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The interaction between isolated adrenal medullary plasma mem- 
branes and chromaffin granules has been proposed as a cell-free model 
for exocytosis. Phosphorylation experiments showed that isolated chro- 
marlin granules as well as isolated plasma membranes contain protein 
kinases and phosphate accepting membranous proteins. Upon joint incu- 
bation however, the chromaffin granule-located proteins are preferen- 
tially phosphorylated. ~-F-methylene-ATP, a non-hydrolysable ana- 
logue, was able to reduhe both the plasma membrane-induced release of 
the soluble chromaffin granular content and the phosphate incorporation 
into the protein fraction. The results of these experiments on a cell-free 
model system fit in the hypothesis originating from work on several types 
of intact cells that the exocytotic event is linked with protein phosphory- 
lation. 

Chromaffin granules (CG) release their soluble content upon incu- 

bation with isolated adrenal medullary plasma membranes (PM) (i, 2). 

The features of this temperature-, pH- and CaE+-dependent interaction 

closely resemble some essential properties of exocytosis, a process in 

which secretory vesicles release their content into the extracellular space 

upon fusion with the plasma membrane. The interaction can be blocked 

by addition of EGTA and is stimulated when ICa Z+] exceeds 2 x 10-7M 

with a half maximal response around 10-6M and the maximal response at 

10-5M Ca Z+ (3). Comparison of the density gradient distribution of inter- 

acted CG and PM with the distribution of non-interacted material in self- 

generating Percoll gradients revealed that the loss of each granule's con- 

tent is an "all-or-none" phenomenon rather than a partial release° Be- 

cause of these and other resemblances, the PM-induced release of the CG 

content has been proposed as a putative cell-free model for exocytosis in 

which the intracellular sites of control would be accessible to manipula- 

tion. 

(+) F. Konings is a research assistant of the National Fund for Scientific 
Research. 
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Recently an enhanced phosphorylation of membranous protein has 

been correlated with the secretory activity in several cell-types. Cate- 

cholamine secretion from cultured adrenal medullary cells stimulated by 

different secretagogues was shown to be accompanied by enhanced phos- 

phorylation (4). Similar observations were made in other neuronal (5, 

6) and non-neuronal (7) secretory cells. Since protein phosphorylation 

could be a necessary step between CaZ+-influx and the exocytotic fusion 

it was the purpose of this study to investigate whether this phenomenon 

also occurs in the cell-free CG-PM system. The plasma membrane 

barrier can also be passed in "leaky" cells, another model for exocyto- 

sis (for a review see 8). With this technique, which involves the permea- 

bilization of the plasma membrane with intense electric fields, it has 

been demonstrated that adrenal medullary cells require ATP for their 

CaZ+-dependent catecholamine release (9). The presence of CaZ+-depen- 

dent protein kinases and phosphate accepting proteins on chromaffin gra- 

nule-ghosts has been demonstrated (I0). Because ATP may exert this 

function acting as a phosphate donor for membranous protein phosphory- 

lation we also looked at a possible requirement for ATP in the cell-free 

CG-PM system. Since the soluble CG matrix contains a considerable 

amount of ATP (for a review see II) the AT1D concentration of the incuba- 

tion medium before interaction is usually situated between 5 x 10-6M and 

10-5M due to a small but inevitable fraction of broken granules. This 

concentration can rise to 5 x 10-5M or more during the interaction (2); 

therefore we used ~-~-methylene-ATP, a non-hydrolysable analogue, 

to  c o m p e t e  w i t h  t h e  e n d o g e n o u s  A T P  (12) .  

M E T H O D S  

B o v i n e  a d r e n a l  P M  a n d  C G  w e r e  i s o l a t e d  e s s e n t i a l l y  a s  d e s c r i b e d  
b y  (13) .  T h e  i s o l a t e d  C G  a n d  P M  w e r e  r e s u s p e n d e d  i n  0. 3M s u c r o s e  
(10  m M  T r i s - H C 1 ,  p H  7 . 4 )  a n d  t h e  C G  c a t e c h o l a m i n e  a n d  P M  p r o t e i n  c o n -  
c e n t r a t i o n s  w e r e  d e t e r m i n e d .  A f t e r  d i l u t i o n  of  t h e  C G  a n d  P M  to a c o n -  
c e n t r a t i o n  a d e q u a t e  f o r  t h e  i n c u b a t i o n  e x p e r i m e n t s  t h e  P M  s u s p e n s i o n  o r  
a n d  e q u i v a l e n t  b l a n k  w a s  p r e i n c u b a t e d  f o r  5 m i n  a t  3 7 ° C  a n d  t h e  C G  s u s -  
p e n s i o n  e q u i l i b r a t e d  a t  r o o m  t e m p e r a t u r e .  T h e n  C G  w e r e  a d d e d  to  t h e  
P M  s u s p e n s i o n  a n d  t h e  i n c u b a t i o n  m i x t u r e  s h a k e n  f o r  a f e w  s e c o n d s .  A f -  
t e r  1 r a i n  i n c u b a t i o n  a t  3 7 ° C  t h i s  m i x t u r e  w a s  p l a c e d  i n  i c e d  w a t e r  a n d  3 
v o l u m e s  of  i c e - c o l d  b u f f e r e d  0 . 3 M  s u c r o s e  w e r e  a d d e d  to  s t o p  t h e  t e m p e -  
r a t u r e - d e p e n d e n t  i n t e r a c t i o n .  T h e  i n c u b a t e d  s a m p l e s  w e r e  t h e n  c e n t r i -  
f u g e d  a t  1 5 , 0 0 0  x g f o r  20  r a i n  i n  a r e f r i g e r a t e d  c e n t r i f u g e  to  p e l l e t  t h e  
i n t a c t  CG ( M S E  H i S p i n  21 w i t h  24  x 14 r o t o r ) .  B y  t h i s  p r o c e d u r e  g r a n u l e -  
b o u n d  c a t e c h o l a m i n e s  ( o r  o t h e r  m a r k e r s  of  t h e  s o l u b l e  C G  c o n t e n t )  w e r e  
s e p a r a t e d  f r o m  f r e e  c a t e c h o l a m i n e s .  T h e  s u p e r n a t a n t s  w e r e  k e p t  f o r  
a s s a y .  T h e  r e s u l t i n g  d a t a  w e r e  c o r r e c t e d  f o r  t h e  c a t e c h o l a m i n e s  o r  s o -  
l u b l e  p r o t e i n  a l r e a d y  s e t  f r e e  b e f o r e  i n c u b a t i o n  ( s e e  1). 

F o r  t h e  3 2 p  i n c o r p o r a t i o n  e x p e r i m e n t s  t h e  i n c u b a t i o n  m e t h o d  w a s  
modified as follows : 60 pCi (~-32p) ATP (3000 Ci/mmol, Amersham 
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I n t e r n a t i o n a l )  w e r e  added  to each  of the p r e i n c u b a t i n g  PM s u s p e n s i o n s  1 
r a i n  b e f o r e  the a c t u a l  i n c u b a t i o n  wi th  CGo The t o t a l  i n c u b a t i o n  v o l u m e  
was  1000 p1. The  i n c u b a t i o n  was  s topped  wi th  9 v o l u m e s  of 10 m M  T r i s -  
HC1 buf fe r  (pH 7 .4 )  in  o r d e r  to l y s e  the v e s i c l e s .  The  m e m b r a n e  f r a c -  
t i o n  was  r e c o v e r e d  by c e n t r i f u g a t i o n  a t  Z00 ,000  x g for  60 rn in  ( B e c k m a n  
L 8 - 5 5  wi th  SW41 r o t o r ) .  The  r e s u l t i n g  p e l l e t s  w e r e  r e s u s p e n d e d  in  100 
}11 of a s o l u b i l i z i n g  s o l u t i o n  c o n t a i n i n g  10 m M  T r i s - H C 1  (pH 6 .8 ) ,  Z. 5 
SDS (w/v)  and  5 % ~ - m e r c a p t o e t h a n o l  (v /v) .  A f t e r  be ing  b o i l e d  for  10 
r a i n  the s a m p l e s  w 4 r e  c e n t r i f u g e d  in  a n  E p p e n d o r f  t a b l e - t o p  c e n t r i f u g e  
for  10 ra in .  Z0 ~al of each  of the r e s u l t i n g  s u p e r n a t a n t s  ( c o n t a i n i n g  s o l u -  
b i l i z e d  m e m b r a n e  p r o t e i n s )  w e r e  a p p l i e d  on 1Z. 5 % p o l y a c r y l a m i d e  ge l s  
wi th  4 % s t a c k i n g  ge l s .  S D S - g e l e l e c t r o p h o r e s i s  was  p e r f o r m e d  by the 
m e t h o d  of (14) in  a v e r t i c a l  s l ab  ge l  e l e c t r o p h o r e s i s  a p p a r a t u s  ( P h a r m a -  
c ia  F i n e  C h e m i c a l s  G E - 4 ) .  The  e l e c t r o d e  bu f f e r  (pH 8. 3) c o n t a i n e d  0o05 
M T r i s - H C 1 ,  0 . 3 8 4 M  g l y c i n e  and  0 . 1 %  SDS. The  s a m p l e s  w e r e  e l e c t r o -  
p h o r e s e d  t o g e t h e r  wi th  m o l e c u l a r  we igh t  s t a n d a r d s  ( P h a r r n a c i a  F i n e  Che -  
m i c a l s )  for  6 h a t  150V and  s t a i n e d  wi th  0 . 1 %  C o o m a s s i e  b r i l l i a n t  b lue  
RZ50o D r i e d  ge l s  w e r e  p l a c e d  in c o n t a c t  wi th  Kodak  X A R - 5  f i l m  for  3 
days  a t  - 7 0 ° C .  The  a u t o r a d i o g r a p h s  w e r e  s c a n n e d  in  a P e r k i n - E l m e r  
d e n s i t o r n e t e r  b y t h e  R e s e a r c h  and  D e v e l o p m e n t  d e p a r t m e n t  of A G F A -  
G e v a e r t ,  M o r t s e l .  

In a n o t h e r  s e r i e s  of e x p e r i m e n t s  50 ~1 of e a c h  of the s o l u b i l i z e d  
m e m b r a n e  p r o t e i n  c o n t a i n i n g  s a m p l e s  w e r e  r u n  t h r o u g h  a n  H P L C - g e l -  
f i l t r a t i o n  c o l u m n  ( S p h e r o g e l - T S K  3000 SW, 7 . 5  x 600 ram)  a t  1 m l / m i n  
wi th  0 . 1 M  p h o s p h a t e  buf fe r  (pH 7 .0 ,  0 . 1 %  SDS) (6000A p u m p  and  U6K 
i n j e c t o r ,  W a t e r s  A s s .  ; UV-50  d e t e c t o r ,  V a r i a n ) .  In th i s  s t ep  p r o t e i n s  
w e r e  s e p a r a t e d  f r o m  s m a l l e r  m o l e c u l e s  l ike  A T P .  The  f r a c t i o n s  c o n t a i -  
n ing  p r o t e i n s  l a r g e r  t h a n  1 5 , 0 0 0  d a l t o n  ( d e t e r m i n e d  by m o l e c u l a r  we igh t  
m a r k e r s )  w e r e  poo led  and  c o u n t e d  for  3 Z p - a c t i v i t y  in  a l i qu id  s c i n t i l l a t i o n  
c o u n t e r  ( P a c k a r d  A460  wi th  P i c o - F l u o r  30 s c i n t i l l a t o r ) .  The  3 Z p - i n c o r -  
p o r a t i o n  in to  the m e m b r a n o u s  p r o t e i n  f r a c t i o n  c ou l d  be m e a s u r e d  q u a n t i -  
t a t i v e l y  th i s  way.  

The  c a t e c h o l a m i n e  c o n c e n t r a t i o n s  w e r e  m e a s u r e d  by the c o l o r i -  
m e t r i c  m e t h o d  of (15) and  by the H P L C  m e t h o d  wi th  a m p e r o m e t r i c  d e t e c -  
t i on  d e s c r i b e d  by (Z). 

The  p r o t e i n  c o n c e n t r a t i o n s  w e r e  d e t e r m i n e d  a c c o r d i n g  to the m e -  
thods  of (16) and  (17) u s i n g  bov ine  s e r u m  a l b u m i n  for  a s t a n d a r d .  

It shou ld  be r e m a r k e d  tha t  no a d d i t i o n a l  Ca Z+ was  r e q u i r e d  s i n c e  
the c o n c e n t r a t i o n  of e n d o g e n o u s  Ca z+ f r o m  b r o k e n  g r a n u l e s  e x c e e d s  the 
t r e s h o l d  c o n c e n t r a t i o n  for  i n t e r a c t i o n  b e t w e e n  CG and  P M.  

R E S U L T S  AND DISCUSSION 

A d d i t i o n  of ( ~ - 3 Z p ) A T P  to the i n c u b a t i o n  m e d i u m  r e v e a l e d  tha t  

s e v e r a l  m e m b r a n o u s  p r o t e i n s  of CG and  P M  b e c o m e  p h o s p h o r y l a t e d  u n d e r  

the c o n d i t i o n s  u s e d  fo r  i n t e r a c t i o n  e x p e r i m e n t s  ( F i g u r e  1). CG a nd  PM 

both  have  t h e i r  own p r o t e i n  k i n a s e s  a nd  p h o s p h a t e  a c c e p t i n g  p r o t e i n s  as  

c an  be s e e n  on the d e n s i t o m e t r i c  t r a c i n g s  of CG and  P M  i n c u b a t e d  s e p a -  

r a t e l y .  The m a j o r  C G - l o c a t e d  p h o s p h o r y l a t e d  p r o t e i n  s e e m s  to h a v e  a 

m o l e c u l a r  we igh t  of abou t  45kD. The  two m o s t  i m p o r t a n t  p h o s p h o r y l a t e d  

p r o t e i n s  on the PM have  a n  a p p a r e n t  m o l e c u l a r  we igh t  of a p p r o x i m a t e l y  

20 and  60kD. When  CG and  PM a r e  i n c u b a t e d  t o g e t h e r  the C G - l o c a t e d  

proteins are preferentially phosphorylated. Only the 60kD-PM protein 

can still be detected on the autoradiographs. The latter protein band most 
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F i g u r e  l - M e m b r a n o u s  p h o s p h a t e  a c c e p t i n g  p r o t e i n s  of the c h r o m a f f i n  
g r a n u l e - p l a s m a  m e m b r a n e  s y s t e m  and  i t s  c o m p o n e n t s .  C h r o m a f f i n  g r a -  
n u l e s  and  p l a s m a  m e m b r a n e s  w e r e  i n c u b a t e d  fo r  1 ra in ,  a p a r t  and  to-  
g e t h e r ,  in  1 m l  0. 3M s u c r o s e  (10 m M  T r i s - H C 1 ,  pH 7 .4)  c o n t a i n i n g  150 
~Ci ~ - 3 2 p - A T P .  A f t e r  t h i s  i n c u b a t i o n  and  h y p o t o n i c  l y s i s  the  m e m b r a n e  
f r a c t i o n  was  r e c u p e r a t e d  by h i g h - s p e e d  c e n t r i f u g a t i o n .  The  s o l u b i l i z e d  
m e m b r a n o u s  p r o t e i n s  w e r e  s u b j e c t e d  t o S D S p o l y a c r y l a m i d e  ge l  e l e c t r o -  
p h o r e s i s  in a 12. 5 % gel .  D e n s i t o m e t r i c  s c a n s  of the  a u t o r a d i o g r a p h  
f r o m  the  d r i e d  ge l  a r e  p r e s e n t e d  w i th  the  e s t i m a t e d  m o l e c u l a r  w e i g h t  of 
the  p h o s p h a t e  a c c e p t i n g  p r o t e i n s .  

p r o b a b l y  c o n t a i n s  t w o  d i f f e r e n t  p o l y p e p t i d e s  i n  c l o s e  a p p r o x i m a t i o n  ( o b -  

s e r v a t i o n  f r o m  o t h e r  e x p e r i m e n t s )  a n d  i t s  p h o s p h o r y l a t i o n  s e e m s  to be  

G a 2 + - d e p e n d e n t .  A d d i t i o n  of  1 m M  E G T A  to  t h e  i n c u b a t i o n  m i x t u r e  w i t h  

GG a n d  P M  r e s u l t e d  in  a 70 • d e c r e a s e  i n  p h o s p h o r y l a t i o n  of  t h e  6 0 k D  

b a n d  c o m p a r e d  to  a c o n t r o l  w i t h o u t  E G T A  ( f i g u r e  n o t  s h o w n ) .  O n  t h e  

o t h e r  h a n d  t h e  1 4 . 6 k D  b a n d  a n d  t h e  l i g h t e r  m a t e r i a l  n e a r  t h e  f r o n t  ( w h i c h  

m i g h t  be  p o l y p h o s p h o i n o s i t i d e s ,  18)  s h o w e d  a 6 - f o l d  i n c r e a s e  i n  p h o s p h o -  

r y l a t i o n  i n  t h e  p r e s e n c e  of  1 m M  E G T A .  

~ -  ~ - m e t h y l e n e - A T P  p r o v o k e s  a d e c r e a s e d  3 2 p - i n c o r p o r a t i o n  

i n t o  t h e  m e m b r a n o u s  p r o t e i n  f r a c t i o n  of  t h e  C G - P M  s y s t e m  ( f i g u r e  2) a n d  

i t  h a s  a n  i n h i b i t o r y  e f f e c t  o n  t h e  P M - i n d u c e d  r e l e a s e  of  t h e  C G  c o n t e n t  

( f i g u r e  3). A t  h i g h  c o n c e n t r a t i o n s  t h e  n o n - h y d r o l y s a b l e  A T P  a n a l o g u e  a l s o  

c a u s e d  e f f e c t s  w h i c h  w e r e  n o t  i n t e r a c t i o n - s p e c i f i c  a s  d e m o n s t r a t e d  b y  a n  
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F i s u r e  Z - T h e  e f f e c t  of  a n o n - h y d r o l y s a b l e  A T P - a n a l o g u e  on  t h e  p h o s p h o -  
r y l a t i o n  o f  t h e  m e m b r a n o u s  f r a c t i o n  o f  t h e  c h r o m a f f i n  g r a n u l e - p l a s m a  
m e m b r a n e  s y s t e m .  C h r o m a f f i n  g r a n u l e s  w e r e  i n c u b a t e d  w i t h  p l a s m a  
m e m b r a n e s  a s  in  F i g u r e  1. A f t e r  s o l u b i l i s a t i o n  t h e  p r o t e i n s  f r o m  t h e  
m e m b r a n o u s  f r a c t i o n  w e r e  s e p a r a t e d  f r o m  s m a l l e r  m o l e c u l e s  u s i n g  
H P L C - g e l  f i l t r a t i o n .  T h e  3 Z p - i n c o r p o r a t i o n  w a s  m e a s u r e d  in  a s c i n t i l l a -  
t i o n  c o u n t e r ,  R e s u l t s  a r e  p r e s e n t e d  w i t h  t h e i r  s t a n d a r d  d e v i a t i o n  (n = 3; 
~ : P <  0 , 0 5 ; ~ t ~  : P < 0 . 0 1 ;  S t u d e n t ' s  t - t e s t ) .  

F i s u r e  3 - T h e  e f f e c t  of  a n o n - h y d r o l y s a b l e  A T P - a n a l o g u e  on  t h e  p l a s m a  
m e m b r a n e - i n d u c e d  r e l e a s e  of  t h e  c h r o m a f f i n  g r a n u l a r  c o n t e n t .  C h r o -  
m a f f i n  g r a n u l e s  (Z00 pg c a t . / m l )  w e r e  i n c u b a t e d  f o r  i r a i n  a t  3 7 ° C  w i t h o u t  
( o p e n  s y m b o l s )  a n d  w i t h  ( c l o s e d  s y m b o l s )  p l a s m a  m e m b r a n e s  (50 }ig p r o t .  / 
rn l )  in  400  }11 0 . 3 M  s u c r o s e  ( 1 0 r a M  T r i s - H C l ,  pH  7 . 4 ) .  I m m e d i a t e l y  a f t e r  
t h i s  i n c u b a t i o n  t h e  r e l e a s e d  g r a n u l a r  c o n t e n t  m a r k e r s  l i k e  c a t e c h o l a m i n e s  
(A) a n d  s o l u b l e  p r o t e i n  (B) w e r e  s e p a r a t e d  f r o m  t h o s e  s t i l l  p r e s e n t  in  t h e  
c h r o m a f f i n  g r a n u l e s  by  c e n t r i f u g a t i o n .  In  t h e  c o n t r o l  s i t u a t i o n  (no A T P  
a n a l o g u e  a d d e d )  a b o u t  30 % of  t h e  c a t e c h o l a m i n e s  p r e s e n t  in  t h e  CG w e r e  
r e l e a s e d  d u r i n g  i n c u b a t i o n  w i t h  P M .  T h e  r e s u l t s  a r e  p r e s e n t e d  w i t h  t h e i r  
s . e . m .  C o r r e c t i o n  f o r  e a t e c h o l a m i n e s  o r  s o l u b l e  p r o t e i n  a l r e a d y  f r e e  
b e f o r e  t h e  i n c u b a t i o n  h a s  b e e n  m a d e .  

i n c r e a s e d  r e l e a s e  o f  s o l u b l e  m a t e r i a l  f r o m  C G  i n c u b a t e d  w i t h o u t  P l v i .  U p  

to 1 rnM, however, it inhibits the CG-PM interaction without affecting CG 

incubated alone. These observations suggest that hydrolysis of ATP is 
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necessary for the membranous protein phosphorylation as well as for the 

exocytosis-like interaction in the CG-PM system. (9) also suggested that 

the hydrolysis of ATP is necessary for exocytosis in bovine adrenal me- 

dullary cells. This assumption was based on their experiments with 

"leaky" cells, a model which showed a CaZ+-dependency remarkably si- 

milar to the one of the cell-free CG-PM interaction (19). The CG-PM 

system contains at least one other important ATP hydrolysing enzyme : 

the CG-located MgX+-ATPase responsible for the energetisation of the 

catecholamine uptake. This enzyme can be inhibited with N-ethyl- 

maleimide (Z0), a drug which does not interfere with the PM-induced re- 

lease of the CG content (up to 10-4M NEM, unpublished results), and is 

therefore not a likely mediator between ATP and the exocytosis-like event. 

If protein phosphorylation proves to be a prerequisite for the interaction 

between CG and PM the main role of ATP might be that as a substrate for 

protein kinase s. 
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