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Transport of Membranes and Vesicle Contents Düring 
Exocytosis 
M. Gratzl 1 

I n t r o d u c t i o n 

In many e l e c t r o n m i c r o s c o p i c a l s t u d i e s , i t has been o b s e r v e d t h a t s e c -
r e t o r y v e s i c l e s r e l e a s e t h e i r C o n t e n t s i n t o the e x t r a c e l l u l a r f l u i d 
d u r i n g e x o c y t o s i s and t h e i r l i m i t i n g membranes become i n s e r t e d i n t o 
the c e l l membrane. From t h e s e o b s e r v a t i o n s i t has been deduced t h a t 
s e c r e t o r y v e s i c l e membranes may a c t as p r e c u r s o r s of c e l l membrane 
components and thus may be i n v o l v e d i n the b i o g e n e s i s of the c e l l mem­
brane . 

There i s abundant e v i d e n c e t h a t many membrane p r o t e i n s , i n c l u d i n g t h o s e 
d e s t i n e d f o r the c e l l membrane, a r e s y n t h e s i z e d by membrane-bound r i b o -
somes a t the e n d o p l a s m i c r e t i c u l u m (see K r e i b i c h , t h i s v o l . ) . I t has 
been s u g g e s t e d t h a t c e l l membrane components then j o i n the s e c r e t o r y 
pathway and are t r a n s f e r r e d v i a the G o l g i a p p a r a t u s and s e c r e t o r y v e s ­
i c l e s t o the c e l l membrane. However, c o n s i d e r a b l e t r a n s p o r t o f mem­
branes a l s o e x i s t s from the c e l l membrane back t o the c y t o p l a s m (endo-
c y t o s i s ) which seems t o be c o u p l e d w i t h t h e e x o c y t o t i c pathway. Endo-
c y t o t i c v e s i c l e s end up i n lysosomes o r a r e r e u s e d i n t h e G o l g i appa­
r a t u s t o r e f o r m s e c r e t o r y v e s i c l e s (membrane r e c y c l i n g ) (see Herzog, 
t h i s v o l . ) . 

L i t t l e i s known c o n c e r n i n g the b i o s y n t h e s i s o f i n d i v i d u a l c e l l membrane 
p r o t e i n s w i t h i n the c e l l , the k i n e t i c s o f t h e i r i n t r a c e l l u l a r t r a n s p o r t 
t o the c e l l membrane ( i s i t c o u p l e d t o e x o c y t o s i s ? ) , t h e i r r emoval from 
the c e l l membrane ( e n d o c y t o s i s ) and, i f not degraded w i t h i n l y sosomes, 
t h e i r r e u s e i n s e c r e t o r y v e s i c l e s . A l l o f t h e s e mechanisms a r e i n v o l v e d 
i n the b i o g e n e s i s of the c e l l membrane and i n the t u r n o v e r o f i t s com­
ponents . 

S i n c e s e c r e t o r y v e s i c l e s a r e e v e r t e d d u r i n g e x o c y t o s i s , t h o s e membrane 
p r o t e i n s l o c a l i z e d a t the e x t r a c e l l u l a r s i d e o f the c e l l membrane s h o u l d 
a l s o be found a t the i n t r a c i s t e r n a l s i d e of s e c r e t o r y v e s i c l e s . The 
f i r s t p a r t o f t h i s c o n t r i b u t i o n w i l l d i s c u s s whether t h i s p o s t u l a t e i s 
f u l f i l l e d . The second p a r t w i l l d e a l w i t h the i n s e r t i o n mechanism i t -
s e l f , the i n i t i a t i o n o f membrane f u s i o n and the r e s p e c t i v e r o l e s o f 
membrane l i p i d s and p r o t e i n s . 

Presence of C e l l Membrane Components on the I n t r a c i s t e r n a l S i d e of 
S e c r e t o r y V e s i c l e s 

5 1 - n u c l e o t i d a s e i s c o n s i d e r e d t o be a c e l l membrane marker and i s wide-
l y used as such. However, 5 ' - n u c l e o t i d a s e i s n o t r e s t r i c t e d i n i t s d i s -
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t r i b u t i o n t o the c e l l membrane, as i s u s u a l l y assumed, b u t has a l s o 
been found t o be p r e s e n t i n the e n d o p l a s m i c r e t i c u l u m ( W i d n e l l 1972) 
where i t i s s y n t h e s i z e d (Bergeron e t a l . 1975), and i n s e c r e t o r y v e s ­
i c l e s from r a t l i v e r (Farquhar e t a l . 1974; L i t t l e and W i d n e l l 1975). 

5 1 - n u c l e o t i d a s e a c t i v i t y i n i s o l a t e d s e c r e t o r y v e s i c l e f r a c t i o n s i s 
l a t e n t . Thus, the enzyme was i n a c c e s s i b l e t o b o t h a n t i b o d y and c o n c a -
n a v a l i n A and an i n c r e a s e of a c t i v i t y was found when d e t e r g e n t was i n -
c l u d e d i n the a s s a y , s u g g e s t i n g an i n t r a v e s i c u l a r l o c a t i o n of t h i s en­
zyme. T h i s was c o n f i r m e d by c y t o c h e m i c a l p r o c e d u r e s w i t h w h ich the r e -
a c t i o n p r o d u c t of 5 1 - n u c l e o t i d a s e s was l o c a l i z e d on the i n s i d e of s e c ­
r e t o r y v e s i c l e s (Farquhar e t a l . 1974; L i t t l e and W i d n e l l 1975). With 
c e l l membranes, however, r e a c t i o n p r o d u c t i s l o c a l i z e d on the e x t r a ­
c e l l u l a r s i d e of the membrane b o t h i n i s o l a t e d c e l l f r a c t i o n s and i n 
s i t u ( c f . r e f . L i t t l e and W i d n e l l 1975). These s t u d i e s are i n a g r e e -
ment w i t h the p o s t u l a t e d e x o c y t o t i c i n s e r t i o n of the s e c r e t o r y v e s i c ­
l e membrane 5 ' - n u c l e o t i d a s e i n t o the c e l l membrane, s i n c e the i n n e r 
a s p e c t of the s e c r e t o r y v e s i c l e membranes becomes the o u t e r a s p e c t of 
the c e l l membrane when s e c r e t o r y v e s i c l e s a r e e v e r t e d d u r i n g e x o c y t o s i s . 

A l t h o u g h the p r i m a r y b i o l o g i c a l a c t i o n o f i n s u l i n i s p r o b a b l y e x e r t e d 
a t the c e l l s u r f a c e , r e c e p t o r s f o r t h i s hormone have a l s o been found 
w i t h i n s e v e r a l i n t r a c e l l u l a r membranes i n c l u d i n g s e c r e t o r y v e s i c l e s 
(Bergeron e t a l . 1973). F r e e z e - t h a w i n g markedly augmented the b i n d i n g 
of i n s u l i n as w e l l as t h a t of growth hormone i n s e c r e t o r y v e s i c l e f r a c ­
t i o n s (Bergeron e t a l . 1978) T h i s b e h a v i o r i s c o m p a t i b l e w i t h the l o c a ­
t i o n of the hormone-binding S i t e s on the c i s t e r n a l f a c e of s e c r e t o r y 
v e s i c l e s . 

In c h r o m a f f i n c e l l s , a c e t y l c h o l i n e s t e r a s e has been h i s t o c h e m i c a l l y 
d e m onstrated on the c e l l membrane as w e l l as i n the c i s t e r n a e of endo­
p l a s m i c r e t i c u l u m . The G o l g i a p p a r a t u s , where the s e c r e t o r y v e s i c l e s 
are formed, v e r y r a r e l y showed a c e t y l c h o l i n e s t e r a s e a c t i v i t y . In s e c ­
r e t o r y v e s i c l e s t h e m s e l v e s , however, no r e a c t i o n p r o d u c t has been f o u n d 
(Somogyi e t a l . 1975). D e s p i t e t h i s , r e l e a s e of a c e t y l c h o l i n e s t e r a s e 
and c a t e c h o l a m i n e s i n t o the p e r f u s a t e has been o b s e r v e d when c h r o m a f f i n 
c e l l s were s t i m u l a t e d t o s e c r e t e w i t h d e p o l a r i z i n g c o n c e n t r a t i o n s of 
K + or c a r b a c h o l . The f a c t t h a t the p r e s e n c e of C a 2 + i n the e x t e r n a l 
medium i s n e c e s s a r y b e f o r e a c e t y l c h o l i n e s t e r a s e i s r e l e a s e d p r o v i d e d 
e v i d e n c e t h a t the r e l e a s e i s by the p r o c e s s e s of e x o c y t o s i s (Chubb and 
Smith 1975). 

R e c e n t l y , we have i s o l a t e d h i g h l y p u r i f i e d s e c r e t o r y v e s i c l e s from bo­
v i n e a d r e n a l m e d u l l a by d i f f e r e n t i a l and d e n s i t y g r a d i e n t c e n t r i f u g a t i o n 
on i s o - o s m o l a l g r a d i e n t s u s i n g P e r c o l l ™ ( G r a t z l e t a l . 1980). These 
v e s i c l e s g r a d u a l l y r e l e a s e d t h e i r c o n t e n t (e.g., a d r e n a l i n ) when i n c u -
b a t e d i n media of o s m o l a l i t i e s <400 mosm/kg ( F i g . 1 ) . Under t h e s e con-
d i t i o n s a c e t y l c h o l i n e s t e r a s e a c t i v i t i e s i n c r e a s e d t o v a l u e s comparable 
t o v a l u e s found i n a s s a y s w i t h T r i t o n X 100 (0.12% f i n a l ) i n c l u d e d 
( F i g . 2 ) . The marked i n c r e a s e i n enzyme a c t i v i t y (10-15 t i m e s ) , r e s u l t -
i n g from the o s m o t i c l y s i s or the p e r m e a b i l i t y changes when d e t e r g e n t 
was added seems t o e s t a b l i s h t h a t a c e t y l c h o l i n e s t e r a s e i s l o c a l i z e d on 
the i n s i d e of a d r e n a l m e d u l l a r y s e c r e t o r y v e s i c l e s . The o r i g i n of s e c ­
r e t o r y v e s i c l e a c e t y l c h o l i n e s t e r a s e i s d i f f i c u l t t o e v a l u a t e . The p r e s ­
ence of t h i s enzyme i n the e n d o p l a s m i c r e t i c u l u m o f c h r o m a f f i n c e l l s 
s u g g e s t s t h a t the enzyme i n s e c r e t o r y v e s i c l e s may be, a t l e a s t i n p a r t , 
newly s y n t h e s i z e d by t h e s e c e l l s . On the o t h e r hand, i n a d r e n a l m e d u l l a , 
f u s i o n of s m a l l c o a t e d v e s i c l e s w i t h p r o s e c r e t o r y v e s i c l e s has been ob­
s e r v e d (Bendeczky and Smith 1972). Coa t e d v e s i c l e s i n t h i s c e l l have 
a l s o been d e t e c t e d a l o n g e x o c y t o t i c p r o f i l e s a t the c e l l membrane ( c f . 
r e f . W i n k l e r 1977). T h e r e f o r e , a c e t y l c h o l i n e s t e r a s e s y n t h e s i z e d and 
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Fig. 1. S t a b i l i t y of secretory vesicles iso­
lated from bovine adrenal medulla in media 
of different osmolality. Vesicles were i n -
cubated for 30 min at 37°C in 20 mM MOPS 
(pH 7.0), 5 mM EGTA and sucrose to obtain 
the osmolality indicated at the abscissa. 
Vesicles were separated from the media by 
centrifugation (12,000 g for 10 min) and 
the adrenalin released into the superna-
tant was determined (Gratzl et a l . , un-
publ.) 
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O S M O L A L I T Y ( m o s m / k g ) 

10-, 

T I M E ( m i n ) 

Fig. 2. Latency of acetylcholinester­
ase of adrenal medullary secretory 
vesicles. Isolated secretory vesic­
les were lyzed at 20°C in media of 
dif f e r e n t osmolality as described in 
Fig. 1 or with Triton X 100 (0.12% 
f i n a l concentration) and the s p e c i f i c 
a c t i v i t y of this enzyme was determin­
ed (Ellman et a l . 1961) at the times 
indicated at the abscissa. The values 
given in b v a o k e t s represent the osmo-
l a l i t i e s of the incubation media 
(Gratzl et a l . , unpubl.) 

r e l e a s e d by the a d r e n a l m e d u l l a r y c e l l s or o t h e r c e l l s i n t h i s t i s s u e 
might have been t a k e n up by c o a t e d v e s i c l e s d u r i n g e x o c y t o s i s and t hen 
t r a n s f e r r e d t o s e c r e t o r y v e s i c l e s . 

The c e l l membrane components found on the i n t r a c i s t e r n a l s i d e o f s e c ­
r e t o r y v e s i c l e s , as w e l l as the b i o c h e m i c a l e v i d e n c e f o r t h i s l o c a l i -
z a t i o n , are summarized i n T a b l e 1. 

R e c e n t l y , a n other " c e l l membrane enzyme" has been found i n s u b f r a c t i o -
n a t i o n s t u d i e s i n s e c r e t o r y v e s i c l e s . The a c t i v i t y of t h i s enzyme, 
a d e n y l a t e c y c l a s e , i n s e c r e t o r y v e s i c l e membranes was even h i g h e r than 
i n c e l l membranes (Cheng and F a r q u h a r 1976a). But, however, i t s s i d e d -
ness was e x a c t l y o p p o s i t e t o t h a t of 5 1 - n u c l e o t i d a s e , hormone r e c e p t o r s 
or a c e t y l c h o l i n e s t e r a s e . In b o t h s e c r e t o r y v e s i c l e s and c e l l membranes 
i t f a c e s the c y t o p l a s m i c s i d e ; a f a c t which i s c o m p a t i b l e w i t h the pos-
s i b i l i t y t h a t a d e n y l a t e c y c l a s e i s a l s o i n s e r t e d e x o c y t o t i c a l l y i n t o 
the c e l l membrane (Cheng and F a r q u h a r 1976b). 
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Table 1. C e l l membrane components on the in t e r c i s t e r n a l side of secretory vesicles 

Component Evidences 

5'-Nucleotidase inaccessible to antibody and Con A, 
activation of enzyme a c t i v i t y by detergent, 
cytochemical l o c a l i z a t i o n 

Hormone receptors enhancement of hormone binding by freeze thawing 
(Insulin, Growth Hormone) 

Acetylcholinesterase activation of enzyme a c t i v i t y by detergent, 
activation of enzyme a c t i v i t y by hypotonic treatment 

In s t i m u l a t e d c e l l s , s e c r e t o r y v e s i c l e s f u s e w i t h t h e c e l l membrane 
as w e l l as w i t h each o t h e r , a p r o c e s s termed "Compound e x o c y t o s i s " which 
has been o b s e r v e d i n many s e c r e t o r y c e l l s ( F i g . 3, c f . r e f . Dahl e t a l . 
1979; G r a t z l e t a l . 1980). I t i s r e a s o n a b l e t o assume t h a t the membrane 
components r e s p o n s i b l e f o r the s p e c i f i c a ttachment and f u s i o n o f the 
membranes a r e l o c a l i z e d on the i n t e r a c t i n g s u r f a c e s of the membranes; 
namely on the c y t o p l a s m i c s u r f a c e s o f b o t h s e c r e t o r y v e s i c l e membranes 
and c e l l membranes and a r e , t h e r e f o r e , s i m i l a r l y a r r a n g e d as a d e n y l a t e 
c y c l a s e . 

The e l u c i d a t i o n of the m o l e c u l a r mechanism of membrane f u s i o n d u r i n g 
e x o c y t o s i s has been hampered by the l a c k of s u i t a b l e Systems f o r s t u d y -
i n g t h i s p r o c e s s . T h i s i s m a i n l y due t o the d i f f i c u l t i e s i n v o l v e d i n 
the i s o l a t i o n o f b o t h i n t e r a c t i n g membranes i n a r e a s o n a b l e S t a t e of 
p u r i t y and, e s p e c i a l l y c e l l membranes, i n an a p p r o p r i a t e o r i e n t a t i o n . 
The f a c t t h a t s e c r e t o r y v e s i c l e s f u s e t o g e t h e r i n s t i m u l a t e d c e l l s i n -
d i c a t e s t h a t t h e components r e q u i r e d f o r membrane f u s i o n a r e p r e s e n t 
i n s e c r e t o r y v e s i c l e membranes. T h i s p o i n t s t o t h e p o s s i b i l i t y of s t u -
d y i n g t h i s p r o c e s s i n v i t r o u s i n g i s o l a t e d s e c r e t o r y v e s i c l e s . In such 
e x p e r i m e n t s s u b s t a n c e s , s u g g e s t e d t o t r i g g e r e x o c y t o s i s i n s t i m u l a t e d 
c e l l s , can be t e s t e d f o r t h e i r a b i l i t y t o i n d u c e membrane f u s i o n . 
F u r t h e r m o r e , q u e s t i o n s c o n c e r n i n g t h e r o l e of membrane l i p i d s and p r o ­
t e i n s i n t h i s p r o c e s s can p r o b a b l y be answered. 

F u s i o n of S e c r e t o r y V e s i c l e s i n V i t r o 

S e c r e t o r y v e s i c l e s i s o l a t e d from l i v e r ( G r a t z l and D a h l 1976, 1978), 
p a n c r e a t i c i s l e t s (Dahl and G r a t z l 1976; G r a t z l e t a l . 1980), n e u r o -
hypophyses ( G r a t z l e t a l . 1977) and a d r e n a l m e d u l l a (Dahl e t a l . 1979; 

Fig. 3. Schematic representation of secre­
tory vesicles [SV) close to the c e l l mem­
brane (CM) (left). The cytoplasmic surfaces 
of the membranes are marked with stvok.es. 
During exocytosis (middle) secretory vesic­
les fuse with the c e l l membrane and dischar-
ge their content into the extracellular 
space. The inner surface of the secretory 
vesicle membrane becomes the outer surface 
of the c e l l membrane. Compound exocytosis 
(vight) i s characterized by fusion of sec­
retory vesicles with each other and the 
c e l l membrane 

http://stvok.es
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G r a t z l e t a l . 1980) have been s u b j e c t of f u s i o n s t u d i e s on the s u b c e l -
l u l a r l e v e l . 

As seen i n f r e e z e - f r a c t u r e d s u s p e n s i o n s , s e c r e t o r y v e s i c l e s i n b u f f e r e d 
s u c r o s e media c o n t a i n i n g EGTA a r e d i s p e r s e d . Upon a d d i t i o n of d i v a l e n t 
c a t i o n s ( 1 0 _ 4 M f i n a l c o n c e n t r a t i o n ) t o the medium, v e s i c l e s become a t -
t a c h e d t o each o t h e r . I f the media were supplemented w i t h C a 2 + , i n ad­
d i t i o n , f u s e d v e s i c l e s c o u l d be d e t e c t e d . Fused r a t l i v e r s e c r e t o r y 
v e s i c l e s a r e shown i n F i g . 4 i n f r e e z e - f r a c t u r e e l e c t r o n m i c r o g r a p h s . 
The c o n t i n u i t y of the membranes of "twinned v e s i c l e s " i s i n d i c a t e d by 
the c o n t i n u o u s c l e a v a g e p l a n e i n b o t h membrane f a c e s exposed by f r e e z e -
f r a c t u r i n g . I n t e r a c t i o n of v e s i c l e c o n t e n t s a f t e r e xposure of r a t l i v e r 
s e c r e t o r y v e s i c l e s t o C a 2 + was demonstrated by the m i x i n g o f v e s i c l e s 
c o n t a i n i n g l a b e l e d p r o a l b u m i n b u t i n a c t i v a t e d C o n v e r t i n g enzyme w i t h 
u n l a b e l e d , a c t i v e v e s i c l e s . A d d i t i o n of 10~ 4M C a 2 + i n c r e a s e d the c o n -
v e r s i o n o f p r o a l b u m i n i n t o albumin w i t h i n the v e s i c l e s and p r o v i d e s 
q u i t e s t r o n g e v i d e n c e f o r the i n d u c t i o n of f u s i o n between the two t y p e s 
o f v e s i c l e s (Quinn and Judah 1978). 

The number of f u s e d s e c r e t o r y v e s i c l e s i n c r e a s e d w i t h t h e C a 2 + concen­
t r a t i o n i n the medium. I f the p e r c e n t a g e of f u s e d v e s i c l e s i s p l o t t e d 
as a f u n c t i o n of the f r e e C a 2 + - c o n c e n t r a t i o n the c u r v e shown i n F i g . 5 
i s o b t a i n e d . The p e r c e n t a g e of f u s e d v e s i c l e s i n c r e a s e s s i g m o i d a l l y 
between 10" 7M and 10" 4M C a 2 + and r e a c h e s a p l a t e a u . None o f the o t h e r 
d i v a l e n t c a t i o n s t e s t e d was a b l e t o i n d u c e f u s i o n of s e c r e t o r y v e s i c ­
l e s i n c o n c e n t r a t i o n s lower t h a n 1 mM. S i m u l t a n e o u s a d d i t i o n of M g 2 + 

and C a 2 + t o s e c r e t o r y v e s i c l e s r e s u l t e d i n lower p e r c e n t a g e s of f u s e d 
v e s i c l e s than was o b s e r v e d i n the p r e s e n c e o f 10~ 4M C a 2 + a l o n e ( T a b l e 
2). P r e t r e a t m e n t of r a t l i v e r s e c r e t o r y v e s i c l e s w i t h p r o t e o l y t i c en-

Fig. 4. Secretory vesicles isolated from rat l i v e r in media containing 2 xlO~ bM Ca2' 
Twinned vesicles with a continuous cleavage plane i n the membrane EF-face (left) as 
well as the membrane PF-face [ r i g h t ) . E n a i r c l e d a r r o w h e a d indicates direction of 
shadowing. Scale: 0.2 um. Fracture faces are denoted according to the nomenclature 
introduced (Branton et a l . 1975) . (Gratzl and Dahl 1976) 
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Fig. 5. Percentage of fused vesicles as 
function of the Ca 2 +-concentration. The 
experiments were evaluated by counting 
500 vesicles for each Ca 2 +-concentration 
(Gratzl and Dahl 1976, 1978) 

Table 2. Cation s p e c i f i c i t y of the fusion of rat l i v e r secretory vesicles 

Cations Percentage of fused vesicles 

- 1 3 
« -4 2 + 10 M Ca 10. 2 
« -4 2 + 10 M Mg 1 5 
-4 2 + 10 M Sr 1 8 

10~4M B a 2 + 1 7 
« -4 3+ 10 M La 1 4 
, -4 2 + 10 M Mn 2 6 
„ -4 2 + 10 M Ca + -4 10 M 2 + 

Mg 7 0 
„ -4 2+ 10 M Ca + 10~3M 2 + 

Mg 5 0 

ICH 

Q_ 
o J — w - , 1 1 1 1 

7 6 5 4 3 

- LOG f c a 2 + ] ( M ) 

The experiments were evaluated by counting 400 vesicles for each incubation 
(Gratzl and Dahl 1976, 1978). 

zymes, n e u r a m i n i d a s e , or g l u t a r a l d e h y d e a b o l i s h e d f u s i o n i n d u c e d by 
C a 2 + <1 mM ( G r a t z l and Dahl 1978). 

F u s i o n of i s o l a t e d s e c r e t o r y v e s i c l e s i n v i t r o , t r i g g e r e d by low [uM] 
c o n c e n t r a t i o n s of C a 2 + , the i n e f f e c t i v e n e s s o f o t h e r d i v a l e n t c a t i o n s 
i n r e p l a c i n g C a 2 + , and the i n h i b i t i o n of C a 2 + - i n d u c e d f u s i o n by M g 2 + 

a r e a l l p r o p e r t i e s common t o the f u s i o n of s e c r e t o r y v e s i c l e s i s o l a t e d 
from d i f f e r e n t t i s s u e s ( G r a t z l and D a h l 1976, 1978; D a h l and G r a t z l 
1976; G r a t z l e t a l . 1977, 1980; G r a t z l e t a l . 1977; Dahl e t a l . 1979; 
G r a t z l e t a l . 1980). The d i f f e r e n t e f f i c a c y of the a l k a l i n e e a r t h s 
and the C a 2 + / M g 2 + antagonism may w e l l p r o v i d e a c l u e t o the b i o c h e m i c a l 
n a t u r e o f the C a 2 + - s e n s i t i v e a p p a r a t u s i n s e c r e t o r y v e s i c l e membranes. 



171 

Ca - s p e c i f i c i t y f o r f u s i o n { a l b e i t a t h i g h e r c o n c e n t r a t i o n s ) and s e n -
s i t i v i t y t o p r o t e o l y t i c a t t a c k was a l s o o b s e r v e d w i t h i s o l a t e d c e l l 
membranes from m y o b l a s t s (Schudt e t a l . 1976; Dahl e t a l . 1978). C a 2 + -
s p e c i f i c f u s i o n of t h e s e membranes was not o n l y a b o l i s h e d by en z y m a t i c 
p r e t r e a t m e n t or p r e f i x a t i o n w i t h g l u t a r a l d e h y d e b u t was a l s o r e d u c e d 
when c e l l membranes were i s o l a t e d from c u l t u r e s supplemented w i t h c y c -
l o h e x i m i d e (Dahl e t a l . 1978). A l l of t h e s e e x p e r i m e n t s s u p p o r t the 
S u g g e s t i o n t h a t membrane p r o t e i n s p a r t i c i p a t e i n the C a 2 + - s p e c i f i c f u ­
s i o n of b i o l o g i c a l membranes. 

T r y p s i n i z e d s e c r e t o r y v e s i c l e s from a d r e n a l m e d u l l a , which a r e u n a b l e 
t o f u s e w i t h uM C a 2 + , c o u l d o n l y be f u s e d when exposed t o v e r y h i g h c on­
c e n t r a t i o n s of C a 2 + (>2.5 mM). However, a t th e s e c o n c e n t r a t i o n s Mg 2 + 

and o t h e r d i v a l e n t c a t i o n s were e q u a l l y e f f e c t i v e (Dahl e t a l . 1979; 
G r a t z l e t a l . 1980). A p p a r e n t l y , upon enzymatic a t t a c k of the membrane 
p r o t e i n s , s e c r e t o r y v e s i c l e s n o t o n l y l o s e t h e i r a b i l i t y t o f u s e w i t h 
low [ C a 2 + ] , b u t a l s o t h e i r s p e c i f i c i t y f o r t h i s c a t i o n . 

To e s t a b l i s h f u r t h e r the r o l e of membrane p r o t e i n s or l i p i d s i n the 
f u s i o n of i s o l a t e d s e c r e t o r y v e s i c l e s , liposomes have been p r e p a r e d 
from the e x t r a c t e d l i p i d s o f a d r e n a l m e d u l l a r y s e c r e t o r y v e s i c l e mem­
br a n e s . These l i p o s o m e s , as t r y p s i n i z e d s e c r e t o r y v e s i c l e s , f u s e w i t h 
C a 2 + or o t h e r d i v a l e n t c a t i o n s i n c o n c e n t r a t i o n s h i g h e r than 2.5 mM. 
Moreover, i f C a 2 + and Mg 2 + a r e added t o the l i p o s o m e s , the e f f e c t of 
both i o n s i s a d d i t i v e (Dahl e t a l . 1979; G r a t z l e t a l . 1980). Thus, 
the i o n i c r e q u i r e m e n t s of l i p o s o m e f u s i o n are s i m i l a r f o r li p o s o m e s 
p r e p a r e d from e i t h e r 'the membrane l i p i d s of s e c r e t o r y v e s i c l e s o r pure 
p h o s p h o l i p i d s ( c f . r e f . P a p a h a d j o p o u l o s 1978). 

Comparison of S e c r e t o r y V e s i c l e F u s i o n i n V i t r o and S e c r e t i o n by 
E x o c y t o s i s of I n t a c t C e l l s 

T h i s c h a p t e r w i l l d i s c u s s whether. f u s i o n of s e c r e t o r y v e s i c l e s i n v i t r o 
matches the p r o p e r t i e s of e x o c y t o s i s by i n t a c t c e l l s . 

The i n t r a c e l l u l a r c o n c e n t r a t i o n of C a 2 + i n r e s t i n g c e l l s i s low (<10~ 7M) 
(Baker e t a l . 1976; D i P o l o e t a l . 1976) b u t i n c r e a s e s d u r i n g S t i m u l a ­
t i o n . R e l e a s e of t r a n s m i t t e r i s d i r e c t l y c o r r e l a t e d w i t h a r i s e i n the 
i n t r a c e l l u l a r C a 2 + - c o n c e n t r a t i o n (Llinäs and N i c h o l s o n 1975). T h i s was 
shown i n the g i a n t Synapse, where the i n t r a c e l l u l a r c o n c e n t r a t i o n of 
C a 2 + was d i r e c t l y m o n i t o r e d w i t h i n j e c t e d C a 2 + i n d i c a t o r s . S i m i l a r l y , 
the i n t r a c e l l u l a r C a 2 + - c o n c e n t r a t i o n of sea u r c h i n eggs, a c t i v a t e d t o 
r e l e a s e c o r t i c a l v e s i c l e c o n t e n t s by e x o c y t o s i s , i n c r e a s e d t o a mean 
v a l u e of 2.5-4.5 yM ( S t e i n h a r d t e t a l . 1977) and i n the medaka egg i n 
the space b e n e a t h the c e l l membrane t o 30 uM ( G i l k e y e t a l . 1978). 

To f i n d o u t whether the o b s e r v e d i n c r e a s e i n i n t r a c e l l u l a r [ C a 2 + ] p a r -
a l l e l s e x o c y t o s i s o r c o n t r o l s e x o c y t o s i s d i r e c t l y , i n t r a c e l l u l a r c o n ­
c e n t r a t i o n of C a 2 + was i n c r e a s e d by m i c r o i n j e c t i o n . A c t u a l l y C a 2 + , i n ­
j e c t e d i n t o the p r e s y n a p t i c nerve t e r m i n a l of the g i a n t Synapse i n d u c e d 
t r a n s m i t t e r r e l e a s e , w h i l e M g 2 + and M n 2 + were i n e f f e c t i v e . M g 2 + and 
M n 2 + l e d t o a s l i g h t r e d u c t i o n i n the amount of t r a n s m i t t e r r e l e a s e d 
by C a 2 + ( M i l e d i 1973). A l s o Ca 2+, b u t not M g 2 + i n j e c t e d i n t o mast c e l l s , 
e l i c i t e d e x t r u s i o n of s e c r e t o r y g r a n u l e s or r e s u l t e d i n e x o c y t o s i s of 
c o r t i c a l v e s i c l e s of amphibian o o c y t e s (Kanno e t a l . 1973; H o l l i n g e r 
and Schütz 1976). 

The c o n c e n t r a t i o n of i n t r a c e l l u l a r C a 2 + can a l s o be m o d i f i e d i n c e l l s 
r e n d e r e d permeable t o s m a l l m o l e c u l a r w e i g ht s u b s t a n c e s by h i g h v o l t a g e 
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d i s c h a r g e s (Baker and K n i g h t 1978). Such " l e a k y " a d r e n a l m e d u l l a r y c e l l s 
r e l e a s e l e s s than 1% o f t o t a l i n t r a c e l l u l a r c a t e c h o l a m i n e when EGTA i s 
p r e s e n t i n the i n c u b a t i o n medium. A d d i t i o n o f yM C a 2 + i n d u c e s r e l e a s e 
of c a t e c h o l a m i n e s , b u t n o t l a c t a t e dehydrogenase from the c y t o p l a s m . 
R a i s i n g the M g 2 + - c o n c e n t r a t i o n t o 2-50 mM r e d u c e s the amount o f c a t e ­
c h o lamines r e l e a s e d by C a 2 + (Baker and K n i g h t 1978). 

By comparing e x o c y t o s i s by i n t a c t c e l l s and f u s i o n o f s e c r e t o r y v e s i c ­
l e s i n v i t r o , i t i s o b v i o u s t h a t b o t h p r o c e s s e s o c c u r under s i m i l a r 
c o n d i t i o n s . S e c r e t o r y v e s i c l e f u s i o n i s low a t the C a 2 + - c o n c e n t r a t i o n 
found i n r e s t i n g c e l l s b u t i n c r e a s e s w i t h [ C a 2 + ] found i n s t i m u l a t e d 
c e l l s . E x o c y t o s i s by i n t a c t c e l l s can be t r i g g e r e d by i n c r e a s i n g ex-
p e r i m e n t a l l y the i n t r a c e l l u l a r C a 2 + - c o n c e n t r a t i o n s . M g 2 + and o t h e r d i ­
v a l e n t c a t i o n s a r e i n e f f e c t i v e i n i n d u c i n g b o t h e x o c y t o s i s and s e c r e ­
t o r y v e s i c l e f u s i o n . Moreover, M g 2 + i n h i b i t s e x o c y t o s i s as w e l l as the 
s e c r e t o r y v e s i c l e f u s i o n a c t i v a t e d by C a 2 + . Thus, i t appears t h a t C a 2 + 

i s a b l e t o a c t s p e c i f i c a l l y as the f i n a l t r i g g e r of e x o c y t o s i s by i n i -
t i a t i n g membrane f u s i o n . 

The f u s i o n of l i p o s o m e s p r e p a r e d from the membrane l i p i d s of s e c r e t o r y 
v e s i c l e s and t r y p s i n i z e d s e c r e t o r y v e s i c l e s does n o t r e t a i n the c h a r -
a c t e r i s t i c i o n i c r e q u i r e m e n t s of the f u s i o n of i n t a c t s e c r e t o r y v e s i c ­
l e s . F u s i o n of the former r e q u i r e s >mM c o n c e n t r a t i o n o f C a 2 + , w h i l s t 
M g 2 + and o t h e r d i v a l e n t c a t i o n s can r e p l a c e and Supplement the C a 2 + -
e f f e c t . T h e r e f o r e , i t can be c o n c l u d e d t h a t membrane p r o t e i n s of s e c ­
r e t o r y v e s i c l e s a c c o u n t f o r the c h a r a c t e r i s t i c p r o p e r t i e s of s e c r e t o r y 
v e s i c l e f u s i o n . The p r e c i s e r o l e o f membrane p r o t e i n s i n s e c r e t o r y v e s ­
i c l e f u s i o n and e x o c y t o s i s by i n t a c t c e l l s i s not known y e t . They may 
b i n d C a 2 + s p e c i f i c a l l y , a c t as r e c o g n i t i o n S i t e s between the i n t e r a c t ­
i n g membranes and/or be i n v o l v e d i n the membrane rear r a n g e m e n t s t a k i n g 
p l a c e d u r i n g membrane f u s i o n . I t has r e c e n t l y been d e m o n s t r a t e d t h a t 
binding of C a 2 + t o h i g h a f f i n i t y S i t e s on s e c r e t o r y v e s i c l e membranes 
p a r a l l e l s C a 2 + - i n d u c e d f u s i o n (Dahl e t a l . 1979). F u r t h e r c h a r a c t e r i -
z a t i o n and i d e n t i f i c a t i o n of the membrane components w i t h which C a 2 + 

i n t e r a c t s p r o m i s e s p r o g r e s s towards the m o l e c u l a r mechanism o f exocy­
t o t i c membrane f u s i o n . 

A o k n o w l e d g m e n t s . Studies from the author's laboratory were supported by the Deutsche 
Forschungsgemeinschaft, Sonderforschungsbereich 38, "Membranforschung". 

R e f e r e n c e s 

Baker PD, Knight DE (1978) Calcium-dependent exocytosis i n bovine adrenal medullary 
c e l l s with leaky plasma membranes. Nature (London) 276:620-622 

Baker PF, Hodgkin AL, Ridgway EB (1971) Depolarization and calcium entry in squid 
giant axons. J Physiol 218:709-755 

Benedeczky I, Smith AD (1972) Ultrastructural studies on the adrenal medulla of 
golden hamster. Origin and fate of secretory granules. Z Zellforsch Mikrosk Anat 
124:367-386 

Bergeron JJM, Evans WH, Geschwind II (1973) Insulin binding to rat l i v e r Golgi mem­
branes. J C e l l Biol 59:771-776 

Bergeron JJM, Berridge MV, Evans WH (1975) Biogenesis of plasmalemmal glycoproteins. 
Intracellular s i t e of synthesis of mouse l i v e r plasmalemmal 5 1-nucleotidase as 
determined by the sub-cellular location of messengers RNA coding for 5'-nucleo­
tidase. Biochim Biophys Acta 407:325-337 

Bergeron JJM, Posner BI, Josefsberg Z, Sikstrom R (1978) Intracellular Polypeptide 
hormone receptors. J Biol Chem 253:4058-4066 



173 

Branton D, Bullivant S, G i l u l a N, Karnovsky M, Moor H, Mühlethaler K, Northcote N, 
Packer L, Satir B, Satir P, Speth V, Staehlin L, Weinstein R (1975) Freeze-etching 
noraenclature. Science 190:54-56 

Cheng H, Farquhar MG (1976a) Presence of adenylate cyclase a c t i v i t y in Golgi and 
other fractions from rat l i v e r . I. Biochemical determination. J C e l l Biol 70: 
660-670 

C'neng H, Farquhar MG (1976b) Presence of adenylate cyclase a c t i v i t y in Golgi and 
other fractions from rat l i v e r . II. Cytochemical l o c a l i z a t i o n within Golgi and 
ER membranes. J C e l l B i o l 70:670-684 

Chubb IW, Smith AD (1975) Release of acetylcholinesterase into the perfusate from 
the ox adrenal gland. Proc R Soc London Ser B 191:263-269 

Dahl G, Gratzl M (1976) Calcium-induced fusion of isolated secretory vesicles from 
the i s l e t of Langerhans. Cytobiologie 12:344-355 

Dahl G, Schudt C, Gratzl M (1978) Fusion of isolated myoblast plasma membranes. An 
approach to the mechanism. Biochim Biophys Acta 514:105-116 

Dahl G, Ekerdt R, Gratzl M (1979) Models for exocytotic membrane fusion. Symp Soc 
Exp Bi o l 33:349-368 

Dipolo R, Requena J, Brinley FJ, Mullins LJ, Scarpa A, T i f f e r t T (1976) Ionized c a l ­
cium concentrations in squid axons. J Gen Physiol 67:433-467 

Ellman GL, Courtney KD, Andres V, Featherstone RM (1961) A new and rapid colorimet-
r i c determination of acetylcholinesterase a c t i v i t y . Biochem Pharmacol 7:88-95 

Farquhar MG, Bergeron JJM, Palade GE (1974) Cytochemistry of Golgi fractions pre­
pared from rat l i v e r . J C e l l B i o l 60:8-25 

Gilkey JC, Jaffe LF, Ridgway WB, Reynolds G (1978) A free calcium wave traverses the 
activating egg of the medaka Oryzias latipes. J C e l l Biol 76:448-466 

Gratzl M, Dahl G (1976) Ca 2 +-induced fusion of Golgi-derived secretory vesicles 
isolated from rat l i v e r . FEBS Lett 62:142-145 

Gratzl M, Dahl G (1978) Fusion of secretory vesicles isolated from rat l i v e r . 
J Membr Bio l 40:343-364 

Gratzl M, Dahl G, Russell JT, Thorn NA (1977) Fusion of neurohypophyseal membranes 
in v i t r o . Biochim Biophys Acta 470:45-57 

Gratzl M, Ekerdt R, Dahl G (1980a) The role of C a 2 + as trigger for membrane fusion. 
Horm Metab Res, Suppl 10:144-149 

Gratzl M, Krieger-Brauer H, Ekerdt R (1980b) The presence of latent acetylcholin­
esterase i n p u r i f i e d secretory vesicles of adrenal medulla. Eur J C e l l B i o l 
22:186 

Gratzl M, Schudt C, Ekerdt R, Dahl G (1980c) Fusion of isolated b i o l o g i c a l membranes. 
A tool to investigate basic processes of exocytosis and c e l l - c e l l fusion. In: 
Bittar EE (ed) Membrane structure and function, vol III. John Wiley, New York, 
pp 59-92 

Hollinger TG, Schütz AW (1976) "Cleavage" and c o r t i c a l granule breakdown in Rana 
Pipiens oocytes induced by direct microinjection of calcium. J C e l l Biol 71:395-401 

Kanno T, Cochrane DE, Douglas WW (1973) Exocytosis (secretory granule extrusion) i n ­
duced by injection of calcium into mast c e l l s . Can J Physiol Pharmacol 51:1001-1004 

L i t t l e JS, Widnell CC (1975) Evidence for translocation of 5 1-nucleotidase across 
hepatic membranes in vivo. Proc Natl Acad Sei USA 72:4013-4017 

Llinäs R, Nicholson C (1975) Calcium role i n depolarization-secretion coupling: An 
aequorin study in squid giant Synapse. Proc Natl Acad Sei USA 72:187-190 

Miledi R (197 3) Transmitter release induced by injection of calcium ions into nerve 
terminals. Proc R Soc London Ser B 183:421-42 5 

Papahadjopoulos D (1978) Calcium induced phase changes and fusion in natural and model 
membranes. In: Poste G, Nicolson GL (eds) C e l l surface reviews, vol V. North Holland 
Publ Com Amsterdam, New York, Oxford, pp 766-790 

Quinn PS, Judah JD (1978) Calcium-dependent Golgi vesicle fusion and cathepsin B in 
the conversion of proalbumin into albumin in rat l i v e r . Biochem J 172:301-309 

Schudt C, Dahl G, Gratzl M (1976) Calcium-induced fusion of plasma membranes isolated 
from myoblasts grown in culture. Cytobiologie 13:211-22 3 

Somogyi P, Chubb IW, Smith AD (1975) A possible structural basis for the extracellu­
lar release of ecetylcholinesterase. Proc R Soc London Ser B 191:271-283 

Steinhardt R, Zucker R, Schatten G (1977) Intracellular calcium release at f e r t i l i -
zation in the sea urchin egg. Dev Bi o l 58:185-196 



174 

Widnell CC (1972) Cytochemical l o c a l i z a t i o n of 5'-nucleotidase i n subcellular frac-
tions isolated from rat l i v e r . I. The origin 5'-nucleotidase a c t i v i t y in micro 
somes. J C e l l B i o l 52:542-558 

Winkler H (1977) The biogenesis of adrenal chromaffin granules. Neuroscience 2: 
657-683 


