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Berkeley, Cali]. (U.S.A.) 

Previous work 1 in this laboratory on algae has shown that  the pr imary CO s fixation 
in photosynthesis operates by the carboxylation of ribulose-I,5-diphosphate (RuDP) 
producing two molecules of phosphoglyceric acid (PGA) in the following manner: 

R u D P  + CO 2 + H20 = 2 PGA (i) 

The carboxylation of RuDP has been shown to take place primarily in the presence 
of a catalyzing enzyme from a cell-free extract  of Chlorella 2. The relation has not been 
proved in an unequivocal manner. Thus, if the enzymic extract was put in contact 
with unlabeled RuDP in the presence of NaH14CQ, phosphoglyceric acid appeared 
as the main product of the carboxylation. However, the formation of this last sub- 
stance was accompanied by other products when the experiment was undertaken in 
the presence of radioactive RuDP and unlabeled CO s. 

Evidence of such carboxylation was obtained with a cell-free extract of spinach 
leaves, which permitted the fixation of CO S in the presence or ribose-5-phosphate s, 
indicating that  the leaf extract contains phosphopentoisomerase 4 and phosphopento- 
kinase 5 permitting, in the presence of ATP, the transformation of ribose-5-phosphate 
to RuDP. 

Later, from the same leaves, WEISSBACH AND HORECKER 6 obtained a partially 
purified carboxylation enzyme. RACKER ~, in order to synthesize in vitro the carbo- 
hydrates from CO s and H 2 in a cell-free system, added the RuDP-carboxylase. This 
enzyme preparation corresponds to the fraction obtained by the precipitation of the 
proteins of leaf extract, between concentrations from 20 to 50% (NH4)2SO4 (corre- 
sponding to 0.3 to 0. 7 saturated ammonium sulfate (SAS)), followed by alcohol pre- 
cipitation and isoelectric fractionation. This preparation contained transketolase, 
transaldolase and phosphopentokinase in undetermined quantities. 

* The work  described in this paper  was sponsored by the U.S. Atomic Energy Commission. 
"* The work described in this paper  was completed in J anua r y  1955 and the first manuscr ip t  

was wri t ten in Februa ry  1955 - UCRL 3o16. The authors  were then  separated, and for various 
reasons (communication) the final editing was not  completed until Februa ry  1956. At the time 
of submission, publications describing similar results have appeared from other  laboratories; see 
A. WEISSBACH, B. L. HORECKER AND J. HUI~WITZ, J. Biol. Chem., 218 (I956) 795 and V~ T. ]3. 
JAKOBY, D. O. ]~RUMMOND AND S. OCHOA, J. Biol. Chem., 218 (1956) 811. 

**~ Fellow of the Belgium Foundat ion,  I .R.S.I .A. " I n s t i t u t  pour  l 'Encouragement  de la Re- 
cherche Scientifique darts l ' Industr ie  et l 'Agriculture",  1954-1955. Present address: Depar tmen t  
of Microbiology, Universi ty of Louvain, Louvain,  Belgium. 

§ Present  address:  Depa r tmen t  of Agricultural and Biological Chemistry, Pennsylvania  State 
University,  Universi ty Park, Pennsylvania.  
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A carboxylation enzyme system has been prepared from Tetragonia expansa leaf 
extract  (New Zealand spinach), which was free of all other enzyme systems capable of 
acting upon RuDP. As the carboxylation produced an internal dismutation of the 
substrate (RuDP), the name "carboxydismutase" has been suggested for the enzyme s. 

MATERIAL AND METHODS 

A. Preparation o/the crude extract 
All operat ions were carried out  at  o ° C. Fif ty  g (wet weight) of fresh Tetragonia leaves were 
ground in a blender for I min with 5 ° ml of distilled water.  To the supe rna t an t  from centrifugation 
(at 3000 r.p.m, for 5 min), which has been filtered th rough  filter paper,  is added washed charcoal 
(5 g / ioo  ml extract)*. The p H  is mainta ined at  7.0 by  addition of 2 N NH4OH. The solution 
is centrifuged at  40,000 r.p.m, for io min in a Spinco centrifuge. The pale yellow superna tan t  
is then adjusted to p H  7.0 with 2 N NH4OH. The solution can be kept  in an ice ba th  for more 
than  2 or 3 days. 

B. Dialysis o/ the crude extract 
Five ml of crude ext rac t  (A) were placed in a cellophane tube  and dialyzed a t  o ° C against  one 
liter of distilled water  with moderate  agitation, the water  being changed every two hours.  Dialysis 
was also carried out  in the presence of the salts (EDTA K) Mg ++, Fe +++, A1 +++ and Cu ++ in the 
concentrat ion of 5" IO-S]~l at p H  7.0. 

C. Fractional precipitation o/ the crude extract proteins by addition o/ (NH4)2SO 4 
All operat ions were carried out  at  o ° C. To the crude extract ,  to which no charcoal had been 
added, a sufficient quan t i ty  of (NH4),SO 4 was added** to obtain  o.33 SAS, the p H  being adjusted 
to 7.o with 2 N NH4OH. After centrifugation at  2o,ooo r.p.m, for 5 rain, the clear supe rna tan t  
was raised to 0. 4 SAS with (NH4)2SO 4. The p H  was adjusted to 7.0 and the proteins were cen- 
tr ifuged at  2o,ooo r.p.m, for 5 min, recovered and redissolved in IO ml of o.o 5 M phospha te  buffer, 
p H  7.o. The same operat ions were repeated for the protein fractions precipitat ing between o.4-o. 5 
SAS and 0.5-0.75 SAS. The proteins which were dissolved were dialyzed 6 h against  i 1 of neutral  
Mg ++ (EDTA K) 5" I ° -SM,  which was changed every 2 hours.  

D. Preparation of the carboxydismutase 
All operat ions were carried out  at  o ° C. Fif ty g (wet weight) of fresh leaves were ground in a 
blender for t min with 5 ° ml o.i M phospha te  buffer at  p H  7.o.The supe rna t an t  from centrifugation 
at  3ooo r.p.m, for 5 rain was filtered th rough  filter paper  and then centrifuged twice at  4o,ooo 
r.p.m, for io min. To the clear yellow superna tant ,  (NH4),SO 4 sufficient to achieve 0.35 SAS 
was added. The p H  was adjusted to 7.o with 2 N NH4OH and centrifuged at  20,000 r.p.m, for 
5 min. The pellet was discarded and the pale supe rna tan t  was b rough t  to o.39 SAS. The precipitate 
was collected by centrifugation, also for 5 rain at 2o,ooo r.p.m. I t  was then  dissolved in 5 ml 
of 0 .05M phosphate  buffer, p H  7.0, and dialyzed 6 h against  i liter of solution (changed every 
two hours) of 5" I o - S M  Mg ++ (EDTA K) at  p H  7.0 or I o - 4 M  sodium acetate, p H  7.0. 

E. Preparation o[ the substrate 
R u D P  was prepared following a method previously described 2. RuDp-14C was prepared in a 
similar way by shaking for 3 rain in the light a suspension of Scenedesmus (2. 5 g of cells in 2oo ml 
water),  with 2. 5 ml of NaH14COz (o.o25M NaH14COs; 400/zc/ml). A rapid s t ream of nitrogen 
was bubbled through.  The suspension was agitated for 3 ° sec and then emptied in 800 ml of 
boiling ethanol.  The suspension was centrifuged at  3000 r.p.m, for io rain and the cell products  
extracted with 5 ° m l  of 20 % boiling ethanol. 

The extract  was evaporated in vacuo to 1 ml and the proteins were eliminated by  centrifu- 
gation at  40,000 r.p.m, for IO rain. The RuDp-14C was isolated by  "s t r ip  ch roma tog raphy"  in 
a phenol-water  solvent on oxalic acid-washed W h a t m a n  paper  No. 4. The strips containing the 
RuDp-14C determined by  au torad iography of the ch romatograms  were cut out  and washed with 
absolute ethanol and dried. The RuDP-14C was then eluted with water  and these washings were 
collected and concentrated to i ml. Fif ty #1 of this solution contained approximate ly  o.i /*mole 
of RuDp-14C. The solution was conserved by  deep freezing***. 

* Charcoal was prepared by suspending it in boiling HC1 (io %) for i hour. Then it was filtered 
and washed with distilled water  to neutra l i ty  and dried at  IOO ° C. 

* *  The sa tura t ion  solubility used is 68. 5 g (NH4)zSO 4 for too ml initial solution volume. 
*** Note tha t  the R u D P  during chromatographic  separat ion part ial ly decomposed to pentose 

monophospha tes  (7 %), see Table I I I ,  exper iment  5. 
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F. CO s fixation experiments 
The  ca rbon  f ixat ion e x p e r i m e n t s  were done a t  o rd ina ry  t e m p e r a t u r e  in closed tubes ,  each t ube  
con ta in ing  i o / A  of enzymi c  solut ion,  o r t h o p h o s p h a t e  (2. 5 #M)  a t  p H  6.8, R n D P  ( ~ o . I  itM), 
NaH14COa (i.2 # M )  wi th  a specific ac t iv i ty  of 4.8. lO 6 c.p.m./t,M, p H  7.6. Disti l led wate r  was  
added  to raise the  to ta l  vo l ume  to t he  ind ica ted  value.  

The  reac t ion  was  s topped  af ter  IO mi n  by  p u t t i n g  one drop of acetic solut ion (2 %) into 
the  t ube  which  was  t h e n  p lunged  into boil ing wa te r  for i min .  If necessa ry  the  solut ion can  be 
cen t r i fuged  to e l imina te  pro te ins  which  have  been precipi ta ted .  '/?lie solut ion is t h e n  t ransfe r red  
q u a n t i t a t i v e l y  onto  oxalic ac id-washed  W h a t m a n  No. 4 filter pape r  sheets  and  dried wi th  a gent le  
s t r e a m  of cool air. The  14CO~ fixed by  the  ex t r ac t  was de t e rmined  by  m e a s u r i n g  t he  rad ioac t iv i ty  
f rom the  po in t  of "or ig in"  wi th  t he  aid of a Scot t  Geiger t u b e  wi th  a large end  window. 

To de te rmine  t he  s u b s t a n c e s  produced,  t he  pape r  was  c h r o m a t o g r a p h e d  in two d imens ions  
wi th  pheno l -wa te r  a n d  bu tano l -p rop ion ic  ac id-water  as solvents .  The  rad ioac t ive  subs tances ,  t he  
e m p l a c e m e n t  of wh ich  was  de t e rmi ned  b y  au to rad iog raphy ,  were identif ied by  the i r  RF values  
and  by  c o c h r o m a t o g r a p h y .  The  ac t iv i ty  of these  different  rad ioac t ive  subs t ances  was de te rmined  
direct ly  on t he  pape r  by  m e a n s  of a Scot t  Geiger tube.  

Similar  e x p e r i m e n t s  were conduc ted  in t ubes  wi th  the  rad ioac t ive  subs t ra te .  E a c h  t ube  
conta ined ,  besides t he  enzymic  ex t rac t ,  o r t h o p h o s p h a t e  (2. 5/~M),  p H  6.8, RuDp-14C ( ~ o . 1  ~M)  
and  N a H C O  3 (1.2 ~M),  p H  7.6. The  incuba t ion  t i me  was fixed a t  15 to 3 o rain. 

RESULTS AND DISCUSSION 

A. Crude extract and dialysis 

A n  e x p e r i m e n t  c o n d u c t e d  o n  t h e  c r u d e  e x t r a c t  p r e p a r e d  a s  d e s c r i b e d  i n  P a r t  A of  t h e  

p r e v i o u s  s e c t i o n ,  i n  t h e  p r e s e n c e  o f  R u D P  a n d  N a H 1 4 C O a ,  s h o w e d  t h a t  t h e  f i x e d  

c a r b o n  is  d i s t r i b u t e d  a m o n g  f i ve  c o m p o u n d s :  p h o s p h o g l y c e r i c  a c i d ,  p h o s p h o e n o l -  

p y r u v i c  a c i d ,  p h o s p h o g l y c o l i c  a c i d ,  g l y c e r i c  a c i d  a n d  a l a n i n e  (F ig .  i ) .  T h e  q u a n t i t a t i v e  

T A B L E  I 

C A R B O X Y L A T I O N  R E A C T I O N  OF T H E  C R U D E  A N D  D I A L Y Z E D  E X T R A C T  

(Resul t s  expressed  in coun t s  per  minute)  

A. R u D P  + NaHI4COa * 

Total counts on PGA P-pyruvic P-glycolic 
Expt. Step origin be/ore run 

I Crude  ex t r ac t  3,500 1,34o 127 207 
E x t r a c t  d ia lyzed 

2 3 h aga in s t  H~O 4,1oo 2,906 58 96 

3 6 h aga ins t  Mg ++ 4,300 3,553 - -  - -  
(EDTA K) 5 '  I o - S M  

4 6 h aga ins t  Fe  +++ 3,820 3,I9O - -  - -  
(EDTA K) 5 . i o - ~ M  

5 6 h aga ins t  Cu ++ 2 , i8o  1,667 - -  - -  
( E D T A  K) 5 . i o - ~ M  

B. RuDp-14C + NaHCO~** 

Total counts on Counts on RuDP 
Expt. Step origin be/ore run origin alter run remaining PGA P-pyruvic 

6 E x t r a c t  dialyzed 6 h 
aga ins t  Mg++ (E DT A K) 4,7oo 25 ° - -  2,824 312 
5" I o - ~ M  

* Ini t ia l  a m o u n t s  of r e a c t a n t s : R u D P  ( ~  o.I lzM), NaH14COa (1.2 # M ) ;  ** RuDp-14C ( - ~ o . i  /~M) 
m e n t :  4o0/zl  leaves  ex t r ac t  (50 ml per  5 ° g wet  leaves),  o r t h o p h o s p h a t e  (2.5 # M )  p H  6.8. Tota l  vo lume  
t ime :  Exp t .  1-5, io  rain; Exp t .  6, 3 ° rain. Values  expressed  in coun t s  per  m i n u t e  fixed on paper .  
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Fig. i. R u D P  + H14COa - + crude extract .  
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distribution of the act ivi ty is given in Table 
I, Expt.  I. Although only 4o% of the radio- 
active carbon is fixed in PGA, it is evident 
that  other enzymes present can transform the 
PGA initially formed as well as other sub- 
stances. 

After dialysis for three hours against 
distilled water (see B under MATERIALS AND 
METHODS) it was seen that  the enzymic 
activi ty of the extract was increased. The 
distribution of the radioactive products 
formed is found in Table I, Expt.  2. PGA-a4C 

aHCO 8 (1.2 #M).  For  each experi- 
o/zl. Tempera ture :  20 °. InculSation 

Re#rences  p. 35 L 

passed from 4 ° to 70% and appeared as the principal product formed in addition to 
glyceric acid. Alanine has disappeared. Phosphoenolpyruvic acid and phosphoglycolic 
acid were reduced to traces. I t  is not possible, however, to continue the dialysis of the 
plant extracts against distilled water because the proteins begin to precipitate after a 
t ime and the carboxylation activi ty is lost. 

The addition of small amounts of Versene Fe +++ or Versene Mg++ was sufficient to 
stabilize the proteins and maintain the enzymic activity. 

After six hours of dialysis against Mg ++ (EDTA K) 5" lO-5 M, the extract showed 
that  80% of 14C was fixed in the PGA. The only product that  appeared besides PGA 
was glyceric acid (Table I, Expt.  3; also Fig. 2). 

The extract dialyzed six hours against Fe +++ (EDTA 
K) 5"1o -5 M, showed a smaller proportion of glyceric 
acid. However, the fixed 14C was also less (see Table I, 
Expt.  4).* 

Cu ++ (EDTA K) at the same concentration induced 
an appreciable lowering of the carboxylation (Table I, 
Expt.  5). 

These experiments on the crude extract seem to 
show that  the act ivi ty of carboxylation is not sensitive 
to dialysis as is, for example, the malic enzyme or the 
greater part  of the glycolytic enzyme system. That the 
carboxylation enzyme acts as an independent system 
indicates that,  for the fixation of CO s with RuDP to 
produce PGA as the principal product, the participation 
of dialyzable cofactors such as ATP, DPN + and TPN + is 
not necessary. The metals in the Versene complex are not 
specific. 

Pentose Other When the crude extract  was dialyzed against Mg++ 
. . . .  p compo,~cu (EDTA K) and put into the presence of RuDP-14C and 

unlabeled HCOa-, the act ivi ty was distributed, besides 
271 602 PGA, between the pentose monophosphates, phosphoenol- 

pyruvic acid, glyceric acid and several other unidentified 

* The increase of free glyceric acid seen after dialysis against  
Mg ++ (EDTA K) 5" I ° - S M,  may  be understood as a specific ac- 
t ivat ion of phosphatase  by  Mg ++. 
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Fig. 2. R u D P  + I-I14CO3- + ex t r ac t  dialyzed Fig. 3- RuDp-14C + HCOa-  + ex t rac t  dialyzed 
6 h aga ins t  Mg ++ (E DT A IZ) 5" IO-53~/. 6 h aga ins t  Mg ~ ~ (EDTA K) 5'  to 53I.  

substances. PEA constitutes approximately 6o°/; of the initial RuDp-14C (Table I, 
Expt.  6; Fig. 3). 

Thus, reaction (I) was not proved in an unequivocal way. The different compounds 
from RuDp-14C indicate the presence of a variety of enzymes and suggest that  further 
purification was necessary. 

B. Fractional precipitation o/ the crude extract 

In order to determine with which of the protein fractions the enzymic activity is as- 
sociated, the crude extract was fractionated by addition of a progressively increasing 
amount  of (NH4)2SOa (see C under MATERIALS AND METHODS). Table I I  shows the dry 
weight of each fraction after dialysis compared with its ability to fix the 14C0~. 
Quantitatively, the strongest activity was found in the protein fraction precipitating 
between 0.33 - 0.40 SAS. This fraction represents more than half of the total  soluble 
proteins precipitated by (NH4)zSO 4. I t  was also shown that  only PEA appeared as 
the final product of the reaction when 50 ~1 of the protein fraction 0.33 - 0.40 SAS were 
incubated with RuDP and NaH14CO2 (Table I I I ,  Expt. I ;  Fig. 4). The phosphatase 
which hydrolyzed the P(;A to glyceric acid was thus eliminated. On the other hand, 
when the protein fraction o.33 - 0.4 ° SAS was incubated with RuDP-14C and HCO3-, 
it was found that  only 40% of the transformed RuDp-14C appeared in the PGA 
(Table III, Expt. 2; Fig. 5). This yield of PGA is lower than that  obtained when the 

TABLE II 
F R A C T I O N A L  P R E C I P I T A T I O N  OF T H E  C R U D E  E X T R A C T  P R O T E I N S  B Y  A D D I T I O N  OF (NH4)gSO 4 

I~'nzymic specific 
Saturation Dr), weight in mg o] Fixed 1~C0.,* activity counts,'min mg 
(NH,),SO 4 each protein }raction protein 

0 - 0 . 3 3  20  587  3 , 0 0 0  
0 . 3 3 - 0 . 4 0  65  6 , 1 5 o  1 5 , o o o  
0 . 4 0 - 0 . 5 0  IO 571 6 o 0  
o . 5 o - o . 7 5  15 - -  _ _  

* Ini t ia l  a m o u n t s  of r e ac t an t s  : ioo/~1 for p ro te in  f rac t ion  0-0.33 SAS ; 0.40-0.50 SAS ; o.5o-o.75 
SAS; 5o/~1 for pro te in  f rac t ion o.33--o.4o SAS (io ml  p ro te in  f rac t ion  per  5 ° g wet  leaves). 

R u D P  ( ~ o . i  /2M); N a i l  aCO a (1.2 t~M); o r t h o p h o s p h a t e  (2. 5 # M ) p H  6.8. To ta l  v o l u m e :  
250 #1. T e m p e r a t u r e :  20 °. I n c u b a t i o n  t ime:  io  rain. Values  expressed  in coun t s  per  m i n u t e  fixed 
on paper .  
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Fig. 4. R u D P  + H14COa - + protein fraction, Fig. 5. RuDP-14C + HCOa- + protein fraction, 
o.33-o. 4 SAS. o.33-o. 4 SAS. 

T A B L E  I I I  

C A R B O X Y L A T 1 O N  R E A C T I O N  OF P R O T I E N  F R A C T I O N  0.33-0.40 SAS 

Total counts Counts RuDP Pentose Other 
Expt. System* put on origin on origin PGA 

bejore run after run remaining mono-P compounds 

Protein fraction 0.33-0.4 ° SAS 
+ R u D P  + HJ4CO3 6, I5O - -  - -  6,024 - -  - -  
+ IRuDP-14C + HCO3- 4,453 - -  1,751 I,I3O 1,415 186 
+ RuDp-14C (no HCO3- ) 4,65 ° 112 2,588 - -  1,88o 96 

Boiled protein fraction 0.33-0.40 SAS 
4 + RuDp-14C + HCO a- 4,500 126 4,177 lO 7 316 17 
5 + RuDp-14C (no HCOa-) 4,55 ° 203 3,894 - -  30o 61 

* Init ial  amoun t s  of reactants  added as indicated: 50/zl protein fraction o.33-o.4o SAS (io ml 
per  5 ° g wet  leaves); R u D P  ( ~ o . i  /~M); RuDp-14C ( ~ o . I  ;zM); NaHCO 3 (1.2 #1~/) ; NaH14CO~ 
(1.2 #M).  In  each exper iment :  o r thopbospha te  (2.5/*M) p H  6.8. Total  volume: 250 pl. Tempera-  
ture:  2o °. Incuba t ion  t ime:  Expt .  I, IO rain; Expt .  2-5, 3 ° min. Values expressed in counts  per  
minute  fixed on paper.  

Fig. 6. RuDp-14C + protein fraction, Fig. 7. RuDp-14C + boiled protein fraction, 
0.33-o. 4 SAS. 0.33-0.4 SAS. 

crude extract was used. However, with the protein fraction 0.33 - 0.40 SAS, in addi- 
tion to PGA, only sugar monophosphates appeared on the chromatograms. These 
sugar phosphates after elution from the paper and hydrolysis by addition of the phos- 
phatase "Polidase S" (Schwarz Laboratories) showed after chromatography that  the 
sugar fraction was respectively ribose and ribulose. Table III ,  Expt.  3 and Fig. 6 
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show tha t  the  pentose monophospha te  format ion  is independen t  of the  carboxyla t ion .  
The t rans format ion  of R u D P  giving pentose monophospha tes  is due to the  ac t ion  of a 
phospha tase .  Thus, when R u D P  was incuba ted  wi th  or wi thou t  HCO 3- in the  presence 
of boi led enzyme ex t rac t ,  pentose monophospha tes  appea r  a t  a lower concent ra t ion  

(Table III, Exp t .  4 and  5 ; Fig. 7). 
This  R u D P  phospha tase  does not  hydro lyze  the  P G A  which was formed. No trace 

of glyceric acid  was ob ta ined  dur ing  Expt .  I and  2 (Table nI). 

C. Carboxydismutase 

The separa t ion  of the  ca rboxyd i smu ta se  from the  R u D P  phospha tase  by  fur ther  frac- 
t ional  p rec ip i ta t ion  with  (NH4)2SO 4 was not  achieved.  I t  was shown tha t  the  a c t i v i t y  
of the  R u D P  phospha tase  in the  pro te in  ex t rac t  seemed to depend  on the  me thod  b y  
which the  crude ex t rac t  and  the  pro te in  f ract ion were obta ined.  The ac t i v i t y  of the  
R u D P  phospha tase  became negligible when the  gr inding of the  leaves and  the  pro te in  
f rac t iona t ion  were carr ied out  in phospha te  buffer, o . I  M, p H  7.0. This difference in 
the  ac t i v i t y  of the  R u D P  phospha tase  m a y  be expla ined  b y  the dena tu ra t ion  of the  
pro te ins  in the  process of p repara t ion .  The process b y  which the R u D P  phospha tase  
a c t i v i t y  became negligible in the  case of Tetragonia leaves was not  successful wi th  

spinach.  
The to ta l  pro te in  fract ion 0.33-0.4 ° SAS was not  t aken  to ob ta in  the  ca rboxyla -  

t ion enzyme.  Actua l ly ,  the  ca rboxy la t ion  enzyme showed the greates t  a c t i v i t y  in the  
pro te in  ob ta ined  be tween 0.35-0.39 SAS 9. Between these l imits  the  pro te in  fract ion 
was homogeneous  to p rec ip i ta t ion  wi th  (NH4) 2SO4, to electrophoresis  and  to sedimen- 
ta t ion ,  and  i t  was from this  f ract ion t ha t  the  ca rboxyd i smuta se  was ob ta ined  as de- 
scr ibed under  MATERIALS AND METHODS, Pa r t  D. 

Properties o/carboxydismutase 

I. Carboxyd i smutase  is an independen t  enzyme sys tem:  ca rboxyd i smutase  can be 
d ia lyzed  indef ini te ly  agains t  Mg ++ (EDTA K) 5" IO-~ M or sodium ace ta te ,  lO -4 M, 

wi thout  losing ac t iv i ty .  
2. Reac t ion  (I) is unequivoca l :  when ca rboxyd i smuta se  solut ion (5 ° g wet leaves for 
5 ml enzymic  solution) is i ncuba ted  e i ther  wi th  RuDP-14C and  HCO 3- (Table IV, 
Exp t .  2 ; Fig. 8), only  PGA appears  as the  final p roduc t  according to react ion (I). Pen- 

TABLE IV 
CARBOXYLATION REACTION OF THE CARBOXYDISMUTASE 

Total counts Counts R u D P  Pentose Other 
Expt .  System* put on origin on origin PGA 

be[ore run a[ter run remaining mono-P compounds 

Carboxydismutase 
i + RuDP + H14COa - 7,1oo - -  - -  7,000 - -  - -  
2 + RuDp-14C + HCO a- 5,600 274 639 4,218 369 8I 

Boiled carboxydismutase 
3 + RuDp-14C + HCO 3- 5,600 ioo 5,142 58 379 

* Initial amounts of reactants added as indicated: 5 ° #1 carboxydismutase solution; RuDP 
( ~ o . I  tiM); RuDp-14C ( ~ o . I  #M); NaHCO 3 (i.2 tiM); NaHltCO3 (1.2 till//). In each experiment: 
orthophosphate (2. 5 tiM) pH 6.8. Total volume: 25o/,1. Temperature: 2o °. Incubation time: 
Expt. i, io min; Expt. 2, 3, 15 rain. Values expressed in counts per minute fixed on paper. 
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tose monophosphates appear at the same 
concentration as in the control experiment 
(Table IV, Expt. 3). The carboxylation is 
directly proportional to the time and to the 
respective concentrations of carboxydismu- 
tase, RuDP and HCO3-; this is shown clearly 
by the kinetic study of the carboxylation. 

The influence of enzymic concentration 
on carboxylation has been studied by intro- 
ducing increased quantities of from 2 to 20 ~1 
of carboxydismutase solution respectively in 

Fig. 8. RuDp-14C + H C O a - +  carboxy- tubes, each containing orthophosphate (2.5 
dismutase. 

I~M), pH 6.8, NaH14COa (1.2 ~M) and RuDP 
(~o . I  t,M) ; the final volume being increased to 2oo IA. After an incubation time fixed 
at one minute, the reaction was stopped by heating and the solution was spread 
on an aluminum plate to determine the activity of the fixed 14C0~. 

I t  follows (Fig. 9) that the 1~C02 fixation is directly proportional to the en- 
zyme added when RuDP and H~4COa- were unlimited. Fig. IoA shows that RuDP and 
H~4C03 - being unlimited, the carboxylation is linear with time for at least sixteen 
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Fig. IO. 

Fig. 9- Linear relationship between the carboxydismutase concentration and the rate of the 
carboxylation reaction. Carboxydismutase solutions: quantities varying from 2 to 2o/~1 as indi- 
cated. Each experiment: R u D P ( ~ o . I / ~ M ) ;  NaH14CO3 (i.2/~M); orthophosphate (2.5/~M) 
pH 6.8. Total volume: 200/~1. Temperature: 2o °. Incubation time: I min. Values expressed in 

14C fixed on aluminum plate. 

Fig. io. Linear relationship between the time and the rate of the carboxylation reaction, A. RuDP 
( ~ o . I / ~ M )  ; B. RuDP ( ~ o . o 5 # M ) .  Each experiment: io/,1 carboxydismutase solution. NaH14C03 
(I.2/~M); orthophosphate (2. 5 #M) pH 6.8. Total volume: 2o0 pl. Temperature: 20 °. Incubation 
time varying as indicated from I to I6 rain. Values expressed in 14C fixed on aluminum plates. 

Re[erences p. 35L 



35 ° J. MAYAUDON, A. A. BENSON, M. CALVIN VOL. 23  (1957) 

minutes. In examining Curves A and B (Fig. IO) it is seen that  at a given concentration 
of carboxydismutase and unlimited H14C03, the rate of carboxylation is independent 
of RuDP concentration down to very low 
levels. The dependence of rate on HCO 3- 
concentration is shown in Fig. I I ,  in which 
the concentration of H14COa - is varied from 
0.2 to 1.2 ~M, the carboxydismutase concen- 
tration being fixed and RuDP unlimited. 

The amount of carboxylation is thus 
dependent on the presence of the three fac- 
tors: carboxydismutase, RuDP and HCOa-. 
The reaction ceases as soon as one of the 
factors is missing. Knowing that  PGA is the 
only product formed, these results show that  
reaction (i) is unequivocal. 
3. Functional groups of carboxydismu- 
tase: Table V, A and B, shows that  at the 
high concentration of lO -2 M sodium azide 
(an inhibitor of phosphorylation reactions) 
scarcely inhibits carboxylation. On the other 
hand, iodoacetamide (lO _3 M) after twelve 
hours of incubation, and p-chloromereuriben- 
zoate (5" Io-5 M) after ten minutes inhibit the 
reaction up to 6o%. This last reaction was 
completely reversed by  addition of cysteine. 

~4 

._x 

c~ 
d f 

L I I 
0.2 0.6 1.2 

NaH;4C 03 (pM) 

Fig. 11. Influence of H14C03 - concentra- 
tion and the rate of the carboxylat ion re- 
action. NaHI4COa: Quanti t ies varying as 
indicated from o.2 to 1.2/~M. Each ex- 
per iment :  IO/21 carboxydismutase  solu- 
tion; R u D P  ( ~ o . I  /~M); o r thophospha te  
(2. 5 #M) p H  6.8. Total volume: 2o0 ,ul. 
Tempera ture :  2o °. Incubat ion  t ime: i 
min. Values expressed in 14C fixed on alu- 

m i n u m  plate. 

I t  is thus indicated that  in the carboxydismutase -SH groups may be functional. 
Let us note that  the inhibition by p-chloromercuribenzoate has been equally found in 
enzymic extracts of Chlorella 1°. 

T A B L E  V 

THE EFFECT OF SODIUM AZIDE, p-CHLOROMERCURIBENZOATE AND IODOACETAMIDE ON 
CARBOXYLATION REACTION 

Compounds Fixed CO s Inhibition 

A+ 

Control 6,15 ° - -  
Sodium azide I o - 2 M  4,291 3 ° 
p-Chloromercuribenzoate 5" lO-5 M 2,843 53 
p-Chloromercuribenzoate 5" lO-51~/ 

cysteine I o - 3 M  7,o12 - -  
Cysteine i o - 3 M  7,529 - -  
Iodoacetamide i o - 2 M  after IO rain contact  5,i5o - -  

B. 

Control 2,333 - -  
Iodoacetamide i o - 2 M  after I2 h contact  990 58 

* Each  exper iment :  5 °/~1 carboxydismutase  solution; R u D P  ( ~ O . I  / gM)  , NaH14COa (I.2/*M) ; 
o r thophospha te  (2.5/~M) p H  6.8. Other  reactants  added as indicated. Total  volume: 25o/,1. 
Tempera tu re :  20 °. Incuba t ion  t ime : io  min. Values expressed in counts  per  minute  fixed on paper.  
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The properties found by FAGER 11 for the act ivi ty of carboxylation associated with 
his suspension of chloroplasts approach those reported here. 

S U M M A R Y  

I. Us ing  Tetragonia expansa leaves, a ca rboxy la t ion  e n z y m e  sys t em,  c a r b o x y d i s m u t a s e ,  
capab le  of fixing CO 2 wi th  R u D P  to give two molecules  of phosphoglycer ic  acid is found  free 
f rom o the r  enzymes .  

2. The  enzymic  ac t iv i ty  is no t  sens i t ive  to dialysis  wi th  cer ta in  condi t ions .  I t  seems  to act  
as  an  i n d e p e n d e n t  sys t em.  

3. The  enzymic  ac t iv i ty  is sens i t ive  to p -ch lo romercur ibenzoa te ;  th i s  las t  inhib i tor  be ing  
reversible  by  add i t ion  of cysteine,  sugges t s  t he  par t i c ipa t ion  of - S H  groups  in t he  CO 2 f ixat ion.  
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B I O L O G I C A L  E F F E C T S  OF T H E  I N C O R P O R A T I O N  OF T H I O U R A C I L  

I N T O  T H E  R I B O N U C L E I C  ACID OF TOBACCO MOSAIC V I R U S  

R. J E E N E R  

Laboratory o] Animal Physiology, University o/ Brussels (Belgium) 

INTRODUCTION 

In our previous work 1, we have shown that  thiouracil marked with 35S could be in- 
corporated into the ribonucleic acid of growing tobacco mosaic virus. The chromato- 
graphic study of hydrolysates of ribonucleic acid modified in this way indicated that  
the incorporated thiouracil was probably present in the form of thiouridylic acid. 
MATTHEWS repeated these experiments with a different method, and at first could not 
verify our results2, 3. More recently, however, he confirmed and extended them 4. 

This confirmation encourages us to publish in more detail some experiments 5 on 
the biological effects of the structural modifications undergone by the virus ribonucleic 
acid when thiouracil is incorporated. 
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