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Summary 

In N2-grown cultures of Anabaena L-31, in which protein synthesis was 
prevented by chloramphenicol, presence of NH4 caused a drastic decrease of 
glutamine synthetase (L-glutamate:ammonia ligase (ADP-forming), EC 6.3.1.2) 
activity indicating NH~-mediated inactivation or degradation of the enzyme. 
The half-life of glutamine synthetase was more than 24 h, whereas that of 
nitrogenase (reduced ferredoxin:dinitrogen oxidoreductase (ATP-hydrolysing), 
EC 1.18.2.1) was less than 4 h, suggesting that glutamine synthetase may not 
act as positive regulator of nitrogenase synthesis in Anabaena. 

Glutamine synthetase purified to homogeneity was subject to cumulative 
inhibition by alanine, serine and glycine. The amino acids, however, exhibited 
partial antagonism in this behaviour. Glyoxylate, an intermediate in photo- 
respiration, virtually prevented the amino acid inhibition. Kinetic studies 
revealed inhibition of the enzyme activity by high Mg 2+ concentration under 
limiting glutamate level and by high glutamate in limiting Mg 2÷. Maximum 
enzyme activity occurred when the ratio of glutamate to free Mg 2+ was 0.5 to 
1.0. The results demonstrate that the enzyme is subject to multiple regulation 
by various metabolites involved in nitrogen assimilation. 

Introduction 

The enzymological evidence favouring the glutamine synthetase/glutamate 
synthase pathway as the major route of ammonium metabolism in microbes 
[1] and plants [2] has been confirmed by the use of radioactive nitrogen (~3N) 
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as tracer [3--6]. Moreover, glutamine synthetase (L-glutamate:ammonia ligase 
(ADP-forming), EC 6.3.1.2), which is the key enzyme in ammonium utilization 
also in animals [7], catalyses the first major step in the formation of a variety 
of nitrogenous constituents in various organisms [8]. In Gram-negative 
bacteria, a fine mechanism of regulation of glutamine synthetase by adenylyla- 
tion cascade has been established [9]. The enzyme in Klebsiella pneumoniae 
has been shown to function as a positive regulator of nitrogenase (reduced 
ferredoxin:dinitrogen oxidoreductase (ATP-hydrolysing), EC 1.18.2.1) syn- 
thesis [10,11]. 

In nitrogen-fixing blue-green algae, glutamine synthetase does not seem to be 
regulated by adenylylation cascade [12--14]. Feedback inhibition by amino 
acids has been demonstrated [13--15]. Adenine nucleotides and inorganic 
phosphate were also found to inhibit enzyme activity [13--15]. Here, we 
examine in detail the effects of ammonium and amino acids on glutamine 
synthetase of the nitrogen-fixing blue-green alga Anabaena L-31, and demon- 
strate the role of the substrates of the enzyme and of glyoxylate in regulation 
of the enzyme activity. The relationship between glutamine synthetase and 
nitrogenase is also considered. 

Materials and Methods 

Materials 
Anabaena L-31, a nitrogen-fixing blue-green alga [16] was the experimental 

organism. All biochemicals were purchased from Sigma Chemical Co., St, 
Louis, MO, U.S.A. Inorganic chemicals were bought from BDH laboratories, 
India. Electrophoresis material came from LKB Produckter AB, S161 25 
Bromma-1, Sweden. 

Methods 
Media and growth. Anabaena L-31 was grown without combined nitrogen as 

described elsewhere [17]. NH~ was added, when desired, as NH4C1 buffered 
with equimolar Hepes (pH 7.0). Growth was determined by measuring 
chlorophyll a [18]. All the experiments were done using exponential phase 
(48--72 h old) Cultures. 

Preparation of cell-free extracts and purification of glutamine synthetase. 
Cell-free extracts of Anabaena L-31 were prepared as described elsewhere [17]. 
The prote~ins precipitated by 40% (NH4)2SO4 were discarded and the super- 
natant was resolved by affinity chromatography on Blue Sepharose [17] to 
yield homogeneously purified glutamine synthetase. Our procedure was 
developed independently of that described by Tabita et al. [14] using the same 
active moiety for affinity chromatagraphy. 

Assays. Glutamine synthetase activity was measured by biosynthetic and 
~,-glutamyl transferase assays [17] similar to those described by Shapiro and 
Stadtman [19]. Protein was determined by the method of Lowry et al. [20]. 
Nitrogenase activity was measured by acetylene reduction as described by 
David and Fay [21]. 

Acrylamide gel electrophoresis. Electrophoresis was done as described by 
Davis [22]. The gels were incubated in the transferase assay mixture and the 
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bands for enzyme activity were developed by dipping the gels in 10% FeC13. 
Isoeleetric focusing. The procedure described in the instruction manual for 

LKB Ampholene 8100 (Electrofocusing Equipment) Was followed using 110 ml 
column with the cathode at the top. The enzyme was mixed in sucrose gradient 
containing equal mixture of  1% ampholine of pH 4--6 and pH 5--7. The elec- 
trofocusing was performed at 600 V and 4°C for 24 h and fractions of 2 ml 
were collected. 

Results 

Effect of NI-I~4 
In N2-grown cultures of Anabaena L-31 glutamine synthetase activity 

increased during the exponential phase (Fig. 1). The increase was arrested in 
the presence of chloramphenicol and the specific activity remained stable at the 
original level during the 24 h experimental period. Addition of NH~ to the N2- 
grown cultures also prevented the enhancement of glutamine synthetase activ- 
ity during exponential growth. Remarkably, in the presence of NH~ and 
chloramphenicol together, enzyme activity decreased sharply to 40% of the 
control after 8 h. 

Experiments similar to that described above were done to investigate parallel 
effects, if any, of  NH~ on nitrogenase. The enzyme showed a half-life of  about 

~" 16  
.___ 
E 

.c_ 
o 1.2 
2 

F 
o Q8 

0.4 

0 4 8 1 1 2 0  2 4  12 

T i m e ( h )  

528 

J = l O  

,>. 8 

o 
o 6 

~J 

~4 
E 

v 2 
c~ 

T 

I I I | | 

0 2 4 6 8 10  

T i m e  ( h )  

Fig. 1. A m m o n i u m  inact ivat ion  o f  g lu tam in e  synthe tase  f r o m  Anabaena L-31 .  To  a l iquots  o f  48-h-o ld  
N 2 - g r o w n  cul tures  5 m M  NH4C1 b u f f e r e d  w i t h  5 m M  Hepes  (pH 7 .0 )  ( e ) ;  2 0 0  #g per  m l  c h l o r a m p h e n i c o l  
(n);  or  5 m M  b u f f e r e d  N H 4 C L  + 2 0 0  ~tg per  m l  c h l o r a m p h e n i e o l  (m) w e r e  added.  AHquots  w i t h o u t  addi- 
t i on  (o )  served as contro l .  7 0 - m l  por t ions  were  w i t h d r a w n  at d i f f erent  intervals  for the  e s t i m a t i o n  o f  
Mu2+-dependent  transferase act iv i ty  in ce l l - free  extracts .  

Fig. 2. A m m o n i u m  inact ivat ion  o f  n i trogenase  in Anabaena L-31 .  Detai l s  o f  the  t r e a t m e n t s  were  as 
descr ibed  in Fig. 1. N i t rogenase  act iv i ty  was  e s t i m a t e d  as descr ibed in m e t h o d s ,  o0 contro l ;  e ,  NH~; D 
c h l o r a m p h e n i c o l ;  g, NH~ plus  c h l o r a m p h e n i c o l .  
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2 h in the presence of chloramphenicol (Fig. 2). The activity sharply declined 
to 15% of the original level after 7 h when NH~ was present. NH~ and 
chloramphenicol together decreased nitrogenase activity more quickly. 

Two types of glutamine synthetase have been reported in nitrogen-fixing 
bacteria [23] and in plants [24]. Because N2-grown filaments of Anabaena have 
two different cell types, having differential activities of the enzyme [12,25], it 
is conceivable that two types of glutamine synthetase may exist in such algae. 
However, the crude enzyme preparations (proteins precipitated from cell-free 
extract by 40--80% (NH4)2SO4) obtained after growth of N2 and NH~, when 
examined by polyacrylamide gel electrophoresis, showed transferase activity at 
a single band located at the same place towards the cathode. Enzyme prepara- 
tion from whole filaments of N2-grown culture formed a single band on iso- 
electric focusing, at a pH of 4.3 (data not included). 

Inhibition by amino acids and its modification 
Inhibition of glutamine synthetase from Anabaena by amino acids has been 

reported [13--15]. We have examined amino acid inhibition with a view to 
bring out possible differences, if any, in the enzyme purified to homogeneity 
from N2-grown and NH~-grown cultures of Anabaena L-31. Major inhibition 
of the enzyme from both situations was caused by alanine, serine and glycine 
(Table I). Glutamine synthetase from both the culture conditions was equally 
sensitive to amino acid inhibition, unlike the enzyme from E. coli where 
sensitivity increases with NH~-induced adenylylation [26]. Transferase activity 
was more susceptible to inhibition than biosynthetic activity. These results are 
in agreement with those obtained by Stacey et al. [lZ~]. The amino acids 
inhibited cumulatively but not additively. Such cumulative inhibition was 
observed even at low concentrations (2 mM) of amino acids. However, inhibi- 
tion of enzyme activity by a mixture of amino acids was less than that 
expected, if the amino acids were inhibiting cumulatively and independently. 

T A B L E  I 

I N H I B I T I O N  O F  P U R I F I E D  G L U T A M I N E  S Y N T H E T A S E  BY A M I N O  A C I D S  

A m i n o  acids  w e r e  pres e n t  a t  5 rnM c o n c e n t r a t i o n .  B i o s y n t h e t i c  assay m i x t u r e  c o n t a i n e d  1 0 0 / ~ m o l  H e p e s  
( p H  7 .6 ) ,  1 0  /~mol L - g l u t a m a t e ,  1 0  ~tmol N H 4 C I  , 2 0  /~mol MgC12 a n d  5 /~mol A T P  in  0 .9  ml .  F igu re s  in  
parentheses  indicate  the  inhib i t ion  e x p e c t e d  i f  th e  a m i n o  acids  w e r e  i n h i b i t i n g  c u m u l a t i v e l y  and indepen-  
dent ly  [ 2 7 ] .  

Inhib i tor  Percent  inh ib i t ion  

B i o s y n t h e t i c  T r a n s f e r a s e  

+ ÷ 
N 2 - g r o w n  N H  4 - g r o w n  N 2 - g r o w n  N H  4 - g r o w n  

L-Ala  4 5  4 7  8 8  89 
~-Ala 29  3 0  7 0  73  
L-Ser  4 2  4 4  6 0  54  
G l y  3 6  3 7  5 3  51 
L-Ala  + L-Ser  56  (68)  57  (70 )  89  (95 )  89  (95)  
L-AIa + Gly  53 (65 )  55  (67)  8 8  (94 )  8 7  (95)  
GIy + L-Se t  54  (63 )  5 5  (65)  6 7  (81)  66  (78 )  
L-AIa  + Gly  + L-Se t  6 8  (80 )  6 5  (80)  9 2  (98)  9 0  (98)  
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We interpret our results to mean that the presence of one amino acid results in 
partial antagonism to the inhibitory effect of the other [27]. 

10 mM of glycolate, glyoxylate, formate, malate, oxalate, pyruvate or 
~-ketoglutarate had no significant effect on transferase activity of glutamine 
synthetase. Of these organic acids, glyoxylate and pyruvate afforded protection 
for the enzyme against amino acid inhibition. Whereas protection by pyruvate 
was marginal, that by glyoxylate was remarkable. The more significant protec- 
tion by glyoxylate was examined in detail using the purified enzyme. Inhibition 
of transferase activity by 2 mM alanine, serine and glycine (75, 42 and 36%, 
respectively) could be effectively prevented by glyoxylate. While 10 mM 
glyoxylate protected the enzyme from serine inhibition completely, the 
percentage inhibition by glycine and alanine decreased to 20 and 30%, respec- 
tively. To ascertain whether glyoxylate can protect completely against glycine 
and alanine also at higher concentrations, the inverse of the fraction protected 
was drawn against the reciprocal of glyoxylate concentration (Fig. 3). Plots for 
both amino acids intercept the y-axis below the value 1, indicating that 
glyoxylate can offer total protection against these amino acids [28]. Similar 
results were obtained for protection of Mg 2÷ dependent biosynthetic activity 
against inhibition by 5 mM of the three amino acids. Double-reciprocal plots of 
percentage inhibition of biosynthetic activity versus glyoxylate showed that it 
was competitive with glycine and serine. Against alanine, protection increased 
in a sigmoidal fashion. The Hill plot for glyoxylate protection against glycine 
had a slope of 1.1 and that for protection against alanine was biphasic with 
slopes of 0.8 and 1.9. The results suggest that protection against glycine and 
serine is due to direct competition of glyoxylate with these amino acids for 
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Fig. 3. Double - rec iproca l  plots  for  g lyoxy la t e  p r o t e c t i o n  f r o m  a m i n o  acid inh ib i t ion  of  t ransferase  ac t iv i ty  
o f  pur i f ied  g l u t am i ne  syn the t a se  f r o m  N 2-grown A n a b a e n a  L-31.  F rac t iona l  p r o t e c t i o n  against  inh ib i t ion  
b y  Gly  (o) ;  and  Ala (o) was  ca lcu la ted  f r o m  values for  pe rcen tage  inh ib i t ion  b y  2 m M  of the  amin o  acid in  

the  absence  or  p resence  o f  1 to  10 mM g lyoxy la te .  
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Fig. 4. a. E f fec t  of  Mg 2+ c o n c e n t r a t i o n  on  subs t r a t e  s a t u r a t i o n  curves  for g lu t ama te .  B io syn the t i c  ac t iv i ty  
of  pu r i f i ed  g l u t a m i n e  syn the t a se  f rom N2-g rown  A n a b a e n a  L-31 was  e s t i m a t e d  as desc r ibed  in  Me thods  
e x c e p t  that  a m o u n t s  of  g l u t a m a t e  varied.  15  raM, (o) and  70  mM (e)  Mg2 +. b. Ef fec t  o f  g l u t a m a t e  levels  
on  subs t ra te  s a t u r a t i o n  curves  for  Mg 2+. B i o s y n t h e t i c  ac t iv i ty  of  pur i f i ed  g i u t a m i n e  s y n t h e t a s e  f rom N 2- 
g r o w n  A n a b a e n a  L-31 was  e s t i m a t e d  and  the  a m o u n t s  of  Mg 2+ varied.  G l u t a m a t e :  o, 10  mM; e, 30  raM; 
and a 100  raM. 

binding sites on the enzyme. However,  alanine inhibition appears to be 
prevented allosterically by  glyoxylate.  

Kinetic behaviour 
In the Mg 2÷ dependent  biosynthetic assay, the apparent K m of  glutamine 

synthetase for glutamate was 4 mM at high NH~ (10 mM) and Mg 2÷ (70 mM) 
concentrations. However,  the K m for glutamate was dependent  on Mg 2÷ con- 
centration. For  instance, by  increasing Mg 2÷ concentration from 20 to 100 mM, 
the Km for glutamate changed from 1.3 to 6.1. mM. High glutamate inhibited 
the enzyme but  the inhibition could be averted by raising the level of  Mg 2÷ 
(Fig. 4a). Similarly, Mg 2÷ at high concentrat ion also inhibited the enzyme. The 
inhibitory effect  of  Mg 2÷ could be averted by  raising the concentration of  
glutamate (Fig. 4b). Maximum enzyme activity was obtained when the ratio 
glutamate to free Mg 2÷ was between 0.5 to 1.0. Free Mg 2+ was roughly 
estimated as the Mg 2÷ available in excess to the Mg-ATP complex assuming a 
1 : 1 ratio of  Mg 2÷ to  ATP [29].  

Saturation curves for NH~ gave an apparent K m of  0.2 mM NH~ at 70 mM 
Mg 2÷ and 100 mM glutamate. At saturating glutamate and low Mg ~÷ some 
substrate inhibition by  NH~ was observed. 

Discussion 

Our results on the effect  of  addition of  NH~ and chloramphenicol to N2- 
fixing cultures of  Anabaena L-31, indicate inactivation or degradation of  
glutamine synthetase on confrontat ion with excess NH~. The long half-life of  
the enzyme demonstrated by us substantiates the suggestion [14] that  repres- 
sion alone may no t  be the sole means of  regulating its activity. Investigations 
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by various workers [12--14] have failed to reveal modulation of blue-green 
algal glutamine synthetase by adenylylation cascade, characteristic of other 
Gram-negative bacteria. In contrast to the results obtained with bacteria [30], 
provision of glutamate or glutamine with NH~ also did not produce changes 
characteristic of  adenylylation cascade (Tuli and Thomas, unpublished data). 
Further, the behaviour of  the enzyme purified from N2- and NH~-grown cul- 
tures with respect to amino acid inhibition and the result from electrophoretic 
mobility and isoelectric focusing, discount the possibility of the presence of 
two types of enzyme in Anabaena L-31 unlike in other nitrogen-fixing orga- 
nisms [23]. 

The rapid decline of nitrogenase when compared to the long half-life of 
glutamine synthetase in the presence of  high NH~ suggests that, in contrast to 
other N2-fixing bacteria [10], glutamine synthetase may not be involved as a 
positive regulator of  nitrogenase synthesis. 

In vitro regulation of  glutamine synthetase is controlled by serveral effector 
molecules. We have shown that amino acid inhibition can be relieved by 
glyoxylate. Photorespiration is prevalent in blue-green algae [31] and it is 
significant that glyoxylate, which is an intermediate in this process and is a 
precursor for the synthesis of  these amino acids, is involved in regulating 
glutamine synthetase activity. The role of metal ions in regulating glutamine 
synthetase activity is well known [26]. For instance, that free Mg 2+ is required 
in excess of  ATP has been reported in bacteria [26] and blue-green algae [14]. 
But that free Mg 2+ has an effect on the interaction of the blue-green algal 
enzyme with glutamate has not been shown earlier. 
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