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ABSTRACT 

The metabolism of cl4 labeled glycolic acid by Scenede§illll§ has been 

studied using radiochromatographic techniques for the separation and 

identi£ication of products. 

~ben the pH of the medium was 2.8, appreciable assimilation occurred. 

The produ~ts were identical to_ those observed in c14o2 photosynthesis. 

A major reaction anaerobically in the dark resulted in incorporation 

of c14 in almost.equal.amounts in the glycine and' serine reservoirs. When 

the algae were illuminated, a diminution :in the amount of glycine was ob-

served. 

Aerobic and anaerobic glycolic acid assimilation was studied during 

photosynthesis. The_ c14 level in the sucrose and the intermediates of its 

* This work was sponsored by the United States Atomic Energy Commission. 

To be published in Physiologia Plantarum. 
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synthesis varied with c12o2 pressure in the gas used. 

l-c14 and 2-c14 gl~coB.~ ac;i~~, gi v~ . si~il.a:/ clistri butiorl 
. . 

of .radio-

activity in. the products. Hence, glycolic acid1s assimilated by paths 

other than those involving preliminary cleavage to cl compounds. 

Phosphoglyceric acid isolated from the product~ of assimilation 

of both glycolic acids was degraded and found to b~ approximately 

equally labeled in its a and ~ carbon atoms• 

.. 
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THE PATH OF CARBON IN PHOTOSYNTHESIS, XI 

.THE ROLE OF GLYCOLIC ACID* 

L. Schou, A.A •. Benson, J .A. Bassham and M. Calvin 
. I 

Radiation Laboratory and Department of Chemistry 

University of California, Berkeley 

September ll.ll 1950 

INTRODUCTION 

The participation.of glycolic acid in plant metabolism has been con-

sidered in the past; but its relationship to the intermediates of carbon 

dioxide reduction has been obsctire. 

Kolesnikov (10) reported accumulation ofglyoxylic acid in Chlorella 

during illumination. Anderson (1), Kolesnikov (11) and Clagett, Tolbert 

and Burris (9,12) studied the non=photosynthetic metabolism of glycolic 

acid by plant tissues. The presence of glycolic acid among the early 

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

and by Burris, Wilson and Stutz (6). 

The first stable product of carbon dioxide assimilation in photosyn-

thesis has been shown to be carboxyl=labeled phosphoglyceric acid (5, 7). 

Experiments were then designed to force the accumulation of the C2 pre-. . . 

cursor of the a and ~ carbon atoms of this compound by illuminating plants 

in the ~bsence of carbon dioxide (Benson and Calvin (4) ). These conditions 

resulted in the accumulation of large amounts of·glycolic acid and glycine. 

---------------------------------
* This work was sponsored by the United States Atomic Energy Commissiono 
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. . 

The immediate precursor of the carboxyl labeled phosphoglyc~ric acid 
·- .. 

is of the reduction level of ~cetaldehyde. qr glycola].d~l:iich3~ ·.Cons e-. - . . ' . ~ .. , . . . . , 

quently, the accumulated glycolic acid appears to be ei~her ··fi ,precursor 

of the more reduced c2 compound or a product of its oXidation.; 

It has been shown (S) that glycolic acid appears subsequent to car-

boxyl-labeled compounds in photosynthesis and is.not observed invery 

short periods of photosynthesis {1 Seco PhotbSYJ:lthesis by l3arlE;ly) •. Since 
. ' I • 

·glycolic acid accumulates in the absence of carbon dioXide, it.cannot 

arise from the condensation of two c1 compounds directly formed from C02 

but rather is probably derived from larger molecules.·. · Si;nce the· compounds 

identified as phosphate esters in radiograms of·cl4'o2 ph?tbsynthesis ex.., 

periments have been found to contain· derivatives qf gl:yqolic acid*; it·:i.s . . . ·.· . . . 

possibl~ that glycolic acid reacts metabolically in~. p46spho:ryl~ted'form.· 

The close relationship of glycolic acid to the a .arid.··~ carbon ~atoms of 
. - ,' ~ 

glyceric aqid was fitst observed by Bassham, ~~;!1.(2:,~). Even in vecy 

short photosyntheses with c14o2 (4 Seco Photosynthesis ... by Barl~y) the ·carbon 

atoms of glycolic acid were uniformly labeledo Thif:I
1

.A;c.id 'ht;ls. qeen degraded 

by periodate oxidation and the products isolated as bar;i:um carbonate and 
. . . ..... ·---· 

formaldimed6n from the carboxyl and, a. carbon respect:i.:v:~~Y• ··.· The carboxyl and. 
·.,. 

a. carbon atoms of glycolic acid. and the a. .and·.~. car'bop;:,:B;toms of. phosphoglyceric 

* To be published 

':-.-

'.,' 

,. 

• .. 
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acid. are.irivariably: uniformly labeled. This relationship has now been 
. ' - :. '. . ... -· ~ . ' ' . 

tested by a study of th~ conversion of synthetic radiomeri~ glycolic 
. . . . : . 

acids to phqsphoglyc(;!ric_acid during photosynthesis by Scenedesmuso 

-WERIMENTAL PROCEDURE Labeled glycolic acids prepared by 

Dr. B •. M. Tolbert of this laboratory were added in the dark during an ... 

aerobic illJJJ!lip.atic;m and during photosynthesis ~n c12o2 by Scenedesm-us o 

Since the absorption of a strong acid such as glycolic acid is generally 

slow at physiological pH values, the experiments were performed in · 

dilute phosphate bUffer at pH 2o8. It has been observed in this iabora

tory* that photosynthetic ability at low pH (1..5 or less) is neither 

readily nor irreversibly destroyed and that the products are apparently 

normal. 

Feeding Experiments. ~- A suspension of one_ gram of a two day old 

culture of Scenedesmus _(Strain n3, Gaffron) in a 1 em. thick glass vessel· 

(3) containing 50 mL of .001 M p};tosphate buffer., pH 2.8 was allowed to 

photosynthesize in air for 30 minutes with a light intensity of 2000 foot ·. 

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

adequate infrared absorbers. The cells were allowed a twenty•minute 

adaptation period in the gas used immediately previous to adding the radio

active glycolic acid. In the dark experim~nts, the vessel containing the 

cell suspension was covered with black cloth during the experiment and the 

funnel was shielded from light during filtration and killing. 

* c. Ouelle.t .~':;' To. be pu'}J;t~shed 
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Labeled ealoium glycolate (4o0 iJ.c/mg) was decati;o.nized with Dowex~50o 

The .free acid (3o2 mgo, Leo 0.0008M) was added at z~r6 t~e and tb,e photo

synthesis continued for ten minutes o The ·ceil~ ~er/'.~k~~·-:f'~i~·ered · r~p,idly .. , 

from the solution in the light and killed by pouri~ghot absolute ethanol 

on the filtero By use of filter aids on a funnel eq:Jip~edw~th two re~ 

cei vers and a two-way stop cock the killing proced1+re ··require~ 2~5 seco~ds. 

The algae were re~extra~ted with 50% ethanol and hot w~tero· The_extracts 

were concentrated and separated by two-dimensicnial paper· chromatography ( 5) • 
' . . : ·:t •· • 

After extraction, the insoluble materials. (prote~n~ndpolysaccharide).were 

counted directly and as barium carbonate. after comhb.st:i:-on. ···• The lipid · 

materials, separated from other soluble compounds in,-the· chromatograms, · 
' . . . 

' . . ' 

were eluted and counted directly. The total· glycolic. J'3.c:id fixed was then 

the sum of the three fractions and was tabulated :l.n ~able I. From the 

known specific activity of the glycolic . acid the amoun:t .l:lssimila ted during • 
' :. . . . : 

the experiments was calculated and tabulated in Table,. I., ·The products 

were obse:rved on radiograms ·af such chromatograms aD.a.-:were~id.entified where 

necessary by cochr~matography with authentic mate:r.ia.{s.,: .The· amount of c14. 

in each of a number of the· major p:r:oducts was courit~¥;yai~ebt19 on the paper 
' .·· . ..... ,.-:·' 

and tabulated in Table II. ·,,( ·. 
~. ·; \' : '·· 

Degradation of Phosphoglyceric !cids o =;,. :Th~. ~a.~,:(J~ct:tv~ area corres• 

pending to phosphoglyceric acid was eluted from the .P,a:p~r·_·~nd hydrolyzed 

for 30 hours in LON hydro~hl.oric acido The t.ota:l..hyQ.rolysatewas chroma-
.· .. _, ·· .. : ' 

tographed and ·the resultant glyceric acid spot was ~,~ccyst~11:ized with 

50 mgo of authentic calcium glycerate. The fact th~t:i;he re~ulting product. 

·:· ,· 

,'.·: 
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possessed .:th.e calculated specific activity serves as added evidence of 

identity. Glyceric acid was degraded according to the method of 

Bassham et.alo (2). -- . 

Degradation of Glycolic Acid. -= A tracer quantity of cl4_labeled 

glycolic acid.ll obtained by elution from a paper chromatogram was added 

to 30.4 mg. of glycolic acid in three ml. of glacial acetic acid in a 

small flask. ThG solution was frozen, about 0.5 g. lead tetraacetate· 

was added, and the flask was attached through a stopcock to an inverted 

U-tube. The system was evacuated, the stopcock closed and the reaction 

mixture refluxed on a water bath at 90°C for thirty minutes. After 

cooling, the volatile contents of the flask were distilled through the 

·u-tube into a second flask containing 80 mg. of 2,4-dinitrophenylhydrazine 

and immersed in liquid nitrogen. 

The stopcock was again closed and the second flask warmed until a 

clear yellow solution was obtained. The first flask was replaced by a 

third flask containing 5.0 ml. saturated, carbonate-free, sodium hydroxide 

solution. Both flasks were immersed in liquid nitrogen fo~ a few minutes, .. 

the stopcock was opened and the system was evacuated. The liquid nitrogen 

bath was removed from the second flask and the volatile contents distilled . 

into the third flask. The residue of formaldehyde-2,4 dinitrophenylhydrazone 

in the second flask was purified chromatographically on silicic acid and 

the specific activity deternlined. This specific activity, together with 

the theoretical yield gives the total activity of the alpha carbon atomo 

The third flask.was warmed to room temperature 9 .and the solution contained 
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therein yielded, upon addition of barium. chloridE;) solu:tion,a precipitate 

of barium carbonate which was washed.9 dried, weighed ~nd counted. The 

product of the specific activity of the barium carb~h~t~'M1dthe total 

yield .(slightly greater than theoretical due to introduction of inactive 
. . 

carbon:dioXide in reagents and manipulation) gives.th~· total activity of 

the carboxyl carbon of glycolic acid. These results are tabulated in 

Table III. 
·:· .. 

RESULTS AND DISCUSSION 

Dark Metabolism of Glycolic Acid.· 

It has been shown (4) thatgl~colic acid is readily metabolize~ iri 

the dark by barley leaves and algaeo In the experiiiien'ts described below 

there is evidence that the assimilation of glycolic .acid proceeds by 
than · ···· · 

paths other/intermediate conversion to carbon dioxide., .· 

Short Dark Exneriments. ==The major products of six to ten minute 

dark anaerobic assimilation of glycolic acid are gly~iiie and serine. 

The conversion of labeled glycolic acid to glycine in barley sap has 

also been observed in this laboratoryo The appeaTanc~ of. labeled .serine 

suggests that a reaction similar or identical with theS~arni.reaction 
. . . ·. .,·,_·' 

may occur in plant tissue. (This reaction has also.beeD.:observed :i,n 

this 1abo~atory in Scenedesmus which have been fed~ii-~J.4· or 2~Cl4 labeled 

glycine.) ·Conversion to serine is appreciably faster i~· the light than 
' . ·, . 

anaerobically in the dark where both amino acids.appear i:Q.- like amounts 

and the ratio·of serine to glycine varied from unity tol~5 in all· ex

periments. No relationship between the nature. of the ~aerobic flushing 

·. 
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gas mixtures and the serine-glycinE:l ratio vias observed. In air the ratio 

of serine to glycirie incr~ased to 7. An appreciable synthesis of su.crose, · 

phosphoglyceric· acid and polysaccharide occured in ten minute dark aerobic · .. 

assimilation •. Apparently, energy is derived from oxidative processes arid· 

is used for carbohydrate synthesis. Fat synthesis corresponding to abmit 

5% of the soluble products was observed. 

In all dark assimilation e:A-periments considerable amounts of unchanged 

glycolic acid is found. in the cell extract. In the light, little excess 

glycolic was observed in the similarly prepared extracts. 

Long Dark Experiments. -- The further metabolic products of glycine; 

serine and glycolic acid were observed in radiograms of 30 minute to 

6 hour dark assimilation experiments with glycolj_c acid-2-c14. The soluble 

products formed during 6 hours dark assimilation of glycolic acid-2-ci4 

are given in .Table II •. It is apparent from the large fraction of glut~:irnic, 

succinic, fumaric, malic mid citric acids that considerable oxidation 

through the tricarboxylic acid cycle may have occurred. This·metabolic-

course appears· similar to that observed in unpublished experiments vdth 

Scenedesmus which have been fed 2-cl4 glycine in . the dark for simil~·r 

periods. Since flushing with inert carbon dioxide did not afr'ect the 

ult , · ... · c14o· • • " • " t · f · · b .... J • t res s, excnange or . 2 arl s~ng r rom ox:.ta<.l. :Lon o 'Gne su sura c.e, :.tn o · 

the tricarboxylic acid cycle is not likelyo The possibility should be 

pointed out that a c2 compound related to glycolic acid (glycine) may be 

condensecl through. reversible reactions to a C4 compound and enter the· 

tricarbo:xylic acid cycle as oxalacetate. Otherwise, it must be· further 

reduced to react as acetate in this cycle. 
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Light Assimilation Experiments 

The products of ten minute and longer periods'oiillWoin~tion were 
····:··· .. . \··· .... 

studied and found generally similar to the· ·produ~tS':br photosjnthesis 
•.· .·. 

with c14o
2

o Glycolic acid is converted to cell ~B.i~rial(protein, poly-

sacchari.des) and fatso The radioactivity in the va:J:.i6us reservoirs of 

soluble products corresponded to that obser~ed when c14o2 is assimi-

lated at this high pHo 

. The conversion of glycolic acid to serine was observ.ed in the light 
. . ' ' . 

as well as in the dark and was independent of oxyge!l or c~rboh dioxide 

partial pressures during the experiment.. In all .cases the ratio of 
' .·,. 

serine to free glycine was very higho 

The .radioactivity in glutamic acid.s which· may •})~ taken ~-s a m~asure 

of respiration of labeled intermediates via the tricarboxylic .acid cycle, 
,.I,'. 

·was greater in the aerobic experiments.. A similar ;r:esuit was observed in 

the aerobic dark experimento 
·.. . .. ·~··· . ' 

'When the algae were flushed with c12o2 prior >tc:l and· O.~ring the . gJ.y .. 
. . . : . . ' 

colic acid assimilation!) serine, sucrose and polysacchari"de (containing 
·;··.- ;:. 

glucose) reservoirs accumulated t?e largest fra.cti~~;:~¢¥'t~di'6iictivi~Yo 
At the same time, radioactivity in phosphate este~~ ~as .gr.ea"t.ly diminishedo 

. . . ' ,·. '• ·'·'·:·.' '·,":' ·.·· .. ·... . . 

·This can be 

c12o2 .. The 

. ·~ ... :··: ' .. 

attributed to the dilution of c14 in tp~.int~rllleO.iates.by the 
.-... --.. ... ·:·,··_,···,·. ·' 

'.'-') .. 

sucrose reservoir~ which. is mu~h larger:, ra.pidly.acquires a 
·, ~. . ·-: ' ~ ' •' ·., ,. . . . 

.. . 

greater total of radioactivity, although the $P.~cif'ib• activity is low .. · 

In experiments without added carbon dioxide·o:pl:l~tosyrlthesis can be 

expected to, occur.at a slower rate .. In air the natur~.1·co2 concentration 

was sufficient to allow a moderate accumulation ofactivi,ty· j,n the.sucrose 
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reservoir., In nitrogen without added carbon dioxide, a niucl:ismaller · 

amount of sucrose was formed. Radioactivity i~ the phosphate compounds, 

·intermediate in sucrose synthesis!) was inversely affec·ted •. With diminish• 
.. 

ing dilution by added carbon dioxide the Specific activity of these small 

reservoirs increased and their relative radioactivities probably repre~ · 

sents a measure of di:l:ution of assimilated glycolic by carbon dioxide., 

In the low carbon dioxide pressure experiments (air and nitrogen) an 

amount of.labeled phosphoglyceric acid, large compared to that of normal 

.pho~osynthesis was observed. The significance of this o.bservation may 

well li.e .in the effect of pH or co2 concentration upon the reservoir sizes. 

The phosphoglyceric acid of the aerobic eXperiment was degraded and the 

results are tabulated in Table III., 

Carboxyl-Labeled Glycolic Acid Assimilation. -- An identical ex

periment was performed in air with glycolic acici-l.;.c14. The distri

bution of c14 in the products, Table II, were similar to that observed 

in aerobic glycolic acid-2-c14 assimilation. The phosphoglyceric acid 

obtained in this experiment was degraded and the re.sul ts are tabUlated 

in Table IIL 

Degradation Results o m= The accumulation· of Gl4 in nea:rly equal. 

amounts in the a and ~ carbon a toms of phosphoglyceric acid. during 

photosynthesis has now been observed when glycolic acid .is the 

labeled substrate., In Table III it is seen that radioactivity of ct 

and ~ carbon atoms in both cases are approximately equal.· It is 

possible that the equal a and~ labeling in c3 compounds may'arise in 

a number of ways. However~ one possibility, consistent with our 
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previous observations (8J, would be that some symmetrical intermediate or com

pound existing' in ,rapid eq~ilibriurn with an intermediate lies between glycolic 

acid and the·c2 ·ca:i-bon dioXide acceptor molecule" 
-·.· .. ····· 

SUPJDARY 

The metabolism of c14 labeled glycolic acid by Scenedes~us has been studied 

using radiochromatographic techniques for the separation and identification of 

productso 

When the pH -of the medium was 2.,8.!> appr_eciable assimilation occuredo The 

products were identical to those observed in c14o2 photosynthesis" 

A major reaction anaerobically in the dark resulted in incorporation of 

-c14 in almost equal amounts in the glycine and serine reserv:oirs o When the 

algae were illuminated_, the glycine and glycolic acid radio~ctivity decreased. 

Aerobic and anaerobic glycolic acid assimilation was studied during photo

synthesis. The c14 level in the sucrose and the intermediates of its synthesis 

varied with cl2o2 pressure in the gas used., 

l-c14 and· 2:-c14 gl~colic acids give similar distril:?:ution of radioactivity 

in the products.; 

Phosphoglyceric acid isolated from.the products of assimilation of both 

gly~olic acids was degraded and found to be approiimately_equ~lly labeied in 

its a and·~ carbon atomso 
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c14 in Liplds 

c14 in Insoluble 
protein and 
carbohydrates 

c14- irl'Water=Soluble 
Products 

TABLE I 

Prod~cts of Glycolic Acid Assimilation by Scenedesmus 

10 Mino L.i..ght Assimilation II 10 I~no Dark Assimilation 

N2 I Air I Air* N2~1/2% C02 N2 Air' IN2+1/2'$ co2 

120s000 I 76soool 39!)000 48~000 3s000 15.~~000 19000 

470sOOQ 12589 000 I 113 9 000 285.9000 27 8 000 30.~~ooo 

3509 000 l460sOOOI 315s000 115.~~000 100 s ooo 1 31o s ooo 81
9
.000 

6 Hour Dark 
Assimilation 
N2~1/2% C02 

109 000 

210s000 

----~~~_j_~_j 
s .;cow '

1 

Total G~yco1~c Acid 
fixed ( J.n mg:) o Q35- .oJ4. o099 o08) o60· ·c71· 

cl4 data are expressed in counts (9 diso/count) per minuteo 

* Glycolic acid~loe14 Assimilationo All others are Glycolic acid~2=c14 experimentso 

{- Calculated from c14 found in ass:lmilat:ton produets· and the specif:te activity of the substrateo 

::.:~ 
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I 
l ' .. , (~ 
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m 
0 

£ 
l 
CD 
0 co 
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TABLE II 

Water Soluble Products of Labeled Glycolic Acid Assimilation by Scenedesm1~3 

Compound 

Phosphoglycerate 

Hexose Phosphates 
..... 

. Triose Phosphates 

Phospho pyruvate 

Sucrose 
; 

Polysaccharides 

'Serine 
' 
:Glycine 
.. 

Alanine 

Aspartic 

Glutamic 

Glutamine 
....... "'' .... ·' \ --· '·' 

Glyceric 

Citric 

Succinic 

Unk. Spot under 
Lipids 

Malic 

Ten Illinute Light Assimilation Ten Minute Dark 

N2* _Air* Air+ l/2% co2 + N2* 

26. 19 11 5.3 

6.2 -6 13 6.9 
.··"·. ;- ··.3'~3~~ _.;2 ... 5 ,.• .-'·.,_ ..... . ... .··1 ... 

·2.~r 
... ,.,/, 

.·~ 

2 

6.2 3.9 3· 

2.2 9 .. 5 12 16 

5.7 7 .. 5 13 18 

23 8 13 32 

1..4 1..5 .... 2.9 ,:,. 

L5 3.3 "l ... 
.J..o:::> 2.0 

5.9 5.5 7.5 3 .. 1 
.. 

2.7 8 .. 5 4.5 2.5 

0 ·7 3 
r 

.·-. ······: .. , .... -~- .. :. .. 
L9 3 2 1..8. 

1.6 4.5 3.5 

1.3 L8 0 

4.1 10 2 3 .. 6 

7.0 8.5 7 3.5 
r 

* Glycolic acid-2-c14 assimilatim1 

·+Glycolic acid=l~c14 assimi"lation 

....... :,· ' ., .. ·..: . . • ... ''•' "·1 ., 

N,..* ,:., . Air* 

10 -22 

3 9.4 

''4 ·,/'' 

2~8 

3 6.1 

2.0· 

2 1.5 

37 12. 

25 1.7 

7 3.7 

6.1 

J -18 

1 o9 

1 '5.8 

2.1 

2 2.7 

2 3 .. 3 

Assimilation 

N2+1/2~ C02* 

17 

1.5 

4 

34 

31 

9 

2 

1 

1 

Six Hour 
Dark '* N2+1/2%C02 

b 

3 
. ' , .. ····.· 

...... 

3 

3 

3.5 

2 

9 

3 

40 

3 

2 

3 

15 

8 

·.-.' 



. . ,.;~.. ~ 

' 
""' .. 

; ' 

Gly~olic 

C~OH 

' COOH. 
' 

Glyceric 

C~OH 

CHOH 

COOH 

I 

UCRL=908 

i:.f: . , "$ .1 -·~\., ~ ~ 1·'. :~~:. ;~<~ ~- ~:· L_~ •' 

TABLE I It , .. ... . . . •· · 

• cl4 Distribution in Glycolic .and G-~yceric. Acids 

-
4 Seco PS 10 Min. PS 10· Miri.o · PS · . 10 Min~ PS 
Barley 

· 5c~~~~~5~:Co~~r ~!:<fi~g~~mlll3$ N2 ~~~5~=~~0HAir cl4o2 C · H20H":'COOH 
.. 

51 100 100 0 

49 0 0 100 

' '' 

6o8 49 .. 48 29 
' 

6o5 == 56 24 

87 8o6 7o2 46 

Perc-entages given in terms of measured sta.rting activity 
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