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Summary 

Ribulose-l,5-bisphosphate carboxylase-oxygenase (3-phospho-D-glycerate 
carboxy-lyase (dimerizing), EC 4.1.1.39) is deactivated by the removal of 
oxygen, and reversibly reactivated by its readdition to the enzyme solution. A 
short pulse of oxygen to the anaerobic enzyme solution is sufficient to trigger 
the reactivation process; the K a value for this reaction was estimated as 0.12 
mM oxygen. 

The enzyme could not  be reactivated under anaerobic conditions by an 
organic oxidant (benzoylperoxide) or by sulfhydryl group reducing reagents 
(dithiothreitol or fl-mercaptoethanol), suggesting that  the process of reactiva- 
tion was oxygen specific. Furthermore,  the inhibition of the reactivation by 
superoxide anion scavengers such as Tiron (1,2-dihydroxybenzene-3,5-disul- 
fonic acid), copper penicillamine, hydroxylamine,  nitroblue tetrazolium, and 
ascorbate, indicated that  the monovalent reduced oxygen was involved as the 
reacting species in this process. 

The deactivation of the enzyme associated with the removal of oxygen was 
also sensitive to the presence of scavengers of O~, suggesting that  superoxide 
anion was also involved in the deactivation process. Both the carboxylase and 
the oxygenase activities were similarly affected under all the experimental 
conditions studied. 

On the basis of these results it is argued that  the enzyme molecules are able 
to reduce oxygen and that  superoxide anion causes the deactivation or reactiva- 
tion of the enzyme. 

* To whom correspondence should be addressed.  
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Introduction 

Ribulose-l,5-bisphosphate carboxylase-oxygenase (3-phospho-D-glycerate 
carboxy-lyase (dimerizing), EC 4.1.1.39)catalyses either the CO2 fixation in 
photosynthesis by yielding 3-phosphoglycerate as a product, or the photo- 
respiratory oxidation of Rbu P2 to phosphoglycolate and 3-phosphoglycerate 
[1--3]. The key role of this enzyme in the carbon metabolism of autotrophic 
organisms makes it understandable that it is regulated in several ways. A series 
of these regulatory effectors which control the enzymatic activities were 
studied, i.e. the pH value of the stroma [4], the concentrations of metabolites 
as 3-phosphoglycerate, fructose 1,6-bisphosphate, 6-phosphogluconate, 
NADPH [5--8]. 

The most important regulatory mechanism seems to be the activation of the 
enzyme molecules by its substrate CO2 and Mg 2÷. This effect has long been 
known and has been studied in more detail in recent years [9--14]. The activa- 
tion of the enzyme by CO2 may occur at a site different to the catalytic sites of 
the enzyme molecules [15,16]. The kinetic studies of the activation process 
and the binding studies led to the following model: CO2 reacts with an e-NH2 
group of Lys to yield a carbamate derivative which quickly binds Mg 2÷ [12,17]. 

We have recently demonstrated that for complete activation of the enzyme, 
the presence of oxygen is also necessary [18,19]. The removal of oxygen causes 
the loss of both ribulose-l,5-bisphosphate carboxylase and oxygenase activities 
[18]. Furthermore, these changes are paralleled by conformational changes as 
shown by intrinsic and extrinsic protein fluorescence and by the exposure of 
sulfhydryl groups [19]. These changes could be reversed by the addition of 
oxygen to the anaerobic solution. 

In this communication we investigated how oxygen could interact with the 
enzyme molecule during the deactivation and reactivation process. 

Materials and Methods 

Materials 
Ribulose-l,5-bisphosphate tetra sodium salt was synthesized enzymatically 

from ribose-5-phosphate [20]. Copper penicillamine was a gift from Dr. E. 
Elstner (Miinchen, F.R.G.), Tiron (1,2-dihydroxybenzene-3,5-disulfonic acid) 
was purchased from Merck (Darmstadt, F.R.G.) and 1,4-diazabicyclo(2,2,2)- 
octane was obtained from Fluka (Neu-Ulm, F.R.G.). NaH14CO3 was obtained 
from Amersham Buchler (Braunschweig, F.R.G.). 

Methods 
Purification of ribulose-l,5-bisphosphate carboxylase. The enzyme was puri- 

fied from spinach leaves. The procedure has been reported earlier in detail 
[19,21] and included ammonium salt fractionation, gel chromatography on 
Sephadex G-200 and sucrose density gradient centrifugation. The enzyme was 
purified to homogeneity in presence of 10 mM MgC12 and 10 mM NaHCO3 to 
guarantee complete activation, and stored with 30% sucrose at --20°C. 

Ribulose-l,5-bisphosphate carboxylase-oxygenase assays. The enzyme was 
dialysed against 50 mM Tris-H2SO4 buffer, pH 8.0, containing 10 mM MgC12/ 
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10 mM NaHCO3 and gassed with argon in an oxygraph cell (Rank Brothers, 
Cambridge, U.K.) at 25°C with a gas flow of 0.5--1 1/h. The oxygen content  of 
the cell was monitored continuously. In a control experiment with [~4C]- 
NaHCO3, the loss of CO2 during the gassing procedures was determined to be 
4% after 3 h and therefore negligible. The assay mixture for the carboxylase 
assay (0.2 ml) was 50 mM Tricine-NaOH buffer, pH 8.0/10 mM MgCl2/1 mM 
Rbu P2/25 mM NaH14CO3 (1 .9 .101°  Bq/mol) /enzyme protein equivalent to 
10--20 pg of protein. The reaction was stopped after 2 min by the addition of 
glacial acetic acid, and aliquots were removed for scintillation counting. 

The oxygenase assay mixture (1.5 ml) was 50 mM Tris-H2SO4 buffer/pH 
8.5/10 mM MgC12/0.7 mM RuBP/0.26 mM O2/enzyme equivalent to 0.1 mg 
of protein and 0.35 mM bicarbonate which was carried over with the enzyme 
solution, and the oxygen uptake was measured polarographically (oxygraph 
by Rank Brothers, Cambridge, U.K.). 

The enzyme samples used throughout  the experiment had a specific 
carboxylase activity of 1--1.25 units/mg protein and a specific oxygenase 
activity of 0.1--0.12 units/mg protein. 

Protein assay. Protein was determined by the method of Bradford [22] and 
bovine serum albumin was used as standard. 

Nitrite determination. The amount  of nitrite formed in the reaction mixture 
was determined as described by Elstner and Heupel [23]. 

R ~  

The interaction of the enzyme with oxygen during deactivation and reactiva- 
tion was studied by two different approaches. First, the stoichiometry between 
the enzyme and oxygen molecules, the affinity for oxygen and the kinetic of 
reactivation were investigated. Additionally, the search for an inhibitor of these 
deactivation and reactivation processes was undertaken to characterize the 
mechanism of the enzyme-oxygen in.teraction. 

Oxygen pulse experiments 
The CO2-Mg 2÷ activated enzyme was gassed with argon until all oxygen was 

removed from the oxygraph cell and the enzyme activities were reduced to 
about 5%. Then a short pulse of oxygen was added to the enzyme solution and 
the gassing with argon was continued until anaerobic conditions were achieved 
again. Aliquots were removed and the carboxylase activity of the enzyme 
samples was measured under aerobic and anaerobic conditions (Fig. 1). The 
carboxylase activity measured under aerobic conditions was observable 10 min 
after the pulse and reached a maximum after 40 min. The activity decreased 
again due to the removal of the oxygen after the pulse. 

It was of special interest to assay the carboxylase activity of the enzyme 
after the oxygen pulse under anaerobic conditions to determine whether the 
presence of oxygen is required. The experiment was repeated as described 
above, except that  the assay mixture was also gassed with argon in a oxygraph 
cell to ensure that  any oxygen contamination did not  occur. The data in Fig. 1 
indicate that  the oxygen was not  required during the carboxylase assay. There- 
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Fig. 1. R e a c t i v a t i o n  of  a na e rob i c  r i b u l o s e - l , 5 - b i s p h o s p h a t e  c a rb o x y l a se  b y  an  o x y g e n  pulse.  The  e n z y m e  
so lu t ion ,  15 mg  p r o t e i n / m l  in 50 m M  Tris-SO42- bu f f e r ,  p H  8.0,  con ta in ing  10 m M  MgC12 and  10 m M  
N a H C O 3 ,  was  gassed wi th  a rgon  for  3 h a t  25°C.  Al iquo t s  con t a in ing  20 pg  of  e n z y m e  p ro te in  were  
r e m o v e d  at the  given t imes  and  ana lyzed  for  ea rboxy la se  ac t iv i ty .  T h e n  a shor t  pulse was  given,  large 
e n o u g h  to sa tu ra t e  the  e n z y m e  so lu t ion  wi th  o x y g e n ,  fo l lowed  b y  a second  a rgon  t r e a t m e n t  of  the  
sample .  A t  def in i te  t imes  a i iquots  were  r e m o v e d  and  the  ca rboxy la se  ac t iv i ty  was d e t e r m i n e d  (o) .  In addi- 
t ion ,  the  ca rboxy la se  ac t iv i ty  was  also m e a s u r e d  anae rob ica l ly  (e)  b y  ca r ry ing  o u t  the  t es t  in an  oxyg~aph 
cell w i th  an  a rgon  gassed assay m i x t u r e .  Dur ing  the  who le  e x p e r i m e n t ,  the o x y g e n  c o n c e n t r a t i o n  in the  
e n z y m e  so lu t ion  was m o n i t o r e d  (solid l ine).  

Fig. 2. D e p e n d e n c e  of  the  r eac t i va t i on  of  a na e rob i c  r i bu lo se - l , 5 -b i sp h o sp h a t e  c a rb o x y l a se  on  the  o x y g e n  
c o n c e n t r a t i o n .  T h e  e n z y m e  so lu t ion ,  15  m l  p r o t e i n / r a g  in 50 m M  Tris-SO~- b u f f e r ,  p H  8 .0 ,  con t a in ing  10 
m M  MgCl 2 and  10 m M  N a H C O 3 ,  was  gassed for  3 h w i th  a rgon  a t  25°C.  The  same  b u f f e r  w i th  a k n o w n  
a m o u n t  of  o x y g e n  was  a d d e d  to  the  a na e rob i c  e n z y m e ,  and  the  tes t  t ubes  were  sealed so t ha t  no  gas 
phase  was above  the  p ro t e in  solut ions .  The  ca rboxy la se  ac t iv i ty  of  all samples  was m e a s u r e d  wi th  20 ~g of  
p ro t e in  a f te r  60 rain i n c u b a t i o n  a t  25°C.  The  ac t iva t ion  of  the  e n z y m e  m e a s u r e d  for  each  o x y g e n  con-  
c e n t r a t i o n  was  p l o t t ed  vs. the ra t io  o f  o x y g e n  to e n z y m e  molecu le s .  The  100% value  was  equ iva l en t  to  the  
ac t iv i ty  of  the u n t r e a t e d  ae rob ic  e n z y m e  (1 .13  un i t s / r ag  p ro t e in ) .  

fore, it can be concluded that the reactivation of the enzyme molecules with 
oxygen had already occurred during the oxygen pulse. It was noticed in earlier 
experiments that conformation changes, exposure of  sulfhydryl groups and 
increase of carboxylase and oxygenase activities were parallel and that all 
appeared after a lag phase [19].  

The quest ionarose whether oxygen is specific for the activation reaction or 
whether it can be replaced by either another oxidant or even a reductant. The 
latter possibility has to be considered, since oxygen in the monovalent reduced 
state as the superoxide anion, O~, is a potent reductant with a midpoint poten- 
tial o f - - 0 . 3  V [24] .  

Benzoylperoxide was chosen as an oxidant because it is stable and capable of 
reacting with both the hyclrophilic and hydrophobic sites of  proteins. The 
incubation of the enzyme under anaerobic conditions with 3mM benzoyl- 
peroxide revealed that it could not reactivate the enzyme. The incubation with 
reductants such a dithiothreitol (1--5 mM) or fl-mercaptoethanol (1--5 mM), 
also could not reactivate the enzyme under anaerobic conditions, even when 
the incubation period was prolonged for 90 min (data not shown). 
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The observation that  oxygen alone could trigger the enzyme changes leads us 
to consider the stoichiometry of the enzyme-oxygen interaction. The amount  
of oxygen which was added to a constant amount  of anaerobic enzyme was 
varied and the carboxylase activity was subsequently measured after the 
reactivation process was complete (Fig. 2). The experiment was carried out  by 
adding the oxygen to the enzyme solution in a closed system (Fig. 2). The 
curve has sigmoidal shape; low concentrations of oxygen were not  sufficient to 
yield optimal activation of the enzyme molecules. The highest percentage of 
activated enzyme molecules was obtained with a 24-fold excess of oxygen. 

The Ka value for oxygen in the activation process was estimated as 0.12 mM 
(Fig. 3). This Ka value should not  be confused with the Km value for the 
ribulose-l,5-bisphosphate oxygenase reaction. The experiments for the deter- 
mination of the Ka value were conducted in such a way that  there was no gas 
phase above the enzyme solution, and therefore, the oxygen added was only in 
the solution. At oxygen concentrations lower than 0.05 mM the kinetics of  the 
reactivation reaction changed, indicating a negative cooperative effect. The Hill 
coefficient was determined by replotting the data; at lower oxygen concentra- 
tions a Hill coefficient of 1.56 was measured, whereas at higher oxygen con- 
centrations a value of 1 was observed. 

The kinetic studies of the pulse experiments with varying oxygen content  in 
the enzyme solution are presented in Fig. 4. After a short pulse of  oxygen (in 
the range of 0.09--0.43 mM) to the anaerobic enzyme solution, the oxygen was 
removed again by gassing with argon. Aliquots were taken to determine the 
carboxylase activity, and the data of the lowest and highest oxygen concentra- 
tion pulse are shown in Fig. 4a. The time period between the oxygen pulse and 
the point, at which the enzyme reached half-maximal reactivation Was plotted 
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Fig. 3. The est imation o f  the K a value for  the oxygen dependent act ivat ion o f  the ribulose-l+5-bisphos- 
p h a t e  c a r b o x y l a s e .  T h e  e n z y m e  s o l u t i o n ,  1 5  m g  p r o t e i n / m l  in  5 0  m M  Tr is -SO~-  b u f f e r ,  p H  8 . 0 ,  c o n t a i n i n g  

• o + . 1 0  m M  MgC12 a n d  1 0  m M  N a H C O 3 ,  w a s  gassed  fo r  3 h w i t h  a r g o n  a t  2 5  C. D i f f e r e n t  m l x t u x e s  o f  0 2  
o v e r s a t t t r a t e d  a n d  a n a e r o b i c  50  m M  Tris -SO 2-  b u f f e r ,  p H  8 . 0 ,  c o n t a i n i n g  1 0  m M  MgCI 2 a n d  1 0  m M  
N a H C O 3 ,  were  a d d e d  to  0 . 5 5  m g  o f  a n a e r o b i c  e n z y m e  p r o t e i n ,  g iving a t o t a l  v o l u m e  of  I ml ,  a n d  t h e  
t e s t  t u b e s  were  sea led  s o  t h a t  t h e r e  w a s  n o  gas  p h a s e  a b o v e  t h e  e n z y m e  samples .  The  t u b e s  h a d  d i f f e r e n t  
o x y g e n  c o n c e n t r a t i o n s  f r o m  0 . 0 2 5  u p  to  0 . 4  r aM.  A f t e r  a n  i n c u b a t i o n  p e r i o d  o f  6 0  r a in  a t  2 5 ° C ,  t h e  

c a r b o x y l a s e  a c t i v i t y  w a s  d e t e r m i n e d  w i t h  1 6 . 5 / ~ g  o f  e n z y m e  p r o t e i n .  
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Fig.  4. T i m e  d e p e n d e n c e  o f  the  r i b u l o s e - l , 5 - b i s p h o s p h a t e  c a r b o x y l a s e  reac t iva t ion  w i t h  o x y g e n .  The 
e n z y m e  s o l u t i o n ,  15 mg  p r o t e i n / m l  in 50 mM Tris-SO42- buf fe r ,  pH 8.0,  c o n t a i n i n g  10 mM MgCI 2 and 10 
mM NaHCO3,  was  gassed w i t h  argon for 3 h a t  25°C.  The anaerob ic  e n z y m e  sample  wa s  o x y g e n a t e d  for a 
short  per iod  ( a b o u t  1 ra in)  w i t h  d i f f erent  c o n c e n t r a t i o n s  o f  o x y g e n  ( 0 2  per e n z y m e  m o l e c u l e  rat ios  f rom 
5 to  24) ,  and gassed again w i t h  argon.  The  o x y g e n  c o n c e n t r a t i o n  in the  e n z y m e  s o l u t i o n  during each  o f  
the  pulse  e x p e r i m e n t s  w a s  m o n i t o r e d .  Th e  caxboxy lase  ac t iv i ty  o f  all the  sa mple s  wa s  m e a s u r e d  at the  
g iven t i mes  w i t h  20 #g o f  the e n z y m e  prote in .  The  resul ts  for t w o  o f  the  pulse  e x p e r i m e n t s  w i t h  an 0 2  / 
e n z y m e  ratio  o f  5 and 2 4 ,  r e sp e c t ive ly ,  are s h o w n  in Fig.  4a. The t i m e  per iod  b e t w e e n  the  o x y g e n  pulse  
and ha l f  m a x i m a l  act ivat ion  o f  the  e n z y m e  was  e s t i m a t e d  for  each  d i f f eren t  0 2 / e n z y m e  ratio  and p l o t t e d  
against  the  o x y g e n  c o n c e n t r a t i o n  during the  pulse  and the  rat io  o f  o x y g e n  to  e n z y m e  m o l e c u l e s ,  respec-  
t ive ly  (Fig.  4b).  

against the ratio of  oxygen to enzyme,  and against the oxygen concentration in 
the reaction solution at the pulse respectively (Fig. 4b). The time period was 
longer (44 rain) for lower oxygen concentrations during the pulse than for 
oxygen saturated enzyme solutions (29 min). 

Inhibition of  the oxygen activation 
The results of  the experiments described above indicate that oxygen is 

required for the activation process. A short pulse was sufficient to trigger the 
reactivation process by restoring active catalytic sites. The enzyme activity did 
not  rise immediately after the oxygen stimulus, but the increase occurred after 
a significant lag phase (Fig. 1). This observation could be explained by 
assuming a primary reaction of  the enzyme molecules with oxygen,  fol lowed 
by secondary conformational changes which finally restore functional sites. 
Since oxygen is not  very reactive in the triplet state, it was more likely that the 
superoxide anion (O~) could be the reactive species. Therefore, the involve- 
ment of  O~ in the reactivation reaction was examined by the use of  the O~ 
scavenger, Tiron (1,2-dihydroxybenzene-3,5-disulfonic acid) [25 ,26] .  

An anaerobic enzyme sample, activated with CO2 and Mg 2÷, was treated 
with 5 mM Tiron, the solution was immediately oxygenated,  and the reactiva- 
tion was measured (Fig. 5). The results show that the treatment with. Tiron 
caused about 60% inhibition of  both ribulose-l ,5-bisphosphate carboxylase and 
oxygenase activities. It was noted that the samples with Tiron could not  reach 
the same reactivation level as the control even after a prolonged time period of 
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Fig.  5 .  The  i n f l u e n c e  o f  T i r o n  o n  the  o x y g e n  r e a c t i v a t i o n  p r o c e s s .  The  e n z y m e  s o l u t i o n  ( 1 2  m g  p r o t e i n /  
m l  in  50  raM Tris-SO42- b u f f e r ,  p H  8 . 0 ,  c o n t a i n i n g  1 0  m M  MgC12 a n d  1 0  m M  N a H C O 3 )  w a s  gassed  w i t h  
a r g o n  fo r  3 h a t  2 5 ° C .  The  a n a e r o b i c  e n z y m e  w a s  t r e a t e d  w i t h  5 m M  Tizon ( 1 , 2 - d i h y d r o x y b e n z e n e - 3 , 5 -  
d i su l fon i c  ac id )  a n d  i m m e d i a t e l y  gassed  w i t h  o x y g e n  u n t i l  t he  s o l u t i o n  w a s  s a t u r a t e d .  The  r i b u l o s e - l , 5 -  
b i s p h o s p h a t e  c a r b o x y l a s e  (A) a n d  r i b u l o s e - l , 5 - b i s p h o s p h a t e  o x y g e n a s e  (z~) ac t iv i t ies  we re  m e a s u r e d  every  
1 0  r a in  u p  t o  1 h .  The  c o n t r o l  s a m p l e s  we re  t r e a t e d  s imi la r ly  b u t  w i t h o u t  Tixon ( c a r b o x y l a s e  e ,  o x y g e n a s e  
o) .  The  spec i f ic  ac t iv i t ies ,  g iven in  u n i t s / r a g  o f  p r o t e i n ,  are  p l o t t e d  vs. t ime .  The  o x y g e n  c o n c e n t r a t i o n s  
(sol id  l ine)  w a s  r e c o r d e d  d u r i n g  the  w h o l e  e x p e r i m e n t .  

F ig .  6 .  I n h i b i t i o n  o f  t he  r e a c t i v a t i o n  p roce s s  o f  a n a e r o b i c  r i b u l o s e - l , 5 - b i s p h o s p h a t e  c a r b o x y l a s e  
d e p e n d i n g  o n  t h e  T i r o n  c o n c e n t r a t i o n .  The  e n z y m e  s o l u t i o n ,  9 m g  p r o t e i n / m l  in  50  m M  Tris-SO42- b u f f e r ,  
p H  8 ,0 ,  was  gassed  w i t h  a r g o n  fo r  3 h a t  2 5 ° C .  V a r y i n g  c o n c e n t r a t i o n s  o f  Tixon w e r e  a d d e d  to  t he  
a n a e r o b i c  e n z y m e  s a m p l e s  in t he  r a n g e  o f  1 - - 1 0  raM,  a n d  t h e  s a m p l e s  w e r e  i m m e d i a t e l y  o x y g e n a t e d  u n t i l  
s a t u r a t i o n  o f  t he  s o l u t i o n .  The  c a r b o x y l a s e  a c t i v i t y  o f  e a c h  s a m p l e  w a s  d e t e r m i n e d  a f t e r  6 0  m i n  i n c u b a -  
t i o n  a t  2 5 ° C .  

60 min in presence of oxygen (Fig. 5). The separation of the enzyme molecules 
from Tiron on a Sephadex G-25 column under aerobic conditions, however, 
yielded an enzyme fraction which was fully active, indicating that  the presence 
of Tiron during the oxygen reactivation did not  cause a permanent inhibition 
(data not  shown). 

Further control experiments with Tiron in the same concentration range in 
the enzyme activity assay as in those experiments described above revealed that  
there was no inhibition either of the carboxylase or of the oxygenase activity. 

The concentration dependence of the inhibition of the reactivation process 
by Tiron is presented in Fig. 6. Maximal inhibition of 50% was obtained at a 
concentration above 7 mM, higher concentrations seem to have no additional 
effect. 

The assumption that  the superoxide anion (O~) is involved in the reactiva- 
tion process was further substantiated by the use of other scavengers of O~ 
such as copper penicillamine [27], hydroxylamine [23,29], nitroblue tetra- 
zolium [28] and ascorbate [30]; the results are summarized in Table I. 

All the scavengers had the same effect as partial inhibitors of the reactivation 
process, even though their mode of action was'different. Copper penicillamine 
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T A B L E  I 

T H E  E F F E C T  OF O 3 S C A V A N G E R S  ON T H E  O X Y G E N  A C T I V A T I O N  PROCESS OF A N A E R O B I C  
R I B U L O S E  1 , 5 - B I S P H O S P H A T E  C A R B O X Y L A S E  

The  e n z y m e  so lu t ion ,  12 m g  p ro t e in /m1  in 50 m M  Tris-SO 2 -  bu f fe r ,  p H  8.0,  was  gassed wi th  a rgon  for  3 h 
a t  25°C.  T he  l is ted O~ scavangers  were  a d d e d  to  anae rob ic  e n z y m e  samples  an d  the  so lu t ions  were  i m m e -  
d ia te ly  gassed wi th  o x y g e n  un i t l  s a tu ra t ion .  The  c a rboxy l a se  ac t iv i ty  of  the  samples  was  d e t e r m i n e d  a f t e r  
60  ra in  i n c u b a t i o n  a t  25°C.  The  ca rboxy la se  ac t iv i ty  o f  the  MgC12-CO2 ac t i v a t ed  aerobic  e n z y m e  was  n o t  
a f f e c t e d  b y  i n c u b a t i n g  t he  e n z y m e  wi th  the  s a m e  a m o u n t  of  d i f f e r en t  r eagen t s  fo r  60  rain a t  25 ° C, as 
l is ted in the  tab le .  CuPA,  c o p p e r  pen ic i f i amine ;  NBT,  n i t r o b lu e  t e t r a z o l i u m ;  Ti ron ,  1 , 2 - d t h y d r o x y b e n -  
zene-3 ,5-d isu l fonic  acid.  

T r e a t m e n t  Ca rboxy la se  ac t iv i ty  (in %) 

Aerob ic  e n z y m e  100  * 
A n a e r o b i c  e n z y m e  10.5  

+ o x y g e n  96 .0  
+ o x y g e n  + 0 .03  m M  CuPA 61.0  
+ o x y g e n  + 5 m M  N H 2 O H  51.0  
+ o x y g e n  + 0 .25  m M  NBT 49 .0  
+ o x y g e n  + 5 m M  asc o rba t e  54 .0  
+ o x y g e n  + 5 m M  t i r on  47 .0  

* The  specif ic  ac t iv i ty  of  the  ae rob ic  e n z y m e  was 1.09 u n i t s / m g  p ro te in .  

acted as a low molecular weight complex with superoxide dismutase activity 
[27]. Ascorbate and hydroxylamine are oxidized by O~ to dehydroascorbate 
[30] and nitrite [23,29], whereas nitroblue tetrazolium is reduced to the 
formazan derivative [28]. 

These observations suggest that superoxide anion is involved in the reactiva- 
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Fig. 7. The  k ine t ics  of  the  r i b u l o s e - l , 5 - b i s p h o s p h a t e  ca rboxy la se  r e a c t i v a t i o n  an d  of  the  p r o d u c t i o n  of 
n i t r i t e  in p resence  of  h y d r o x y l a m i n e .  The  e n z y m e  so lu t ion ,  17 .5  m g  p r o t e i n / m l  in 50  m M  Tris-SO 2- 
bu f f e r ,  pH 8.0,  con ta in ing  10 m M  MgC12 and  10 m M  N a H C O 3 ,  was  gassed for  3 h a t  25°C.  H y d r o x y l -  
amine  (pH 8 .0 )  was  a d d e d  to  yie ld  a c o n c e n t r a t i o n  of  10  m M  an d  the  so lu t ion  was  gassed wi th  o x y g e n  
unt i l  i t  was  s a tu r a t ed .  The  r ibu lose -1 ,5 -b i sphospha te  ca rboxy la se  ac t iv i ty  (o)  was  d e t e r m i n e d '  a n d  the  
a m o u n t  of  the  f o r m e d  n i t r i t e  was  a n a l y z e d  w i t h  an  a l iquo t  con t a in ing  7 m g  o f  p ro t e in  (4)  a cco rd in g  to 
the  m e t h o d  of  E ls tner  and  H e u p e l  [ 2 3 ] .  The  solid line shows  the  o x y g e n  c o n c e n t r a t i o n  in the  sample .  
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tion mechanism. The kinetic of the oxygen reduction had to be elucidated, i.e. 
whether the production of O~ started immediately after the addition of oxygen 
or whether a lag phase of the oxygen reduction could be observed. For this 
purpose anaerobic enzyme was stirred with oxygen in the presence of 10 mM 
hydroxylamine and the production of nitrite was measured. The results are 
presented in Fig. 7. After the addition of  oxygen the enzyme started to oxidize 
hydroxylamine to nitrite immediately, but the reactivation of the ribulose-l,5- 
bisphosphate carboxylase was delayed for 15 min. As already observed in the 
experiments with Tiron (Fig. 5, and Table I), the enzyme was not completely 
activated in the presence of 10 mM hydroxylamine.  

Inhibition o f  the deactivation process 
The experiments described above indicated that  the superoxide anion 

participates in the reactivation process of the anaerobic enzyme. Similar experi- 
ments were carried out to study whether O~ is also involved in the deactivation 
process. 

The CO2-Mg2÷-activated enzyme was gassed with argon in the presence and 
absence of 5 mM Tiron and the decline of the ribulose-l,5-bisphosphate 
carboxylase-oxygenase activity was monitored (Fig. 8). In the presence of 
Tiron the decline of both activities was much slower than in the controls. 
It was noticed that  both enzyme activities, carboxylase and oxygenase, are 
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Fig. 8. I n f luence  of  T i ton  on the  deac t iva t ion  process  of  r i b u lo se - l , 5 -b i sp h o sp h a t e  ca rboxy lase .  The  
e n z y m e  so lu t ion ,  13 m g  p r o t e i n / m l  in 50 m M  Tris-SO42- bu f fe r ,  pH 8.0,  con ta in ing  10  m M  MgC12 and  10 
m M  N a H C O 3 ,  was gassed wi th  a rgon  for  3 h a t  25°C e i ther  w i th  or  w i t h o u t  5 m M  Tiron.  The  decl ine  of  
r i bu lose - l , 5 °b i sphospha te  ca rboxy la se  ac t iv i ty  in the  con t ro l  ( e )  an d  in the  sample  plus T i ron  (A), and  of  
the  r i bu lose - l , 5 °b i sphospha te  oxygenase  in the  con t ro l  (o)  an d  in the sample  plus T i ron  (zx) were  mea -  
sttred. The  o x y g e n  c o n c e n t r a t i o n  in the  so lu t ion  was  m o n i t o r e d  (solid l ine).  

Fig. 9. Deac t iva t ion  of  r ibu lose - l ,5ob i sphospha te  ca rboxy lase  an d  f o r m a t i o n  of  n i t r i te  in p resence  of  
h y d r o x y l a m i n e .  The  e n z y m e  so lu t ion  (17 .5  m g  p r o t e i n / m l  in 50 m M  Ttis-SO42- b u f f e r ,  p H  8 .0 ,  con ta in ing  
10  m M  MgC12 mad 10 m M  N a H C O 3 ,  was gassed wi th  a rgon  in p resence  of  10 m M  h y d r o x y l a m i n e  a t  25°C.  
Al iquo ts  were  t a k e n  and  ana lyzed  for  r i bu lo se - l , 5 -b i sphospha t e  ea rboxy la se  (20/~g pro te in ,  o) an d  ni t r i te  
c o n t e n t  (7 m g  15rotein, A). The  o x y g e n  c o n t e n t  of  the so lu t ion  was  m o n i t o r e d  ( ) .  
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equally affected in the presence of  Tiron, as observed before in the reactivation 
experiment.  These results indicate that  02 participates in the deactivation reac- 
tion and that  the scavenging of  the radicals inhibits this process. 

The time course of  oxygen removal, oxygen reduction (measured as nitrite 
formation) and the change of  the r ibulose-l ,5-bisphosphate carboxylase 
activity is present in Fig. 9. Hydroxylamine (10 mM) was added to a fully 
activated enzyme sample and gassed with argon. Samples were taken and 
analyzed for carboxylase activity and the product ion of  nitrite; the oxygen 
content  of  the solution was moni tored simultaneously. 

The onset  of  nitrite formation was observed only after the loss of  oxygen in 
the enzyme solution. The activity remained constant  for 30 min, even though a 
large part  of the oxygen was lost from the solution. The sharp decline of the 
enzyme activity occurred at the same time as hydroxylamine was oxidized to 
nitrite. 

Discussion 

Oxygen interacts with r ibulose-l ,5-bisphosphate carboxylase-oxygenase in 
two ways: either as a substrate in the oxygenase reaction, or as an activator for 
both enzyme reactions. The interaction of  the enzyme with oxygen in the oxy- 
genase reaction is still no t  understood.  Earlier studies by  Lorimer et al. [32] 
concerning 1sO2 incorporation into the enzyme products  with whole spinach 
leaves presented evidence that  oxygen reacts with the C-2 carbon of  Rbu P2 
yielding labelled phosphoglycolate.  The oxidant  of  this reaction or the reaction 
site on the enzyme is no t  characterized so far. 

Our studies [18,19] concerning possible interactions of  oxygen with the 
enzyme molecules suggested that  oxygen is, as are carbon dioxide and Mg 2÷, 
necessary for complete  activation of  the enzyme. The removal of  oxygen 
caused a similar decrease of  the carboxylase and oxygenase activities and the 
reversibility of  this effect  indicated the regulatory role of  oxygen [18].  

The results of the preceding report  [19] showed that  the oxygen effect  was 
linked with a series of  changes of the enzyme molecules as measured by con- 
formational changes and by  exposure of  sulfhydryl groups. 

In this part of the studies, an a t tempt  was made to determine the reaction 
which triggers these changes. The pulse experiments (Fig. 1, 4) revealed that  
oxygen needs to be present for only a short t ime during the reactivation 
process. It was no t  even required that  oxygen was present during the ribulose- 
1,5-bisphosphate carboxylase assay, when an increase of  enzyme activity was 
observed. The fact that  the activity of  the enzyme molecules appeared after a 
lag phase of 40 min following the oxygen pulse indicates that  the reaction with 
oxygen triggers secondary, slower changes of the enzyme molecules leading to 
its reactivation. 

This reactivation reaction could be inhibited by the addition of  O~ 
scavengers. This observation was further substantiated by the kinetic s tudy of  
nitrite formation from hydroxylamine during reactivation. Under anaerobic 
condit ions the enzyme is able to  oxidize hydroxylamine after the addition of  
oxygen, and this oxidation is associated with the inhibition of  the reactivation. 
The superoxide anion has to be produced by the enzyme and participates in the 
reactivation reaction mechanism. 
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A similar involvement of superoxide anion in the deactivation of the enzyme 
is evident from the results presented in this communicat ion (Fig. 9). However, 
the production of superoxide anion during inactivation is delayed until the 
detectable oxygen of the enzyme solution was removed. The transition of the 
enzyme molecules from the active (aerobic) state to the inactive (anaerobic) 
state seems directly related to the formation of superoxide anion (Fig. 9). 

Apparently oxygen must  react with one of the amino acid residues of the 
enzyme, since no other cofactors, able to react with oxygen were detected in 
purified ribulose-l,5-bisphosphate carboxylase preparations. Wishnick et al. 
[31] reported that  the enzyme contains 1 gatom of tightly bound copper, but 
later investigations [32,33] demonstrated that  only minor, non-stoichiometric 
amounts of iron or copper were detectable. We cannot rule out that  traces of 
metal ions were part of the used buffer and do not  know whether these ions 
play an important  role in the deactivation and reactivation procedure. Analysis 
of the buffers used in the experiments described above revealed that  the 
content  of these metal ions was in the range of 10 -7 M. 

The participation of  singlet oxygen in the deactivation and reactivation reac- 
t ion could be ruled out because 100 mM 1,4-diazabicyclo-(2,2,2)-octane, a 
scavenger of singlet oxygen [34,35], had no effect during the transition from 
the aerobic to anaerobic conditions, or vice versa. 

We think the cysteine residues of the enzyme may participate in the reactiva- 
tion and deactivation mechanism, since only this amino acid would be able to 
reduce oxygen. The earlier work by Berger [38] demonstrating the binding of 
oxygen reversibly to sulfhydryl groups in an aprotic solvent system supports 
such an assumption. It is conceivable that  oxygen is bound as peroxysulfenate 
in the triplet state [38] in a lipophilic region of the enzyme molecules. The loss 
of this bound oxygen occurs as O~ if the enzyme solution contains no free 
oxygen. Following the production of O~, a reaction takes place between 02 
and the enzyme molecules, probably the splitting of a structure determining 
Cys-S-S-Cys bridge. This reaction causes secondary changes which finally lead 
to the loss of enzyme activities. 

A similar mechanism can be discussed for the reactivation process: oxygen is 
reduced to O~ and restores the structure determining Cys-S-S-Cys bridge. 

Therefore, we propose the following model: 
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Both deactivation and reactivation reactions affected the ribulose-l,5-bis- 
phosphate carboxylase and the ribulose-l,5-bisphosphate oxygenase similarly 
indicating that  these oxygen dependent  reactions cause a general conformation 
change of the enzyme molecules. The production of superoxide anion during 
the transitions of the enzyme from one conformation to another is very 
interesting from the point of view that  this enzyme is able to reduce oxygen. 
The involvement of superoxide anion as a possible oxidant in the ribulose-l,5- 
bisphosphate oxygenase reaction was discussed earlier [36,37]. It has to be 
elucidated whether there is a similar mechanism for the enzyme-oxygen 
interaction during the oxygenase reaction to the one presented in this paper. 
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