
198 SHORT COMMUNICATIONS 

BBA 43 I50 

The rapid appearance of 91ycolate durin 9 photosynthesis in 
Rhodospirillurn rubrurn 

Photosynthetic CO2 fixation occurs in green plants via the reductive pentose 
phosphate cycle. Enzymes of the cycle also occur in the chemosynthetic and photo- 
synthetic bacteria. Ribulose-diphosphate carboxylase (3-phospho-D-glycerate car- 
boxy-lyase (dimerizing), EC 4.1.1.39) is present and functions in microbial forms 1-3. 
However, in the bacterial systems, several additional carboxylations are known to 
occur 2,4. In addition the enzymes concerned with carbon assimilation are under 
metabolic control 2 and the method of growth of any one organism would be expected 
to affect both the activity of individual enzymes and the kinetic pattern of CO 2 
fixation. 

Since the rate of photosynthetic CO 2 fixation is much lower in the bacteria 
than in green plants or algae, analagous experiments using short-term kinetic analysis 
to show the operation of the reductive pentose phosphate cycle under either photo- 
autotrophic or photoheterotropic conditions have not been performed. In a series 
of experiments designed to study the control of photometabolism in one of the non- 
sulfur photosynthetic bacteria, Rhodo@irillum rubrum, we have found that under 
certain photoheterotrophic conditions the first apparent stable product during CO s 
fixation is not phosphoglyceric acid, but glycolic acid. It  would appear that an 
alternate metabolic pathway of COs assimilation may be operative in this organism 
during photosynthesis under certain photoheterotrophic conditions and that the first 
stable intermediate of this pathway is glycolic acid. 

R. rubrum, strain S-I, was grown photoheterotrophically on o.oo5 M L-gluta- 
mate, o.o5 M L-malate, mineral salts medium 5. Growth was measured by turbidity 
at 65o m/~ using a Zeiss spectrophotometer. The products of 14CO~ incorporation were 
analyzed chromatographically using the techniques of BENSOI% BASSHAM AXD 
CALVIN 6. 

The results of a I~CO 2 fixation experiment with cells cultured on L-malate, 
glutamate media are shown in Figs. Ia, b and c. After 3 sec 69 % of the activity 
incorporated was found in glycolic acid. A strongly negative slope is obtained when 
the percent incorporation into this compound is plotted against time, indicating that 
it is an early product of CO s fixation. A plot of percent incorporation of 14CO2 into 
phosphate esters has a positive slope; incorporation into glycolate therefore appar- 
ently precedes and is independent of the formation of phosphate esters. In 3 sec 
activity was incorporated into 2 other compounds which appeared to be phospho- 
glyceric acid and phosphoenolpyruvate. (The slopes for percent incorporation into 
these compounds were positive.) Activity was found in malate in 7 sec; the percent 
incorporation was negative with time suggesting that malate might arise from 
glycolate via known pathways. Plots of time versus percent incorporation of activity 
into alanine, succinic, fumaric, and citric acids gave negative slopes, indicating that 
these compounds may be derived from glycolate or malate or by independent car- 
boxylation reactions. Activity was not found in these compounds until 15 sec after 
the introduction of 14CO 2. 

In Fig. id  radioactivity found in glycolate and in the phosphate ester area on 
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the chromatogram, corrected to give counts/min in the total extract, is plotted 
against time. No counts were found on the chromatogram in a zero time control. 
There is net fixation into both phosphate esters and into the spot corresponding to 
glycolic acid. The low total incorporation into the latter spot indicates that the pool 
of glycolate is small. 

The extreme volatility on chromatograms of the compound corresponding to 
glycolic acid and the low total activity found in the compound make difficult a rigorous 
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Fig. 1. (a) Dis t r ibu t ion  of ac t iv i ty  incorpora ted  f rom 14CO2 into p h o s p h a t e  esters,  glycolic acid, 
and  malic  acid wi th  t ime  in cells cu l tu red  on L-malate,  L -g lu t ama te  media .  E a c h  m a n o m e t e r  
f lask conta ined ,  in 2 ml :  io ffmoles L-malic acid, IO/ ,moles  N a H C O  3, and  cells equ iva len t  to 
1 0 .  5 m g  dry  weight  su spended  in di lute  buffer  solution.  After  3 ° min  p re incuba t ion  unde r  He 
in the  l ight  2/~moles  NaH14CO3 (ioo ffC) were added  to the  side a r m  and  t ipped.  The  A65om~ of 
the  cells when  ha rve s t ed  was i . i2 .  Af te r  i rain 156o0o d i s in t . /min  had  been incorporated,  8 % of 
th i s  being in the  e thano l -  and  water- insoluble  precipi ta te .  (b) Dis t r ibu t ion  of ac t iv i ty  incorpora ted  
in to  the  amino  acids, alanine,  g l u t a m a t e  and  aspar ta te .  Ac t iv i ty  was no t  no ted  in a n y  of t hese  
con lpounds  unt i l  15 sec af ter  the  a d m i n i s t r a t i o n  of isotope. (c) Dis t r ibu t ion  of ac t iv i ty  incorpora ted  
into succinic, fumaric ,  and  citric acids  wi th  t ime.  Ac t iv i ty  was no t  found  in these  c o m p o u n d s  
unt i l  15 sec af ter  isotope was admin is te red .  (d) C o u n t s / m i n  incorpora ted  into glycolic acid and  
p h o s p h a t e  es ters  versus t ime.  Resu l t s  are expressed  as de tec table  c o u n t s / m i n  on the  c h r o m a t o g r a m  
correc ted  to to ta l  c o u n t s / m i n  incorpora ted .  
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proof that  the compound detected on the chromatograms is glycolic acid. The 
following criteria lead us to identify this compound as glycolic acid: (I) The compound 
behaves chromatographically in the standard solvent systems as does glycolic acid. 
In ethyl aceta te- formic  ac id-water  (7o: 2o: IO) and e thanol -ammonium hydroxide-  
water (8o:5:15) the radioactive compound corresponds to glycolic acid. (2) The 
compound is steam-volatile on chromatograms. (3) When an aliquot of a sample which 
had been shown to contain the unknown compound was chromatographed with 
carrier glycolic acid on a celite, o.2 5 M H2SO4, ether column v, recovery was 6 7 °o of 
the expected counts (based on counts on original chromatogram of the sample). The 
eluate was concentrated and rechromatographed using the standard solvent system. 
The only detectable counts were in one spot which chromatographed as glycolic acid. 
(4) When an aliquot of a sample known to contain the unknown compound was 
chromatographed on a Dowex acetate column and the eluate concentrated and chro- 
matographed as described by ZELITCH s a radioactive compound co-chromatographed 
with glycolic acid. I t  would appear therefore that  the unknown compound is probably 
glycolic acid. 

Results similar to those presented in Fig. I were obtained in experiments with 
cells grown on L-malate, (NHd)2SO~ media. Glycolic acid was not detected in the 
photosynthate of cells which had been cultured on (NHa)2SO a, H 2 and CO 2. The 
results with autotrophically grown cells are consistent with the operation of the 
reductive pentose phosphate cycle. A complete report of these experiments will be 
published elsewhere. 

When glycolic acid was first found in the photosynthate of higher plants and 
algae it appeared to be a secondary product of photosynthesis 9,1°. WARBUIm n first 
suggested that  glycolic acid might be a first product of photosynthesis on the basis 
of quantum measurements and later found that  under certain conditions (low partial 
pressures of CO 2 approximating those found in nature) as much as 9 ° % of the CO 2 
fixed eventually appeared in glycolic acid 12. Large amounts of glycolate were found 
in Scenedesmus when ethanol was used to inhibit the pentose phosphate reduction 
pathway 13. Recently ZELITCH has obtained the first clear-cut experimental evidence 
for the formation of glycolic acid independent of phosphoglyceric acid. Using leaf 
disks of Nicotiana tabacum in the presence of an inhibitor of glycolic acid oxidation, 
he found that  the specific activity of either carbon of the glycolic acid formed during 
photosynthetic a~CO2 fixation was Io-fold higher than the specific activity of the 
carboxyl carbon of 3-phosphoglyceric acid s. I t  was concluded that  "glycolic acid is 
synthesized in the light by a carboxylation reaction different from that  catalyzed 
by ribulose-diphosphate carboxylase". Our data are consistent with and substantiate 
these observations in a bacterial system. 

Since glycolic acid appears to be the first stable product of CO 2 fixation under 
photoheterotrophic conditions in R. rubrum cultured on L-malate the operation of 
a CO 2 assimilation mechanism distinct from the reductive pentose phosphate cycle 
in this bacterium is strongly implicated. Apparently, 2 pathways for the uptake of 
CO 2 occur in R. rubrum; one, involving phosphoglyceric acid, which accounts for the 
major part  of COz fixation in autotrophically grown cells, and the other, involving 
glycolic acid, in photoheterotrophically grown cells. Clearly the nature of the carbon 
source during growth controls and influences both the kinetic pattern of fixation and 
the photometabolism of CO 2 in this organism. 
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2-Amino- l , l ,3- t r icyanopropene:  a new inhibitor of oxygen evolution 

in photosynthesis 

One of the most fundamental problems of photosynthesis is the mechanism of 
0 2 evolution; despite many studies of this problem, remarkably little is known. In- 
vestigations by WESSELS AND VAN DER VEEN 1 showed that  some substituted phenyl- 
ureas (e.g. DCMU) act as inhibitors of 02 evolution; further work (GINGRAS AND 
LEMASSON 2, IZAWA A~D GOOD 3, has been carried out with these inhibitors on the 
mechanism of inhibition which may  throw light upon the 0 2 evolution process itself. 
Some substituted benzimidazoles and aminotriazines also inhibit the oxygen-evolving 
system of photosynthesis (BOcHEL et al. 4, BISHOPS). The purpose of the present work 
was to search for other compounds capable of specifically inhibiting 0 2 evolution. 
2-Amino-I,i ,3-tricyanopropene (TCAP), previously shown to uncouple phospho- 
rylation in mitochondria (EBERTS 6, PARKERT), was found in this study to inhibit 
selectively O 3 evolution of the photosynthetic reactions studied (ARNON et al.S). 

Fresh spinach leaves obtained commercially were used in the preparation of 
chloroplasts by a modification of the method of WHATLEY AND ARNON 9. 5 ° g of sliced, 

Abbreviat ions:  TCAP, 2-amino-I , I ,3- t r icyanopropene;  DCMU, 3-(3,4-dichlorophenyl)-I ,I-  
d imethylurea;  DCIP, 2,6-dichlorophenolindophenol; PMS, phenazine methosulphate .  
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