
Lawrence Berkeley National Laboratory
Lawrence Berkeley National Laboratory

Title
Synthesis and Metabolism of Carbonyl-C14 Pyruvic and Hydroxypyruvic Acids in Algae

Permalink
https://escholarship.org/uc/item/7j58b5r1

Authors
Milhaud, Gerhard
Benson, Andrew A.
Calvin, M.

Publication Date
1955-03-30

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7j58b5r1
https://escholarship.org
http://www.cdlib.org/


UCRL-2933 
Unclassified Chemis t ry  

UNIVERSITY O F  CALIFORNIA 

Radiation Labaratory 
Berkeley,  California 

Contract No. W -7405 -eng-48 

SYNTHESIS AND METABOLISM O F  CARBONYL-c14 PYRUVIC 
AND HYDROXYPYRUVIC ACIDS IN ALGAE 

Cerha rd  Milhaud, Andrew A.  Benson, and M. Calvin 

March 30, 1955 

Pr in ted  fo r  the U. S. Atomic Energy Commission 
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ABSTRACT 

1. Pyruvic and hydroxypyruvic acids a r e  metabolized b y  Scenedesmus. 

2.  The products of metabol ism of pyruvic -2  -C l4 and hydroxypyruvic-2 -C 
14 

acids  a r e  essentially identical to those of c 1 4 0  fixations.  2 
3. Lipids a r e  rapidly formed i n  the light f rom both subs t r a t e s .  In the dark  

the major  products a r e  intermediates  of the t r icarboxylic  acid cycle. 

4. Zt does not appear l ikely that f r e e  hydroxypyruvic ac id  is a photosynthetic 

intermediate ,  

5 .  Tricarboxylic acid cycle intermediates  a r e  formed f r o m  exogenous 

pyruvate a s  fas t  in  the light a s  in the dark.  

* P r e s e n t  address:  Laboratoire  des  Isotopes, Institut Pas t eu r ,  P a r i s ,  
F r a n c e ,  French  Cultural Relations Fellow, 1953. 

** P r e s e n t  address:  Department of Agricultural  and Biological Chemistry,  
Pennsylvania State University,  University P a r k ,  Pennsylvania.  
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INTRODUCTION 

The metabolism of pyruvic acid in  the light and dark  by Scenedesmus 

has been examined with two aims:  To study the relationship of i t s  metabo- 

l i sm to that of the intermediates  of c 1 4 0 2  fixation, and to  compare i t s  

metabolic fate with that of hydroxypyruvate. 

The metabolism of hydroxypyruvic acid was compared with that of 
14 

C 0 fixation in order  to  ascer ta in  whether i t  might be a photosynthetic 
2 

intermediate or  a substrate  for the enzyme sys tems present .  Since phospho- 

hydr oxypyruvate i s  a possible carboxylation product of ribulose diphosphate, 

the metabolism of the f r e e  acid was considered of interest .  Stafford e t  a l .  
1 

observed high D-glyceric acid dehydrogenase activity in a var iety of leaves ,  

and suggested the possibil i ty of i t s  function in  pentose phosphate carboxylation. 

The present  work suggests r a the r  that hydroxypyruvic acid may  ac t  la rge ly  

as  a substrate  for t ransketolase or  a hydroxypyruvic acid oxidase. 
2 

~ ~ r u v a t e  -d4 and hydroxypyruvate- -2  - c14  were prepared  on a sma l l  

scale .  The green alga, Scenedesmus,  was allowed to photosynthesize in  

the presence  of these subs t ra tes  a t  low pH consistent with optimum a s s i m i -  

lation of relatively strong organic acids .  The products formed in the algae 

during light and da rk  periods were examined by two-dimensional paper 

chromatography. 

EXPERIMENTAL 

Carbonyl-labeled pyruvic acid was synthesized according to the method 

of Anker.  Sodium acetate was converted to acetyl bromide by heating 

over benzoyl bromide. The acetyl bromide was distilled in vacuo and con- 

verted to acetyl cyanide upon standing at  room temperature over cuprous 

cyanide. An ethereal  solution of acetyl cyanide saturated with hydrogen 

chloride was hydrolyzed during th i r ty  minutes at  0' by addition of the theo- 



ret ical  amount of water to crystall ine pyruvamide. This was hydrolyzed to  

p y r u v i ~  acid, which was s tored  a s  the crystall ine sodium sa l t .  I t s  specific 

activity was 17,5 pz/rng; the theoretical value, based upon the ba r ium c a r  - 
bonate used,  was 18.2 pc/mg. 

Chromatography of Pyruvic Acid-C 
14 

The labeled pyruvate gave one major  spot containing 98% of the r ad io -  

activity with R 0.59 in phenol and Rf 0.43 in butanol-propionic acid solvent. f 
The mi nor spot Rf 0.25 x 0.35 accounted for no more  than one percent  of 

the total activity. 

14 
Light Metabolism of 2-C -Pyruvate by S_cenedesmus 

One-day-old Scenedesmus was suspended in  f r e s h  nutrient (1070 sus  - 
pension) and acidified to pH 3.5 with dilute HC 1. After 15 min photo- 

synthesis in a i r ,  1.0 mg (17.5 pc/mg) pysuvic acid per  100 mg ce l l s  was 

added and the a i r  s t r e a m  was continued for  the duration of the fixations until 

the algae were  rapidly f i l tered ( 3  sec )  through Celite and killed with hot 

80% ethanol. The solid remaining was extracted with 10070 and 2070 ethanol. 

The ext rac ts  were combined and concentrated. In a 45-minute light expe r i -  

ment a t  pH 3.5, 13% (660, 000 cpm) of the pyruvate was fixed in the soluble 

fraction (Fig.  I ) ,  while in a 40-minute da rk  fixation (Fig.  2 )  7% was fixed 

in the solubles,  I t  would appear that C 0 2  fixation in the light diminished 

the total fixation of pyruvic acid and diluted the labeled r e s e r v o i r s  of in-  

termediate s .  

The concentrated ex t rac ts  were  chromatographed two-dimensionally 

and radioautographs were prepared.  The products observed in the rad io-  

g rams  of severa l  35 to 45-min light-fixation experiments  were  the s a m e .  

The lipids contained a major  f ract ion of the radioactivity; glutamate had 

more  than twice as  much a s  any other single product. Other products  in -  

cluded aspar ta te ,  malate ,  glutamine, succinate, phosphate e s t e r  s involved 

in hexose synthesis,  sucrose ,  alanine,  s e r ine ,  gl ycine, and c i t ra te ,  with 

radioactivity decreasing in that o rde r .  No appreciable amount of glycolic 

acid appeared. Sucrose was hydrolyzed and the products were  cochromato- 

graphed with c a r r i e r  f ructose and glucose. Although the 45-min light f ixa-  

tion included some pyruvate, i t s  presence  was apparently due to incomplete 

washing of the cel ls .  

A marked difference was observed in the lipid and phospholipid a r e a s  
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Fig. 1 Produ s of light metabolism of pyruvic 
acid-2-Cf4. The chromatogram was de-  
veloped to the left in phenol and upwards in 
butanol -propionic acid. 



F i g .  2 P roduc t s  14 of da rk  metabol i sm of pyruvic 
ac id -2 -C  . 



f rom the light and da rk  fixations. In the light ( 3 5  min) three t imes  a s  much 

lipid (3,200 cpm) is formed a s  in  the dark  (1, 100 cpm, 40 min) although 

glutamic acid was labeled to the same  extent in both c a s e s ,  The phospho- 

lipid a r e a s  f rom chromatograms of both experiments  had approximately 

equal radioactivities (1,  500 cpm dark,  1, 600 cpm light).  

A more  hydrophylic group of substances associated chromatographically 

with the sulfolipids (lower Rf than phospholipids) had one -fourth as  much 

activity a s  the fats and was not significantly different with illumination, 

It i s  apparent f r o m  a comparison of these rad iograms with those of 

normal ~ ' ~ 0 ~ - 1 a b e l e d  photosynthesis intermediates  that sucrose  and i t s  

phosphorylated p r e c u r s o r s  have a much lower specific activity than do 

glutamate and aspartate ,  This would infer a dilution by nonlabeled pol y - 
saccharide r e se rvo i r s .  In the light, such dilution does not ser iously affect  

14 
incorporation of pyruvate-C into tricarbc~xylic acid cycle intermediates .  

Dark Metabolism of Pyruvate  -2  -C 14 

14 Dark p y r u v a t e - ~ 1 4  metabol ism differs markedly  f r o m  that of C 0,. 
L. 

14 
The products (Fig.  2 )  include many of those charac ter i s t ic  of C O2 photo- 

synthesis,  in addition to  those respirat ion intermediates  which become - 

labeled by exchange in d a r k  c 1402 fixations. 5 

The produc.t-s seen i n  the radiograms included sucrose  and hexose - 

phosphates in quantities exceeding those fo rmed  with ~~~0~ in the d a r k  
L 

Sucrose w -s  identified by hydrolysis and chromatography. Monophosphates 

of galactose, mannose, glucose,  and fructose were identified- by phosphatase 

hydro1,ysis and cochromatography sf the f r e e  hexoses.  The products differed 

strikingly f r o m  those of photosynthesis i n  that neither sedoheptulose m s n a -  

phosphate nor ribulose diphosphate was observed. Uridine diphosphate 

glucose w a s  observed and contained the major  amounts of labile glucose 

phosphate. Lipids were observed but not in the considerable amounts 

formed in the light. 

Bromopyruvic Acid 
6 The pr2paration descr ibed  by Sprinson and Chargaff was adapted to  

small  -scale reactions.  P yruvic acid i s  converted to the corresponding 

bromopyruvic acid, and the bromopyruvic acid is hydrolyzed just before 

use to  the hydroxypyruvic acid. To 130 rng of pyruvic acid a t  50°C, 2 4 4  

mg of liquid bromine was added. As the react ion s t a r t s ,  the bromine d is  - 

appears and hydrobromic acid is  formed,  The mixture was placed i n  a 



vacuum desiccator over mois t  sodium hydroxide pellets and the solvent 

was removed by suction. Bromopyruvic acid crystal l ized and 190 rng 

was recovered af ter  drying (equivalent to 77C70). The bromopyruvic acid 

had a specific activity of 10.5 &llac/mg compared to the calculated 1 1.5 pc/mg. 

The dilution may  be due to the formation of some dibromopyruvic acid. 

Paper  Chromatography of B r  omopyruvic Acid 

Crystall ine bromopyruvic acid gave a single spot when run  in  phenol 

(Rf 0.49) and butanol-propionic acid (R 0.65) on Whatman No. 4 paper .  f 
When the preparat ion was made alkaline, hydroxypyruvate appeared a t  once. 

In the presence of sodium ion, bromopyruvate solutions a r e  observed to  

f o r m  double spots upon phenol development on Whatman No, 1 paper .  

Chromatographic P rope r t i e s  of Hydroxypyruvic ~ c i d *  

Bromopyruvic acid was hydrolyzed in dilute alkali a s  done by Sprinson, 

or in phosphate buffer when sma l l  quantities sf radioactive ma te r i a l  were  

involved. Three  major  labeled products resu l ted  when bromopyruvic acid 

was hydrolyzed in  mild alkali .  When the b romo acid was hydrolyzed with 

0.1 N sodium hydroxide by  slow addition to maintain pH 7 to 8, the rad io-  - 
g r a m  had four spots,  with Rf values in phenol and butanol -propionic acid 

for A, OO15x0 ,35 ;  B, 0 . 3 1 ~ 0 . 3 8 ;  C, 0 . 3 1 x 0 . 6 4 ;  a n d D ,  0 . 4 4 x 0 . 6 4 .  

A and B (hydroxypyruvate) contained over 80% of the c 14. F r o m  the s l ight  

streaking observed in  the second (hutanol -propionic) direct ion and the i- 

dentity of C (by eochromatography) with brornopyruvate, i t  m a y  be  con- 

cluded that res.idua1 bromopyruvate had been hydrolyzed upon drying the 

phenol or  upon acidic action by propionic acid t o  give a good yield of hydraxy- 

pyruvate. 

A hydrolysis in pH 6-0 phosphate buffer gave hydroxypyruvate and 

glycolate with ve ry  l i t t le res idual  bromopyruvate.  The pheriol Rf values,  

of course,  were changed somewhat with the pH. Spot D has  been identified 

a s  glycolic acid, This  apparently a r i s e s  f r o m  decarboxylation of ta r t ronic  

semialdehyde followed by a i r  oxidation, 

Both b&ornbpyruvate and hydroxypyruvate give single spots  af ter  t r e a t -  

ment of the solution with Dowex-50 cation r e s i n  to remove sodium ion. No 

* We a r e  indebted to Mr .  R. A .  S h e r r e r  for  an examination of the 
chromatographic proper t ies  of hydraxypruvic acid,  



evidence for  separat ion of tautomers  (dihydr oxyacr ylic acid and tar t ronic  

acid semialdehyde) during chromatography was observed. The ma jo r  rad io-  

active components a r e  shown in  E ig .  3. 

14 
Photosynthesis with Hydroxypyruvic Acid-2-C byscenedesmus 

Previous experience with glycolic and formic acid feeding experiments  

in this laboratory suggested that a low pH would favor assimilation of the 

labeled substrate .  A three-hour and a 40-minute photosynthesis with da rk -  

fixation controls were  per formed with Scenedesmus a t  pH 3.5. The rad io-  

activity in the soluble products was one -third to one -fourth of that fixed in  
14 

corresponding experiments with pyruvate -2 -C The presence  of residual  

bromopyruvate i n  the substrate  suggested a possible inhibitory effect ana-  
14 

logous to  that of iodoacetate. Hence, C O2 fixations in  dilute phosphoric 

acid (pH 3) were performed with o r  without bydroxypyruvate prepared  by 

identical hydrolysis conditions f r o m  b r  omopyruvate. No significant effect 

upon products of - 1 min  C140 fixation by the possible bromopyruvate con- 2 
taminant was observed. 

The hydroxypyruvate-2-~14 assimilat ions in the light in  the presence of 

CO -free a i r  gave low yields of labeled products.  These  included glutamate, 2 
aspartate ,  l ipids,  sucrose .  In a 60-min light experiment ,  however, an un- 

usual amount of glycolic acid was observed in addition to  abnormally high 

glycine concentrations and l e s s e r  amounts of ser ine ,  alanine, glutamic acid,  

and phosphate e s t e r s  (Fig.  4)-  No glyceric acid was observed. 

Degradation of Glycolic Acid f r o m  Products  of 40 -Minute Light Assimilation 

of Hydroxypyruvate - 2  -C l4 in CO, -free Air 
J- 

Glycolate eluted f r o m  f r e s h  chromatograms was degraded** according 

to the method of Schou e t  al. The carboxyl carbon was found to have 89% 

and the a-carbon 18% of the total c 1 4  in the s tar t ing acid.  

DISCUSSION 

The copious yield ( 85%) of carboxyl-labeled glycolate f r o m  hydroxy- 

pyruvate -2 -C l4 i s  in  accord with decarboxylation by t ransketolase o r  

hydroxy-pyruvic acid oxidase, " followed by oxidation of the glycolyl d e r i -  

vative to  f r e e  glycolic acid, 
-co -2 p] 

H O C H ~ C + O  COOH ---L - H O C H ~ C *  OOH, 

2 We a r e  indebted to  the kindness of Dr .  E. M. Thain for tfie chemical 
degradation. 



F i g .  3 Hydro1 1 rS s i s  p roduc t s  of bromopyruvic 
ac id -2 -C  . 
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F i g .  4 P roduc t s  of l ight  m e t a  olism of 

9 4  hydroxypyruvic acid-2 - C '  . 



while the minor yield of a -labeled glycolate ( -  15%) can be accounted for  

by the nonenzymatic decarboxylation which i s  observed with prepara t ions  

of hydroxypyruvate, 

H O C H ~ C ~ '  0 C O O H ~ O C H  C*HOH COOH -'COZ + OCH C * H ~ O H  
ox. * 

u H O O C  C HZOH. 

Any reass imi la t ion  of c 1 4 0  f rom the oxidized subs t ra te  would have r e  - 2 7 
sulted in s y m m e t r i c a l l y  labeled glycolate.  Glycolic acid i s  r ead i ly  oxi - 
dized fur ther  in Scenedesmus and hence can  s e r v e  a s  a r e s p i r a t o r y  i n t e r -  

mediate .  

The r a the r  slow observed format ion of carbohydrates  f r o m  hydroxy- 

pyruvate suggested that i t s  aerobic metabol i sm by  algae is l a rge ly  oxi-  

dative even though enzyme systems f o r  its incorporat ion a r e  p re sen t .  

~ ~ r u v a t e - 2  -CI4  i s  converted to l ipids and carbohydrates  a t  l e a s t  t en  t imes  

a s  fas t  a s  is hydroxypyruvate under comparable  conditions. I t  s e e m s  un- 

l ikely,  then, that  hydroxypyruvate i s  a no rma l  intermediate  o r  a sou rce  of 

glycolyl groups involved in  carbohydrate  synthesis .  
14 

The p r i m a r y  effect of light on pyruvate-2-C metabol ism i s  on the 

 ate of lipid synthesis .  The r a t e  of t r i ca rboxyl ic  -acid-c ycle oxidation of 

pyruvate - 2  - c 1 4  i s  not completely inhibited in  the light. This  suggests  an 

independent tr icarboxylic-acid-cycle me tabo l i sm for exogenous pyruvate 

which proceeds a t  a s imi l a r  ra te  in d a r k  and l ight while l ipid format ion  i s  

light-dependent. This appears  con t r a ry  to previous observat ions  of l ight 

inhibition of resp i ra t ion  of photosynthetic in te rmedia tes ,  " l o  which was 

attr ibuted to  maintenance of thioctic acid  in  the reduced f o r m  incapable of 

pyruvate oxidation. However,  since a f rac t ion  of the thioctic acid  of the 

cel l  i s  not associated with the chloroplasts , i t  i s  l ikely that  a separa t ion  

of oxidative s i t e s  allows ex t ra -ch loroplas t ic  pyruvate oxidation to  proceed  

in  the light a s  well a s  i? the dark.  The equal i ty  of light and d a r k  r e s p i r a -  

tion observed b y  ~ r o w n "  for o rgan i sms  with highly organized chloroplasts  

apparently demands such an interpreta t ion.  

This  work was done under the ausp ices  of the U.  S. Atomic Ene rgy  

Commission.  
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