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Two substances, cAMP and 2,3-dimercapto-l-propanol (BAL) are 
known to induce transient activation of adenylate cyclase in 
Dictyostelium discoideum. A frigid mutant (HC85) has a deletion 
in a gene for Gc~ 2, a guanine nucleotide binding protein and 
cannot activate the cyclase in response to cAMP. We found that 
BAL induced activation in the frigid mutant. This result 
suggests that the BAL-induced activation is independent of Gcz 2 
and that BAL mimics a role of activated Gol 2. We also found 
that cAMP promoted the BAL-induced activation. This result 
suggests that cAMP plays a role in activation through a mechanism 
in which Go~ 2 is not involved. We lastly showed that continuous 
cAMP stimulation could not inhibit the BAL-induced activation in 
the frigid mutant. Since the cAMP-induced inhibition observed in 
the wild type strain (NC4) proceeds with the time course 
identical to the cAMP-induced adaptation (Oyama, submitted), this 
result suggests that G¢~ 2 is involved in adaptation of adenylate 
c y c l a s e .  © 1991 Academic Press, Inc. 

S t a r v a t i o n  t r i g g e r s  a s h i f t  f r o m  t h e  g r o w t h  p h a s e  to  t h e  

d e v e l o p m e n t a l  p h a s e  i n  t h e  c e l l u l a r  s l i m e  m o l d ,  D i c t y o s t e l i u m  

d i s c o i d e u m .  I n  t h e  d e v e l o p m e n t a l  p h a s e ,  cAMP a c t s  a s  a p h e r o m o n e  

to  i n d u c e  m o r p h o g e n e s i s  a n d  c e l l  d i f f e r e n t i a t i o n  [ f o r  r e v i e w ,  13 .  

E x t r a c e l l u l a r  cAMP b i n d s  to  r e c e p t o r s  on t h e  c e l l  s u r f a c e  [ 2 , 3 , 4 2  

a n d  a c t i v a t e s  v a r i o u s  t y p e s  o f  i n t r a c e l l u l a r  s i g n a l  t r a n s d u c t i o n  

s y s t e m s .  A d e n y l a t e  c y c l a s e  i s  o n e  e x a m p l e  r e g u l a t e d  by  s u c h  

s y s t e m s  [ 5 , 6 , 7 3 .  The  cAMP r e c e p t o r s  on  t h e  c e l l  s u r f a c e  c o n s i s t  

o f  a t  l e a s t  two t y p e s ,  A and  B [ 8 , 9 3  a n d  t h e y  c o - o p e r a t i v e l y  work  

*To whom 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 .  

A b b r e v i a t i o n s :  BAL, 2 , 3 - d i m e r c a p t o - l - p r o p a n o l ;  cAMP, a d e n o s i n e -  
3 ' : 5 ' - c y c l i c  m o n o p h o s p h a t e ;  dcAMP, 2 ' - d e o x y a d e n o s i n e - 3 ' : 5 ' - c y c l i c  
m o n o p h o s p h a t e .  
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f o r  a c t i v a t i o n  o f  a d e n y l a t e  c y c l a s e .  G(~ 2 ,  a g u a n i n e  n u c l e o t i d e  

b i n d i n g  p r o t e i n ,  i s  t h o u g h t  t o  be  a s s o c i a t e d  w i t h  B - r e c e p t o r s  

[ 9 , 1 0 ] .  A f r i g i d  m u t a n t  (HC85)  E l l ]  w h i c h  i s  a d e l e t i o n  m u t a n t  

o f  Go~ 2 g e n e  [ 1 0 ]  c a n n o t  a c t i v a t e  a d e n y l a t e  c y c l a s e  i n  r e s p o n s e  

t o  cAMP s t i m u l a t i o n  [ 1 2 ]  a l t h o u g h  t h i s  m u t a n t  h a s  cAMP r e c e p t o r s  

and  a d e n y l a t e  c y c l a s e  E l l ,  1 2 ] .  

O y a m a  [ 1 3 ] ,  Oyama  a n d  K u b o t a  [ 1 4 ]  a n d  O y a m a  e t  a l .  [ 1 5 ]  

p r o p o s e d  t h a t  r e d u c i n g  r e a g e n t s ,  s u c h  a s  BAL o r  d i t h i o t h r e i t o l ,  

a c t  on  t h e  i n t r a c e l l u l a r  s i g n a l  t r a n s d u c t i o n  p a t h w a y ( s )  

i n d e p e n d e n t l y  f r o m  t h e  r e c e p t o r  a n d  i n d u c e  a n d / o r  m o d i f y  t h e  

r e c e p t o r - m e d i a t e d  e v e n t s .  The  m o s t  i n t e r e s t i n g  a s p e c t  o f  t h e  

e f f e c t  o f  BAL i s  t h a t  BAL i n d u c e s  o r  e n h a n c e s  a c t i v a t i o n  o f  

a d e n y l a t e  e y c l a s e  [ 1 3 , 1 5 ] .  

S i n c e  BAL d i r e c t l y  a c t s  on  t h e  s i g n a l  t r a n s d u c t i o n  

p a t h w a y ( s )  i n  a c t i v a t i o n  o f  a d e n y l a t e  c y c l a s e ,  t h i s  r e a g e n t  may 

m i m i c  a r o l e  o f  G~ 2 .  We f o u n d  t h i s  i s  t h e  c a s e .  T a k i n g  

a d v a n t a g e  o f  t h e  B A L - i n d u c e d  a c t i v a t i o n  o f  a d e n y l a t e  c y c l a s e  i n  

t h e  f r i g i d  m u t a n t ,  we i n v e s t i g a t e d  t h e  r o l e  o f  G~ 2 i n  t h e  

r e c e p t o r - m e d i a t e d  a c t i v a t i o n  and  a d a p t a t i o n  o f  a d e n y l a t e  c y c l a s e .  

MATERIALS and METHODS 

F r i g i d  m u t a n t ,  HC85 and  i t s  p a r e n t a l  s t r a i n ,  HC6 ( w h i c h  i s  
an a x e n i c  m u t a n t )  w e r e  s h a k e - c u l t u r e d  w i t h  E s c h e r i c h i a  c o l i  B / r  
i n  p h o s p h a t e  b u f f e r .  V e g e t a t i v e l y  g r o w i n g  a m o e b a e  w e r e  
c o l l e c t e d ,  w a s h e d  and  r e s u s p e n d e d  i n  20 mM p h o s p h a t e  b u f f e r  pH 
6 . 4  c o n t a i n i n g  10 mM KC1 and  1 . 2  mM MgSO 4 a t  6 x l O ' °  c e l l s / m l .  The  
c e l l  s u s p e n s i o n  was s h a k e n  a t  120 rpm a t  21 °C f o r  10 h .  The  
s t a r v e d  c e l l s  w e r e  w a s h e d  a n d  r e s u s p e n d e d  i n  20 mM p h o s p h a t ~  
b u f f e r  pH 6 . 4  c o n t a i n i n g  10 mM KC1 ( P B K  b u f f e r )  a t  l x l O  t 

c e l l s / m l .  One ml o f  t h e  c e l l  s u s p e n s i o n  was s h a k e n  i n  a 20 ml 
v i a l  f o r  a t  l e a s t  30 m i n  a n d  t h e n  s t i m u l a t e d  w i t h  3 mM BAL 
( S i g m a ) ,  10 ~M dcAMP ( S i g m a )  o r  t h e  m i x t u r e  o f  t h e m .  One h u n d r e d  
}11 o f  t h e  s u s p e n s i o n  w a s  s a m p l e d  i n t o  a m i c r o - t e s t  t u b e  
c o n t a i n i n g  HC104.  The  c e l l  t y s a t e  was n e u t r a l i z e d  w i t h  KHCO 3.  
cAMP i n  t h e  s u p e r n a t a n t  was a s s a y e d  w i t h  i s o t o p e  d i l u t i o n  a s s a y  
( A m e r s h a m )  [ 1 6 ] .  

RESULTS 

We i n v e s t i g a t e d  t h e  e f f e c t  o f  BAL on a c t i v a t i o n  o f  a d e n y l a t e  

c y c l a s e  i n  a f r i g i d  m u t a n t  (HC85)  and  i t s  p a r e n t a l  s t r a i n  ( H C 6 ) .  

S i n c e  i n  a p r e l i m i n a r y  e x p e i m e n t  we f o u n d  t h a t  a c t i v a t i o n  o f  

a d e n y l a t e  c y c l a s e  i n  t h e  f r i g i d  c e l l s  s t a r v e d  f o r  8 - 1 0  h w e r e  

m o r e  p r o n o u n c e d l y  i n d u c e d  by  BAL t h a n  i n  t h o s e  s t a r v e d  f o r  4 . 5 - 6  

h ( d a t a  n o t  s h o w n ) ,  we u s e d  10 h s t a r v e d  c e l l s  f o r  f u r t h e r  

i n v e s t i g a t i o n .  
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We f i r s t  c o n f i r m e d  t h a t  dcAMP d i d  n o t  c a u s e  a n y  a c c u m u l a t i o n  

o f  cAMP i n  t h e  f r i g i d  c e l l s  w h i l e  i t  i n d u c e d  a t r a n s i e n t  

a c c u m u l a t i o n  i n  i t s  p a r e n t a l  c e l l s  ( F i g .  1 ) .  dcAMP w a s  u s e d  f o r  

s t i m u l a t i o n  s i n c e  i t  b i n d s  t o  c A M P - r e c e p t o r s  a n d  i n d u c e s  

r e c e p t o r - m e d i a t e d  e v e n t s  w i t h o u t  i n t e r f e r i n g  w i t h  c A M P  

q u a n t i f i c a t i o n  [ 1 6 ] .  

We f o u n d  t h a t  BAL i n d u c e d  t h e  a c t i v a t i o n  o f  a d e n y l a t e  

c y c l a s e  i n  b o t h  t h e  f r i g i d  a n d  p a r e n t a l  s t r a i n s  ( F i g .  1 ) .  T h e  

a c c u m u l a t i o n  o f  cAMP b e g a n  w i t h  a l a g  a f t e r  t h e  a d d i t i o n  o f  BAL 

i n  b o t h  s t r a i n s .  T h e  l a g  t i m e s  i n  t h e  p a r e n t  a n d  t h e  f r i g i d  

c e l l s  w e r e  1 m i n  a n d  3 - 5  m i n  r e s p e c t i v e l y .  

W h e n  d c A M P  a n d  BAL w e r e  u s e d  t o g e t h e r  f o r  s t i m u l a t i o n ,  

i m m e d i a t e  a c c u m u l a t i o n  o f  cAMP o c c u r r e d  i n  b o t h  t h e  f r i g i d  a n d  

t h e  p a r e n t a l  c e l l s  ( F i g .  1 ) .  I n  t h e  p a r e n a l  s t r a i n  c A M P  

a c c u m u l a t i o n  w a s  t e r m i n a t e d  w i t h i n  2 m i n ,  s i m i l a r l y  t o  t h e  c a s e  

o f  s t i m u l a t i o n  b y  dcAMP a l o n e .  By m a r k e d  c o n t r a s t ,  i n  t h e  f r i g i d  

s t r a i n  t h e  a c c u m u l a t i o n  c o n t i n u e d  b e y o n d  6 - 8  m i n  a f t e r  t h e  

s t i m u l a t i o n  ( F i g .  1 ) .  

S i n c e  O y a m a  [ 1 3 ]  f o u n d  t h a t  c o n t i n u o u s  s t i m u l a t i o n  a t  a 

s a t u r a t e d  l e v e l  o f  dcAMP f o r  10 m i n  c o m p l e t e l y  s u p p r e s s e s  t h e  

B A L - i n d u c e d  a c t i v a t i o n  o f  a d e n y l a t e  c y c l a s e  i n  a w i l d  t y p e  s t r a i n  
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F i g u r e  1 A c t i v a t i o n  o f  a d e n y l a t e  c y c l a s e  i n  t h e  f r i g i d  
m u t a n t  (HC85) and  in  i t s  p a r e n t a l  s t r a i n  (HC6) .  S t a r v e d  HC85 
( c e n t e r  and  r i g h t )  o r  HC6 ( l e f t )  c e l l s  w e r e  s h a k e - c u l t u r e d  in  PBK 
b u f f e r .  The c e l l s  w e r e  s t i m u l a t e d  w i t h  10 ~M dcAMP ( c i r c l e ) ,  3 
mM BAL ( t r i a n g l e )  o r  t h e  m i x t u r e  o f  t hem ( s q u a r e ) .  The c e l l  
s u s p e n s i o n  was  s a m p l e d  f o r  cAMP q u a n t i f i c a t i o n  a t  i n d i c a t e d  
t i m e s .  C e n t e r  and  r i g h t  g r a p h s  show t h e  same d a t a  w i t h  d i f f e r e n t  
v e r t i c a l  a x e s .  

F i z u r e  2 A c t i v a t i o n  o f  a d e n y l a t e  c y c l a s e  by  BAL i n  t h e  
f r i g i d  m u t a n t  a f t e r  p r e t r e a t m e n t  o f  100 M dcAMP. S t a r v e d  
f r i g i d  (HC85) c e l l s  w e r e  s h a k e - c u l t u r e d  in~PBK b u f f e r .  The c e l l s  
w e r e  s t i m u l a t e d  w i t h  100 pM dcAMP a t  0 t i m e  ( c i r c l e ) .  P a r t  o f  
t h e  c e l l  s u s p e n s i o n  was r e m o v e d  a t  1 . 5  min ( t r i a n g l e )  o r  lOmin 
( s q u a r e )  a f t e r  t h e  dcAMP s t i m u l a t i o n  to  a new v i a l  c o n t a i n i n g  3 
mM BAL. The c e l l  s u s p e n s i o n  was s a m p l e d  f o r  cAMP q u a n t i f i c a t i o n  
a t  i n d i c a t e d  t i m e s .  100 M dcAMP was d e t e c t e d  a s  a b a c k g r o u n d  o f  
1 6 . 5  pmol c A M P / l x l 0 7  c e l l ~ .  
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( N C 4 ) ,  c o n t i n u o u s  a c t i v a t i o n  o f  a d e n y l a t e  c y c l a s e  i n d u c e d  b y  

d c A M P + B A L  i n  t h e  f r i g i d  m u t a n t  m a y  b e  d u e  t o  t h e  l a c k  o f  t h e  

d c A M P - i n d u c e d  i n h i b i t i o n  o n  t h e  B A L - i n d u c e d  a c t i v a t i o n  i n  t h i s  

mutant. 

To t e s t  t h i s  p o s s i b i l i t y ,  we t r e a t e d  t h e  f r i g i d  c e l l s  w i t h  

1 0 0  pN dcAMP a n d  t h e n  s t i m u l a t e d  t h e m  w i t h  BAL ( F i g .  2 ) .  We 

f o u n d  t h a t  BA L  a c t i v a t e d  a d e n y l a t e  c y c l a s e  e v e n  a f t e r  t h e  

p r e t r e a t m e n t  o f  1 0 0  pM dcAMP f o r  1 0  m i n  w h i l e  t h e  r a t e  o f  t h e  

B A L - i n d u c e d  a c c u m u l a t i o n  o f  cAMP w a s  s o m e w h a t  s l o w e r  a t  t h i s  t i m e  

p o i n t  t h a n  a t  1 . 5  m i n  o f  t h e  p r e t r e a t m e n t  ( F i g .  2 ) .  We c o u l d  

n o t  d e t e r m i n e  w h e t h e r  p r e t r e a t m e n t  o f  dcAMP f o r  1 0  m i n  c o m p l e t e l y  

s u p p r e s s e d  t h e  B A L - i n d u c e d  a c t i v a t i o n  o f  a d e n y l a t e  c y c l a s e  i n  t h e  

p a r e n t a l  s t r a i n  ( H C 6 )  s i m i l a r l y  i n  t h e  w i l d  t y p e  s t r a i n  ( N C 4 )  

s i n c e  t h e  B A L - i n d u c e d  a c t i v a t i o n  a f t e r  t h e  dcAMP t r e a t m e n t  w a s  

t o o  w e a k  i n  t h e  p a r e n t s .  

D I S C U S S I O N  

We s h o w e d  t h a t  BAL c a n  i n d u c e  a c t i v a t i o n  o f  a d e n y l a t e  

c y c l a s e  i n  a f r i g i d  m u t a n t  ( H C 8 5 )  a s  w e l l  a s  i n  i t s  p a r e n t s  ( H C 6 )  

( F i g .  1 ) .  S i n c e  t h e  d e l e t i o n  o f  G ~  2 g e n e  i s  t h o u g h t  t o  b e  a n  

o n l y  m u t a t i o n  i n  HC85 i n  i n t r a c e l l u l a r  s i g n a l  t r a n s d u c t i o n  [ 1 0 I ,  

t h i s  r e s u l t  s u g g e s t s  t h a t  t h e  B A L - i n d u c e d  a c t i v a t i o n  o f  a d e n y l a t e  

c y c l a s e  i s  i n d e p e n d e n t  o f  G ~  2 a n d  t h a t  BAL m i m i c s  a r o l e  o f  G ~  2 

t o  a c t i v a t e  a d e n y l a t e  c y c l a s e  ( F i g .  3 ) .  

d c A M P + B A L  i n d u c e s  i m m e d i a t e  a c t i v a t i o n  o f  a d e n y l a t e  c y c l a s e  

w h i l e  a s h o r t  l a g  t i m e  i s  o b s e r v e d  a f t e r  t h e  s t i m u l a t i o n  w i t h  BAL 

a l o n e  ( F i g .  1 ) .  T h u s ,  dcAMP h e l p s  t h e  B A L - i n d u c e d  a c t i v a t i o n  i n  

t h e  f r i g i d  m u t a n t  a l t h o u g h  d c A M P  a l o n e  h a s  n o  e f f e c t  i n  t h i s  

m u t a n t .  T h e s e  r e s u l t s  s u g g e s t  t h a t  i n t e r a c t i o n  b e t w e e n  t h e  

r e c e p t o r s  a n d  cAMP p l a y s  a r o l e  i n  t h e  a c t i v a t i o n  o f  a d e n y l a t e  

A-receptor ? ~ _  

BAL 

adenyt~te 
cyctcse 

F i g u r e  3 H y p o t h e t i c a l  s c h e m e  f o r  r e g u l a t i o n  o f  a d e n y l a t e  
c y c l a s e ,  cAMP b i n d s  t o  t h e  A a n d  B t y p e  r e c e p t o r s .  Two t y p e s  
o f  a c t i v a t i o n  s i g n a l s  ( c l o s e d  a r r o w )  a r e  i n d u c e d  b y  t h e  cAMP- 
r e c e p t o r s .  C o o p e r a t i v e  a c t i o n s  o f  b o t h  s i g n a l s  a r e  r e q u i r e d  f o r  
a c t i v a t i o n  o f  a d e n y l a t e  c y c l a s e .  Ga  2 a s s o c i a t e d  w i t h  t h e  B 
r e c e p t o r  m e d i a t e s  i n d u c t i o n  o f  t h e  a c t i v a t i o n  s i g n a l  ( c l o s e d  
a r r o w )  a n d  t h e  a d a p t a t i o n  s i g n a l  ( o p e n  a r r o w ) .  
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c y c l a s e  t h r o u g h  two  c o o p e r a t i v e l y  w o r k i n g  m e c h a n i s m s :  o n e  

m e d i a t e d  by  G~ 2 p r o t e i n  and  t b e  o t h e r  y e t  u n i d e n t i f i e d  ( F i g .  3 ) .  

Our  d a t a  a l s o  s u g g e s t  t h a t  a d e n y l a t e  c y c l a s e  i s  n o t  a c t i v a t e d  

t h r o u g h  t h e  l a t t e r  u n i d e n t i f i e d  m e c h a n i s m  a l o n e .  

I t  h a s  b e e n  p r o p o s e d  t h a t  cAMP a c t i v a t e s  t w o  t y p e s  o f  

r e c e p t o r s ,  A and  B, and  t h a t  b o t h  r e c e p t o r s  a r e  n e c e s s a r y  f o r  

a c t i v a t i o n  o f  a d e n y l a t e  c y c l a s e  [ 9 ] .  I f  BAL m i m i c s  a r o l e  o f  G~ 

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

e f f e c t s  o f  BAL a n d  dcAMP i n  t h e  f r i g i d  m u t a n t  a r e  c o n s i s t e n t  w i t h  

t h i s  p r o p o s a l  ( F i g .  3 ) .  

Oyama [ 1 3 ]  f o u n d  t h a t  c o n t i n u o u s  s t i m u l a t i o n  a t  a s a t u r a t e d  

l e v e l  o f  dcAMP f o r  10 min  c o m p l e t e l y  s u p p r e s s e s  t h e  B A L - i n d u c e d  

a c t i v a t i o n  o f  a d e n y l a t e  c y c l a s e  i n  t h e  w i l d  t y p e  s t r a i n ,  NC4. 

T h i s  d c A M P - i n d u c e d  i n h i b i t i o n  p r o c e e d s  w i t h  a t i m e  c o u r s e  

i d e n t i c a l  to  t h e  c A M P - i n d u c e d  a d a p t a t i o n ,  w h i c h  i s  a m e c h a n i s m  

f o r  t e r m i n a t i o n  o f  t h e  c A M P - i n d u c e d  a c t i v a t i o n  o f  a d e n y l a t e  

c y c l a s e  [ 1 7 ] .  T h e r e f o r e ,  t h e  r e s u l t  t h a t  c o n t i n u o u s  dcAMP 

p r e t r e a t m e n t  s h o w s  l i t t l e  e f f e c t  on t h e  B A L - i n d u c e d  a c t i v a t i o n  i n  

t h e  f r i g i d  m u t a n t  ( F i g .  2 )  i n d i r e c t l y  s u g g e s t s  t h a t  G~ 2 i s  

i n v o l v e d  i n  a d a p t a t i o n  o f  a d e n y l a t e  c y c l a s e  ( F i g .  3 ) .  T h e  

p r o l o n g e d  p e r i o d  o f  a c c u m u l a t i o n  o f  cAMP a f t e r  d c A M P + B A L  

s t i m u l a t i o n  s e e n  i n  t h i s  m u t a n t  m i g h t  a l s o  r e f l e c t  t h e  l a c k  o f  

a d a p t a t i o n .  

BAL i n d u c e s  w e a k e r  a c t i v a t i o n  i n  t h e  p a r e n t a l  s t r a i n ,  HC6 

t h a n  i n  t h e  w i l d  t y p e  s t r a i n ,  NC4. HC5 i s  an  a x e n i c  s t r a i n  a n d  

was  d e v e l o p e d  i n  s h a k e - c u l t u r e  c o n d i t i o n s  u n l i k e  t h e  c a s e  o f  NC4 

[ 1 3 ] .  S o m e  o f  t h e s e  d i f f e r e n c e s  m a y  c a u s e  l e s s  s e n s i t i v e  

c h a r a c t e r  o f  HC6 t o  BAL. 
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