioact ive  compound was i so la ted  from 

Scnnedesous which hod phctosynthesised f o r  5 seconds (7) i n  c1402 and me 

iden t i f i ed  a s  phosphoglyceric acid. The i so l a t i on  was carried out  according 

t o  the general  method f o r  phosphoglyceric acid with several  modifications. 

It was found t ha t  t he  radioactive material was strongly adaorbed by inac t ive  

p r ec ip i t a t e s  removed a t  pH 7. Thorough washing a t  pH 10, where t h e  ad- 

- sorbed anions a r e  apparently displaced from the  precipi ta te ,  was necessary 

t o  remove t he  x t i v i t y .  When barium chloride mas added t o  an acid  solution, 

the  p r ec ip i t a t e  obtained was active,  bu t  repea%& washing with d i l u t e  hydro- 

chlor ic  acid  removod the  adsorbed ac t iv i ty .  When the  bariun-containing 

supernatant solution from this acid p rec ip i ta t ion  was adjusted t o  pH 10, 

no barium phosphoglycerate precipi ta ted since t he  volume cf t he  solut ion 

was l a rge  enough t o  r e t a i n  the  amount of mater ia l  present. Addition of 

ethanol gave a radioactive precipi ta te .  The fructose-1,6-diphosphate which 

would be obtained by t h i s  procedure was hydrolyzed by repeated warming i n  

d i l u t e  acid.  The amount of hexose d iphosphte  i n  a l g a l  extracts  must be 

much smaller than the  amount of phosphoglyceric acid s ince  the radi~grarna 

of longer photosynthesos, where t he  reservoirs  of intermediates a r e  sa turated 

with ac t i v i t y ,  show a t  leas t  three times as  much phosphoglyceric acid.  

Repoated dissolut ion of t he  barium s a l t  i n  0.05 _N jgydrochloric acid  

and reprec ip i ta t ion  from 50 percent ethanol gave a barium s a l t  whose phoa- 

phorus analy si s and nolybdat e enhanced op t ica l  ro ta  t i o n  (31) corresponded 

closely t o  those of barium 3-phcsphoglycerate. 

(31) 0. Meyerhof and PJ. Schulz, Biochem. Z . , a ,  60 (1938). 
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A mixture c;f tho i so la ted  material  (Fraction 11-a) and an equal weight 

of authent ic  barium 3-phosphoglycerat e (32) wn s eluted from an mion oxchange 

r e s i n  column which had previously been standnrdized with 3-phosphoglyceric 

ncid. The standard and the  mixed e lut ion curves a r e  shown inFig. 6a,b, 

The somewhat low value of t he  opt ical  r o t a t i on  together with t h e  barely 

noticeable displacenent of t h e  rad ioac t iv i ty  e lu t ion  curve might be taken 

t o  ind ica te  the  continued presence i n  Fraction 11-a of a small amount of 

2-phosphoglyceric acid o f  higher spec i f i c  a c t i v i t y  than the 3-phc;sphoglyceric 

acid  . 
'JVe have thus i so la ted  and obtained i n  a c ry s t a l l i ne  form a t  l e a s t  
IT 

one-third of the  rad ioac t iv i ty  fixed i n  5 seconds a s  barium phosphoglycera te~  

l a rge ly  t h e  3-isomer. It i s  not unreasonable t o  suppose t h a t  t h e  n d i o -  

a c t i v i t y  l e f t  i n  the  l a s t  f ou r  supernates (B,c,D,E) from the  alcohol 

c ry s t a l l i z a t i ons  i s  phosphoglyceric acid somewhat r i cher  i n  t h e  2-isomer, 

The sum of these, together with tht which was ac tua l l y  isola ted,  would 

- account f o r  over 65 percent of  t h e  t o t a l  carbon fixed i n  5 seconds. This 

c losely  corresponds t o  the  d i s t r i bu t i on  observed on a paper chromatogram 

of the  same type of preparation. A small snpple of phosphoglyceric ac id  

Fraction 11-a nas chromatographed separately and came t o  t he  expected 

posit ion.  

Phosphoalgceric Acic! I so la t ion  Procedure: - S i x  g r a m  of dm-old 

SE)enedesmx c e l l s  which had phctosynthesized i n  1.0 g.  batches f o r  5 seconds 

was added t o  1 8  g. of normal algae t o  provide su f f i c i en t  ph~sphoglycer ic  

acid f o r  i sola t ion.  Zhoso a lgae  were k i l l e d  rapidly  with a c e t i c  acid- 

hydrochlorio acid (4:l) and a l l  of the rad ioac t iv i ty  was contained i n  the 

aqueous extract .  

(32) Barium-3-phosphcglycernts was obtained through t he  courtesy of 
Prcf . C n r l  Weuberg, New York University, New Ycrk . 
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6 The clcid extract  was concentrated (ccld) t o  9.7 m l .  (1.6 x 10 ~ . ~ . m . )  

and neutra l izsd t o  pH 10 with 1 _N sodiun hydroxide. The prec ip i ta te  which 

formed was centrifuged and washed threo times with water (12, 3.5 and 2.6 n l . )  

6 a t  pH 10. The combined washings and supernate (1.45 x 10 ~ . ~ . m . )  were 

ac id i f i ed  with 1 _N hydrochloric acid  and 0.3 m l ,  of  saturated barium chlorido 

was added. The prec ip i ta te  was washed twice with 1 _N hydrochloric acid 

(1.5 n l , )  and discardod, The combined washings and supernote mas concen- 

t r a t e d  t o  3.0 ml. and batiified t o  pH 10 with 1 sodium hydroxide. The 

small  p r ec ip i t a t e  was discarded. 

The supernate was di lu ted  with 1.5 volumes of ethanol and centrif'uged. 

6 
The supernate, H, contained 0,2 x 10 c.p,m. The prec ip i ta te  was washed 

6 with 1.0 ml. water fvrash contained 0.05 x $0 cep.n.) and was taken up i n  

4.3 nl. of 0.05 2 hydrochloric acid  and found t o  hove 1.1 x lo6 c.p.m, The 

small residue mas centrifuged and discarded. 

The acid solution was di lu ted t o  8.6 m l .  with ethsrnol and t he  precipi-  

t a t e  centrifuged. The supernate, B, contained 0,23 x 

c ip i t a t e ,  dissolved i n  2.0 n l .  of O,O5 hydrochloric 

6 
10 c,p,m. Ethanol was again added t o  a t o t a l  volume 

c i p i t a t e  was centrifuged. Supernate C contained 0.01 

6 10 c.p,m, The pre- 

acid, contained 0.78 x 

of 6.0 n l ,  and t h e  pre- 

6 
x 10 c.p,m. A solu- 

tion of t h e  p rec ip i ta te  i n  1.5 m l ,  of 0.05 _N hydrochloric acid was di lu ted 

v i t h  ethanol t o  3.0 m l ,  and t h e  p rec ip i ta te  centrifuged. The supernato, D, 

6 contained 0.2 x 10 c.p.m. 

A solut ion o f  the  p r ec ip i t a t e  i n  0.9 ml, of 0.05 $ hydrochloric acid 

mas d i lu ted  v i t h  0.5 m l ,  of othanol t o  obtain Prec ip i ta te  I; 3.9 ng., 

6 0.19 x 10 c,p,rn, 

&a. Calci! f o r  C3H507PBam 2 H20 r P, 8.7%; Found, P, 8.6%. 
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Molar ro t a t i on  (as phosphoglyceric acid) i n  t h e  presence of molybdate ion: 

-620° 2 50'. (Authentic value, -7 500) . Specif io ac t iv i ty :  4.9 x 1Db cop .m/mg. 

The supernate from Prec ip i ta te  I was added t o  1.5 d. of ethanol, Pro- 

6 6 c i p i t a t e  11, 7 mg., 0.29 x 10 c,p,n,, and supemate E, 0.08 x 10 c.p.n,, 

mere obtained. The solut ion of Prec ip i ta te  I1 i n  0.05 _N hydrochloric acid 

d i lu ted  with 1.5 volumes of ethanol gavo Precipitate 11-a, containing 8.6 

4 percent phosphorus and having tl specif ic  a c t i v i t y  of 4.2 x 10 cbp.m./mg. The 

6 t o t n l  a c t i v i t y  i n  supernates B, C, D an? E was 0.58 x 10 c.p.m. (36 percent 

6 of the  t o t a l ) .  The a c t i v i t y  i n  Prec ip i ta tes  I and I1 mas 0.48 x 10 c.p.n. 

(30 percent of the  t o t n l ) .  

Easily Qdrolszed Phosphate Esters:  - Readily hydrolyzed phosphate e s t e r s  

and inorganic phosphate can be recognized on the  paper by spraying with 

su i t nb l e  rsagents t o  produce molybdenum blue. Glucose-1-phosphate, 3-phospho- 

glyceraldehyde and phosphopyruvic acid are  ea s i l y  detectable  when 3 micro- 

grams per  cm2 ie present on the  paper. Fructose-1,6-diphoaphote i s  var iable  

i n  i t s  color  developnent. This i s  probably caused by d i f f e r en t  degrees o f  

hydrolysis during the  spraying and drying processes. 

%ray Test f o r  Phosphates on Chromatograms: - The paper i s  sprayed 

consecutively with the  following solutions (33): (a)  Five grams ammonium 

molybdate dissolved i n  100 m l ,  cold water and poured i n to  35 ml. concentrated 

n i t r i c  acid.  Paper dried a t  70' C; (b) F i f t y  milligrams of benzidine hydro- 

chlor ide  dissolved i n  10 m l ,  concentrated a c e t i c  acid and d i l u t ed  with water 

t o  100 ml. Paper dried a t  roon temperature; (c)  Saturated sodium acetaBo 

solut ion,  Papor dried a t  roon temperature, 

(33) F r i t z  Feigl, l fQuali tat ivo m a l y s i s  by Spot Tests," page 216, Nordo- 
mann Publishing Company, New York, 1939. 
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Gluco~e~l-PhosphGat - The r a t e  o f  hydrolysis cf  the  2hctosynthetic 

intermediates i n  t he  middle one of the  three phosphate spo ts  t o  form radio- 

a c t i ve  glucose suggested t he  presence cf glucose-l-phosphate, When t h e  

authent ic  corn2ound containing ~3~ (34) was co-chronatographed with an a l g a l  

extract ,  the  P~~ a c t i v i t y  coincided with the  CU radioactive spot. 

P h o s ~ h o ~ ~ ~ u v i c  Acid : - An au then t ic  s p e c i f h e n  of phosphoppruvic acid (35) - 
was chromatographed and i t s  20siti .cn detected by molybdenun blue color.  A 

photosynthetic intermediate found i n  t h i s  area mas investigated.  Acid hy- 

d ro lys i s  formed pyruvic acid which was ident i f ied  by i t s d i s t r i b u t i o n  co- 

e f f i c i e n t  between water and ether, so lub i l i t y  and v o l a t i l i t y  proper t ies  and 

the  formation of a dinitrophenylhyclrazone which co-crystallized with an 

authentia specimen, 

ti $ndioact;ive substance was eluted from a chromatogram o f  5 seconds 

photosynthetic f ixa t ion  and hydrolyzed ten minutes i n  1 2 hydrocNoric 

aci6.  The ac t ive  proc'slct was then v o l a t i l e  and rqquired addi t ion of 

a l k a l i  f o r  reproduci\le d i r e c t  counting. An al iquot  p a r t  o f  t he  hydrclysate 

was assayed f o r  p~~n;.-$aldehyde and tho 2,k-dinitrophenylosaaone was inac t ive  

a f t e r  recrys'tnl.!-3.z~ t i o n  f ron pyridino , 

The dis-tr i5utici l  coef f ic ien t  of t he  hydrolysato rad ioac t iv i ty  between 

a m t e r  (pH 1) and e ther  was 0.15-0.18. The constant determined f o r  low con- 

centra t ions  of synthetic labeled pymroic acid i s  0-16-0 ,l8, 

B sc:lution of .'?S,QOO c.9.m. of e luate  end 10 microl i ters  of pyruv5c 

ac id  i n  1 _N hydrochloric acid was heated with 25 mg, 2,&dlnitrolphenyl- 

hydrazine i n  a sealed tube f u r  30 minutes a t  100C. The hydrasono ( theore t ica l  

y ie ld ,  39 mg.) was recrysta l l ized from ethanol and ace t i c  acid-water and 

found t c  have a constant spec i f i c  a c t i v i t y  of 900 ~ . ~ . n . / m ~ .  which indicated 

a quan t i t a t ive  hydrolysis t o  pyruvic acid.  
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complex and 6 mg. of 2,4-dinitmphenylhydrazine (37). The spoc i f ic  a c t i v i t y  

of t he  pure osazone ( theore t ica l  y ie l J ,  7.29 mg.) was 178 c.p.rn./mg. This 

Lndicated t h a t  1300 c.p.m., o r  a l l  of the  e lua te  ac t i v i t y ,  was t r i o s e  phos- 

phate. 

Amino acid% - Iden t i f i ca t ion  of rndimct ive  amino ac ids  by superposition 

of the  radiog&m on the  chrcmatogrnm sprayed with ninhydrin has been dm- 

cribcd (5). I n  cases where the  o r ig ina l  separation is  incomplete o r  where 

t h e  amount c%mino acic! i s  i n su f f i c i en t  t o  produce v i s i b l e  ninhydrin color, 

t h e  radioact ive  spot or  group cf spots is  e luted (17,18) and re-chromato- 

graphed with added aa r r i e r s .  The coincidence of shape and loca t ion  of t he  

radioact ive  spot with the colored spot produced by an authent ic  compound 

on the  pager indicates  t he  idon t i ty  of the  two. 

S u ~ a r a :  - Sucrose, f ructose  and glucose (38) a r e  t he  only sugars which have 

been i den t i f i ed  i n  t h e  radiograms. Their chromatcgraphic coorfiinates i n  

ghenol have been determined (10). The Roe t e s t  f o r  frucf cse  and t h e  Tollens 

t e s t  f o r  gluco so (39) gave added confirmation of these  iden t i f i ca t ions .  

1. Paper chromatography has been employed t o  separate t h a  radioact ive  

u products fcrmed &iring photosynthesis i n  C 02. 

2. The methcd has been used f o r  t h e  separation and i den t i f i c a t i on  of 

carboxylic ac i& and phosphates.esters. 

3. The first observed procluct of carbon dioxide ass imila t ion during photo- 

synthesis  has been i so lc ted  and shown t o  be phosphcglyceric acid.  

(37) E. Baer and H.O.L. Fisohar, J. Biol. Chem., a, 223 (1943). 
(38) Authentic specimens of these radioactive sugars were kindly supplied 

by r'rof. Ti. Z. Hassid. 
(39) S. M. Partridge, Nature, , 220 (1946). 
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FIG. I - CHROMATOGRAPHY TROUGH. FABRICATED F R O M  
POLISHED STAINLESS S T E E L ,  TYPE NO. 316 



PHENOL- W A T E R  - 
FiG. 3 -RADIOGRAM O F  PRODUCTS PHOTOSYNTHESIZED IN 

N I N E T Y  SECONDS B Y  SCENEDESMUS I N  ~ ~ ~ 0 ~ .  T H E  ALGAE 

WERE R A P I D L Y  KILLED BY POURING INTO FOUR VOLUMES 
O F  B O I L I N G  E T H A N O L .  CONSIDERABLE C L A R I T Y  OF THE 
0 R I G  INAL RADIOGRAM IS LOST iN PHOTOGRAPHIC REPRODUCTION 



P H E N O L  - W A T E R  - 
FIG. 4 - RADIOGRAM O F  PRODUCTS OF ONE HOUR PHOTO- 

S Y  NTHESIS BY SCENEDESMUS IN RADlOPHOSPHATE ( P ~ ~ )  



INORGANIC 
PHOSPHATE INORGANIC 

PHOSPHATE ' 

PHOSPHOGLYCERIC 
AClD 

FRUCTOSE- 6 -  
PHOSPHATE 

PHOSPHATE 

FRUCTOSE- l,6- 
DIPHOSPHATE 0 

FIG. 5 0 ,  b - ONE DIMENSIONAL RADIOGRAMS OF  p3*  LABELED 
YEAST FERMENTATION INTERMEDIATES.  SOLVENT : BUTANOL- 

ACETlC AClD -WATER. THE TWO MIXTURES W E R E  OBTAINED 

FROM ION EXCHANGE RESIN  ELUATE FRACTIONS. 



ml .  NaGl E l u a n t  ml. NaCl E l u a n t  

Fig, 6r,b,-a. Elut ion curve of authentic 3-phosphoglyceric ac id  from Dowex 
~ - 1  m i o n  exchange of resin column. Eluant: 0.2 N sodium ohloride. b. E lu t ion  
curve of a mixture of equal amounts of  authent i  and i so la t ed  phospboglyceric 
acid.. , Total phosphorus analyses. 0 , CE4 radioact ivi ty .  The smaller 
peak represents  i n o q a n i c  phosphate and hexose monophosphates. The ord ina te  
uni t  represents  100 p g .  of phosphorus/ml. of eluate and 204300 cp./rnl. o f  C 1 4  
rsdioac t i v i t y .  


