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The formation of labeled glycolic acid during photosynthesis with 

14 CO2 by Chlorella and by higher plants has been studied by Benson 

and Calvin (1950), Schou et al. (1950), Wilson (1954), Wilson and Calvin -- 

(1955), Tolbert and Zill (1956), Tolbert (1958), Warburg (1960), and Pritchard 

et al. (1961, 1962). In all these studies glycolic acid formation was found -- 

to be favored by low CO2 pressure. The maximum glycolic acid production in 

air occurs at 0.1% CO2 (Pritchard 5 al., 1962). Tolbert and Zill reported 

,qeater formation of glycolic acid in 1," q 0,-W% N2 than in !J2 under 

ccmparable conditions and therefore concluded that aerobic conditions 

are required for glycolic acid production, However, there appears to 

have been no investigation thus far of the possible correlation between 

glycolic acid production as a function of oxygen pressure and CO2 pressure 

and the well known effect of oxygen inhibition of the rate of photosynthesis, 

which is especially pronounced at low CO2 pressure. Studies of this last 

effect, discovered by Warburg (1920) have been reviewed recently by Turner' 

and Brittain (1962). 

It has been suggested (Wilson and Calvin, 1955) that glycolic acid produced 

during photosynthesis is derived frm carbon atans 1 md 2 of the pentose 

phosphate intermediates of the carbon reduction cycle (!bSsham et al., 1954) 

t The work described in this paper was sponsored by the United States 
Atauic Energy Catmission. 
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I;ore specifically, tne oxidation of the glycolaldehyde-thiamine pyronhosghate 

a,&iition comyounci has been proilosed (tiassham and Calvin, 1362; jassham, 1361). 

This C,:lycolaldehyde Xiamine pyrophosphate addition comnound appears to be the 

intermediate compound (iireslow, 1933) in the trans!tetolase reaction (Sacker 

zt al., 1953; .IIorecker et- a., 1353), and it is also involved (:llite 

and hgral,X;;, 1962) in the phosphoketolase reaction (lieath et al., 1958). 

Its proposed oxidation might involve concommitant reduction of a disulfide 

(such as lipoic acid) to disulkydryl, which directly or indircctl;i miglt be 

reoxidized by 02. Therefore, we ilave looked for effects of 02 on the fol7nation 

of ,&colic acid and otner early products of photosynthetic CO2 reduction 

during photosynthesis, as well as effects on the total CO2 incorporation. 

Chlorella pyrenoidosa, grown in continuou s cultilre (Sassham and Calvin, 1357) 

was harvested and resuspended in 10 -3 ,4 (IU~)Fi21K34, 0 .s ml packed cells in 

50 ml for each of the three experiments described. In each case the algal 

suspension was alaced in a "lollipop " illuninated from each side by General 

Electric DXL? Photospot lamps, est. 190,000 lux incident, 5;: transmitted, and 

allowed to photosynthesize in 1.05 CO2 in air for 10 r?in. Then the al@1 sus- 

pension, alfirays illuminated, was flushed for two min riith either 02, 

CO*-free air, or Hz. At that point, . 1 0 ml of Wi%O 1 *I 3 solution (GO micromoles; 

1.28 millicuries) was added to the algae in the "lollipop". This vessel was 

immediately stoppered <and shaken for 30 sec. 'he stopper Nas then removed and 

the suspension flushed for 90 set with the same gas as prior to the addition 

of UC 14 . Thus the algae photosynthesized C-la'ueled CCXil~OundS for 2 inin in all. 

The cells were then killed in methanol (final suspension 80$ methanol in water). 

The resultin? mixtures were concentrated at room temperature in vacua and an -- 

aliguot portion of each analyzed by paper chromato.:Taphy and radioauto.graphy 

(Bassham and Calvin, 1957). 'The amount of 14 C in each compound was then 

determined with a thin -window G.N. tube. Anotner aliquot sample was applied 

to a planchettc in each case and the total non-volatile radioactivity was 

determined. In the killed algal suspension the pin! '&as about 7, SO that 

sodium glycolate was not lost from the planchette. After the paper c&onBt+ 
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grams had been developed, the paper ;?as somew,hat acidic (second solvent: 

butanol-propionic acid). Conseouently, a certain amount of ir,lycolic acid was 

lost f?om the papers and the values reported represent a lower limit. Xe have 

found previously that the loss of glycolic acid from the paper is more than 

proportional to the mollilt of i;lycolic on the paper at tile start, so that 

the percentage loss is less in the case of the papars with stall amounts of 

glycolic acid. 

‘i”ne results of these experiments are given in il'able I. The sttilation 

of &colic acid production by 02 is very large, ,tihile smaller stimulations are 

seen for the for;nation of phosphoglycolic acid and glycine. In comparison with 

the total fixation of 14 CO2 under N2, the fixation under 02 is doiwn 30%. The 

radioactivity in ribulose diphosphate is over 3Oi less in 02, and that in 

phosphooglyceric acid is 50;; less. VJarkd inhibition in the forrration of alanine, 

thought to be derived rather imediatelv from phosphoglyceric acid (Smith et al., 

19~31)~ is caused oy Oz. 

T/WE I. Effect of Cxyg,en on Photosynthesis with 14C02 

(PC l4 C/gn algae) 

02 CO*-free air i 2 

Total 14C fixed SOS.0 
Glycolic acid 48.2 
Phospho~;lycolic acid 
Xibulose diphosphate 5:::: 
Other sugar diphosnhates 0.3 
Phosphoglyceric acid 20.1 
Alanine 3S.2 
Glycine 27.6 
Serine 17.1 
Aspartic acid 24.3 
Glutamic acid 4.5 
Citric acid 1.4 
Yilic acid 32.S 

642.7 
9.2 

,::: 

2;:; 
53.3 
21.7 
21.5 
32.8 
11.6 

732.9 
2.0 

$3 
1.3 

40.4 
81.5 
5.4 

18.0 
27.6 
8.6 
1.8 

55.6 

Some of the values for the C02-free air are intermediate between those 

for 02 and N2. In other cases the levels of compounds in air are close to 

either the level in X2 or to that in 02. Since the results show only the 
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situation at the end of 2 min of extreiwly varying r:ilysiolo$cal cotiitions, sucil 

results can be ex?ectea. 

sy tl:erwelves, these results could tie exy,lained as consequences of 

some prir;ar,y effect of oxjr,;‘zn on tne reduced cofactors f’ormed OJ the ii.Ciit 

react ion. ;;owever, ribulose li,lhoq:hat.te is considered to be tiie substrate 

for tne princi?zl carboxylation reaction. ‘The fonrntion of &lycolic acid 

my represent a metabolic path compctin,; with the formation of ribulose 

diohosp'hate from the other sup p:hosnhates. The 02 and I:2 data support 

the thesis that oxygen stimulates the oxidation of the glycolaldehyde 

mAety formed from carbon atoms 1 and 2 of sugar phosphates, thereby lo,~ering 

the level of ri'oulose diphosphate and inhibiting CO2 fixation and the rate 

of' p1iotosynthesi.s. 

The fact that the level of ribulose diphosphate labelins: in CC$-;'rce 

air is as hi@ as in N2 appears to be an obstacle to the conclusion just 

reached. 'The mechanism of the carboxylation of ribulose diphosphate 

during p;hotosynthesis is not known. Ultimately it ::ust involve the 

carboxylation of carbon atom number 2 of ribulose diphosphate which 

remains bonded to carbon 1 (bearins a phosphate group (iieissbach et al., 

19%). This three-carbon moiety somehow receive s electrons from the moiety 

composed of carbon atoms 3,4 and 'j of the ribulose diphosphate, so that 

two molecules of 3-phosphoglyceric acid are produced. It nay be that at some 

early stage in this reaction mechanism, the moiety composed of carbon atoms 

1 and 2 can be oxidized, giving rise to phosphoglycolic acid, The observed 

Q2 stimulation of phosphoglycolic acid production supports this view, 

particularly if one considers the rapid hydroljisis of phosphoglycolic acid 

in vivo in green tissue which has been reported (Richardson and Tolbert, 1961). -- 
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