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TIE PATH OF CARBQM IN PHOTOSYNTHESIS, XI 

Lo Schou, A o A o  Benson, J ,A .  Bassham and M, Calvin 

Radiation Laboratory and Department of Chemistry 

University of California, Berkeley 

Septamber 91, 1950 

ABSTRACT 

The metabolism of CU labeled glycolic acid by Scenedesmus has been 

s tudied using radiochromatcgraphic techniques f o r  the separation and 

iden t i f i ca t ion  of products, 

When the pH of the median was 2,5, appreciable assimilation occurred. 

l4 The products were iden t iea i  t o  Cvhose observed i n  C O2 photosynthesis. 

A major reaction anaerobically i n  the dark resulted i n  incorporation 

of cU. i n  almost equal amounts i n  the giycine and'serine reservoirs ,  When 

the algae were illuminated, a d i m i m t i m  i n  the amount of glycine was ob- 

served , 

Aerobic and anaerobic glycolic acid asslmilatior, was studied during 

photosynthesis. The CU l e v e l  i n  the sucrose and the intermediates of its 

* This work was sponsored by the United S ta t s s  Atomic Energy Commission. 

To be published i n  Physiologia P l a n t a m ,  



uCRL-908 
ABSTRACT 

synthesis varied with c1202 pressure in the gas used. 

14u and 2414 glycolic acids give similar distribution of radio- 

activity in the products. Hence, glycolic acid is assLmilated by paths 

other than those involving preliminary cleavage to C1 compounds. 

Phosphoglyceric acid isolated from the products of assimilation 

of both glycolic acids was degraded and found to be approximately 

equally labeled in its a and $ carbon atoms. 
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T E  PATH OF CARBON IN PHOTOSYNTHESIS, XI 

Lo Scl.lou, 8.8. Eensoc, JOB. Bassham and M. Calvin 

Radiation Laboratory and Department of Chemistry 

Universi ty of Cal i fornia ,  Berkeley 

September 11, 1953 

INTRODUCTION 

The participati.cn of g lycol ic  acid i n  p l an t  metabolism has been con- 

s idered i n  the  past,  but i t s  re la t ionship  t o  the  intermediates of carbon 

dioxide reduction has been obscure, 

KolesnSkov (10) reported a e e m ~ l a t i o n  of g l y o r j l i c  acid i n  Chlorella 

during illumination. Anderson (I), Kdesnikov (11) and Claget t  , Tolbert 

and Burris  ( ~ ~ 1 2 )  studied the   on-photosynthetic metabolism of g lyco l ic  

ac id  by plant  t i ssues ,  The presence of glycol ic  acid  among t h e  ea r ly  

photosynthetic intermediates has been observed by Benson and Calvin (4) 

and by Burris, n i lson and S tu tz  (61, 

The f i r s t  s t ab le  product of carbon dioxide ass imila t ion i n  photosyn- 

t h e s i s  has been shorn t o  be carboxy1-labeled phosphoglyceric acid (5 ,7 ) .  

Experiments were then designed t o  force  the acemulat ion of the  C2 pre- 

cursor  of the a and p earhon atams of t h i s  compound by i l luminat ing p lan t s  

i n  the absence of carbon dioxide  eneo eon and Calvin (4) ). These conditions 

resu l ted  i n  the  acc~umulation of l a rge  amounts of g lycol ic  acid  and glycine. 
- 

* This work mas sponsorzd by the United S t a t e s  Atomic Energy Commission. 



The immediate precursor of the carboxyl labeled phosphoglyceric acid 

i s  of the reduction leve l  of acetaldehyde or  glycolaldehyde, Conse- 

quently, the accumulated glycolic acid appears to  be e i ther  a precursor 

of the more reduced C2 compound or a product of i t s  oxidation, 

It has been shown (8) tha t  glycolic acid appears subsequent t o  sar- 

boxyl-labeled compounds i n  photosynthesis and i s  not observed i n  very 

shor t  periods of photosynthesis ( 1  Sec. Photosynthesis by ~ a r l e ~ ) ,  Since 

glycolic acid a c c d a t e s  i n  the absence of carbon dioxide, it cannot 

a r i s e  from the condensation of two S1 compounds d i rec t ly  formed from C02 

but rather  i s  probably derived from l a rger  molecules. Since the compounds 

ident i f ied  as phosphate e s t e r s  i n  radiograms of C1b2 pliotosynthesis ex- 

periments have been found to  contain derivatives of glycolic acid*, i t  i s  

possible that  glycolic acid reacts metabolically i n  a phospkorylated form, 

b The close relationship of glycolic acid t o  the a and carbon atoms of 

glyceric acid was f i r s t  observed by Basshan, ~ & . ( 2 , 8 ) .  Even i n  verg 

shor t  photosptheses with C h 2  (4 Sec. Photosynthesis by ~ a r l e y )  the carbon 

atoms of glycolic acid were uniformly labeled, This acid has been degraded 

by periodate oxidation and the products i so l a t ed  as  barium carbonate and 

formaldimedon from the carboxyl and a carbon respecCively. The oarboxyl and 

a carbon atoms of glycolic acid and the a and j3 carbon atoms of phosphoglyceric 

* To be published 



acid axe invariably uniformly labeled. This re la t ionship has now been 

tested by a study of the conversion of synthetic radiomeric glycolic 

acids t o  phosphoglyceris acid during photosynthesis by Scenedesmus. 

'EXPEBlbfIENTBL PROCED.URE Labeled g1ycoli.c acids prepared by 

Dr. B. M. Tolbert of t h i s  iaboratory were added i n  the dark during an- 

aerobic i l lumination and during photosynthesis i n  c1202 by Scenedesmds. 

Since the absorption of a strong acid such as  glycolic acid i s  generally 

slow a t  physiological pH values, the experiments were performkd i n  

d i lu t e  phosphate buffer a t  pH 2.8. It has been obsemed i n  t h i s  labora- 

tory+ tha t  photosynthetic a b i l i t y  a t  low pH (1.5 o r  l e s s )  i s  nei ther  

readi ly  nor i r revers ib ly  destroyed and t h a t  the  products a re  epparenuy 

normal. 

Feeding Experiments, -- A suspension of one gram of a two day old 

cul ture  of Scenedesmus ( s t r a i n  Dj, ~ a f f r o n )  i n  a 1 cm. thick glass  vessel  

(3) containing 50 ml. of .001 M phosphate buffer, pH 2.8 was allowed t o  

photosynthesize i n  a i r  f o r  30 minutes with a l i g h t  i n t ens i ty  of 2000 foot  

candles from both sides.  A temperature of 20% was maintained by use of 

adequate infrared absorbers. The c e l l s  were allowed a twenty-minute 

adaptation period i n  the gas used immediately previous t o  adding the radio- 

act ive glycolic acid. I n  the dark experiments, the vessel  conta idng  the  

c e l l  suspension was covered with black c lo th  during the experiment and the 

funnel was shielded from l i g h t  during f i l t r a t i o n  and k i l l i n g ,  

* C. Ouellet -- To be published 



Labeled calcium glycolate (1,0 @c/mg] was decationized with Dowex-50, 

The f r ee  acid (3.2 mg., i , e .  0,0008011) was added a t  zero time and the photo- 

synthesis continued f o r  ten minutes, The c e l l s  were then f i l t e r e d  rapidly 

from the solution i n  the l i g h t  and k i l l ed  by pouring hot absolute ethanol 

on the f i l t e r ,  By use of f i l t e r  aids on a funnel equipped with two re- 

ceivers and a two-way stopcock the k i l l i n g  procedure required 2-5 seconds. 

The algae were re-extracted with 5% ethanol and hot water. The extracts 

were concentrated and separated by two-dimensional paper chromatography (5).  

After  extraction, the insoluble materials (protein and po13saccharide) were 

counted d i rec t ly  and as  barfvm cmbonate a f t e r  combustion, The l ip id  

materials, separated from othar soluble compsmds i n  the chromatograms, 

were eluted and counted direct ly ,  The t o t a l  glycolic acid fiYed was then 

the swn of the three fract ions and was tabulated in Table I. From the 

known specific ac t iv i ty  of the glycolic acid the amount assimilated during 

the experiments was calculated and tabulated i n  Table I, The products 

were observed on radiograms of such chromatograms and were ident i f ied whe~e 

necessary by cochrornatography with authentic materials. The amount of cU 

i n  each of a number of the major products was counted*^directly on the paper 

and tabulated i n  Table 11, 

Degradation of Phospho.almeric Acids, -- The radioactive area corres- 

ponding to  phosphoglyceric acid was eluted from the paper and hydrolyzed 

f o r  30 hours i n  1.0 N hydrochloric acid,  The t o t a l  hydrolysate was chroma- 

tographed and the resul tant  glycerfc acid spot was cocrystallized with 

50 mg. of authentic calcium glycerate, The f a c t  tha t  the resul t ing product 



possessed the  calculated specif fc  a c t i v i t y  serves as  added evidence of 

iden t i ty .  Glyceric acid  was degraded ascording t o  the method of 

Bassham &.go (2) 

Degradation of Glycofic Acid, -- A t r a c e r  quant i ty  of cLh-labeled 

glycol ic  acid, obtained by e lut ion from a paper chromatogram mas added 

t o  30.4 mg. of glycolic acid  in three ml, of g l ac i a l  a ce t i c  a c id  i n  a 

small f l a sk ,  Ths solut ion was frozen, about 0.5 go lead t e t r a a c e t a t e  

was added, an6 the f l a s k  was attiached through a stopcock t o  an inverted 

U-tube. The system was evacuated, the stopcock closed and t he  react ion 

mixture refluxed on a water bath a t  90°C f o r  t h i r t y  minutes, Af te r  

cooling, the v o i a t i l e  c o ~ x e n t s  of the  f l a s k  were d i s t i l l e d  through the 

U-tube i n to  a second f l a s k  containing 80 mg, of 2,4-dinitrophenylhydrazine 

and immersed i n  l i qu id  nitrogen,  

The stopcock was again closed and the  second f l a s k  warmed u n t i l  a 

c l ea r  yellow solution was obtained, The f i r s t  f l a s k  was replaced by a 

t h i rd  f l a sk  containing 5.0 m l ,  saturated,  carbonate-free, sodium hydroxide 

solution,  Both f l a sks  were immersed i n  l iqu id  nitrogen f o r  a few minutes, 

the stopcock was opened and the system was evacuated, The l i q u i d  nitrogen 

bath was removed from the  second f l a s k  and the  v o l a t i l e  contents  d i s t i l l e d  

i n t o  the th i rd  f l ask ,  The residue s f  formaldehyde-2,4 dEnitrophenylhydrazone 

i n  the second f lask  was pur i f ied chromatographieally on s i i i c i c  acid and 

the  spec i f ic  a c t i v i t y  determined, This spec i f i c  a c t i v i t y ,  together  ~ 5 t h  

t h e  theore t ica l  f i e l d  gives the t o t a l  a c t i v i t y  of the alpha carbon atom. 

The th i rd  f l a s k  was warmed t o  mom temperature, and the so lu t i on  contained 



there in  yielded, upon addition of barium chloride solution, a precipi ta te  

of barium carbonate which was washed, dried, weighed and counted, The 

product of the specific a c t i v i t y  of the barium carbonate and the t o t a l  

yield ( s l igh t ly  g ~ e a t e r  than theoretical due t o  introduction of inactive 

carbon dioxide i n  reagents and manipulatf on) gives the t o t a l  a c t i v i t y  of 

the carboxyl carbon of glycolic acid, These r e su l t s  a re  

Table 111. 

RESULTS AND DISCUSSION 

Dark Metabolism of G1~coli.c Acid 

It has been shown ( 4 )  tnat  glycol5c acid i s  readily 

the dark by barley leaves and algae, I n  the experiments 

there is evidence that  the assimilation of glycolic acid 
than 

paths other/intermedia t e  conversion t o  carbon df oxide, 

tabulated i n  

metabolized i n  

described below 

proceeds by 

Short Dark b e r i m e n t s ,  -- The major products of six t o  ten minute 

dark anaerobic assimilation of glycolic acid a re  glycine and serine,  

The conversion of labeled glycoiic acid t o  glycine i n  barley sap has 

a l so  been observed in this laboratory, The appearance of labeled serine 

suggests tha t  a reaction s i m i l a r  sr ident ica l  with the Sakami reaction 

may occur i n  plant t issue,  ( ~ h f s  reaction has also heen observed i n  

t h i s  laboratory in Scenedesmus which have been fe8  1-cU* o r  2-&4 labeled 

glycine.) Conversion t o  serkne is appreciably f a s t e r  fn the l i g h t  than 

anaerobically i n  the dark where both amino acids appear i n  l i k ;  amounts 

and the r a t i o  of serine t o  glycine varied from unity to  1,5 i n  a l l  ex- 

periments, No relationship betmeen the nature of the anaerobic flushing 



gas mixtures and the serine-glgsins r a t l c  %as observed, In a i r  the  r a t i o  

phosphoglyceric acid end polysaccharide occclred i n  ten minute dark aercbic 

assimilat ion.  Apparently, ansrgy i s  der"iver3. frronl srjda-tive procesces and 

is used f o r  cayboh~drate  ,ypt;"_e~Fs. 3% syntbzsis corresponding t o  about 

55 of the soluble products w2.s observed. 

In a l l  dark ass imilz t ion eqeriments coosid3rable amounts of unchanged 

glycol ic  acid is  found i n  the cell. extract, In the  l igh t ,  l i t t l e  excess 

gl:rcolic nas observed i n  the s imi la r ly  prepared extracts. 

Lone Carlr Emeriments, -- The furt'ner metabolic products of glycine, 

ser ine  and glycol ic  acid wers observed i n  rsc?fcgrams of 30 minute t o  

6 hour dark ass imile t ion e u p e r i a e ~ t s  vrith g1y;-alFc cci2-2-c14. The soluble 

products formed 2ur i i -g  6 hours Bark oss in i l a t i cn  of g igcol ic  a ~ i d - 2 4 ~ ~  

are given i n  Table 11. It is epparent from the l a rge  f r a c t i o n  of glutcmic, 

succinic, f m a r i c ,  rmlic and c i t r i c  acids *at considerable oxidation 

through the  t r i c a r b o q l i c  acld cycle may bave occurred. Phis metabolic 

course appears similar t o  that observed i n  mgublislim? erperimentc n i t h  

Ecenedesmus which have been f e d  2-c14 glycioc f n  the dark f o r  similar 

periods. Since f lushing aith i n e r t  carbon Zioxlda ?ii? not  a f f e c t  the 

r e su l t s ,  exchange cf cI4f7 7 m i s i n g  f-on cSdst. lon cf t h e  subst ra te ,  i n to  ... 
the  t r i c a r h o m l i c  acid  cycle is not l ike ly .  The p o s s i b i l i t y  should be 

pointed out t h a t  a C2 compo~md re la ted  t c  glyzol ic  acid (glyoine) may be 

condensed through revers ib le  react ions  t o  a C4 compound and snter  the 

t r l c a r b o : ~ l i c  acid  cycle as o x a l z c e t ~ t e ,  Cthemlse, it must be ~ " u ~ t b e r  

reduced t o  r eac t  as ace ta te  fz this cycle. 



Light Assirnilatfen ExperSments 

The products of ten minute and longer periods of illumination were 

studied and found generally similar t o  the products of photosynthesis 

14. with C 02. Glycolic acid i s  converted to  c e l l  material (protein, poly- 

saccharides) and f a t s ,  The radioactivity i n  the various reservoirs of 

soluble products corresponded to that observed when c1h2 is  assimi- 

la ted a t  this high pHo 

The conversion of glycolic acid to  ser ine was observed i n  the l i g h t  

a s  well as i n  the dark and was independent of oxygen or  carbon dioxlde 

pa r t i a l  pressures during the experiment, I n  a l l  cases the r a t i o  of 

serine t o  f ree  glycine was serg high, 

The radioactivity i n  glutamic acid, which may be taken as  a measrwe 

of respiration of labeled intermediates via the t r i c a r b o q l i c  acid cycle, 

was greater i n  the aerobic experiments. A similar  r e su l t  was observed i n  

the aerobic dark experiment, 

When the algae were flushed with c1202 p r io r  to  end during the  gly- 

co l ic  acid assimilatf on, serine, sucrose and polysaecharide (containing 

glucose) reservoi rs accumulated the la rges t  f rac t ion  of radiaac t iv i ty .  

A t  the same time, radioact ivi ty  i n  phosphate e s t e r s  was great ly  diminished. 

This can be at t r ibuted to  the dilution of CU i n  the intermediates by the 

12 C 02. The sucrose reservoir,  which i s  much larger,  rapidly acquires a 

greater t o t a l  of radioactivity,  although the specif ic  ac t iv i ty  i s  low. 

In  experiments without added carbon dioxide photosynthesis can be 

expected to  occur a t  a slower rate ,  In a i r  the natural C02 concentration 

was suff ic ient  t o  allow a moderate accumulatfon of ac t iv i ty  i n  the sucrose 



reservoir .  In  d t r o g e n  wlthout added carbon dioxide, a much smaller  

amount of sucrose was formed, Radioactivity i n  the  phosphate compounds, 

intermediate i n  sucrose synthesis ,  was inversely  affected.  With diminish- 

ing  d i l u t i on  by added carbon dioxide the spec i f i c  a c t i v i t y  of these small 

reservoirs  increased anid t h e i r  r e l a t i ve  r a d i o a c t i v i t i e s  probablf repre- 

s en t s  a measure of d i l a t i o n  cf assimilated g lyco l ic  by carbon dioxide, 

I n  the  low carbon dfoxida pressure experiments (air and nitrogen) an 

amount of labeled phosphgglyceric a c i t ,  l a rge  compared t o  t h a t  of normal 

photosynthesis was observed, The s ignif icance of this observation may 

well  l i e  i n  the e f f ec t  of pH o r  GO2 conceaLration upon the  rese rvo i r  s izes .  

The phosphoglyceric acid  of the aerobic experiment was degraded and the  

r e s u l t s  a re  tabulated i n  Table 111, 

Carboml-Labeled GlycoLic Acid Assimilation. -- An i d e n t i c a l  ex- 

periment was performed i n  a i r  w i t h  g lycol ic  a c i d - l d 4 .  The d i s t r i -  

bution of CU i n  the prodtlcmts, Table 11, were s imi la r  t o  t ha t  observed 

i n  aerobic glycolic a c i d - 2 - ~ ~ 4  assimilat ion.  The phosphoglyceric acid 

obtained in  t h i s  experiment was degraded and the  r e s u l t s  a re  t a b d a t e d  

i n  Table 111. 

Degradation Results .  -- The accumulation, of cU i n  near ly  equal 

amounts i n  the a and carbon atoms of phosphoglyceric acid, during 

photosynthesis has now been gbserved when g lyco l ic  acid i s  the  

labeled subst ra te ,  I n  Table I11 i t  i s  seen t h a t  r ad ioac t i v i t y  of a 

and p carbon atoms i n  both  cases are  appro-ximately equal. It i s  

possible that  the  equal a and fi label ing i n  C3 compounds may a r i s e  in 

a number of ways, However, one poss ib f l i ty ,  cons i s ten t  with o m  



previous observations would be t h a t  some symmetrical intermediate o r  com- 

pound ex i s t ing  i n  rapid equilibrium with an intermediate l i e s  between glycol ic  

acid  and t he  C2 carbon dioxide acceptor molecule, 

S W Y  

The metabolism of CU labeled glycol ic  acid by Scenedesnris has been studied 

using radiochromatographic techniques f o r  the  separation and iden t i f i ca t ion  of 

products . 
Tihen the  pH of the medium was 2-8, appreciable ass imila t ion occured, The 

products were iden t ica l  t o  those observed i n  cUo2 photosynthesis. 

A major reaction anaerobically i n  the  dark resu l ted  i n  incorporation of 

CU i n  almost equal amounts i n  the  glycine and se r ine  reservoirs .  When the  

a lgae  were illuminated, t h e  glycine and g lyco l ic  acid r ad ioac t i v i t y  decreased. 

Aerobic and anaerobic glycol ic  acid  ass imila t ion was studied during photo- 

synthesis .  The cU l e v e l  i n  the sucrose and the  intermediates of i t s  synthesis  

var ied with c1202 pressure i n  the  gas used, 

14u and 2 - ~ u  glycol ic  acids  give s imi la r  d i s t r i bu t i on  of rad ioac t iv i ty  

i n  t h e  products, 

Phosphoglyceric acid i so l a t ed  from the  products of ass imila t ion of both 

glycolic acids was degraded and found t o  be approximately equally labeled i n  

its a and p carbon atoms, 
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Water Soluble Prodmts of Labelsd Gljoslic Acid. Assinilation by Scenede~m~~s 

- 

Phosphoglycerate 

Hexose Phosphates 

Triose Phosphates 

Phospho pyruvate 

Sucrose 

Polysaccharides 

Serine 

G lycine 

APanine 

Aspartic 

Glut amic 

Glutamine 

Giycerio 

Citric 

Succinic 

Unk. Spot under 
Lipids 

Mali c 

Ten Minute Light AssinLlation 

* Glycolic acid-2-cU assimilation 

+ Glycolic acid-l-cU assimilation 

n IllirlzlCe Dark Assimi1ati.on Bix Hcwr 
1 ark 
I,. *I/& cc &r: - 

n 

3 

1 

3 

3 

3.5 

2 

9 

3 

40 

3 

2 

3 

15 

8 



5n Glycolic and Glycerie bids 

I I 

1 COOH 

Glycerf r; 

C%OH 

CHOH 

Percentages given i n  terms of measured starting activity 




