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Summary 

The effect of  divalent cations on the purified AMP nucleosidase (AMP phos- 
phoribohydrolase, EC 3.2.2.4) from Azotobacter  vinelandii was investigated. 
All alkaline earth metal-ATP complexes were essential activators of  the 
enzyme, and free alkaline earths also activated the enzyme in an allosteric 
manner: the apparent Ka for ATP and n H values (Hill interaction coefficient) 
decreased from 0.45 to 0.05 mM, and from 4 to 2, respectively, with increase 
in Mg 2÷ concentration. Transition metal-ATP complex also activated AMP 
nucleosidase, but a potent  activation of the enzyme was followed by a progres- 
sive decrease in activity as the concentrations of transition metals increased. 
The enzyme fully activated in the presence of  Mg 2÷ was inhibited by the higher 
concentrations of  transition metals with the identical I0.s values when Mg 2÷ was 
present. These results suggest the presence of two classes of binding sites for 
divalent cations. One is the activating site for ATP-metal complex, which is 
suggested to be commonly occupied by alkaline earths and transition metals. 
The other sites are those for free metal binding, the sites for free alkaline earths 
and free transition metals are activating and inhibitory sites, respectively. 

Introduction 

AMP nucleosidase (AMP phosphoribohydrolase, EC 3.2.2.4), which is 
important  to stabilize the adenylate energy charge [ 1 ] and in the conversion of 
adenine nucleotide to inosine or guanine nucleotide in Azotobacter  vinelandii 
[2,3], had catalytic, regulatory and structural properties which are strikingly 

* T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  b e  a d d r e s s e d .  
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altered by several physiological ligands. The enzyme can be activated by ATP 
and certain cations, and inhibited by Pi and some nucleoside monophos- 
phates [2,3]. Although activation by  monovalent  cations [4] or polyamines 
[5] has been studied in detail, much less is known about  the mechanism and 
specificity of  the activation by divalent cation. The present communication 
describes the effect  of  divalent cations on some of kinetic properties of  AMP 
nucleosidase from A. vinelandii, alkaline earth metals and transition metals 
acted as potent  activators of  the enzyme. The effect of  divalent and other 
cations including monovalent  cations and polyamines  as reported previously 
suggests that AMP nucleosidase had a broad specificity toward the activating 
cation-sites. 

Materials and Methods 

Materials. AMP and ATP were products of  Yamasa Co. (Tokyo,  Japan). 
Other chemicals were reagent grade. 

Enzyme  and assay. AMP nucleosidase was purified from A. vinelandii by the 
method originally described by  Yoshino [2] with a slight modification [4]. The 
enzyme activity was measured by the formation of adenine [2] or reducing 
sugar liberated [4].  

Results 

Fig. 1 shows the activation curves with respect to divalent cations including 
alkaline earth metals and transition metals in the presence of  saturating concen- 
tration of ATP (2.5 mM). All divalent cations acted as activators of AMP 
nucleosidase to varying degrees. Since free metal concentration was almost 
negligible under the conditions where ATP is saturating, activating curves of  
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Fig. 1. Effect  of concentrat ions of alkaline earth metals and transi t ion meta l s  on  the  act iv i ty  of AMP 
nucleos idase  from A. vinelandii.  Th e  reac t ion  m i x t u r e  c o n t a i n e d  1 mM AMP, 2.5 mM ATP, 5 mM Tris- 
HCI buffer  (pH 8.0), various concentrat ions of divalent  ca t ions  and the  e n z y m e  in a final volume of 0.2 
ml. T he  reac t ion  was carried o u t  at  3 7 ° C  for 5 rain and t e r m i n a t e d  by  the  addi t ion  o f  the  reducing  sugax 
reagent .  V e l o c i t y  is expres sed  as ~ m o l  reducing  sugar f o r m e d  under  the  assay cond i t ions .  @, Mg2+; X, 
Ca2+;xT, Sr2+; @, Ba2+; o, Mn2+; ~, Co2+; o Ni2+; e, Cd2+; 4 pb2+; a Zn 2+. 
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Fig. 1 represent the effect of  ATP-metal complex. The effect of alkaline earth 
metals was less than that  observed with transition metals, the concentrations 
necessary for 50% activation of the enzyme activity, A0.s values for alkaline 
earth metals were relatively higher as compared with those for transition 
metals. Some transition metals showed a tendency to inhibit the enzyme at 
higher concentration, whereas none of  alkaline earth metals exhibit any inhibi- 
tory effect. The maximal velocities in the presence of various metals were 
essentially identical except that  yielded with Zn 2÷, which is considered to have 
relatively lower Ki values, exhibiting apparently lower maximal velocity. 

In order to examine the mechanism of activation by various metals, we 
studied the affinity of AMP nucleosidase for ATP in the presence of  various 
alkaline earth metals (Fig. 2). Ca 2÷ was the most effective, followed by Mg 2+, 
Sr 2÷ and Ba 2÷ in that  order. The addition of these cations decreases the 
apparent K a values for ATP. We further examined the effect of free alkaline 
earth metals on the enzyme activity. Fig. 3 shows the rate-concentration 
curves with respect to ATP in the presence of various concentrations of Mg 2+. 
The rate-concentration plot was strongly sigmoidal under the conditions where 
Mg 2÷ added can exist as MgATP complex and free Mg 2÷ concentration was 
negligible when equimolar concentrations of  MgC12 and ATP were used 
(Curve A in Fig. 3). Free an d complex Mg 2÷ concentrations were calculated 
using the stability constant of 73 000 M -1 for MgATP. With increasing con- 
centration of free Mg 2÷, the apparent K a values for ATP decreased from 0.45 to 
0.05 mM with the decrease in an nH value of 4 to 2. These results suggest that  
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Fig. 2. E f f ec t  of  A T P  c o n c e n t r a t i o n s  on  the  ac t iv i ty  of  AMP nucleos idase  i n  t h e  presence  of  var ious  
alkal ine ea r t h  meta l s .  E n z y m e  ac t iv i ty  was  d e t e r m i n e d  a t  the  var ied  c o n c e n t r a t i o n s  of  ATP,  5 m M  Tris- 
HCI b u f f e r  (pH 8.0)  and  1 m M  AMP in t h e  p r e s e n c e  of  2.5 m M  alkal ine ea r th  me ta l s  as ch lor ide  salts. 
Points  are e x p e r i m e n t a l  da ta ,  and  lines are theore t i ca l ly  d r a w n  f r o m  Eqn.  1, using the  fo l lowing values  o f  
a p p a r e n t  K a and  n H. X, Ca 2+ (K a = 0 . 0 2 5  mM,  n H =  2.0) ;  ~, Mg 2+ (K a =  0 .05  mM,  n H =  2.0);  A St2 + 
(K a = 0 .10  mM,  n H = ~ .5 ) ;  ~, Ba 2+ (K a = 0 .13  mM ,  n H = 2.5).  

Fig. 3. E f f ec t  o f  A T P  c o n c e n t r a t i o n s  o n  the  ac t iv i ty  o f  AMP nucleos idase  in the  p resence  o f  var ious  con-  
c e n t r a t i o n s  o f  Mg 2+. E n z y m e  ac t iv i ty  was  d e t e r m i n e d  a t  the  var ied  c o n c e n t r a t i o n s  of  MgCI 2 and  ATP,  
5 m M  Tris-HCI b u f f e r  ( pH  8.0)  a nd  1 m M  AMP. P o i n t s  are  e x p e r i m e n t a l  da t a  a n d  l ines  are  t heo re t i ca l ly  
d r a w n  f r o m  Eqn .  1, using the  values  of  a p p a r e n t  K a a nd  n H ind ica ted  in parenthes is .  Curve  A, e q u i m o l a r  
c o n c e n t r a t i o n s  o f  MgCI 2 a nd  A T P  were  used,  w h i c h  c o r r e s p o n d  to  t h e  c o n c e n t r a t i o n s  of  Mg ATP cal- 
cu l a t ed  acco rd ing  to  t h e  s tabi l i ty  c o n s t a n t  of  73 0 0 0  M - I  [4]  (K a = 0 .44  m M ,  n H = 4). Curve B, C an d  D, 
e x c e s s  MgCI  2 w a s  a d d e d  t o  t h e  r e a c t i o n  m i x t u r e  con ta in ing  e q u i m o l a r  c o n c e n t r a t i o n s  o f  MgCI 2 and  ATP  
at  0 .5 ,  1 and  3 m M ,  respec t ive ly  (B, K a f f i 0 , 2  mM,  n H =  2.5;  C, K a = 0 . 1 3  mM,  n H = 2 . 2 ;  D, K a =  0 .05  
mM, n H = 2.0).  
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Fig. 4. Ef fec t  of  c o n c e n t r a t i o n s  of  t r ans i t ion  me ta l s  on  the  ac t iv i ty  of  AMP nucleosidase  in the  absence  
and  presence  of  MgCl 2. E n z y m e  ac t iv i ty  was  d e t e r m i n e d  at  the  var ied  c o n c e n t r a t i o n s  of  Mn 2+, Co 2+ and 
Ni 2+, 0.2 raM, 5 m M  Trls-HC1 bu f f e r  (pH 8.0) and 1 m M  AMP in the  absence  or  presence  of  1.5 mM 
MgCI2. o • Mn2+; ~ A Co2+; D m Ni 2+. Open  s ymbo l s  show the  values in the  presence  of  1.5 mM MgCl 2 
and c losed sym bo l s  in the  absence  of  Mg 2+. 

excess Mg 2+ and other  divalent cations act as allosteric activators of  the 
enzyme,  as demonstrated in the effect  of  monovalent  cations [4].  Theoretical 
curves calculated from the following equation yield a satisfactory fit for experi- 
mental activation curves in the presence of  various concentrat ion of  Mg 2÷. 

v [A]" 
- ( 1 )  

V [A]" + K~ 

where [A] is the concentrat ion of  ATP, K a the concentrat ion required for 50% 
activation and n the Hill coefficient.  Ka and n were determined from Hill 
plots. 

The effect  of transition metals such as Mn 2÷, Co:* and Ni 2÷ was investi- 
gated. A poten t  activation of  the enzyme was followed by a progressive 
decrease in activity as the concentrat ion of  transition metal increased under the 
conditions where ATP concentrat ion was limited (0.2 mM) (Fig. 4). Co 2÷- or 
Ni2÷-inhibition of  the enzyme was observed at the metal concentrat ions above 
0.2--0.3 mM. Transition metals do exist essentially as ATP-metal complex 
below 0.2 mM metals in these conditions, and free metal cations can exist 
above 0.2 mM according to the calculation of free and complex forms of  these 
metals using the log stability constants of  4.71, 4.54 and 4.88 for Co-, Ni- and 
Mn-ATP complexes, respectively [6], suggesting that  ATP-transition metal 
complexes as well as ATP-alkaline earth complexes are essential activators of  
the enzyme,  whereas free transition metals can act as inhibitors. AMP nucleo- 
sidase was also inhibited by the higher concentrat ions of  these transition metals 
in the presence of  1.5 mM Mg 2÷, which fully activated the enzyme with no 
inhibitory effect.  The I0.s values for  these metals appear to be identical in the 
absence and presence of  Mg 2÷. These data also confirm the above conclusion. 

Discussion 

Kinetic studies of  AMP nucleosidase reaction have been extensively carried 
out. The enzyme can be activated by ATP and certain cations including Mn 2÷, 
monovalent  cations and polyamines and inhibited by Pi, some nucleoside 
monophosphates  and flavodoxin [2--5,7].  Although Ca 2+, Mn 2÷ and Co 2+ of 
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the divalent cations were demonstrated to replace Mg 2÷ to varying degrees by 
Hurwitz et al. [8], kinetic studies on the action of divalent cations have not  
been performed. As shown in this paper, divalent cations including alkaline 
earth metals and transition metals activate AMP nucleosidase, these cations are 
absolutely required for the enzyme catalysis as ATP-metal complex, and 
furthermore, excess alkaline earth metals activate AMP nucleosidase by 
decreasing Ka and nH values for ATP in an allosteric manner. The activating 
effect of  free alkaline earth metals was observed only when concentration of 
ATP-metal complex was not  saturated; AMP nucleosidase cannot be activated 
by free cations in the presence of saturating levels of MgATP (Fig. 3). AMP 
nucleosidase is, thus, activated by free alkaline earth metals as well as mono- 
valent cations with the identical mechanism, which includes the decrease in Ka 
and /2 H values for ATP-metal complex. The addition of  these monovalent and 
divalent cations activates the enzyme by changing the kinetics from sigmoidal 
to nearly hyperbolic with respect to MgATP as reported previously [2]. On the 
other hand, transition metals differ from alkaline earth metals with respect to 
their lower K,  values and inhibitory effect at higher concentrations. The fact 
that  the complexing ability of  transition metals with ATP is greater than that  
of  alkaline earths can account for the difference in the K a values of the enzyme 
between two groups of metals. It should be noted that  the inhibition of the 
enzyme by transition metals can be due to the action of  free transition metals, 
the enzyme was not  or inhibited little by these metals in the presence of rela- 
tively higher concentration of ATP, that  is, under the conditions where concen- 
trations of  free metals are negligible (Fig. 1). However, significant inhibition 
was observed under the conditions where free transition metals can exist when 
ATP concentration is lowered (Fig. 3). 

In conclusion, the kinetic properties of AMP nucleosidase can be accounted 
for by the assumption that  the enzyme has two classes of  binding sites for 
divalent cations, one is the activating site for ATP-metal complex, which is 
suggested to be commonly occupied by ATP-metal complex of  alkaline earth 
metals and transition metals. The other sites are those for free metal cations; 
the site for free alkaline earth metals and free transition metals are activating 
and inhibitory sites, respectively. 

Several lines of  evidence have indicated that  AMP nucleosidase is important  
in the stabilization of  adenylate energy charge [1], adenylate pool size and con- 
version of  adenine nucleotide to inosine or guanine nucleotide in A. vinelandii 
and probably in other prokaryotic cells [2,3,9,10]. Adenylate regulation in 
eukaryotes apparently occurs by AMP deaminase (EC 3.5.4.6) which also 
degrades AMP to form IMP and ammonia [11]. AMP nucleosidase in pro- 
karyotes and AMP deaminase in eukaryotes are similar in their kinetic proper- 
ties, both enzymes are inhibited by Pi and some nucleotides [2,3,12], are 
activated by ATP [2,3,13], and show similar responses to the adenylate energy 
charge [1,11,14]. In connection with the present paper, notewor thy is the 
finding on the effects of various cations on the enzymes. All alkali metal 
cations activated AMP nucleosidase [4] and AMP deaminase to a same extent  
[4,12,13], and alkaline earth metals and transition metals also activated and 
inhibited AMP deaminase [ 13] as well as AMP nucleosidase. Several regulatory 
properties of  AMP nucleosidase and AMP deaminase, which suggest a common 
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T A B L E  I 

E F F E C T  OF V A R I O U S  C A T I O N S  ON T H E  A C T I V I T Y  OF AMP N U C L E O S I D A S E  AND AMP DEAMI-  
NASE 

Cat ions  AMP nucleosidase  (EC 3 .2 .2 .4)  AMP deaminase  
(EC 3 .5 .4 .6)  

Monova l en t  ca t ions  All alkali  me t a l  ca t ions  ac t iva ted  the  e n z y m e  to a same e x t e n t  
[ 4 , 12 , 17 ]  

Divalent  cat ions  
Alkaline ea r th  me ta l s  
Trans i t ion  meta l s  

Ac t iva t ion  [ this  paper ]  
Ac t iva t ion  at  l ower  c o n c e n t r a t i o n  (ATP- 
me ta l  c o m p l e x ) .  
Inh ib i t ion  at  h igher  c o n c e n t r a t i o n  (free 
me t a l  ca t ion)  [ this  pape r ]  

Ac t iva t ion  [13]  

Inh ib i t ion  [13]  

Po lyamines  Ac t iva t ion  [5]  Ac t iva t ion  [33]  

metabolic role for these enzymes in prokaryotes and eukaryotes,  respectively, 
are summarized in Table I, and may suggest the characteristics of  the binding 
sites for these cations including mono- and divalent cations and polyamines. As 
noted from tables of  monovalent cation-requiring enzymes compiled by Evans 
and Sorger [15] and Suelter [16], most  of  these enzymes represent relatively 
strict specificity toward activating monovalent cations. (1) These enzymes 
activated by K ÷, are also usually activated by NH~ and Rb ÷ but  are activated 
little by  Na ÷ and not  at all by  Li ÷. (2) A few enzymes activated by Na ÷ and also 
activated by Li ÷ or Cs ÷, but  they are activated much less by K ÷, NH~ and Rb + 
[15]. However,  Smiley et al. [17] claimed that AMP deaminase is a unique 
enzyme activated equally efficiently by K ÷ and Na ÷, and that these properties 
appear to be correlated with the radius of  the unhydrated ion. AMP nucleo- 
sidase appears to belong to the enzyme of this group [4]. These enzymes show 
broad specificity for activating cations, monovalent  cations of  both K÷-NH~ and 
Na+-Li ÷ groups are equally efficient and alkaline earth metals and transition 
metals also affect the enzyme activity. Enzymes belonging to this group are 
glycerol-3-phosphate dehydrogenase (EC 1.1.1.8) [18],  glucose 6-phosphate 
dehydrogenase (EC 1.1.1.49) [19--21],  te trahydrofolate dehydrogenase (EC 
1.5.1.3) [22,23],  RNA polymerase (EC 2.7.7.6) [24,25],  DNA polymerase 
(EC 2.7.7.6) [26],  UDP glucose 4-epimerase (EC 5.1.3.2) [27,28],  aminoacyl- 
tRNA synthetase (EC 6.1.1.1.-21) [29--32] and AMP deaminase [11,33],  
which are known to be also activated by some divalent cations and polyamines. 
These enzymes may have unique regulatory sites with a broad specificity 
toward the several cations including mono- and divalent cations and poly- 
amines. The analysis of  the regulatory mechanism of AMP nucleosidase and 
AMP deaminase activity may contr ibute toward understanding of  the mecha- 
nism of  the interaction of  the above enzymes with these cations. 
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