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ABSTRACT

1 w

POLYPEPTIDES THAT CONFER FUNCTIONAL DIVERSITY TO 

CLATHRIN COATED VESICLES

by D. S t a v e  Kohtz I I  

A d v i s o r :  Saul  P u s z k l n ,  Ph.D.

Four  new a n t i - c l a t h r i n  l i g h t  c h a i n  mAbs a r e  r e p o r t e d  

h e r e :  C-7H12 and C-6C1 r e a c t  wi t h  bot h  f o r m s ;  C- 10B2 and

C-4E5 r e a c t  o n l y  w i t h  t h e  l o we r  m o l e c u l a r  mass  f o r m ,  

C h a r a c t e r i z a t i o n  of  t h e s e  mAbs i n d i c a t e d  t h a t  t h e  c l a t h r l n  

l i g h t  c h a i n s  c o n t a i n  two s t r u c t u r a l  d o m a i n s :  a n o n ­

c o n s e r v e d ,  a c c e s s i b l e  domai n t h a t  i s  r e l e v a n t  t o  t h e  

p h o s p h o r y l a t i o n  of  CAP2 and a c o n s e r v e d  i n a c c e s s i b l e  domai n  

t h a t  b i n d s  c l a t h r l n .

A n a l y s i s  of  b r a i n  c l a t h r i n - c o a t e d  v e s i c l e s  (CCVs)  by 

i m m u n o p r e c i p i t a t i o n  w i t h  a n t i - a c t i n  (A-7C11)  o r  a n t i ­

t u b u l i n  (T-2H9)  mAbs c o u p l e d  t o  S e p h a r o s e  4B r e v e a l e d  t h a t  

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

s u b p o p u l a t i o n  1s e n r i c h e d  in  a c t i n .  Monoc l ona l  a n t i b o d i e s  

were  d e v e l o p e d  a g a i n s t  c l a t h r i n - c o a t e d  v e s i c l e  c a r g o



m o l e c u l e s  t h a t  a r e  s o r t e d  I n t o  e i t h e r  t h e  a c t i n ' *  o r  a c t i n ' *  

s u b p o p u l a t l o n s . The d i s t r i b u t i o n  o f  t h e  two f o r m s  o f  

c l a t h r l n  l i g h t  c h a i n s  among b r a i n  c l a t h r l n - c o a t e d  v e s i c l e  

was a l s o  e x a mi n e d ,  u s i n g  mo noc l ona l  a n t i b o d i e s  s p e c i f i c  f o r  

e a ch  f or m.  S u b p o p u l a t i o n s  e n r i c h e d  1n e i t h e r  t h e  h i g h e r  o r  

l o w e r  m o l e c u l a r  mass  form of  c l a t h r l n  l i g h t  c h a i n  we r e  

I m m u n o p r e c i p l t a t e d  w i t h  t h e s e  monocl ona l  a n t i b o d i e s .

Two mo noc l ona l  a n t i b o d i e s  a r e  c h a r a c t e r i z e d  t h a t  

r e a c t  w i t h  a p r e v i o u s l y  u n i d e n t i f i e d  me mb r a n e - b o u n d  

p o l y p e p t i d e  (SA) .  D i f f e r e n t  f orms  of  SA p r o t e i n  a r e  

d i s t i n g u i s h e d  by o n e - d 1me n s i o n a l  ge l  e l e c t r o p h o r e s i s  and  

I m m u n o b l o t t i n g . One f orm (SAj )  i s  f ound e x c l u s i v e l y  In

p l a s ma  membrane p r e p a r a t i o n s ,  a n o t h e r  (SA2 } i s  f o u n d  i n
. . .

c l a t h r l n - c o a t e d  v e s i c l e s  and s y n a p t i c  v e s i c l e s ,  w h i l e  

a n o t h e r  (SA3 ) I s  f o u n d  e x c l u s i v e l y  i n  Golgi  f r a c t i o n s .  

A n a l y s i s  by in v i t r o  t r a n s l a t i o n  i n d i c a t e s  t h a t  c e l l s  

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

t r a n s c r i p t  e n c o d i n g  a p r e c u r s o r  of  SAj .  S u c c e s s i v e  p o s t -  

t r a n s l a t i o n a l  m o d i f i c a t i o n s  a p p e a r  t o  t a r g e t  SA p r o t e i n  t o  

s p e c i f i c  I n t r a c e l l u l a r  membranes .

F i n a l l y ,  two mo n o c l o n a l  a n t i b o d i e s  ( S - 8 G8 and  S- 6G7)  

a r e  c h a r a c t e r i z e d  t h a t  r e a c t  wi t h  an a b u n d a n t  c o m p o n e n t  of  

o n l y  n e u r o n a l  c l a t h r i n - c o a t e d  v e s i c l e s .  Th i s  185 kD 

p o l y p e p t i d e  (NP185)  b i n d s  t h e  CCV a s s e mb l y  p o l y p e p t i d e s  and  

1s b i o c h e m i c a l l y ,  i m m u n o c h e m i c a l l y , and f u n c t i o n a l l y  

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



e x p e r i m e n t s  u s i n g  r a d l o l o d 1 n a t e d  CCVs and S - 8 G8 r e v e a l e d  

t h a t  NP185 c a n  be compe t ed  o f f  t h e  CCV by s o l u b l e  

t u b u l i n .  NP185 I s  a p p a r e n t l y  bound t o  n e u r o n a l  CCVs by I t s  

I n t e r a c t i o n  w i t h  v e s i c l e  membrane-bound  t u b u l i n .  F u r t h e r  

a n a l y s i s  i n d i c a t e d  t h a t  p h o s p h o r y l a t i o n  of  t u b u l i n  a f f e c t s  

I t s  a f f i n i t y  f o r  NP185.
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INTRODUCTION

The v e s i c l e s  and c l s t e r n a e  m e d i a t i n g  t h e  

i n t r a c e l l u l a r  movement  of  t r a n s m e m b r a n e  a n d  s e c r e t o r y  

m o l e c u l e s  a r e  In a c o n t i n u o u s  f l u x .  V e s f c l e s  bud o f f  

l a r g e r  membranous  s t r u c t u r e s ,  move t h r o u g h  I n t r a c e l l u l a r  

s p a c e ,  f u s e  t o  form l a r g e r  c i s t e r n a e  i n  wrhich c a r g o  

m o l e c u l e s  a r e  r e a r r a n g e d  and p e r h a p s  m o d i f i e d  b e f o r e  

e n t e r i n g  new v e s i c l e s  bound f o r  a n o t h e r  d e s t i n a t i o n .  The 

p r o c e s s  can be f r o z e n ,  e i t h e r  by c h e m i c a l  f i x a t i o n  o r  

s u b c e l l u l a r  f r a c t i o n a t i o n ,  and a n a l y z e d  im a s t e p w i s e  

f a s h i o n .  Th i s  t y p e  of  a n a l y s i s  c o n c e p t u a l l y  t r a n s f o r m s -  

c e l l u l a r  p r o c e s s e s  c o mp r i s e d  of  e v a n e s c e n t  i n t e r m e d i a t e s  

i n t o  s e v e r a l  s e r i e s  of  on l y  a p p a r e n t l y  d i s t i n c t  

o r g a n e l l e s .  One such o r g a n e l l e  i s  t h e  c l a t h r v n - c o a t e d  

v e s i c l e  (CCV).

The f i r s t  images  of  CCVs were  d e r i v e d  f rom e l e c t r o n  

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

( B e s s i s  and Br e t o n  G o r i u s ,  1 9 5 7 ) .  When e r y t h r o b l a s t s  we r e  

p r e - i n c u b a t e d  wi t h  f e r r i t i n  f o r  10 m i n u t e s ,  t h e  e l e c t r o n  

d e n s e  m a r k e r  a p p e a r e d  in t h e  lumen of  t h e  v e s i c l e s  ( B e s s i s ,  

1 9 6 3 ) .  S e v e r a l  i n v e s t i g a t o r s  ( r e v i e w e d  by Bower s ,  1964)  

d e s c r i b e d  and o c c a s i o n a l l y  renamed c o a t e d  v e s i c l e s  In a 

v a r i e t y  o f  an i mal  c e l l s  and t i s s u e s  b e f o r e  Roth and P o r t e r  

( 1 9 6 4 ) ,  o b s e r v i n g  t h e s e  s t r u c t u r e s  i n  l i v e r  and i n s e c t
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o o c y t e s ,  s p e c u l a t e d  t h a t  CCVs a r e  d e r i v e d  f r o m c o a t e d  p i t s  

t h a t  " p i n c h  o f f "  t h e  p l asma membrane .  T h i s  h y p o t h e s i s  h a s  

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

h o we v e r ,  Roth and P o r t e r  were  p r o b a b l y  o b s e r v i n g  o n l y  

c o a t e d  p i t s ,  s i n c e  n e a r l y  a l l  t h e  CCV p r o f i l e s  a d j a c e n t  t o  

t h e  p l a s ma  membrane have been shown by o t h e r  I n v e s t i g a t o r s  

( Wi l l i n g h a m  e t  a'l . ,  1981;  Wehland e t  al  . ,  19 8 1 ;  Wi l l i n g h a m 

and P a s t a n ,  1983)  t o  be c o a t e d  p i t s  s t i l l  a t t a c h e d  t o  t h e  

c e l l  s u r f a c e .  Some i n v e s t i g a t o r s  ( W i l l i n g h a m  and P a s t a n ,  

1983)  have  even  s p e c u l a t e d  t h a t  CCVs n e v e r  e x i s t  w i t h i n  t h e  

c e l l .  S e r i a l  s e c t i o n  s t u d i e s  c o mp a r i n g  80 nm and 20 nm 

s e r i a l  s e c t i o n s  o f  3T3 c e l l s  (van Deur s  e t  a l . ,  1984)  

r e v e a l e d  t h a t  w h i l e  t h e  t h i c k e r  s e c t i o n s  do g i v e  t h e  

i m p r e s s i o n  of  a g r e a t e r  number  of  CCVs ( 2 5 %) ,  f r e e  CCVs a r e  

a l s o  a p p a r e n t  in t h e  t h i n n e r  s e c t i o n s  ( 4X) .  R a t h e r  t h a n  

p r e s s  t h e  v e s i c u l a r  o n t o l o g i c a l  q u e s t i o n ,  p e r h a p s  I t  i s  

b e s t  t o  s u r m i s e  t h a t  CCVs spend most  of  t h e i r  t i m e  

a s s e m b l i n g ,  l e s s  t i me  d i s a s s e m b l i n g ,  and v e r y  l i t t l e  

( a l b e i t  i m p o r t a n t )  t i me  b e i n g  v e s i c l e s .

M o r p h o l o g i c a l  c r i t e r i a  a l o n e  a r e  n o t  s u f f i c i e n t  t o  

i d e n t i f y  a CCV. Recent  i m m u n o e l e c t r o n  m i c r o s c o p i c  

i n v e s t i g a t i o n s  have  r e v e a l e d  v e s i c u l a r  s t r u c t u r e s  on t h e  

f r i n g e s  o f  t h e  Gol gi  c i s t e r n a e  t h a t  r e s e m b l e  CCVs bu t  a r e  

no t  c l a t h r l n - c o a t e d  (Orc i  e t  a l  . ,  1 9 8 6 ) .  T h i s  s t u d y  

i n d i c a t e s  t h a t  t h e  I d e n t i f i c a t i o n  o f  CCVs by t h e  mere
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p r e s e n c e  o f  a p r o t e i n  c o a t  may be I n a c c u r a t e ,  and t h e r e b y  

mar ks  t h e  end an e r a  o f  u s a g e  f o r  t h e  c r y p t i c  t e r m i n o l o g y  

“ c o a t e d  v e s i c l e . "  S u b s e q u e n t l y ,  " Gol g l  c o a t e d  v e s i c l e s "  

have  been d i s t i n g u i s h e d  f rom " c l a t h r l n - c o a t e d  v e s i c l e s , "  

whi ch  were  p r e v i o u s l y  r e f e r r e d  t o  as j u s t  " c o a t e d  

v e s i c l e s . "  Th i s  r e c e n t  o b s e r v a t i o n  r a i s e s  t h e  p o s s i b i l i t y  

t h a t  o t h e r  "dead  r i n g e r s "  f o r  CCVs may e x i s t  t h a t  a r e  

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

s t u d i e s  done In t h e  a b s e n c e  of  s p e c i f i c  i m m u n o l o g i c a l  

p r o b e s  f o r  c l a t h r i n  s h o u l d  be t e mp e r e d  by  t h i s  

p o s s i b i l i t y .  On t h e  o t h e r  h a n d ,  I n v e s t i g a t i o n s  by O r e l  e t  

a l  . ( 1984)  have  r e v e a l e d  a l a r g e  g r a n u l e  In i n s u l i n  , 

s e c r e t i n g  c e l l s  t h a t  1s c o a t e d  by a d i f f u s e  c l a t h r i n  c o a t  

( n o t  in l a t t i c e  f o r m ) .  Th i s  c l a t h r i n  c o a t  c an  o n l y  be 

d e t e c t e d  i m m u n o c h e mi c a l l y .  C l a t h r i n - c o a t e d  g r a n u l e s  a r e  a 

u n i q u e  c l a s s  o f  s e c r e t o r y  o r g a n e l l e s  t h a t  a r e  r e l a t e d  t o  

CCVs of  t h e  t r a n s  a s p e c t  of  t h e  Gol gi  c i s t e r n a e .  T h u s ,  

i mmunochemi cal  s t u d i e s  can n o t  o n l y  p o i n t  o u t  t h e  

i m p o s t e r s ,  t h e y  can a l s o  r e v e a l  t h e  l e s s  o b v i o u s  r e l a t i v e s  

o f  CCVs.

1.  C l a t h r i n - c o a t e d  v e s i c l e s  and e n d o c y t o s i s

E n d o c y t o s i s  c o n s i s t s  o f  t h r e e  c a t a g o r i e s ,  a l l  o f  

whi ch can i n v o l v e  CCVs o r  c o a t e d  p i t s .  The f i r s t ,  f l u i d -
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F i g u r e  1 .  An I n d i v i d u a l  c l a t h r i n - c o a t e d  v e s i c l e  a s  

v i s u a l i z e d  by n e g a t i v e  s t a i n i n g .  Thi s  c l a t h r i n - c o a t e d  

v e s i c l e  was p u r i f i e d  f rom b o v i n e  b r a i n .  The c l a t h r i n  c o a t  

i s  v i s i b l e  as a n e t wo r k  s u r r o u n d i n g  t h e  me mbr a ne  v e s i c l e ,  

whi ch a p p e a r s  t r a n s l u c e n t .  To t a l  m a g n i f i c a t i o n  3 2 0 , 0 0 0  X.

\
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p h a s e  e n d o c y t o s i s ,  I n v o l v e s  t h e  I n t e r n a l i z a t i o n  o f  

m o l e c u l e s  whi ch  a r e  n o t  a t t a c h e d  t o  t h e  p l a s m a  m e m b r a n e .  A 

m a r k e r  commonly used  f o r  f l u l d - p h a s e  e n d o c y t o s i s  I s  s o l u b l e  

h o r s e r a d i s h  p e r o x i d a s e  ( HRP) .  Th i s  m a r k e r  I s  I n c u b a t e d  

w i t h  l i v e  c e l l s  or  t i s s u e s  p r i o r  t o  e l e c t r o n  m i c r o s c o p y .  

I n c u b a t i o n  of  t h e  s e c t i o n s  w i t h  a s u b s t r a t e  f o r  t h e  enzyme  

p r o d u c e s  an e l e c t r o n  d e n s e  p r e c i p i t a t e  In t h e  v a r i o u s  

c e l l u l a r  c o m p a r t m e n t s  t h r o u g h  whi ch  I t  t r a v e l s .  The 

s e c o n d ,  a b s o r p t i v e  e n d o c y t o s i s ,  I n v o l v e s  t h e  1n t e r a l 1z a t 1 on 

o f  m o l e c u l e s  n o n - s p e c i f l e a l l y  a s s o c i a t e d  w i t h  t h e  p l a s m a  

memb r a n e .  P l a n t  l e c t i n s  o r  p o l y l y s i n e  c o u p l e d  t o  HRP c an  

be u s e d  as  m a r k e r s  o f  a b s o r p t i v e  e n d o c y t o s i s .  A b s o r p t i v e  

e n d o c y t o s i s  i m p l i e s  t h a t  a p a r t i c l e  i s  a d s o r b e d  t o  t h e  

p l a s ma  membrane and c o n s e q u e n t l y  t h e  e f f i c i e n c y  o f  i t s  

i n t e r n a l i z a t i o n  i s  i n c r e a s e d .  For  e x a m p l e ,  t h e  u p t a k e  o f  

HRP i n  immune c o mp l e x e s  i s  100 t o  1000 t i m e s  t h e  r a t e  o f  

u p t a k e  o f  t h e  enzyme i n  f l u i d - p h a s e  { S t e i n m a n  and Cohn ,  

1 9 7 2 ) .  T h i s  p r o c e s s  was o r i g i n a l l y  s t u d i e d  d u r i n g  a m o e b i c  

p l n o c y t o s i s  ( S c h u ma k e r ,  1 9 5 8 ) .

An i n t e r e s t i n g  s y s t e m  f o r  d i s t i n g u i s h i n g  f l u i d - p h a s e  

e n d o c y t o s i s  f rom a b s o r p t i v e  e n d o c y t o s i s  was  d e v i s e d  by 

S c h n e i d e r  e t  a l . ( 1 9 7 9 ) .  Us i ng  c u l t u r e d  r a t  e mb r y o  

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

and  a n t i - p l a s m a  membrane r a b b i t  i m m u n o g l o b u l i n  c o u p l e d  t o  

e i t h e r  f l u o r e s c e i n  or  r a d i o l a b e l l e d  a c e t a t e  was  c o m p a r e d .
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S u r p r i s i n g l y ,  a c e t a t e - c o u p l e d  c o n t r o l  a n t i b o d i e s  we r e  t a k e n  

up a t  a s l o w  r a t e  p r o p o r t i o n a l  t o  c o n c e n t r a t i o n  ( f l u i d -  

p h a s e  e n d o c y t o s i s ) ,  w h i l e  f l u o r e s c e i n - c o u p l e d  c o n t r o l  

a n t i b o d i e s  wer e  I n t e r n a l i z e d  a t  a much f a s t e r  r a t e  

( a b s o r p t i v e  e n d o c y t o s i s ) .  C o n t r o l  r a b b i t  I m m u n o g l o b u l i n  

c o u p l e d  t o  e i t h e r  l a b e l  end  up i n  t h e  l y s o s o m e .  A n t i ­

p l a s m a  membrane  a n t i b o d i e s  c o u p l e d  t o  e i t h e r  l a b e l  r e c y c l e d  

on t h e  c e l l  s u r f a c e  and n e v e r  ended  up 1n t h e  l y s o s o m e  ( t o  

t h e  e x t e n t  o f  t i m e  o b s e r v e d  i n  t h i s  s t u d y ) .  Th e s e  r e s u l t s  

we r e  c o n s i s t e n t  even when t h e  c o n t r o l  and a n t i - p l a s m a  

membrane  i m m u n o g l o b u l i n s  we r e  u s e d  s i m u l t a n e o u s l y  w i t h  

d i f f e r e n t  l a b e l s .  In t h i s  e x p e r i m e n t ,  t h e  l a b e l l i n g  

m o i e t i e s  d e t e r m i n e d  w h e t h e r  t h e  m o l e c u l e s  we r e  i n t e r n a l i z e d  

by f l u i d  p h a s e  or  a b s o r p t i v e  e n d o c y t o s i s  ( b a r r i n g  t h e  

r e m o t e  p o s s i b i l i t y  o f  a f l u o r e s c e i n  r e c e p t o r ) ,  w h i l e  t h e  

s p e c i f i c i t y  of  t h e  a n t i b o d y  m o i e t y  d e t e r m i n e d  t h e  f i n a l  

s u b c e l l u l a r  d e s t i n a t i o n .

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

m e d i a t e d  e n d o c y t o s i s .  T h i s  p r o c e s s  i s  p r e c e d e d  by t h e  

b i n d i n g  o f  a l i g a n d  t o  i t s  r e c e p t o r  1n a h i g h l y  s p e c i f i c  

m a n n e r .  The r e c e p t o r - 1 1gand c o m p l e x ,  i n  some i n s t a n c e s  

( f o r  e x a m p l e ,  G o l d s t e i n  e t  a l  . ,  1 9 7 9 ) ,  a p p e a r s  t o  c l u s t e r  

p r i o r  t o  e n d o c y t o s i s ,  i m p l y i n g  t h a t  t h e  f o r m a t i o n  o f  t h e  

r e c e p t o r - 1 1gand compl ex  may s i g n a l  i t s  i n t e r n a l i z a t i o n .  

U n o c c u p i e d  a l p h a - 2 - m a c r o g l o b u l i n  r e c e p t o r s ,  f o r  e x a m p l e ,
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a r e  d i s t r i b u t e d  i n  a d i f f u s e  manne r  o v e r  t h e  c e l l  

s u r f a c e .  When a l p h a - 2 - m a c r o g l o b u l 1n r e c e p t o r  c o m p l e x e s  a r e  

f o r m e d ,  t h e y  r a p i d l y  c l u s t e r  i n  c o a t e d  r e g i o n s  o r  p i t s  and 

a r e  s u b s e q u e n t l y  I n t e r n a l i z e d  ( W i l l i n g h a m  e t  a l . ,  1 9 7 9 ) .

The e x i s t e n c e  of  I n t e r n a l  1 z a t l o n - d e f e c t f v e  l o * - d e n s i t y -  

l i p o p r o t e i n  (LDL) r e c e p t o r s  p r o d u c e d  by n o n s e n s e  o r  

f r a m e s h l f t  m u t a t i o n s  t h a t  t r u n c a t e  t h e i r  c y t o p l a s m i c  domai n  

( Lehr man e t  a l . ,  1985)  I n d i c a t e s  t h a t  a l l o s t e r l c  

t r a n s m e m b r a n e  s i g n a l i n g  by t h e  r e c e p t o r - 1 i g a n d  c omp l e x  may 

I n d u c e  c l u s t e r i n g  and i n t e r n a l i z a t i o n .  N u t a t i o n s  i n  t h e  

c y t o p l a s m i c  domain of  a t r a n s f e c t e d  EGF r e c e p t o r  g e n e  a l s o  

a p p e a r  t o  a f f e c t  i n t e r n a l i z a t i o n  ( P r y we s  e t  a7 . . ,  I986)v*» 

I n t e r e s t i n g l y ,  t h e  c l u s t e r i n g  o f  HLA a n t i g e n  n r t i f l c l a l l y  

I n d u c e d  by a n t i - b e t a - 2 - m i c r o g l o b u l  1 n a n t i b o d i e s  r e s u l t s  1n 

I t s  e n d o c y t o s i s ;  h o we v e r ,  t h e  c o m p l e x e s  a r e  i n t e r n a l i z e d  by 

s moot h  v e s i c l e s  (Huet  e t  a l . ,  1 9 8 0 ) .

R e c e p t o r - m e d i a t e d  e n d o c y t o s i s  may b e  d i s t i n g u i s h e d  

f rom a b s o r t i v e  e n d o c y t o s i s  by t h e  p r e s e n c e  o f  l i g a n d -  

r e c e p t o r  compl ex  s i g n a l s  t h a t  i n d u c e  s e l e c t i v e  

e n d o c y t o s i s .  P r i o r  t o  e n d o c y t o s i s ,  t r a n s f e r r i n  r e c e p t o r s  

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

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

( Ho p k i n s  e t  a l . ,  1 9 8 5 ) .  On t h e  same c e l l s ,  EGF r e c e p t o r  

r e m a i n s  m o n o d i s p e r s e  u n t i l  l i g a n d - b o u n d ,  t h e n  a g g r e g a t e s  

p r i o r  t o  e n d o c y t o s i s  ( Ho p k i n s  op c i t . ) .  T h u s ,  i n  some
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r e c e p t o r  s y s t e m s  c l u s t e r i n g  may be l i g a n d - d e p e n d e n t ,  w h i l e  

In o t h e r  1 t  may be 1 1 g a n d - l n d e p e n d e n t  ( o c u r r i n g  d u r i n g  

c o n s t i t u t i v e  r e c y c l i n g ) .

A l t h o u g h  t h e  ami no a c i d  s e q u e n c e s  o f  a t  l e a s t  s i x  

r e c e p t o r s  I n t e r n a l i z e d  by t h e  CCV-med1ated p a t h w a y  h a v e  

been  d e t e r m i n e d ,  no s u b s t a n t i a l  homol ogy  ha s  b e e n  o b s e r v e d  

be t we e n  t h e i r  c y t o p l a s m i c  domai ns  ( S t a h l  and S c h w a r t z .  

1 9 8 6 ) .  On t h e  o t h e r  h a n d ,  w h i l e  some p l a s ma  membr a ne  

p r o t e i n s  may p o s s e s s  t r a n s m e m b r a n e  s i g n a l l i n g  m e c h a n i s ms  t o  

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

me cha n i s ms  t o  e i t h e r  a v o i d  e n d o c y t o s i s  o r  t o  b e  e n d o c y t o s e d  

by n o n - c l a t h r i n - c o a t e d  v e s i c l e s .  T h y - 1 ,  a b r a i n  and t h y mi c  

l y m p h o c y t e  a n t i g e n ,  i s  c o v a l e n t l y  l i n k e d  t o  t h e  l i p i d  

m o i e t i e s  o f  t h e  p l a s ma  membrane ,  and t h r e r f o r e  l a c k s  a

c y t o p l a s m i c  domai n  (Low and K l n c a d e ,  1 9 8 5 ) .  T h y - 1  1s
¥

e x c l u d e d  f rom CCVs and c o a t e d  p i t s  ( B r e t s c h e r  e t  a l  . ,

1 9 8 0 ) .  Ca r n e y  and Bergmann ( 19 8 2 )  h a v e  shown t h a t  c l u s t e r s  

o f  t h r o m b i n - t h r o m b l n  r e c e p t o r  c o mp l e x e s  a r e  n o t  a s s o c i a t e d  

w i t h  CCVs o r  c o a t e d  p i t s .  I n t e r e s t i n g l y ,  t h r o m b i n  

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

\  ( Ca r n e y  and Be r g ma n n ,  1 9 8 2 ) .  Non- c l  a t h r i n - c o a t e d  membranes  

I n t e r n a l i z e  c h o l e r a  and t e t a n u s  t o x i n s  ( M o n t e s a n o  e t  a l . ,

1 9 8 2 ) .  Th e s e  t o x i n s  may b i n d  s u r f a c e  r e c e p t o r  m o l e c u l e s  

d i f f e r e n t l y  f r om t h e i r  normal  l i g a n d s  and c o n s e q u e n t l y  

a l t e r  t h e i r  r o u t e s  o f  i n t e r n a l i z a t i o n .
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I n t e r e s t i n g l y ,  t h e  r e c e p t o r  f o r  c h o l e r a  t o x i n  i s  a 

g l y c o l l p l d  ( S c h l e g e l  e t  a l . ,  1 9 8 3 ) .  T h i s  may r e f l e c t  a 

me c h a n i s m of  e v a d i n g  CCV o r  c o a t e d  p i t  e n d o c y t o s i s  t h a t  1s  

s i m i l a r  t o  T h y - 1 .  F i n a l l y ,  t h e  c l u s t e r i n g  p r o c e s s  c a n  be  

I n h i b i t e d  by d a n s y l c a d a v e r l n e , whi ch  a l s o  p r e v e n t s  t r a n s f e r  

o f  l i g a n d s  t o  t h e  l y s o s o m e  ( D a v i e s  e t  a l . ,  1 9 8 0 ) .

D a n s y l c a d a v e r i n e  1s a p o t e n t  I n h i b i t o r  o f  

t r a n s g l u t a m i n a s e s ,  a l t h o u g h  i t  may have  o t h e r  e f f e c t s  on 

c e l l  m e t a b o l i s m  ( D a v i e s  e t  a l . ,  op c l t . ) .

R e c e p t o r  c l u s t e r i n g  e v e n t s  I n v o l v e  p e r h a p s  10 t o  20 

r e c e p t o r s  ( W i l l i n g h a m  and P a s t a n ,  1 9 8 3 ) ,  and a r e  

d i s t i n g u i s h a b l e  f rom t h e  s o - c a l l e d  c a p p i n g  p h e n o me n a  by* 

t h e i r  r e l a t i v e  i n s e n s i t i v i t y  t o  c y t o s k e l e t o n - b i n d l n g  d r u g s  

( f o r  e x a m p l e ,  MacLean and S a n d e r s ,  1 9 8 3 ) .  R e c e p t o r -  

m e d i a t e d  e n d o c y t o s i s  i s  g e n e r a l l y  u n a f f e c t e d  by 

c y t o s k e l e t o n - b i n d i n g  d r u g s  w h e r e a s  " z i p p e r - l i k e "  

p h a g o c y t o t i c  p r o c e s s e s  t e n d  t o  be i n h i b i t e d  (Ward and  

M u r r a y ,  1 9 8 4 ) .

R e c e p t o r s  and e n d o c y t o s i s :  S u m m a r i z i n g  t h e  r e c e p t o r

s y s t e m s  whi ch  p a r t i c i p a t e  i n  p a t h wa y s  m e d i a t e d  by CCVs and 

c o a t e d  p i t s  r a i s e s  some s e e m i n g l y  o b v i o u s  q u e s t i o n s :  What  

s i m p l e  p u r p o s e ,  I f  a n y ,  d o e s  e n d o c y t o s i s  s e r v e ?  I s  

e n d o c y t o s i s  I m p o r t a n t  t o  t h e  s i g n a l i n g  a s p e c t  o f  a 

r e c e p t o r ,  o r  I s  i t  m e r e l y  a m a i n t e n a n c e  m e c h a n i s m ?  Of

J
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c o u r s e ,  t h e s e  q u e s t i o n s  do n o t  a p p l y  t o  r e c e p t o r s  whose  

p u r p o s e  I s  t h e  i n t e r n a l i z a t i o n  of  l i g a n d  f o r  f u r t h e r  

p r o c e s s i n g  (LDL,  t r a n s f e r r i n ,  p o l y - I g ) ,  bu t  i n  t h e  c a s e  o f  

g r o wt h  f a c t o r  r e c e p t o r s ,  wh i ch  I n d u c e  t h e  e x p r e s s i o n  o f  

s p e c i f i c  g e n e s ,  c h a n g e s  i n  c e l l  mo r p h o l o g y ,  and ONA 

s y n t h e s i s ,  t h e  r o l e  o f  r e c e p t o r - m e d i a t e d  e n d o c y t o s i s  as a 

s e c o n d  m e s s e n g e r  may be c o n s i d e r e d .  Th i s  p r o b l e m  was  

a d d r e s s e d  by M a x f i e l d  e t  a l . ( 1979)  by u s i n g  c h e m i c a l  

i n h i b i t o r s  t o  p r e v e n t  c l u s t e r i n g  and e n d o c y t o s i s .  Th e s e  

i n h i b i t o r s  e n h a n c e d  e p i d e r m a l  gr owt h  f a c t o r  (EGF) 

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

r e s u l t  i n d i c a t e s  t h a t  one  e f f e c t  o f  e n d o c y t o s i s  i s  t h e  

a t t e n u a t i o n  of  r e c e p t o r  s i g n a l i n g  by e v e n t u a l  d i s s o c i a t i o n  

o f  t h e  r e c e p t o r - 1 i g a n d  c o m p l e x .  E x p r e s s i o n  o f  t h e  EGF 

r e c e p t o r  on t h e  c e l l  s u r f a c e  i s  a l s o  m o d u l a t e d  by “down 

r e g u l a t i o n "  ( C a r p e n t e r  and Cohen ,  1 9 7 6 ) .  T h i s  p r o c e s s  

o c c u r s  b e c a u s e  t h e  EGF r e c e p t o r  a c c o mp a n i e s  i t s  l i g a n d  t o  

t h e  l y s o s o m e ,  wher e  b o t h  a r e  d e g r a d e d  ( H a i g l e r  e t  a l . ,  

1 9 7 9 ) .  U n t i l  newl y  s y n t h e s i z e d  EGF r e c e p t o r  r e a c h e s  t h e  

p l a s ma  membrane ,  t h e  s u r f a c e  b i n d i n g  c a p a c i t y  o f  t h e  c e l l  

f o r  EGF i s  s i g n i f i c a n t l y  r e d u c e d .  The s e  r e s u l t s  i n d i c a t e  

t h a t  t h e  e n d o c y t o s i s  o f  g r o wt h  f a c t o r  r e c e p t o r s  s e r v e s  t o  

a t t e n u a t e  t h e i r  p o t e n c y  r a t h e r  t h a n  a c t  as a s e c o n d  

m e s s e n g e r  s y s t e m .  I t  c an  be e x t r a p o l a t e d  t h a t  some 

c o mp o n e n t s  of  CCVs,  s u c h  as c l a t h r i n ,  may be r e c e s s i v e l y -  ,
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a c t i n g  p r o t o - o n c o g e n e s .  M u t a t i o n s  a d v e r s e l y  a f f e c t i n g  t h e  

e f f i c i e n c y  of  r e c e p t o r - m e d i a t e d  e n d o c y t o s i s  may o v e r ­

p o t e n t i a t e  g r owt h  f a c t o r  r e c e p t o r s  and t h u s  p r o mo t e  

o n c o g e n e s i s .  M u t a t i o n s  s u c h  as  t h e s e  would n o t  n e c e s s a r i l y  

be l e t h a l ,  as  has  been  shown by s i t e - d i r e c t e d  m u t a g e n e s i s  

o f  t h e  c l a t h r i n  gene  1n y e a s t  ( Pa y n e  and Schekman,  1 9 8 5 ) .

In a d d i t i o n ,  some t u m o r s  a p p e a r  t o  be I n d u c e d  by t h e  l o s s  

o f  c e r t a i n  g e n e s ,  s uch  as  Wi l m ' s  t umor  ( Koufos  e t  a l . ,  

1 9 8 5 ) .

E n d o c y t l c  c a r g o  o f  c l a t h r i n - c o a t e d  v e s i c l e s :  The

t e r m  “ c a r g o "  I s  f r e q u e n t l y  u s e d  t o  r e f e r  t o  t h e  p a s s e n g e r s  

o f  a v e s i c u l a r  t r a n s p o r t  v e h i c l e  ( P e a r s e  and B r e t s c h e r ,

1 9 8 1 ) .  The e n d o c y t l c  c a r g o  o f  CCVs and c o a t e d  p i t s  

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

m o l e c u l e s .  The s u b s e q u e n t  p a t h wa y s  t h r o u g h  t h e  c e l l  

f o l l o w e d  by t h e s e  m o l e c u l e s  can v a r y  g r e a t l y ,  and t h i s  w i l l  

be d i s c u s s e d  in  a l a t e r  s e c t i o n .

Th r e e  e x p e r i m e n t a l  a p p r o a c h e s  have  been u s e d  t o  

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

m o l e c u l e  1s a CCV c a r g o  m o l e c u l e .  The f i r s t  a p p r o a c h  I s  

mo s t  common,  and i n  many ways t h e  mos t  I n f o r m a t i v e .

I m m u n o e l e c t r o n  m i c r o s c o p y  c a n  be p e r f o r m e d  on c u l t u r e d  

c e l l s  o r  t i s s u e s .  S p e c i f i c  l i g a n d s ,  n o n - s p e c i f i c  l i g a n d s ,  

o r  a n t i - r e c e p t o r  a n t i b o d i e s  a r e  c o u p l e d  t o  m a r k e r s  s u c h  as
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c o l l o i d a l  g o l d  o r  HRP, and I n c u b a t e d  w i t h  l i v e  c e l l s  o r  

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

o f  a membrane p o l y p e p t i d e  In a t i m e - d e p e n d e n t  m a n n e r ,  t h u s  

y i e l d i n g  I n f o r m a t i o n  a b o u t  t h e  p r o c e s s e s  o f  I n t e r n a l i z a t i o n  

and t r a n s p o r t .  The l a t t e r  r e v e a l s  t h e  d i s t r i b u t i o n  o f  t h e  

membrane  bound p o l y p e p t i d e  t h r o u g h o u t  t h e  e n t i r e  c e l l .

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

d e t e c t e d  u s i n g  t h e  e n d o c y t l c  r o u t e  and l i v e  c e l l s .  As 

I n d i c a t e d  e a r l i e r ,  l a b e l l e d  a n t i - c l a t h r i n  a n t i b o d i e s  s h o u l d  

be u s e d  s i m u l t a n e o u s l y  t o  d e t e r m i n e  i f  t h e  l i g a n d  i s  

f o l l o w i n g  a pa t hway I n v o l v i n g  CCVs o r  c o a t e d  p i t s .

The s e c o n d  met hod r e q u i r e s  t h e  p u r i f i c a t i o n  o f  C'dYs

f r om t h e  t i s s u e  o f  i n t e r e s t  and a s u b s e q u e n t  a n a l y s i s  o f

t h e i r  c o n t e n t s .  Th i s  m e t h o d o l o g y  has  b e e n  u s e d  t o

b i o c h e m i c a l l y  c h a r a c t e r i z e  CCVs,  and i d e n t i f y  some

p r e v i o u s l y  unknown c a r g o  m o l e c u l e s .  Th e s e  i n c l u d e  t h e

m u s c a r i n i c  a c e t y l c h o l i n e  ( S i l v a  e t  a l . ,  1 9 8 6 )  a n d  b e t a -

a d r e n e r g i c  (Chuang e t  a l . ,  1986)  r e c e p t o r s ,  i n  CCVs d e r i v e d

f r o m b r a i n  t i s s u e .  One d i f f i c u l t y  w i t h  t h i s  t e c h n i q u e  1s

t h a t  t h e  b i o c h e m i c a l  p a r a m e t e r s  f o r  a s s e s s i n g  CCV p u r i t y

a r e  n o t  r e l i a b l e ,  and t h e  c o n t r i b u t i o n s  o f  c o n t a m i n a t i n g

s mo o t h  v e s i c l e s  can n e v e r  be a d e q u a t e l y  e v a l u a t e d .  In

a d d i t i o n ,  t h i s  m e t h o d o l o g y  d o e s  n o t  r e v e a l  w h e t h e r  t h e  
*

I s o l a t e d  CCVs have  been d e r i v e d  f rom e n d o c y t l c  o r  s e c r e t o r y  

p a t h w a y s ,  a l t h o u g h  t h i s  p r o b l e m  has  been r e c e n t l y  a d d r e s s e d
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( Hemly e t  a l  . ,  1 9 8 6 ) .

The t h i r d  method 1s e s s e n t i a l l y  a m o d i f f e a t  I on  o f  t h e  

s e c o n d .  I f  a n t i b o d i e s  a r e  a v a i l a b l e  t o  t h e  c y t o p l a s m i c  

domai n  o f  t h e  p u t a t i v e  CCV c a r g o  m o l e c u l e ,  p u r i f i e d  CCV 

p r e p a r a t i o n s  can be a n a l y z e d  by I m m u n o p r e c 1 p i t a t l o n  f o r  t h e  

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

a n t i b o d i e s  p r e c i p i t a t e  CCVs,  t h e n  t h e  a n t i g e n  I s  a CCV 

c a r g o  m o l e c u l e .  The p r e s e n c e  of  CCVs i n  t h e  p r e c i p i t a t e s  

can  be e v a l u a t e d  b i o c h e m i c a l l y  o r  by e l e c t r o n  m i c r o s c o p y .  

Th i s  me t hod  was f i r s t  used  i n  a r e l i a b l e  ma n n e r  by P f e f f e r  

and K e l l y  ( 1 9 8 5 ) .  Al t h o u g h  t h i s  met hod e l i m i n a t e s  t h e  

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

s moot h  me mb r a n e s ,  t h e  i n t r a c e l l u l a r  o r i g i n  o f  t h e  v e s i c l e s  

s t i l l  r e m a i n s  in q u e s t i o n .  The g e n e r a t i o n  o f  m o n o c l o n a l  

a n t i b o d i e s  t h a t  can be us ed  as  m a r k e r s  o f  s p e c i f i c  CCV 

s u b p o p u l a t i o n s  ( d i s c u s s e d  in t h e  RESULTS s e c t i o n )  o r  

c o u p l i n g  t h i s  me t h o d o l o g y  t o  t h a t  d i s c u s s e d  by Hemly e t  a l . 

( 1 9 8 6 )  s h o u l d  a d d r e s s  t h i s  p r o b l e m .

The p h y l o g e n e t i c  l i m ! t s  o f  CCV d i s t r i b u t i o n  h a v e  b e e n  

a d d r e s s e d  o n l y  m o r p h o l o g i c a l l y  or  i m m u n o c h e m i c a l 1y ( f o r  

r e v i e w  and d i s c u s s i o n ,  F i n e  e t  al  . ,  1 9 8 4 ) ,  and u n t i l  

n u c l e i c  a c i d  p r o b e s  t o  CCV s t r u c t u r a l  p r o t e i n s  a r e  

a v a i l a b l e  t o  a s s e s s  t h e  d i s t r i b u t i o n  and d i v e r g e n c e  o f  

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

T h e r e f o r e ,  a d e t a i l e d  d i s c u s s i o n  o f  t h e  e n d o c y t l c  c a r g o  o f
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CCVs w i l l  be r e s t r i c t e d  t o  t h e  c a r g o  o f  c e l l s  o f  h i g h e r  

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

be en  o b s e r v e d ,  h o w e v e r ,  1n u n i c e l l u l a r  T e t r a h y m e n a  ( N i l s s o n  

and van D e u r s ,  1 9 8 3 ) ,  u n i c e l l u l a r  C r l t h i d i a ,  a n d  1n Hydr a  

( Cs a b a  e t  a l . ,  1 9 8 4 ) .  In u n l c e l l u l a r s  CCVs c o n g r e g a t e  

a r o u n d  c i l i a  and f l a g e l l a ,  and a r e  a l s o  o b s e r v e d  n e a r  t h e  

Gol g i  a p p a r a t u s .  In Hy d r a ,  t h e i r  d i s t r i b u t i o n  a p p e a r s  

r a n d o m.  S i n c e  membrane r e c e p t o r s  o f  u n l c e l l u l a r s  a r e  

m a i n l y  food  r e c e p t o r s ,  CCVs p r o b a b l y  m e d i a t e  t h e  I n t a k e  and  

p r o c e s s i n g  o f  s m a l l e r  e l e m e n t s  of  f ood  i n  t h e s e  c e l l s  

( Cs a b a  e t  a l . ,  1 9 8 4 ) .  P l a n t  c e l l s  a l s o  c o n t a i n  an 

a b u n d a n c e  o f  CCVs ( Mer sey  e t  a l . ,  1 9 8 2 ) .

P e r h a p s  t h e  o n l y  u n i f y i n g  f e a t u r e  o f  t h e  CCV c a r g o  

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

m o l e c u l e s  whi ch m o d u l a t e  t h e  p h y s i o l o g y  o f  t h e  o r g a n i s m  and 

t h e  r e l a t i v e  p a u c i t y  o f  c a r g o  r e l e v a n t  t o  t h e  m e t a b o l i c  

s u r v i v a l  o f  t h e  c e l l .  T h i s  g e n e r a l i z a t i o n ,  a l t h o u g h  made 

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

d i r e c t e d  m u t a g e n e s i s  e x p e r i m e n t s  w i t h  y e a s t  ( P a y n e  a nd  

Schekman ,  1 9 8 5 ) ,  whi ch i n d i c a t e  t h a t  t h e  c l a t h r i n  g e n e  i s  

u n e s s e n t i a l  t o  t h e  s u r v i v a l  of  y e a s t  c e l l s .  More  d e t a i l e d  

s t u d i e s  o f  d i v e r s e  o r g a n i s m s  may r e v e a l  some i n s t a n c e s  

wh e r e  CCVs m e d i a t e  more f u n d a m e n t a l  membrane  p r o c e s s e s ;  

u n t i l  t h e n ,  I t  a p p e a r s  t h a t  t h i s  v e h i c l e  h a s  b e e n  a d a p t e d  

by mos t  c e l l s  t o  h i g h l y  s p e c i a l i z e d  a c t i v i t e s .  P o s s i b l e
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e x c e p t i o n s  t o  t h i s  g e n e r a l i z a t i o n  may b e  t r a n s f e r r i n  

( W i l l i n g h a m  and P a s t a n ,  1 9 8 5 ) ,  and t r a n s c o b a l a m i n  

( T a k a h a s h l  e t  al  . ,  1 9 8 0 ) ,  whi ch m e d i a t e  t r a n s p o r t  of  

n u t r i e n t s  u s e d  by a l l  c e l l s .  A p p a r e n t l y  y e a s t ,  wh i ch  can 

s u r v i v e  mi nus  t h e i r  c l a t h r i n  g e n e ,  h a v e  d e v i s e d  a l t e r n a t e  

t r a n s p o r t  r o u t e s  o r  s y n t h e t i c  p a t h wa y s  f o r  t h e s e  

n u t r i e n t s .  Exampl es  of  r e d u n d a n t  t r a n s p o r t  r o u t e s  a r e  

p r e s e n t  In t h e  c e l l s  o f  h i g h e r  o r g a n i s m s .  L o w - d e n s l t y -  

U p o p r o t e l n  1s t a k e n  up and I n t e r n a l i z e d  t h r o u g h  two 

p a r a l l e l  r o u t e s  ( V a s l l e  e t  a l . ,  1 9 8 3 ) .  Bo t h  p a t h w a y s  

r e g u l a t e  p l a s ma  LDL c o n c e n t r a t 1ons  ( a l t h o u g h  t h e i r  r e l a t i v e  

s i g n i f i c a n c e  i s  u n c l e a r  f rom t h i s  p a p e r ) .  On e ,  by 

t r a n s c y t o s i s , s u p p l i e s  c h o l e s t e r o l  t o  o t h e r  c e l l s ,  w h i l e  

t h e  o t h e r  i s  t h e  we l l  known r e c e p t o r - m e d i a t e d  p a t hwa y  

( An d e r s o n  e t  a l . ,  1 9 7 7 ) .  Both p a t h wa y s  s u p p l y  c h o l e s t e r o l  

t o  t h e  c e l l ;  h o we v e r ,  t h e  r e c e p t o r - m e d i a t e d  p a t h wa y  

s u p p l i e s  s i g n i f 1c a n t l y  l e s s  ( V a s i l e  e t  a l . ,  op c l t . ) .  

S i m i l a r  c a s e s  o f  r e d u n d a n t  t r a n s p o r t  h a v e  b e e n  o b s e r v e d  

I n v o l v i n g  t h e  u p t a k e  of  c e l l  n u t r i e n t s  ( W a t a n a b e  e t  a l . ,  

1984;  Kolb e t  a l . ,  1 9 8 3 ) .

S e v e r a l  p o l y p e p t i d e  g r owt h  f a c t o r s  and h o r mo n e s  a r e  

e n d o c y t o s e d  t h r o u g h  pa t h wa y s  I n v o l v i n g  CCVs o r  c o a t e d  

p i t s .  I n s u l i n  was f ound  t o  be I n t e r n a l i z e d  by CCVs by b o t h  

e l e c t r o n  m i c r o s c o p y  (Fan e t  a l . ,  1982)  a n d  b i o c h e m i c a l  

a n a l y s i s  o f  p u r i f i e d  l i v e r  CCVs ( P i l c h . e t  a l . ,  1 9 8 3 ) .  The 

l a t t e r  work i s  p a r t i c u l a r l y  n o t e w o r t h y  a s  t h e  l a b e l l e d
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l i g a n d  was I n j e c t e d  d i r e c t l y  I n t o  t h e  h e p a t i c  p o r t a l  v e i n  

of  a l i v e  l i v e r  p r i o r  t o  t h e  I s o l a t i o n  o f  CCVs.  EGF was 

shown t o  be I n t e r n a l i z e d  by c l a t h r i n - c o a t e d  v e s i c l e s  1n 

t i m e  c o u r s e  e x p e r i m e n t s  I n c u b a t i n g  l a b e l l e d  EGF w i t h  l i v e  

c e l l s ,  and s u b s e q u e n t l y  e x a mi n i n g  t h e  I n t e r n a l i z e d  l a b e l  by 

e l e c t r o n  m i c r o s c o p y .  S u b s e q u e n t  s t u d i e s  by Ha n o v e r  e t  a l  . 

( 1 9 8 4 )  wer e  c o n d u c t e d  by 1 m m u n o p r e c 1 p 1 t a t i o n .  KB c e l l s  

were  I n c u b a t e d  w i t h  EGF-HRP a t  4 d e g r e e s  C,  wrarmed t o  37 t o  

a l l o w  i n t e r n a l i z a t i o n ,  and l y s e d  a t  v a r i o u s  t i m e s  a f t e r  

I n t e r n a l i z a t i o n .  Ant  1- c l a t h r i n  a n t i b o d i e s  c o u p l e d  t o  

S t a p h y l o c o c c u s  a u r e u s  were u s e d  t o  I m m u n o p r e c i p i t a t e  

c l a t h r i n  c o a t e d  c o mp a r t me n t s  f rom t h e  l y s a t e s ,  and t h e s e  

were  a n a l y z e d  f o r  HRP a c t i v i t y .  E p i d e r m a l  g r o w t h  f a c t o r  

a p p a r e n t l y  p a s s e s  t h r o u g h  two c l a t h r i n - c o a t e d  c o m p a r t m e n t s  

on I t s  way t o  t h e  l y s o s o me :  one a t  5 m i n u t e s  a f t e r

b i n d i n g ,  and a n o t h e r  a t  20 t o  25 m i n u t e s .  The  f i r s t  

c o mp a r t me n t  1s u n d o u b t e d l y  an e n d o c y t i c  c o m p a r t m e n t .  The 

s e c o n d  c o m p a r t m e n t  may be i n v o l v e d  In t h e  t r a n s f e r  o f  EGF 

t o  t h e  l y s o s o m e  f rom t h e  t r a n s  a s p e c t  o f  t h e  G o l g l  

c l s t e r n a e  ( H a n o v e r  e t  a l . ,  1 9 8 4 ) .

P l a t e l e t - d e r i v e d  g r o wt h  f a c t o r  a p p e a r s  t o  be 

I n t e r n a l i z e d  by b o t h  c l a t h r i n - c o a t e d  and u n c o a t e d  

me mb r a n e s ,  p e r h a p s  r e v e a l i n g  two r e c e p t o r  c l a s s e s  

( R o s e n f e l d  e t  a l . ,  1 9 8 4 ) .  S o m a t o s t a t i n  p a s s e s  t h r o u g h  CCVs 

s h o r t l y  a f t e r  i n t e r n a l i z a t i o n ,  a l t h o u g h ,  o d d l y ,  i t  may n o t
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be I n t e r n a l i z e d  by c o a t e d  p i t s  ( D r a z n i n  e t  a l  . ,  1 9 8 5 ) .  

M o d u l a t o r s  o f  c e l l  g r owt h  t h a t  a r e  n o t  n e c e s s a r i l y  g r o wt h  

f a c t o r s  may a l s o  be I n t e r n a l i z e d  t h r o u g h  CCV m e d i a t e d  

p a t h w a y s .  The s e  i n c l u d e  a l p h a  I n t e r f e r o n  (Zoon  e t  a l . »

1 9 8 3 ) ,  and b e t a  i n t e r f e r o n  ( K u s h n a r y o v  e t  a l  . ,  1 9 8 5 ) .  In 

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

h o r mo n e ,  and c h o r i o n i c  g o n a d o t r o p i n  a r e  i n t e r n a l i z e d  by t h e  

g o n a d o t r o p i n  r e c e p t o r  t h r o u g h  a CCV- me d i a t e d  p a t h w a y  ( L i n  

e t  al  . ,  1 9 8 2 ) .

The a c i d i c  n a t u r e  o f  t h e  n e x t  c o m p a r t m e n t  ( t h e  

e n d o s o me ,  d i s c u s s e d  be l ow)  e n c o u n t e r e d  by an e n d o c y t o s e d  

l i g a n d  has  f a c i l i t a t e d  t h e  e v o l u t i o n  o f  " d o u b l e  r e c e p t o r "  

s y s t e m s  f o r  t h e  i n t e r n a l i z a t i o n  o f  some s m a l l  m o l e c u l e s .

The model  o f  t h i s  t y p e  o f  i n t e r n a l i z a t i o n  i s  t h e  

t r a n s f e r r i n  s y s t e m  ( D a u t r y - V a r s a t  e t  a l . ,  1 9 8 3 ;  K l a u s n e r  e t  

al  . ,  1983 ;  H a r d i n g  and S t a h l ,  1983 ;  and M o r g a n ,  1 9 8 1 ) .  

F e r r i c  i o n s  i n  t h e  medium b i n d  a p o t r a n s f e r r i n  t o  f o rm 

d i f e r r i c  t r a n s f e r r i n .  The compl ex  i s  i n t e r n a l i z e d  and  

t r a n s f e r r i n  i s  c o n v e r t e d  t o  a p o t r a n s f e r r i n  by t h e  a c i d i c  

n a t u r e  o f  t h e  e n d o s o me .  At a c i d i c  pH a p o t r a n s f e r r l n  ha s  a 

h i g h  a f f i n i t y  f o r  t h e  t r a n s f e r r i n  r e c e p t o r ,  and  w h i l e  t h e  

r e l e a s e d  f e r r i c  i o n s  a r e  moved t o  t h e  l y s o s o m e ,  t h i s  

r e c e p t o r - 1 i g a n d  compl ex  1s r e c y c l e d  t o  t h e  c e l l  s u r f a c e .

The a p o t r a n s f e r r i n - t r a n s f e r r l n  r e c e p t o r  c o m p l e x  i s  u n s t a b l e  

a t  pH 7 . 4 ,  and t h e  a p o t r a n s f e r r i n  i s  r e l e a s e d  i n t o  t h e
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medi um.  Th i s  p r o c e s s  ha s  been  c a l l e d  r e c e p t o r - 1 1g a n d  

r e c y c l i n g  ( H a r d i n g  and S t a h l ,  op c i t . ;  T i e t z e  e t  a l . ,

1 9 8 2 ) .

The l o w - d e n s i t y - 1 1p o p r o t e i n  (LDL) r e c e p t o r  h a s  

p e r h a p s  s e r v e d  a s  t h e  model  f o r  r e c e p t o r - m e d i a t e d  

e n d o c y t o s i s  ( A n d e r s o n  e t  a l . ,  1 9 7 7 ) .  I n i t i a l l y  s t u d i e s  o f  

t h i s  r e c e p t o r  s y s t e m  wer e  p e r f o r m e d  by l i g h t  a n d  e l e t r o n  

m i c r o s c o p i c  e x a m i n a t i o n  o f  c u l t u r e d  human f i b r o b l a s t s  

I n c u b a t e d  w i t h  l a b e l l e d  LDL ( An d e r s o n  e t  a l  . ,  op  c i t . ) .  

S u b s e q u e n t l y ,  b i o c h e m i c a l l y  p u r i f i e d  CCVs we r e  s hown t o  

c o n t a i n  LDL and LDL r e c e p t o r  ( W e i n t r a u b  e t  a l  . ,  1 9 8 5 ) .

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

a l p h a - 2 - m a c r o g l o b u l i n  ( W i l l i n g h a m  e t  a l . ,  1 9 8 0 ) ,  

a s i a l o g l y c o p r o t e i n  ( Geuze  e t  a l  . ,  1 9 8 3 ) ,  g a l a c t o s e  p a r t i c l e  

r e c e p t o r  ( Kol b  e t  a l . ,  1 9 8 3 ) ,  g l u c a g o n  ( W a t a n a b e  e t  a l . ,

1 9 8 4 ) ,  t h y r o g l o b u l i n  ( P e a r s e  e t  a l . ,  1 9 8 5 ) ,  a n g i o t e n s i n  I I  

( B i a n c h l  e t  a l . ,  1 9 8 6 ) ,  t h e  n i c o t i n i c  a c e t y l c h o l i n e  

r e c e p t o r  ( B u r s z t a j n  and F i s c h h a c h ,  1 9 8 4 ) ,  and some 

l y s o s o m a l  membrane p r o t e i n s  ( To u g a r d  e t  a l . ,  1 9 8 5 ) .  R e c e n t  

e v i d e n c e  has  shown t h a t  r e c e p t o r  m o l e c u l e s  l o c a l i z e d  t o  t h e  

a d h e s i o n  p l a q u e s  o f  He l a  c e l l s  may i n t e r a c t  w i t h  c l a t h r i n  

l a t t i c e s .  The l a t t i c e s  a r e  a p p a r e n t l y  a r r e s t e d  i n  v a r i o u s  

p h a s e s  o f  t r a n s f o r m a t i o n  t o  c o a t s ,  and may be r e l e v a n t  t o  

t h e  s t r u c t u r e  o f  t h e  p l a q u e  (Maupin and P o l l a r d ,  1 9 8 3 ) .  

A d d i t i o n a l  n o n - p a t h o g e n i c  e n d o c y t l c  c a r g o



-20

a r e  d i s c u s s e d  In a l a t e r  s e c t i o n  on t r a n s c y t o s  1 s .

Some v i r u s e s  and p a t h o g e n i c  s u b s t a n c e s  a r e  

I n t e r n a l i z e d  by CCVs and c o a t e d  p i t s .  F o r  t h e  mos t  p a r t ,  

e n v e l o p e d  as  o p p o s e d  t o  naked  v i r u s e s  t e n d  t o  b e  

I n t e r n a l i z e d  by CCVs and c o a t e d  p i t s .  Naked v i r u s e s  a r e  

e i t h e r  a b s o r b e d  d i r e c t l y . t o  t h e  p l a s ma  me mbr a ne  o r  

I n t e r n a l i z e d  by c y t o s k e l e t o n - d e p e n d e n t  p h a g o c y t o s i s  (Maul  

e t  a l . ,  1 9 7 8 ) .  Wh e t h e r  a p a r t i c u l a r  v i r u s  e n t e r s  a c e l l  by 

a r e c e p t o r - m e d i a t e d  e n d o c y t i c  pa t hwa y  i n v o l v i n g  CCVs o r  

c o a t e d  p i t s  d e p e n d s  i n  p a r t  on t h e  p a t hwa y  t h a t  t h e  s u r f a c e  

m o l e c u l e  a c t i n g  as  i t s  r e c e p t o r  n o r m a l l y  f o l l o w s .  

I n t e r f e r e n c e  s t u d i e s  ( DeLa r c o  and T o d a r o ,  1 9 7 6 )  i n d i c a t e  

t h a t  mos t  e n v e l o p e d  v i r u s e s  b i nd  t o  a s i n g l e  r e c e p t o r  

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

t h e  v i r u s  i n  a manne r  t h a t  may be s i m i l a r  t o  o r  d i f f e r  f rom

a normal  l i g a n d .  For  e x a m p l e ,  t h e  e n v e l o p e  o f  I n f l u e n z a

v i r u s  i s  c o v e r e d  by r o d - s h a p e d  h e m a g g l u t i n i n  (HA)

m o l e c u l e s ,  a g l y c o p r o t e i n  whi ch b i n d s  h o s t  c e l l  m u c o p r o t e l n  

r e c e p t o r s  ( M a t U n  e t  a l . ,  1 9 8 1 ) .  The s e  r e c e p t o r s  a r e  

n o r m a l l y  i n t e r n a l i z e d  by a CCV m e d i a t e d  p a t h w a y ,  and some 

e v i d e n c e  e x i s t s  t h a t  I n f l u e n z a  v i r u s  f o l l o w s  a s i m i l a r  

pa t hway  ( r e v i e w e d  by Whi t e  e t  a l . ,  1 9 8 3 ) .  V e s i c u l a r  

s t o m a t i t i s  v i r u s  (VSV) a l s o  a p p e a r s  t o  be i n t e r n a l i z e d  by 

CCVs o r  c o a t e d  p i t s  ( S c h l e g e l  e t  a l . ,  1 9 8 2 ) .

I n t e r e s t i n g l y ,  a l t h o u g h  b o t h  v i r u s e s  a r e
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I n t e r n a l i z e d  by s i m i l a r  p a t h w a y s ,  t h e i r  n e wl y  s y n t h e s i z e d  

e n v e l o p e  p r o t e i n s  a r e  t r a n s p o r t e d  back  t o  t h e  p l a s m a  

membrane by d i f f e r e n t  p a t h w a y s .  Th i s  i s  b e s t  d e m o n s t r a t e d  

by p o l a r i z e d  e p i t h e l i a l  c e l l s ,  In whi ch  h e m a g g l u t i n i n  i s  

f ound  e x c l u s i v e l y  on t h e  a p i c a l  f a c e  and  VSV G - p r o t e i n  i s  

f ound e x c l u s i v e l y  on t h e  b a s o l a t e r a l  f a c e  ( R o d r i g u e z -  

B o u l a n ,  1 9 8 4 ) .  R e c e n t  e x p e r i m e n t s  u s i n g  CV-1 c e l l s  

t r a n s f e c t e d  w i t h  p l a s m i d s  e n c o d i n g  H A - G - p r o t e i n  f u s i o n  

p r o t e i n s  I n d i c a t e  t h a t  t h e  c y t o p l a s m i c  d o m a i n s  of  t h e  v i r a l  

p o l y p e p t i d e s  t a r g e t  t hem t o  s p e c i f i c  t r a n s p o r t  p a t h w a y s  

(Rot h  e t  a l . ,  1 9 8 6 ) .  On t h e  b a s o l a t e r a l  f a c e  o f  a 

p o l a r i z e d  c e l l ,  t h e  G - p r o t e l n  I s  c o n s t  1 t u t  1v e l y  r e c y c l e d  i n  

CCVs and c o a t e d  p i t s ;  on t h e  a p i c a l  f a c e ,  h o w e v e r ,  HA i s  

n o t .  Th i s  i m p l i e s  t h a t  t h e  e n d o c y t i c  p a t h w a y  f o l l o w e d  by a 

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

and t h i s  p a t hwa y  may d i f f e r  f rom t h a t  f o l l o w e d  by t h e  n e wl y  

s y n t h e s i z e d  v i r a l  e n v e l o p e  p r o t e i n s .

S e v e r a l  o t h e r  v i r u s e s  a r e  i n t e r n a l i z e d  by CCVs and 

c o a t e d  p i t s .  Th e s e  i n c l u d e :  Senda i  v i r u s  (Kim and Ok a d a ,  

1 9 8 2 ) ;  P o l l o v i r u s  t y p e  I ( one  o f  t h e  f ew n a k e d  v i r u s e s  t o  

f o l l o w  t h i s  p a t h w a y ,  Br a u n wa l d  e t  al  . ,  1 9 8 5 ) ;  mous e  

E l b e r f e l d  v i r u s  ( Z e i c h h a r d t  e t  al  . ,  1 9 8 5 ) ;  S e m l i k l  F o r e s t  

v i r u s  ( H e l e n i u s  and Mar ch ,  1 9 8 2 ) ;  r a b i e s  v i r u s  ( S u p e r t i  e t  

a l  . ,  1 9 8 4 ) ;  r o t a v i r u s  SA 11 (Quan and D o a n e ,  1 9 8 3 ) ;  and 

f r o g  v i r u s  3 ( B r a u n wa l d  e t  a l . ,  1 9 8 5 ) .
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S e v e r a l  s t u d i e s  have  I n d i c a t e d  t h a t  t h e  e n d o c y t l c  

pa t hwa y  i s  e s s e n t i a l  f o r  p r o d u c t i v e  I n f e c t i o n  by e n v e l o p e d  

v i r u s e s  ( t o g a v i r u s e s , o r t h o m y x o v i r u s e s ,  r e t r o v i r u s e s ,  a nd  

r h a b d o v l r u s e s ) .  In t h e s e  c a s e s ,  t h e  low pH o f  t h e  

endosomal  o r  l y s o s o m a l  c o mp a r t me n t s  I n d u c e s  c o n f o r m a t i o n a l  

c h a n g e s  1n t h e  v i r a l  s p i k e  g l y c o p r o t e i n s *  r e s u l t i n g  1n 

membrane f u s i o n  o f  t h e  e n v e l o p e  w i t h  t h e s e  c o m p a r t m e n t s  and  

r e l e a s e  n u c l e o c a p s i d s  I n t o  t h e  c y t o p l a s m .  ( H e l e n l u s  and  

Ma r s h ,  1 9 8 2 ) .  Drugs  whi ch  i n h i b i t  t h e  d e v e l o p m e n t  o f  l ow 

pH by t h e s e  c o m p a r t m e n t s  t e n d  t o  i n h i b i t  v i r a l  i n f e c t l v i t y  

( f o r  e x a m p l e ,  S u p e r t i  e t  al  . ,  1 9 8 4 ) .

B a c t e r i a l  t o x i n s  a r e  a l s o  i n t e r n a l i z e d  by CCVs and  

c o a t e d  p i t s .  Th e s e  i n c l u d e  Pseudomonas  e x o t o x i n  A ( M o r r i s  

e t  a l . ,  1 9 8 3 ) ,  d i p t h e r i a  t o x i n  ( Mo r r i s  a n d  S a e l l n g e r ,  1 9 8 3 :  

n o t  by CCVs; Moya e t  a l . ,  1985:  by CCVs) ;  and 

S t a p h y l o c o c c a l  t o x i c  s h o c k  t o x i n  ( K u s h n a r y o v  e t  a l . ,

1 9 8 4 ) .  In c o n t r a s t ,  c h o l e r a  and t e t a n u s  t o x i n s  a r e  c l e a r l y  

n o t  I n t e r n a l i z e d  by CCVs o r  c o a t e d  p i t s  ( M o n t e s a n o  e t  a l . ,  

1 9 8 2 ) .  In a d d i t i o n ,  i n t r a c e l l u l a r  p a r a s i t e s  s u c h  as  

Ch l a myd i a  t r a c h o m i t l s  a r e  i n t e r n a l i z e d  by t h e  m i c r o f l 1 a me n t
t

and m i c r o t u b u l e - d e p e n d e n t  p h a g o c y t o s i s  m e c h a n i s m s  (Ward and  

Mu r r a y ,  1 9 8 4 ) .

2 .  A f t e r  e n d o c y t o s i s
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Al t h o u g h  CCVs and c o a t e d  p i t s  I n t e r n a l i z e  m o l e c u l e s  

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

p a t h w a y s ,  on t h e  c e l l  s u r f a c e  m o l e c u l e s  I n t e r n a l i z e d  by 

CCVs o r  c o a t e d  p i t s  a r e  o n l y  s e p a r a t e d  f r om t h o s e  

i n t e r n a l i z e d  by o t h e r  p a t h w a y s  ( C l a t h r i n  c o a t e d  v e s i c l e s  

and e n d o c y t o s i s ,  a b o v e ) .  In o t h e r  w o r d s ,  s e v e r a l  d i f f e r e n t  

r e c e p t o r  m o l e c u l e s  may be i n t e r n a l i z e d  i n  t h e  same c o a t e d  

p i t .  Th i s  means t h a t  any s i n g l e  CCV may h a v e  a 

h e t e r o g e n o u s  c a r g o  ( M a x f l e l d  e t  a l . ,  1978 ;  C a r p e n t i e r  e t  

a l . ,  1 9 8 2 ) .  In a d d i t i o n  t o  t h i s ,  m o l e c u l e s  I n t e r n a l i z e d  by 

a b s o r p t i v e  or  f l u i d  p h a s e  e n d o c y t o s i s  can  a l s o  be  

i n t e r n a l i z e d  w i t h  r e c e p t o r - 1 1gand c o m p l e x e s ,  e v e n  t h o u g h  

t h e y  may be bound f o r  d i f f e r e n t  i n t r a c e l l u l a r  

d e s t i n a t i o n s .  A f t e r  i n c u b a t i n g  c e l l s  w i t h  two o r  more 

d i f f e r e n t l y  l a b e l l e d  m o l e c u l e s ,  d i f f e r e n t  p a t h w a y s  c an  be  

d e c i p h e r e d  by f o l l o w i n g  e a c h  l a b e l .  E x p e r i m e n t s  s u c h  as  

t h e s e  ha ve  I n d i c a t e d  t h a t  me mb r a n e - b o u n d  m o l e c u l e s  and 

m o l e c u l e s  I n t e r n a l i z e d  by f l u i d - p h a s e  f o l l o w  c h a r a c t e r i s t i c  

p a t h w a y s  1n an o r g a n i z e d  f a s h i o n .  In o r d e r  t o  d e s c r i b e  t h e  

o r g a n e l l e s  t h a t  p a r t i c i p a t e  i n  p r o c e s s i n g  o f  r e c e p t o r s  and  

l i g a n d s ,  a t y p i c a l  l i g a n d  w i l l  f i r s t  be c o n s i d e r e d ;  t h e n ,  

v a r i a t i o n s  w i l l  be d e s c r i b e d .

The a s i a l o g l y c o p r o t e i n  and  o t h e r  r e c e p t o r s :  The

e n d o c y t l c  pa t hwa y  o f  t h e  a s l a l o g l y c o p r t e i n  r e c e p t o r  has
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been d e s c r i b e d  In d e t a i l  ( S c h w a r t z  e t  a l . ,  1 9 8 2 ) .  In t h e  

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

d i f f u s e l y  o v e r  t h e  c e l l  s u r f a c e .  B i n d i n g  of  l i g a n d  1s 

f o l l o w e d  by r a p i d  c l u s t e r i n g  o f  r e c e p t o r s  and 

i n t e r n a l i z a t i o n  t h r o u g h  CCVs and c o a t e d  p i t s .  B i o c h e m i c a l  

s t u d i e s  h a v e  d e m o n s t r a t e d  t h a t  t h e  I n t r a c e l l u l a r  h a l f - l i f e  

o f  a s l a l o - o r o s o m u c o i d  (ASOR) i s  a b o u t  15 t o  20 m i n u t e s  

w h e r e a s  t h a t  o f  t h e  r e c e p t o r  i s  40 h o u r s  ( A s h w e l l  and 

H a r f o r d ,  1 9 8 2 ) .  E i g h t  m i n u t e s  a f t e r  i n t e r n a l i z a t i o n ,  t h e  

r e c e p t o r  i s  r e t u r n e d  t o  t h e  s u r f a c e  ( S c h w a r t z  e t  a l . ,

1 9 8 2 ) .  D e g r a d a t i o n  p r o d u c t s  o f  t h e  l i g a n d  a r e  d e t e c t e d  i n  

t h e  medium of  c u l t u r e d  HepG2 c e l l s  a f t e r  a t  l e a s t  one  h o u r
k

of  i n c u b a t i o n  ( C i e c h a n o v e r  e t  al  . ,  1 9 8 3 ) .  T o g e t h e r ,  t h e s e  

d a t a  I n d i c a t e  t h a t  t h e  a s i a l o g l y c o p r o t e i n  r e c e p t o r  (AS-R)  

f o l l o w s  a much s h o r t e r  pa t hwa y  t h a n  t h e  l i g a n d  (ASOR) .  As 

a r e s u l t ,  a c e l l u l a r  c o mp a r t me n t  mus t  e x i s t  In wh i c h  t h e  

AS-R and ASOR a r e  d i s s o c i a t e d  p r i o r  t o  t h e  d e g r a d a t i o n  o f  

ASOR i n  t h e  l y s o s o m e .  One way t o  s t u d y  t h e  t r a n s p o r t  o f  

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

h o mo g e n a t e s  on P e r c o l l  g r a d i e n t s  ( Me r l o n  and  S l y .  1983;  

H a r f o r d  e t  a l . ,  1983;  Wi l eman e t  a l . ,  1 9 8 4 ) .  In t h e  f i r s t  

5 m i n u t e s  r a d i o l a b e l l e d  l i g a n d  i s  c o n c e n t r a t e d  I n  b u o y a n t  

membrane f r a c t i o n s  r i c h  in p l a s ma  membr a ne  m a r k e r s .  

I n t e r n a l i z a t i o n  o f  AS-R-ASOR c o m p l e x e s  r e q u i r e s  a  mean t i m e  

of  a p p r o x i m a t e l y  2 t o  4 m i n u t e s  ( C i e c h a n o v e r  e t  a l  . ,
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1 9 8 3 ) .  A f t e r  a p p r o x i m a t e l y  5 m i n u t e s ,  mo s t  o f  t h e  l a b e l  i s  

t r a n s f e r r e d  t o  an I n t e r m e d i a t e  d e n s i t y  c o m p a r t m e n t ,  w h i l e  

a f t e r  20 t o  30 m i n u t e s  mos t  o f  t h e  l i g a n d  a c c u m u l a t e s  1n 

t h e  l y s o s o m a l  f r a c t i o n  a t  t h e  b o t t o m  of  t h e  g r a d i e n t  

( Me r l o n  and S l y ,  1 9 8 3 ) .

C o r r e l a t e s  t o  t h e  c o m p a r t m e n t s  i d e n t i f i e d  by  P e r c o l 1 

g r a d i e n t  c e n t r i f u g a t i o n  a r e  i d e n t i f i a b l e  by e l e c t r o n  

m i c r o s c o p y  ( S c h w a r t z  e t  al  . ,  1 9 8 2 ) .  A n t i b o d i e s  a g a i n s t  

b o t h  ASOR and AS-R were  u s e d  w i t h  a d o u b l e - l a b e l l i n g  

t e c h n i q u e  t o  f o l l o w  bo t h  r e c e p t o r  and l i g a n d  d u r i n g  

e n d o c y t o s i s  and s u b s e q u e n t  p r o c e s s i n g .  T h e s e  e x p e r i m e n t s  

I n d i c a t e d  t h a t  soon a f t e r  e n d o c y t o s i s  b o t h  r e c e p t o r  and 

l i g a n d  wer e  c o n t a i n e d  In l a r g e  v e s i c l e s  t h a t  d i d  n o t  b e a r  

c l a t h r i n  c o a t s .  S u b s e q u e n t l y , l i g a n d  was o b s e r v e d  

a c c u m u l a t i n g  1n t h e  l y s o s o m a l  c o m p a r t m e n t s ,  w h i l e  t h e  

r e c e p t o r  r e c y c l e d  t o  t h e  c e l l  s u r f a c e .  H e l e n i u s  e t  al  . 

( 1 9 8 3 )  u s e d  t h e  t e r m endosome t o  r e f e r  t o  t h e  i n t e r m e d i a t e  

c o m p a r t m e n t ,  whi ch c o r r e s p o n d s  t o  t h e  i n t e r m e d i a t e  d e n s i t y  

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

A l t h o u g h  no enzyme ma r k e r  e x i s t s  f o r  t h e  e n d o s o ma l  

c o m p a r t m e n t ,  p u r i f i c a t i o n  t e c h n i q u e s  h a v e  b e e n  p r o p o s e d  

( C o u r t o y  e t  a l . ,  1984;  Di c k s o n  e t  a l . ,  1 9 8 3 ) .  P u r i f i e d  

e ndos ome s  do n o t  c o n t a i n  c l a t h r i n  ( D i c k s o n  e t  a l  . ,  op 

c 1 t . ) .  D i r e c t  e v i d e n c e  t h a t  t h e  e n d o s o ma l  c o m p a r t m e n t  1s 

a c i d i c  has  been  p r o v i d e d  by e x p e r i m e n t s  u s i n g  p H - d e p e n d e n t
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e m i s s i o n  s h i f t  o f  f l u o r e s c e i n  l a b e l l e d  l i g a n d s  ( T y c k o  and 

M a x f l e l d  i 1 9 8 2 ) .

The endos oma l  c o mp a r t me n t  has  been  s u b d i v i d e d  I n t o  

t h r e e  d i s t i n c t  c l s t e r n a e  ( e ndos ome  I ,  I I ,  a nd  I I I ;  H e l e n i u s  

e t  a l . ,  1 9 8 3 ) .  A l t e r n a t i v e l y ,  t h i s  o r g a n e l l e  can  be 

c l a s s i f i e d  by I n t r a c e l l u l a r  l o c a t i o n  ( H o p k i n s ,  1 9 8 3 ,

1 9 8 5 ) .  Endosome I i s  t h e  e a r l i e s t  f o r m ,  p e r h a p s  c o n s i s t i n g  

o f  l i t t l e  more  t h a n  a few u n c o a t e d  v e s i c l e s .  Endosome I I  

and I I I  have  be en  compar ed  t o  a c o m p a r t m e n t  c a l l e d  t h e  CURL 

( c o m p a r t m e n t  o f  u n c o u p l i n g  o f  r e c e p t o r  and l i g a n d )  by  

S c h w a r t z  e t  a l . ,  1982.  In t h i s  c o m p a r t m e n t  r e c e p t o r s  a r e  

d i s s o c i a t e d  f r om l i g a n d s  and r e c y c l e d  t o  t h e  c e l l  

s u r f a c e .  E l e c t r o n  m i c r o s c o p i c  e x a m i n a t i o n  h a s  I n d i c a t e d  

t h a t  e n d o s o me s  I I  and I I I  a c q u i r e  a r m - l i k e  e x t e n s i o n s  t h a t  

a p p e a r  t o  c o n t a i n  s e g r e g a t e d  r e c e p t o r  m o l e c u l e s  . (Geuze e t  

a l . ,  1 9 8 3 ) .  The a r m - l i k e  e x t e n s i o n s  a r e  t h o u g h t  t o  d e t a c h  

and r e c y c l e  t h e  r e c e p t o r s  t o  t h e  c e l l  s u r f a c e ,  g e n e r a t i n g  

endosome I I I  whi ch  c o n t a i n s  t h e  l i g a n d  bound f o r  t h e  

l y s o s o m e  ( H a r d i n g  e t  a l . ,  1 9 8 5 ) .

R e c e p t o r  r e c y c l i n g  o c c u r s  t h r o u g h  two p a t h w a y s :  a 

f a s t  c y c l e ,  whi c h  p r o c e e d s  t h r o u g h  t h e  e n d o s o me  1n 8 

m i n u t e s ,  and a l o n g  c y c l e ,  wh i ch  p r o c e e d s  t h r o u g h  some o f  

t h e  Gol g i  c i s t e r n a e  and GERL ( C i e c h a n o v e r  e t  a l  . ,  1 9 8 3 ) ,  i n  

a p p r o x i m a t e l y  2 h o u r s .  The s l o w p a t h wa y  i s  o n l y  o b s e r v e d  

d u r i n g  p r o l o n g e d  i n c u b a t i o n  w i t h  l i g a n d  and c a n  be d e t e c t e d
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w i t h  a s i a l o t r a n s f e r r i n  ( whi ch  become r e - s i  a l y l a t e d ; S o l d e r  

and R o g e r s ,  1 9 8 5 ) .  These  c o m p a r t m e n t s  a r e  l e s s  a c i d i c  t h a n  

e a r l i e r  e n d o c y t l c  c o mp a r t me n t s  ( Y a m l s h i r o  e t  a l . , 1 9 8 4 ) .  

T h e r e  I s  no e v i d e n c e  s u g g e s t i n g  t h a t  t h e  s l o w p a t h w a y  I s  

I n d u c e d  by t h e  r e c e p t o r - 1 1gand c o m p l e x ,  and i t  may be a 

r e p a i r  c y c l e  f o l l o w e d  by a l l  membrane p r o t e i n s .  To t h i s  

e n d ,  o n l y  35% o f  t h e  AS-Rs a r e  c o n f i n e d  t o  t h e  p l a s m a  

membr ane ,  w h i l e  t h e  r e s t  a r e  f o u n d  n e a r  t h e  Gol g i  

c i s t e r n a e ,  smoot h  e n d o p l a s m i c  r e t i c u l u m ,  and e n d o s o ma l  

membranes  (by e l e c t r o n  m i c r o s c o p y ,  Geuze e t  a l . ,  1 9 8 3 ) .  

S i n c e  t h e s e  o b s e r v a t i o n s  wer e  made i n  t h e  a b s e n c e  o f  

l i g a n d ,  t h i s  d i s t r i b u t i o n  i s  t h e  r e s u l t  o f  c o n s t i t u t i v e  

r e c y c l i n g ,  wh i c h  may i n c l u d e  b o t h  t h e  l o n g  and s h o r t  

p a t h w a y s .

To s u m m a r i z e ,  t h e  AS-R b i n d s  l i g a n d ,  t h e n  c l u s t e r s ,  

and i s  i n t e r n a l i z e d  by CCVs and c o a t e d  p i t s .  The CCVs 

l o o s e  t h e i r  c o a t s  and f u s e  t o  f o r m endosome I .  Endosome I 

i s  an a c i d i f y i n g  c o m p a r t m e n t ,  whi ch  r e s u l t s  i n  t h e  

d i s s o c i a t i o n  o f  l i g a n d  and r e c e p t o r .  Endosome I t r a n s f o r m s  

t o  endos ome  I I  ( a l s o  c a l l e d  t h e  CURL),  whi ch  e v o l v e s  an 

a r m - l i k e  s t r u c t u r e  i n t o  whi ch  t h e  r e c e p t o r  m o l e c u l e s  a r e  

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

r e c e p t o r  t o  t h e  c e l l  s u r f a c e  ( a v e r a g e  t i m e ,  8 m i n u t e s )  

w h i l e  t h e  l i g a n d  p a s s e s  t o  endos ome  I I I  and s u b s e q u e n t l y  t o  

t h e  l y s o s o m e .  Th i s  pa t hway i s  f o l l o w e d  by o t h e r  r e c e p t o r -
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l i g a n d  s y s t e m s ,  I n c l u d i n g  LDL ( An d e r s o n  e t  a l . ,  1977)  and  

m a n n o s e - 6 - p h o s p h a t e  (Geuze e t  a l . ,  1 9 8 4 ) .  In t h e  c a s e  o f  

m a n n o s e - 6 - p h o s p h a t e ,  r e c e p t o r - 1 1gand c o m p l e x e s  h a v e  bee n  

o b s e r v e d  In t h e  Gol gi  c i s t e r n a e ,  a l t h o u g h  no r e c e p t o r  was 

o b s e r v e d  In t h e  l y s o s o me  ( Geuze  e t  a l  . ,  o p  c l t . ) .  The 

l i g a n d  i n  t h i s  c a s e  was newl y  s y n t h e s i z e d  c a t h e p s i n  D, and  

was n o t  a c q u i r e d  t h r o u g h  an e n d o c y t i c  p a t h w a y .  As was 

m e n t i o n e d  e a r l i e r  f o r  t h e  EGF r e c e p t o r ,  t h e  m a n n o s e - 6 -  

p h o s p h a t e  r e c e p t o r  e x p r e s s e d  on t h e  c e l l  s u r f a c e  e n t e r s  t h e  

e n d o c y t i c  p a t h wa y  and p a s s e s  t h r o u g h  two c l a t h r i n - c o a t e d  

c o m p a r t m e n t s :  one 5 m i n u t e s  a f t e r  a d d i n g  l i g a n d ,  and 

a n o t h e r  20 t o  30 m i n u t e s  a f t e r  a d d i n g  l i g a n d  ( S a h a g i a n ,

1 9 8 4 ) .  The s e c o n d  r e p r e s e n t s  t r a n s p o r t  f r o m  t h e  t r a n s  

a s p e c t  o f  t h e  Gol g i  t o  t h e  l y s o s o m e ,  a p a t h w a y  i n  whi c h  t h e  

m a n n o s e - 6 - p h o s p h a t e  r e c e p t o r  m e d i a t e s  t h e  t r a n s f e r  of  newl y  

s y n t h e s i z e d  l y s o s o m a l  e n z y me s .  The p a t h w r a y . i s  t h o u g h t  t o  

i n v o l v e  e n d o s o me s  and CURLs s i m i l a r  t o  t h e  e n d o c y t i c  

pa t hway ( S a h a g i a n ,  op c i t . ) .  In t h e  c a s e  of  t h e  m a n n o s e - 6 -  

p h o s p h a t e  r e c e p t o r ,  h o we v e r ,  r e c e p t o r  r e c y c l i n g  may be 

d i r e c t e d  back  t o  t h e  Golgi  c i s t e r n a e .

Some r e c e p t o r s  do n o t  r e c y c l e .  One  e x a m p l e  i s  t h e  

EGF r e c e p t o r  (Dunn e t  a l . ,  1 9 8 6 ) .  EGF i s  bound and 

i n t e r n a l i z e d  s i m i l a r l y  t o  ASOR, a r r i v i n g ,  i n  an endos oma l  

c o m p a r t me n t  2 t o  5 m i n u t e s  a f t e r  b i n d i n g  t o  t h e  s u r f a c e .  

Whereas  o f  ASOR t o  t h e  AS-R has  l i t t l e  e f f e c t  on t h e  h a l f ­
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l i f e  o f  t h e  r e c e p t o r  ( B r e l t f e l d  e t  a l . » 1 9 8 5 ) ,  e x p o s u r e  o f  

l i v e r  t o  EGF r e s u l t s  in a 4 - f o l d  r e d u c t i o n  In t h e  h a l f - l i f e  

o f  t h e  EGF r e c e p t o r  (Dunn e t  al  . ,  op d t . ) .  By s e v e r a l  

k i n e t i c  s t u d i e s  ( f o r  e x a m p l e ,  Ha n o v e r  a t  a l . ,  1 9 8 4 ) ,  i t  was  

d e t e r m i n e d  t h a t  t h e  EGF r e c e p t o r  a c c o m p a n i e s  EGF t o  t h e  

l y s o s o m e ,  wh e r e  b o t h  a r e  d e g r a d e d .  T h i s  l e a d s  t o  t h e  w e l l  

known phenomenon o f  r e c e p t o r  down r e g u l a t i o n  ( C a r p e n t e r  and  

Cohen ,  1 9 7 6 ) .  I n t e r e s t i n g l y ,  Han o v e r  e t  a l .  ( 1 9 8 4 )  f o u n d  

t h a t  EGF HRP p a s s e s  t h r o u g h  two cl  a t h r i  n - c o a t e d l  

c o m p a r t m e n t s  on i t s  way t o  t h e  e n d o s o me ,  s i m i l a r l y  t o  t h e  

m a n n o s e - 6 - p h o s p h a t e  r e c e p t o r .  The d i f f e r e n c e  1 s  t h a t  w h i l e  

t h e  m a n n o s e - 6 - p h o s p h a t e  r e c e p t o r  1s r e c y c l e d  t a  t h e  G o l g i ,  

t h e  EGF r e c e p t o r  r e ma i n s  t o  be d e g r a d e d  i n  t h e  l y s o s o m e .

O t h e r  r e c e p t o r s  t h a t  a c company  t h e i r  l i g a m d s  t o  t h e  

l y s o s o me  i n c l u d e  t h e  i n s u l i n  r e c e p t o r  ( Ka s u g a  e t  a l . ,  1 9 81)  

and t h e  Fc r e c e p t o r  (Mel lman and P l u t n e r ,  1984;  Ukkonen e t  

a l . ,  1 9 8 6 ) ,  a l t h o u g h  e v i d e n c e  e x i s t s  t h a t  t h e s e  r e c e p t o r s  

may r e c y c l e  u n d e r  some c o n d i t i o n s .  The I n t e r n a l i z a t i o n  o f  

t h e  p l a t e l e t - d e r i v e d  g r owt h  f a c t o r  (PDGF) r e c e p t o r  I s  

u n u s u a l l y  s l o w  ( s u r f a c e  h a l f - l i f e  o f  20 m i n u t e s ) ,  p e r h a p s  

due  t o  t h e  u s e  o f  two p a t h wa y s  o f  i n t e r n a l i z a t i o n  

( c l a t h r i n - c o a t e d : 17%; smoot h  v e s i c l e :  82%; R o s e n f e l d  e t  

a l . ,  1 9 8 4 ) .  C o n s i s t a n t  w i t h  t h i s ,  a p p r o x i m a t e l y  25% of  t h e  

r e c e p t o r  i s  f o u n d  In t h e  l y s o s o m e  a f t e r  20 m i n u t e s ,  

i n d i c a t i n g  t h a t  t h e  CCV- medi a t ed  p a t h w a y  may b e h a v e
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s i m i l a r l y  t o  t h a t  o f  t h e  EGF r e c e p t o r  ( R o s e n f e l d  e t  a l . ,  op 

c 11 . ) .

As d i s c u s s e d  above  f o r  t r a n s f e r r i n ,  some l i g a n d s  a r e  

r e c e p t o r s  t h e m s e l v e s ;  t h e s e  l i g a n d s  p a r t i c i p a t e  In  a 

p r o c e s s  known as  r e c e p t o r - 1 1 gand p r o c e s s i n g  ( M o r g a n ,

1 9 8 1 ) .  In t h i s  c a s e ,  t h e  l i g a n d  i t s e l f  1s a r e c e p t o r  f o r  

a n o t h e r  l i g a n d ,  and t h e  s e c o n d  l i g a n d  1s t r a n s p o r t e d  t o  t h e  

l y s o s o m e s  w h i l e  t h e  f i r s t  l i g a n d  I s  r e c y c l e d  t o  t h e  c e l l  

s u r f a c e  w i t h  t h e  r e c e p t o r .  In t h e  c a s e  o f  t r a n s f e r r i n ,  

t h i s  pa t hway  may i n c l u d e  a p a s s  t h r o u g h  t h e  t h e  Go l g i  

( Ya ma s h i r o  and M a x f l e l d ,  1984)  d u r i n g  s l o w  r e c y c l i n g ,  b u t  

no e v i d e n c e  e x i s t s  t h a t  t h i s  i s  a r e c e p t o r - 1 1 g a n d  i n d u c e d  

p a t h w a y .  A s i a l o t r a n s f e r r i n  I s  r e s l a l y l a t e d  d u r i n g  

t r a n s p o r t  t h r o u g h  t h i s  pa t hwa y  ( Re g o e c z i  e t  a l . ,  1982 ;  

Hanover  e t  a l . ,  1984 ;  r e v i e w :  Da u t r y  and V a r s a t  1 9 8 6 ) .  

I n t e r e s t i n g l y ,  Pan e t  a l . ( 1985)  ha ve  o b s e r v e d  t h a t  d u r i n g  

t h e  f i n a l  s t a g e s  o f  e r y t h r o c y t e  d i f f e r e n t i a t i o n ,  r e c y c l i n g  

of  t r a n s f e r r i n  s t o p s ,  and t h e  r e c e p t o r  a c c u m u l a t e s  I n  l a r g e  

m u l t i v e s i c u l a r  b o d i e s .  R e c e p t o r - 1 i g a n d  r e c y c l i n g  i s  

o c c a s i o n a l l y  o b s e r v e d  w i t h  l i g a n d s  ( s u c h  as  LOL) t h a t  a r e  

n o r m a l l y  t r a n s p o r t e d  t o  t h e  l y s o s o me  w h i l e  t h e  r e c e p t o r  i s  

r e c y c l e d .  Th e s e  a b e r r a n c l e s ,  h o we v e r ,  a r e  o n l y  o b s e r v e d  on 

t h e  s h o r t  r e c y c l i n g  p a t h wa y s  i n  t h e  p r e s e n c e  o f  e x c e s s  

l i g a n d  (Townsend e t  a l  . ,  1984 ;  Simmons a nd  S c h w a r t z ,  1984 ;  

Gr e e n s p a n  and S t .  C l a i r ,  1984;  T i e t z e  e t  a l  . ,  1 9 8 2 ) .
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When l a b e l l e d  EGF ( wh i c h  a c c o m p a n i e s  I t s  r e c e p t o r  t o  

t h e  l y s o s o m e )  I s  c o i n c u b a t e d  w i t h  l a b e l l e d  t r a n s f e r r i n  

( wh i c h  r e c y c l e s )  b o t h  e n t e r  t h e  same CCVs,  a nd  a r e  

l o c a l i z e d  In t h e  same endos oma l  c o m p a r t m e n t s  15 m i n u t e s  

l a t e r  ( Hanove r  e t  a l  . ,  1 9 8 4 ) .  S u b s e q u e n t  t o  t h i s ,  EGF I s  

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

a p o t r a n s f e r r i n  r e c y c l e s  t o  t h e  c e l l  s u r f a c e .  T h u s ,  t h e  

endos oma l  c o m p a r t me n t  s e r v e s  as  an i n t e r s e c t i o n  i n  wh i c h  

t h e  r e c y c l i n g  and n o n - r e c y c l i n g  p a t h w a y s  s e g r e g a t e .  The 

mec han i s ms  by whi ch  some r e c e p t o r s  a r e  r e c y c l e d  by t h e  a r m ­

l i k e  p r o j e c t i o n s  of  t h e  CURL and o t h e r s  a r e  s e n t  t o  t h e  

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

i n v e s t i g a t e d  ( f o r  e x a m p l e ,  H a r d i n g  e t  a l . ,  1 9 8 5 ) .  

I n t e r e s t i n g l y ,  r e c e n t  e v i d e n c e  f rom M u e l l e r  a n d  Hu bba r d  

( 1 9 8 6 )  has  i n d i c a t e d  t h a t  ASOR i s  t r a n s f e r r e d  t h r o u g h  t wo  

d i f f e r e n t  c o m p a r t m e n t s  o f  t h e  e ndos ome .  T h e s e  c a n  be 

s e p a r a t e d  by s u c r o s e  d e n s i t y  c e n t r i f u g a t i o n ,  a n d  one 

c o n t a i n s  AS-R w h i l e  t h e  o t h e r  does  n o t .

Some t o x i n s  f o l l o w  a l t e r n a t e  p a t h w a y s  t h a t  may o r  may 

n o t  r e f l e c t  p a t h w a y s  f o l l o w e d  by normal  c e l l u l a r  membrane  

p o l y p e p t i d e s .  S t a p h y l o c o c c a l  t o x i c  s h o c k  t o x i n ,  f o r  

e x a m p l e ,  1s i n t e r n a l i z e d  by CCVs and c o a t e d  p i t s ,  b u t  

s u b s e q u e n t l y  i s  n o t  b r o u g h t  t o  an e n d o s o ma l  c o m p a r t m e n t .  

I n s t e a d ,  t h e  CCVs a p p e a r  t o  c o a l e s c e  w i t h  u n u s u a l  t r a n s p o r t  

v e s i c l e s  t h a t  may be s p e c i a l i z e d  e l e m e n t s  o f  t h e  human
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e p i t h e l i a l  c e l l s  b e i n g  s t u d i e d  ( Ku s h n a r y o v  e t  a l . ,  1 9 8 4 ) .  

Wh e t h e r  t h i s  i s  a normal  e n d o c y t i c  p a t h wa y  o f  e n d o t h e l i a l  

c e l l s  r e m a i n s  t o  be d e t e r m i n e d .

T r a n s c y t o s l s : C l a t h r i n - c o a t e d  v e s i c l e s  a r e  I n v o l v e d

i n t h e  t r a n s c y t o s i s  of  membrane bound m o l e c u l e s  a c r o s s  t h e  

y o l k  s a c  endode r m (Maxon and Wi l d ,  1976 ;  Mobbs a nd  

M c M i l l a n ,  1 9 8 1 ) .  In a d d i t i o n ,  an a b u n d a n c e  o f  CCVs has  

been d e m o n s t r a t e d  i n  p l a c e n t a l  t i s s u e s  ( O c k l e f o r d  and  

Whyt e ,  1 9 7 7 ) .  These  CCVs a p p a r e n t l y  t r a v e r s e  t h e  p l a c e n t a l  

t r o p h o b l a s t s  and t r a n s f e r  m a t e r n a l  I gG,  t r a n s f e r r i n ,  and  

f e r r i t i n  t o  t h e  d e v e l o p i n g  f e t u s  ( W i l d ,  1 9 7 5 ) .  A s i m i l a r  

p r o c e s s  has  been  o b s e r v e d  i n  t h e  newbor n  r a t  I n t e s t i n e  

( Abr a hams on  and Rodewa l d ,  1 9 8 1 ) ,  whe r e  Fc r e c e p t o r s  on t h e  

l ume na l  membranes  of  i n t e s t i n a l  e p i t h e l i a l  c e l l s  m e d i a t e  

t h e  t r a n s f e r  of  IgG f rom t h e  i n t e s t i n a l  l umen t o  t h e  

c i r c u l a t i o n .  The p r o c e s s  a p p a r e n t l y  r e q u i r e s  t h e  b i n d i n g  

o f  IgG t o  a s p e c i a l  r e c e p t o r  whi ch  g u i d e s  i t  a c r o s s  t h e  

c e l l .  M o l e c u l e s  whi ch  c o - i n t e r n a l i z e  w i t h  IgG 1n t h e  f l u i d  

p h a s e  a r e  n o t  t r a n s c y t o s e d  ( HRP e n d s  up i n  t h e  l y s o s o m e ) .

An i n t e r e s t i n g  v a r i a t i o n  o f  t r a n s c y t o s i s  i s  o b s e r v e d  w i t h  

t h e  p o l y - I g  r e c e p t o r  (Mos t ov  and B l o b e l ,  19 8 2 ;  Mos t ov  a nd  

S i m i s t e r ,  1 9 8 5 ) .  The r e c e p t o r  m o l e c u l e  i s  c l e a v e d  

i n t r a c e l 1u l a r l y  t o  c r e a t e  a d i m e r i c  IgA m o l e c u l e  f o r  

s e c r e t i o n  a t  t h e  a p i c a l  f a c e  o f  t h e  h e p a t o c y t e .  In t h i s
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way,  IgA s e c r e t e d  by l y m p h o c y t e s  a t  t h e  b a s o l a t e r a l  f a c e  

a c q u i r e s  a s e c r e t o r y  f r a g m e n t  and I s  r e l e a s e d  I n t o  t h e  

1umen.

Li me t  e t  a l . ( 1 9 8 5 )  I n j e c t e d  p o l y m e r i c  IgA and 

g a l a c t o s y 1 a t e d  b o v i n e  se rum a l b u mi n  ( p o l y m e r i c  IgA 1s 

t r a n s c y t o s e d  by h e p a t o c y t e s ;  g a l a c t o s y 1a t e d  b o v i n e  s e r u m 

a l b u mi n  1s d i g e s t e d  i n  t h e  l y s o s o m e s )  i n t o  r a t s .  L l g a n d -  

HRP c o n j u g a t e s  were  u s e d .  E l e c t r o n  m i c r o s c o p i c  e x a m i n a t i o n  

o f  s e c t i o n e d  l i v e r s  r e v e a l e d  t h a t  s u b s e q u e n t  t o  

I n t e r n a l i z a t i o n  p o l y m e r i c  IgA was t r a n s f e r r e d  t o  d i s t i n c t  

e ndos oma l  c o m p a r t m e n t s .  Th u s ,  s e g r e g a t i o n  o f  t r a n s c y t o t i c  

and l y s o s o m a l  c a r g o  o c c u r s  b e f o r e  endos ome  I I  o r  t h e  

CURL. On t h e  o t h e r  h a n d ,  Geuze e t  a l . ( 1 9 8 4 )  c o m p a r e d  t h e  

p a t h wa y s  i n  r a t  l i v e r  of  as  1a l o g l y c o p r o t e i n  , m a n n o s e - 6 -  

p h o s p h a t e  r e c e p t o r  l i g a n d s ,  and p o l y m e r i c  IgA.  Al l  t h r e e  

were  o b s e r v e d  on t h e  p l a sma  membr a ne ,  i n  t h e  G o l g i  

a p p a r a t u s  and In t h e  CURL ( e ndos ome  I I ) .  C l e a r l y ,  f u r t h e r  

work 1s n e e d e d  t o  d i s c e r n  t h e  c o m p a r t m e n t s  In  w h i c h  

e n d o c y t i c  and t r a n s c y t o t i c  c a r g o  a r e  s e p a r a t e d .

3 .  C l a t h r i n - c o a t e d  v e s i c l e s  and s e c r e t i o n

Newly s y t h e s l z e d  t r a n s m e m b r a n e  and s e c r e t o r y  

p o l y p e p t i d e s  a r e  s y n t h e s i z e d  on f r e e  r i b o s o m e s  and  i n s e r t e d  

I n t o  t h e  r o u g h  e n d o p l a s m i c  r e t i c u l u m  (RER) e i t h e r  c o -
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t r a n s l a t i o n a l l y  o r  a f t e r  s y n t h e s i s  I s  c o m p l e t e d  ( W a l t e r  and  

B l o b e l ,  1980;  W a l t e r  e t  a l  , 1984;  Wl ckner  and  L o d l s h ,

1 9 8 5 ) .  In t h e  RER, p o l y p e p t i d e s  can a c q u i r e  c o r e  ma n n o s e  

r e s i d u e s .  M o r p h o l o g i c a l  s t u d i e s  have  I n d i c a t e d  t h a t  n e w l y  

s y n t h e s i z e d  p o l y p e p t i d e s  a r e  t r a n s f e r r e d  f r o m t h e  RER t o  

t h e  c i s  a s p e c t  o f  t h e  Gol g i  a p p a r a t u s  by " t r a n s i t i o n "  

v e s i c l e s  ( P a l a d e ,  1 9 7 5 ) .  The p o l y p e p t i d e s  m a t u r e  t h r o u g h  

t h e  c i s t e r n a e  o f  t h e  G o l g i ,  whi ch  r e s u l t s  i n  m o d i f i c a t i o n  

of  t h e i r  c a r b o h y d r a t e  m o i e t i e s .  The p o l y p e p t i d e s  a r e  

t r a n s f e r r e d  b e t we e n  a d j a c e n t  c i s t e r n a e  o f  t h e  G o l g i  by 

" Go l g i  v e s i c l e s "  ( Or e l  e t  a l . ,  1 9 8 6 ) .  A n o t h e r  p o p u l a t i o n  

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

t h e  g o l g i  t o  t h e  p l a s ma  membrane .  In some c a s e s ,  f u r t h e r  

p r o c e s s i n g  may o c c u r  In t h e s e  v e s i c l e s  ( p r o i n s u l i n  t o  

i n s u l i n ,  f o r  e x a m p l e :  Orc i  , 1 9 8 6 ) .

P a l a d e  and F l e t c h e r  ( 1977)  o r i g i n a l l y  s u g g e s t e d  t h a t  

CCVs may be i n v o l v e d  i n  t r a n s f e r r i n g  RER c o n t e n t s  t o  t h e  

Gol g i  c i s t e r n a e .  S u b s e q u e n t  I mmunochemi ca l  s t u d i e s  h a v e  

n o t  so f a r  r e v e a l e d  t h e  p r e s e n c e  o f  c l a t h r i n  c o a t s  on t h e s e  

v e s i c l e s  o r  i n  t h e  v e s i c l e s  t h a t  m e d i a t e  t h e  t r a n s f e r  o f  

p o l y p e p t i d e s  t h r o u g h  t h e  Gol g i  c i s t e r n a e  ( L i n  e t  a l . ,  1 9 8 2 ;  

Ore l  e t  a l  . ,  1 9 8 6 ) .  The e x i t  of  newly s y n t h e s i z e d  membrane  

p r o t e i n s  f rom t h e  t r a n s  c i s t e r n a e  of  t h e  Go l g i  c o m p l e x ,  

h o w e v e r ,  can be m e d i a t e d  by CCVs ( G r i f f i t h s  e t  a l . ,

1 9 8 5 ) .  When c e l l s  i n f e c t e d  by VSV a r e  I n c u b a t e d  a t  20
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d e g r e e s  c e n t i g r a d e ,  G p r o t e i n  a c c u m u l a t e s  In a  G o l g i -  

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

p h o s p h a t a s e  ( t h e  t r a n s  a s p e c t  and GERL).  The e n l a r g e d  

s t r u c t u r e  whi ch  I s  g e n e r a t e d  a t  t h i s  t e m p e r a t u r e  ( o r  In t h e  

p r e s e n c e  o f  mo n e n s l n )  1s c h a r a c t e r i z e d  b y  e x t e n s i v e  a r e a s  

o f  membrane buds  whi ch  may o r  may no t  b e a r  c l a t h r l n .  In 

t h e  c a s e  o f  VSV G p r o t e i n ,  t h e  buds  do n o t  b e a r  c l a t h r l n  

( G r i f f i t h s  e t  a l . ,  op c 1 t . ) .  Th i s  I n d i c a t e s  t h a t  b o t h  

c l a t h r i n - c o a t e d  and n o n - c o a t e d  membranes  may m e d i a t e  

t r a n s p o r t  f rom t h e  t r a n s  c i s t e r n a e  o f  t h e  Go l g i  t o  t h e  

p l a s ma  membrane .

Cl a t h r i  n - c o a t e d  v e s i c l e s  a r e  a l s o  b e l i e v e d  t o  mecfTate 

some p h a s e  o f  t h e  t r a n s f e r  o f  c a t h e p s i n  D f rom t h e  t r a n s  

a s p e c t  o f  t h e  Gol g i  t o  t h e  l y s o s o m e .  In t h i s  c a p a c i t y ,

CCVs may a l s o  be i n v o l v e d  i n  t h e  g e n e r a t i o n  and  m a i n t e n a n c e  

o f  l y s o s o m e s .  The r a t  g a n g l i o n  nodosum was  u s e d  t o  s t u d y  

p r o c e s s e s  t h a t  emer ge  I n t o  t h e  p e r i k a r y a  f r om t h e  a x o n  

( Ho l t z ma n  e t  a l . ,  1 9 6 7 ) .  Th e s e  a r e a s  a c c u m u l a t e  GERL, 

G o l g i ,  s moot h  e n d o p l a s m i c  r e t i c u l u m ,  and l y s o s o m e s .

E l e c t r o n  m i c r o s c o p i c  e v i d e n c e  ( Ho l t z ma n  e t  a l . ,  op c l t . )  

i n d i c a t e s  t h a t  t h e  g e n e r a t i o n  o f  l y s o s o m e s  may be  l i n k e d  t o  

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

o f f  t h e  t r a n s  a s p e c t  o f  t h e  Gol g i  c i s t e r n a e .  F r i e n d  and 

F a r q u h a r  ( 1 9 6 7 )  d e m o n s t r a t e d  t h a t  i n  t h e  e p i t h e l i u m  o f  t h e  

r a t  vas  d e f e r e n s  l a r g e  CCVs (100+nm)  s e r v e  as
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h e t e r o p h a g o s o m e s , t r a n s p o r t i n g  e n d o c y t i c  p r o t e i n s  t o  t h e  

l y s o s o m e s ,  and s m a l l e r  (75nm)  CCVs s e r v e  a s  p r i m a r y  

l y s o s o m e s  t o  t r a n s p o r t  h y d r o l y t i c  enzymes  f r om t h e  Go l g i  t o  

m u l t 1 v e s i c u l a r  b o d i e s  and t h e  l y s o s o m e s .  The wor k  o f  

F r i e n d  and F a r q u h a r  was v i s i o n a r y .  R e c e n t  work by Ge u z e  e t  

a l . ( 1 9 8 5 )  has  i n d i c a t e d  t h a t  in t r a n s i t  f r o m  t h e  t r a n s  

a s p e c t  of  t h e  Gol g i  t o  t h e  l y s o s o m e ,  m a n n o s e - 6 - p h o s p h a t e  

r e c e p t o r ,  c a t h e p s i n  D, b e t a - h e x o s a m i n i d a s e  and  a l p h a -  

g l y c o s i d a s e  i n  HepG2 c e l l s  p a s s  t h r o u g h  CCVs a n d  e n d o s o ma l  

c o m p a r t m e n t s .  In t h e s e  c o m p a r t m e n t s ,  t h e  m a n n o s e - 6 -  

p h o s p h a t e  r e c e p t o r s  s e g r e g a t e  in t h e  CURL and a r e  

a p p a r e n t l y  r e c y c l e d  t o  t h e  G o l g i .  A l b u m i n ,  on t h e  o t he r -  

h a n d ,  does  no t  a p p e a r  t o  p a s s  t h r o u g h  e i t h e r  CCVs o r  

e ndos oma l  c o m p a r t m e n t s .

C l a t h r i n - c o a t e d  v e s i c l e s  may m e d i a t e  t h e  d i r e c t  

t r a n s f e r  o f  newl y s y n t h e s i z e d  membrane p o l y p e p t i d e s  ( o r  

s e c r e t o r y  p o l y p e p t i d e s )  t o  t h e  p l asma  m e m b r a n e ,  o r  

I n t e r m e d i a t e  v e s i c l e s  may e x i s t  t o  whi ch t h e  CCVs f u s e  

p r i o r  t o  t h e i r  u l t i m a t e  a r r i v a l  a t  t h e  p l a s m a  m e m b r a n e .

The s e c r e t o r y  v e s i c l e s  may b e a r  c l a t h r i n  l a t t i c e s  o r  

^ d i f f u s e  c l a t h r i n  c o a t s  r e m i n i s c e n t  of  t h e  CCVs t h a t  f u s e d  

t o  form t h e s e  o r g a n e l l e s  ( O r e l  e t  a l . ,  1 9 8 4 ) .  P r o c e s s i n g  

o f  p r e c u r s o r  s e c r e t o r y  p r o t e i n  i n t o  t h e i r  m a t u r e  f o r m s  c an  

o c c u r  i n  t h e s e  c o m p a r t m e n t s .  Two e x a m p l e s  a r e  p r o i n s u l l n  

t o  i n s u l i n  c o n v e r s i o n  ( O r c i  e t  a l . ,  1985)  and  p o s s i b l y
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p r o c o l l a g e n  p r o c e s s i n g  ( G o l d e n b e r g  and F i n e ,  1 9 8 5 ) .  D i r e c t  

t r a n s f e r  t o  t h e  p l a s ma  membr a ne  by CCVs h a s  b e e n  s u g g e s t e d  

f o r  s e c r e t i o n  o f  a c e t y l c h o l i n e  r e c e p t o r  b y  m u s c l e  c e l l s  

( B u r s z t a j n  and F l s c h b a c h ,  1 9 8 4 ) .  In a d d i t i o n ,  

e x p e r i m e n t a l  e v i d e n c e  e x i s t s  t h a t  newl y  s y n t h e s i z e d  

a c e t y l c h o l i n e  e s t e r a s e  may be  t r a n s p o r t e d  t o  t h e  c e l l  

s u r f a c e  o f  mu s c l e  c e l l s  by CCVs.  Th i s  o b s e r v a t i o n  was made 

u s i n g  K a r n o v s k y - R o o t s  ( 1 9 6 4 )  s t a i n i n g  m e t h o d o l o g y ,  and  I s  

t h e  b a s i s  o f  a method f o r  s e p a r a t i n g  e x o c y t l c  and e n d o c y t i c  

CCVs d i s c u s s e d  be l ow (Hemly e t  a l . ,  1 9 8 6 ) .  When m o l e c u l e s  

a r e  p a r t  o f  a r e g u l a t e d  s e c r e t o r y  p a t h w a y ,  CCVs may be 

I n v o l v e d  i n  t h e  f o r m a t i o n  o f  s e c r e t o r y  v e s i c l e s  wh i c h  

a c t u a l l y  r e l e a s e  t h e i r  c o n t e n t  a t  a n o t h e r  tinn*. (when t h e  

a p p r o p r i a t e  membrane d e p o l a r i z i n g  s i g n a l  i s  p - e s e n t ) .  T h i s  

was r e c e n t l y  d e m o n s t r a t e d  by Tooze  and T o o z e  ( 1 9 8 6 ) ,  who 

showed t h a t  1n AtT20 c e l l s  many o f  t h e  CCVs b u d d i n g  f r o m 

t h e  t r a n s  a s p e c t  of  t h e  Gol g i  c o n t a i n  ACTH a nd  I t s  

p r e c u r s o r s .  The se  p o l y p e p t i d e s  e v e n t u a l l y  e n d  up 1n m a t u r e  

s e c r e t o r y  v e s i c l e s  which b e a r  no c l a t h r i n .

A f t e r  s e c r e t i o n

Membrane r e t r i e v a l  was o r i g i n a l l y  h y p o t h e s i z e d  by 

H e u s e r  and Ree se  ( 19 7 3 )  a s  a me c h a n i s m b y  w h i c h  CCVs 

m e d i a t e  t h e  r e c o v e r y  o f  membrane l o s t  t o  t h e  s y n a p t i c
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p l a s ma  membrane  by t h e  f u s i o n  o f  s y n a p t i c  v e s i c l e s ,  H e u s e r  

and Re e s e  ( 1 9 7 3 )  s t u d i e d  t h e  n e u r o m u s c u l a r  j u n c t i o n s  o f  

f r o g  s a r t o r i u s  m u s c l e .  The mo t o r  n e r v e  t e r m i n a l s  were  

s t i m u l a t e d  t o  s e c r e t e  e l e c t r i c a l l y  (10Hz f o r  15 m i n u t e s ) .  

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

t o  be r e p l a c e d  by numerous  i r r e g u l a r  c i s t e r n a e .  A f t e r  

r e s t i n g  f o r  15 m i n u t e s  t h e  s y n a p t i c  v e s i c l e s  r e a p p e a r e d  

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

c i s t e r n a e .  He u s e r  and Reese  as sumed t h a t  t h e s e  v e s i c l e s  

were  r e g e n e r a t e d  f rom t h e  i r r e g u l a r  c i s t e r n a e .  When t h e  

l i v e  m u s c l e s  we r e  s o a k e d  In HRP and t h e  p r o c e d u r e  r e p e a t e d ,  

t h e  I r r e g u l a r  c i s t e r n a e  c o n t a i n e d  much KRP,  a nd  a f t e r  . . .  

r e s t i n g  some o f  t h e  newl y f ormed s y n a p t i c  v e s i c l e s  a l s o  

c o n t a i n e d  HRP. S i n c e  t h e  l a r g e r  c i s t e r n a e  a p p e a r e d  t o  be  

g e n e r a t e d  by t h e  f u s i o n  of  CCVs,  He u s e r  a n d  R e e s e  c o n c l u d e d  

t h a t  CCVs we r e  r e c o v e r i n g  membrane t o  g e n e r a t e  new s y n a p t i c  

v e s i c l e s .  T h i s  p r o c e s s  1s s u p p o s e d  t o  o c c u r  c o n t i n u o u s l y  

so t h a t  membrane  a c c u m u l a t e s  1n t h e  l a r g e  c i s t e r n a e  o r  

r e m a i n s  in t h e  s y n a p t i c  v e s i c l e s .  L a t e r  c o n s i d e r a t i o n  o f  

t h e  same s y s t e m  by Meshul  and Pappa s  ( 1 9 8 4 ) ,  h o w e v e r ,

\  i n d i c a t e d  t h a t  CCVs may be r e s p o n s i b l e  f o r  r e c o v e r y  o f  o n l y  

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

j u n c t i o n .  In e x p e r i m e n t s  a g a i n  u s i n g  f r o g  s a r t o r i u s  m u s c l e  

i n c u b a t e d  w i t h  HRP, Meshul  and Pappas  f o u n d  t h a t  

s t i m u l a t o r y  c o n d i t i o n s  s i m i l a r  t o  t h o s e  u s e d  by  He u s e r  and
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Re e s e  r e s u l t e d  1n o n l y  10% o f  t h e  newl y  f o r me d  s y n a p t i c  

v e s i c l e s  a c q u i r i n g  l a b e l .  In a d d i t i o n ,  n e a r l y  41% o f  t h e  

CCVs c o n t a i n e d  no l a b e l .  Th e s e  d a t a  i n d i c a t e  t h a t  o n l y  

h a l f  t h e  CCVs i n  t h e  n e r v e  e n d i n g  may be g e n e r a t e d  d i r e c t l y  

f r om s y n a p t i c  p l a s ma  me mb r a n e s ,  and o n l y  10% o f  t h e  

s y n a p t i c  v e s i c l e  membranes  a r e  r e c y c l e d  by CCVs.  C l e a r l y  

a l t e r n a t e  r o u t e s  mus t  e x i s t .

C l a t h r i n - c o a t e d  v e s i c l e s  may m e d i a t e  me mbr ane  

r e t r i e v a l  1n o t h e r  s y s t e m s  as  w e l l .  C h o l i n e r g i c  

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

t h e  p l a s ma  membrane .  The k i n e t i c s  of  s t i m u l u s - d e p e n d e n t  

f o r m a t i o n  of  t h e s e  CCVs and c o a t e d  p i t s  i s  c l o s e l y  s i m . i j a r  

t o  t h a t  f o r  s e c r e t o r y  g r a n u l e  membrane r e t r i e v a l  ( G e l s o w  e t  

a l . ,  1985;  P a t z a k  and W i n k l e r ;  ( 1 9 8 6 ) .  Kado t a  a n d  K a d o t a  

( 1 9 8 2 )  have  o b s e r v e d  membrane r e t r i e v a l  by m a c r o p l n o c y t o s i s  

( l a r g e  CCVs,  p e r h a p s )  i n  p r e s y n a p t l c  t e r m i n a l s  o f  c a t  

s y m p a t h e t i c  g a n g l i a ,  w h i l e  c o r t i c a l  g r a n u l e  e x o c y t o s i s  

a p p e a r  t o  be c o u p l e d  w i t h  membrane r e t r i e v a l  i n  B r a c h y d a n l o  

e g g s  (Donovan and H a r t ,  1 9 8 6 ) .

5.  S t r u c t u r e  and B i o c h e m i s t r y  of  Cl a t h r i n - C o a t e d

Ves i  c l e s

P e a r s e  ( 19 7 5 )  f i r s t  d e m o n s t r a t e d  t h a t  CCVs I s o l a t e d  

f r o m p o r c i n e  b r a i n  c o n t a i n  a m a j o r  180 kD p o l y p e p t i d e .
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T h i s  p o l y p e p t i d e  was named c l a t h r l n ,  f r o m t h e  Gr e e k  word 

me a n i n g  " b a s k e t . "  Ka nas ek l  and Ka do t a  ( 1 9 6 9 ) ,  a l t h o u g h  

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

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

p u r i f i e d  Gu i nea  p i g  b r a i n  CCVs.  They p r o p o s e d  t h a t  t h e  

c l o s e d  l a t t i c e  was formed f rom a h e x a g o n a l  l a t t i c e  by t h e  

c o n v e r s i o n  o f  12 he x a g o n s  t o  p e n t a g o n s  ( n e c e s s i t a t i n g  t h e  

r emova l  o f  c l a t h r i n  t r l m e r s ) .  Th i s  s c h e m e ,  a l t h o u g h  

e x p e r i m e n t a l l y  u n p r o v e n ,  has  s t o o d  up t o  more  r i g o r o u s  

t h e o r e t i c a l  a n a l y s i s  ( L i s a n t l  and P u s z k i n ,  1 9 8 5 ) .  K a n a s e k l  

and Ka d o t a  ( 1969)  o r i g i n a l l y  s u g g e s t e d  t h a t  t h i s  

t r a n s f o r m a t i o n  c o u l d  "power "  t h e  f o r m a t i o n  of  t h e  v e s i c l e .

He u s e r  ( 1980)  used q u i c k - f r e e z e ,  d e e p - e t c h ,  r o t a r y -  

r e p l i c a t i o n  me t hods  t o  o b s e r v e  t h e  c l a t h r i n  c o a t s  

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

r e c e p t o r - m e d i a t e d  e n d o c y t o s i s .  Us i ng  t h i s  m e t h o d o l o g y ,  t h e  

c o a t s  a p p e a r e d  as  a n e t wo r k  of  7 nm s t r a n d s  a r r a n g e d  i n  30 

nm p o l y g o n s ,  c o n s i s t i n g  o f  m o s t l y  s i x  and some f i v e  and 

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

a p p e a r e d  t o  c o n t a i n  more h e x a g o n s ,  w h i l e  t h e  number  o f  

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

i n c r e a s e d  ( H e u s e r ,  1 9 8 0 ) .  O t h e r  I n v e s t i g a t o r s  ha ve  

s u g g e s t e d  t h a t  t h e  f l a t  l a t t i c e  t o  c u r v e d  l a t t i c e  

c o n v e r s i o n  d oes  no t  o c c u r ,  and t h a t  c l a t h r i n  c o a t s  a s s e m b l e  

f rom f r e e  c l a t h r l n  in t h e  c y t o s o l  s i m i l a r l y  t o  t h e  a s s e m b l y
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o f  c a g e s  In v i t r o  ( K l r c h h a u s e n  and H a r r i s o n ,  1 9 8 1 ) .  T h i s  

s u g g e s t i o n  may be v a l i d ,  s i n c e  t h e  l a t t i c e s  shown by H e u s e r  

( 1 9 8 0 )  r e s e m b l e  t h o s e  a r r e s t e d  i n  d e v e l o p m e n t  i n  t h e  

a d h e s i o n  p l a q u e s  o f  Hel a  c e l l s  ( Maupi n  a nd  P o l l a r d ,  1 9 8 3 ) .

P u r i f i c a t i o n  o f  c l a t h r i n - c o a t e d  v e s i c l e s :  The b a s i c

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

P e a r s e  ( 1 9 7 5 ) ,  a n d ,  w i t h  r e f i n e m e n t s ,  a r e  s t i l l  u s e f u l .

C l a t h r i n - c o a t e d  v e s i c l e s  a r e  mos t  s t a b l e  w i t h i n  a pH r a n g e  

o f  6 . 0  t o  6 . 8 ;  t h e r e f o r e ,  t i s s u e s  f rom whi c h  CCVs a r e  t o  be  

i s o l a t e d  a r e  f i r s t  h o mo g e n i z e d  in  0.1M m o r p h o l i n o e t h a n e  

s u l f o n i c  a c i d  (MES) pH 6 . 5  ( P e a r s e ,  op c i t . ) .  Magnes i um 

c h l o r i d e  ( ImM) ,  EGTA ( ImM),  p r o t e a s e  i n h i b i t o r s ,  and  a z i d e  

a r e  o f t e n  a d d e d .  C l a t h r i n - c o a t e d  v e s i c l e s  a r e  

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

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

can be u s e d  t o  s e p a r a t e  t h e  CCVs f r o m t h e s e  p a r t i c l e s .

S i n c e  CCVs p e l l e t  a t  1 0 0 , 0 0 0  x g ,  s e v e r a l  c e n t r i f u g a t i o n s  

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

mos t  c o n v e n i e n t  I s  a s i n g l e  s p i n  a t  2 0 , 0 0 0  xg f o r  30 

m i n u t e s .  The r e m a i n i n g  membranes  and CCVs c a n  be s p u n  f r o m  

t h e  s u p e r n a t a n t  a t  1 0 0 , 0 0 0  xg f o r  1 h o u r .  T h i s  p e l l e t  i s  

o f t e n  c a l l e d  a c r u d e  membrane p r e p a r a t i o n  ( P e a r s e ,  op c i t . )  

and s e v e r a l  v a r i a t i o n  on f u r t h e r  p r o c e s s i n g  h a v e  been  

i n t r o d u c e d .  O r i g i n a l l y ,  P e a r s e  s u g g e s t e d  p r o c e s s i n g  t h e
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F i g u r e  2 .  G e n e r a l i z e d  s cheme f o r  p u r i f i c a t i o n  o f  b o v i n e  

b r a i n  c l a t h r i n  c o a t e d  v e s i c l e s .

P ( l ,  2,  3,  o r  4 ) :  p e l l e t s :  S ( l ,  2,  3 ,  4 ) :  s u p e r n a t a n t s  

d i a g r a m  by W a l t e r  S i l v a

1 7 . 0 0 0  rpm:  (HS34 r o t o r ,  S o r v a l l ,  2 0 , 0 0 0  xg )

2 4 . 0 0 0  rpm: ( Type  30 r o t o r ,  Beckman,  1 0 0 , 0 0 0  xg)

D e n s i t y  g r a d i e n t  1: v a r i a t i o n s  a r e  d e s c r i b e d  1n t h e  t e x t  

D e n s i t y  g r a d i e n t  2:  5 - 30% s u c r o s e  f o r  1 h o u r

\
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FIGURE 4
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pur i  f l ed

S-1000(1 s t  run) peak

coated  v e s ic l e s (2 4 ,000  rpm) 
1 hour

S-1000(2nd run) 
Yields  p u r e s t  
coa ted  v e s i c l e s

t '
■ c e n t r i f u g a t i o n  s t ep
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c r u d e  membrane p e l l e t  t h r o u g h  t h r e e  s u c r o s e  g r a d i e n t s :  5 t o  

60% a t  5 0 , 0 0 0  xg f o r  two h o u r s  ( k e e p  t o p  h a l f ) ;  20 t o  60% 

a t  5 0 , 0 0 0  xg f o r  16 h o u r s  ( t o p  c l e a r  b l u e - w h i t e  b a n d ) ;  5 t o  

30% f o r  1 h o u r  a t  1 0 0 , 0 0 0  xg ( t o p  t u r b i d  a r e a ) .  T h i s  

me t hod  h a s  been m o d i f i e d  by Keen e t  al  . ( 1 9 7 9 )  t o  I n c l u d e  

o n l y  two s u c r o s e  g r a d i e n t s .  Th i s  i n c r e a s e s  y i e l d ,  b u t  t h e  

l e s s e r  p u r i t y  n e c e s s i t a t e s  f u r t h e r  p u r i f i c a t i o n  s t e p s .

E v i d e n c e  of  damage t o  b r a i n  CCVs by h i g h  s u c r o s e  

c o n c e n t r a t i o n s  has  been n o t e d  by Nandi  e t  al  . ( 1 9 8 3 ) .  T h i s  

c h a r a c t e r i s t i c  does  no t  a p p e a r  t o  be s h a r e d  by CCVs f r o m 

l i v e r  ( F i n e  and O c k l e f o r d ,  1 9 8 4 ) .  As a r e s u l t  o f  t h i s  

o b s e r v a t i o n ,  Nandi  e t  a l . ( 1 9 8 3 )  s u g g e s t e d  t h e  u s e  o f  8%. 

s u c r o s e ,  100% D20 f o r  t h e  s e d i m e n t a t i o n  of  b r a i n  CCVs 

I n s t e a d  o f  s u c r o s e  g r a d i e n t s .  The us e  of  I s o s m o t i c  P e r c o l l  

g r a d i e n t s  has  a l s o  been u s e d  i n s t e a d  o f  s u c r o s e  g r a d i e n t  

c e n t r i f u g a t i o n  ( P a u l o i n  e t  a l . ,  1 9 8 2 ) .  P e a r s e  ( 1 9 8 2 )  h a s  

s u g g e s t e d  t h e  a l t e r n a t i v e  u s e  o f  e i t h e r  9 t o  90% D2O/H2O o r  

F i c o l l / D g O  g r a d i e n t s  t o  r e p l a c e  s u c r o s e  g r a d i e n t  

c e n t r i f u g a t i o n .  F i n a l l y ,  12% F 1 c o l l / l 2 % s u c r o s e  

c e n t r i f u g a t i o n  can be u s e d ,  whi c h  a p p e a r s  t o  c o m b i n e  t h e  

\  p r e s e r v a t i o n  of  FIC0 H / D 2O w i t h  t h e  h i g h  p u r i t y  o f  s u c r o s e  

g r a d i e n t  c e n t r i f u g a t i o n .  T h i s  can be f o l l o w e d  by 

c e n t r i f u g a t i o n  o v e r  5 t o  30% s u c r o s e  f o r  1 h o u r .

A number  o f  p r o c e d u r e s  can  be us ed  t o  f u r t h e r  p u r i f y  

CCVs a f t e r  g r a d i e n t  c e n t r i f u g a t i o n .  S- 1000  c o l umn
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F i g u r e  3 .  P u r i f i e d  b o v i n e  b r a i n  c l a t h r i n  c o a t e d  

v e s i c l e s .  C l a t h r i n  c o a t e d  v e s i c l e s  wer e  p e l l e t e d  a t

1 0 0 ,0 0 0  x g ,  s e c t i o n e d ,  and a n a l y z e d  by t r a n s m i s s i o n  

e l e c t r o n  m i c r o s c o p y .  T o t a l  m a g n i f i c a t i o n  1 1 0 , 0 0 0  X. ^

\
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c h r o m a t o g r a p h y  has  be en  u s e d  t o  p u r i f y  CCVs f r o m  y e a s t  

( M u e l l e r  and B r a n t o n ,  1 9 8 2 ) ,  b o v i n e  b r a i n  ( S c h o o k  and 

P u s z k i n ,  1 9 8 5 ) ,  and b o v i n e  h e a r t  (Goldman e t  a l . ,  In 

p r e p a r a t i o n ) .  A f t e r  t h i s ,  c o n t r o l l e d  p o r e  g l a s s  b e a d  

e x c l u s i o n  c h r o m a t o g r a p h y  can  be u s e d  t o  f u r t h e r  p u r i f y  CCVs 

( K e l l y  e t  a l . ,  1 9 8 3 ) .  P e a r s e  ( 1975)  has  s u g g e s t e d  t h e  u s e  

o f  T r i t o n  X-100 t o  d i s s o l v e  u n c o a t e d  me m b r a n e s .  R e c e n t  

e v i d e n c e ,  h o w e v e r ,  I n d i c a t e s  t h a t  T r i t o n  t r e a t m e n t  r e mo v e s  

s e v e r a l  membrane bound p r o t e i n s  f rom CCVs (W1 e d e n ma n n  e t  

a l . ,  1 9 8 5 ) .  S i n c e  CCVs ha ve  a n e g a t i v e  n e t  e l e c t r i c  

c h a r g e ,  a g a r o s e  e l e c t r o p h o r e s i s  has  been  u s e d  t o  f u r t h e r  

p u r i f y  t hem f rom c o n t a m i n a t i n g  membranes  ( R u b e n s t e l n  e t  

a l . ,  1 9 8 1 ) .  R e s u l t s  o b t a i n e d  w i t h  t h i s  m e t h o d o l  o g y  s h o u l d  

be t e m p e r e d  w i t h  t h e  k n o wl e d g e  t h a t  s u l f u r  c o mp o u n d s  1n 

a g a r o s e  c o u l d  i n h i b i t  e n d o g e n o u s  enzyme a c t i v i t i e s  i n  t h e  

CCV. Ag a r o s e  e l e c t r o p h o r e s i s  has  been  u s e d  t o  p u r i f y  CCVs 

f r om b r a i n ,  l i v e r ,  and CHO c e l l s  ( R u b e n s t e i n  e t  a l  . ,  op 

c i t . ) ,  and t o  s e p a r a t e  s u b p o p u l a t i o n s  o f  CCVs f r o m  l i v e r  

( K e d e r s h a  e t  a l . ,  1 9 8 6 ) .  Met hods  f o r  f u r t h e r  f r a c t i o n a t i o n  

o f  CCVs I n t o  s u b p o p u l a t i o n s  w i l l  be d i s c u s s e d  i n  a l a t e r  

s e c t i o n .

C l a t h r i n :  C l a t h r i n  c o a t e d  v e s i c l e s  h a v e  b e e n

p u r i f i e d  f rom b r a i n  ( P e a r s e ,  1 9 7 5 ) ,  human p l a c e n t a  ( Wh y t e ,  

1978 ;  P e a r s e ,  1 9 8 2 ) ,  r a t  l i v e r  ( Ca mpbe l l  e t  a l . ,  1983 ;
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F i g u r e  4 .  C l a t h r l n  c a g e s ,  as  v i s u a l i z e d  by n e g a t i v e  

s t a i n i n g .  C l a t h r i n  t r i s k e l i o n s  wer e  r e a s s e m b l e d  a t  pH 6 . 5  

In t h e  p r e s e n c e  of  1 mM Mgc , t h e n  b r i e f l y  d i g e s t e d  w i t h  

c h y m o t r y p s i n . p e l l e t e d ,  and v i s u a l i z e d .  T o t a l  .

m a g n i f i c a t i o n  5 1 0 , 0 0 0  X.

\
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P i l c h  e t  al  . ,  1 9 8 3 ) ,  b o v i n e  a d r e n a l  c o r t e x  ( U e i n t r a u b  e t  

a l . ,  1 9 8 5 ) ,  o o c y t e s  (Woods e t  a l . ,  1 9 7 8 ) ,  y e a s t  ( M u e l l e r  

and B r a n t o n ,  1982 ;  Payne and Schekman,  1 9 8 5 ) ,  and c u l t u r e d  

lymphoma ( P e a r s e ,  1976)  and CHO ( Rot hman and F i n e ,  1980)  

c e l l s .  C l a t h r i n  a p p e a r s  as a 180 kD p o l y p e p t i d e  i n  CCVs 

I s o l a t e d  f rom a l l  o f  t h e s e  s o u r c e s .  I mmunoche mi ca l  s t u d i e s  

ha ve  i n d i c a t e d  t h a t  t h e  s t r u c t u r e  of  c l a t h r i n  i s  h i g h l y  

c o n s e r v e d  b e t we e n  s p e c i e s ,  a l t h o u g h  d i v e r s i t y  h a s  bee n  

n o t e d  b e t we e n  c l a t h r i n  f rom h i g h e r  and l o w e r  mammals ( C r o z e  

e t  a l  . ,  1 9 8 2 ) .  One d i m e n s i o n a l  p e p t i d e  ma p p i n g  o f  c l a t h r i n  

d e r i v e d  f rom human,  p o r c i n e ,  and b o v i n e  t i s s u e s  r e v e a l e d  

v e r y  s i m i l a r  p r o f i l e s  (Rothman e t  a l . ,  1 9 8 0 ) .  In a d d i t i o n ,  

a n t i - s e r a  ha ve  been  d e v e l o p e d  whi ch r e a c t  s p e c i f i c a l l y  w i t h  

a v i a n  and r e p t i l e  c e l l s  ( R o b i n s o n ,  1 9 8 2 ) .  In p l a n t  c e l l s  

c l a t h r i n  has  an a p p a r e n t  m o l e c u l a r  mass  o f  190 kD ( Me r s e y  

e t  a l . ,  1 9 8 2 ) .

C l a t h r l n  can be s o l u b i l i z e d  f rom CCVs by t r e a t m e n t  

w i t h  e i t h e r  2M u r e a  ( B l i t z  e t  al  . ,  1977)  o r  0.5M T r i s  ( Kee n  

e t  al  . ,  1 9 7 9 ) ,  or  by I n c r e a s i n g  t h e  pH ( R o b i n s o n ,  1982)  o r  

l o w e r i n g  t h e  i o n i c  s t r e g n t h  (Nandi  e t  a l . ,  1980)  o f  t h e  

s u s p e n s i o n  b u f f e r .  U n c o a t i n g  u n d e r  t h e s e  c o n d i t i o n s  c a u s e s  

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

composed o f  3 c l a t h r i n  m o l e c u l e s  and t h r e e  c l a t h r i n  l i g h t  

c h a i n  m o l e c u l e s .  When t h e  t r i s k e l i o n s  a r e  a n a l y z e d  by l ow 

a n g l e  p l a t i n u m  r o t a r y  s ha dowi ng  ( U n g e w i c k e l l  and  B r a n t o n ,
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1981)  t h e y  a p p e a r  as  t h r e e  e l b o ws  a t t a c h e d  by t h e i r  t i p s  t o  

a s i n g l e  a x i s .  Each e l b o w r e p r e s e n t s  one c l a t h r l n  h e a v y  

c h a i n  m o l e c u l e .  The c o mp l e x  1s commonly r e f e r r e d  t o  as  a 

t r l s k e l i o n .  The c l a t h r l n  l i g h t  c h a i n  (3 p e r  t r l s k e l l o n )  

a r e  bound t o  t h e  hub o f  t h e  t r l s k e l i o n .  Each e l b o w  o f  t h e  

t r l s k e l i o n  i s  45 nm l o n g ,  and b e n t  a l mo s t  p r e c i s e l y  i n  t h e  

m i d d l e  ( K i r c h h a u s e n  and H a r r i s o n ,  1 9 8 1 ) .  The p u r i f i e d  

t r i s k e l i o n s  s p o n t a n e o u s l y  r e a s s e m b l e  i n t o  c a g e s  ( c l a t h r l n  

c o a t s  w i t h o u t  t h e  membrane v e s i c l e ;  Keen e t  a l  . ,  1 9 7 9 ;

B l i t z  e t  a l . ,  1 9 7 7 ) .  Re a s s e mb l y  o c c u r s  o p t i m a l l y  a t  

c o n c e n t r a t i o n s  o f  c l a t h r i n  above  50 u g / m l ,  a t  pH 6 . 0  t o  

. 6 . 8 ,  i n  t h e  p r e s e n c e  o f  Mg2+ o r  Ca^+ . Mo n o c l o n a l  

a n t i b o d i e s  t o  v a r i o u s  a n t i g e n i c  s i t e s  on c l a t h r l n  c a n  be  

c o i n c u b a t e d  w i t h  r e a s s e m b l i n g  t r i s k e l i o n s  t o  p r o d u c e  

a b b e r a n t  l a t t i c e  s t r u c t u r e s  ( Bl a n k  and B r o d s k y ,  1 9 8 6 )  

i n d i c a t i n g  t h a t  a s s e m b l y  may be o r c h e s t r a t e d  i n  a s i t e  

d e p e n d e n t  ma n n e r .  I n t e r e s t i n g l y ,  r e a s s e m b l y  c o n d i t i o n s  

s uc h  as  s a l t  c o n c e n t r a t i o n  and t e m p e r a t u r e  can  a f f e c t  t h e  

n a t u r e  of  t h e  c a g e  co mp l e x  t h a t  I s  f o r m e d .  T h i s  was 

r e c e n t l y  shown by S o r g e r  e t  al  . ( 1 9 8 6 ) .  A d d i t i o n  o f  12%

\  ammonium s u l f a t e  t o  an a s s e m b l y  m i x t u r e  k e p t  a t  4 °C

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

t r i s k e l i o n s .  An a v e r a g e  c a g e  c o n s i s t s  of  a b o u t  40 

t r i s k e l i o n s  w i t h  an e q u a l  number  of  v e r t i c e s  ( C r o w t h e r  e t  

a l . ,  1 9 7 6 ) .
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R e c e n t  d e e p - e t c h  v i s u a l i z a t i o n  o f  c l a t h r l n  a b s o r b e d  

t o  mi c a  ha s  r e v e a l e d  more d e t a i l e d  f e a t u r e s  o f  t h e  

t r l s k e l i o n  ( H e u s e r  and K i r c h h a u s e n ,  1 9 8 5 ) .  s uch  as  s c r o l l  

s h a p e d  hooks  t h a t  can open and c l o s e  t o  v a r y  t h e  l e n g t h s  o f  

t h e  a r m s .  The a c t u a l  r o l e  o f  t h e s e  " s c r o l l "  m o i e t i e s  In 

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

c a g e s  w i t h  t r y p s i n  y i e l d s  a t r u n c a t e d  110 kD c l a t h r l n  

f r a g m e n t  t h a t  r e t a i n s  t h e  a b i l i t y  t o  r e a s s e m b l e  i n t o  c a g e s  

( Schmi d  e t  a l . ,  1 9 8 2 ) .  The t r i s k e l i o n s  g e n e r a t e d  f r o m t h i s  

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

e n d s  whi ch  c o n t a i n  t h e  " s c r o l l "  s t r u c t u r e s .  The c o r r e l a t e s  

o f  In v i t r o  and in  v i v o  a s s e m b l y ,  h o w e v e r ,  a r e  u n c l e a r .  - 

S t r u c t u r e s  whi ch a r e  I r r e l e v a n t  t o  a s s e m b l y  in  v i t r o  may be 

c r i t i c a l  i n  v i v o . E l a s t a s e  d i g e s t e d  c a g e s  r e ma i n  I n t a c t  

a f t e r  d i g e s t i o n ,  but  c a n n o t  r e a s s e m b l e  ( L i s a n t i  e t  al  . ,  

1 9 8 1 ) .  In t h i s  c a s e ,  h o w e v e r ,  t h e  c l a t h r i n  m o l e c u l e s  a r e  

l e f t  i n t a c t ,  b u t  t h e  l i g h t  c h a i n s  a r e  d i g e s t e d .  T h u s ,  t h e  

c l a t h r i n  l i g h t  c h a i n s  may h a v e  a r o l e  i n  o r c h e s t r a t i n g  

a s s e m b l y  i n  v i t r o .

S i n c e  CCVs a p p e a r  t o  e x i s t  t r a n s i e n t l y  In v i v o  

\  ( W i l l i n g h a m  and P a s t a n ,  1 9 8 3 ) ,  i t  woul d  s eem a p p a r e n t ^  

p r i o r i  t h a t  an enzyme c a p a b l e  of  d i s a s s e m b l i n g  c l a t h r l n  

c o a t s  a n d / o r  c a g e s  s h o u l d  e x i s t .  S c h l o s s m a n  e t  a l .  ( 1 9 8 4 )  

o r i g i n a l l y  d e v e l o p e d  an a s s a y  f o r  c a g e  d i s a s s e m b l y ,  and 

t h i s  was u s e d  as  t h e  b a s i s  o f  a s cheme t o  p u r i f y  an
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" u n c o a t i n g "  enzyme.  A 70 kD p o l y p e p t f d e  was e v e n t u a l l y  

I s o l a t e d  w i t h  an ATP - d e p e n d e n t  a b i l i t y  t o  d i s a s s e m b l e  

c l a t h r l n  c a g e s  ( B r a e l l  e t  al  . ,  1 9 8 4 ) .  T r l s k e l l o n s  a r e  

r e l e a s e d  In a s t o i c h i o m e t r i c  compl ex  w i t h  t h e  u n c o a t i n g  

e nzyme ,  and t h e  r e l e a s e d  c o mp l e x e s  a r e  i n c a p a b l e  o f  

r e a s s e m b l i n g  ( B r a e l l  e t  a l . ,  op c i t . ) .  L a t e r  s t u d i e s  

I n d i c a t e d  t h a t  u n c o a t i n g  a c t i v i t y  1s m e d i a t e d  by t h e  

c l a t h r l n  l i g h t  c h a i n s ,  and a l t h o u g h  t h e  enzyme b i n d s  

c l a t h r i n  t i g h t l y  a t  two d i s t i n c t  s i t e s ,  c a g e s  s t r i p p e d  o f  

l i g h t  c h a i n s  a r e  n o t  d i s a s s e m b l e d  ( Schmi d  e t  a l . ,  1 9 8 5 ;  

Schmid and Ro t hman ,  1 9 8 5 ) .

The c l a t h r i n  " u n c o a t i n g "  p r o t e i n  I s  c l o s e l y  r e l a t e d  

t o  ( I f  n o t  i d e n t i c a l  t o )  a h e a t  s h o c k  p r o t e i n ,  h s c  70 

( Ungewi c ke l  1 , 1985;  Rothman and S c h mi d ,  1 9 8 6 ) .  R e c e n t  

e v i d e n c e  ( r e v i e w e d  by Pe l h a m,  1986)  ha s  i n d i c a t e d  t h a t  o n e  

f u n c t i o n  of  t h i s  p r o t e i n  i s  t o  b r e a k  up h y d r o p h o b i c  

a g g r e g a t e s  o f  p r o t e i n .  S i n c e  t h e  e x p r e s s i o n  o f  t h e s e  

p r o t e i n s  i s  m o d u l a t e d  by h e a t ,  one  o f  t h e  m a j o r  t a r g e t s  o f  

t h e  h e a t  s h o c k  p r o t e i n s  i n  v i v o  may be h e a t  d e n a t u r e d  

p r o t e i n  a g g r e g a t e s .  To hs c  7 0 ,  t h e n ,  t h e  c l a t h r l n  c a g e  may 

\  a p p e a r  t o  be s i m p l y  a d e n a t u r e d  a g g r e g a t i o n  o f  p r o t e i n .

S i n c e  h s c  70 can  c o m p r i s e  as  much as  1% o f  t h e  p r o t e i n  i n  a 

g r o wi n g  c e l l  ( a  3 0 - f o l d  e x c e s s  o v e r  c l a t h r i n )  i t  I s  

u n l i k e l y  t h a t  u n c o a t i n g  I s  i t s  s o l e  f u n c t i o n  ( P e l h a m ,

1 9 8 6 ) .
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C l a t h r l n  l i g h t  c h a i n s  ( o r  c l a t h r i n - a s s o c i a t e d  

p r o t e i n s ) :  The c l a t h r i n  l i g h t  c h a i n s  ( o r  c l a t h r i n -

a s s o c i a t e d  p r o t e i n s :  CAPs;  L i s a n t i  e t  a l . ,  1981)  we r e  

o r i g i n a l l y  o b s e r v e d  by P e a r s e  ( 1978)  c o - p u r 1 f y i n g  w i t h  

e x t r a c t e d  c l a t h r i n .  Th e r e  a r e  two f or ms  o f  CAPs i n  h i g h e r  

a n i m a l s :  CAPj m i g r a t e s  s l o w e r  d u r i n g  s o d i u m  d o d e c y l  s u l f a t e  

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  (SDS-PAGE) ,  w i t h  an 

a p p a r e n t  m o l e c u l a r  mass  o f  36 kD i n  n e u r o n a l  t i s s u e s  and 32 

kD i n  n o n - n e u r o n a l  t i s s u e s ;  CAP2 has  an a p p a r e n t  m o l e c u l a r  

mass o f  33 kD i n  n e u r o n a l  t i s s u e s  and 30 kD i n  n o n - n e u r o n a l  

t i s s u e s .  In mos t  t i s s u e s  of  h i g h e r  a n i m a l s  t h e  CAP2 and 

CAP2 a r e  f o u n d  i n  a 1 : 2  m o l a r  r a t i o  ( U n g e w i c k e l l  and  

B r a n t o n ,  1 9 8 1 ) .  A p o s s i b l e  e x c e p t i o n  i s  e r y t h r o c y t e  p l a s ma  

membr a nes ,  whi ch  a p p e a r  t o  c o n t a i n  o n l y  CAPj  ( D a v i s  e t  a l  . ,  

1 9 8 6 ) .  Each c l a t h r i n  t r i s k e l i o n  c o n t a i n s  t h r e e  h e a v y  c h a i n  

m o l e c u l e s  and t h r e e  CAP m o l e c u l e s .  C h e m i c a l  c r o s s l i n k i n g  

s t u d i e s  i n d i c a t e  t h a t  e ach  CAP m o l e c u l e  i s  a s s o c i a t e d  w i t h  

one heavy  c h a i n  m o l e c u l e  ( P e a r s e ,  1 9 7 6 ) .  D i r e c t  e l e c t r o n  

m i c r o s c o p i c  v i s u a l i z a t i o n  of  t h e  CAPs u s i n g  a n t i - C A P ^  

mo n o c l o n a l  a n t i b o d i e s  i n d i c a t e d  t h a t  t h e y  a r e  l o c a t e d  n e a r  

t h e  hub o f  t h e  t r i s k e l i o n  ( K i r c h h a u s e n  e t  a l . ,  1 9 8 3 ) .  

Monoc l ona l  a n t i b o d i e s  s p e c i f i c a l l y  r e a c t i v e  w i t h  e i t h e r  

f orm (CAPj :  K i r c h h a u s e n  e t  a l . ,  1983;  B r o d s k y ,  1 9 8 6 ;  CAP2 : 

Kohtz  e t  a l . ,  1 9 8 5 ,  h e r e w i t h i n )  have  a t t e s t e d  t o  t h e
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s t r u c t u r a l  d i v e r s i t y  b e t we e n  CAPj and CAP2 . D i r e c t  

c o m p e t i t i v e  b i n d i n g  s t u d i e s ,  h o we v e r ,  w i t h  c l a t h r l n  c a g e s  

s t r i p p e d  o f  CAPs and a f f i n i t y  p u r i f i e d  CAPj a nd  CAP2 h a v e  

I n d i c a t e d  t h a t  b o t h  CAPs b i n d  t h e  same s i t e  on c l a t h r l n  

( W i n k l e r  and S t a n l e y ,  1 9 8 3 ) .  In a d d i t i o n ,  b o t h  CAPs 

m e d i a t e  e q u a l l y  we l l  t h e  a c t i o n  of  t h e  " u n c o a t i n g "  enzyme  

( Schml d e t  a l . ,  1 9 8 5 ) .

As was I n d i c a t e d  In  t h e  p r e v i o u s  s e c t i o n ,  t h e  CAPs 

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

s t r u c t u r e ,  t h e r e b y  f a c i l i t a t i n g  i t s  a s s e m b l y  I n t o  c a g e s .  

L i m i t e d  e l a s t a s e  ( K i r c h h a u s e n  and H a r r i s o n ,  1 9 8 1 )  o r  

c h y m o t r y p s l n  ( L i s a n t i  e t  al  . ,  1981)  d i g e s t i o n  o f  c l a t h r l n  

c a g e s  l e a v e s  t h e  c l a t h r i n  heavy  c h a i n  I n t a c t  b u t  r e mo v e s  

t h e  CAPs.  C l a t h r i n - a s s o c i a t e d  p r o t e i n s  c an  a l s o  be  r emove d  

f rom c a g e s  by s o d i u m i s o t h i o c y a n a t e  t r e a t m e n t  f o l l o w e d  by 

s i z e  e x c l u s i o n  c h r o m a t o g r a p h y  ( Wi n k l e r  and S t a n l e y ,

1 9 8 3 ) .  When t h e  C A P - f r e e  c a g e s  a r e  d i s s o c i a t e d  t h e  

r e s u l t i n g  t r l s k e l i o n s  c a n n o t  be r e a s s e m b l e d  I n t o  o r g a n i z e d  

c a g e s ,  a l t h o u g h  a g g r e g a t e s  a r e  formed ( K i r c h h a u s e n  and  

H a r r i s o n ,  1 9 8 1 ) .  Schmid e t  a l . ( 19 8 2 )  h a v e  n o t e d  t h a t  

w h i l e  60% of  t r i s k e l i o n  w i t h  CAPs have  a l l  t h r e e  e l b o w s  

p o i n t i n g  i n  t h e  same d i r e c t i o n ,  o n l y  30% m a i n t a i n  t h i s  

c o n f o r m a t i o n  1n t h e i r  a b s e n c e  ( s t a t i s t i c a l l y  r a n d o m ) .  A l s o  

n o t e w o r t h y  in  t h i s  r e s p e c t  I s  t h e  i n a b i l i t y  o f  t h e  

" u n c o a t i n g "  enzyme t o  d i s a s s e m b l e  c l a t h r i n  c a g e s  l a c k i n g
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CAPs.  T h e r e f o r e ,  t h e  CAPs may I n f l u e n c e  t h e  g e o m e t r i c  

c o n f o r m a t i o n  o f  t h e  c l a t h r l n  t r i s k e l i o n  I n  a ma n n e r  t h a t  I s  

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

M o d u l a t i o n  o f  c l a t h r i n  g e o m e t r y  and m e d i a t i n g  t h e  

a c t i o n  o f  t h e  " u n c o a t i n g "  enzyme a r e  f u n c t i o n s  wh i c h  a r e  

p e r f o r m e d  e q u a l l y  we l l  by e i t h e r  CAPj o r  CAP2 . F u n c t i o n s  

a s s o c i a t e d  w i t h  t h e i r  d i v e r s i t y  a r e  n o t  w e l l  u n d e r s t o o d .  A 

k i n a s e  a c t i v i t y  has  r e c e n t l y  been  a s s o c i a t e d  e x c l u s i v e l y  

w i t h  CAP2 (Usaml e t  al  . ,  1985 ;  Schook and P u s z k i n ,  1 9 8 5 ) .  

T h i s  a c t i v i t y  r e q u i r e s  t h e  p r e s e n c e  o f  e i t h e r  p o l y l y s i n e  o r  

o t h e r  p o l y b a s i c  s u b s t a n c e s ,  and ha s  be e n  r e c e n t l y  

a t t r i b u t e d  t o  a CCV-bound c a s e i n  k i n a s e  I I  ( B a r - Z v i  a n d -  

B r a n t o n ,  1 9 8 6 ) .  The f u n c t i o n a l  s i g n i f i c a n c e  o f  t h i s  k i n a s e  

a c t i v i t y  i s  unknown.  K i r c h h a u s e n  e t  a l . ( 1 9 8 3 )  h a v e  

I n d i c a t e d  t h a t  i n  p u r i f i e d  c l a t h r i n  t r i s k e l i o n s  t h e  t wo  

f o r ms  o f  CAP a r e  d i s t r i b u t e d  i n  a s t a t i s t i c a l l y  r a n d o m 

m a n n e r ;  r e c e n t  s t u d i e s  have  i n d i c a t e d  t h a t  CCV 

s u b p o p u l a t i o n s  e x i s t  i n  b r a i n  t h a t  a r e  e n r i c h e d  I n  e i t h e r  

CAPj o r  CAP2 ( Koht z  e t  al  . ,  1 9 8 5 ,  h e r e w i t h i n ) .  T h e s e  

r e s u l t s  i n d i c a t e  t h a t  t h e  d i v e r s i t y  b e t w e e n  t h e  t wo 

N p r o t e i n s  may be a s s o c i a t e d  w i t h  s o r t i n g  o r  t r a n s p o r t  o f

CCVs 1n d i f f e r e n t  I n t r a c e l l u l a r  l o c a t i o n s .  I t  i s  p e r h a p s  

n o t e w o r t h y  t h a t  CCVs i s o l a t e d  f rom y e a s t  b e a r  o n l y  one  form 

o f  CAP ( P a y n e  and Schekman,  1 9 8 5 ) .  T h i s  i m p l i e s  t h a t  two 

f o r ms  o f  CAP may have  e v o l v e d  t o  m e d i a t e  t h e  s p e c i a l i z e d
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f u n c t i o n s  o f  h i g h l y  d i f f e r e n t i a t e d  c e l l s  1n c o m p l e x  

o r g a n i  s ms .

As s e mbl y  Complex P o l y p e p t i d e s :  The 110 kD and  50 t o

55 kD p o l y p e p t i d e s  o f  t h e  CCV a s s e mb l y  c o mp l e x  w e r e  f i r s t  

o b s e r v e d  r e m a i n i n g  a s s o c i a t e d  w i t h  v e s i c l e  me mb r a n e s  a f t e r  

t h e y  wer e  s t r i p p e d  o f  c l a t h r l n  by t r e a t m e n t  w i t h  2M u r e a  

( B l i t z  e t  a l . ,  1977)  o r  0.5M Tr1s  (Keen e t  a l . ,  1 9 7 9 ) .  

Unanue e t  a l . ( 1 9 8 1 )  o r i g i n a l l y  d e m o n s t r a t e d  t h a t  t h e  110 

kD and 50 t o  55 kD p o l y p e p t i d e s  form a c o mp l e x  t h a t  

m e d i a t e s  t h e  b i n d i n g  o f  c l a t h r i n  t o  t h e  v e s i c l e  me mb r a n e .  

The a s s o c i a t i o n  o f  c l a t h r l n  w i t h  me mb r a n e - b o u n d  a s s e m b l y  

compl ex  has  been  shown i n  s t u d i e s  by Ha n s p a l  e t  a l  . ( 1 9 8 4 )  

u s i n g  a f i l t e r  p a p e r  a s s a y  t o  s e p a r a t e  bound  f r o m unbound  

l a b e l l e d  c l a t h r i n .  112 kD and 124 kD t r y p t i c  f r a g m e n t s  o f  

c l a t h r i n  wer e  f o u n d  t o  i n h i b i t  c l a t h r i n  b i n d i n g  a s  we l l  a s  

whol e  c l a t h r i n ,  i n d i c a t i n g  t h a t  t h e  hub p o r t i o n  o f  t h e  

t r i s k e l i o n  m e d i a t e s  b i n d i n g  t o  t h e  a s s e m b l y  c o m p l e x .  In 

a d d i t i o n ,  S c a t c h a r d  p l o t s  i n d i c a t e d  t h a t  t h e  h i g h  a f f i n i t y  

i n t e r a c t i o n  o f  c l a t h r i n  and CCV membranes  o c c u r s  t h r o u g h  a 

p o s i t i v e l y  c o o p e r a t i v e  p r o c e s s  ( Hans pa l  e t  a l . ,  op c l t . ) .  

Th i s  i s  a wel come o b s e r v a t i o n ,  s i n c e  i t  p r o v i d e s  an 

e x p l a n a t i o n  f o r  t h e  l o c a l i z e d  and r a p i d  a s s o c i a t i o n  o f  

c l a t h r i n  w i t h  r e g i o n s  of  t h e  membrane b e i n g  I n t e r n a l i z e d .

In v i t r o  r e a s s e m b l y  of  c l a t h r i n  c a g e s  i n  t h e  p r e s e n c e
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o f  a s s e m b l y  p o l y p e p t i d e s  has  r e v e a l e d  t h e i r  r e l e v a n c e  t o  

t h e  a s s e m b l y  p r o c e s s .  I r a c e  e t  a l .  ( 1 9 8 2 )  f i r s t  o b s e r v e d  

t h a t  two s i z e s  of  c a g e  c o u l d  be f o r me d ,  d e p e n d i n g  on t h e  

p r e s e n c e  o r  a b s e n c e  o f  t h e  a s s e mb l y  p o l y p e p t i d e s .  110 kD 

a s s e m b l y  p o l y p e p t i d e  was p u r i f i e d  by l y s i n e - S e p h a r o s e  

c h r o m a t o g r a p h y ,  and i t s  a d d i t i o n  t o  r e a s s e m b l i n g  c l a t h r l n  

i n d u c e d  t h e  f o r m a t i o n  o f  150S c a g e s .  In i t s  a b s e n c e ,  300S 

c a g e s  f o r me d .  A l s o ,  Ca ^ + o r  Mg^+ s t i m u l a t e d  f o r m a t i o n  o f  

300S c a g e s  1n t h e  p r e s e n c e  o f  110 kD p o l y p e p t i d e .  Za r emba  

and Keen ( 1 9 8 3 ) ,  maki ng  s i m i l a r  o b s e r a t i o n s  a b o u t  t h e  s i z e s  

o f  CCVs i n d u c e d  by t h e  110 kD p o l y p e p t i d e ,  a l s o  o b s e r v e d  

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

a s s e m b l y  o c c u r s  a t  l ow c o n c e t r a t i o n s  o f  c l a t h r l n ,  a t  

v a r i o u s  t e m p e r a t u r e s  ( a b o v e  f r e e z i n g ) ,  and a t  pH v a l u e s  o f  

7 . 2  t o  7 . 5 .  In i t s  a b s e n c e ,  l i t t l e  a s s e m b l y  i s  o b s e r v e d  

a b o v e  pH 6 . 7 .  T h e r e f o r e ,  a s s e m b l y  p o l y p e p t i d e s  may m e d i a t e  

CCV a s s e mb l y  u n d e r  p h y s i o l o g i c a l  c o n d i t i o n s .

P u r i f i c a t i o n  o f  b o v i n e  b r a i n  a s s e m b l y  c o m p l e x  was  

a c c o m p l i s h e d  by P e a r s e  and Rob i ns on  ( 1 9 8 4 )  u s i n g  T r i t o n  X- 

100 e x t r a c t e d  CCV and a c o m b i n a t i o n  of  ge l  f i l t r a t i o n ,

\  h y d r o x y a p a t i t e , and DE-52 c e l l u l o s e  c h r o m a t o g r a p h y .  T h e s e  

c o m p l e x e s  c o n s i s t  o f  100 kD and 50 kD p o l y p e p t i d e s  In  a 1 : 1  

m o l a r  c o mp l e x .  P e a r s e  o b s e r v e d  t h r e e  d i s t i n g u i s h a b l e  

s p e c i e s  ( by h y d r o x y a p a t i t e  c h r o m a t o g r a p h y )  o f  1 0 0  kD 

p o l y p e p t i d e  t h a t  a s s s o c i a t e  w i t h  50 kD p o l y p e p t i d e ,  and
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t h r e e  s p e c i e s  of  100 kD p o l y p e p t i d e  t h a t  we r e  n o t  

a s s o c i a t e d  w i t h  t h i s  p r o t e i n .  C l a t h r l n  c a g e s  a s s e m b l e d  In  

t h e  p r e s e n c e  o f  t h e  1 0 0 / 5 0  kD c o m p l e x e s  y i e l d e d  a 

homoge ne ous  p o p u l a t i o n  o f  c a g e s  s i m i l a r  t o  t h e  150S c a g e s  

o b s e r v e d  by I r a c e  e t  a l . ( 1 9 8 2 ) .  C l a t h r i n  a s s e m b l e d  i n  t h e  

p r e s e n c e  o f  t h e  100 kD p o l y p e p t i d e s  t h a t  l a c k  50 kD 

p o l y p e p t i d e  p r o d u c e d  a wi de  v a r i e t y  o f  c a g e s ,  i c o s a h e d r a ,  

b a r r e l s ,  and c o mp l e x e s  l a r g e r  t h a n  100 nm.  Bot h  t y p e s  o f  

a s s e m b l y  c o mp l e x e s  i n d u c e d  c l a t h r l n  a s s e m b l y  u n d e r  

p u t a t i v e l y  p h y s i o l o g i c a l  c o n d i t i o n s .  R o b i n s o n  a n d  P e a r s e  

( 1 9 8 4 )  a l s o  n o t e d  t h a t  s a t u r a t i o n  o f  c l a t h r l n  c a g e s  w i t h  

a s s e m b l y  compl ex  r e q u i r e d  a p p r o x l m a t e l y  3 m o l e c u l e s  o f ' 1 0 0  

kD p o l y p e p t i d e  ( w i t h  o r  w i t h o u t  50 kD p o l y p e p t i d e )  p e r  

c l a t h r i n  t r i s k e l i o n .  T h u s ,  a s s e m b l y  c o mp l e x  a nd  c l a t h r i n  

a r e  p r e s e n t  in e q u i v a l e n t  m o l a r  a mount s  i n  CCVs. .  Za remba  

and Keen ( 19 8 5 )  have  i n d i c a t e d  t h a t  b r i e f  e l a s t a s e  

t r e a t m e n t  of  t h e  a s s e m b l y  compl ex  d e g r a d e s  t h e  100  kD 

p o l y p e p t i d e  bu t  l e a v e s  t h e  50 kD and a p r e v i o u s l y  

u n i d e n t i f i e d  1 6 . 5  kD a s s e m b l y  c ompl e x  p o l y p e p t i d e  i n t a c t .  

T h i s  t r e a t m e n t  a b o l i s h e s  t h e  a b i l i t y  o f  t h e  c o mp l e x  t o  

m e d i a t e  t h e  a s s e m b l y  of  c a g e s ,  i n d i c a t i n g  t h a t  t h e  50 kD 

and 1 6 . 5  kD p o l y p e p t i d e s  a l o n e  c a n n o t  f a c i l i t a t e  t h i s  

p r o c e s s .

P e a r s e  and B r e t s c h e r  ( 1 9 8 1 )  have  p r o p o s e d  t h a t  t h e  

a s s e m b l y  compl ex  p r o t e i n s  m e d i a t e  s i g n a l i n g  b e t w e e n  t h e



-60

r e c e p t o r - 1 1 gand compl ex  on t h e  c e l l  s u r f a c e  o r  c a r g o  

m o l e c u l e s  i n  t h e  Gol gl  and t h e  c l a t h r l n  c o a t .  The t e r m  

" a d a p t o r "  m o l e c u l e  was p r o p o s e d  t o  r e f e r  t o  m o l e c u l e s  wh i c h  

s i g n a l  t h e  a s s e m b l y  o f  c l a t h r l n  c o a t s  on s p e c i f i c  

me mb r a n e s ,  a f u n c t i o n  a t t r i b u t e d  t o  t h e  v a r i o u s  f o r ms  o f  

t h e  a s s e m b l y  compl ex  p o l y p e p t i d e s .  C o n s i s t e n t  w i t h  t h i s ,  

P e a r s e  ( 1 9 8 5 )  showed t h a t  m a n n o s e - 6 - p h o s p h a t e  r e c e p t o r s  a r e  

I n t e g r a t e d  i n t o  c l a t h r i n  c a g e s  r e a s s e m b l e d  1n t h e  p r e s e n c e  

o f  a s s e m b l y  p o l y p e p t i d e s .  The d i v e r s i t y  o b s e r v e d  by P e a r s e  

and Ro b i n s o n  ( 1 9 8 4 ;  d e s c r i b e d  a b o v e )  may be a s s o c i a t e d  w i t h  

t h e  g e n e r a t i o n  o f  CCVs on d i f f e r e n t  i n t r a c e l l u l a r  membr anes  

o r  w i t h  d i f f e r e n t  r e c e p t o r s .  R e c e n t  r e s u l t s  f r om R o b i n s o n  

and P e a r s e  ( 1 9 8 6 )  have r e v e a l e d  i mmu n o c h e mi c a l  d i v e r s i t y  

b e t we e n  d i f f e r e n t  f o r ms  of  a s s e m b l y  c o mp l e x  p r o t e i n s .  

P e p t i d e  mapp i ng  e x p e r i m e n t s  a l s o  r e v e a l e d  t h a t  t h r e e  f o r ms  

o f  b r a  i n  100 kD p o l y p e p t i d e  have  d i f f e r e n t  a mi no  a c i d  

s e q u e n c e s .  Two a n t i - s e r a  t o  t h e  100 kD p o l y p e t l d e s  wer e  

p r o d u c e d  by Ro b i n s o n  and P e a r s e  ( 1 9 8 6 ) .  One o f  t h e  two 

a n t i - s e r a  r e a c t e d  p r e f e r e n t i a l l y  w i t h  p e r i n u c l e a r  membr a nes  

w h i l e  t h e  o t h e r  r e a c t e d  w i t h  b o t h  p e r i n u c l e a r  and p l a s m a  

me mb r a n e s .  T h i s  r e s u l t ,  a l t h o u g h  p r e l i m i  n a r y , r e v e a l s  t h a t  

100 kD d i v e r s i t y  may be a s s o c i a t e d  w i t h  t r a n s p o r t  and 

a s s e m b l y  a t  s p e c i f i c  i n t r a c e l l u l a r  m e m b r a n e s .

D i v e r s i t y  has  a l s o  been  o b s e r v e d  among t h e  50 t o  55 

kD p o l y p e p t i d e s .  In b r a i n ,  t h i s  p r o t e i n  c o n s t i t u t e s  o ne  50
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kD band d u r i n g  SDS-PAGE,  w h i l e  1n l i v e r  I t  c o n s t i t u t e s  t w o ,  

53 kD and 55 kD ( Ca mp b e l l  e t  a l . ,  1 9 8 4 ) .  Th e s e  

p o l y p e p t i d e s  h a v e  been  m i s t a k e n  f o r  t u b u l i n  ( w h i c h  I s  a 

s i g n i f i c a n t  c o mp o n e n t  o f  b o v i n e  b r a i n  CCVs) and  t a u  

p r o t e i n ;  h o w e v e r ,  r e c e n t  e v i d e n c e  has  c l e a r l y  shown t h a t  

t h e  a s s e mb l y  p o l y p e p t i d e s  a r e  u n r e l a t e d  t o  t h e s e  

c y t o s k e l e t a l  p r o t e i n s .

In p u r i f i e d  CCVs t h e  50 t o  55 kD a s s e m b l y  

p o l y p e p t i d e s  a r e  p h o s p h o r y l a t e d  by an e n d o g e n o u s  cAMP- 

I n d e p e n d e n t ,  Ca^ +/ c a l m o d u l 1n - i n d e p e n d e n t  k i n a s e .  In b r a i n  

CCVs t h i s  k i n a s e  p h o s p h o r y l a t e s  t h e  s i n g l e  50 kD ( P a u l o i n  

and J o l l e s ,  1984)  a s s e m b l y  p o l y p e p t i d e ;  i n  l i v e r ,  1t, 

p h o s p h o r y l a t e s  t h e  53 kD and 55 kD p o l y p e p t i d e s  ( C a m p b e l l  

e t  al  . ,  1 9 8 4 ) .  In v i t r o  r e a s s e m b l y  s t u d i e s  u s i n g  e l a s t a s e  

t r e a t e d ,  p h o s p h o r y l a t e d  and u n p h o s p h o r y l a t e d  50 kD c o mp l e x  

ha ve  i n d i c a t e d  t h a t  t h i s  k i n a s e  a c t i v i t y  h a s  no o b v i o u s  

e f f e c t  on c a g e  a s s e m b l y  (Zar emba and Ke e n ,  1 9 8 5 ) .  R e c e n t  

e v i d e n c e  has  i n d i c a t e d ,  h o w e v e r ,  t h a t  in v i v o  t h e  100 kD 

p o l y p e p t i d e  may a c t u a l l y  be a more r e l e v a n t  s u b s t r a t e  f o r  

p h o s p h o r y l a t i o n .  A c o - a s s e m b l y  a s s a y  was d e v i s e d  by Keen 

N and Bl a c k  ( 1 9 8 6 )  t o  f a c i l i t a t e  p u r i f i c a t i o n  of  a s s e m b l y  

compl ex  p o l y p e p t i d e s  f r om c u l t u r e d  c e l l s .  B r i e f l y ,

c u l t u r e d  r a t  s y m p a t h e t i c  g a n g l i o n  c e l l s  w e r e  l a b e l l e d  w i t h

^ P - 1 n o r g a n l c  p h o s p h a t e ,  h o m o g e n i z e d ,  and c o mb i n e d  w i t h  

u n l a b e l l e d  r e a s s e m b l i n g  c l a t h r i n  c a g e s .  The  c a g e s  we r e
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p u r i f i e d ,  and t h e  l a b e l l e d  CCV p o l y p e p t i d e s  I n t e g r a t e d  I n t o  

t h e s e  s t r u c t u r e s  wer e  a n a l y z e d  by two d i m e n s i o n a l  g e l  

c h r o m a t o g r a p h y  and a u t o r a d i o g r a p h y .  Th e s e  e x p e r i m e n t s  

r e v e a l e d  two g r o u p s  o f  p h o s p h o p r o t e l n s : 100 t o  110  kD 

p o l y p e p t i d e s  ( a s s e m b l y  p o l y p e p t i d e s )  and a 155 kD 

p o l y p e p t i d e .  No p h o s p h o r y l a t i o n  o f  t h e  50 kD p o l y p e p t i d e  

was o b s e r v e d .  The se  r e s u l t s  i mp l y  t h a t  t h e  b i o c h e m i s t r y  o f  

CCVs In v i v o  and i n  v i t r o  may d i f f e r  c o n s i d e r a b l y .  

P h o s p h o r y l a t i o n  o f  t h e  100 t o  110 kD p o l y p e p t i d e ,  a l t h o u g h  

n o t  o b s e r v e d  In v i t r o , may r e g u l a t e  a s s e m b l y  I n  v i v o .

O t h e r  p o l y p e p t i d e s  and  enzymes  a s s o c i a t e d  w i t h  

CCVs: S e v e r a l  c e l l u l a r  p r o t e i n s ,  o t h e r  t h a n  c a r g o

m o l e c u l e s ,  may be a s s o c i a t e d  w i t h  CCVs.  A c t i n  was  

o r i g i n a l l y  n o t e d  as  a c o mpone n t  of  CCVs p u r i f i e d .  f r o m W112 

c e l l s  ( S a l i s b u r y  e t  al  . ,  1 9 8 0 ) .  An 1 8 . 5  kD p o l y p e p t i d e ,  

wh i ch  c o m i g r a t e d  w i t h  c a l m o d u l i n ,  was a l s o  n o t e d  In t h e s e  

p r e p a r a t i o n s .  S t e l a z i n e  ( a  c a l m o d u l i n  i n h i b i t o r ,  

t r 1f 1 u o r o p e r a z i n e  d i h y d r o c h l o r i d e ) was a l s o  s hown 1n t h e s e  

s t u d i e s  t o  i n h i b i t  r e c r u i t m e n t  of  c l a t h r i n  t o  r e c e p t o r  

c o m p l e x e s  i n  Wi l2 c e l l s ,  a l t h o u g h  I t  had no e f f e c t  on 

s u b s e q u e n t  e v e n t s .  D i h y d r o c y t o c h a l a s  1n B ( a n  a c t  i n - b i n d i n g  

d r u g )  had no e f f e c t  on c l a t h r l n  r e c r u i t m e n t  i n  t h e s e  c e l l s ,  

b u t  i t  p a r t l y  I n h i b i t e d  CCV f o r m a t i o n .  The non-CCV 

m e d i a t e d  p a t h wa y s  o f  i n t e r n a l i z a t i o n  wer e  c o m p l e t e l y
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I n h i b i t e d  by b o t h  d r u g s .  C a l m o d u l i n  b i n d i n g  e l e m e n t s  h a v e  

a l s o  be e n  n o t e d  by Gel sow and Bur goyne  ( 1 9 8 4 )  I n  b o v i n e  

a d r e n a l  m e d u l l a  CCVs.

T a u - l i k e  p r o t e i n s  wer e  once  t h o u g h t  t o  be c o m p o n e n t s  

o f  CCVs,  a l t h o u g h  t h e s e  r e s u l t s  h a v e  f a l l e n  I n t o  d i s f a v o r  

( P f e f f e r  e t  a l . ,  1 9 8 3 ) .  Re c e n t  e v i d e n c e  I n d i c a t e s  t h a t  

a l p h a  - a c t i n l n  and c a l m o d u l i n  may I n t e r a c t  d i r e c t l y  w i t h  

t h e  c l a t h r i n  heavy  c h a i n  ( M e r i s k o ,  1 9 8 5 ) .  T u b u l i n  I s  

c l e a r l y  a componen t  o f  bo t h  b r a i n  and l i v e r  CCVs,  as  h a s  

been  shown by a n a l y s i s  of  CCVs h i g h l y  p u r i f i e d  by 

c o n t r o l l e d  p o r e  g l a s s  bead e x c l u s i o n  co l umn c h r o m a t o g r a p j h y  

( K e l l y  e t  a l  . ,  1 9 8 3 ) .  As e x p e c t e d ,  a l p h a  and b e t a  t . ubu . l i n  

a r e  p r e s e n t  i n  a 1 : 1  m o l a r  r a t i o  ( K e l l y  e t  a l . ,  op c 1 t . ) .  

Membrane p o l y p e p t i d e s  have  be e n  I d e n t i f i e d  i n  b r a i n  CCVs 

( 38  kD and 29 kD) t h a t  may be s h a r e d  by s y n a p t i c  v e s i c l e s  

( P f e f f e r  and K e l l y ,  1 9 8 5 ) .  Two a d d i t i o n a l  membrane  

p o l y p e p t i d e s  have  been i d e n t i f i e d  i n  b r a i n  CCVs by T r i t o n  

e x t r a c t i o n  (24 kD and 10 kD; Weidenmann e t  a l . ,  1 9 8 5 ) .

Two k i n a s e  a c t i v i t i e s  have  bee n  a s s o c i a t e d  w i t h  CCVs,  

and t h e s e  a r e  d i s c u s s e d  i n  t h e  s e c t i o n s  on c l a t h r i n  l i g h t  

\  c h a i n s  and  a s s e m b l y  compl ex  p o l y p e p t i d e s .  O t h e r  enzyme 

a c t i v i t i e s  have  a l s o  been a s s o c i a t e d  w i t h  CCVs.  P e r h a p s  

t h e  mo s t  s i g n i f i c a n t  i s  an A T P - d e p e n d e n t  p r o t o n  pump w h i c h  

1s t h o u g h t  t o  a c i d i f y  c o m p a r t m e n t s  i n v o l v e d  i n  r e c e p t o r  

r e c y c l i n g .  Th i s  enzyme a c t i v i t y  i n  CCVs was d e s c r i b e d  by
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F o r g a c  e t  a l . ( 1 9 8 3 ) .  P r o t o n  movement  was  m o n i t o r e d  by 

m e a s u r i n g  ^ C - m e t h y l a m i n e  d i s t r i b u t i o n .  A d d i t i o n  o f  Mg^+ 

and ATP t o  p u r i f i e d  CCVs r e s u l t e d  i n  t h e  g e n e r a t i o n  of  a 4 

t o  5 f o l d  g r a d i e n t  ( e q u i v a l e n t  t o  a . 6  t o  . 7 u n i t  pH 

g r a d i e n t ) .  P r o t o n  l o n o p h o r e s  and N - e t h y l m a l e l m i d e  

I n h i b i t e d  me t h y l  ami ne  u p t a k e ,  b u t  t h e  enzyme  was u n a f f e c t e d  

by v a n a d a t e  and s t r o p h a n t h i d i u r n  (Na+/ K + ATPas e  i n h i b i t o r s ) ,  

o r  o l l g o m y c i n  and a u r o v e r t l n  ( m i t o c h o n d r i a l  ATPa s e  

i n h i b i t o r s ) .  S t o n e  e t  al  . ( 19 8 4 )  I n d e p e n d e n t l y  showed t h a t  

t h e  enzyme o p e r a t e s  In p a r a l l e l  w i t h  a c h l o r i d e  

t r a n s p o r t e r ,  and t h a t  CCV a c i d i f i c a t i o n  c a n  be I n h i b i t e d  by 

t h e  a n t i b i o t i c  d u r a m y c i n .  Dur amyci n  a p p a r e n t l y  a c t s  a t - l o w  

c o n c e n t r a t i o n s  on t h e  c h l o r i d e  t r a n s p o r t e r ,  and  a t  h i gh  

c o n c e n t r a t i o n s  on t h e  p r o t o n  pump.  Xie e t  a l . ( 1 9 8 4 )  

o b s e r v e d  t h a t  t h e  p a r t i a l l y  p u r i f i e d  enzyme was  a c t i v a t e d  

by p h o s p h a t 1d y l s e r i n e  b u t  n o t  o t h e r  p h o s p h o l i p i d s  t h a t  we r e  

t e s t e d .  Van Dyke e t  a l . ( 1 9 8 5 )  have  i n d i c a t e d  t h a t  

v e s i c l e s  p r e p a r e d  f rom b o v i n e  s y n a p t i c  pTasma membr anes  

c o n t a i n  a p r o t o n  pump b i o c h e m i c a l l y  s i m i l a r  t o  t h a t  of  

CCVs.  F i n a l l y ,  Xie and S t o n e  ( 1 9 8 6 )  have  p u r i f i e d  a 530 kD 

compl ex  w h i c h ,  when r e c o n s t i t u t e d  w i t h  p h o s p h a t i d y l s e r l n e  

l i p i d  l y p o s o m e s , c a t a l y z e s  t h e  a z i d e - r e s i s t a n t ,  N- 

e t h y l m a l e i m i d e  s e n s i t i v e  g e n e r a t i o n  o f  a pH g r a d i e n t .  T h i s  

i s  b e l i e v e d  t o  r e p r e s e n t  t h e  CCV enz yme .

O t h e r  enzyme a c t i v i t e s  a s s o c i a t e d  w i t h  CCVs I n c l u d e :
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a Mg-ATP/ADP d e p e n d e n t  p h o s p h a t a s e  ( P a u l o i n  a n d  J o l l e s ,  

1986)  which d e p h o s p h o r y l a t e s  t h e  50 kD e l e m e n t  o f  t h e  

a s s e m b l y  compl ex  1n b r a i n  CCVs; a c y c l i c  n u c l e o t i d e  

p h o s p h o d i e s t e r a s e  a c t i v i t y  t h a t  I s  s t i m u l a t e d  by cGMP 

( S i l v a  e t  al  . ,  1 9 8 5 ) ;  and a p h o s p h a t i d y l  i n o s i t o l  k i n a s e  

( Campbe l l  e t  a l  . ,  1 9 8 5 ) .

C h a r a c t e r i s t i c s  o f  c l a t h r l n - c o a t e d  v e s i c l e

me mbr a ne s :  The membrane  1 1 p1d b i l a y e r  o f  CCVs and c o a t e d

p i t s  d i f f e r s  c o n s i d e r a b l y  f rom t h a t  o f  p l a s m a  membr ane  or

smoot h  v e s i c l e s .  F l l i p i n  i s  a s t e r o l - s p e d f i c  a n t i b i o t i c

t h a t  can  be u s e d  t o  s t u d y  t h e  d i s t r i b u t i o n  o f  c h o l e s t e r o l

In c e l l u l a r  me mb r a n e s .  Mon t e s a no  e t  a l . ( 1 9 7 9 )  u s e d

f l l i p i n  and f r e e z e - f r a c t u r e  t e c h n i q u e s  t o  s t u d y  t h e

d i s t r i b u t i o n  o f  c h o l e s t e r o l  1n p l a sma  m e m b r a n e .  F l l i p i n -
*

c h o l e s t e r o l  c o mp l e x e s  a p p e a r  as 25 t o  30 nm p r o t u b e r a n c e s  

i n  t h e  p l a s ma  membr a ne .  Al t h o u g h  a b u n d a n t  I n  t h e  p l a s m a  

membr a ne ,  t h e y  wer e  c o n s p i c u o u s l y  a b s e n t  f r o m  CCVs and 

c o a t e d  p i t s .  L a t e r  s t u d i e s  ( Mo n t e s a no  e t  a l . ,  1981)  

e s t a b l i s h e d  t h e  a b s e n c e  of  f i 1 i p i n - s t e r o l  c o m p l e x e s  1n CCVs 

and c o a t e d  p i t s ,  d e s p i t e  t h e i r  p r e s e n c e  I n  p l a s m a  me mb r a n e ,  

s moot h  v e s i c l e s ,  and p h a g o c y t i c  m e m b r a n e s .  E v e n t u a l l y ,  

more  d e t a i l e d  s t u d i e s  ( G r a v o t t a  and M a r c i o n l , 1985)  

I n d i c a t e d  t h a t  t h e  c h o l e s t e r o l  t o  p h o s p h o l i p i d  m o l a r  r a t i o  

In b r a i n  CCVs i s  . 47  + / -  . 07  as  c ompa r e d  t o  1 . 0 6  + / -  . 08  1n
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s y n a p t i c  p l a sma  membr ane .  In a d d i t i o n ,  G r a v o t t a  and 

Ma r c l b n l  ( 1985)  n o t e d  t h a t  t h e  g a n g l l o s l d e  s p e c i e s  p r e s e n t  

1n CCVs and s y n a p t i c  p l a s ma  membrane a r e  e s s e n t i a l l y  t h e  

s a me .  F i n a l l y ,  A l f s e n  e t  a l  . ( 1984)  h a v e  shown t h a t  CCV 

membranes  c o n t a i n  a h i g h e r  p e r c e n t a g e  of  

p h o s p h a t i d y l e t h a n o l  a mi ne  t h a n  p l a sma  me mbr a ne .

The c l a t h r l n  c o a t  can  d i r e c t l y  a f f e c t  t h e  c h e m i s t r y  

o f  membranes  w i t h  whi ch  I t  i s  a s s o c i a t e d .  S t e e r  e t  a l . 

( 1 9 8 4 )  u s i n g  I n f r a r e d  s p e c t r o s c o p y ,  have  shown t h a t  a n  

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

m o i e t i e s  o f  t h e  b i l a y e r  m a t r i x  I n t o  s t e r e o c h e m i c a l  

c o n f o r m a t i o n s  t h a t  a r e  d i f f e r e n t  f rom t h o s e  I n  u n c o a t e d  

v e s i c l e s ,  s y n a p t i c  v e s i c l e s ,  and s y n a p t i c  p l a s m a  

me mbr a ne .  In a d d i t i o n ,  A l f s e n  e t  a l . ( 1 9 8 4 ) ,  u s i n g  t h e  

f l u o r e s c e n t  p r o b e s  p y r e n e  and  p a r i n a r i c  a c i d  t o  s t u d y  

l a t e r a l  m o b i l i t y  and r o t a t i o n a l  mo t i o n  i n  t h e  l i p i d  b i l a y e r  

o f  CCV me mb r a n e s ,  ha ve  n o t e d  t h a t  a c l a t h r l n  c o a t  

I n t r o d u c e s  d i s o r d e r  I n t o  t h e  s u r r o u n d i n g  l i p i d s .  T h i s  

o b s e r v a t i o n  s u p p o r t s  t h e  o r i g i n a l  n o t i o n  o f  K a n a s e k l  and  

Ka do t a  ( 1969)  t h a t  t h e  a s s e m b l y  o f  t h e  c l a t h r l n  c o a t  may 

a c t u a l l y  "power "  t h e  f o r m a t i o n  of  t h e  v e s i c l e .

S u b p o p u l a t i o n s  o f  c l a t h r i n - c o a t e d  v e s i c l e s :  F r i e n d

and F a r q u h a r  ( 19 6 7 )  o r i g i n a l l y  s u g g e s t e d  t h a t  

s u b p o p u l a t i o n s  o f  CCVs may m e d i a t e  s p e c i f i c  e v e n t s  a t
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d i f f e r e n t  I n t r a c e l l u l a r  o r g a n e l l e s .  S i n c e  t h e n  

c o n s i d e r a b l e  h e t e r o g e n e i t y  h a s '  been  o b s e r v e d  In t h e  

p a r a m e t e r s  o f  I s o l a t e d  CCVs and 1n t h e  a p p e a r a n c e  o f  CCVs 

In s i t u . S t e v e n  e t  a l . ( 1 9 8 3 )  h a v e  n o t e d  t h a t  p u r i f i e d  

b o v i n e  b r a i n  CCVs v a r y  1n mass  f rom 20 t o  100 m e g a d a l t o n s ,  

w i t h  p e a k s  of  d i s t r i b u t i o n  a t  26 m e g a d a l t o n s  and 35 

m e g a d a l t o n s .  In c o m p a r i s o n ,  l i v e r  CCVs r a n g e  In  s i z e  f r o m  

20 t o  220 m e g a d a l t o n s ,  w i t h  a s i n g l e  w e i g h t e d  a v e r a g e  o f  66 

megaidal  t o n s . Smi t h  and Smi t h  ( 1 9 8 4 ) ,  u s i n g  s e r i a l  s e c t i o n s  

o f  f r o g  c u t a n e o u s  p e c t o r i s  n e u r o m u s c u l a r  j u n c t i o n ,  o b s e r v e d  

two s u b p o p u l a t i o n s  of  CCVs: one t h e  s i z e  o f  s y n a p t i c  

v e s i c l e s  ( 60  t o  70 nm) ,  t h e  o t h e r  (8% o f  t o t a l )  o f  l a r g e r  

d i a m e t e r  (more  t h a n  100 nm) .  In a d d i t i o n ,  o n l y  20% o f  t h e  

CCVs a c t u a l l y  a p p e a r e d  t o  be a s s o c i a t e d  w i t h  t h e  s y n a p t i c  

p l a s ma  me mbr a ne .  A s i m i l a r  p e r c e n t a g e  was d e t e r m i n e d  by 

P f e f f e r  and K e l l y  ( 1 9 8 5 ) ,  who i s o l a t e d  a s u b p o p u l a t i o n  o f  

b r a i n  CCVs c a r r y i n g  s y n a p t i c  v e s i c l e  c a r g o  m o l e c u l e s  by 

1m m u n o p r e c 1 p i t a t i o n  w i t h  m o n o c l o n a l  a n t i b o d i e s  d i r e c t e d  a t  

t h e  c y t o p l a s m i c  domai ns  o f  two s y n a p t i c  v e s i c l e  membrane  

a n t i g e n s .  In a t y p i c a l  p r e p a r a t i o n  o f  b o v i n e  CCVs,  t h i s  

\  s u b p o p u l a t i o n  r e p r e s e n t e d  20% of  t h e  t o t a l .  P f e f f e r  and 

K e l l y  ( 1 9 8 5 )  n o t e d  t h e  e n r i c h m e n t  o f  38 kD and  29 kD 

p r o t e i n  i n  t h e  s u b p o p u l a t i o n  o f  CCVs c a r r y i n g  s y n a p t i c  

v e s i c l e  c a r g o  m o l e c u l e s .

W e l n t r a u b  e t  a l . ( 1 9 8 5 )  p u r i f i e d  two s u b p o p u l a t i o n s



-6 8

o f  CCVs d i f f e r i n g  i n  s i z e  f rom b o v i n e  a d r e n a l  c o r t e x .

Bomsel  e t  a l . ( 1 9 8 6 )  s e p a r a t e d  two h o mo g e n e o u s  

s u b p o p u l a t i o n s  o f  CCVs f rom b o v i n e  a d r e n a l  c o r t e x ,  a l s o  on 

t h e  b a s i s  of  s i z e  (100  nm and 70 nm) .  V i s u a l i z a t i o n  o f  LDL 

r e c e p t o r  by l i g a n d  b l o t t i n g  and enzyme l i n k e d  i m m u n o s o r b e n t  

a s s a y  r e v e a l e d  I n c r e a s e d  b i n d i n g  c a p a c i t y  i n  t h e  s m a l l e r  

CCVs.

Hemly e t  a l . ( 1986)  made t h e  f i r s t  s i g n i f i c a n t  

a s s o c i a t i o n  o f  a p u r i f i e d  s u b p o p u l a t i o n  o f  CCVs w i t h  a 

s p e c i f i c  f u n c t i o n .  C l a t h r l n - c o a t e d  v e s i c l e s  wer e  p u r l f e d  

f rom l i v e r  p e r f u s e d  w i t h  d 1 i s o p r o p y l  f  1 u o r o p h o s p h a t e  t o  

I n a c t i v a t e  c h o l i n e s t e r a s e  In t h e  e n d o c y t i c  s u b p o p u l a t i o n .  

The p o p u l a t i o n  c o n t a i n i n g  newl y  s y n t h e s i z e d  c h o l 1 n e s t e r a s e  

( an  e x o c y t i c  s u b p o p u l a t i o n )  was t h e n  I s o l a t e d  by t r e a t i n g  

t h e  CCVs w i t h  K a r n o v s k y - R o o t s  r e a g e n t s  ( 1 9 6 4 )  and 

f r a c t i o n a t i n g  t h o s e  c o n t a i n i n g  t h e  d e n s e  r e a c t i o n  p r o d u c t  

by g r a d i e n t  c e n t r i f u g a t i o n .  No s i g n i f i c a n t  d i f f e r e n c e s  i n  

p o l y p e p t i d e  c o m p o s i t i o n  were  o b s e r v e d  b e t w e e n  t h e  e n d o c y t i c  

and e x o c y t i c  s u b p o p u l a t i o n s ;  h o w e v e r ,  t h e  e n d o c y t i c  

p o p u l a t i o n  had a s i g n i f i c a n t l y  l o w e r  r a t i o  o f  c h o l e s t e r o l  

t o  p h o s p h o l i p i d .

K e d e r s h a  e t  a l . ( 1986)  have  s e p a r a t e d  s u b p o p u l a t i o n s  

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

a g a r o s e  ( s e p a r a t i n g  p a r t i c l e s  on t h e  b a s i s  o f  s u r f a c e  

c h a r g e ) .  T h i s  me t hod  was f a c i l i t a t e d  by t h e  r e mova l  o f  t h e
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c l a t h r l n  c o a t s  p r i o r  t o  e l e c t r o p h o r e s i s ,  s i n c e  m o s t  o f  t h e  

c h a r g e  h e t e r o g e n e i t y  1s g e n e r a t e d  by t h e  me mbr a ne  a nd  

membrane c a r g o  m o l e c u l e s .  S l o w - m i g r a t i n g  and  f a s t  

m i g r a t i n g  s u b p o p u l a t i o n s  were  I s o l a t e d  and a n a l y z e d  by 

I m m u n o b l o t t i n g  f o r  r e c e p t o r  c o n t e n t .  In a d d i t o n ,  CCVs 

I s o l a t e d  f rom l i v e r s  p e r f u s e d  w i t h  *2 5 I - a s i a l o o r o s o m u c o i d  

we r e  a n a l y z e d ,  and t h e  l a b e l l e d  s u b p o p u l a t i o n  o f  v e s i c l e s  

( t h e  s l ow m i g r a t i n g  v e s i c l e s )  were l a b e l l e d  a s  e n d o c y t i c .

I m m u n o p r e c i p i t a t i o n s  o f  p u r i f i e d  b o v i n e  b r a i n  CCVs 

u s i n g  mAbs d i r e c t e d  a g a i n s t  a c t i n ,  t u b u l i n ,  CAP^ ,  CAPg,  o r  

s p e c i f i c  c a r g o  m o l e c u l e s  have  r e v e a l e d  s u b p o p u l a t  1 ons  o f  

CCVs g e n e r a t e d  by h e t e r o g e n e o u s  d i s t r i b u t i o n  o f  t h e  c oa t r .  

p r o t e i n s  ( Ko h t z  e t  a l . ,  1985;  h e r e w i t h i n ) .
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METHODS

V I . I mmu n o l o g i c a l  Methods

P r e p a r a t i o n  o f  h y b r l d o m a s :  Femal e  Ba l b / C  m i c e  (6  t o  8

weeks  o f  a g e )  were  I n i t i a l l y  i mmuni zed i n t r a p e r i t o n e a l l y  

w i t h  100 ug of  h e a t  d e n a t u r e d  c o a t e d  v e s i c l e  p r o t e i n s  

e m u l s i f i e d  1n c o m p l e t e  F r e u n d ' s  a d j u v a n t  {day 7 4 ) .  Mi ce  

we r e  b o o s t e d  i n t r a p e r i t o n e a l l y  on day 32 w i t h  100  ug o f  

a n t i g e n  e m u l s i f i e d  in i n c o m p l e t e  F r e u n d ' s  a d j u v a n t .  Mi ce  

we r e  b o o s t e d  a f i n a l  t i m e  w i t h  i n t r a p e r i t o n e a l  and  

i n t r a v e n o u s  i n j e c t i o n s  o f  50 ug o f  a n t i g e n  on d a y s  f o u r  and 

t h r e e  b e f o r e  f u s i o n  on day o n e .

Sp 2 / 0 - A g l 4  myeloma c e l l s  were  c u l t u r e d  i n  RPMI 1640  

s u p p l e m e n t e d  wi t h  15% f e t a l  c a l f  s e r u m ,  1 mM L - g l u t a m i n e , 1 

mM s o d i u m p y r u v a t e ,  0 . 1  mM mi n i ma l  e s s e n t i a l  medi um (MEM) 

n o n - e s s e n t i a l  amino a c i d s ,  MEM v i t a m i n  s o l u t i o n ,  0 . 1  mM 8- 

a z a g u a n l n e ,  and a n t i b i o t i c s .  S p l e e n  c e l l s  f r om i mmu n i z e d  

a n i m a l s  wer e  f u s e d  a t  a 5 : 1  r a t i o  t o  Sp 2 / 0 - A g l 4  myel oma 

c e l l s  u s i n g  d e - i o n i z e d  44% p o l y e t h y l e n e  g l y c o l  1000  i n  RPMI 

1 6 4 0 .  C e l l s  were  p l a t e d  i n t o  96 we l l  p l a t e s  24 h o u r s  a f t e r  

f u s i o n  a t  a d e n s i t y  of  104 myeloma c e l l s  p e r  w e l l  ( 0 . 2  ml )  

and s e l e c t e d  by a d d i n g  15 ug/ ml  h y p o x a n t h i n e , 7 . 6  ug/ ml  

t h y m i d i n e ,  and 0 . 1 8  ug/ml  a m i n o p t e r i n .  T h i s  p r o c e d u r e
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u s u a l l y  y i e l d s  a t  l e a s t  one c l o n e  p e r  w e l l  by t h e  end  o f  

t e n  d a y s .  C l o n e s  were  p a s s e d  t o  1 ml w e l l s  p r i o r  t o  

s c r e e n i n g .  Hybr l doma s u p e r n a t a n t s  wer e  s c r e e n e d  w i t h  an 

e n z y m e - l i n k e d  1mmunosor ban t  a s s a y  ( EL I S A) .  B r i e f l y ,  

p o l y v i n y l  c h l o r i d e  p l a t e s  ( U n b r o )  wer e  c o a t e d  w i t h  a n t i g e n  

a t  c o n c e n t r a t i o n s  v a r y i n g  f r o n  5 ug/ml  ( p u r i f i e d  CAPs) t o  

50 ug/ ml  ( wh o l e  c o a t e d  v e s i c l e s )  i n  5 mM Tr 1s  pH 8 . 0 .  

B i n d i n g  was p e r f o r m e d  a t  37°C f o r  one h o u r  f o l l o w e d  by a 

4°C i n c u b a t i o n  o v e r n i g h t .  F r e e  b i n d i n g  s i t e s  wer e  

s a t u r a t e d  u s i n g  1% b o v i n e  se rum a l b u mi n  (BSA) i n  T r i s -  

b u f f e r e d  s a l i n e  (TBS) pH 7 . 5 .  We l l s  we r e  I n c u b a t e d  w i t h  

c u l t u r e  s u p e r n a t a n t s  f o r  two h o u r s  a t  3 7 ° C ,  was he d  t h r e e  

t i m e s  w i t h  TBS c o n t a i n i n g  e i t h e r  .5% Tween 20 ( p u r i f i e d *  

a n t i g e n s )  o r  .05% Tween 20 (Whole c o a t e d  v e s i c l e s ) .  W e l l s  

wer e  i n c u b a t e d  w i t h  g o a t  a n t i - m o u s e  I gG/ IgM c o n j u g a t e s  t o  

a l k a l i n e  p h o s p h a t a s e  ( B o e h r i n g e r )  f o r  one  h o u r  a t  3 7 ° C ,  

washed  t h r e e  t i m e s ,  t h e n  i n c u b a t e d  f o r  o ne  h o u r  a t  37°C 

w i t h  p a r a - n i t r o p h e n y l . Ab s o r b a n c e  ( 405  nm) was q u a n t i t a t e d  

w i t h  a T i t e r t e k  M u l t i s k a n  m i c r o e l i s a  r e a d e r .

P o s i t i v e  h y b r i d o ma s  were  s u b c l o n e d  by l i m i t i n g  

d i l u t i o n .  A s c i t e s  f l u i d  was g e n e r a t e d  i n  p r l s t a n e  

( A l d r i c h )  p r i me d  Ba l b / C m i c e .  A n t i b o d i e s  we r e  p u r i f i e d  

f rom a s c i t e s  f l u i d  by h y d r o x y a p a t i t e  h i g h  p r e s s u r e  l i q u i d  

c h r o m a t o g r a p h y  ( B i o R a d ) .  A n t i b o d i e s  we r e  c o u p l e d  t o  

c y a n o g e n  b r o mi d e  a c t i v a t e d  S e p h a o s e  4B a s  d e s c r i b e d  by t h e
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m a n u f a c t u r e r  ( P h a r m a c i a ) .  Monoc l ona l  a n t i b o d i e s  w e r e  

s u b t y p e d  I m m u n o c h e m l c a l l y :

I gG1:  C-4E5 ( k ) ,  C-10B2 ( k ) .  C-6C1 ( 1 ) ,  C-7H12 ( 1 )

S - 8 G8 ( k ) ,  S-6G7 ( k)

IgM; 2D9 ( k ) ,  S-11D9 ( k ) ,  A-7C11 ( k ) ,  T-2H9 ( k )  

l gG2b:  S-10C7 (k)

Mo noc l ona l  a n t i b o d y  CVC-1 ( K i r c h h a u s e n  e t  a l  . ,  1 9 8 3 )  was 

a c q u i r e d  f rom t h e  Ame r i c a n  Type C u l t u r e  C o l l e c t i o n  ( TI B 

1 3 5 ) .

Sa ndwi c h  ELISAs:  H i g h - p r e s s u r e  l i q u i d  c h r o m a t o g r a p h y

p u r i f i e d  mAbs wer e  c r o s s - l i n k e d  t o  a l k a l i n e  p h o s p h a t a s e  i n  

t h e  f o l l o w i n g  m a n n e r .  A n t i b o d y  and a l k a l i n e  p h o s p h a t a s e  

( b o v i n e  i n t e s t i n a l  mucosa  TSi gma] )  were  c o m b i n e d  i n  

p h o s p h a t e - b u f f e r e d  s a l i n e ,  pH 7 . 4 ,  a t  0 . 5  mg/ml  e a c h .  The 

m i x t u r e  was p l a c e d  i n  a d i a l y s i s  bag and d i a l y z e d  a g a i n s t  a 

5 0 0 - f o l d  e x c e s s  vol ume o f  p h o s p h a t e - b u f f e r e d  s a l i n e  

c o n t a i n i n g  0.04% g l u t a r a l d e h y d e . A f t e r  e i g h t  h o u r s  a t  4 ° C ,  

t h e  bag was moved t o  1 , 0 0 0 - f o l d  e x c e s s  v o l u me  p h o s p h a t e -  

b u f f e r e d  s a l i n e  w i t h o u t  g l u t a r a l d e h y d e  and d i a l y z e d  

o v e r n i g h t  a t  4°C.  Sampl e s  wer e  run t h r o u g h  a B i o - G e l  P- 200  

col umn e q u i l i b r a t e d  w i t h  p h o s p h a t e - b u f f  r e e d  s a l i n e  

c o n t a i n i n g  0.1% BSA. Column f r a c t i o n s  w e r e  a s s a y e d  

d i r e c t l y  by ELISA f o r  CAP b i n d i n g  and enzyme a c t i v i t y .

P o l y v i n y l  c h l o r i d e ,  9 6 - w e l l  p l a t e s  we r e  i n c u b a t e d



-73

o v e r n i g h t  a t  4°C w i t h  50 ug/ ml  p u r i f i e d  mAb 1n 5 mM T r l s ,  

pH 7 . 0 .  P l a t e s  wer e  I n c u b a t e d  t h e  n e x t  d a y  f o r  o n e  h o u r  a t  

room t e m p e r a t u r e  w i t h  TBS c o n t a i n i n g  0.5% Tween 20 (TBS-  

Tween)  and I n c u b a t e d  o v e r n i g h t  a t  4°C w i t h  25 u g / m l  CAPs 1n 

TBS-Tween.  The n e x t  day t h e  p l a t e s  were  wa s h e d  t w i c e  w i t h  

TBS-Tween and i n c u b a t e d  two h o u r s  a t  37°C w i t h  5 ug/ ml  

a l k a l i n e  p h o s p h a t a s e - c o n j u g a t e d  mAbs In 1% BSA i n  TBS.  The 

p l a t e s  were  washed t w i c e  w i t h  TBS-Tween and o n c e  w i t h  

d i s t i l l e d  H20 .  R e a c t i o n s  wer e  d e v e l o p e d  w i t h  

p a r a n i t r o p h e n y l  p h o s p h a t e  ( S i gma)  i n  100 mM g l y c i n e ,  1 mM 

MgCl2 , 1 mM ZnCl 2 , pH 1 0 . 4 .  C o l o r  d e v e l o p m e n t  was  

q u a n t i t a t e d  w i t h  a t i t e r t e k  m u l t i s k a n  m i c r o e l i s a  r e a d e r  s e t  

a t  405 nm.

I m m u n o p r e c i p i t a t i o n  o f  CAPs:  CAPs and p h o s p h o r y l  a t e d

CAPs were  i n c u b a t e d  w i t h  S e p h a r o s e  4 B - c o u p l e d  mAbs i n  

HEPES,  pH 7 . 0 ,  c o n t a i n i n g  1% BSA, 100 mM s o d i u m  c h l o r i d e  

and .01% s odi um a z i d e .  A t y p i c a l  e x p e r i m e n t  c o n s i s t e d  o f  

. 0 5  ml o f  5% S e p h a r o s e  4B i n c u b a t e d  w i t h  e i t h e r  1 0 0  ug o f  

u n l a b e l e d  CAPs o r  10® cpm o f  r a d i o i o d i n a t e d  CAPs .  A f t e r  

i n c u b a t i n g  o v e r n i g h t  a t  4°C w i t h  a g i t a t i o n ,  t h e  b e a d s  w e r e  

p e l l e t e d  b r i e f l y  i n  a Br i nkman  3200 c e n t r i f u g e ,  w a s h e d  

t h r e e  t i m e s  w i t h  0 . 5  ml o f  20 mM HEPES, pH 7 . 0 ,  1% BSA, 

t h e n  t w i c e  w i t h  0 . 5  ml of  20 mM HEPES, pH 7 . 0 ,  c o n t a i n i n g  

100 mM sodi um c h l o r i d e .  Sampl e s  wer e  d i s s o c i a t e d  in
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Laemml1 s a mp l e  b u f f e r  (0.1% SDS,  50 mM T r t s  pH 6 . 5 ,  100 mM 

d i t h l o t h r e i t o l , 10% g l y c e r o l )  and c o u n t e d .

Gel  E l e c t r o p h o r e s i s  and  I m m u n o b l o t t i n g :  Sodi um

d o d e c y l  s u l f a t e - P A G E  was p e r f o r m e d  a s  d e s c r i b e d  by Laemml 1 

( 1 9 7 2 ) .  T w o - d i me n s i o n a l  ge 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  

as  d e s c r i b e d  by O ' F a r r e l l  e t  a l  . ( 1 9 7 5 ) .  Ge l s  we r e  s t a i n e d  

w i t h  Co o ma s s i e  b r i l l i a n t  b l u e  a n d / o r  d r i e d  and 

a u t o r a d i o g r a p h e d  u s i n g  a Cr onex  l i g h t e n i n g  p l u s  

i n t e n s i f y i n g  s c r e e n  ( Du p o n t )  and Cr onex  X - r a y  f i l m  

( D u p o n t ) .

P r o t e i n s  were  t r a n s f e r r e d  t o  n i t r o c e l l u l o s e  ( B i o Ra d )  

e l e c t r o p h o r e t i c a l l y  u s i n g  a BioRad t r a n s f e r  a p p a r a t u s  and 

t h e  p r o c e d u r e  d e s c r i b e d  by t h e  m a n u f a c t u r e r .

N i t r o c e l l u l o s e  f i l t e r s  were  f i x e d ,  t h e n  s a t u r a t e d  w i t h  0.1% 

BSA and 0. 05% Tween 20 in  TBS,  pH 7 . 5 .  F i l t e r s  Were 

i n c u b a t e d  a t  4°C o v e r n i g h t  w i t h  p r i m a r y  a n t i b o d i e s  

s u s p e n d e d  i n  TBS, pH 7 . 5 ,  c o n t a i n i n g  0.1% BSA a n d  0. 05% 

Tween 2 0 .  F i l t e r s  were  washed t h r e e  t i m e s  w i t h  TBS 

c o n t a i n i n g  0.05% Tween,  t h e n  I n c u b a t e d  one  h o u r  a t  4°C w i t h  

p e r o x i d a s e - c o n j u g a t e d  g o a t  a n t i - m o u s e  I gG/ IgM ( B o e h r i n g e r )  

d i l u t e d  i n  TBS c o n t a i n i n g  0.1% BSA and 0 . 05% Tween 2 0 .

A f t e r  t h r e e  was hes  w i t h  TBS c o n t a i n i n g  0 . 05% Tween 20 and 

one wash w i t h  20 mM T r i s ,  ,5M s od i um c h l o r i d e  pH 7 . 5 ,  

r e a c t i v e  b a n d s  wer e  v i s u a l i z e d  w i t h  4 - c h l o r o - l - n a p t h o l
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( Bi o Ra d )  and 0. 015% h y d r o g e n  p e r o x i d e .

I m n u n o p r e c i p l t a t i o n  o f  CCVs: U n l a b e l l e d  o r

r a d i o i o d l n a t e d  CCVs wer e  I n c u b a t e d  w i t h  S e p h a r o s e  4B-

c o u p l e d  m o n o c l o n a l  a n t i b o d i e s  i n  HEPES,  pH 7 . 0 ,  c o n t a i n i n g

1% BSA, 100 mM s od i um c h l o r i d e  and .01% s o d i u m  a z l d e .  A

t y p i c a l  e x p e r i m e n t  c o n s i s t e d  o f  . 05  ml o f  5% S e p h a r o s e  4B

i n c u b a t e d  w i t h  e i t h e r  100 ug o f  u n l a b e l e d  CCVs o r  10® cpm

of  r a d i o l o d i n a t e d  v e s i c l e s .  A f t e r  i n c u b a t i n g  o v e r n i g h t  a t

4°C w i t h  a g i t a t i o n ,  t h e  b e a d s  we r e  p e l l e t e d  b r i e f l y  i n  a

Br i nkman 3200 c e n t r i f u g e ,  washed t h r e e  t i m e s  w i t h  0 . 5  ml o f

20 mM HEPES,  pH 7 . 0 ,  1% BSA, t h e n  t w i c e  w i t h  0 . 5  ml o f  20
•a*

mM HEPES, pH 7 . 0 ,  c o n t a i n i n g  100 mM s o d i u m  c h l o r i d e .

Sampl es  wer e  d i s s o c i a t e d  i n  0.1% SDS,  50 mM T r i s  pH 6 . 5 ,

100 mM d i t h i o t h r e i t o l  , 10% g l y c e r o l .  P e r c e n t  t o t a l  

v e s i c l e s  p r e c i p i t a t e d  was c a l c u l a t e d  i n d i r e c t l y  f rom t h e  

amount  of  180 kD p r o t e i n  r e m a i n i n g  i n  t h e  f i r s t  s u p e r n a t a n t  

as  d e t e r m i n e d  by SDS-PAGE. A t o t a l  c l a t h r i n - c o a t e d  v e s i c l e  

p r e c i p i t a t e  as  c a l c u l a t e d  by t h i s  me t hod  r e s u l t e d  i n  

r e c o v e r y  o f  30-40% o f  t h e  t o t a l  c o u n t s .  T h i s  1s p r o b a b l y  

due t o  l o s s e s  d u r i n g  w a s h i n g .

I m m u n o f l u o r e s c e n c e  A n a l y s i s :  C e l l s  we r e  c u l t u r e d

e i t h e r  d i r e c t l y  on g l a s s  c o v e r s l i p s  o r  on c o v e r s l i p s  c o a t e d  

w i t h  r a t  t a i l  c o l l a g e n  as  d e s c r i b e d  ( G r e e n e  and T i s c h l e r ,
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1 9 7 6 ) .  C e l l s  wer e  f i x e d  w i t h  f r e s h l y  p r e p a r e d  3. 75% 

p a r a f o r m a l d e h y d e  i n  p h o s p h a t e  b u f f e r e d  s a l i n e  (PBS)  f o r  15 

m i n u t e s  a t  room t e m p e r a t u r e ,  t h e n  t r e a t e d  w i t h  .1% T r i t o n  

X-100 in PBS f o r  5 m i n u t e s .  C e l l s  we r e  I n c u b a t e d  w i t h  

a s c i t e s  f l u i d  d i l u t e d  1 : 500  in PBS c o n t a i n i n g  1% BSA o r  In 

u n d i l u t e d  c u l t u r e  s u p e r n a t a n t  f o r  45 m i n u t e s  a t  37 °C w i t h  

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

IgG/IgM ( B o e h r i n g e r )  d i l u t e d  1 : 1 0 0  i n  PBS c o n t a i n i n g  1%

BSA. C e l l s  we r e  washed and mount ed in  F l u o r omi oun t  

( S o u t h e r n  B i o t e c h n o l o g y  A s s o c i a t e s ) .  S l i d e s  w e r e  v i e we d  

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

e m e r s i o n  63x l e n s .  S e c t i o n s  of  human h e a r t  ( a u t o p s y  

m a t e r i a l )  wer e  p r o c e s s e d  as  d e s c r i b e d  (Bl oom a n d  P u s h k i n ,  

1 9 8 3 ) ,  u s i n g  mAb S-11D9.

V I I .  C u l t u r i n g  and D i f f e r e n t i a t i o n  o f  C e l l s .

C e l l  C u l t u r e :  MDBK c e l l s  were  o b t a i n e d  f r o m  Dr .  P e t e r

P a l e s e  ( D e p a r t m e n t  of  M i c r o b i o l o g y ,  Mount  S i n a i  S c h o o l  o f  

M e d i c i n e ) .  N e u r o b l a s t o m a  (SH-SY5Y) c e l l s  w e r e  o b t a i n e d  

f rom Dr .  S.  Be r l  ( D e p a r t m e n t  of  N e u r o l o g y ,  Mount  S i n a i  

\  School  o f  M e d i c i n e ) .  SH-SY5Y c e l l s  w e r e  c a r r i e d  i n  RPMI 

c o n t a n i n g  20% f e t a l  b o v i n e  s e r u m,  1 mM 1 - g l u t a m l n e , 1 mM 

sod i um p y r u v a t e ,  p e n i c i l l i n ,  s t r e p t o m y c i n ,  a nd  

g e n t a m y c i n .  MDBK c e l l s  were  c u l t u r e d  on g l a s s  c o v e r s l i p s
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In D u l b e c c o ' s  M o d i f i e d  E a g l e ' s  medium (DMEM) s u p p l e m e n t e d  

w i t h  10% CLEX ( D e x t r a n ) ,  ImM L - g l u t a m i n e ,  . 1  mM s o d i u m  

p y r u v a t e ,  p e n i c i l l i n ,  s t r e p t o m y c i n  and g e n t a m y c l n .  Human 

c a r d i a c  m y o b l a s t  (HCM) c e l l s  wer e  c u l t u r e d  on g l a s s  

c o v e r s l i p s  In DMEM s u p p l e m e n t e d  w i t h  20% f e t a l  b o v i n e  

s e r u m,  ,5% c h i c k  embryo e x t r a c t  ( G i b c o ) ,  ImM L - g l u t a m i n e ,  

ImM s odi um p y r u v a t e ,  .1 mM MEM n o n - e s s e n t i a l  a mi n o  a c i d s  

and MEM v i t a m i n s .  SH-SY5Y c e l l s  wer e  c o - c u l t u r e d  a t  a 5 : 1  

r a t i o  w i t h  HCM c e l l s  i n  m y o b l a s t  medi um.  A l l  h y b r i d o m a  

c e l l s  were  c a r r i e d  i n  RPMI c o n t a i n i n g  15% f e t a l  b o v i n e  

s e r u m,  ImM L - g l u t a m 1 n e ,  1 mM s odi um p y r u v a t e ,  . 1  mM MEM 

n o n - e s s e n t i a l  ami no a c i d s ,  MEM v i t a m i n s ,  15 uig/ml 

h y p o x a n t h l n e , 7 . 6  ug/ml  t h y m i d i n e .  HL60 c e l l  s wer e  grown 

in RPMI c o n t a i n i n g  20% f e t a l  b o v i n e  s e r u m ,  1 im.-Y L - g u t a m i n e ,  

1 mM s odi um p y r u v a t e  and .1 mM n o n - e s s e n t i a l  a mi n o  a c i d s .

To d i f f e r e n t i a t e  HL60 c e l l s ,  s e rum was r e d u c e d  t o  10% and 

DMSO was added t o  1.5%.  Medium was c h a n g e d  d a l l y  d u r i n g  

d i f f e r e n t i a t i o n .

C2 mouse  m y o b l a s t s  ( Bl au  e t  al  , 1 9 8 3 ;  CgM we r e  

o b t a i n e d  f rom Dr .  Edward J o h n s o n ,  Mt .  S i n a i  S c h o o l  o f  

Me d i c i n e )  wer e  c u l t u r e d  i n  t h e  same medi um a s  t h e  human 

c a r d i a c  m y o b l a s t s .  To d i f f e r e n t i a t e  CgM c e l l s ,  t h e  medium 

was c hanged  t o  DMEM c o n t a i n i n g  4% c l a r i f i e d  h o r s e  s e r u m ,  1 

mM L - g l u t a m i n e ,  1 mM s odi um p y r u v a t e ,  15 u g / ml  

h y p o x a n t h i  n e , and . 5  mM n o n - e s s e n t i a l  a mi n o  a d d s .
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PC12 c e l l s  wer e  a d a p t e d  t o  c u l t u r e  i n  RPMI c o n t a i n i n g  

20% f e t a l  s e r u m,  1 mM L - g l u t a m i n e ,  1 mM s o d i u m  p y r u v a t e ,  

and  . 1 mM n o n - e s s e n t i a l  ami no a c i d s .  To d i f f e r e n t i a t e  PC12 

c e l l s ,  50 ng/ ml  n e r v e  g r o wt h  f a c t o r  was a d d e d  e v e r y  2 

d a y s .  Medium was c h a n g e d  e v e r y  4 days  d u r i n g  

d i f f e r e n t i a t i o n .  For  i m m u n o f l u o r e s c e n c e ,  PC12 c e l l s  we r e  

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

( G r e e n e  and T l s c h l e r ,  1 9 7 6 ) .

V I I I .  S u b c e l l u l a r  F r a c t i o n a t i o n .

P r e p a r a t i o n  o f  CCVs,  CAPs,  S y n a p t i c  V e s i c l e s ,  G o l g i  

f r a c t i o n s  and S y n a p t i c  P l a s ma  Membr anes :  Bo v i n e  b r a i n

c o a t e d  v e s i c l e s  wer e  p r e p a r e d  by a m o d i f i c a t i o n  o f  a me t h o d  

d e s c r i b e d  r e c e n t l y  by Schook and P u s z k i n  ( 1 9 8 5 ) .  B r a i n s  

we r e  o b t a i n e d  f i v e  h o u r s  o r  l e s s  a f t e r  s l a u g h t e r i n g .  The 

m e n i n g e s  were  r emoved and t h e  g r a y  m a t t e r  was e x c i s e d  by 

a s p i r a t i o n .  Gray m a t t e r  was s u s p e n d e d  i n  100 mM 

m o r p h o l i n o e t h a n e s u l f o n i c  a c i d  b u f f e r  (MES) pH 6 . 5  

c o n t a i n i n g  1 mM e t h y l e n e  g l y c o l - b i s - ( b e t a - a m i n o  e t h y l  

e t h e r )  N, N ' - t e t r a a c e t i c  a c i d ,  0 . 5  mM MgCl g.  0 . 02% s o d i u m  

a z i d e ,  0 . 3  mM p h eny l  m e t h y l s u l f o n y l  f l u o r i d e ,  1 mM 

b e n z a i d i n e ,  0 . 0 0 5  mM l e u p e p t i n ,  and 2 ug / ml  s o y b e a n  t r y p s i n  

I n h i b i t o r .  A f t e r  h o m o g e n i z a t i o n  i n  a Wa r i n g  b l e n d o r ,  t h e  

s u s p e n s i o n  was spun 15 m i n u t e s  (4°C)  a t  1 7 , 0 0 0  rpm I n  a SS-
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34 r o t o r  ( S o r v a l l ) .  The s u p e r n a t a n t  was r e c o v e r e d  and s p u n  

f o r  one h o u r  ( 4° C)  a t  2 4 , 0 0 0  rpm i n  a t y p e  30 r o t o r  

( S o r v a l l ) .  The p e l l e t  was r e s u s p e n d e d  i n  MES b u f f e r  and

mi xed  w i t h  an e q u a l  vol ume o f  12.5% F i c o l l  and  12 . 5%

s u c r o s e  In MES b u f f e r ,  and s pun  a t  4 0 , 0 0 0  x g f o r  one

h o u r .  The s u p e r n a t a n t  was r e c o v e r e d  and d i l u t e d  f i v e  t i m e s

i n  MES b u f f e r .  The v e s i c l e  f r a c t i o n  was r e c o v e r e d  f r o m 

t h i s  s o l u t i o n  as  a p e l l e t  a f t e r  c e n t r i f u g a t i o n  i n  a t i 4 5 

r o t o r  (Beckman)  a t  3 3 , 0 0 0  rpm f o r  one h o u r .  The p e l l e t  was 

s u s p e n d e d  i n  MES b u f f e r  and r un t w i c e  o v e r  a S - 1 0 0 0  

( P h a r m a c i a )  c o l u mn .  P r o t e i n  p e a k s  were  m o n i t o r e d  by

a b s o r b a n c e  a t  280 nm. T h i s  p r o c e d u r e  y i e l d s  a p p r o x i m a t e l y
. . .  *'».

10 mg o f  p u r i f i e d  c o a t e d  v e s i c l e s  p e r  500 gr ams  s t a r t i n g  

m a t e r i a l .

E n r i c h e d  s y n a p t i c  v e s i c l e s  were  p r e p a r e d  f r o m  b o v i n e  

b r a i n  g r a y  m a t t e r  as  d e s c r i b e d  by De Lor e nz o  a nd  F r e e d m a n  

( 1 9 7 8 ) ,  o r  Z i s a p e l  and Z u r g i l  ( 1 9 7 9 ) .  Bo t h  p r o c e d u r e s  

y i e l d e d  s y n a p t i c  v e s i c l e s  c o n t a i n i n g  a 44 kD p o l y p e p t i d e  

r e a c t i v e  w i t h  S- 11D9.  S y n a p t i c  p l a s ma  me mb r a n e s  we r e  

p r e p a r e d  f rom r a t  and b o v i n e  c e r e b r a  as  d e s c r i b e d  by J o n e s  

and  Matus  ( 1 9 7 4 ) .  Go l g i  f r a c t i o n s  we r e  p r e p a r e d  a s  

d e s c r i b e d  by B l a n c h  e t  a l .  ( 1 9 8 4 ) .  En z y me  p r o f i l e s  o f  

s y n a p t i c  v e s i c l e s ,  s y n a p t i c  p l a s ma  me m b r a n e s ,  G o l g i  

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

( S i l v a  e t  al  , 1 9 8 6 ) .  C u l t u r e d  c e l l  h o m o g e n a t e s  we r e
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p r o d u c e d  by wa s h i n g  c e l l s  t w i c e  w i t h  TBS,  t h e n  t r e a t i n g  t h e  

a d h e r e n t  c e l l s  d i r e c t l y  on t h e  p l a t e s  w i t h  SO mM T r l s  pH 

6 . 5 ,  1% SDS,  100 mM d i t h 1 o t h r e l t o l , 20* g l y c e r o l ,  0. 25% 

p h e n o l  r e d ,  0 . 3  mM p h e n y m e t h l y s u l f o n y l  f l u o r i d e .  The 

e x t r a c t s  wer e  Immersed i n  b o i l i n g  w a t e r  f o r  t e n  m i n u t e s  

p r i o r  t o  ge l  e l e c t r o p h o r e s 1s .

E x t r a c t i o n  and P u r i f i c a t i o n  o f  C l a t h r i n  and NPX85:

C l a t h r i n  was e x t r a c t e d  f rom p u r i f i e d  b o v i n e  CCVs by e i t h e r  

0.5M T r l s  o r  2M U r e a .  Membranes  wer e  r emoved by 

c e n t r i f u g a t i o n  a t  1 00 ,00 0  xg f o r  1 h o u r ,  and t h e  c l a t h r i n  

i n  s o l u t i o n  was c o n c e t r a t e d  e i t h e r  by ammonium s u l f a t e  

p r e c i p i t a t i o n  o r  by Amicon " C e n t r i c o n "  d i a l y s i s .  C l a t h r i n  

was f u r t h e r  p u r i f i e d  by S e p h a r o s e  4B c h r o m a t o g r a p h y .  Two 

c y c l e s  o f  a s s e m b l y / d i s a s s e m b l y  were  us ed  t o  f u r t h e r  p u r i f y  

c l a t h r i n .

NP185 was e x t r a c t e d  f rom CCVs o r  SVs by t h e  a d d i t i o n  

o f  a 5M NaCl s o l u t i o n  t o  0.9M f i n a l  c o n c e n t r a t i o n .  CCVs 

and SVs wer e  i n c u b a t e d  i n  h i g h  s a l t  f o r  10 m i n u t e s ,  t h e n  

s pun  a t  1 0 0 , 0 0 0  xg t o  remove memb r a n e s .  NP185 was 

i m m u n o p r e c i p i t a t e d  s i m i l a r l y  t o  CAPs ( s e e  a b o v e ) .

IX.  B i o c h e m i c a l  Me t h o d s .

C h y m o t r y p t i c  D i g e s t s :  C h y m o t r y p s i n  was d i s s o l v e d
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f i r s t  i n  50 mM T r i s ,  10 mM Mg C^ *  pH 7 . 5 ,  a t  1 m g / m l ,  t h e n  

d i l u t e d  t o  1 . 7  ug/ ml  i n  a 1 mg/mi  c l a t h r i n - c o a t e d  v e s i c l e s  

(CCV) p r e p a r a t i o n  i n  100 mM m o r p h o l 1n o e t h a n e s u l f o n i c  a c i d  

b u f f e r ,  pH 6 . 5 .  D i g e s t i o n s  we r e  p e r f o r m e d  f o r  30 s e c o n d s  

t o  one  h o u r  a t  room t e m p e r a t u r e  b e f o r e  b e i n g  s t o p p e d  w i t h  1 

mM p h e n y l  m e t h y l s u l f o n y l  f l u o r i d e .  Sampl es  we r e  t h e n  s p u n  

a t  1 0 0 ,0 0 0  xg i n  an a l r f u g e  and p e l l e t s  and s u p e r n a t a n t s  

wer e  d i s s o l v e d  In Laemmli  s a m p l e  b u f f e r .

R a d l o l o d i n a t i o n  o f  CAPs:  CAPs wer e  r a d i o i o d i n a t e d

u s i n g  1a c t o p e r o x i d a s e / g l u c o s e - c o u p l e d  b e a d s  a s  d e s c r i b e d  

( B i o R a d ) .  P r i o r  t o  r a d i o i o d i n a t i o n , CCVs and CAPs w e r e  

e x h a u s t i v e l y  d l a l y z e d  a g a i n s t  pH 6 . 5  p h o s p h a t e  b u f f e r .  

S u b s e q u e n t  t o  r a d i o i o d 1 n a t i  o n , CAPs we r e  r e s u s p e n d e d  i n  20 

mM HEPES ( S i g m a ) ,  pH 7 . 0 ,  1% BSA, 100 mM s o d i u m  c h l o r i d e ,  

.01% s o d i u m a z i d e ,  and p u r i f i e d  t w i c e  by G-50 c o l umn  

c h r o m a t o g r a p h y .

P h o s p h o r y l a t i o n  o f  CAPs:  P h o s p h o r y l a t i o n  o f  CCVs was

c o n d u c t e d  i n  100 mM T r i s ,  10 mM MgClg,  100 mM 

m o r p h o l 1 n o e t h a n e s u l f o n l c  a c i d ,  pH 7 . 5  R e a c t i o n  m i x t u r e s  

( 0 . 1  ml )  c o n t a i n e d  0 . 1  mg o f  CCVs,  0 . 0 2  mM ATP and 0 . 0 0 1  

mCl gamma [ ^ P ] - l a b e l e d  ATP. Some s a m p l e s  we r e  

s u p p l e m e n t e d  by 0 . 0 1  mg/ml p o l y - L - l y s i n e  (14 kD C S I g m a ] ) .  

I n c u b a t i o n s  wer e  p e r f o r me d  f o r  10 m i n u t e s  a t  room
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t e m p e r a t u r e .  Sa mpl e s  were  h e a t e d  a t  100°C f o r  5 m i n u t e s  

and spun a t  100 ,000  x g f o r  one h o u r  p r i o r  t o  

1mmunoprec1p 1t a t l o n .

R a d i o l o d i n a t i o n  o f  CCVs: Coa t ed  v e s i c l e s  w e r e

r a d l o i o d i n a t e d  u s i n g  1a c t o p e r o x l d a s e / g l u c o s e  o x i d a s e -  

c o u p l e d  be a d s  ( Bi o Ra d )  as  d e s c r i b e d  by t h e  m a n u f a c t u r e r .  

P r i o r  t o  r a d i o i o d i n a t i o n , CCVs were  e x h a u s t i v e l y  d l a l y z e d  

a g a i n s t  pH 6 . 5  p h o s p h a t e  b u f f e r .  S u b s e q u e n t  t o  

r a d i o i o d i n a t i o n , CCVs wer e  r e s u s p e n d e d  i n  20 mM HEPES 

( S i g m a ) ,  pH 7 . 0 ,  1% BSA, 100 mM s od i um c h l o r i d e ,  .01% 

sodi um a z i d e ,  and p u r i f i e d  t w i c e  by S e p h a r o s e  4B co l umn 

c h r o m a t o g r a p h y . S p e c i f i c  a c t i v i t y  o f  CCVs r a d l o i o d i n a t e d
o  q

i n  t h i s  manner  was 1 0 - 1 0  cpm/ ug .

In v i t r o  T r a n s l a t i o n  and P u l s e  Chase  E x p e r i m e n t s :

R a b b i t  r e t i c u l o c y t e  l y s a t e s  were  p r e p a r e d  a s  d e s c r i b e d  by 

M a n i a t i s  e t  a l . ( 1 9 8 2 ) ,  e x c e p t  f o r  t h e  a d d i t i o n  o f  25 ug/ ml  

y e a s t  t r a n s f e r  RNA. R e a c t i o n  c o c k t a i l  was p r e p a r e d  a s  

d e s c r i b e d ,  and t h e  t r a n s l a t i o n  r e a c t i o n s  we r e  c o n d u c t e d  as  

d e s c r i b e d  ( M a n i a t i s  e t  a l . ,  1 9 8 2 ) ,  w i t h  t h e  c o -  

t r a n s l a t i o n a l  o r  p o s t - t r a n s l a t i o n a l  a d d i t i o n  o f  c a n i n e  

mi c r o s o ma l  membranes  as  d e s c r i b e d  by t h e  m a n u f a c t u r e r  

( Amer s ham) .  T o t a l  c e l l u l a r  RNA was i s o l a t e d  by t h e  

g u a n i d i n i u m  i s o t h i o c y a n a t e - c e s 1 urn c h l o r i d e  m e t h o d ;  mRNA was 

i s o l a t e d  by two p a s s e s  o v e r  an o l i g o - d T  c e l l u l o s e  co l umn
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( a l l  p e r f o r m e d  as  d e s c r i b e d  by M a n i a t i s  e t  a l  . ,  1 9 8 2 ,  a n d  

r e f e r e n c e s  w i t h i n ) .

T r a n s l a t i o n  r e a c t i o n  p r o d u c t s  wer e  I m m u n o p r e c l p i t a t e d  

a f t e r  1 : 3  d i l u t i o n  I n t o  LB b u f f e r  [ . 25% T r i t o n  X - 1 0 0 ,  50 mM 

HEPES ( 4 - ( 2 - h y d r o x y e t h y l ) - 1 - p i p e r a z l n e e t h a n e s u l f o n l c  a c i d ) ,  

5 mM EGTA [ e t h y l e n e b i s ( o x y e t h y l e n e n i t r i T o ) ] t e t r a a c e t 1 c  a c i d  

pH 7 . 2 . ]  Monoc l ona l  a n t i b o d y  S-11D9 was  a d d e d  ( 20  u g / m l ) 

and I n c u b a t e d  o v e r n i g h t  a t  4 d e g r e e s  C.  R a b b i t  a n t i - m o u s e  

IgM ( B o e h r i n g e r )  c o v a l e n t l y  c o u p l e d  t o  S e p h a r o s e  was t h e n  

a d d e d ,  and I n c u b a t e d  w i t h  a g i t a t i o n  a t  4  d e g r e e s  C f o r  8 

h o u r s .  The b e a d s  were  spun o u t  and wa s h e d  t h r e e  t i m e s  i n  

d i l u t i o n  b u f f e r .  High s a l t  b u f f e r s  we r e  o m i t t e d  a s  t h e y  

t e n d e d  t o  i n h i b i t  b i n d i n g  by t h i s  mAb. S a m p l e s  we r e  t h e n  

d i s s o c i a t e d  by b o i l i n g  i n  Laemmli  s a m p l e  b u f f e r  [ 1 0 0  mM 

T r i s ,  2.0% SDS ( s o d i u m  d o d e c y l  s u l f a t e ) ,  20% g l y c e r o l ,  0. 2% 

phe no l  r e d ,  100 mM d i t h i o t h r e i t a l ) ,  r e s o l v e d  by S0S-PA6E,  

and a u t o f 1u o r o g r a p h e d  w i t h  EnHance (New E n g l a n d  N u c l e a r ) .

P u l s e  c h a s e  e x p e r m e n t s  were  p e r f o r m e d  w i t h  day  7 n e r v e  

g r o wt h  f a c t o r - d i f f e r e n t i a t e d  PC12 c e l l s .  C e l l s  wer e  

I n c u b a t e d  In m e t h i o n i n e - f r e e  medium f a r  15 m i n u t e s ,  t h e n  

p u l s e d  w i t h  . 25  mCi /ml  35S - m e t h i o n 1 n e  f a r  15 m i n u t e s .  The 

l a b e l  was c h a s e d  by t h e  a d d i t i o n  o f  c o l d  m e t h i o n i n e  t o  a 

c o n c e n t r a t i o n  o f  1 mM. At v a r i o u s  t i m e s  d u r i n g  t h e  c h a s e ,  

c e l l s  were  l y s e d  w i t h  LB b u f f e r ,  c e n t r i f u g e d  f o r  15 m i n u t e s  

a t  2 0 , 0 0 0  x g ,  and 1m m u n o p r e c i p i t a t e d  w i t h  mAb S-11D9



-84

a c c o r d i n g  t o  t h e  a bove  p r o t o c o l .

C e l l  S u r f a c e  R a d i o i o d i n a t i o n : HL60 c e l l s  w e r e  wa s h e d

t h r e e  t i m e s  wi t h  p h o s p h a t e  b u f f e r e d  s a l i n e  (PBS:  lOOmM 

s o d i u m m o n o p h o s p h a t e / d i p h o s p h a t e ,  .9M s od i um c h l o r i d e ,  1 mM 

ma gnes i um c h l o r i d e  pH 7 . 4 ) .  C e l l s  were  r a d l o i o d i n a t e d  by 

Enzymobeads  ( P h a r m i c l a :  1a c t o p e r o x i d a s e / g l u c o s e  o x i d a s e  

c o u p l e d  t o  S e p h a r o s e  4B) i n  PBS w i t h o u t  ma g n e s i u m 

c h l o r i d e .  A f t e r  t h e  r e a c t i o n  was c o m p l e t e d ,  t h e  c e l l s  we r e  

l y s e d  w i t h  LB b u f f e r  and c e n t r i f u g e d  a t  2 0 , 0 0 0  xg  f o r  15 

m i n u t e s .  S u p e r n a t a n t s  wer e  i m m u n o p r e c i p i t a t e d  w i t h  mAb S-  

11D9 as d e s c r i b e d  a b o v e .

P h o s p h o r y l a t i o n  o f  T u b u l i n :  P u r i f i e d  r a t  b r a i n

t u b u l i n  was a k i n d  g i f t  f r om Dr .  Rona l d  Li em,  D e p a r t m e n t  o f  

Pha r moc o l  o g y , New York U n i v e r s i t y .  The t u b u l i n  was  

p u r i f i e d  by t e m p e r a t u r e - d e p e n d e n t  c y c l e s  o f  p o l y m e r i z a t i o n -  

d e p o l y m e r i z a t i o n .  Endoge nous  Cac / c a l m o d u l i n - d e p e n d e n t  

k i n a s e  p h o p h o r y l a t i o n  o f  t u b u l i n  was p e r f o r m e d  by  

s u s p e n d i n g  t u b u l i n  ( a t  c o n c e n t r a t i o n s  g r e a t e r  t h a n  500 

u g / m l ) i n  10 mM PIPES [ p i p e r a z i n e - N - N 1- b i s ( 2 - e t h a n e s u l  f  o n i c  

a c i d ] ,  10 mM magnes i um c h l o r i d e ,  2 mM EGTA, pH 7 . 4 ] ,  

Ga m m a - ^ ^ P - 1 a b e l 1ed-ATP ( . 0 0 2  mCi ) was added  t o  a 20 ug 

s a mp l e  o f  t u b u l i n  a t  a . 0 2  mM f i n a l  c o n c e n t r a t i o n  o f  ATP. 

I n c u b a t i o n  were  p e r f o r m e d t  a t  room t e m p e r a t u r e  f o r  20
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m i n u t e s  and s t o p p e d  by t h e  a d d i t i o n  o f  .25M EOTA ( 1 : 1 0 ) .

A s t a n d a r d  p h o s p h o r y l a t i o n  o f  t u b u l i n  by c a s e i n  k i n a s e  

I I  was p e r f o r m e d  In a .1 ml r e a c t i o n  v o l u m e .  The r e a c t i o n  

b u f f e r  c o n s i s t s  o f  100 mM T r i s ,  10 mM ma g n e s i u m c h l o r i d e ,  

and 1 mM p o t a s s i u m  c h l o r i d e .  S t a n d a r d  r e a c t i o n  m i x t u r e s  

c o n s i s t e d  o f  . 01 mg o f  t u b u l i n ,  . 005  mg NP185 ( o r  1M s o d i u m 

c h l o r i d e  e x t r a c t  of  CCV). and . 001  mg p o l y l y s i n e .  Gamraa- 

3 2 p - l a b e l l e d  ATP ( . 0 0 2  mC1) was a d d e d  w i t h  a .02mM f i n a l  

c o n c e n t r a t i o n  o f  ATP. I n c u b a t i o n  we r e  p e r f o r m e d  a t  r oom 

t e m p e r a t u r e  f o r  20 m i n u t e s  and s t o p p e d  by t h e  a d d i t i o n  o f  

. 25M EDTA ( 1 : 1 0 ) .
O x

P h o s p h o r y l a t i o n  o f  t u b u l i n  by t h e  Ca / c a l m o d u l i n -  

d e p e n d e n t  k i n a s e  or  c a s e i n  k i n a s e  I I  was a l s o  p e r f o r m e d ^ i n  

b a t c h  f o r  t h e  c o m p e t i t i v e  b i n d i n g  a s s a y s .  In t h e s e  

I n s t a n c e s  0 . 5  mM c o l d  ATP was u s e d .

NP185- Tubu1I n  B i n d i n g  A s s a y s :  A s s a y s  w e r e  p e r f o r m e d

u s i n g  r a d l o i o d i n a t e d  t u b u l i n  as  l a b e l l e d  l i g a n d  ( 4  x 10® 

c pm/ ug  s p e c i f i c  a c t i v i t y ) .  Ca2+/ c a l m o d i r l  1 n - d e p e n d e n t  

k i n a s e  o r  c a s e i n  k i n a s e  I I  p h o s p h o r y l a t e d  t u b u l i n  w e r e  u s e d  

as  c o m p e t i n g  l i g a n d s .  B i n d i n g  r e a c t i o n s  we r e  * p e r f o r m e d  i n  

20 mM HEPES b u f f e r ,  pH 7 . 4 .  L a b e l l e d  l i g a n d  was  I n c u b a t e d  

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

S a mp l e s  we r e  i n c u b a t e d  w i t h  NP185 p r e - b o u n d  t o  m o n o c l o n a l  

a n t i b o d i e s  S - 8 G8 and S-6G7 ( wh i c h  we r e  c o u p l e d  t o  S e p h a r o s e
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4 B) .  I n c u b a t i o n s  were  p e r f o r m e d  a t  4 d e g r e e s  C f o r  20 t o  

30 m i n u t e s  ( k i n e t i c  c o n d i t i o n s )  o r  4 h o u r s  ( e q u i l i b r i u m  

c o n d i t i o n s )  w i t h  c o n s t a n t  a g i t a t i o n .  S e p h a r o s e  b e a d s  w e r e  

t h e n  p e l l e t e d  (10  s e c o n d  s p i n  a t  1 0 .0 0 0  x g ) .  wa s h e d  t w i c e  

w i t h  I c e  c o l d  HEPES b u f f e r ,  and c o u n t e d  i n  a gamma 

c o u n t e r .  Ba c k g r o u n d  b i n d i n g  was a s s e s s e d  u s i n g  S - 8G8 and 

S - 6 6 7 - c o u p l ed S e p h a r o s e  4B i n  t h e  a b s e n c e  o f  NP185 f o r  e a c h  

d i l u t i o n  o f  c o m p e t i n g  l i g a n d .  Ev e r y  d e t e r m i n a t i o n  was 

p e r f o r m e d  In  t r i p l i c a t e ,  and t h e  e x p e r i m e n t s  w e r e  r e p e a t e d  

w i t h  two d i f f e r e n t  p r e p a r a t i o n s  o f  CCV-NP185 and  SV-NP185.

In o r d e r  t o  d e t e r m i n e  t h e  s p e c i f i c  b i n d i n g  o f  t u b u l i n  

as  a f u n c t i o n  o f  NP185 c o n c e n t r a t i o n ,  a s t o c k  o f  NP185-  

c o a t e d ,  S - 8 G8 and S - 6 G 7 - c o u p l e d  S e p h a r o s e  4B was a n a l y z e d  

f o r  NP185 c o n t e n t  by SDS-PAGE, C o o ma s s i e  s t a i n i n g ,  and 

c o m p a r i s o n  w i t h  a c l a t h r i n  s t a n d a r d .  T h i s  s t o c k  was t h e n  

d i l u t e d  i n t o  s u s p e n s i o n s  o f  S - 8 G8 and S - 6 6 7 - c o u p . l  ed 

S e p h a r o s e  4B b e a d s .  B i n d i n g  a s s a y s  we r e  p e r f o r m e d  w i t h  

t h e s e  d i l u t i o n s  as  d e s c r i b e d  a b o v e .

D a t a  A n a l y s i s :  C o m p e t i t i o n  e x p e r m e n t s  w e r e  a n a l y z e d

f o r  f i t  w i t h  e i t h e r  a one s i t e  o r  two s i t e  b i n d i n g  m o d e l :

One s i t e  mo d e l :  %B = 1 0 0 / C l  + (Kd / x ) ]

TWo s i t e  mode l :  %B = %H/[1 + ( K j h / x ) ]  + '

100 -  %H/[1 + (Kd l / x ) ! l
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%B = p e r c e n t  bound l a b e l l e d  l i g a n d ;  %H * p r e c e n t  h i g h  

a f f i n i t y  s i t e s ;  Kmh = a f f i n i t y  o f  t h e  h i g h  a f f n i t y  s i t e ;  

Kfijl = a f f i n i t y  of  t h e  l ow a f f i n i t y  s i t e ;  100 -  %H « % l ow 

a f f i n i t y  s i t e s ;  X I s  t h e  v a r i a b l e  f o r  p e r c e n t a g e  b o u n d  

l i g a n d .  A b e s t  f i t  c u r v e  ( c o n s t r a i n e d  by t h e s e  f u n c t i o n s )  

was d e t e r m i n e d  by an i t e r a t i v e  n o n l i n e a r  r e g r e s s i o n  

a n a l y s i s  p r og r am a v a i l a b l e  i n  t h e  N a t i o n a l  I n s t i t u t e s  o f  

H e a l t h  P r o p h e t  S y s t e m.

\
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RESULTS

X. Immunochemi ca l  A n a l y s i s  o f  S t r u c t u r e  and  F u n c t i o n  In  

t h e  C l a t h r i n  L i g h t  C h a i n s

I n t r o d u c t i o n :  The c a g e  s t r u c t u r e  e n c l o s i n g  c l a t h r i n  

c o a t e d  v e s i c l e s  (CCVs) s e l f - a s s e m b l e s  f r o m t r i s k e l l o n s  

c ompose d  o f  t h e  t h r e e  c l a t h r i n  heavy  c h a i n  and  t h r e e  

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

a s s o c i a t e d  p r o t e i n s  o r  CAPs [ K i r c h h a u s e n  and H a r r i s o n ,

1 9 8 1 ,  and L i s a n t l  e t  a l . ,  1 9 8 2 ] ) .  The p r o d u c t i o n  o f  

m o n o c l o n a l  a n t i b o d i e s  (mAbs) r e a c t i v e  o n l y  w i t h  CAPj 

( B r o d s k y ,  1985 ,  and K i r c h h a u s e n  e t  a l . ,  1 9 8 3 )  p r o v i d e d  

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

p o l y p e p t i d e s .  In t h i s  r e p o r t ,  mAbs r e a c t i v e  w i t h  CAP2 and  

w i t h  CAPj and CAP2 a r e  p r e s e n t e d  and t h e i r  c h a r a c t e r i z a t i o n  

r e v e a l s  t h a t  d i s t i n c t  e p i t o p e s  a r e  I n v o l v e d  In m e d i a t i n g  

t h e  f u n c t i o n a l  p a r a m e t e r s  o f  CAPs.

F o u r  e p i t o p e s  o f  CAP2 : Four  u n i q u e  mAbs t o  CAP2 we r e

e v e n t u a l l y  g e n e r a t e d  f rom t h e  f u s i o n  o f  Immune B a l b / C  

s p e n o c y t e s  t o  S p 2 / 0  myeloma c e l l s .  Two o f  t h e m ,  mAbs C- 

7H12 and C-6C1,  wer e  p r o d u c e d  f rom a B a l b / C  mous e  I mmuni zed  

w i t h  CAPs i s o l a t e d  f rom CCVs by h e a t i n g  a t  100°C f o r  f i v e
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T a b l e  1. Sandwl ch ELISA of  Ant i - c a p 2 mAbs .

Co a t e d
mAb

Sol ub1e  
C-7H12

m A b - a l k a l 1ne 
C-10B2

p h o s p h a t a s e  C o n j u g a t e  
C-6C1 C-4E5

C-7H12 - ++ + ++

C-10B2 +++ - +++ +

C-6C1 + +++ - ++

C-4E5 +++ + ++ -

CAPs +++ +++ +++ +++

P u r i f i e d  mAbs were  c o a t e d  on PVC p l a t e s ,  i n c u b a t e d  

w i t h  CAPs and s u b s e q u e n t l y  i n c u b a t e d  w i t h  a l k a l i n e  tiC, 

p h o s p h a t a s e  c o n j u g a t e d  mAbs.  R e a c t i v i t y  was q u a n t i t a t e d  

c o l o r i m e t r i c a l l y  u s i n g  p a r a n i t r o p h e n y l  p h o s p h a t e .  R e s u l t s  

r e p r e s e n t  t h e  mean of  t h r e e  d a t a  p o i n t s  i n  t y p i c a l  

e x p e r i m e n t s .  The c o n c e n t r a t i o n  o f  p l a t e - b o u n d  CAPs ( l a s t  

row)  was a d j u s t e d  s t o l c h i o m e t r i c a l 1y t o  40% o f  t h e  amount  

o f  p l a t e - b o u n d  a n t i b o d y .  A c o n t r o l  v a l u e  u s i n g  an 

u n r e l a t e d  a l k a l i n e  p h o s p h a t a s e  c o n j u g a t e d  I gGl  m u r i n e  mAb 

was d e t e r m i n e d  f o r  each  r ow,  and s u b t r a c t e d  t o  g i v e  t h e  

r e p o r t e d  r e u l t s :

+++ 66%-100% of  a b s o r b a n c e  u s i n g  PVC p l a t e - b o u n d  CAPs.

++ 65%-32% of  a b s o r b a n c e  u s i n g  PVC p l a t e - b o u n d  CAPs.

+ 10%-32% o f  a b s o r b a n c e  u s i n g  PVC p l a t e - b o u n d  CAPs.

<10% o f  a b s o r b a n c e  u s i n g  PVC p l a t e - b o u n d  CAPs.
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m i n u t e s  w h i l e  mAbs C-10B2 and C-4E5 we r e  p r o d u c e d  f rom a 

mouse Immuni zed w i t h  whol e  c l a t h r i n .  Al l  f o u r  mAbs r e a c t e d  

w i t h  CAPs f r om b o t h  n e u r o n a l  and n o n - n e u r o n a l  s o u r c e s  

( F i g u r e s  5 and 6 ) .  To l o c a l i z e  r e a c t i v e  s i t e s  o f  t h e  mAbs,  

s a n d wi c h  ELISAs were  p e r f o r me d  w i t h  p u r i f i e d  mAbs c o u p l e d  

t o  a l k a l i n e  p h o s p h a t a s e .  P o l y v i n y l  c h l o r i d e  p l a t e s  were  

c o a t e d  w i t h  a p u r i f i e d  mAb, i n c u b a t e d  w i t h  a p r e p a r a t i o n  o f  

b o t h  CAPs,  and s u b s e q u e n t l y  I n c u b a t e d  w i t h  a p u r i f i e d  mAb 

c o u p l e d  t o  a l k a l i n e  p h o s p h a t a s e .  The r e s u l t s  o f  t h e s e  

e x p e r i m e n t s  a r e  s umma r i ze d  by t h e  m a t r i x  In  T a b l e  1 .  Al l  

o f  t h e  mAbs c o m p l e t e l y  I n h i b i t e d  t h e m s e l v e s  In  t h e  a s s a y  

bu t  o n l y  v a r i a b l y  I n h i b i t e d  each  o t h e r .  The m e c h a n i c s  o f  

t h e  s a n d wi c h  ELISA p r e v e n t  v a r y i n g  a f f i n i t i e s  o f  mAbs f rom 

a f f e c t i n g  1n t e r p r e t a t i o n  of  t h e  r e s u l t s .  In o t h e r  w o r d s ,

1f  t h e  p l a t e - b o u n d  a n t i b o d y  has  a h i g h e r  a f f i n i t y  f o r  t h e  

same e p i t o p e  as  t h e  c o m p e t i n g  a n t i b o d y ,  t h e  c o m p e t i n g  

a n t i b o d y  w i l l  n o t  b i n d  and no r e a c t i o n  w i l l  be o b s e r v e d .

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

d i s p l a c e  t h e  bound CAP i n t o  s o l u t i o n  and a g a i n  no r e a c t i o n  

w i l l  be o b s e r v e d  1n t h e  s o l i d  p h a s e .  T h e r e f o r e ,  t h e  

r e s u l t s  o f  t h e  s a n d wi c h  ELISA m a t r i x  i n d i c a t e  t h a t  b i n d i n g  

s i t e s  of  mAbs C-7H12,  C-6C1,  C-10B2 and C-4E5 a r e  

d i s t i n c t .  The e p i t o p e s  bound by C-7H12 a n d  C-6C1 may be 

s i t u a t e d  In t h e  same domain o f  t h e  CAP m o l e c u l e  and t h i s  

would e x p l a i n  t h e i r  p a r t i a l  i n h i b i t i o n  i n  t h e  s a n d w i c h



-91

F i g u r e  5 .  R e a c t i v i t y  o f  mAbs C-6C1,  C - 4 E 5 ,  CVC-1 and  C- 

10B2 w i t h  b o v i n e  b r a i n  and a d r e n a l  CCVs.  (A) b r a i n  CCVs: 

(B) a d r e n a l  CCVs; and {C) b r a i n  CVs d i g e s t e d  40 m i n u t e s  

w i t h  c h y m o t r y p s i n  ( a s  d e s c r i b e d  in F i g u r e  2 ) .  A’ . B* , C  : 

Co o ma s s i e  b l u e  s t a i n ;  A, R, C: i m m u n o b l o t s . The d i f f e r e n t  

m o b i l i t i e s  o f  n e u r o n a l  and n o n - n e u r o n a l  CAPs a r e  e v i d e n t  i n  

A' and B ' .  The mAbs C-6C1 and CVC-1 a l s o  r e a c t e d  w i t h  some 

o f  t h e  l o we r  m o l e c u l a r  w e i g h t  f r a g m e n t s  i n  l a n e  C.  Key f o r  

f r a g m e n t  a b b r e v i a t i o n s  i s  g i v e n  i n  F i g u r e  6 .

\
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ELISA.  S i m i l l a r  r e s u l t s  wer e  o b t a i n e d  f o r  mAbs C- 10B2  and  

C- 4 E5 ,  whi ch  c o m p l e t e l y  I n h i b i t e d  t h e m s e l v e s  b u t  o n l y  

p a r t i a l l y  I n h i b i t e d  e a c h  o t h e r  i n  t h e  s a n d w i c h  ELISA.

C l o s e  I n s p e c t i o n  o f  t h e  s a n d w i c h  ELISA m a t r i x  

r e v e a l e d  t h a t  p l a t e - b o u n d  mAbs C-7H12 and C-6C1 a p p e a r  t o  

s l i g h l t y  r e d u c e  b i n d i n g  by mAbs C-4E5 and C- 10B2.  The 

r e c i p r o c a l  e x p e r i m e n t s  u s i n g  p l a t e - b o u n d  C-4E5 and C - 1 0 B 2 ,  

h o w e v e r ,  d i d  no t  r e v e a l  s i g n i f i c a n t l y  r e d u c e d  b i n d i n g  by C-  

6C1 o r  C-7H12.  The i n h i b i t i o n  may be a t t r i b u t e d  t o  b i n d i n g  

o f  C-4E5 and C-10B2,  whi ch  b i n d  o n l y  CAP2 . T h i s  e f f e c t  1s 

n o t  o b s e r v e d  in t h e  r e c i p r o c a l  e x p e r i m e n t  I n a s m u c h  a s  C- 

7H12 and C-6C1 e f f i c i e n t l y  b i n d  CAP2 s a n d w i c h e d  by e i t h e r  

C-10B2 o r  C- 4E5 .

A s s i g n i n g  mAb B i n d i n g  S i t e s  t o  C h y m o t r y p t l c  F r a g m e n t s  

o f  CAPs:  To c h a r a c t e r i z e  t h e  r e a c t i v e  s i t e s  o f  e a c h  mAb on

t h e  CAP m o l e c u l e ,  CCVs wer e  c h y m o t r y p t i c a l l y  d i g e s t e d  and 

t h e  v e s i c l e - b o u n d  p r o t e o l y t i c  f r a g m e n t s  w e r e  I s o l a t e d  by 

c e n t r i f u g a t i o n  and s u b s e q u e n t l y  a n a l y z e d  by  SDS-PAGE and 

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

a r e  g e n e r a t e d  t h a t  a r e  t r i mme d  i n c r e a s i n g l y  c l o s e  t o  t h e  

h e a v y  c h a i n  b i n d i n g  s i t e .  I m m u n o b l o t t 1ng e x p e r i m e n t s  u s i n g  

t h e s e  f r a g m e n t s  and t h e  a n t 1 - CAP mAbs f a c i l i t a t e d  

c o n s t r u c t i o n  o f  a c l e a v a g e  map o f  t h e  CAPs u s i n g  t h e  

c l a t h r i n  b i n d i n g  s i t e  as  a r e f e r e n c e  p o i n t .
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F i g u r e  6 . R e a c t i v i t y  o f  mAb C-7H12 w i t h  c h y m o t r y p t l c  

f r a g m e n t s  o f  CAPs bound t o  c l a t h r i n  h e a v y  c h a i n s .  CCVs,  

r e a s s e m b l e d  c l a t h r i n  c a g e s ,  r e a s s e m b l e d  c a g e s  c o n t a i n i n g  

o n l y  CAP2 and p u r i f i e d  CAPs ( t o t a l  p r o t e i n  

c o n c e n t r a t i o n s :  1 mg/ml i n  100 mM m o r p h o l i n o e t h a n e s u l f o n i c
. x~S

a c i d  b u f f e r ,  pH 6 . 5 )  wer e  i n c u b a t e d  w i t h  1 . 7  ug/ ml  

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

p h e n y l m e t h y l  s u l f o n y l  f l u o r i d e ,  p e l l e t e d  a t  1 0 0 ,0 0 0  x g i n  

an a i r f u g e  ( e x c e p t  t h e  p u r i f i e d  CAPs) and a n a l y z e d  by SDS- 

PAGE and i m m u n o b l o t t e d  w i t h  mAb C-7H12.  A: C o o m a s s i e

s t a i n  o f  d i g e s t e d  CCVs; B: i mmu n o b l o t  o f  g e l  l o a d e d  as i n  

A, u s i n g  mAb C-7H12;

\
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F i g u r e  6 . R e a c t i v i t y  o f  mAb C-7H12 w i t h  c h y m o t r y p t l c  

f r a g m e n t s  o f  CAPs bound t o  c l a t h r i n  h e a v y  c h a i n s .  C:

I mmunobl o t  u s i n g  mAb C-7H12 of  c h y m o t r y p t 1 c a l l y  d i g e s t e d  

c a g e s  c o n t a i n i n g  b o t h  CAPj and CAP2 ; E: I mmu n o b l o t  u s i n g  

mAb C-7H12 o f  c h y m o t r y p t i c a l  l y  d i g e s t e d  f r e e  CAPs .  In 

F i g u r e  2D and 2E CAPj was o b s c u r e d  by CAP2 r e a c t i v i t y .  

F i g u r e s  2A and 2B wer e  run u s i n g  7-15% g r a d i e n t  g e l s ,  wh i ch  

a l l o w e d  g r e a t e r  s e p a r a t i o n  of  t h e  CAPs t h a n  t h e  8-16% g e l s  

used i n  F i g u r e s  2C t h r o u g h  2E.  Key:  CF: common f r a g m e n t s  

be t we en  d i g e s t e d  c a g e s  and CCVs: CFj  and CF^:  f r a g m e n t s  of  

CAP^: CFg: f r a g m e n t  of  CAPj .

\
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F i g u r e  6A shows c h y m o t r y p t l c  f r a g m e n t s  t h a t  we r e  

g e n e r a t e d  when CCVs wer e  u s e d  as  s u b s t r a t e .  F i g u r e  66 1s 

an Immunobl o t  of  an I d e n t i c a l l y  l o a d e d  ge l  u s i n g  mAb C-  

7H12.  For  c o n v e n i e n c e ,  we have  d i v i d e d  t h e  CAP f r a g m e n t s  

i n t o  two c a t g o r l e s :  f r a g m e n t s  common t o  CCVs a n d  

r e a s s e m b l e d  c a g e s  (CFs)  and u n i q u e  f r a g m e n t s  ( U F s ) .  The 

CFs c o n s i s t  of  30kD { C ? , 18k0 (CF2 ) and 15kD ( C F 3 ) 

f r a g m e n t s .  P r e v i o u s  e x p e r i m e n t s  ( L i s a n t l  e t  a l . »  1981 and 

1982)  have  shown t h a t  CF2 and CF3 a r e  p r o d u c e d  b y  

c h y m o t r y p t l c  d i g e s t i o n  o f  e i t h e r  CCVs o r  r e a s s e m b l e d  

c l a t h r i n  c a g e s .  We show 1n F i g u r e  2 t h a t  CF^ cam a l s o  be  

g e n e r a t e d  f rom e i t h e r  s t r u c t u r e .

To d e t e r m i n e  whi ch  f r a g m e n t s  a r e  g e n e r a t e d  f rom CAPj 

and whi ch  a r e  g e n e r a t e d  f r om CAP2 , c l a t h r i n  c a g e s  we r e  

s t r i p p e d  of  CAPs w i t h  s o d i u m i s o t h i o c y a n a t e  a s  d e s c r i b e d  

( W i n k l e r  e t  a l . ,  1 9 8 3 ) ,  and r e a s s o c i a t e d  w i t h  mAb C-4E5 

a f f i n i t y - p u r i f i e d  CAP2 . The r e a s s e m b l e d  c a g e s  w e r e  

d i g e s t e d  w i t h  c h y m o t r y p s i n  a s  b e f o r e  and b l o t t e d  w i t h  mAb 

C- 7H12 .  As shown i n  F i g u r e s  6C and 6D, CFj  and CF3 a r e  

p r o d u c e d  by c a g e s  c o n t a i n i n g  o n l y  CAP2 ; t h u s ,  t h e s e  

f r a g m e n t s  mus t  be g e n e r a t e d  by p r o t e o l y s i s  o f  CAPg,  w h i l e  

CF2 mus t  be g e n e r a t e d  f r om CAPj .  These  r e s u l t s  s u p p o r t  t h e  

n o t i o n  t h a t  CAPj and CAP2 b i n d  c l a t h r i n  w i t h  s t r u c t u r a l l y  

s l m l l l a r  domai ns  s h a r e d  by b o t h  p r o t e i n s .  I n t e r e s t i n g l y ,  

CVC-1 ( K i r c h h a u s e n  e t  a l . ,  1983)  a l s o  b i n d s  CF2 ( F i g u r e  5 ) ,
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c o n f i r m i n g  I t s  I d e n t i t y  as  a f r a g m e n t  of  CAPj .  CVC-1  d o e s  

n o t  r e a c t  w i t h  CAP2 , CF3 o r  CF j ,  b u t  doe s  r e a c t  w i t h  

c l a t h r i n - b o u n d  CAP1# These  d a t a  I n d i c a t e  t h a t  CF2 c o n t a i n s  

a t  l e a s t  two d i s t i n c t  e p i t o p e s :  one I s  s h a r e d  by CAP2 and 

a p p e a r s  t o  be I n v o l v e d  In c l a t h r i n  b i n d i n g ;  t h e  o t h e r  I s  

u n i q u e  t o  CAPj ,

S e v e r a l  CAP f r a g m e n t s  a r e  g e n e r a t e d  w i t h  m o l e c u l a r  

ma s s e s  l e s s  t h a n  10 kD u s i n g  e i t h e r  CCVs o r  r e a s s e m b l e d  

c a g e s  as  s u b s t r a t e s .  The common f r a g m e n t s  1n t h i s  r a n g e  

a r e  d i f f i c u l t  t o  I d e n t i f y ,  a l t h o u g h  CCVs a p p e a r  t o  p r o d u c e  

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

i m p l i e s  t h a t  CAPs a r e  l e s s  a c c e s s i b l e  1n CCVs t h a n  t h e y ' a r e  

i n  r e a s s e m b l e d  c a g e s ,  whi ch I s  n o t  s u r p r i s i n g  c o n s i d e r i n g  

t h e  more c ompl e x  s t r u c t u r e  o f  t h e  v e s i c l e .  The s m a l l  s i z e  

o f  UFs g e n e r a t e d  f rom e i t h e r  r e a s s e m b l e d  c a g e s  o r  CCVs h a s  

l e d  us  t o  s u g g e s t  t h a t  mAb C-7H12 b i n d s  an e p i t o p e  i n v o l v e d  

i n  c l a t h r i n  he avy  c h a i n  b i n d i n g .  U n l e s s  t h i s  e p i t o p e  

c o n s t i t u t e s  a l i n e a r  s t r i n g  o f  ami no a c i d s ,  s t r u c t u r a l  

c o n s e r v a t i o n  o f  t h i s  r e g i o n  o f  t h e  m o l e c u l e s  may n o t  be  

o b v i o u s  f rom p r i m a r y  s e q u e n c e  a n a l y s i s .

Ant 1-CAP r e a c t i v i t y  was n o t  d e t e c t e d  i n  s u p e r n a t a n t s  

o f  c h y m o t r y p t l c  d i g e s t i o n  e x p e r i m e n t s  u s i n g  C- 1 0 B2 ,  C-4E5 

o r  a n t l - C A P j  mAb CVC-1 ( d a t a  n o t  s h o w n ) .  E i t h e r  t h e  

r e l e a s e d  f r a g m e n t s  a r e  d i g e s t e d  beyond  r e c o g n i t i o n  by t h e s e  

mAbs o r  t h e  r e a c t i v e  e p i t o p e s  s pa n  r e s i d u e s  on b o t h .
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F i g u r e  7.  R e a c t i v i t y  o f  a n t i - C A P  mAbs w i t h  f r e e  a nd  

c l a t h r i n  h e a v y  c h a i n - b o u n d  CAPs.  ELISAs w e r e  p e r f o r m e d  

u s i n g  PVC p l a t e s  c o a t e d  w i t h  e i t h e r  f r e e  CAPs o r  c l a t h r i n -  

bound CAPs.  P u r i f i e d  mAbs,  a t  v a r i o u s  c o n c e n t r a t i o n s * , ^ e r e  

us e d  and bound mAb was q u a n t i t a t e d  u s i n g  an a l k a l i n e  

p h o s p h a t a s e  c o n j u g a t e d  s e c o n d  a n t i b o d y  ( B o e h r i n g e r ) .
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r e l e a s e d  and bound f r a g m e n t s .  Cl a t h r l n - a s s o c 1 a t e d  p r o t e i n s  

I s o l a t e d  by b o i l i n g  and d i g e s t e d  w i t h  c h y m o t r y p s l n  p r o d u c e  

a p l e t h o r a  o f  new f r a g m e n t s  In a d d i t i o n  t o  C F j ,  CF2 » CF3 

( F i g u r e  6 E ) .  Hence ,  b i n d i n g  by c l a t h r i n  a f f o r d s  

c o n s i d e r a b l e  p r o t e c t i o n  a g a i n s t  p r o t e o l y s i s  by 

c h y m o t r y p s i  n.

Mo n o c l o n a l  A n t i b o d y  C-7H12 R e a c t s  w i t h  t h e  C l a t h r i n  

B i n d i n g  Re g i o n  o f  Both CAPs:  The I mmu n o b l o t  i n  F i g u r e  6 

shows t h a t  mAb C-7H12 r e a c t s  w i t h  b o t h  CAPs .  U n t i l  now,  

a l l  r e p o r t e d  mAbs have  r e a c t e d  s p e c i f i c a l l y  w i t h  one  o f  t h e  

CAPs ( K i r c h h a u s e n  op c i t . ) .  The e x i s t e n c e  of  c r o s s -  

r e a c t i v e  e p i t o p e s  may be p r e d i c t e d ,  h o w e v e r ,  f r o m t h e  

b i o c h e m i c a l  c h a r a c t e r i s t i c s  o f  t h e  p r o t e i n s .  In 

p a r t i c u l a r ,  b o t h  CAPs a p p e a r  t o  b i n d  a common s i t e  on t h e  

c l a t h r i n  h e a v y  c h a i n  ( W i n k l e r  e t  a l . ,  1 9 8 3 ) .  T h i s  i m p l i e s  

t h a t  t h e  c l a t h r i n  b i n d i n g  r e g i o n  o f  b o t h  CAPs s h a r e  

s t r u c t u r a l  homo l o g y ,  and a n t i b o d i e s  t o  t h i s  r e g i o n  o f  t h e  

m o l e c u l e s  s h o u l d  c r o s s - r e a c t  w i t h  b o t h  f o r m s .  Wi t h  t h e s e  

c o n s i d e r a t i o n s  in mi n d ,  an ELISA was u s e d  t o  d e t e r m i n e  t h e  

r e l a t i v e  r e a c t i v i t y  of  e ach  o f  t h e  mAbs w i t h  f r e e  CAPs and 

c l a t h r i n - b o u n d  CAPs.  F i g u r e  7 shows mAbs CVC-1,  C- 4 E 5 ,  C- 

10B2,  C-6C1 and C-7H12 r e a c t i n g  w i t h  f r e e  CAPs.  On t h e  

o t h e r  h a n d ,  o n l y  mAbs CVC-1,  C-4E5 and C- 10B2 r e a c t  w i t h  

t h e  c l a t h r l n - b o u n d  CAPs p r e s e n t  i n  p u r i f i e d  p r e p a r a t i o n s  o f
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F i g u r e  8 . F r a c t i o n  o f  t o t a l  r a d i o i o d i n a t e d  CCVs o r  

r a d i o l o d i n a t e d  CAPs p r e c i p i t a t e d  by a n t i - C A P  raAbs c o u p l e d
O

t o  S e p h a r o s e  4B.  The mAbs used  wer e  a t  10 - f o l d  e x c e s s  

o v e r  t h e  amount  n e e d e d  t o  p r e c i p i t a t e  an e q u i v a l e n t  mass  o f  

u n l a b e l e d  CAPs.  I o d i n a t i o n  of  f r e e  CAPs v a r i a b l y  a f f e c t e d  

t h e  e f f i c i e n c y  o f  i m m u n o p r e c i p i t a t i o n  by e a c h  mAb.

\
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t r l s k e l i o n s .  Monoc l ona l  a n t i b o d y  C-6C1 r e a c t s  p o o r l y  w i t h  

c l a t h r l n - b o u n d  CAPs,  w h i l e  mAb C-7H12 d o e s  n o t  r e a c t  w i t h  

c l a t h r l n - b o u n d  CAPs.  These  r e s u l t s  we r e  o b t a i n e d  o n l y  when 

t h e  c l a t h r 1n - b o u n d  CAPs wer e  p r e - s p u n  as  c a g e s  o r  CCVs 

p r i o r  t o  c o a t i n g  on PVC p l a t e s .  C l a t h r l n - a s s o c l a t e d  

p r o t e i n s  a p p a r e n t l y  d i s s o c i a t e  f rom c l a t h r l n  a t  a s l o w r a t e  

d u r i n g  s t o r a g e  a t  4°C.

To d oc ume n t  f u r t h e r  t h e  l a c k  o f  r e a c t i v i t y  o f  mAb C- 

7H12 w i t h  c l a t h r i n - b o u n d  CAPs,  i m m u n o p r e c l p i t a t i o n s  we r e  

p e r f o r m e d  u s i n g  r a d i o l o d 1 n a t e d  CCVs and r a d i o l o d l n a t e d  f r e e  

CAPs.  P u r i f i e d  mAbs C-7H12,  C- 10B2,  CVC-1 and  C-4E5 

c o v a l e n t l y  c o u p l e d  t o  S e p h a r o s e  4B wer e  u s e d  f o r  t h e s e  - 

e x p e r i m e n t s .  Th e s e  mAbs p r e c i p i t a t e  r a d l o l o d i n a t e d  f r e e  

CAPs w i t h  v a r y i n g  e f f i c i e n c i e s  ( F i g u r e  8 ) .  Mo n o c l o n a l  

a n t i b o d y  C- 7H12,  h o we v e r ,  d o e s  n o t  p r e c i p i t a t e  d e t e c t a b l e  

c o u n t s  o f  r a d i o i o d 1 n a t e d  CCVs.  T h i s  i n d i c a t e s  t h a t  In t h e  

c o n f o r m a t i o n  p r e s e n t  on t h e  CCVs,  CAPs a r e  n o t  r e c o g n i z e d  

by mAb C-7H12 b u t  a r e  r e c o g n i z e d  by mAbs CVC-1,  C-10B2 a nd  

C- 4E5.  T h e s e  r e s u l t s  d i f f e r  f rom t h o s e  r e p o r t e d  r e c e n t l y  

( B r o d s k y ,  1985)  i n  whi ch mAbs t o  CAPj we r e  o n l y  shown t o  be 

h i n d e r e d  f rom b i n d i n g  t h e  c l a t h r i n - C A P  c o m p l e x .  I n  t o t a l ,  

o u r  d a t a  s u g g e s t  t h a t  mAb C-7H12 r e a c t s  d i r e c t l y  w i t h  t h e  

c l a t h r l n  b i n d i n g  s i t e s  s h a r e d  by b o t h  CAPs.

Mappi ng  t h e  CAP P h o s p h o r y l a t i o n  S i t e  t o  an A c c e s s i b l e



-106

Regi on  o f  CAPg1 A k i n a s e  a c t i v i t y  r e c e n t l y  h a s  b e e n  

a s s o c i a t e d  w i t h  CAP2 (Schook and P u s z k l n ,  1 9 8 5 ,  and Usaml 

e t  a l . ,  1 9 8 5 ) .  Th i s  a c t i v i t y  was r e c e n t l y  c o n f i r m e d  i n  

a n o t h e r  r e p o r t  and a t t r i b u t e d  t o  an e n d o g e n o u s  CCV c a s e i n  

k i n a s e  I I  ( B a r - Z v l  and B r a n t o n ,  1 9 8 6 ) .  A l t h o u g h  t h i s  

a c t i v i t y  i s  i n t e n s i f i e d  by p o l y b a s i c  compunds  s u c h  as 

p o l y l y s i n e  o r  h i s t o n e  1 (Schook and P u s z k l n ,  op c l t . ) ,  

p h o s p h o r y l a t i o n  can be d e t e c t e d  in  t h e  a b s e n c e  o f  t h e s e  

compounds  by i m m u n o p r e c l p i t a t i o n  and l o n g - t e r m  

a u t o r a d i o g r a p h y  ( Koht z  and P u s z k l n ,  u n p u b l i s h e d  r e s u l t s ) .

A s i g n i f i c a n t  f e a t u r e  o f  t h i s  p h o s p h o r y l a t i o n  I s  i t s  

s u b s t r a t e  p r e f e r e n c e  f o r  CAPg ( Schook  and P u s z k i n ,  op 

c i t . ) .  N e v e r t h e l e s s ,  p h o s p h o r y l a t i o n  o f  CAPj was  d e t e c t e d  

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

p r e c i p i t a t i o n  w i t h  a n t i - C A P j  mAb CVC-1 and  l o n g  t e r m  

a u t o r a d i o g r a p h y  ( d a t a  n o t  s h o wn ) .  Wh e t h e r  p h o s p h o r y l a t i o n  

s i t e s  a r e  p a r t i a l l y  c o n s e r v e d  b e t we e n  t h e  two f o r m s  o f  CAP 

I s  u n c l e a r  a t  p r e s e n t .

An ELISA was d e v i s e d  t o  d e t e r m i n e  how e f f i c i e n t l y  

p h o s p h o r y l a t e d  CAPs r e a c t  w i t h  e a c h  o f  t h e  mAbs 1n 

\  c o m p a r i s o n  t o  u n p h o s p h o r y l a t e d  CAPs.  P o l y v i n y l  c h l o r i d e  

p l a t e s  were  c o a t e d  w i t h  u n p h o s p h o r y l a t e d  CAPs.  The t i t e r  

o f  p u r i f i e d  mAb was a d j u s t e d  In p r e l i m i n a r y  e x p e r i m e n t s  t o  

p r o d u c e  an o p t i c a l  d e n s i t y  o f  2 a t  405 nm a f t e r  two h o u r s  

o f  I n c u b a t i o n  ( u s i n g  a 1:1000  d i l u t i o n  o f  a l k a l i n e -
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Ta b l e  2 .  C o m p e t i t i v e  ELISA u s i n g  p h o s p h o r y l a t e d  and 

u n p h o s p h o r y l a t e d  CAPs

An t i b o d y
C-4E5 C-10B2 C-7H12 C-6C1

p o 4 - cap
o r  CAP A b s o r b a n c e  405 nm ( P04 -CAP/CAP)
mi c r o g r a ms ___________________________________________

50 . 1 / .  1 . 3 / .  2 . 2 / .  1 . 2 / .  1

25 . 2 1 . 2 . 6 / . 5 . 5 / . 4 . 5 / . 5

10 . 5 / . 4 1 . 2 / 1.0 , 7 f . 7 . 8 / . 7

5 1 . 1/ 1 .0 1 . 5 / 1 . 3 1 . 1/ 1.1 1 . 2 / 1 . 1

1 1 . 6 / 1 . 5 1 . 8 / 1.6 1 . 3 / 1 . 2 1 . 4 / 1 . 3

. 5 1 . 7 / 1 .6 1 . 8 / 1.8 1 . 6 / 1 .6 1 . 7 / 1 . 6

.1 1 . 9 / 1 . 9 1 . 9 / 1 . 9 + 1 . 8 / 1.8 1 . 9 / 1 . 8

0 1 . 8 / 1 . 9+ 1 . 9 / 1 . 9 + 1 . 9 / 1 . 9 1 . 9 + / 1 . 9

PVC p l a t e s  wer e  c o a t e d  wi t h  u n p h o s p h o r y l a t e d  CAPs,  

t h e n  i n c u b a t e d  w i t h  mAbs i n  t h e  p r e s e n c e  o f  t h e  I n d i c a t e d  

amount  of  p h o s p h o r y l a t e d  o r  u n p h o s p h o r y l a t e d  CAPs 

( p h o s p h o r y l a t e d / u n p h o s p h o r y l  a t e d ) .  B i n d i n g  was  q u a n t i t a t e d  

u s i n g  an a l k a l i n e  p h o s p h a t a s e - c o n j u g a t e d  a n t i - m o u s e  s e c o n d  

a n t i b o d y .  R e s u l t s  r e p r e s e n t  t h e  means of  t h r e e  v a l u e s  f r o m 

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

IgGl  mu r i n e  mAb was d e t e r m i n e d  f o r  e a ch  r ow,  and  s u b t r a c t e d  

t o  g i v e  t h e  r e p o r t e d  r e s u l t s .
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p h o s p h a t a s e - c o n j u g a t e d  s e c o n d  a n t i b o d y ;  B o e h r l n g e r ) .  

P u r i f i e d  mAbs a t  t h i s  d i l u t i o n  wer e  p r e - l n c u b a t e d  w i t h  

v a r y i n g  amount s  o f  e i t h e r  p h o s p h o r y l a t e d  o r  

u n p h o s p h o r y l a t e d  CAPs.  Th e s e  p r e p a r a t i o n s  w e r e  

s u b s e q u e n t l y  I n c u b a t e d  w i t h  t h e  PVC p l a t e - b o u n d  CAPs ,  a n d  

bound a n t i b o d y  was q u a n t i t a t e d  w i t h  t h e  a l k a l i n e  

p h o s p h a t a s e  c o n j u g a t e d  a n t i - m o u s e  s e c o n d  a n t i b o d y .  As 

shown In T a b l e  2 ,  p h o s p h o r y l a t e d  and u n p h o s p h o r y l a t e d  CAPs 

b i n d  a l m o s t  e q u a l l y  we l l  t o  a l l  o f  t h e  mAbs.

P h o s p h o r y l a t e d  CAPs do n o t  a p p e a r  t o  c o m p e t e  a s  w e l l  f o r  

mAb C-10B2 as u n p h o s p h o r y l a t e d  CAPs,  a l t h o u g h  t h e  

d i f f e r e n c e  I s  s m a l l .  The s i m l l i a r  a f f i n i t i e s  o f
u*-.

p h o s p h o r y l a t e d  and u n p h o s p h o r y l a t e d  CAPs f o r  a l l  t h e  mAbs 

1s r e f l e c t e d  a l s o  i n  t h e  e f f i c i e n c y  o f  i m m u n o p r e c l p i  t a t  1 on 

o f  p h o s p h o r y l a t e d  CAPs.  C l a t h r i n - a s s o c i a t e d  p r o t e i n 2 was  

p h o s p h o r y l a t e d  by t h e  C C V - a s s o c i a t e d  k i n a s e  a c t i v i t y  In  t h e  

p r e s e n c e  o f  p o l y l y s i n e .  The s a mp l e s  w e r e  h e a t e d ,  d e n a t u r e d  

p r o t e i n s  removed by c e n t r i f u g a t i o n ,  and t h e  CAPs 

p r e c i p i t a t e d  w i t h  mAbs c o u p l e d  t o  S e p h a r o s e  4B.  S i n c e  t h e  

b e a d s  were  c o u p l e d  t o  e q u a l  a mount s  o f  p u r i f i e d  a n t i b o d y  we

a s s ume d  t h a t  t h e i r  s p e c i f i c  b i n d i n g  a c t i v i t i e s  w e r e  

e q u i v a l e n t .  The a u t o r a d i o g r a p h  i n  F i g u r e  11 s h o ws  t h a t  

mAbs C- 10B2,  C-4E5 and C-7H12 a l l  p r e c i p i t a t e  

p h o s p h o r y l a t e d  CAPs 1n a q u a n t i t a t i v e  m a n n e r .

I n t e r e s t i n g l y ,  a d o u b l e t  was p r e c i p i t a t e d  by C - 1 0 B 2 .  Us i n g
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F i g u r e  9 .  R e l a t i v e  e f f i c i e n c y  o f  I r o m u n o p r e c i p i t a t l o n  o f  

p h o s p h o r y l a t e d  and u n p h o s p h o r y l a t e d  CAPs by mAbs C - 1 0 B 2 ,  C-  

4E5 and C- 7H12.  A l i m i t i n g  t i t e r  o f  c o u p l e d  a n t i b o d y  was  

u s e d  t o  p r e c i p i t a t e  a t o t a l  of  20 ug o f  CAPg.  The v a r i o u s  

a moun t s  o f  p h o s p h o r y l a t e d  CAPg in t h e  t o t a l  amount  a r e  

i n d i c a t e d  1n ug .  Were p h o s p h o r y l a t e d  CAPg p r e c i p i t a t e d ” 

l e s s  e f f e c i e n t l y  t h a n  u n p h o s p h o r y 1a t e d  CAPg,  t h e  t o t a l  

p r e c i p i t a t e d  p r o t e i n  would be r e d u c e d  as  t h e  p r o p o r t i o n  o f  

p h o s p h o r y l a t e d  CAPg i n c r e a s e d .  The l o we r  m o l e c u l a r  mas s  

b a nds  a r e  a n t i b o d y  l i g h t  c h a i n s ,  wh i c h  a p p a r e n t l y  do n o t  

c o u p l e  e f f i c i e n t l y  and a r e  r e l e a s e d  i n  Laemmli  s a m p l e  

b u f f e r  c o n t a i n i n g  d i t h i o t h r e i t o l . Ar row I n d i c a t e s  CAPX 

p r e c i p i t a t e d  by mAb C-10B2.
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MW 7H12 4ES 10B2 mAb
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4 M P  W  4M to  i W  4H t o  4MNP 4 M  ■"■•' n « i f '  - ^ u s  ih - *
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a l i m i t i n g  c o n c e n t r a t i o n  of  CAPs and v a r y i n g  t h e  p r o p o r t i o n  

o f  p h o s p h o r y l a t e d  CAPg a l s o  d oe s  n o t  a p p e a r  t o  

q u a n t i t a t i v e l y  a f f e c t  t h e  e f f i c i e n c y  o f  CAPg 

I m m u n o p r e c i p i t a t l o n  by any o f  t h e  mAbs ( F i g u r e  9 ) .

In o r d e r  t o  d e t e r m i n e  w h e t h e r  any  o f  t h e  mAbs r e a c t e d  

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

k i n a s e  I n h i b i t i o n  e x p e r i m e n t s  were  p e r f o r m e d  ( F i g u r e  1 0 ) .  

For  t h i s ,  mAbs a t  3 . 5 - f o l d  m o l a r  e x c e s s  t o  CAPg we r e  

I n c u b a t e d  w i t h  CCVs in  p h o s p h o r y l a t i o n  b u f f e r  o v e r n i g h t  a t  

4° C.  P o l y l y s i n e  and gamma r a d i o l a b e l e d  ATP w e r e  a d d e d  and 

t h e  r e a c t i o n s  we r e  s t o p p e d  a t  v a r i o u s  t i m e  p o i n t s  w i t h  

e t h y l e n e d l a m i n e t e t r a c e t i c  a d d  (EDTA).  S a m p l e s  w e r e  h e a t e d  

t o  100°C f o r  t e n  m i n u t e s  and p e l l e t e d .  The  s u p e r n a t a n t s  

were  a n a l y z e d  by SDS-PAGE and a u t o r a d i o g r a p h y .  None o f  t h e  

mAbs I n h i b i t e d  p h o s p h o r y l a t i o n  o f  c a s e i n  by t h e  e n d o g e n o u s  

CCV c a s e i n  k i n a s e  I I  ( d a t a  n o t  s ' :  Bo t h  mAbs C-4E5 and

C-10B2 I n h i b i t e d  p h o s p h o r y l a t i o n  o f  CAPg a s  l o n g  a s  f i v e  

m i n u t e s  a f t e r  a d d i t i o n  o f  ATP. The i n h i b i t i o n  p r o f i l e s  of  

t h e s e  mAbs a p p e a r  t o  d i f f e r  s l i g h t l y :  CCVs p r e i n c u b a t e d  

w i t h  C-10B2 a c q u i r e  a s ma l l  amount  o f  CAPg- bound  p h o s p h a t e  

b e f o r e  b e i n g  c o m p l e t e l y  i n h i b i t e d ,  w h i l e  CCVs p r e i n c u b a t e d  

w i t h  C-4E5 s l o w l y  b u t  p r o g r e s s i v e l y  a c q u i r e  CAPg- bound  

p h o s p h a t e .  The p a t t e r n  of  I n h i b i t i o n  p r o d u c e d  by mAb C-4E5 

c o u l d  be I n t e r p r e t e d  as  l e s s  c o m p l e t e  t h a n  t h a t  p r o d u c e d  by 

mAb C-10B2.  T h i s  woul d r e s u l t  f rom d i f f e r e n c e s  1n a f f i n i t y

94



F i g u r e  10.  A u t o r a d i o g r a p h y  s howi ng  t h e  I n h i b i t i o n  o f  CAP2 

p h o s p h o r y l a t i o n  by mAb C-10B2 and C- 4E5 .  mAbs a t  3 . 5 - f o l d

m o l a r  e x c e s s  t o  CAPs wer e  p r e - i n c u b a t e d  w i t h  o v e r n i g h t  a t  

4°C.  Time p e r i o d s  f o r  t h e  p h o s p h o r y l a t i o n  r e a c t i o n  

(d e s c i r b e d  i n  Me t h o d s )  r a n g e d  f rom one m i n u t e  t o  s i x  

m i n u t e s .  R e a c t i o n s  were  s t o p p e d  by a d d i n g  250 mM EDTA 

( 1 : 1 0 ,  pH 8 . 0 ) ,  h e a t i n g  t o  100°C f o r  10 m i n u t e s ,  and  

p e l l e t i n g .  S u p e r n a t a n t s  were  a n a l y z e d  by SDS-PAGE.

\
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b e t w e e n  t h e  two mAbs,  o r  d i f f e r e n c e s  i n  t h e  p r o x i m i t y  o f  

t h e  a n t i g e n i c  s i t e s  t o  t h e  p h o s p h o r y l a t i o n  s i t e .  

A l t e r n a t i v e l y ,  s i n c e  i t  ha s  been  s u g g e s t e d  t h a t  CAP2 

c o n t a i n s  more t h a n  one p h o s h o r y l a t 1 o n  (Usami e t  a l . ,  1 9 8 5 ) ,  

t h e  a n t i b o d i e s  may be I n h i b i t i n g  t h e  p h o s p h o r y l a t i o n  o f  

d i f f e r e n t  r e s i d u e s .  F u r t h e r  e x p e r i m e n t s  a r e  1n p r o g r e s s  t o  

d e t e r m i n e  whi ch  of  t h e s e  p o s s i b i l i t i e s  i s  v a l i d  ( K o h t z  e t  

a l . ,  In p r e p a r a t i o n ) .

A 32kD P h o s p h o p r o t e i n  C r o s s - r e a c t s  w i t h  A n t 1 -CAP2 mAb 

C- 1 0 B2 :  C u r i o u s l y ,  mAb C-10B2 c o - p r e c i p i t a t e s  a n o t h e r  h e a t

s t a b l e  p h o s p h o p r o t e i n  f rom t h e  CCV p r e p a r a t i o n  o f  32kD 

m o l e c u l a r  m a s s .  As i n d i c a t e d  by t h e  open a r r o w  on t h e  

a u t o r a d i o g r a p h y  in F i g u r e  11 ,  t h e  c o - p r e c i p i t a t e d  

p h o s p h o p r o t e i n  m i g r a t e s  i m m e d i a t e l y  be l ow t h e  

p h o s p h o r y l a t e d  CAP2 . Th i s  p h o s p h o p r o t e i n  a p p a r e n t l y  

c o m p e t e s  v e r y  e f f e c t i v e l y  w i t h  CAP2 f o r  mAb C- 1 0 B2 ,  s i n c e  

i t  i s  n o t  d e t e c t a b l e  i n  p r e p a r a t i o n s  o f  t o t a l  CAPs ( n o t  

s h o w n ) .  In C-10B2 p r e c i p i t a t e s ,  t h e  32 kD p h o s p h o p r o t e i n  

I s  s u b s t a n t i a l l y  e n r i c h e d ,  i n d i c a t i n g  an a f f i n i t y  f o r  mAb 

C-10B2 a t  l e a s t  as  h i g h  as  t h a t  o f  CAP2 ; t h i s  1s a p p a r e n t  

i n  b o t h  t h e  a u t o r a d i o g r a p h  i n  F i g u r e  11 and t h e  C o o m a s s i e  

s t a i n  In F i g u r e  9 .

The 32kD p r o t e i n  d o e s  n o t  r e a c t  w i t h  CAP^ n o r  w i t h  

mAbs r e a c t i v e  w i t h  DARPP 32 ( k i n d l y  p r o v i d e d  by O r .  P.
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F i g u r e  11 .  I m m u n o p r e c i p i t a t i o n  o f  p h o s p h o r y l a t e d  CAP2 a nd  

CAPX by mAbs c o u p l e d  t o  S e p h a r o s e  4B.  CCVs w e r e  

p h o s p h o r y l a t e d  i n  t h e  p r e s e n c e  of  p o l y l y s i n e ,  h e a t e d  a t  

100°C f o r  f i v e  m i n u t e s  and p e l l e t e d .  A l i q u o t s  o f  

s u p e r n a t a n t  f rom a s i n g l e  p h o s p h o r y l a t i o n  r e a c t i o n  we r e  

i m m u n o p r e c i p i t a t e d  by v a r i o u s  vol umes  ( i n  ug)  o f  a 10% 

s o l u t i o n  of  S e p h a r o s e  4 B - c o u p l e d  mAbs.  A p p r o x i m a t e l y  1 ug 

o f  mAb i s  bound p e r  m i c r o l i t e r  of  10% S e p h a r o s e  4B 

s u s p e n s i o n .  P r e c i p i t a t e s  wer e  d i s s o c i a t e d  w i t h  Laemml i  

s a m p l e  b u f f e r  and a n a l y z e d  by SDS-Page a n d  

a u t o r a d i o g r a p h y .  CAPX i s  i n d i c a t e d  by o p e n  a r r o w .

s
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G r e e n g a r d ,  R o c k e f e l l e r  U n i v e r s i t y ) .  A l s o ,  I t  o n l y  r e a c t s  

w i t h  one  o f  t h e  f o u r  mAbs r e c o g n i z i n g  CAP2 ( a l t h o u g h  t r a c e s  

may be p r e s e n t  In mAb C-4E5 p r e c i p i t a t e s ,  n o t  s h o w n ) ,  

i m p l y i n g  t h a t  i t  i s  n o t  a p r o t e o l y t i c  f r a g m e n t  o f  t h i s  

p r o t e i n .  We ha ve  t e n t a t i v e l y  l a b e l e d  t h i s  p h o s p h o p r o t e i n  

CAPX ( o r  LCX) ,  and a r e  p r e s e n t l y  d e t e r m i n i n g  w h e t h e r  i t  1s 

a CCV c o mp o n e n t  o r  a s o l u b l e  c o n t a m i n a n t  o f  o u r  

p r e p a r a t i o n s .  I t s  s t a b i l i t y  t o  h e a t  d e n a t u r a t i o n  ( t h e  

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

p r e c i p i t a t i o n ) ,  p h o s p h o r y l a t i o n  p r o p e r t i e s  ( 1t  i s  

p h o s p h o r y l a t e d  i n  t h e  p r e s e n c e  of  p o l y l y s i n e ) ,  and c r o s s -  

r e a c t i v i t y  w i t h  an a n t i - C AP g  mAb ( C- 10B2)  I n d i c a t e  t h a t  i t  

may be s t r u c t u r a l l y  r e l a t e d  t o  CAP2 .

D i s c u s s i o n :  The c h a r a c t e r ! ' z a t i o n  o f  mAbs t o  CAPs by

o u r  l a b o r a t o r y  and o t h e r s  ( B r o d s k y ,  1 9 8 5 ,  and  K i r c h h a u s e n  

e t  a l . ,  1983)  ha s  r e v e a l e d  c o n s i d e r a b l e  s t r u c t u r a l  

d i v e r s i t y  b e t w e e n  t h e  two f o r ms  (CAP^ and  CAP2 ) .  The 

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

r e l e v a n t  t o  t h e  e v o l u t i o n  o f  h i g h e r  o r g a n i s m s ,  s i n c e  y e a s t  

a p p e a r  t o  p o s s e s s  o n l y  one f orm o f  CAP. At  p r e s n t ,  t h e  

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

e v a d e d  e l u c i d a t i o n .  I n s t e a d ,  two p r o p e r t i e s  p o s s e s s e d  by 

b o t h  f o r ms  o f  CAPs have  been  d e s c r i b e d :  a )  an A T P - d e p e n d e n t  

u n c o a t i n g  enzyme wor ks  by i n i t i a l l y  b i n d i n g  t o  e i t h e r  o f
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s i n g l e  s i t e  on t h e  c l a t h r l n  he a vy  c h a i n  b i n d s  e q u a l l y  w e l l  

t o  e i t h e r  f o r m o f  CAP ( W i n k l e r  and S t a n l e y ,  1 9 8 3 ) ,  H e n c e ,  

mAbs whi ch  d i s t i n g u i s h  t h e  two f o r ms  o f  CAPs w o u l d  n o t  be 

as  l i k e l y  t o  r e c o g n i z e  e p i t o p e s  I n v o l v e d  In t h e s e  c o n s e r v e d  

f u n c t i o n s  as  mAbs r e a c t i n g  w i t h  b o t h  CAPs.

In t h i s  r e p o r t ,  two mAbs (C-6C1 and C-7H12)  a r e  

p r e s e n t e d  whi c h  r e a c t  w i t h  e p i t o p e s  s h a r e d  by b o t h  CAPs.

The t e r m " c o n s e r v e d  domai n"  may be u s e d  t o  d e s c r i b e  t h e  

s t r u c t u r a l  r e g i o n  o f  t h e  CAPs r e a c t i v e  w i t h  t h e s e  mAbs .

The s i g n i f i c a n c e  o f  t h e  e p i t o p e  r e c o g n i z e d  by d - 6Cl  h a s  n o t  

been  d e t a i l e d ,  a l t h o u g h  c h y m o t r y p t i c  mapp i ng  e x p e r i m e n t s  

r e v e a l e d  t h a t  I t  I s  n e a r  t h e  c l a t h r l n  b i n d i n g  r e g i o n  o f  t h e  

CAPs.  The mAb C-7H12 a p p e a r s  t o  r e a c t  w i t h  an e p i t o p e  

d i r e c t l y  on t h e  c l a t h r l n  b i n d i n g  doma i n  as  e v i d e n c e d  by 

c h y m o t r y p t i c  m a p p i n g ,  ELISAs u s i n g  c l a t h r i n - b o u n d  CAPs and 

f r e e  CAPs,  and I m m u n o p r e c i p i t a t i o n  e x p e r i m e n t s  u s i n g  

r a d i o l o d i n a t e d  CCVs and CAPs.  Sandwi ch  ELISAs I n d i c a t e  

t h a t ,  d e s p i t e  t h e i r  p r o x i m i t y ,  t h e  e p i t o p e s  r e c o g n i z e d  by 

mAbs C-6C1 and C-7H12 a r e  d i s t i n c t .

Sa ndwi c h  ELISAs i n d i c a t e  t h a t  mAbs C- 10B2 ,  C - 4 E 5 ,  C- 

7H12,  and C-6C1 r e a c t  w i t h  d i s t i n c t  e p i t o p e s  on CAPg.  As 

may be i n f e r r e d  f rom t h e  d e g r e e  o f  s t e r l c a l l y  i n d u c e d  

i n h i b i t i o n  o b s e r v e d  In t h e s e  a s s a y s ,  mAbs C-10B2 a n d  C- 4E5 

a p p e a r  t o  r e a c t  w i t h  d i f f e r e n t  e p i t o p e s  In  t h e  s ame r e g i o n  

o f  CAPg.  As j u d g e d  by i t s  s e n s i t i v i t y  t o  c h y m o t r y p t i c
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d i g e s t i o n ,  t h i s  r e g i o n  of  CAP2 1s on an a c c e s s i b l e  end  o f  

t h e  m o l e c u l e .  The t e r m " n o n - c o n s e r v e d  d o ma i n "  may be  u s e d  

t o  r e f e r  t o  t h i s  a c c e s s i b l e  e d g e  of  t h e  CAPg a nd  I t s  

p u t a t i v e  c o u n t e r p a r t  on CAPj .

Two k i n a s e  a c t i v i t i e s  a r e  a s s o c i a t e d  w i t h  CCVs.  The 
9+f i r s t  I s  Ca / c a l m o d u l i n -  and c A M P - i n d e p e n d e n t , and 

u t i l i z e s  t h e  50 kD a s s e m b l y  c o mp l e x  p o l y p e p t i d e  as  a 

s u b s t r a t e ;  t h e  s e c o n d  1s a c c e n t u a t e d  by t h e  p r e s e n c e  o f  

p o l y b a s l c  compounds  and c an  u s e  CAPg as  a  s u b s t r a t e .

D i r e c t  I n h i b i t i o n  e x p e r i m e n t s  I n d i c a t e  t h a t  mAb C-10B2 and 

C-4E5 r e a c t  w i t h  an e p i t o p e  r e l e v a n t  t o  t h e  p h o s p h o r y l a t i o n  

p r o c e s s .  In p a r t i c u l a r ,  C-4E5 i n h i b i t s  p h o s p h o r y l a t i o n ^  

b e t t e r  1n t h e  s h o r t  t e r m ,  w h i l e  C-10B2 i n h i b i t s  b e t t e r  In 

t h e  l o n g  t e r m .  I n h i b i t i o n  o f  CAPg p h o s p h o r y l a t i o n  by t h e s e  

mAbs c o u l d  be p r o d u c e d  by s e v e r a l  m e c h a n i s m s :  s t e r l c  

I n t e r f e r e n c e  o f  t h e  bound a n t i b o d y  and  t h e  e n z y me ;  

a l l o s t e r l c  s t r u c t u r a l  a l t e r a t i o n s  p r o d u c e d  i n  CAPs by bound 

a n t i b o d y ;  d i r e c t  c o m p e t i t i o n  f o r  t h e  enzyme b i n d i n g  s i t e  by 

t h e  a n t i b o d y ;  a n d ,  I f  1t  i s  d i s t i n c t  f r o m t h e  enzyme 

b i n d i n g  s i t e ,  d i r e c t  b l o c k i n g  o f  t h e  p h o s p h o r y l a t i o n  s i t e  

by bound a n t i b o d y .  F u r t h e r  work i s  n e c e s s a r y  t o  d e t e r m i n e  

t h e  me c h a n i s ms  r e s p o n s i b l e  f o r  i n h i b i t i o n  o f  CAPg 

p h o s p h o r y l a t i o n  by e a ch  mAb.

I m m u n o p r e c i p 1 t a t 1 o n  e x p e r i m e n t s  u s i n g  mAb C-10B2 

r e v e a l e d  a c r o s s - r e a c t i v e  p h o s p h o p r o t e i n  w i t h  a m o l e c u l a r
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mass  32 kD.  Th i s  p h o s p h o p r o t e i n  1s r e f e r r e d  t o  a s  CAPX o r  

LCX s i n c e  1 t  c o - p r e c 1p 1 t a t e s  w i t h  CAP2 . T h i s  f r a g m e n t  I s  

n o t  c o - p r e c i p i t a t e d  by by C- 4E5 ,  CVC-1,  C - 7 H1 2 ,  o r  C- 6C1 ,  

I n d i c a t i n g  t h a t  i t  i s  no t  a CAP f r a g m e n t .  S i n c e  CAPX 1s a 

p h o s p h o p r o t e i n  and C-10B2 d o e s  I n h i b i t  CAP2 

p h o s p h o r y l a t i o n ,  i t  a p p e a r s  t h a t  C-10B2 c r o s s - r e a c t s  w i t h  

t h e  p h o s p h o r y l a t e d  e p i t o p e s  on b o t h  p o l y p e p t i d e s .  

S i m i l a r i t i e s  be t we en  t h e  p o l y p e p t i d e s  s u g g e s t  t h a t  i t  1s a 

member  o f  t h e  CAP f a m i l y .  In p a r t i c u l a r ,  CAPX I s  h e a t  

s t a b l e ;  I t  c a n  be I s o l a t e d  f rom CCV p r e p a r a t i o n s ;  and i t  i s  

p h o s p h o r y l a t e d  u n d e r  t h e  same c o n d i t i o n s  as  CAP2 . When a 

CAPx - s p e c i f 1c a n t i b o d y  i s  p r o d u c e d  i t  may be  p o s s i b l e  t g  

a s c e r t a i n  1f  t h e  p o l y p e p t i d e  i s  an i n t e g r a l  v e s i c l e  

p r o t e i  n .

I m m u n o p r e c i p i t a t i o n  e x p e r i m e n t s  u s i n g  C- 4E5  and CVC-1 

r e v e a l e d  two o t h e r  p r o p e r t i e s  o f  CAP p h o s p h o r y l a t i o n :  CAP2 

i s  p h o s p h o r y 1a t e d  in  a b s e n c e  o f  e f f e c t o r s ,  b u t  t o  a 

c o n s i d e r a b l y  l e s s e r  d e g r e e ;  CAPj a l s o  i s  p h o s p h o r y l a t e d  i n  

t h e  p r e s e n c e  of  p o l y l y s i n e ,  b u t  n o t  t o  t h e  same e x t e n t  as  

CAP2 . The l a t t e r  o b s e r v a t i o n  i m p l i e s  t h a t  t h e  k i n a s e  i s  

n o t  a b s o l u t e l y  s p e c i f i c  f o r  CAP2 and 1n t h e  p r e s e n c e  o f  

o t h e r  m e d i a t o r s  o r  e n z y me s ,  CAPj may be e q u a l l y  w e l l  

p h o s p h o r y l a t e d .  A l t e r n a t i v e l y ,  t lsami e t  a l  1 9 8 5 ,  have  

I n d i c a t e d  t h a t  CAP2 b e a r s  t h r e e  s i t e s  o f  p h o s p h o r y l a t i o n ;  

CAPj may ha ve  c o n s e r v e d  o n l y  a f r a c t i o n  o f  t h e s e  s i t e s .
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F u r t h e r  work s h o u l d  e l u c i d a t e  t h e  p h y s i o l o g i c a l  

s i g n i f i c a n c e  o f  e a c h  s i t e  of  p h o s p h o r y l a t i o n  and t h e i r  

d i s t r i b u t i o n  on e a c h  CAP.
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X I . S u b p o p u l a t i o n s  o f  C l a t h r i n - c o a t e d  v e s i c l e s :

1 .  S u b p o p u l a t i o n s  o f  C l a t h r i n - c o a t e d  v e s i c l e s  

G e n e r a t e d  by C l a t h r l n  l i g h t  c h a i n s

I n t r o d u c t i o n :  The b i o c h e m i c a l  e l e m e n t s  g e n e r a t i n g

CCV and c l a t h r i n - c o a t e d  g r a n u l e  d i v e r s i t y  a r e  n o t  w e l l  

c h a r a c t e r i z e d .  An e x a mp l e  o f  t i s s u e - t y p e  h e t e r o g e n e i t y  i s  

o b s e r v e d  1n t h e  s i z e  of  CAPs e x t r a c t e d  f r om b o v i n e  b r a i n  

(33 kO and 36 kD) and f rom o t h e r  b o v i n e  t i s s u e s  ( 29 kD and  

32 kD) .  T h i s  d i f f e r e n c e  in  s i z e  may r e f l e c t  a g r e a t e r  

f u n c t i o n a l  d i v e r s i t y  i n  b r a i n .  P f e f f e r  a n d  K e l l y  ( 1 9 8 5 )  

o b s e r v e d  m i c r o h e t e r o g e n e i t y  1n t h e  c o m p o s i t i o n  o f  b o v i n e  

b r a i n  CCVs by u s i n g  mo n o c l o n a l  a n t i b o d i e s  d i r e c t e d  a g a i n s t  

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

p r o t e i n s .  SDS-PAGE of  p u r i f i e d  b o v i n e  b r a i n  CCVs 

i m m u n o p r e c i p i t a t e d  by t h e s e  a n t i b o d i e s  r e v e a l e d  t h e  

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

p r o t e i n s  t o  be e n r i c h e d  i n  two p r e v i o u s l y  u n c h a r a c t e r i z e d  

v e s i c l e  p r o t e i n s  ( 32  kD and 29 kD) .

In t h i s  r e p o r t  s m a l l e r  v e s i c l e s  e n c l o s e d  i n  a 

c l a t h r i n  c a g e  a r e  r e f e r r e d  t o  as CCVs,  w h i l e  l a r g e r  

v e s i c l e s  b e a r i n g  e i t h e r  an open c l a t h r i n  l a t t i c e  o r  a 

d i f f u s e  c l a t h r l n  c o a t  a r e  r e f e r r e d  t o  as  CCGs.  The r o l e s  

o f  CCVs and CCGs in e n d o c y t l c  and s e c r e t o r y  s y s t e m s  a r e  

exami ne d  h e r e  u s i n g  nove l  mo n o c l o n a l  a n t i b o d i e s  (mAbs)
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d i r e c t e d  a g a i n s t  s u b p o p u l a t 1o n - s p e c i f i c  d e t e r m i n a n t s .  

S u b p o p u l a t i o n s  o f  CCGs may be r e p r e s e n t e d  I n  p r e p a r a t i o n s  

o f  p u r i f i e d  CCVs s i n c e  c o n d e n s a t i o n  o f  t h e  l a t t i c e  

s t r u c t u r e  can o c c u r  d u r i n g  s u b c e l l u l a r  f r a c t i o n a t i o n  1 n 

b u f f e r s  whi ch  e n h a n c e  t h e  s t a b i l i t y  of  CCVs.  B e a r i n g  t h i s  

i n  mi n d ,  i m m u n o p r e c i p i t a t i o n  and b i o c h e m i c a l  a n a l y s i s  we r e  

u s e d  t o  exami ne  s u b p o p u l a t i o n s  1n p u r i f i e d  p r e p a r a t i o n s  o f  

b o v i n e  b r a i n  CCVs,  and I mmunof 1 u o r e s c e n t  m i c r o s c o p y  was  

u s e d  t o  exa mi ne  t o  a l i m i t e d  e x t e n t  t h e  i n t r a c e l l u l a r  

d i s t r i b u t i o n  of  t h e s e  s u b p o p u l a t i o n s .  C l a t h r i n - c o a t e d  

v e s i c l e s  a r e  r e s o l v e d  I n t o  s u b p o p u l a t i o n s  by mAbs r e a c t i v e  

w i t h  c y t o s k e l e t a l  p r o t e i n s ,  membrane c a r g o  m o l e c u l e s ,  ajjd 

c o n s t i t u t i v e  v e s i c l e  p r o t e i n s .  The t e c h n i c a l  - a s p e c t s  o f  

CCV I m m u n o p r e c i p i t a t i o n  wer e  m o d i f i e d  f r om p r e v i o u s  

p r o t o c o l s  ( P f e f f e r  and K e l l y ,  op c i t . )  t o  f a c i l i t a t e  t h e  

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

c e r t a i n  a n t i g e n s  as w e l l  as  t h e i r  p r e s e n c e  o r  a b s e n c e  I n  

t h e  v e s i c l e .  In p a r t  1 t h i s  a p p r o a c h  a l l o w s  t h e  

I mmunochemi ca l  d i s c r i m i n a t i o n  of  s u b p o p u l a t i o n s  o f  CCVs 

e n r i c h e d  In e i t h e r  t h e  u p p e r  o r  l o we r  m o l e c u l a r  mass  CAP,  

d e s p i t e  t h e  p r e s e n c e  of  b o t h  f o r ms  i n  e v e r y  v e s i c l e .  I n  

p a r t  2 s u b p o p u l a t i o n s  o f  CCVs c o n t a i n i n g  t h e  m o s t  a c t l n  

( a c t 1n + ) a r e  s e p a r a t e d  f rom t h o s e  w i t h  t h e  l e a s t  a c t l n  

( a c t i n ' )  by i m m u n o p r e c i p i t a t i  on w i t h  mAb r e a c t i v e  w i t h  b e t a  

a c t l n .  The se  s u b p o p u l a t i o n s  may be d e r i v e d  f r o m
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F i g u r e  1 2 .  A u t o r a d i o g r a p h y  o f  o n e -  and t w o - d i m e n s i o n a l  g e l  

a n a l y s i s  o f  r a d i o l o d i n a t e d  CCVs p r e c i p i t a t e d  by mAbs C-4E5 

and  CVC-1.  Open a r r o w s  i n d i c a t e  p o s i t i o n s  o f  t h e  u p p e r  

CAP; s o l i d  a r r o ws  i n d i c a t e  t h e  p o s i t i o n s  o f  t h e  l o w e r  

CAP. Ar rowhead  i n d i c a t e s  p o s i t i o n  o f  t u b u l i n .

A: CCV p r o f i l e  p r e c i p i t a t e d  by mAb CVC-1.

B: CVC p r o f i l e  p r e c i p i t a t e d  by mAb C- 4E5 .

\
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I n t r a c e l l u l a r  r e g i o n s  c o n t a i n i n g  e i t h e r  h i g h  { I . e . ,  p l a s m a  

membr a ne )  o r  low ( I . e . ,  p e r i n u c l e a r  c y t o p l a s m )  

c o n c e n t r a t i o n s  of  a c t l n ,  r e s p e c t i v e l y .  F i n a l l y ,  mAbs 

r e a c t i v e  w i t h  CCV membrane a n t i g e n s  a r e  u s e d  t o  d e m o n s t r a t e  

by i m m u n o p r e c i p i t a t i o n  t h a t  c a r g o  m o l e c u l e s  may be  s o r t e d  

b e t we e n  a c t 1n+ and a c t i n '  s u b p o p u l a t i o n s .

G e n e r a t i o n  o f  CCV and Co a t e d  G r a n u l e  D i v e r s i t y  by 

CAPs:  The d i s t r i b u t i o n  o f  CAPs 1n c o a t e d  v e s i c l e

s u b p o p u l a t i o n s  was I n v e s t i g a t e d  u s i n g  mAbs s p e c i f i c a l l y  

r e a c t i v e  w i t h  e i t h e r  t h e  33 kD o r  36 kD f o r ms  p r e s e n t  I n  

b o v i n e  b r a i n  CCVs. I mmunobl o t  a n a l y s i s  o f  t h e  a n t 1 - CAP  

mAbs u s e d  1s p r e s e n t e d  In F i g u r e  5.  R e s u l t s  f r om o t h e r  

l a b o r a t o r i e s  i n d i c a t e  t h a t  t h e  two f o r ms  of  CAPs a r e  

d i s t r i b u t e d  i n  a random ma nne r  among p u r i f i e d  c l a t h r l n  

t r l s k e l l o n s  ( K i r c h h a u s e n  e t  a l  . ,  1 9 8 3 ) .  However-,  t h i s  d o e s  

n o t  I mp l y  t h a t  t h e  C A P - c o n t a i n i n g  t r l s k e l l o n s  a r e  

d i s t r i b u t e d  In a random f a s h i o n  among CCVs and CCGs.  To 

a d d r e s s  t h i s  p o i n t ,  p u r i f i e d  r a d i o i o d l n a t e d  b o v i n e  b r a i n  

CCVs we r e  I mmunopr ec i p1  t a t e d  by mAbs s p e c i f i c a l l y  r e a c t i v e  

w i t h  e i t h e r  t h e  33 kD ( C- 4E5)  o r  36 kD (CVC-1)  f o r m s  o f  

CAP.  The t i t e r s  of  an t 1 - CAP we r e  l i m i t e d  In t h e s e  

e x p e r i m e n t s  by a d d i n g  u n l a b e l l e d  CCVs u n t i l  t h e  t o t a l  

p r e c i p i t a t e d  c o u n t s  was h a l f  t h e  v a l u e  p r e c i p i t a t e d  1n 

a n t i b o d y  e x c e s s .  E x p e r i m e n t s  d one  i n  a n t i b o d y  e x c e s s ,
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h o w e v e r ,  d i d  n o t  p r e c i p i t a t e  a l l  CCVs ( T a b l e  3 ) .  p r e s u m a b l y  

due  t o  t h e  r e l a t i v e l y  low a f f i n i t y  o f  mAbs CVC-1 and C- 

4E5.  Two d i m e n s i o n a l  ge l  e l e c t r o p h o r e s i s  o f  t h e  CCVs 

p r e c i p i t a t e d  a t  l i m i t i n g  t i t e r s  r e v e a l e d  s u b p o p u l a t l o n s  of  

b r a i n  CCVs e n r i c h e d  i n  e i t h e r  t h e  33 kD o r  36 kD f orm o f  

CAP ( F i g u r e  1 2 ) .  I t  i s  u n l i k e l y  t h a t  t h i s  r e s u l t  I s  

g e n e r a t e d  by f r e e  CAPs c o - p r e c l p l t a t i n g  w i t h  t h e  v e s i c l e s  

as  t h e s e  p r e p a r a t i o n s  were  p u r i f i e d  t w i c e  by S e p h a r o s e  4B 

col umn c h r o m a t o g r a p h y  f o l l o w i n g  r a d i o i o d 1n a t i o n  . In 

a d d i t i o n ,  mAb C-7H12,  which r e c o g n i z e s  o n l y  f r e e  CAPs,  

p r e c i p i t a t e d  no c o u n t s  above  b a c k g r o u n d  f r o m t h e s e  s a m p l e s .

E x p e r i m e n t s  w i t h  an act in ' * '  s u b p o p u l a t i o n  ( d i s c u s s e d  

b e l o w)  r e v e a l e d  t h a t  CAPs in d i f f e r e n t  s u b p o p u l a t i o n s  o f  

CCVs may be r a d i o i o d i n a t e d  w i t h  d i f f e r i n g  e f f i c i e n c i e s .  I t  

I s  t h e r e f o r e  n e c e s s a r y  t o  a s s e s s  t h e  e x t e n t  of  CAPj  o r  CAP2 

e n r i c h m e n t  i n  s u b p o p u l a t i o n s  p r e c i p i t a t e d  by mAbs CVC-1 o r  

C-4E5 by an a l t e r n a t e  means .  C l a t h r i n  c o a t e d  v e s i c l e s  we r e  

p r e c i p i t a t e d  w i t h  mAb CVC-1 o r  C-4E5 and I n c u b a t e d  w i t h  

p o l y l y s i n e  and gamma ^ P - l a b e l e d  ATP t o  p h o s p h o r y l a t e  

CAP2 . A f t e r  d i s s o c i a t i n g  l a b e l e d  CCVs w i t h  a c i d ,  

e q u i v a l e n t  m i c r o g r a m  amount s  of  d i s s o c i a t e d  p r o t e i n  wer e  

h e a t e d  t o  100° C,  c e n t r i f u g e d ,  and e q u i v a l e n t  v o l u me s  o f  

s u p e r n a t a n t  we r e  a n a l y z e d  by SOS-PAGE and

a u t o r a d i o g r a p h y .  As shown by Co o ma s s i e  s t a i n  I n  F i g u r e  1 3 i  

CCVs p r e c i p i t a t e d  by mAb CVC-1 a r e  e n r i c h e d  i n  CAPj ,  w h i l e
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F i g u r e  13.  A n a l y s i s  o f  CAPs e x t r a c t e d  f r o m  CCVs 

I m m u n o p r e c l p l t a t e d  by roAbs CVC-1 ( a n t l - C A P j )  o r  C- 4E5  

( a n t i - C A P 2 ) .  S u b s e q u e n t  t o  p r e c i p i t a t i o n  by t h e  mAbs , CCVs 

wer e  s u s p e n d e d  In 100 mM T r i s ,  10 mM MgCl2 » pH 7 . 5 ,  w i t h  10
on

ug/ ml  p o l y l y s i n e .  . 001  mCi gamma J t P - l a b e l e d  ATP was a d d e d

( . 0 2  mM f i n a l  c o n c e n t r a t i o n  ATP),  and t h e  m i x t u r e s  wer e
•a*-.

h e a t e d  t o  100°C f o r  5 m i n u t e s ,  c e n t r i f u g e d ,  a n d  

s u p e r n a t a n t s  a n a l y z e d  by SDS-PAGE.

A: t o t a l  CCVs.

B: CVC-1 p r e c i p i t a t e d  CCVs.

C: C-4E5 p r e c i p i t a t e d  CCVs

P h o s p h o r y l a t i o n  i s  o b s e r v e d  o n l y  i n  CAP2 ( 3 3  k D) .

A, B, and C: Co o ma s s i e  b l u e  s t a i n .

A ' ,  B1 and C ' :  A u t o r a d i o g r a p h y  of  s ame g e l s .

\
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CCVs p r e c i p i t a t e d  by mAb C-4E5 a r e  e n r i c h e d  In CAP2 - T h i s  

1s e m p h a s i z e d  by a u t o r a d i o g r a p h y  o f  t h e  same g e l s :  CCVs 

p r e c i p i t a t e d  by C-4E5 a l s o  c o n t a i n  a c o n s i d e r a b l y  g r e a t e r  

amount  o f  l a b e l e d  CAPg.  Wh e t h e r  t h i s  d i f f e r e n c e  1s o n l y  

due  t o  t h e  g r e a t e r  q u a n t i t y  o f  CAPg 1n t h e s e  CCVs o r  t o  a 

g r e a t e r  q u a n t i t y  of  enzyme i s  c u r r e n t l y  b e i n g  d e t e r m i n e d .

S i n c e  t h e  u p p e r  and l o w e r  CAPs a r e  n o t  d i s t r i b u t e d  In 

a 1 : 2  r a t i o  among a l l  CCVs,  we I n v e s t i g a t e d  h i s t o l o g i c a l l y  

t h e  d i s t r i b u t i o n  of  t h e s e  m o l e c u l e s  i n  v a r i o u s  c u l t u r e d  

c e l l  l i n e s .  The s c o p e  o f  t h i s  i n v e s t i g a t i o n  was l i m i t e d  by 

t h e  c a p a c i t y  o f  t h e s e  mAbs t o  r e a c t  e x c l u s i v e l y  w i t h  CAPs 

f rom h i g h e r  mammals.  In mos t  o f  t h e  c e l l  l i n e s  e x a m i n e d *  

t h e  d i s t r i b u t i o n  of  u p p e r  and l o w e r  CAPs was 

I n d i s t i n g u i s h a b l e .  Th i s  i s  t y p i f i e d  by p a t t e r n s  o b s e r v e d  

i n  MDBK c e l l s ,  shown i n  F i g u r e s  14A and 14B.  A s t r a i n  o f  

human c a r d i a c  m y o b l a s t s  p r o v e d  t o  be t h e  e x c e p t i o n ,  

d i s p l a y i n g  d i f f e r e n t  d i s t r i b u t i o n s  of  u p p e r  and l o w e r  CAPs 

d u r i n g  t h e  s y n t h e t i c  p h a s e  o f  t h e i r  g r o wt h  c y c l e .  As shown 

i n  F i g u r e s  15A and 15B,  i n t e n s e  CAP I m m u n o f l u o r e s c e n c e  was 

o b s e r v e d  on l a r g e  g r a n u l e s  a m i d s t  t h e  a b u n d a n t  p r o t e i n  

s y n t h e s i s  o r g a n e l l e s .  Th e s e  g r a n u l e s  a r e  r e a c t i v e  w i t h  

a n t i b o d i e s  t o  e i t h e r  CAP and t h e y  a r e  v i s i b l e  by p h a s e  

l i g h t  m i c r o s c o p y  ( n o t  s h o w n ) .  In c o n t r a s t  t o  t h e  l a r g e r  

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

o n l y  by mAb a g a i n s t  t h e  l o w e r  CAP ( F i g u r e  I 5 B ) .  When t h e
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F i g u r e  1 4 .  I m m u n o f l u o r e s c e n c e  m i c r o s c o p y  u s i n g  mAbs 

s p e c i f i c  t o  CAPj o r  CAP2 .

A: MDBK c e l l s ,  mAb CVC-1.

B: MDBK c e l l s ,  mAb 10B2.  '

C e l l s  we r e  f i x e d  w i t h  3.7% p a r a f o r m a l d e h y d e  and t r e a t e d  

w i t h  0.1% T r i t o n  X-100 b e f o r e  b e i n g  i n c u b a t e d  w i t h  p r i m a r y  

a n t i b o d y .  R h o d a m i n e - c o n j u g a t e d  r a b b i t  a n t i - m o u s e  IgG 

s e c o n d  a n t i b o d y  was u s e d .  T o t a l  m a g n i f i c a t i o n :  800X.
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F i g u r e  1 5 .  I m m u n o f l u o r e s c e n c e  m i c r o s c o p y  u s i n g  mAbs 

Specific to CAPj o r  c a p 2 .

A: HCM c e l l ,  s y n t h e t i c  p h a s e ,  mAb CVC-1.

B: HCM c e l l ,  s y n t h e t i c  p h a s e ,  mAb C- 4 E5 .

C e l l s  were  f i x e d  w i t h  3.7% p a r a f o r m a l d e h y d e  and t r e a t e d  

w i t h  0.1% T r i t o n  X-100 b e f o r e  b e i n g  i n c u b a t e d  w i t h  p r i m a r y  

a n t i b o d y .  R h o d a m i n e - c o n j u g a t e d  r a b b i t  a n t i - m o u s e  IgG 

s e c o n d  a n t i b o d y  was u s e d .  T o t a l  m a g n i f i c a t i o n :  800X.

\
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F i g u r e  1 5 .  I m m u n o f l u o r e s c e n c e  m i c r o s c o p y  u s i n g  aAbs  

s p e c i f i c  t o  CAP^ o r  CAP2 .

C: HCM c e l l ,  p s e u d o - c o n t r a c t i l e  p h a s e ,  mAb CVC-1.

D: HCM c e l l ,  p s e u d o - c o n t r a c t i l e  p h a s e ,  mAb C- 4E5 .

C e l l s  were  f i x e d  w i t h  3.7% p a r a f o r m a l d e h y d e  and  t r e a t e d  

w i t h  0.1% T r i t o n  X-100 b e f o r e  b e i n g  i n c u b a t e d  w i t h  p r i m a r y  

a n t i b o d y .  R h o d a m i n e - c o n j u g a t e d  r a b b i t  a n t i - m o u s e  IgG 

s e c o n d  a n t i  body was u s e d .  T o t a l  m a g n i f i c a t i o n :  800 X.

\
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c e l l s  p r o g r e s s  t o  a p s e u d o - c o n t r a c t i l e  p h a s e  ( p r o d u c e d  by 

c o - c u l t u r e  w i t h  SH-SY5Y n e u r o b l a s t o m a  c e l l s )  t h e  

d i s t r i b u t i o n  o f  t h e  two f o r ms  o f  CAPs a p p e a r s  mo r e  

homogeneous  ( F i g u r e s  15C and 15D) ,  a l t h o u g h  l o w e r  CAP 

i m m u n o f l u o r e s c e n c e  a p p e a r s  more  d e n s e .  T h i s  may r e s u l t  

f rom t h e  l a r g e r  v e s i c l e s  t r a n s f o r m i n g  I n t o  s m a l l e r  o n e s  a nd  

r e d i s t r i b u t i n g  t h e m s e l v e s  t h r o u g h o u t  t h e  c e l l .

\
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X I I . S u b p o p u l a t i o n s  o f  C l a t h r l n - c o a t e d  v e s i c l e s :

2.  S u b p o p u l a t i o n s  of  C l a t h r l n - c o a t e d  v e s i c l e s  G e n e r a t e d  

by Ac t f n

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

c o n t a i n s  a c t l n :  Monoc l ona l  a n t i b o d i e s  r e a c t i v e  w i t h  t h r e e

t y p e s  o f  a n t i g e n s  we r e  used  In t h i s  s t u d y  t o  

I m m u n o p r e c i p l t a t e  s u b p o p u l a t i o n s  o f  CCVs: 1 .  mAbs r e a c t i v e  

w i t h  c y t o s k e l e t a l  p r o t e i n s ;  2 .  mAbs r e a c t i v e  w i t h  v e s i c l e  

c a r g o  p r o t e i n s ;  and 3 .  mAbs r e a c t i v e  w i t h  c o n s t i t u t i v e  

v e s i c l e  p r o t e i n s .  C y t o s k e l e t a l  p r o t e i n s  a r e  g e n e r a l l y  

r e s t r i c t e d  t o  c e r t a i n  a r e a s  o f  t h e  c e l l ;  a d d i t i o n a l l y ,  

po l y s o me s  t r a n s l a t i n g  mRNA of  t h e s e  p r o t e i n s  a p p e a r  t o  be 

c o i n c i d e n t a l l y  d i s t r i b u t e d  ( La wr enc e  and S i n g e r ,  1 9 8 6 ) .  

C l a t h r i n  c o a t e d  v e s i c l e s  a r e  known t o  c o n t a i n  a t  l e a s t  two 

c y t o s k e l e t a l  p r o t e i n s :  a c t i n  and t u b u l i n  ( P f e f f e r  and  

K e l l y ,  1 9 8 1 ) .  S i n c e  a c t i n  and m i c r o f i l a m e n t s  a r e  

d i s t r i b u t e d  t h r o u g h o u t  t h e  c e l l  p e r i p h e r y  ( S m a l l  and  C e l l s ,  

1 9 7 8 ) ,  i t  i s  r e a s o n a b l e  t o  assume t h a t  CCVs a s s o c i a t e d  w i t h  

t h e  c e l l  s u r f a c e  may be e n r i c h e d  i n  t h i s  p r o t e i n .  On t h e  

o t h e r  h a n d ,  t u b u l i n  and m i c r o t u b u l e s  a r e  d i s t r i b u t e d  more 

u n i f o r m l y  t h r o u g h  t h e  c e l l ;  t h e r e f o r e ,  t u b u l i n  s h o u l d  be  

more r a n d o ml y  d i s t r i b u t e d  among CCVs.

To e x a mi n e  t h e  a c t u a l  d i s t r i b u t i o n  o f  a c t i n  and



T a b l e  3 .  Summary o f  Mo noc l ona l  A n t i b o d i e s

P e l l e t :  S u p e r n a t a n t :
mAb Cl a s s Ant i  gen CCVs A-7C11 T- 2H9

A - 7 C l l N.O. a c t i  n 25% <5% 70%

T-2H9 N.D. t u b u l 1n >95% <5% <5%

S-11D9 IgM;k 44kD 25% <5% 70%

C-4E5* I g G1;  k c a p 2 65% 15% 25%

C-10B2 IgGl  ;k c a p 2 90% 5% 5%

( CVC- 1) + IgGl  ;k CAP j 25% 15% 70%

S-10C7 IgG2b; k N.D. 20% 25% 75%

C-7H12 IgGl  ;1 f r e e  CAPS <5% 25% >95%

C-6C1 I g G l ; 1 f r e e  CAPs N.D. N. D. N. D.

S - 8 G8 I g G l ; k NP 185 >95% <5% . . < 5 V

S-6G7 I g G1;  k NP 185 >95% <5% <5%

2D9 IgM;k c l a t h r i n  N.D.  
h e avy  c h a i n

N.D N.D

R e s u l t s  i n d i c a t e p e r c e n t a g e CCVs p r e c i p i t a t e d ( p e l  1 ei

f r om a t y p i c a l  p r e p a r a r t i o n  u t i l i z i n g  an e x c e s s  o f

a n t i b o d y . Remai ni  ng CCVs wer e  p r e c i p i t a t e d  by  e i t h e r  mAb

A-7C11 o r T-2H9 ( s u p e r n a t a n t ) . CCV p r e p a r a t i o n  may

r e p r e s e n t a s e l e c t e d p o p u l a t i o n , n o t  t h e t o t a l  CCV c e l  1

p r o f 1 l e . Va l ue s  were r o u n d e d  t o t h e  n e a r e s t  S%.

* mAbs C-4E5 and CVC-1 p r e c i p i t a t e  l e s s  t h a n  100% o f  t h e  

CCV due  t o  t h e i r  r e l a t i v e l y  low a f f i n i t i e s  ( w h i c h  may be a 

r e s u l t  o f  CNBr c o u p l i n g  t o  S e p h a r o s e  4 B ) ,  n o t  t o  t h e  

a b s e n c e  of  e i t h e r  f orm o f  CAP i n  any CCV s u b p o p u l a t i o n .  

+mAb CVC-1 was made by K i r c h h a u s e n  e t  a l .. ( 1 9 8 3 ) .
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t u b u l i n  among p u r i f i e d  CCVs,  a n t l - a c t l n  mAb A-7C11 a n d  

a n t 1 - t u b u ! 1 n  mAb T-2H9 ( K o h t z  and P u s z k l n ,  u n p u b l i s h e d  

r e s u l t s )  we r e  p u r i f i e d ,  c o u p l e d  t o  S e p h a r o s e  4 8 ,  and  u s e d  

t o  I m m u n o p r e c l p l t a t e  r a d l o 1 o d l n a t e d  b o v i n e  b r a i n  CCVs.

Th e s e  mAbs wer e  c h a r a c t e r i z e d  by I m m u n o b l o t t i n g  w i t h  

p u r i f i e d  b r a i n  a c t i n  ( k i n d  g i f t  o f  Dr .  S.  B e r l ,  D e p t ,  of  

N e u r o l o g y ,  Mount S i n a i  Schoo l  of  M e d i c i n e ) ,  t u b u l i n  ( k i n d  

g i f t  o f  Dr .  R. Ll em,  D e p t ,  o f  P h a r m a c o l o g y ,  New York 

U n i v e r s i t y  School  o f  M e d i c i n e )  and CCVs,  and w e r e  f o u n d  t o  

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

c y t o s k e l e t a l  c omponen t s  i n  i m m u n o f l u o r e s c e n c e  a n a l y s i s  ( n o t  

s h o w n ) .  The q u a n t i t a t i v e  r e s u l t s  o f  t h e  r a d l o i m m u n e  

p r e c i p i t a t i o n  e x p e r i m e n t s  a r e  shown 1n T a b l e  3 .  A n t i -  

t u b u l i n  mAb T-2H9 c o n s i s t e n t l y  p r e c i p i t a t e d  >95% o f  b r a i n  

CCVs,  w h i l e  a n t i - a c t i n  mAb A-7C11 g e n e r a l l y  p r e c i p i t a t e d  

o n l y  25%.  These  v a l u e s  I n d i c a t e  t h a t  n e a r l y  a l l  b r a i n  CCVs 

c o n t a i n  s u b s t a n t i a l  amount s  o f  t u b u l i n ,  w h i l e  o n l y  a 

f r a c t i o n  c o n t a i n  enough a c t i n  t o  m e d i a t e  t h e i r  

I m m u n o p r e c i p i t a t l o n . Th i s  r e s u l t  1s s u p p o r t e d  by  t h e  

I mmunob l o t  1n F i g u r e  16.  Equa l  a moun t s  o f  CCVs 

p r e c i p i t a t e d  by mAbs A-7C11 and T-2H9 wer e  r e s o l v e d  by SDS- 

PAGE and b l o t t e d  w i t h  a n t i - a c t i n  mAb. The s u b p o p u l a t i o n  o f  

CCVs I m m u n o p r e c l p i t a t e d  by mAb A-7C11 c o n t a i n s  wo r e  a c t i n  

t h a n  an e q u a l  q u a n t i t y  o f  t h e  t o t a l  p o p u l a t i o n  o f  CCVs 

p r e c i p i t a t e d  by mAb T-2H9.  As I s  i n d i c a t e d  i n  T a b l e  3 ,  t h e
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F i g u r e  1 6 .  Immunobl o t  a n a l y s i s  o f  i m m u n o p r e c i p i t a t e d  

CCVs.  CCVs wer e  i mmunoprec i  pi  t a t e d  by t h e  i n d i c a t e d  mAbs,  

d i s s o c i a t e d  and t e s t e d  f o r  t o t a l  p r o t e i n  c o n t e n t ,  t h e n  

l o a d e d  in e q u i v a l e n t  amount  f o r  a n a l y s i s  by SDS-PAGE and 

I m m u n o b l o t t i n g . S e p a r a t e  d u p l i c a t e  b l o t s  we r e  u s e d  t o  

a n a l y z e  a c t i n  (mAb A-7C11)  and 44 kD a n t i g e n  (mAb S-11D9)  

c o n t e n t .  E n l a r g e m e n t s  of  s e g me n t s  o f  t h e  i m m u n o b l o t s  a r e  

shown t o  f a c i l i t a t e  c o m p a r i s o n  of  t h e  i n t e n s i t i e s  of  

r e a c t i v e  b a n d s  a t  43 kD ( a c t i n )  and 44 kD ( S - 1 1 D9  a n t i g e n ) .
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s u b p o p u l a t i o n  o f  CCVs p r e c i p i t a t e d  by mAb A-7C11 I s  

c o n t a i n e d  w i t h i n  t h e  p u t a t i v e  t o t a l  b r a i n  p o p u l a t i o n  

p r e c i p i t a t e d  by mAb T-2H9.  Th i s  e x p l a i n s  t h e  p r e s e n c e  o f  

a c t i n  i n  CCVs p r e c i p i t a t e d  by T-2H9.

R a d l o i o d i n a t e d  b r a i n  CCVs wer e  I m m u n o p r e c i p 1 t a t e d  by 

S e p h a r o s e  4 B- c o u p 1 e d  mAbs A-7C11 and T- 2H9 ,  and  e q u i v a l e n t  

c o u n t s  a n a l y z e d  by SDS-PA6 E ( F i g u r e  1 7 ) .  C l a t h r l n - c o a t e d  

v e s i c l e s  p r e c i p i t a t e d  by mAb A-7C11 a p p a r e n t l y  c o n t a i n  

c o n s i d e r a b l y  l e s s  r a d i o l a b e l e d  CAPs t h a n  CCVs p r e c i p i t a t e d  

by mAb T- 2H9.  T h i s  d i f f e r e n c e  may r e f l e c t  a q u a n t i t a t i v e  

d i f f e r e n c e  i n  t h e  amount  of  CAPs,  o r ,  a l t e r n a t i v e l y ,  a 

s t r u c t u r a l  d i f f e r e n c e  in t h e  CCVs p r e c i p i t a t e d  by A-.7C11. 

whi ch  a f f e c t s  t h e  e f f i c i e n c y  of  CAP r a d i o l o d 1 n a t 1 o n . 

A n o t h e r  d i f f e r e n c e  be t wee n  t h e  SDS-PA6E p r o f i l e s  1n F i g u r e  

2 i s  t h e  r e l a t i v e  i n t e n s i t y  o f  b a nds  a t  38 kD and  29 kD 

m o l e c u l a r  m a s s .  The s e  bands  a r e  e n h a n c e d  i n  t h e  CCVs 

p r e c i p i t a t e d  by mAb A-7C11.  P o l y p e p t i d e s  o f  s i m i l a r  

m o l e c u l a r  mass  wer e  p r e v i o u s l y  f o u n d  t o  be e n r i c h e d  1n a 

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

s y n a p t i c  v e s i c l e  c a r g o  a n t i g e n s  ( P f e f f e r  and  K e l l y ,  

n 1 9 8 5 ) .  I n c r e a s e d  amount s  of  t h e s e  two p u t a t i v e  b r a i n

e n d o c y t i c  CCV m a r k e r s  1n a c t 1 n + CCVs woul d  c o r r o b o r a t e  t h e  

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

I n t r a c e l l u l a r  r e g i o n s  p r o x i ma l  t o  t h e  p l a s m a  me mb r a n e .  We

have  f o u n d ,  h o w e v e r ,  t h a t  t h e  a c t u a l  l e v e l s  o f  t h e s e  two

\
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F i g u r e  17 .  A u t o r a d i o g r a p h y  o f  r a d i o i o d i n a t e d  CCVs 

i m m u n o p r e c i p i t a t e d  by mAbs A-7C11 ( a n t i - a c t i n )  and  

( a n t i - t u b u l i n )  and a n a l y z e d  by SDS-PAGE.

- 2 H9

\
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ba nds  v a r i e s  c o n s i d e r a b l y  w i t h  t h e  I m m u n o p r e c i p i t a t f o n  

p r o t o c o l  u s e d ,  and w h i l e  t h e  d i f f e r e n c e  I n  t h e  CAPs b a n d s  

1s c o n s i s t e n t ,  t h e  d i f f e r e n c e  In 38 kD a n d  29 kD b a n d s  I s  

no t  a l wa y s  a p p a r e n t .

C l a t h r l n - c o a t e d  v e s i c l e  c a r g o  a n t i g e n s  a r e  s o r t e d  

b e t w e e n  a c t i n ' 1* and  a c t i n '  s u b p o p u l a t i o n s :  Mo n o c l o n a l

a n t i b o d y  S-11D9 r e a c t s  w i t h  a 44 kD CCV c a r g o  m o l e c u l e  t h a t  

1s a l s o  p r e s e n t  in b r a i n  s y n a p t i c  v e s i c l e s  ( F i g u r e  2 1 ,  

d i s c u s s e d  In d e t a i l  b e l o w ) .  I mmu n o b l o t s  o f  wh o l e  c e l l  

e x t r a c t s  r e v e a l e d  t h a t  t h i s  a n t i g e n  I s  p r e s e n t  1n a v a r i e t y  

o f  c e l l s  and t i s s u e s  ( F i g u r e s  23A,  25 and  2 6 ) .  When 

f r a c t i o n a t e d  s y n a p t i c  p l a sma  membranes  w e r e  a n a l y z e d  by 

SDS-PAGE and i m m u n o b l o t t i n g  w i t h  S- 11D9,  a  p r o m i n e n t  56 kD 

band was o b s e r v e d  i n  a d d i t i o n  t o  t h e  44 kD b a n d .  The 

h i g h e r  m o l e c u l a r  we i g h t  band i n  t h e  p l a s m a  membrane  may 

r e p r e s e n t  a p r e c u r s o r  of  t h e  v e s i c l e  44 kD p o l y p e p t i d e  

( F i g u r e  2 1 ) .  The g e n e r a t i o n  of .  t h e  two f o r m s  o f  t h i s  

a n t i g e n  I s  c o n s i d e r e d  i n  t h e  n e x t  c h a p t e r .

B r a i n  CCVs can a c q u i r e  s y n a p t i c  v e s i c l e  c a r g o  

m o l e c u l e s ,  s uc h  as t h e  S-11D9 a n t i g e n ,  by a t  l e a s t  two 

p a t h w a y s .  The f i r s t  o c c u r s  s u b s e q u e n t  t o  s y n a p t o g e n e s i s , 

when CCVs a r e  t h o u g h t  t o  r e c o v e r  v e s i c l e  me mbr ane  l o s t  t o  

t h e  s y n a p t i c  p l a s ma  membrane d u r i n g  t r a n s m i t t e r  s e c r e t i o n  

( H e u s e r  and R e e s e ,  1 9 7 3 ) .  The s e c o n d  o c c u r s  d u r i n g
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t r a n s p o r t ,  when CCVs may be i n v o l v e d  i n  t r a n s f e r r i n g  

s y n a p t i c  v e s i c l e  c a r g o  m o l e c u l e s  f rom t h e  G o l g l  t o  t h e  

n e r v e  e n d i n g .  To d e t e r m i n e  w h e t h e r  a c t i n 4 o r  a c t i n "  CCVs 

c a r r y  t h e  a n t i g e n  r e a c t i v e  w i t h  S- 11D9,  p u r i f i e d  b r a i n  CCVs 

wer e  i m m u n o p r e c i p i t a t e d  w i t h  mAB S- 11D9,  r e s o l v e d  by SDS- 

PAGE, and 1m mu n o b l o t t e d  w i t h  a n t i - a c t i n  mAb A- 7 C1 1 .  When 

compar ed  w i t h  e q u i v a l e n t  mi c r o g r a m a mo u n t s  o f  CCVs 

p r e c i p i t a t e d  by a n t i - t u b u l i n  mAb T-2H9 o r  t h e  t o t a l  b r a i n  

CCV p o p u l a t i o n  ( F i g u r e  1 6 ) ,  CCVs p r e c i p i t a t e d  b y  S-11D9 

a p p e a r  t o  c o n t a i n  as  much a c t i n  as  CCVs p r e c i p i t a t e d  by 

a n t i - a c t i n  mAb A- 7C11.  Th e s e  d a t a  i mpl y  t h a t  t h e  

s u b p o p u l a t i o n  o f  CCVs c a r r y i n g  t h e  a n t i g e n  r e a c t i v e  w i t h  

mAb S-11D9 d e r i v e  f rom an i n t r a c e l l u l a r  l o c a t i o n  e n r i c h e d  

i n  a c t i n ,  p o s s i b l y  b e n e a t h  t h e  s y n a p t i c  p l a s m a  membr ane  

( M a h l e r ,  1 9 7 7 ) .  T h e r e f o r e ,  b r a i n  CCVs may h a v e  a c q u i r e d  

t h i s  a n t i g e n  f rom s y n a p t i c  v e s i c l e s  d u r i n g  membr ane  

r e t r i e v a l  a t  t h e  s y n a p t i c  j u n c t i o n .

S i n c e  t h e  a c t i n 4 s u b p o p u l a t i o n s  o f  CCVs p r e c i p i t a t e d  

by mAb A-7C11 ha ve  d i m i n i s h e d  amount s  of  CAPs ,  

r a d 1o i m m u n o p r e c i p i t a t i o n  e x p e r i m e n t s  w e r e  p e r f o r m e d  t o  

d e t e r m i n e  w h e t h e r  t h e  amount  of  CAPs I s  s i m l H a r l y  r e d u c e d  

In CCVs p r e c i p i t a t e d  by mAb S- 11D9.  P u r i f i e d  b r a i n  CCVs 

we r e  r a d l o l o d i n a t e d , i m m u n o p r e c i p 1 t a t e d  b y  mAb S- 11D9 or  

mAb C-10B2,  and a n a l y z e d  by t w o - d i m e n s i o n a l  g e l  

e l e c t r o p h o r e s i s .  As 1s shown by t h e  a u t o r a d i o g r a p h s  i n
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F i g u r e  18 .  A u t o r a d i o g r a p h y  o f  o n e -  and t w o - d i m e n s i o n a l  g e l  

a n a l y s i s  o f  r a d i o l o d i n a t e d  CCVs p r e c i p i t a t e d  by mAbs S- 11D9  

and  C- 10B2 .  Open a r r o w s  i n d i c a t e  p o s i t i o n s  o f  u p p e r  CAP; 

s o l i d  a r r o w s  i n d i c a t e  t h e  p o s i t i o n s  of  l o w e r  CAP.

Ar r owhea d  i n d i c a t e s  p o s i t i o n  o f  t u b u l i n .

A: CCV p r o f i l e  p r e c i p i t a t e d  by mAb S- 11D9 .

B: CCV p r o f i l e  p r e c i p i t a t e d  by mAb C- 10B2.

N
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F i g u r e  18 ,  t h e  s u b p o p u l a t i o n  o f  CCVs p r e c i p i t a t e d  by mAb S-  

t 1109 a p p e a r s  t o  ha ve  s u b s t a n t i a l l y  l e s s  CAPs t h a n  t h e  t o t a l  

p o p u l a t i o n  p r e c i p i t a t e d  by C-1GB2 ( a s  f r t d l c a t e d  1n T a b l e  3 ,  

C-10B2 p r e c i p i t a t e s  a t  l e a s t  90% of  t h e  t o t a l  CCVs) .  The 

r e d u c e d  I n t e n s i t y  of  t h e  CAPs ba nds  i n  t h e  a c t i n + 

s u b p o p u l a t i o n  o f  CCVs may m e r e l y  r e f l e c t  t h e  e f f e c t s  o f  

d l f f e r e n t a l  i o d l n a t l o n .  To t e s t  t h i s  h y p o t h e s i s ,  

e q u i v a l e n t  mi c r o g r a m q u a n t i t i e s  o f  CCVs p r e c i p i t a t e d  by 

t h e s e  mAbs S-11D9 and C-10B2 wer e  r e s o l v e d  by SDS-PAGE and 

I m m u n o b l o t t e d  w i t h  mAb C-6C1 ( a  mAb r e a c t i v e  w i t h  b o t h  

CAPs,  F i g u r e  1 9 ) .  Us i ng t h i s  p r o t o c o l ,  t h e  CCVs 

p r e c i p i t a t e d  by mAb S-11D9 a l s o  a p p e a r e d  t o  c o n t a i n  l e . s^ 

CAPs t h a n  t h e  t o t a l  p o p u l a t i o n ;  h o w e v e r ,  t h e  c h a n g e  1n 

p r o f i l e  was n o t  as  p r o f o u n d  as  t h a t  o b s e r v e d  when u s i n g  

r a d 1 o i o d i n a t e d  CCVs. Th i s  i n d i c a t e s  t h a t  w h i l e  t h e  a c t 1 n + 

s u b p o p u l a t i o n  o f  CCVs may c o n t a i n  m e a s u r a b l y  l e s s  CAPs t h a n  

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

a c c e n t u a t e d  by r a d i o i o d i n a t l o n  t e c h n i q u e s .  T h i s  I s  

p r o b a b l y  t h e  r e s u l t  o f  s t r u c t u r a l  d i f f e r e n c e s  b e t w e e n  t h e  

a c t i n + and a c t i n "  s u b p o p u l a t i o n s .  I t  i s  I m p o r t a n t  t o  n o t e  

t h a t  a c t 1 n + CCVs do c o n t a i n  some CAPs,  a n d  t h a t  t h e  e n t i r e  

s u b p o p u l a t i o n  can  be p r e c i p i t a t e d  by a n t i - C A P 2 mAb C-10B2 

( T a b l e  3 ) .

The a c t i n + s u b p o p u l a t i o n s  o f  CCVs p r e c i p i t a t e d  by 

mAbs S-11D9 and A-7C11 c o m p r i s e  a p p r o x i m a t e l y  25% o f  t o t a l
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F i g u r e  19 .  I mmunobl o t  a n a l y s i s  o f  CCVs p r e c i p i t a t e d  by 

nAbs S-11D9 and C- 10B2.  T o t a l  p r e c i p i t a t e d  p r o t e i n  l o a d e d  

I n t o  e a c h  l a n e  i s  I n d i c a t e d .  S o l i d  d o t s  I n d i c a t e  b a n d s  

c o n t r i b u t e d  by d i s s o c i a t e d  i m m u n o g l o b u l i n s .  I m m u n o g l o b u l i n  

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

a c t i v a t e d  S e p h a r o s e  4B a l l o w i n g  r e l e a s e  o f  some l i g h t  

c h a i n s  a f t e r  r e d u c t i o n  in s a mp l e  b u f f e r  c o n t a i n i n g  

d i t h i o t h r e i t o l . Due t o  p e n t a m e r i c  s t r u c t u r e  o f  IgM, S-  

1 1 0 9 - c o u p l e d  b e a d s  a l s o  r e l e a s e  some h e a v y  c h a i n - f rom 

p o r t i o n s  of  t h e  m o l e c u l e  t h a t  r e ma i n  u n c o u p l e d .  Ar rows  

i n d i c a t e  p o s i t i o n s  o f  CAPs.  Th i s  b l o t  was  p e r f o r m e d  u s i n g  

mAb 6C1 ( r e a c t i v e  w i t h  b o t h  CAPs) .
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b r a i n  CCVs ( T a b l e  3 ) .  To d e t e r m i n e  w h e t h e r  CCV c a r g o  

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

s u b p o p u l a t i o n ,  mAbs g e n e r a t e d  a g a i n s t  CCV membr a ne  a n t i g e n s  

wer e  s c r e e n e d  f o r  e n r i c h m e n t  o f  t h e  a c t l n "  s u b p o p u l a t i o n  by 

d i f f e r e n t i a l  I m m u n o p r e c i p l t a t l o n .  As shown 1n T a b l e  3 ,  mAb 

S-10C7 p r e c i p i t a t e s  a s u b p o p u l a t i o n  o f  a p p r o x i m a t e l y  20% o f  

b r a i n  CCVs t h a t  1s c o m p l e t e l y  d i s t i n c t  f r o m t h e  

s u b p o p u l a t i o n s  p r e c i p i t a t e d  by e i t h e r  mAb A-7C11 o r  S -  

1109 .  Two d i m e n s i o n a l  ge l  e l e c t r o p h o r e s i s  i n d i c a t e s  t h a t  

S-10C7 r a d l o i mmu n e  p r e c i p i t a t e s  a r e  c ompos e d  o f  CCV 

p r o t e i n s  and n o t  c o n t a m i n a t i n g  membranes  ( n o t  s h o w n ) .  When 

CCVs I m m u n o p r e c i p i t a t e d  by S-10C7 a r e  r e s o l v e d  by SDS-P£GE 

and I m m u n o b l o t t e d  w i t h  a n t i - a c t 1 n  mAb A-7C11 ( F i g u r e  16)  I t  

I s  a p p a r e n t  t h a t  t h e y  c o n s i s t  o f  a c t l n "  v e s i c l e s .

C l a t h r l n - c o a t e d  v e s i c l e s  p r e c i p i t a t e d  by S - 10C7  c o n t a i n  

l e s s  a c t l n  t h a n  t h e  t o t a l  p o p u l a t i o n s  a n d  c o n s i d e r a b l y  l e s s  

t h a n  CCVs p r e c i p i t a t e d  by S-11D9 o r  A- 7 C1 1 .  C l a t h r i n -  

c o a t e d  v e s i c l e s  c a r r y i n g  t h e  S-10C7 a n t i g e n  a r e  a p p a r e n t l y  

d e r i v e d  f rom an i n t r a c e l l u l a r  l o c a t i o n  w h i c h  c o n t a i n s  

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

Mo n o c l o n a l  a n t i b o d y  S-10C7 was o r i g i n a l l y  o b s e r v e d  t o  

r e a c t  w i t h  CCV membranes  i n  an ELISA,  b u t  I mmunobTot s  o f  

CCV membranes  o r  whol e  c e l l  e x t r a c t s  f a i l e d  t o  i d e n t i f y  t h e  

a n t i g e n .  The n a t i v e  c o n f o r m a t i o n  o f  t h e  r e a c t i v e  a n t i g e n  

may be r e q u i s i t e  f o r  b i n d i n g  by mAb S - 1 0 C 7 ,  and  t h i s  1s
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p r o b a b l y  l o s t  d u r i n g  SDS-PAGE p r i o r  t o  b l o t t i n g .  A t t e m p t s  

t o  1 m m u n o p r e c 1 p 1 t a t e  t h e  a n t i g e n  f r om r a d l o l o d l n a t e d  CCV 

membranes  d i s s o l v e d  by T r i t o n  X-100 have  a l s o  b e e n  

u n s u c c e s s f u l .  The p o s s i b i l i t y  t h a t  mAb S- 10C7 r e a c t s  w i t h  

a g l y c o l l p l d  c a n n o t  be e x c l u d e d .

From s y n t h e s i s  t o  e v e n t u a l  d e g r a d a t i o n ,  t h e  a n t i g e n s  

r e c o g n i z e d  by mAbs S-10C7 and S-11D9 a r e  s h u t t l e d  t h r o g h  

t h e  c e l l  by a v a r i e t y  o f  v e s i c l e s  o f  w h i c h  CCVs r e p r e s e n t  

o n l y  a d i s c r e t e  s u b s e t .  To b e t t e r  e v a l u a t e  t h e  c o m p l e t e  

t r a n s p o r t  p a t h w a y s  t r a v e l e d  by t h e s e  a n t i g e n s ,  MDBK c e l l s  

were  f i x e d  w i t h  p a r a f o r m a l d e h y d e ,  t r e a t e d  w i t h  T r i t o n  X-100

and a n a l y z e d  by I m m u n o f l u o r e s c e n c e  w i t h  S- 10C7 a nd  S -  *

11D9.  As shown In F i g u r e  2 0 ,  mAbs S-11D9 and S - 1 0 C7  s t a i n  

d i s t i n c t  s e t s  o f  v e s i c l e s :  S-11D9 s t a i n s  a  s m a l l e r  s u r f a c e  

p o p u l a t i o n ,  w h i l e  S-10C7 s t a i n s  a c y t o p l a s m i c  a n d  

p e r i n u c l e a r  p o p u l a t i o n  o f  l a r g e r  v e s i c l e s .  M o n o c l o n a l  

a n t i b o d y  C-4E5 ( a n t i - C A P 2 ) s h o u l d  r e a c t  w i t h  m o s t  CCVs,  and  

t h e  f l u o r e s c e n t  p a t t e r n  g e n e r a t e d  by t h i s  mAb r e f e c t s  t h e i r

d i s t r i b u t i o n  In MDBK c e l l s .  Th i s  p a t t e r n  d i f f e r s  f r o m t h e

f l u o r e s c e n t  p a t t e r n s  p r o d u c e d  by e i t h e r  mAb S- 10C7  o r  S-  

1109.  The i n t r a c e l l u l a r  l o c a t i o n  on CCVs 

i m m u n o p r e c l p i t a t e d  by e i t h e r  mAb S-11D9 o r  S- 10C7 may be  

r e p r e s e n t e d  by common r e g i o n s  o f  s t a i n i n g  In t h e  p a t t e r n s  

p r o d u c e d  by e a c h  o f  t h e s e  mAbs and t h a t  p r o d u c e d  by mAb C- 

4 E5 .
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F i g u r e  2 0 .  I m m u n o f l u o r e s c e n c e  m i c r o s c o p y  o f  c u l t u r e d  MDBK 

c e l l s  u s i n g  mAbs S- 11D9 ( A ) ,  S - 10 C7  ( B ) ,  and C- 4E5  ( C ) .

mAbs S-11D9 and S-10C7 r e a c t  w i t h  a v a r i e t y  o f  v e s i c l e s ,  

w h i l e  C-4E5 p r e s u m a b l y  r e a c t s  e x c l u s i v e l y  w i t h  CCVs.

C e l l s  wer e  f i x e d  w i t h  3.7% p a r a f o r m a l d e h y d e  and  t r e a t e d  

w i t h  0.1% T r i t o n  X-100 b e f o r e  b e i n g  i n c u b a t e d  w i t h  p r i m a r y  

a n t i b o d y .  R h o d a m i n e - c o n j u g a t e d  r a b b i t  a n t i - m o u s e  IgG 

s e c o n d  a n t i b o d y  was u s e d .  T o t a l  m a g n i f i c a t i o n :  800X.

\
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D i s c u s s i o n :  C l a t h r l n - c o a t e d  v e s i c l e s  p r o b a b l y

p a r t i c i p a t e  1n s e v e r a l  d i v e r s e  e v e n t s  a s s o c i a t e d  w i t h  

membrane s o r t i n g  and t r a n s p o r t .  At l e a s t  f o u r  c r i t e r i a  may 

be u s e d  t o  g e n e r a t e  s u b p o p u l a t i o n s  o f  CCVs:  f u n c t i o n ,

m o r p h o l o g y ,  p o l y p e p t i d e  c o n t e n t  and I n t r a c e l l u l a r  

l o c a t i o n .  The f i r s t  c r l t e r l u m  was u s e d  s u c c e s s f u l  by Hemly 

e t  a l . ( 1 9 8 6 )  t o  s e p a r a t e  e n d o c y t l c  f r o m s e c r e t o r y  CCVs 

b a s e d  on t h e  s o u r c e  of  t h e i r  c ho l  1n e s t e r a s e  c a r g o .  The 

s e c o n d  was u s e d  by Ke d e r s h a  e t  a l . ( 1 9 8 6 )  t o  r e s o l v e  

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

i n  s u r f a c e  s u r f a c e .  The t h i r d  was o r i g i n a l l y  u s e d  by 

P f e f f e r  and K e l l y  ( 1985)  t o  I m m u n o p r e c l p i t a t e  a -

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

m o l e c u l e s .  In t h i s  r e p o r t ,  CCV s u b p o p u l a t i o n s  a r e  a l s o  

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

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

a r e  u s e d :  c a r g o  m o l e c u l e s ,  c o n s t i t u t i v e  CCV p o l y p e p t i d e s ,  

and c y t o s k e l e t a l  e l e m e n t s .  By i m m u n o p r e c l p l t a t l n g  CCVs 

w i t h  mAbs r e a c t i v e  w i t h  c y t o s k e l e t a l  e l e m e n t s ,  

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

^ i n t r a c e l l u l a r  l o c a t i o n s .

I m m u n o p r e c i p i t a t i o n  o f  b r a i n  CCVs w i t h  a n t i - a c t i n  mAb 

A-7C11 r e s o l v e d  two s u b p o p u l a t i o n s :  a c t i n + and  a c t l n "

CCVs.  Two o t h e r  mAbs,  S-11D9 and S - 1 0 C 7 ,  I d e n t i f y  c a r g o  

m o l e c u l e s  t h a t  a r e  p r e f e r e n t i a l l y  s o r t e d  I n t o  t h e  a c t 1n +
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and  a c t i n '  s u b p o p u l a t i o n s ,  r e s p e c t i v e l y .  S i n c e  n e r v e  

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

h i g h  c o n c e n t r a t i o n s  o f  a c t l n  ( De Lo r e n z o  and  F r e e d m a n ,

1 9 7 8 ) ,  I t  1s c l e a r l y  p o s s i b l e  t h a t  a c t 1 n + CCVs a r e  d e r i v e d  

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

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

I t  I s  r e a s o n a b l e  t o  a s s ume  t h a t  a c t i n '  CCVs o r i g i n a t e  f r om 

t h i s  d o ma i n .  A c t i n ’*- CCVs s h o u l d  t h e r e f o r e  c o n s i s t  

p r i m a r i l y  of  e n d o c y t i c  v e s i c l e s ,  w h i l e  a c t i n '  CCVs s h o u l d  

c o n s i s t  of  s e c r e t o r y  v e s i c l e s .  Ke d e r s h a  e t  a l . ( 1 9 8 6 )  

r e c e n t l y  r e p o r t e d  t h a t  e n d o c y t i c  CCVs c o n t a i n  an 

u n i d e n t i f i e d  a c i d i c  43 kO p o l y p e p t i d e  n o t  p r e s e n t  I n  

e x o c y t l c  CCVs. The r e s u l t s  r e p o r t e d  h e r e  I mp l y  t h a t  t h i s  

p o l y p e p t i d e  i s  a c t l n .  Wh e t h e r  a c t l n  a c t s  f u n c t i o n a l l y  i n  

t h e  a c t i n + s u b p o p u l a t i o n  o r  m e r e l y  a d h e r e s  t o  t h e s e  

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

r e m a i n s  t o  d e t e r m i n e d .

I m m u n o p r e c l p l t a t  i o n  e x p e r i m e n t s  u s i n g  mAbs a g a i n s t  

t h e  u p p e r  and l o w e r  CAP ha ve  r e v e a l e d  s u b p o p u l a t i o n s  o f  

CCVs t h a t  a r e  e n r i c h e d  i n  e i t h e r  t h e  u p p e r  o r  l o w e r  CAP.

The s i g n i f i c a n c e  o f  t h e s e  r e s u l t s  1s c o r r o b o r a t e d  by 

I m m u n o f l u o r e s c e n c e  e x p e r i m e n t s  u s i n g  CAPj and CAPg s p e c i f i c  

mAbs and human c a r d i a c  m y o b l a s t s .  D u r i n g  t h e  s y n t h e t i c  

p h a s e  o f  t h e  g r owt h  c y c l e  o f  t h e s e  c e l l s  two d i s t i n c t  t y p e s  

o f  v e s i c l e s  a r e  c l e a r l y  p r e s e n t :  l a r g e  g r a n u l a r  p e r i n u c l e a r
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v e s i c l e s  and s m a l l e r  p e r i p h e r a l  v e s i c l e s .  Bo t h  CAP} and 

CAP2 a r e  p r e s e n t  In t h e  l a r g e r  v e s i c l e s  w h i l e  o n l y  CAP2 i s  

p r e s e n t  In t h e  s m a l l e r  o n e s .  T o g e t h e r ,  t h e s e  d a t a  I mp l y  

t h a t  CAPs may be a c t i v e l y  s o r t e d  b e t w e e n  CCVs and CCGs I n  

some c e l l  t y p e s .  In a d d i t i o n ,  a c t 1 n + CCVs p r e c i p i t a t e d  by 

e i t h e r  mAb S-11D9 or  A-7C11 a p p e a r  t o  h a v e  l e s s  CAPs t h a n  

o t h e r  CCVs.  The f u n c t i o n a l  s i g n i f i c a n c e  o f  t h i s  

d i s t r i b u t i o n  and t h e  s t r u c t u r a l  a l t e r a t i o n s  wh i c h  r e s u l t  1 n 

d i m i n i s h e d  r a d 1 o l o d i n a t l o n  o f  CAPs 1n a c t i n + CCVs a r e  

p r e s e n t l y  b e i n g  I n v e s t i g a t e d .  Th e s e  o b s e r v a t i o n s  may 

r e f l e c t  a mechan i s m by whi ch  t h e  s t a b i l i t y  of  t h e s e  

v e s i c l e s  I s  e n h a n c e d  and t h e i r  s e n s i t i v i t y  t o  t h e  u n c o a t i n g  

p r o t e i n  (Schmi d e t  a l . ,  1984)  i s  r e d u c e d .
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X I I I .  P o s t - t r a n s l a t i o n a l  M o d i f i c a t i o n s  a n d  t h e

I n t r a c e l l u l a r  D i s t r i b u t i o n  o f  a C l a t h r l n - c o a t e d  v e s i c l e  

Ca r go  M o l e c u l e

I n t r o d u c t i o n :  In e u k a r y o t i c  c e l l s ,  me mb r a n e - b o u n d

and s e c r e t o r y  p r o t e i n s  a r e  s y n t h e s i z e d  a n d  i n s e r t e d  i n t o  

t h e  r o ugh  e n d o p l a s m i c  r e t i c u l u m  ( RER) ,  m o d i f i e d  by t h e  

Gol g l  a p p a r a t u s ,  and e i t h e r  t r a n s p o r t e d  t o  t h e  a p p r o p r i a t e  

membrane o r g a n e l l e  o r  s e c r e t e d  ( P a l a d e ,  1 9 7 5 ) .  A f t e r  

s y n t h e s i s ,  membrane  r e c e p t o r s  can be r e c y c l e d  t h r o u g h  

e i t h e r  e n d o s o me s  o r  t h e  Gol gl  a p p a r a t u s  ( H e l e n i u s  e t  a l . ,  

1983;  C i e c h a n o v e r  e t  a l . ,  1983)  o r  t h e y  c a n  a c c o mp a n y  t h e i r  

l i g a n d s  t o  t h e  l y s o s o m e  ( Ha nove r  e t  a l . ,  1 9 8 4 ) .  Do u b l e  

l a b e l l i n g  e x p e r i m e n t s  u s i n g  l i g a n d s  s p e c i f i c  f o r  r e c e p t o r s  

w i t h  d i f f e r e n t  i n t r a c e l l u l a r  r o u t e s  o f  t r a n s p o r t  h a v e  

I n d i c a t e d  t h a t  t h e  t r a n s p o r t  p r o c e s s e s  a r e  h i g h l y  

o r g a n i z e d ,  and t h a t  membrane p o l y p e p t i d e s  a r e  d i r e c t e d  

t h r o u g h  t h e i r  I n t r a c e l l u l a r  r o u t e s  i n  a r e g u l a t e d  ma nne r  

( Ha n o v e r  e t  a l . ,  op c i t . ) .

The s t r u c t u r a l  e l e m e n t s  t a r g e t i n g  membr a ne  

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

e n c o d e d  1n t h e  p r i m a r y  s e q u e n c e  of  t h e  p r o t e i n  o r  adde d  

p o s t - t r a n s l a t l o n a l l y .  S i t e - d i r e c t e d  m u t a t i o n a l  a n a l y s i s  

has  begun  t o  d e c i p h e r  some o f  t h e  p r i m a r y  s e q u e n c e  e l e m e n t s



-161

/■

t h a t  a r e  r e s p o n s i b l e  f o r  t a r g e t i n g  p r o t e i n s  t o  s p e c i f i c  

I n t r a c e l l u l a r  l o c a t i o n s  ( f o r  e x a m p l e ,  P r ywes  e t  a l . ,

1 9 8 6 ) .  In a d d i t i o n ,  t h e  r o l e  of  c a r b o h y d r a t e  m o d i f i c a t i o n  

in  d i r e c t i n g  I n t r a c e l l u l a r  p r o t e i n  t r a n s p o r t  I s  c u r r e n t l y  

b e i n g  I n v e s t i g a t e d  (Guan e t  a l . ,  1985 ;  M a t l i n  and  S i m o n s ,  

1 9 8 3 ) .

In t h i s  r e p o r t ,  two mo n o c l o n a l  a n t i b o d i e s  a r e  

p r e s e n t e d  t h a t  r e a c t  w i t h  a membrane a n t i g e n  w h i c h  

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

Each m o d i f i c a t i o n  a p p e a r s  t o  t a r g e t  t h e  p r o t e i n  t o  a 

s p e c i f i c  I n t r a c e l l u l a r  l o c a t i o n .  The m o d i f i c a t i o n s  v a r y  

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

t r a n s p o r t  o f  t h i s  a n t i g e n  t o  s p e c i a l i z e d  membr ane  

o r g a n e l l e s .  The d a t a  i mpl y  t h a t  a h i e r a r c h y  e x i s t s  In 

t a r g e t i n g  s i g n a l s ,  s i n c e  p r o t e o l y s i s  o r  c a r b o h y d r a t e  

c l e a v a g e  t a r g e t  t h e  a n t i g e n  t o  new I n t r a c e l l u l a r  l o c a t i o n s  

d e s p i t e  t h e  l a c k  of  any a d d i t i o n a l  s i g n a l s .  The  d a t a  a l s o  

I n d i c a t e  t h a t  t h e  g e n e r a t i o n  o f  s p e c i a l i z e d  membr a ne  

o r g a n e l l e s  d u r i n g  d i f f e r e n t i a t i o n  may be a c c o m p a n i e d  by t h e  

g e n e r a t i o n  o f  s p e c i a l i z e d  m o d i f i c a t i o n  p r o c e s s e s  t h a t  

n t a r g e t  p r o t e i n s  t o  t h e s e  o r g a n e l l e s .

S u b c e l l u l a r  membrane d i s t r i b u t i o n  o f  S A^ ,  SAg* an(* 

SA3 : Mon o c l o n a l  a n t i b o d i e s  S-11D9 and XB26 w e r e  g e n e r a t e d

f rom two d i f f e r e n t  f u s i o n s  o f  s p l e e n  c e l l s  f r o m  B a l b / C  mi c e
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Immuni zed  w i t h  CCV membranes  and S p 2 / 0  Ag l 4  mye l oma  

c e l l s .  I n i t i a l  s c r e e n i n g  o f  t h e  o r i g i n a l  c l o n e s  and  

s u b s e q u e n t  s u b c l o n e s  was p e r f o r m e d  w i t h  an  ELISA u s i n g  CCV 

membranes  as  a n t i g e n .  P o s i t i v e  c l o n e s  w e r e  f u r t h e r  

a n a l y z e d  by I m m u n o b l o t t l n g  o f  SOS-PAGE r e s o l v e d  CCV 

p r o t i n s .  Both mAbs S-11D9 and XB26 r e a c t e d  w i t h  a CCV 

membrane  p o l y p e p t i d e  o f  a p p r o x i m a t e l y  38 t o  44 kD m o l e c u l a r  

mass  (SA2 ; F i g u r e  2 1 ) .  T h i s  a n t i g e n  c o u l d  r e a d i l y  be  

e x t r a c t e d  f rom t h e  CCV by .5% T r i t o n  X- 100  b u t  n o t  1M NaCl 

( d a t a  n o t  s h o w n ) .  P r e v i o u s  work ( h e r e w i t h i n ,  F i g u r e  18)  

showed t h a t  a s u b p o p u l a t i o n  o f  r a d i o i o d i n a t e d  CCVs c a n  be 

I m m u n o p r e c l p i t a t e d  by mAb S- 11D9,  I n d i c a t i n g  t h a t  t h e  

a n t i g e n  i s  n o t  p r e s e n t  o n l y  i n  c o n t a m i n a t i n g  s m o o t h  

me mb r a n e s .  S i n c e  t h e  s u b p o p u l a t i o n  o f  CCVs c o n t a i n i n g  SA^ 

wer e  a c t i n + , SA2 i s  a c q u i r e d  by CCVs t h r o u g h  t h e  e n d o c y t i c  

p a t h w a y .

The n e x t  e x p e r i m e n t s  wer e  d e s i g n e d  t o  map t h e  

I n t r a c e l l u l a r  d i s t r i b u t i o n  o f  SA2 . P r e p a r a t i o n s  o f  b o v i n e  

b r a i n  s y n a p t i c  p l a s ma  membrane  (SPM),  s y n a p t i c  v e s i c l e s  

( S V) ,  and two d i f f e r e n t  p r e p a r a t i o n s  o f  G o l g l  me mb r a n e s  

wer e  r e s o l v e d  by SDS-PAGE and a n a l y z e d  i m m u n o b l o t t i n g  w i t h  

mAb S-11D9 ( p r e p a r a t l o n s  and enzyme p r o f i l e s  a r e  g i v e n  I n  

t h e  me t hods  s e c t i o n ) .  Two a d d i t i o n a l  p o l y p e p t i d e s  we r e  

r e v e a l e d  by t h i s  a n a l y s i s :  SAj ,  w i t h  an a p p a r e n t  m o l e c u l a r  

mass  o f  56 kD; and SA3 , w i t h  an a p p a r e n t  m o l e c u l a r  ma s s  o f



F i g u r e  2 1 .  A n a l y s i s  of  t h e  d i s t r i b u t i o n  o f  SA p r o t e i n s  on 

f r a c t i o n a t e d  i n t r a c e l l u l a r  me m b r a n e s .  Membrane o r  v e s i c l e  

f r a c t i o n s  were  r e s o l v e d  by SDS-PAGE,  t r a n s f e r r e d  t o  

n i t r o c e l l u l o s e ,  and i m m u n o b l o t t e d  w i t h  mAb S - 11D9 .  Key:

SPM -  s y n a p t i c  p l a s ma  membrane  ( 100  u g ) :  CPM - c a r d i a c  

p l a s ma  membrane (100  u g ) ;  SV - s y n a p t i c  v e i c l e s  (100  ugV; 

CCV - c l a t h r i n  c o a t e d  v e s i c l e s  ( 50 u g ) ,  NCM -  s e r u m f r e e  

c u l t u r e  medium of  n e u r o b l a s t o m a  c e l l s  (SH-SY5Y) grown t o  

h i g h  d e n s i t y  ( 10 u g ) ;  Gol g i  1 and Go l g i  2 -  two • 

p r e p a r a t i o n s  of  b o v i n e  b r a i n  Gol g i  membranes  ( 50  u g ) ;  Endo 

F - e n d o g l y c o s i d a s e  F - t r e a t e d  s y n a p t i c  p l a s ma  me mbr ane s  ( 2 5

ug)  •

SAj * :  e n d o g l y c o s i d a s e  F p r o d u c t  o f  SAj

SA3*:  e n d o g l y c o s i d a s e  F p r o d u c t  o f  SA2
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T a b l e  4 .  R e l a t i v e  Abundance  of  SA A n t i g e n s  i n  D i f f e r e n t  

S u b c e l l u l a r  Membranes

Gol g i  SPM CCVs SVs

SAj - +++

SA2 ++ + ++ +

SA3 +++ -

Key:

SPM -  S y n a p t i c  p l a s ma  membrane

CCVs -  C l a t h r i n  c o a t e d  v e s i c l e s

SVs -  S y n a p t i c  v e s i c l e s

\
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30 kD.  SA3 1s o n l y  f a i n t l y  d e t e c t a b l e  I n  SPM a nd  I s  n o t  

d e t e c t a b l e  In SV o r  CCV p r e p a r a t i o n s  ( F i g u r e  2 1 ) .  SA3 I s  

mos t  p r e v a l e n t  In Gol g l  membrane f r a c t i o n s .  SA^ 1s  n o t  

d e t e c t e d  In SV» CCV, o r  Gol g l  f r a c t i o n s ,  b u t  I s  p r e v a l e n t  

In SPM. SA2 1s n o t  d e t e c t e d  In Golgl  f r a c t i o n s ,  1s 

d e t e c t a b l e  i n  CCV f r a c t i o n s ,  and I s  p r e v a l e n t  I n  SPM and SV 

f r a c t i o n s .  The d i s t r i b u t i o n  o f  SA p r o t e i n s  among t h e s e  

f r a c t i o n s  I s  s u mma r i z e d  1n T a b l e  4 .

B i o s y n t h e t i c  r e l a t i o n s h i p s  o f  S A j ,  SA2 .  a n d  SA3 : A

s e r i e s  o f  e x p e r i m e n t s  was p e r f o r m e d  t o  d e t e r m i n e  w h e t h e r  

t h e  SA p r o t e i n s  wer e  t h r e e  form of  t h e  same a n t i g e n  o r  t wo 

t o  t h r e e  d i s t i n c t  a n t i g e n s  w i t h  common e p i t o p e s .  F i r s t ,  

e n d o g l y c o s i d a s e  F d i g e s t i o n  o f  SPM ( F i g u r e  2 1 )  r e s u l t e d  i n  

t h e  g e n e r a t i o n  o f  one  new band whi ch  c o - m i g r a t e d  w i t h  SA3 , 

and a n o t h e r  whi ch  m i g r a t e d  s l i g h t l y  above  SA2 . SAj  was 

d e p l e t e d  by t h i s  t r e a t m e n t ,  as  was mos t  o f  SA2 . T h e s e  d a t a  

i n d i c a t e  t h a t  SA3 may r e p r e s e n t  a l e s s  g l y c o s y l a t e d  f o r m o f  

SA2 . SA2 , h o w e v e r ,  i s  s m a l l e r  t h a n  e n d o g l y c o s i d a s e  F-  

d i g e s t e d  SA-^

\  A s e r i e s  of  p u l s e - c h a s e  e x p e r i m e n t s  u s i n g  ^ S -

m e t h i o n l n e  was p e r f o r m e d  w i t h  n e r v e  g r o wt h  f a c t o r  ( NGF)- 

d i f f e r e n t i a t e d  PC12 c e l l s  ( wh i c h  e x p r e s s  l a r g e  a m o u n t s  o f  

SAj and SA2 , F i g u r e  2 8 ) .  At z e r o  t i me  ( 1 5  m i n u t e  p u l s e ) ,  

b o t h  SAj and SA2 wer e  d e t e c t e d  i n  t h e  i m m u n o p r e c l  p i  t a t e s
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F i g u r e  2 2 .  P u l s e - c h a s e  a n l y s i s  o f  SAj and SA2 

b i o s y n t h e s i s .  PC12 c e l l s  wer e  c u l t u r e d  w i t h  n e r v e  g r o w t h  

f a c t o r  f o r  10 d a y s .  S u b s e q u e n t l y ,  t h e y  wer e  i n c u b a t e d  w i t h  

m e t h i o n i n e - f r e e  medium f o r  15 m i n u t e s ,  t h e n  w i t h  

m e t h i o n i n e - f r e e  medium c o n t a i n i n g  0 . 2 5  mCi /ml  35 S -  1 ' m '

m e t h i o n i n e  f o r  15 m i n u t e s .  Th i s  i s  t i me  0 . C e l l s  we r e  

t h e n  p u l s e d  by i n c u b a t i o n  i n  medium c o n t a i n i n g  1 mM 

m e t h i o n i n e .  I m m u n o p r e c i p i t a t i o n s  were  p e r f o r m e d . w l t h  mAb 

S- 11D9 .  Gel was d r i e d  u n d e r  vacuum,  and a u t o f  1 u o r o g r a p h e d  

w i t h  EnHance (New Engl and  N u c l e a r ) .
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(mAb S- 11D9)  o f  c e l l  l y s a t e s  ( F i g u r e  2 2 ) .  SAj b e g a n  t o  

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

and a s l i g h t  e n h a n c e me n t  of  SAg was o b s e r v e d .  SAj 

d i s a p p e a r e d  a l m o s t  c o m p l e t e l y  30 m i n u t e s  a f t e r  t h e  a d d i t i o n  

o f  c o l d  m e t h i o n i n e .  The se  d a t a  I n d i c a t e  t h a t  SAj may be a 

p r e c u r s o r  o f  SAg.

In v i t r o  t r a n s l a t i o n  o f  HL60 c e l l  mRNA u s i n g  a r a b b i t  

r e t i c u l o c y t e  l y s a t e  p r o d u c e d  o n l y  one  p o l y p e p t i d e  ( 48  kD) 

t h a t  was s p e c i f i c a l l y  I m m u n o p r e c i p i t a t e d  by S- 11D9 ( F i g u r e  

2 3 ) .  The m o l e c u l a r  mass  o f  t h i s  p o l y p e p t i d e  I s  v i r t u a l l y  

i d e n t i c a l  t o  t h e  mass of  e n d o g l y c o s i d a s e  F - d l g e s t e d  S Aj .  

Th i s  p o l y p e p t i d e  a p p a r e n t l y  r e p r e s e n t s  p r e - S A j ,  wh i c h  

s h o u l d  be u n g l y c o s y l a t e d  and may c o n t a i n  a l e a d e r  

s e q u e n c e .  C u r i o u s l y ,  t h e  a d d i t i o n  o f  c a n i n e  m i c r o s o m a l  

membranes  (Amersham)  had no d i s c e r n a b l e  e f f e c t  on t h e  

a p p a r e n t  mass  o f  t h e  t r a n s l a t i o n  p r o d u c t ,  and  o n l y  a p p e a r e d  

t o  r e d u c e  t h e  e f f i c i e n c y  o f  i t s  t r a n s l a t i o n .  T h e r e f o r e ,  i n  

o r d e r  t o  c o n f i r m  t h a t  SA^ and SA2 a r e  t r a n s m e m b r a n e  

p o l y p e p t i d e s ,  HL60 c e l l s  were  s u r f a c e  r a d i o l o d i n a t e d  w i t h  

1a c t o p e r o x i d a s e , l y s e d ,  and a n a l y z e d  by i m m u n o p r e c i p i t a t i o n  

w i t h  mAb S- 11D9 .  As shown i n  F i g u r e  2 4 ,  a p r o m l n a n t  band  

I s  d e t e c t e d  a t  56 kD ( S ) and a l e s s  p r o m l n a n t  one i s  

d e t e c t e d  n e a r  40 kD (SA2 ) .  The r e l a t i v e  I n t e n s i t i e s  o f  

t h e s e  b a n d s  c o r r e s p o n d s  we l l  t o  t h e  i n t e n s i t i e s  of  SAj  and 

SAg b a n d s  i n  i mmu n o b l o t s  o f  SPM ( F i g u r e  2 1 ) .  As n o t e d
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F i g u r e  2 3 .  D e v e l o p m e n t a l  e x p r e s s i o n  o f  SA p r o t e i n s  d u r i n g  

d i f f e r e n t i a t i o n  o f  HL60 c e l l s .  A. Itnmunobl o t t  i n g  a n a l y s i s  

w i t h  mAb S- 11D9.  C e l l  h o mo g e n a t e s  were  r e s o l v e d  by SDS- 

PAGE and I m m u n o b l o t t e d  0,  1 ,  3 ,  5 ,  and 7 d a y s  a f t e r  t h e  

a d d i t i o n  of  DMSO.

\
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F i g u r e  23 .  D e v e l o p me n t a l  e x p r e s s i o n  o f  SA p r o t e i n s  d u r i n g  

d i f f e r e n t i a t i o n  o f  HL60 c e l l s .  B. R e t i c u l o c y t e  l y s a t e  

t r a n s l a t i o n  of  t o t a l  mRNA f rom d i f f e r e n t i a t i n g  HL60 

c e l l s .  To t a l  mRNA was p u r i f i e d  f r om HL60 c e l l s  0 ,  1 ,  3 ,  5 ,  

and 7 days  a f t e r  t h e  a d d i t i o n  o f  DMSO. T r a n s l a t e d  p r o t e i n s  

we r e  I n c u b a t e d  w i t h  o r  w i t h o u t  mAb S-11D9 and p r e c i p i t a t e d  

by r a b b i t  a n t i - m o u s e  IgM c o u p l e d  t o  S e p h a r o s e  4B.

a .  T r a n s l a t i o n  mix w i t h o u t  added mRNA

b.  T r a n s l a t i o n  mix w i t h o u t  added  mRNA, w i t h  m i c r o s o m a l  

membranes

c .  T r a n s l a t i o n  mix w i t h  0 day  HL60 mRNA

d .  T r a n s l a t i o n  mix w i t h  0 day HL60 mRNA, w i t h

mi c r o s o ma l  membranes  a dded  c o - t r a n s l a t i o n a l  l y

e .  T r a n s l a t i o n  mix w i t h  0 day HL60 mRNA, w i t h  

mi c r o s o ma l  membranes  a d d e d  p o s t - t r a n s l a t i o n a l l y

f .  T r a n s l a t i o n  mix w i t h  1 day HL60 mRNA

g.  T r a n s l a t i o n  mix w i t h  3 day HL60 mRNA

h .  T r a n s l a t i o n  mix w i t h  5 day  HL60 mRNA

1.  T r a n s l a t i o n  mix w i t h  7 day HL60 mRNA

a - i : no mAb S-11D9 a d d e d ;  a * - i * : mAb S- I 1D9  a d d e d .
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a b o v e ,  mAb S-11D9 can be u s e d  t o  I m m u n o p r e c l p l t a t e  CCVs,  

i n d i c a t i n g  t h a t  SA2 has  a domai n on t h e  c y t o p l a s m i c  f a c e  o f  

t h e  membrane  as  w e l l .  S i n c e  t h e  e p i t o p e  r e a c t i v e  w i t h  S-  

11D9 a p p a r e n t l y  l i e s  on t h i s  d o ma i n ,  I t  i s  r e a s o n a b l e  t o  

c o n c l u d e  t h a t  SAj ,  5A2 , and SA3 s h a r e  s i m i l a r  c y t o p l a s m i c  

d o m a i n s .

HL60 c e l l s  d i f f e r e n t i a t e  t h r o u g h  t h e  m y e l o c y t i c  

l i n e a g e  when c u l t u r e d  i n  t h e  p r e s e n c e  o f  1 . 5% D i m e t h y l  

s u l f o x i d e  (DMSO). Th i s  p r o c e s s  a l t e r s  c o n s i d e r a b l y  t h e  

d i s t r i b u t i o n  and m o l e c u l a r  ma s s e s  o f  t h e  SA p r o t e i n s .  T h i s  

p r o c e s s  c an  be o b s e r v e d  by i m m u n o b l o t t l n g  wh o l e  c e l l  

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

d i f f e r e n t i a t i o n  ( F i g u r e  2 1 ) .  SAj d i s a p p e a r s  as  s o o n  as  

t h r e e  d a y s  a f t e r  t h e  a d d i t i o n  o f  DMSO, and SA2 s t e a d i l y  

d i m i n i s h e s  o v e r  a s e v e n  day p e r i o d .  SA3 a c c u m u l a t e s  and 

p e a k s  a t  day  3 ,  t h e n  d i m i n i s h e s .  A n o v e l  f o r m o f  SA 

p r o t e i n  s t e a d i l y  a c c u m u l a t e s  a t  26 kD.  A n o t h e r  f o r m a t  10 

kD s t e a d i l y  d i m i n i s h e s .  When mRNA I s  e x t r a c t e d  f r o m  

e q u i v a l e n t  t i me  p o i n t s  d u r i n g  t h e  d i f f e r e n t i a t i o n  p r o c e s s ,  

no n o v e l  p r o d u c t s  a r e  t r a n s l a t e d  by t h e  e r y t h r o c y t e  

\  l y s a t e s ,  a l t h o u g h  t h e  s i g n a l  f o r  p r e - S A j  s t e a d i l y  d e c r e a s e s  

( F i g u r e  2 3 ) .  The s e  d a t a  c o n t r a s t  t h e  r e s u l t s  o b t a i n e d  by 

I m m u n o b l o t t l n g  c e l l  e x t r a c t s  w i t h  mAb S - 1 1 D9 .  The  v a r i e t y  

o f  SA f o r ms  o b s e r v e d  d u r i n g  HL60 c e l l  d i f f e r e n t i a t i o n  mus t  

t h e r e f o r e  be due  t o  p o s t - t r a n s l a t i o n a l  m o d i f i c a t i o n  o f  t h e
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F i g u r e  24 .  L a c t o p e r o x i d a s e  s u r f a c e  r a d l o i o d f n a t l o n  o f  HL60 

c e l l s .  A f t e r  s u r f a c e  r a d i o i o d i n a t i o n , c e l l s  w e r e  l y s e d  

w i t h  T r i t o n  and i m m u n o p r e c i p i t a t e d  w i t h  mAb S - 1 1 D9 .



-176

M A B  1 1 DO



-177

s i n g l e  48 kD i n  v i t r o  t r a n s l a t i o n  p r o d u c t  ( p u t a t l v e l y  p r e -  

SA1 ) .  T h i s  I s  mos t  c o n s p i c u o u s  In  t h e  c a s e  o f  SAg,  w h i c h  

1s t h e  mos t  a b u n d a n t  f orm p r e s e n t  In HL60 c e l l s  a t  a n y  

p h a s e  o f  t h e  d l f f e r e n t l a t l o n  p r o c e s s ,  b u t  l a c k s  a 

t r a n s c r i p t  t h a t  can be d e t e c t e d  by t h e  e r y t h r o c y t e  l y s a t e s .

D i s t r i b u t i o n  o f  SA p r o t e i n s  In d i f f e r e n t  t i s s u e s  and 

d i f f e r e n t i a t i n g  c e l l s  I n  c u l t u r e :  C y t o d l f f e r e n t l a t l o n  and

h i s t o g e n e s i s  o f t e n  r e s u l t s  1n t h e  g e n e r a t i o n  c e l l  t y p e -  

s p e c i f i c  p a t h wa y s  o f  membrane  t r a n s p o r t .  T h i s  may I n c l u d e  

t h e  g e n e r a t i o n  o f  new membrane o r g a n e l l e s ,  s u c h  as  s y n a p t i c  

v e s i c l e s  i n  n e u r o n s ,  t r a n s c y t o t l c  v e s i c l e s  1n h e p a t o c y t e s ,  

o r  s e c r e t o r y  g r a n u l e s  1n e n d o c r i n e  c e l l s  a n d  c e l l s  o f  

h e m a t o p o e t l c  o r i g i n .  To d e t e r m i n e  t h e  q u a n t i t a t i v e  

d i s t r i b u t i o n  o f  SAj ,  SA2 , and  SAj  i n  d i f f e r e n t  t i s s u e s ,  

s e v e r a l  m u r i n e  t i s s u e  s a m p l e s  wer e  h o m o g e n i z e d  i n t o  Laemml i  

s a mp l e  b u f f e r  c o n t a i n i n g  100 mM d i t h l o t h r e l t a l  , r e s o l v e d  by 

SDS-PAGE,  and I mm u n o b l o t t e d  w i t h  mAb S- 11D9 ( F i g u r e  2 5 ) .  

Some t i s s u e s ,  such  as l u n g ,  lymph node  a n d  p a n c r e a s  ( n o t  

s h o w n ) ,  do n o t  c o n t a i n  d e t e c t a b l e  SA p r o t e i n s .  The 

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

and t h a t  t h e  c a n i n e  m i c r o s o m a l  membranes  ( w h i c h  a r e  d e r i v e d  

f rom p a n c r e a s )  p a r t i a l l y  I n h i b i t  t r a n s l a t i o n  o f  SA 

t r a n s c r i p t s  may be s i g n i f i c a n t .  B r a i n  t i s s u e  and  s k e l e t a l  

m u s c l e  c o n t a i n  ( i n  o r d e r  o f  I n t e n s i t y )  SA2 a nd  S Aj .
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F i g u r e  2 5 .  D i s t r i b u t i o n  o f  SA p r o t e i n s  1n v a r i o u s  

t i s s u e s .  T i s s u e  s a mp l e s  wer e  h o m o g e n i z e d  i n  s a m p l e  b u f f e r ,  

r e s o l v e d  by SDS-PAGE,  and immunobl  o t t e d  w i t h  mAb S- 11D9 .

200 ug t o t a l  p r o t e i n  was l o a d e d  i n t o  e a c h  l a n e .  Mu s c l e  2 

i s  s k e l e t a l ,  w h i l e  mu s c l e  1 i s  c a r d i a c .  B r a i n  1 i s  f r o n t a l  

c o r t e x ,  w h i l e  b r a i n  2 i s  c e r e b e l l u m .

\ /
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C a r d i a c  mu s c l e  c o n t a i n s  SAj and SAg and an u n i d e n t i f i e d  76 

kD c r o s s r e a c t i v e  p o l y p e t l d e .  L i v e r  c o n t a i n s  SAj  b u t  n o t  

SA2 > I t  d oes  c o n t a i n  SA3 and  a n o t h e r  r e a c t i v e  p o l y p e p t i d e  

o f  65 kb m o l e c u l a r  m a s s .  The v a r i e t y  o f  SA p r o t e i n s  

o b s e r v e d  In t h e s e  t i s s u e s  may c o r r e l a t e  d i r e c t l y  t o  t h e i r  

p a r t i c i p a t i o n  in d i f f e r e n t  membrane t r a n s p o r t  s y s t e m s .

F u r t h e r  e x a m i n a t i o n  o f  mu s c l e  t i s s u e  by 

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

n o t  p r o d u c e d  by t h e  mu s c l e  c e l l s  t h e m s e l v e s  b u t  r a t h e r  by 

t h e  v a s c u l a r  e n d o t h e l i a l  c e l l s  ( F i g u r e  2 6 ) .  T h i s  

o b s e r v a t i o n  c o r r e l a t e s  we l l  w i t h  r e s u l t s  o b t a i n e d  u s i n g  

c u l t u r e d  Cg m y o b l a s t  (CgM) c e l l s .  C2M c e l l s  w e r e  g r o v m ^ l n  

c u l t u r e  medium c o n t a i n i n g  20% f e t a l  b o v i n e  s e r u m  and 0 . 5% 

c h i c k  embryo e x t r a c t s ,  t h e n  I n d u c e d  t o  d i f f e r e n t i a t e  i n  

medium c o n t a i n i n g  4% h o r s e  s e r u m .  D i f f e r e n t i a t i n g  C2 H 

c e l l s  wer e  d i s s o l v e d  i n  Laemmll  s a mp l e  b u f f e r  @, 1 ,  a n d  3 

d a y s  a f t e r  c h a n g i n g  t o  h o r s e  s e r um ( F i g u r e  2 7 ) -  As 1s 

shown by I m m u n o b l o t t l n g  w i t h  mAh S- 11D9 ,  SA p r o t e i n  

e x p r e s s i o n  1s e l i m i n a t e d  d u r i n g  m y o g e n e s l s .

In c o n t r a s t  t o  b o t h  HL60 c e l l  and C2M 

d i f f e r e n t i a t i o n ,  PC12 d i f f e r e n t i a t i o n ,  i n d u c e d  by NGF, 

e n h a n c e s  t h e  e x p r e s s i o n  o f  b o t h  SAj and SA2 ( F i g u r e  2 8 ) .

An a c c u m u l a t i o n  o f  SA2 i s  o b s e r v e d  as  s o o n  as  6 h o u r s  a f t e r  

t h e  a d d i t i o n  o f  NGF, and c o n t i n u e s  f o r  7 d a y s  ( t h e  l o n g e s t  

t i m e  t e s t e d ) .  An a c c u m u l a t i o n  o f  SA^ i s  f i r s t  d e t e c t a b l e
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F i g u r e  2 6 .  I m m u n o f l u o r e s c e n c e  m i c r o s c o p y  o f  a human h e a r t  

s e c t i o n  u s i n g  mAb S- 11D9.  Top:  i m m u n o f l u o r e s c e n c e  

m i c r o s c o p y  ( f l u o r e s c e i n - c o n j u g a t e d  s e c o n d  a n t i b o d y ) ;

, b o t t o m :  p h a s e  c o n t r a s t  m i c r o s c o p y .  B r i g h t l y  s t a i n i n g  r e g i o n  i s  a 

c a p i l l a r y .  Th i s  s e c t i o n  was d e r i v e d  f r o m  f o r m a l d e h y d e - f i x e d  

a u t o p s y  m a t e r i a l .  To t a l  m a g n i f i c a t i o n ,  900 X.

\
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F i g u r e  2 7 .  Loss  o f  SA p r o t e i n  e x p r e s s i o n  d u r i n g  Cj> 

m y o b l a s t  d i f f e r e n t i a t i o n .  C2 m y o b l a s t s  w e r e  i n d u c e d  t o  

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

h o m o g e n i z e d ,  and a n a l y z e d  by i m m u n o b l o t t i n g  w i t h  mAb s'-** 

11D9.  100 ug t o t a l  p r o t e i n  was l o a d e d  i n t o  e a c h  l a n e .

\
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a f t e r  24 h o u r s .  The r e v e r s i b i l i t y  o f  t h e s e  c h a n g e s

d e c r e a s e s  w i t h  t i m e .  When NGF I s  r emove d  a f t e r  15 h o u r s ,

t h e  r e d u c t i o n  o f  SA2 t o  b a s a l  l e v e l s  o c c u r s  In

a p p r o x i m a t e l y  15 h o u r s ;  when NGF 1s r emoved  a f t e r  7 d a y s ,

t h e  r e v e r s a l  t a k e s  s e v e r a l  days  ( F i g u r e  2 8 ) .

Immunof1u r e s c e n c e  ( u s i n g  mAb S-11D9)  m i c r o s c o p y  o f  PC12

c e l l s  d l f f e n t i a t e d  by NGF f o r  3 d a y s  r e v e a l s  I n t e n s e  a r e a s

of  r e a c t i v i t y  a t  t h e  t i p s  of  d e v e l o p i n g  n e u r l t e s .  Th i s

c o r r e l a t e s  we l l  w i t h  t h e  a c c u m u l a t i o n  o f  s y n a p t i c  v e s i c l e s
*

c o n t a i n i n g  SA2 and t h e  a c c u m u l a t i o n  o f  SAj  a t  t h e  s y n a p t i c  

p l a s ma  me mbr ane .

D i s c u s s i o n :  A pa t hway  r e s u l t i n g  i n  t h e  g e n e r a t i o n  o f

t h r e e  f o r ms  o f  SA p r o t e i n  can be d e d u c e d  f r o m t h e  d a t a  

p r e s e n t e d  i n  t h i s  r e p o r t .  P r e - S Aj  i s  t r a n s l a t e d  as  a 48 kD 

p o l y p e p t i d e  and i n s e r t e d  ( p e r h a p s  c o - t r a n s l a t i o n a l l y )  I n t o  

t h e  membrane o f  t h e  rough e n d o p l a m i c  r e t i c u l u m e .  P r e - S A j  

i s  c o r e  g l y c o s y l a t e d ,  t r a n s f e r r e d  t o  t h e  Go l g i  and m o d i f i e d  

f u r t h e r ,  t h e n  t r a n s p o r t e d  t o  t h e  c e l l  s u r f a c e  wh e r e  I t  

f i r s t  a p p e a r s  as  SA-^. SAj i s  p r o t e o l y t i c a l l y  c l e a v e d  a t  

\  t h e  p l a s ma  membrane p r i o r  t o  o r  d u r i n g  I n t e r n a l i z a t i o n  by 

CCVs o r  c o a t e d  p i t s .  The m o l e c u l a r  mass  s h i f t s  I n d u c e d  by 

e n d o g l y c o s i d a s e  F d i g e s t i o n  o f  SA^ and SA2 a r e  r o u g h l y  

e q u i v a l e n t ;  t h e r e f o r e ,  t h e  c a r b o h y d r a t e  c o n t e n t  o f  t h e  two 

for ms  s h o u l d  be r o u g h l y  e q u i v a l e n t .  The p r o t e o l y t i c
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F i g u r e  2 8 .  Enha nc ed  e x p r e s s i o n  o f  SA p r o t e i n s  d u r i n g  n e r v e  

g r o w t h  f a c t o r - i n d u c e d  d i f f e r e n t i a t i o n  o f  PC12 c e l l s .  PC12 

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

f o r  t h e  i n d i c a t e d  l e n g t h s  of  t i m e .  A f t e r  15 h o u r s  and 7  

d a y s ,  n e r v e  g r owt h  f a c t o r  was removed f rom some o f  t h e  

c e l l s  ( -NGF) .  SA p r o t e i n  e x p r e s s i o n  was a s s e s s e d  by 

i m m u n o b l o t t i n g  w i t h  mAb S- 11D9.

\
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F i g u r e  2 9 .  I m m u n o f l u o r e s c e n c e  m i c r o s c o p y  o f  PC12 c e l l s  

c u l t u r e d  t h r e e  d a ys  In t h e  p r e s e n c e  o f  n e r v e  g r o w t h  

f a c t o r .  C e l l s  were grown on c o v e r s l i p s ,  f i x e d  w i t h  

p a r a f o r m a l d e h y d e ,  t r e a t e d  w i t h  T r i t o n ,  and r e a c t e d  w i t h  mAb 

S-11D9 ( f i r s t  a n t i b o d y )  and f 1u o r e s c e i n - c o n j u g a t e d  r a b b i t  

a n t i - m o u s e  IgM ( s e c o n d  a n t i b o d y ) .  T o t a l  m a g n i f i c a t i o n ,  9 0 0  X.

\
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c l e a v a g e  r e s u l t i n g  In t h e  g e n e r a t i o n  o f  SA2 f r o m  SAj 

a p p a r e n t l y  d o e s  n o t  r emove any c a r b o h y d r a t e  m o l t l e s ,  and 

t h u s  may o c c u r  on t h e  c y t o p l a s m i c  f a c e  o f  t h e  me mb r a n e .

As 1s e v i d e n c e d  by e n d o g l y c o s l d a s e  F d i g e s t i o n  o f  SA2 

In v i t r o , c l e a v a g e  of  t h e  c a r b o h y d r a t e  m o l t l e s  f r o m SA2 may 

g e n e r a t e  SA3 i n  v i v o . A l t e r n a t i v e l y ,  SA3 may be g e n e r a t e d  

f rom p r o t e l y t l c  c l e a v a g e  of  an u n g l y c o s l y l a t e d  f o r m of  

SAj .  T h i s  p o s s i b i l i t y  i s  s u p p o r t e d  by t h e  p r e s e n c e  of  SAj  

and SA3 1n l i v e r  In t h e  a b s e n c e  of  d e t e c t a b l e  SA2 . 

P r e s u m a b l y ,  SA3 i s  c y c l e d  t o  t h e  Gol g l  w h e r e  i t  a c c u m u l a t e s  

p r i o r  t o  b e i n g  moved t o  t h e  l y s o s o me  f o r  d e g r a d a t i o n .  

A l t e r n a t i v e l y ,  SA3 may be r e g l y c o s y l a t e d  t o  g e n e r a t e  SA^ o r  

an u n i d e n t i f i e d  form of  SA p r o t e i n .  The r e c y c l i n g  and 

r e s i a l y l a t i o n  o f  membrane p o l y p e p t i d e s  h a s  b e e n  p r e v i o u s l y  

n o t e d  ( S n i d e r  and R o g e r s ,  1 9 8 5 ) .

One q u e s t i o n  r a i s e d  by t h i s  s c he me  1s t h e  s o u r c e  o f  

SA2 i n  v e s i c l e s  w i t h o u t  o b v i o u s  e n d o c y t i c  o r i g i n s ,  s u c h  a s  

s y n a p t i c  v e s i c l e s .  One p o s s i b l e  s o u r c e  1s  r e g l y c o s y l a t e d  

SA3 , wh i c h  woul d  be g e n e r a t e d  f rom t h e  Go l g i  and  

t r a n s f e r r e d  t o  t h e  s y n a p t i c  v e s i c l e s  by t h e  same p a t hwa y  as 

N t h e i r  o t h e r  c a r g o  m o l e c u l e s .  The r e  I s  no d i r e c t  e v i d e n c e ,  

h o w e v e r ,  t h a t  SA2 can  be g e n e r a t e d  f r o m SA3 . An 

a l t e r n a t i v e  e x p l a n a t i o n  would r e q u i r e  t h a t  t h e  g e n e r a t i o n  

o f  SA2 f r om SA3 o c c u r  In t h e  t r a n s  a s p e c t  o f  t h e  G o l g i .  

R e c e n t  e v i d e n c e  f rom Tooze and Tooze ( 1 9 8 6 )  i n d i c a t e s  t h a t
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some c a r g o  m o l e c u l e s  a r e  t r a n s p o r t e d  t o  s e c r e t o r y  v e s i c l e s  

1n AtT20 c e l l s  v i a  CCVs a t  t h e  t r a n s  a s p e c t  o f  t h e  G o l g i .

On t h e  o t h e r  hand* SA2 was o b s e r v e d  i n  t h e  s u b p o p u l a t l o n  o f  

a c t 1 n + CCVs ( s u r f a c e  v e s i c l e s ,  p u t a t i v e l y  o f  e n d o c y t l c  

o r i g i n ) ;  t h u s ,  c o n v e r s i o n  o f  SA} t o  SA2 i n  CCVs o c c u r s  In  

an e n d o c y t l c  p a t h w a y .  The g e n e r a t i o n  o f  SA2 f r o m SA} I n  a 

s e c r e t o r y  pa t hway  may t h e r e f o r e  o c c u r  In a n o n - c o a t e d  

c o m p a r t m e n t .

The p r e s e n c e  o f  nove l  f o r ms  of  SA p r o t e i n  I n  t i s s u e s

s uch  as l i v e r  and in  d i f f e r e n t i a t i n g  c u l t u r e d  c e l l s  I m p l i e s

t h a t  t h e  m a i n t e n a n c e  o f  u n i q u e  s e c r e t o r y  and t r a n s p o r t

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

me c h a n i s ms  t o  t a r g e t  p o l y p e p t i d e s  t o  t h e s e  o r g a n e l l e s .

H e p a t o c y t e s ,  f o r  e x a m p l e ,  a r e  p o l a r i z e d  c e l l s  t h a t  m e d i a t e

t h e  t r a n c y t o t i c  p r o c e s s i n g  o f  IgA.  In t h i s  p r o c e s s ,
*

m o l e c u l e s  a r e  e n d o c y t o s e d  on t h e  b a s o l a t e r a l  s i d e  a n d  

t r a n s f e r r e d  a c r o s s  t h e  c e l l  t o  be s e c r e t e d  on t h e  a p i c a l  

s i d e .  The u n i q u e l y  m o d i f i e d  SA p r o t e i n s  p r e s e n t  i n  l i v e r  

may be a d a p t e d  t o  a l l o w  t h e i r  p a r t i c i p a t i o n  In  t h i s  

p r o c e s s ,  o r  t o  e x c l u d e  t hem f rom i t .  The a c t u a l  p o l a r i t y  

o f  t h e  c e l l s  i s  p r o b a b l y  n o t  s o l e l y  r e s p o n s i b l e  f o r  t h e  

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

( e p i t h e l i a l  c e l l s ,  f o r  e x a m p l e )  a c c u m u l a t e  SA} and  SA2 . 

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

SA p r o t e i n  and t h e  o r g a n e l l e s  t o  whi ch  t h e y  a r e  t a r g e t e d .
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F i n a l l y ,  a h e l r a r c h y  I s  a p p a r e n t  1n t h e  s t r u c t u r a l  

e l e m e n t s  wh i c h  t a r g e t  t h e  SA p r o t e i n s  t o  v a r i o u s  

I n t r a c e l l u l a r  me mb r a n e s .  SAj 1s n o t  f o u n d  I n  Go l g i  o r  

v e s i c l e  me mb r a n e s ,  y e t  1t  p u t a t i v e l y  c o n t a i n s  a l l  t h e  

s t r u c t u r a l  e l e m e n t s  p r e s e n t  In SA2 and SA3 . T h u s ,  t h e  

" p l a s ma  membrane"  s i g n a l  c o n t a i n e d  by SA3 d o m i n a t e s  o v e r  

t h e  " v e s i c l e "  o r  " G o l g i "  s i g n a l s .  S i m i l a r l y ,  SA2 i s  n o t  

f ound i n  t h e  G o l g i ,  y e t  i t  p u t a t i v e l y  c o n t a i n s  a l l  t h e  

s t r u c t u r a l  e l e m e n t s  p r e s e n t  i n  SA3 . T h u s ,  t h e  " v e s i c l e "  

s i g n a l  o f  SA2 d o m i n a t e s  o v e r  t h e  " G o l g i ” s i g n a l .  The 

s i g n a l  f o r  t r a n s p o r t  t o  t h e  Gol g i  a p p e a r s  t o  be  o n l y  a 

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

t r a n s p o r t  t o  t h e  p l asma membrane o r  t o  v e s i c l e s .  The 

a c c u m u l a t i o n  o f  i n c o m p l e t e  membrane g l y c o p r o t e i n s  In t h e  

Gol gi  ha s  bee n  o b s e r v e d  b e f o r e  by Guan e t  al  ( 1 9 8 5 ) ,  and 

may r e f l e c t  a u b i q u i t o u s  p a s s i v e  me c h a n i s m o f  t a r g e t i n g  

p r o t e i n s  t o  t h e  Golgi  d u r i n g  s y n t h e s i s  and r e c e p t o r  

r e c y c l 1ng .
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XI V. Char ac t e r - 1  z a t l o n  o f  a u n i q u e  s t r u c t u r a l  p r o t e i n  In 

n e u r o n a l  c l a t h r i n - c o a t e d  v e s i c l e s

I n t r o d u c t i o n :  C l a t h r l n - c o a t e d  v e s i c l e s  a r e  t h e

v e h i c l e s  o f  s e v e r a l  s i g n i f i c a n t  e n d o c y t i c  and s e c r e t o r y  

p r o c e s s e s  ( r e v i e w e d  by F i n e  and O c k l e f o r d ,  1 9 8 4 ;  Wi l eman e t  

a l . ,  1 9 8 5 ) .  S i t e - d i r e c t e d  m u t a g e n e s i s  e x p e r i m e n t s ,  

h o w e v e r ,  i n d i c a t e  t h a t  t h e  a b i l i t y  t o  s y n t h e s i z e  c l a t h r i n  

i s  n o t  e s s e n t i a l  t o  t h e  s u r v i v a l  o f  y e a s t  ( P a y n e  and  

Schekman ,  1 9 8 5 ) .  S i n c e  y e a s t  r e p r e s e n t  p a r t i c u l a r l y  s i m p l e  

o r g a n i s m s ,  t h e s e  d a t a  i mp l y  t h a t  CCVs a r e  mos t  e s s e n t i a l  t o  

m e t a b o l i c  p r o c e s s e s  a s s o c i a t e d  e x c l u s i v e l y  w i t h  t h e  

s u r v i v a l  o f  h i g h e r  o r g a n i s m s .  Th u s ,  t h e  e v o l u t i o n a r y  

c o n s e r v a t i o n  of  t h e  CCV may be a t t r i b u t e d  t o  I t s  

v e r s a t i l i t y ;  t h a t  i s ,  CCVs may p r o v i d e  a h i g h l y  a d a p t a b l e  

v e s i c l e  p r o t o t y p e  whi ch  can be r e a d i l y  m o d i f i e d  by 

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

The p a r t i c i p a t i o n  o f  CCVs i n  h i g h l y  s p e c i a l i z e d  p r o c e s s e s  

s u c h  as  s y n a p t i c  membrane r e c o v e r y  i n  n e u r o n s  ( H e u s e r  and  

R e e s e ,  1973)  and t r a n s c y t o s i s  i n  h e p a t o c y t e s  ( Mo s t o v  and  

S i m i s t e r ,  1985)  c l e a r l y  s u p p o r t s  t h i s  h y p o t h e s i s .

One way CCVs c o u l d  be a d a p t e d  t o  t h e  s p e c i f i c  n e e d s  

o f  d i f f e r e n t  t y p e s  of  c e l l s  i s  by g e n e t i c  o r  p o s t -  

t r a n s l a t i o n  m o d i f i c a t i o n  o f  t h e  s t r u c t u r e  o f  c l a t h r i n .
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Bot h  b i o c h e m i c a l  and I mmunocheml ca t  s t u d i e s  h a v e  i n d i c a t e d  

so f a r  t h a t  c l a t h r i n  1s h i g h l y  c o n s e r v e d  b e t w e e n  d i f f e r e n t  

t i s s u e s  and s p e c i e s  ( C r o z e  e t  a l . ,  1982;  Rot hman e t  a l . ,  

1 9 8 0 ) .  S t i l l ,  t h i s  p o s s i b i l i t y  c an  be c o n c l u s i v e l y  

e v a l u a t e d  o n l y  when s e q u e n c e  d a t a  f o r  c l a t h r i n  b e comes  

a v a i l a b l e .  A l t e r n a t i v e l y ,  m o d i f i c a t i o n s  may o c c u r  1n CCV 

a c c e s s o r y  p r o t e i n s .  One p o s s i b l e  exampl e  I s  t h e  g r e a t e r  

s i z e  o f  c l a t h r i n  l i g h t  c h a i n s  d e r i v e d  f rom n e u r o n a l  t i s s u e s  

c o mp a r e d  t o  t h o s e  d e r i v e d  f rom n o n - n e u r o n a l  s o u r c e s  

( K i r c h h a u s e n  e t  a l  . ,  1 9 8 3 ) .  No f u n c t i o n a l  s i g n i f i c a n c e  h a s  

b e e n  a s s o c i a t e d  wi t h  t h i s  d i f f e r e n c e  so f a r .  B i o c h e m i c a l  

h e t e r o g e n e i t y  has  a l s o  been n o t e d  in  t h e  c o m p o s i t i o n  o f *  

a s s e m b l y  p o l y p e p t i d e s  i s o l a t e d  f rom b r a i n ,  and  t h i s  h a s  

be e n  a s s o c i a t e d  w i t h  t h e  g e o m e t r y  of  t h e  v e s i c l e s  g e n e r a t e d  

by e a c h  form ( P e a r s e  and R o b i n s o n ,  1 9 8 4 ) .  In a d d i t i o n ,  

i mmunoc hemi c a l  s t u d i e s  have  r e v e a l e d  d i v e r s i t y  b e t w e e n  t h e  

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

and  t h o s e  p r e s e n t  n e a r  t h e  p l a s ma  membrane ( Ro * 1 n s o n  and  

P e a r s e ,  1 9 8 6 ) .

A n o t h e r  way CCVs c o u l d  be a d a p t e d  t o  c e l l - t y p e  

s p e c i f i c  f u n c t i o n s  i s  by t h e  i n t e g r a t i o n  o f  n o v e l  v e s i c l e  

c o m p o n e n t .  We p r e s e n t  h e r e  wha t  may be t h e  f i r s t  e x a mp l e  

o f  t h i s  t y p e  of  m o d i f i c a t i o n .  Neur ons  a r e  h i g h l y  p o l a r  

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

and  membrane  t r a f f i c .  A new n e u r o n a l  CCV c o m p o n e n t  I s
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F i g u r e  30 .  Two d i m e n s i o n a l  i m m u n o b l o t t i n g  o f  c l a t h r l n -  

c o a t e d  v e s c l e s  w i t h  mAbs S - 8 G8 and 2D9.  R a d i o i o d i n a t e d  

CCVs ( 2 5 0 , 0 0 0  cpm) and u n l a b e l l e d  CCVs ( 1 0 0  ug)  we r e  

r e s o l v e d  by two d i m e n s i o n a l  ge l  e l e c t r o p h o r e s i s ,  and 

a u t o r a d i o g r a p h e d  o r  i m m u n o b l o t t e d  w i t h  mAbs S - 8 G8 ( a n t l -  

NP185) and 209 ( a n t i - c l a t h r i n  h e a vy  c h a i n ) .  L a b e l l e d  s p o t s  

i n c l u d e :  a and a * ,  NP185;  b ,  110 kD a s s e m b l y  p o l y p e p t i d e ;  

c ,  t u b u l i n ;  d ,  C A P ^  e ,  CAPg.  Each s q u a r e  gel  r e p r e s e n t s  a 

pH r a n g e  o f  6 ( b a s e )  t o  4 ( a c i d ) .  The I n t e r f a c e  b e t w e e n  

s t a c k i n g  and r e s o l v i n g  SDS-PAGE g e l s  i s  i n d i c a t e d  ( 1 ) .

\
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d e s c r i b e d  h e r e  ( NP 1 8 5 ) .  T h i s  has  n o t  b e e n  o b s e r v e d  

p r e v i o u s l y  b e c a u s e  I t s  m o b i l i t y  d u r i n g  SDS-PAGE I s  

v i r t u a l l y  I d e n t i c a l  t o  t h a t  o f  c l a t h r i n .  In t h e  c o u r s e  o f  

d e v e l o p i n g  mAbs t o  o t h e r  CCV p r o t e i n s ,  t wo  h y b r i d o m a  c l o n e s  

wer e  s e l e c t e d  t h a t  r e a c t  s p e c i f i c a l l y  w i t h  NP185.  A p a r t  

f r om I t s  s i z e ,  NP185 s h a r e s  l i t t l e  f u n c t i o n a l  o r  

b i o c h e m i c a l  homol ogy  w i t h  c l a t h r i n .  By v i r t u e  o f  two 

d i s t i n c t  s i t e s  f o r  b i n d i n g  t u b u l i n ,  NP185 a p p e a r s  t o  be 

I n v o l v e d  i n  r e g u l a t i n g  t h e  I n t e r a c t i o n  of  n e u r o n a l  CCVs 

w i t h  t h e  c y t o s k e l e t o n . In a d d i t i o n ,  NP185 b i n d s  t h e  CCV 

a s s e m b l y  compl ex  p o l y p e p t i d e s ,  I n d i c a t i n g  a p o s s i b l e  r o l e  

1n r e g u l a t i n g  t h e  s i t e s  and e x t e n t  o f  CCV a s s e m b l y .  . • » .

NP185 1s n o t  c l a t h r i n :  Monoc l ona l  a n t i b o d i e s  ( S - 8 G8

and S- 6G7) t o  NP185 were  p r o d u c e d  f rom t h e  f u s i o n  o f  S p 2 / 0  

Ag 14 myeloma c e l l s  t o  t h e  s p l e e n  c e l l s  o f  a B a l b / C  mouse  

Immunized w i t h  h e a t  d e n n a t u r e d  CCV p r o t e i n s .  C l o n e s  we r e  

I n i t i a l l y  s c r e e n e d  w i t h  an ELISA u s i n g  w h o l e  CCVs as  

a n t i g e n .  P o s i t i v e  c l o n e s  wer e  s u b c l o n e d  by l i m i t i n g  

d i l u t i o n  and s u b s e q u e n t l y  s c r e e n e d  by i m m u n o b l o t t 1 n g . Bot h  

\  S - 8 G8 and S-6G7 a r e  IgG1 ,  k a p p a ,  b u t  e a c h  r e a c t s  w i t h

d i s t i n c t  s i t e s  on NP185 as  d e t e r m i n e d  by s a n d w i c h  

r a d l o l mmu n e  a s s a y  u s i n g  r a d i o l o d i n a t e d  a n t i b o d i e s  and NP185 

e x t r a c t e d  f rom CCVs ( d a t a  n o t  s h o wn ) .  M o n o c l o n a l  a n t i b o d y  

209 ( IgM,  k a p p a )  was g e n e r a t e d  f rom t h e  f u s i o n  o f  S p 2 / 0
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F i g u r e  31 .  I m m u n o b l o t t l n g  o f  c l a t h r i n - c o a t e d  v e s i c l e s  w i t h  

■Abs 2D9,  S- 6G7.  and S - 8 G8 i n  t h e  a b s e n c e  (A) o r  p r e s e n c e  

(B)  o f  100 ug/ml  p u r i f i e d  c l a t h r i n .

\
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Agl 4  myeloma c e l l s  w i t h  t h e  s p l e e n  c e l l s  of  a B a l b / C  mouse  

Immuni zed  w i t h  c h y m o t r y p t l c a l l y  d i g e s t e d  c l a t h r i n  c a g e s .  

T h i s  mAb r e a c t s  w i t h  t h e  180 kD c l a t h r i n  h e a v y  c h a i n  1n 

p u r i f i e d  p r e p a r a t i o n s  and whol e  c e l l  e x t r a c t s ,  a nd  d o e s  n o t  

r e a c t  w i t h  any o t h e r  CCV p r o t e i n s .  Mo n o c l o n a l  a n t i b o d y  2D9 

r e a c t s  w i t h  c l a t h r i n  d e r i v e d  f rom s e v e r a l  t i s s u e s  and 

s p e c i e s ,  as  e v i d e n c e d  by i m m u n o b l o t t i n g  o f  p u r i f i e d  CCV 

p r e p a r a t i o n s  and Immunof1u o r e s e n c e  a n a l y s i s  o f  c u l t u r e d  

c e l l s  ( n o t  s h o wn ) .  Fo r ma l d e h y d e  f i x a t i o n  o f  s a m p l e s  

a d v e r s e l y  a f f e c t s  t h e  r e a c t i v i t y  of  mAb 2 0 9 ,  b u t  has  no 

a f f e c t  on t h e  r e a c t i v i t y  o f  S - 8 G8 and S - 6 G7 .

Mo n o c l o n a l  a n t i b o d i e s  S - 8 G8 and S-6G7 r e a c t  w i t h  an 

a b u n d a n t  CCV p o l y p e p t i d e  ( 185 kD) t h a t  m i g r a t e s  w i t h  

c l a t h r i n  d u r i n g  SDS-PAGE. I m m u n o f l u o r e s c e n c e  a n a l y s i s  o f  

s e v e r a l  f i b r o b l a s t ,  e p i t h e l i a l ,  and m y o b l a s t  c e l l  l i n e s  

f rom s e v e r a l  d i f f e r e n t  s p e c i e s  r e v e a l e d  no o b v i o u s  

r e a c t i v i t y .  On t h e  o t h e r  h a n d ,  i n t e n s e  p u n c t a t e  r e a c t i v i t y  

was o b s e r v e d  In t h e  p r o c e s s e s  o f  n e u r o n a l l y  d e r i v e d  c e l l  

l i n e s .  T h i s  I m p l i e s  t h a t  t h e  r e a c t i v e  a n t i g e n  may be 

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

R e s o l u t i o n  o f  t h e  two p o l y p e p t i d e s  by t wo d i m e n s i o n a l  g e l  

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

be f o c u s s e d  ( a s  has  been o b s e r v e d  p r e v i o u s l y ,  K e l l y  e t  a l . ,  

1 9 8 3 ) .  When CCV p r o t e i n s  were  r e s o l v e d  by t wo d i m e n s i o n a l  

e l e c t r o p h o r e s i s  and i m m u n o b l o t t e d  w i t h  mAb S - 8 G8 ,  a s me a r e d
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F i g u r e  32 .  I mmunobl o t  a n a l y s i s  o f  NP185 i n  b o v i n e  b r a i n  

c l a t h r ! n - c o a t e d  v e s i c l e s  ( A ) ,  b o v i n e  a d r e n a l  c l a t h r i n  

c o a t e d  v e s i c l e s  ( B ) ,  and c h y m o t r y p t i c a l l y  d i g e s t e d  b r a i n  

c l a t h r i n - c o a t e d  v e s i c l e s  ( C ) .  40 ug p r o t e i n  was  l o a d e d ' i n

e a ch  l a n e .  A ' ,  B ' ,  C ' ;  Co o ma s s i e  s t a i n .

\
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s p o t  was o b s e r v e d  a t  pH 6 . 0 .  No r e a c t i v i t y  was o b s e r v e d  

when an I d e n t i c a l  ge l  was i m m u n o b l o t t e d  w i t h  mAb 2D9 

( F i g u r e  3 0 ) .  C l a t h r l n  a p p a r e n t l y  d i d  n o t  e v e n  e n t e r  t h e  

I s o e l e c t r i c  f o c u s s i n g  g e l ,  w h i l e  NP185 f o c u s s e d  a t  a pH 

n e a r  6 . 0 .

Two o t h e r  e x p e r i m e n t s  wer e  p e r f o r m e d  t o  d i s t i n g u i s h  

NP185 f rom c l a t h r l n .  In t h e  f i r s t ,  c l a t h r i n  was p u r i f i e d  

f r om CCVs by e x t r a c t i o n  w i t h  0.5M T r l s  f o l l o w e d  by  

S e p h a r o s e  4B c h r o m a t o g r a p h y ,  and one c y c l e  o f  a s s e m b l y -  

d i s a s s e m b l y .  The se  p r e p a r a t i o n s  c o n t a i n e d  no NP185 a s  

a s s e s s e d  by i mmunbl o t  ( mos t  o f  t h e  NP185 r e m a i n s  me mb r a n e -  

bound d u r i n g  T r i s  e x t r a c t i o n ;  n o t  s h o wn ) .  C l a t h r 1 n - c o a £ e d  

' v e s i c l e s  wer e  t h e n  r e s o l v e d  by SDS-PAGE, e l e c t r o b l o t t e d  t o  

n i t r o c e l l u l o s e  and r e a c t e d  w i t h  mAbs S - 8 G8 , S - 6 G 7 ,  o r  a n t i -  

c l a t h r i n  mAb 2D9 e i t h e r  i n  t h e  p r e s e n c e  o r  a b s e n c e  o f  100 

ug/ ml  p u r i f i e d  c l a t h r i n .  As shown i n  F i g u r e  3 1 ,  c l a t h r l n  

e f f e c t i v e l y  c o mp e t e s  o u t  mAb 2D9 b u t  n o t  mAbs S - 8 G8 o r  S -  

6G7.

In t h e  s e c o n d  e x p e r i m e n t ,  CCVs wer e  p a r t i a l l y  

d i g e s t e d  w i t h  c h y m o t r y p s i n , t h e n  p e l l e t e d ,  and a n a l y z e d  by 

i m m u n o b l o t t i n g  w i t h  mAbs S-6G7 and S - 8 G8 . T h i s  t r e a t m e n t  

h a s  p r e v i o u s l y  been shown t o  r emove t h e  c l a t h r l n  l i g h t  

c h a i n s  w i t h o u t  damagi ng  t h e  c l a t h r l n  h e a v y  c h a i n  o r  c o a t  

s t r u c t u r e  ( L l s a n t l  e t  a l . ,  1 9 8 2 ) .  The d i g e s t e d  p e l l e t s  

w e r e  a n a l y z e d  by SDS-PAGE and Co o ma s s i e  s t a i n ,  wh i c h
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F i g u r e  33 .  I mmunobl o t  a n a l y s i s  o f  NP185 c o n t e n t  i n  

s y n a p t i c  v e s i c l e s  ( S V) ,  s y n a p t i c  p l a s m a  me mbr a ne  ( SPM) ,  and  

S- 1 0 0 0  co l umn f r a c t i o n s .  50 ug p r o t e i n  was l o a d e d  i n  SV 

and SPM l a n e s .  Equal  vo l umes  wer e  l o a d e d  of  co l umn 

f r a c t i o n s .  Open a r r o w I n d i c a t e s  an u n i d e n t i f i e d  b a n d  i n  

t h e  SPM f r a c t i o n  t h a t  a l s o  a p p e a r s  when no f i r s t  a n t i b o d y  

i s  u s e d .  Mon o c l o n a l  a n t i b o d y  S - 8 G8 was u s e d  f o r  t h i s  

i m m u n o b l o t .

\
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r e v e a l e d  t h a t  s e v e r a l  o f  t h e  v e s i c l e  p r o t e i n s  w e r e  

d i g e s t e d ,  I n c l u d i n g  t h e  l i g h t  c h a i n s .  C o n s i s t e n t  w i t h  

p r e v i o u s  r e s u l t s ,  t h e  c l a t h r l n  heavy  c h a i n  was u n a l t e r e d .  

When t h e  d i g e s t e d  CCVs wer e  1mmu n o b l o t t e d  w i t h  e i t h e r  S - 8 G8 

o r  S- 6G7,  h o w e v e r ,  no r e a c t i v i t y  was o b s e r v e d  ( F i g u r e  

3 2 ) .  NP185 I s  bound t o  t h e  v e s i c l e  i n  a way t h a t  r e n d e r s

1t  e x q u i s i t e l y  s e n s i t i v e  t o  c h y m o t r y p s l n , and  t h i s  c l e a r l y  

d i s t i n g u i s h e s  I t  f r om c l a t h r l n .  Al so  shown i n  F i g u r e  32 I s  

t h e  n e a r  l a c k  of  NP185 r e a c t i v i t y  o b s e r v e d  1n CCVs d e r i v e d  

f rom a d r e n a l  g l a n d .  Some r e a c t i v i t y  was o c c a s i o n a l l y  

o b s e r v e d ,  and t h i s  c o r r e s p o n d e d  t o  an i n c r e a s e d  I n c i d e n c e  

o f  t h e  h i g h e r  m o l e c u l a r  mass  n e u r o n a l  CAPs a s  w e l l  ( n o , ^

' s h o w n ) .  Th i s  i n d i c a t e d  t h a t  NP185 i n  a d r e n a l  g l a n d  1s 

p r o b a b l y  c o n t r i b u t e d  by n e u r o n a l  t i s s u e s .

NP185 i s  n o t  a t r a n s m e m b r a n e  p r o t e i n :  C l a t h r i n -

c o a t e d  v e s i c l e s  wer e  p r e p a r e d  as d e s c r i b e d  by Sc h o o k  and 

P u z s k l n  ( 1 9 8 5 ) .  In t h e  f i n a l  s t e p ,  t h e  c r u d e  CCVs a r e  

c h r o m a t o g r a p h e d  t h r o u g h  an S- 1000  col umn t o  s e p a r a t e  t hem 

f rom u n c o a t e d  me mb r a n e s .  To d e t e r m i n e  w h e t h e r  t h i s  

p r o c e d u r e  a l s o  e n r i c h e s  f o r  NP185,  c o n s e c u t i v e  c o l u mn  

f r a c t i o n s  were  r e s o l v e d  by SDS-PAGE and i m m u n o b l o t t e d  w i t h  

mAb S - 8 G8 . As shown i n  F i g u r e  32 ,  NP185 i s  c o n c e n t r a t e d  In 

t h e  CCV peak f r a c t i o n s  and n e a r l y  a b s e n t  f r o m t h e  membrane  

p e a k .  In a g r e e m e n t  w i t h  t h i s ,  a p r e p a r a t i o n  o f  p u r i f i e d
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F i g u r e  3 4 .  E x t r a c t i o n  o f  c l a t h r i n - c o a t e d  v e s i c l e s  w i t h  

v a r y i n g  c o n c e n t r a t i o n s  o f  T r i t o n  X-100 o r  s o d i u m  

c h l o r i d e .  E x t r a c t e d  CCVs ( 50 ug)  wer e  s p u n  a t  1 0 0 , 0 0 0  x g ,  

and p e l l e t s  (P)  and s u p e r n a n t a n t s  (S)  we r e  a n a l y z e d  f o r ~  

NP185 c o n t e n t  by i mmu n o b l o t t 1 n g  w i t h  mAb S - 8G8 .  C o n t r o l  

l a n e  r e p r e s e n t s  u n e x t r a c t e d  CCVs.

N
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s y n a p t i c  p l a s ma  membranes  a l s o  c o n t a i n e d  no d e t e c t a b l e  

NP185 ( F i g u r e  3 3 ) .  S y n a p t i c  v e s i c l e s ,  on t h e  o t h e r  h a n d ,  

c o n t a i n  some NP185,  b u t  s i g n i f i c a n t l y  l e s s  t h a n  CCVs.  As 

w i l l  be shown b e l o w ,  NP185 can  be e x t r a c t e d  f r o m CCVs,  

I m m u n o p r e c l p i t a t e d , and a n a l y z e d  f o r  NP185 c o n t e n t  by 

Coomas s l e  s t a i n i n g .  Us i ng  s uc h  a p r e p a r a t i o n  a s  a 

s t a n d a r d ,  i m m u n o b l o t t 1ng a n a l y s i s  i n d i c a t e s  t h a t  t h e r e  a r e  

10 t o  15 NP185 m o l e c u l e s  p e r  CCV, and . 5  t o  1 p e r  s y n a p t i c  

v e s i c l e .

To d e t e r m i n e  w h e t h e r  NP185 1s bound t o  t h e  

c y t o p l a s m i c  f a c e  o f  t h e  v e s i c l e  o r  I f  i t  i s  a t r a n s m e m b r a n e  

c a r g o  m o l e c u l e ,  d i f f e r e n t i a l  e x t r a c t i o n  e x p e r i m e n t s  u s Ph g  

v a r i o u s  c o n c e n t r a t i o n s  of  e i t h e r  a n o n - i o n i c  ^ - . t e r g e n t  

( T r i t o n  X-100)  or  sodi um c h l o r i d e  wer e  p e r f o r m e d .  As shown 

in F i g u r e  34 ,  c o n c e n t r a t i o n s  o f  T r i t o n  b e t w e e n  0.1% and 

1.0% d i d  n o t  e f f i c i e n t l y  e x t r a c t  a l l  o f  t h e  NP185 f r o m 

CCVs.  The NP185 t h a t  was e x t r a c t e d  by T r i t o n  p r o b a b l y  

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

sod i um c h l o r i d e  o f  1M o r  g r e a t e r  e f f i c i e n t l y  e x t r a c t e d  

NP185 f rom t h e  v e s i c l e .  The s e  d a t a  i n d i c a t e  t h a t  NP185 i s  

no t  a t r a n s m e m b r a n e  c a r g o  m o l e c u l e ,  b u t  i s  a s s o c i a t e d  

I n s t e a d  w i t h  t h e  c y t o p l a s m i c  f a c e  o f  t h e  CCV.

NP185 f o r m s  a compl ex  w i t h  a f r a c t i o n  o f  t h e  a s s e m b l y
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F i g u r e  3 5 .  P r e s e n c e  o f  a s s o c i a t e d  a s s e m b l y  c o m p l e x  

p o l y p e p t i d e s  and k i n a s e  a c t i v i t y  i n  I m m u n o p r e c i p 1 t a t e s  o f  

c l a t h r l n - c o a t e d  v e s i c l e  d e r i v e d  NP185.  NP185 was

i m m u n o p r e c i p i t e d  f rom 0 . 9  M sodi um c h l o r i d e  e x t r a c t s  o f
o p

c l a t h r l n  c o a t e d  v e s i c l e s  and i n c u b a t e d  w i t h  gamma-  P-  _  

l a b e l l e d  ATP. P r e c i p i t a t e s  wer e  washed t w i c e  w i t h  .25M 

s od i um c h l o r i d e  and o n c e  w i t h  20mM HEPES pH 7 . 0  ( A ) ,  o r  

t w i c e  w i t h  20 mM HEPES .25M sodi um c h l o r i d e  pH 7 . 0  and  o n c e  

w i t h  0 . 5  M T r i s  pH 7 . 0  ( B) .  A and B: C o o m a s s i e  s t a i n ;  A'  

and B ' :  a u t o r a d i o g r a p h y .

\
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p o l y p e p t i d e s :  When NP185 I s  e x t r a c t e d  f r o m t h e  CCV b y  .9M

NaCl , d i l u t e d  t o  .25M NaCl w i t h  Hepes  pH 7 . 0 ,  and  

I m m u n o p r e c l p i t a t e d  by mAbs S - 8G8 and S-6G7 c o v a l e n t l y  

l i n k e d  t o  S e p h a r o s e  4B,  i t  a p p e a r s  as  a c o m p l e x  w i t h  t h e  

100 kD and 50 kD a s s e m b l y  c ompl ex  p o l y p e p t i d e s  ( F i g u r e  

3 5 ) .  The Immunopr ec l p1  t a t i o n s  a r e  p e r f o r m e d  i n  and wa s h e d  

t w i c e  w i t h  .25M NaCl ;  t h e r e f o r e ,  NP185 and  t h e  a s s e m b l y  

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

p h y s i o l o g i c a l  I o n i c  s t r e n g t h .  The comp l e x  1s a l s o  s t a b l e  

t o  wa s h e s  by ,5M T r l s  ( F i g u r e  3 5 ) .  The l o w e r  a f f i n i t y  o f  

t h e  a n t t b o d y - a n t i g e n  compl ex  p r o h i b i t s  t e s t i n g  t h e  

s t a b i l i t y  o f  t h e  NP 1 8 5 - a s s e mb l y  p o l y p e p t i d e  c o m p l e x  a t , ^  

h i g h e r  c o n c e n t r a t i o n s  o f  NaCl ;  t h u s ,  i t  i s  n o t  known 

w h e t h e r  t h e  compl ex  i s  r emoved d i r e c t l y  f r o m t h e  v e s i c l e  o r  

w h e t h e r  i t  f orms  a f t e r  d i l u t i o n .

NP185 was e x t r a c t e d  f r om CCVs by 0.9M NaCl , 

i m m u n o p r e c l p i t a t e d  by e i t h e r  mAb S-6G7 o r  S - 8 G8 , and  

a n a l y z e d  f o r  NP185 or  c l a t h r i n  c o n t e n t  by i m m u n o b l o t t i n g .

As shown 1n F i g u r e  36,  NP 1 8 5 - a s s e mb l y  p o l y p e p t i d e  c o m p l e x e s  

i m m u n o p r e c l p 1 t a t e d  by e i t h e r  mAb S - 8 G8 o r  S-6G7 c o n t a i n  a 

\  s m a l l  amount  o f  t i g h t l y  bound c l a t h r i n .  T h i s  c l a t h r i n  

r e m a i n s  bound a f t e r  two .25M NaCl w a s h e s ,  b u t  i s  p a r t l y  

r emoved by 0.5M T r i s  ( F i g u r e  3 6 ) .  T h i s  r e s u l t  i n d i c a t e s  

t h a t  NP185,  t h e  a s s e m b l y  p o l y p e p t i d e s ,  and  a s m a l l  amount  

o f  c l a t h r l n  can  form a t r i m o l e c u l a r  c o m p l e x .  A d d i t i o n a l
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F i g u r e  3 6 .  A n a l y s i s  o f  t h e  c l a t h r i n  and  NP185 c o n t e n t  o f  

NP185 i m m u n o p r e c i p i t a t e s  by i m m u n o b l o t t i n g  w i t h  mAb 2D9 ( A,  

B,  and C; a n t i - c l a t h r i n )  and mAb S - 8 G8 ( A 1 , B’ ,  and  C * ) .

A: 50 ug c l a t h r i n  c o a t e d  v e s i c l e s ;  B and C:

I m m u n o p r e c i p i t a t e d  NP185 d e r i v e d  f rom cl  a t h r i n - c o a t e d  

v e s i c l e s .  P r e c i p i t a t e s  were  washed t w i c e  w i t h  20 mM HEPES 

. 25  M s od i um c h l o r i d e  pH 7 . 0  ( C) ,  f o l l o w e d  by a wash w i t h  

0 . 5  M T r i s  pH 7 . 0  {B ) .

\
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d a t a  w i l l  be p r e s e n t e d  b e l o w t o  show t h a t  t h i s  c o m p l e x  1s  

composed  o f  NP185 bound t o  a s s e m b l y  p o l y p e p t i d e s ,  w h i c h  

b i n d  t h e  c l a t h r l n  he a vy  c h a i n  m o l e c u l e s .  As e x p e c t e d ,

NP185 d e v i v e d  f rom p u r i f i e d  b o v i n e  s y n a p t i c  v e s i c l e s  (SV)  

by 0 . 9  M NaCl e x t r a c t i o n  d i d  n o t  c o n t a i n  e i t h e r  c l a t h r i n  o r  

a s s e m b l y  p o l y p e p t i d e s ,  as  d e t e r m i n e d  by i m m u n o b l o t t i n g  w i t h  

mAb 2D9 o r  a r a b b i t  a n t i - 1 0 0  kD a n t i s e r u m  ( k i n d  g i f t  o f  D r .  

B.  M. F.  P e a r s e ;  n o t  s h o w n ) .  The 100 kD a s s e m b l y  

p o l y p e p t i d e  In CCV-NP185 c o mp l e x e s  r e a c t e d  w i t h  t h i s  a n t i ­

s e r u m as  d e t e r m i n e d  by b o t h  I m m u n o b l o t t i n g  and ELISA ( n o t  

s h o w n ) .

A f u n c t i o n a l  a s s a y  t h a t  d i s t i n g u i s h e s  NP185 f r o m  

c l a t h r i n :  NP185 can be f u n c t i o n a l l y  d i s t i n g u i s h e d  f r o m

c l a t h r i n  by t h e  a b i l i t y  o f  c l a t h r l n  t o  s e l f - a s s e m b l e  I n t o  

c a g e s  a t  pH 6 . 5  ( B l i t z  e t  al  . ,  1977;  Keen e t  a l . ,  1 9 7 9 ) .  

C l a t h r i n  c a g e s  wer e  r a d i o l o d i n a t e d  , I s o l a t e d  by 

c e n t r i f u g a t i o n ,  and d i s s o c i a t e d  i n  0.5M T r l s .  NP185 was 

e x t r a c t e d  f rom CCVs and SVs by 0.9M NaCl ,  a f f i n i t y  p u r i f i e d  

by mAb S - 8G8 , and r a d i o l o d i n a t e d . The p r e p a r a t i o n s  w e r e  

t h e n  a s s a y e d  f o r  r e a s s e m b l y  by d i a l y s i s  i n t o  0 . 1M MES 

b u f f e r ,  2 . 5  mM MgCl2 pH 6 . 5 .  A f t e r  c e n t r i f u g a t i o n  a t  

1 0 0 ,0 0 0  xg a s s e m b l e d  m a t e r i a l  i s  f ound  i n  t h e  p e l l e t  w h i l e  

u n a s s e m b l e d  m a t e r i a l  r e m a i n s  i n  t h e  s u p e r n a t a n t .  P u r i f i e d  

u n l a b e l l e d  c l a t h r i n  (200  u g / m l )  was added t o  some
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F i g u r e  3 7 .  R e a s s e m b l y  a n a l y s i s  o f  c l a t h r i n .  c l a t h r i n -  

c o a t e d  v e s i c l e  d e r i v e d  NP185 ( CCV- NP185) ,  and s j r n a p t l c  

v e s i c l e  d e r i v e d  NP185 ( SV- NP185) .  C l a t h r i n ,  CCV-NP185, and  

SV-NP185 we r e  r a d i o i o d i n a t e d , d i a l y z e d  i n t o  r e a s s e m b l y  

b u f f e r ,  and p e l l e t e d  a t  1 0 0 , 0 0 0  xg .  5 0 , 0 0 0  cpm of  s t a r t i n g  

m a t e r i a l  was u s e d  p e r  a s s a y ,  and b o t h  s u p e r n a t a n t s  ( b l a c k  

b a r s )  and p e l l e t s  ( g r e y  b a r s )  were  c o u n t e d .  L a b e l l e d  

s a m p l e s  we r e  i n c u b a t e d  a l o n e  ( - 0 - ) ,  o r  w i t h  200  ug/ml  c o l d  

c l a t h r i n  ( c l a t h r i n ) ,  200 ug/ml  c o l d  CCV-NP185 ( CCV- NP185) ,  

100 ug/ ml  c o l d  SV-NP185 ( SV- NP185) ,  o r  200  u g / ml  c o l d  

c l a t h r i n  and 200 ug/ml  c o l d  CCV-NP185 ( c l a t h r i n - C C V - N P 1 8 5 ) .

\
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s a m p l e s .  None o f  t h e  s a m p l e s  r e a s s e m b l e d  s p o n t a n e o u s l y  

w i t h o u t  t h e  a d d i t i o n  o f  u n l a b e l l e d  c l a t h r l n .  T h i s  I s  

u n d o u b t e d l y  a t t r i b u t a b l e  t o  t h e  low c o n c e t r a t l o n s  o f  

p r o t e i n  p r e s e n t  ( l e s s  t h a n  1 u g / m l ) .  The a d d i t i o n  o f  

u n l a b e l l e d  CCV-NP185 (200  u g / m l )  o r  SV-NP185 ( 1 0 0  u g / m l )  

a l s o  d i d  n o t  I n d u c e  d e t e c t a b l e  a s s e m b l y .  When u n l a b e l l e d  

c l a t h r l n  was added t o  t h e  r a d i o l a b e l l e d  c l a t h r i n  s a m p l e ,  

h o w e v e r ,  a s s e m b l y  was o b s e r v e d ,  a s  I s  shown by t h e  

a c c u m u l a t i o n  of  l a b e l  in t h e  p e l l e t  ( F i g u r e  3 7 ) .  Much l e s s  

i n c o r p o r a t i o n  o f  l a b e l  i n t o  t h e  p e l l e t  was o b s e r v e d  w i t h  

CCV-NP185 (NP-185 e x t r a c t e d  f rom CCVs) ,  and  v i r t u a l l y  no n e  

was d e t e c t e d  w i t h  SV-185 ( NP- 185  e x t r a c t e d  f r o m  s y n a p t i c  

v e s i c l e s ) .  The i n c o r p o r a t i o n  o f  some CCV-NP185 i n t o  t h e  

p e l l e t s  o f  t h o s e  s a mp l e s  t o  whi ch  u n l a b e l l e d  c l a t h r l n  had  

b e e n  a dde d  was p r o b a b l y  due  t o  t h e  a s s o c i a t i o n  o f  a s s e m b l y  

p o l y p e p t i d e s  ( bound t o  CCV-NP185) w i t h  t h e  a s s e m b l i n g  

c l a t h r i n .  To t e s t  t h i s  h y p o t h e s i s ,  an u n l a b e l l e d  200 u g / ml  

CCV-NP185 was a l s o  added  t o  t h e  m i x t u r e .  I f  CCV-NP185 i s  

i n t e g r a t e d  i n t o  t h e  a s s e m b l i n g  c a g e ,  t h e n  t h e  a d d i t i o n  o f  

u n l a b e l l e d  CCV-NP185 s h o u l d  h a v e  no e f f e c t  on t h e  

a c c u m u l a t i o n  of  l a b e l  i n  t h e  p e l l e t .  I f ,  on t h e  o t h e r  

h a n d ,  CCV-NP185 i s  o n l y  a s s o c i a t e d  w i t h  t h e  a s s e m b l i n g  c a g e  

by t h e  a s s e m b l y  p o l y p e p t i d e s ,  t h e n  t h e  a d d i t i o n  o f  

u n l a b e l l e d  CCV-NP185 s h o u l d  a c t  c o m p e t i t i v e l y  a n d  i n h i b i t  

t h e  a c c u m u l a t i o n  of  l a b e l  i n  t h e  p e l l e t .  As i s  shown 1n
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F i g u r e  37 ,  t h e  l a t t e r  a s s u m p t i o n  was c o r r e c t ,  and 

u n l a b e l l e d  CCV-NP185 had an I n h i b i t o r y  e f f e c t  on t h e  

a c c u m u l a t i o n  o f  l a b e l  In t h e  p e l l e t .  S i n c e  no 

I n c o r p o r a t i o n  o f  l a b e l  I n t o  t h e  p e l l e t  was  o b s e r v e d  when 

c l a t h r l n  was a d d e d  t o  SV-NP185,  t h i s  b i n d i n g  mus t  be  due t o  

t h e  a s s e m b l y  p o l y p e p t i d e s  p r e s e n t  on CCV-NP185.  A l t h o u g h  

e q u i v a l e n t  ma s s e s  of  CCV-NP185 and c l a t h r l n  a d d e d  t o  t h e  

r e a s s e m b l y  m i x t u r e  s u c c e s s f u l l y  I n h i b i t e d  l a b e l l e d  CCV- 

NP185 i n c o r p o r a t i o n ,  t h e  u n l a b e l l e d  CCV-NP185 was w e l l  

be l ow t h e  m o l a r  e q u i v a l e n c e  of  a s s e m b l y  c o m p l e x  b i n d i n g  

s i t e s  ( R o b i n s o n  and P e a r s e ,  1 9 8 4 ) .  The b i n d i n g  o f  CCV-185-  

bound a s s e m b l y  p o l y p e p t i d e s  t o  c a g e s  m u s t  be r e s t r i c t e d ^ t o  

e i t h e r  a s e l e c t  s u b s e t  of  t h e s e  b i n d i n g  s i t e s ,  o r  

s t e r i c a l l y  l i m i t e d  t o  b i n d i n g  o n l y  a f r a c t i o n  o f  t h e  s i t e s  

In each  c a g e .

C l a t h r i n - c o a t e d  v e s i c l e  NP185 c o n t a i n s  k i n a s e  

a c t i v i t i e s :  The CCV a s s e m b l y  compl ex  h a s  an a s s o c i a t e d

k i n a s e  a c t i v i t y  whi ch  i n  b r a i n  p h o s p h o r y l a t e s  t h e  50 kD 

p o l y p e p t i d e .  T h i s  a c t i v i t y  I s  I n d e p e n d e n t  o f  

Ca^+/ c a l m o d u l  1n and cAMP ( P a u l o l n  and  O o l l e s ,  1 9 8 4 ) .  The 

CCV-NP185-bound a s s e m b l y  p o l y p e p t i d e s  a l s o  c o n t a i n  t h i s  

a c t i v i t y ,  a l t h o u g h  1t  r e p r e s e n t s  o n l y  a f r a c t i o n  o f  t h e  

t o t a l  a c t i v i t y  1n t h e  v e s i c l e  ( F i g u r e  35 and F i g u r e  4 4 ) .  

I n t e r e s t i n g l y ,  a s i n g l e  0.5M T r l s  wash o f  t h e
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F i g u r e  38 .  C a s e i n  k i n a s e  a c t i v i t y  I s  a s s o c i a t e d  w i t h  NP185 

d e r i v e d  f rom s y n a p t i c  v e s i c l e s  (SV) and c l a t h r l n - c o a t e d  

v e s i c l e  (CCV).  NP185 e x t r a c t e d  f rom e i t h e r  s o u r c e  was 

I m m u n o p r e c l p i t a t e d  by mAb S - 8 G8 , and i n c u b a t e d  1n 

p h o s p h o r y l  a t i  on b u f f e r  w i t h  g a m m a - ^ P - 1  a b e l  1 ed ATP.  50~ug 

c a s e i n  was added  t o  e ach  s a m p l e .  The a r e a  m a r k e d  by an 

a s t e r i s k  i s  p r o d u c e d  by c o n t a m i n a t i n g  p o l y p e p t i d e s  1n t h e  

c a s e i n  p r e p a r a t i o n .

\
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I m m u n o p r e c l p i t a t e d  CCV-NP185 removed no b a n d s  t h a t  c o u l d  be 

d e t e c t e d  by Co o ma s s i e  s t a i n  o f  t h e  SDS-PAGE r e s o l v e d  

p r o t e i n s .  A u t o r a d i o g r a p h y  o f  t h i s  g e l ,  h o w e v e r ,  r e v e a l e d  

t h a t  t h e  50 kD a s s o c i a t e d  k i n a s e  a c t i v i t y  was p a r t l y  

I n h i b i t e d .  Two e x p l a n a t i o n s  a r e  p o s s i b l e :  1)  t h e  k i n a s e  

a c t i v i t y  i s  I n h i b i t e d  by T r 1 s ;  o r  2) t h e  k i n a s e  a c t v l t y  i s  

d i s s o c i a t e d  by T r i s .  The l a t t e r  p o s s i b i l i t y  c o n t r a s t s  

e v i d e n c e  f rom Keen and B l a c k  ( 1 9 8 6 )  t h a t  t h i s  a c t i v i t y  

r e p r e s e n t s  an a u t o p h o s p h o r y l a t i o n  r e a c t i o n .

C l a t h r i n - c o a t e d  v e s i c l e s  h a v e  a l s o  b e e n  shown t o  

c o n t a i n  an a s s o c i a t e d  c a s e i n  k i n a s e  I I  t h a t ,  I n  t h e  

p r e s e n c e  o f  p o l y b a s i c  c o mp o u n d s ,  p h o s p h o r y l a t e s  CAPg 

( Sc hook  and P u s z k i n ,  1985 ;  B a r - Z v i  and B r a n t o n ,  1 9 8 6 ) .

Th i s  k i n a s e  a c t i v i t y  c an  be e x t r a c t e d  f r o m  t h e  v e s i c l e  by 

1M NaCl ( s i m i l a r l y  t o  NP185) .  In o r d e r  t o  d e t e r m i n e  

w h e t h e r  any c a s e i n  k i n a s e  I I  a c t i v i t y  1s a s s o c i a t e d  w i t h  

NP185,  0.9M NaCl e x t r a c t s  we r e  d e r i v e d  f r o m  CCVs and  SVs,  

d i l u t e d  20 mM HEPES and i m m u n o p r e c t p i t a t e d  w i t h  mAb S - 8 G8 

c o v a l e n t l y - c o u p l e d  t o  S e p h a r o s e  4B.  P o l y l y s i n e  was a d d e d  

t o  t h e  1mmunoprec1p 1 t a t e d  m a t e r i a l  t o  s t i m u l a t e  t h e  c a s e i n  

k i n a s e ,  and c a s e i n  was a dded  as  s u b s t r a t e .  As shown 1n 

F i g u r e  38 ,  b o t h  CCV-NP185 and SV-NP185 h a v e  t i g h t l y  

c o mp l e x e d  c a s e i n  k i n a s e  I I  a c t i v i t y .  SV- 185 l a c k s  t h e  50 

kD a s s e m b l y  p o l y p e p t i d e  k i n a s e  a c t i v i t y ,  i n d i c a t i n g  t h a t  

n e i t h e r  t h e  100 kD n o r  t h e  50 kD s u b u n i t s  o f  t h e  a s s e m b l y
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compl ex  a r e  p r e s e n t .  The NP185-bound c a s e i n  k i n a s e  I I  

a c t i v i t y  and  t h e  enzyme a c t i v i t y  r e m a i n i n g  In  s o l u t i o n  

a f t e r  e x t r a c t i o n  a r e  a n a l y z e d  f u r t h e r  In a l a t e r  s e c t i o n .

NP185 I s  bound t o  v e s i c l e  t u b u l i n :  NP185 I s

a s s o c i a t e d  w i t h  b o t h  SVs and CCVs,  y e t  I s  n o t  an  I n t e g r a l  

membrane p o l y p e p t i d e .  T h e r e f o r e ,  NP185 c o u l d  be  a s s o c i a t e d  

w i t h  a n o t h e r  p r o t e i n  e l e m e n t  o f  b o t h  v e s i c l e s .  A p o s s i b l e  

c h a r a c t e r i s t i c  o f  s uch  a p r o t e i n  woul d be I t s  p r e s e n c e  In  

b o t h  t y p e s  o f  v e s i c l e s .  Wi th t h i s  i n  m i n d ,  a c o m p e t i t i v e  

a s s a y  was d e v i s e d  t o  d e t e r m i n e  w h e t h e r  NP185 i s  a t t a c h e d  t o  

CCVs by an a s s o c i a t i o n  w i t h  t u b u l i n .  T u b u l i n  h a s  b e e n  

shown by K e l l y  e t  a l . ( 19 8 3 )  t o  be a m a j o r  c o m p o n e n t  of  

b r a i n  CCVs.  CCVs were  r a d i o i o d i n a t e d , t h e n  

i m m u n o p r e c i p i t a t e d  by mAb S - 8G8 i n  t h e  p r e s e n c e  o f  v a r i o u s  

c o n c e n t r a t i o n s  o f  p u r i f i e d  c l a t h r i n ,  CAPs,  o r  t u b u l i n .  As 

shown i n  F i g u r e  39 ,  c l a t h r i n  and CAPs had no c o m p e t i t i v e  

e f f e c t  on t h e  e f f i c i e n c y  o f  CCV I m m u n o p r e c l p i t a t l o n  by S-  

8G8 . T u b u l i n ,  on t h e  o t h e r  h a n d ,  c o m p e t i t i v e l y  I n h i b i t e d  

CCV I m m u n o p r e c i p i t a t i o n  in  a d o s e  d e p e n d e n t  m a n n e r .  Th i s  

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

of  mAb S - 8 G8 w i t h  p u r i f i e d  t u b u l i n  p r e p a r a t i o n s  ( n o t  

s h o wn ) .  T h e r e f o r e ,  t u b u l i n  must  c o m p e t i t i v e l y  I n h i b i t  

NP185 b i n d i n g  t o  t h e  v e s i c l e  and n o t  a n t i b o d y  b i n d i n g  t o  

NP185.  To c o n f i r m  t h i s  i n t e r p r e t a t i o n ,  t h e
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F i g u r e  39 .  C o m p e t i t i v e  a n a l y s i s  o f  N P 1 8 5 - m e d 1 a t e d  

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

R a d i o i o d 1 n a t e d  c l a t h r i n - c o a t e d  v e s i c l e s  w e r e  

I m m u n o p r e c l p i t a t e d  by mAb S - 8 G8 i n  t h e  p r e s e n c e  o f  v a r y i n g  

c o n c e n t r a t i o n s  o f  c l a t h r i n ,  CAPs,  and t u b u l i n .  1 0 0 , 0 0 0  cpm 

o f  s t a r t i n g  m a t e r i a l  was u s e d  f o r  e ach  e x p e r i m e n t ,  and  1 /1 0  

o f  t h e  p e l l e t e d  m a t e r i a l  was c o u n t e d .

\
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F i g u r e  4 0 .  A n a l y s i s  by SDS-PAGE of  t h e  p r e c i p i t a t e s  

c o mp e t e d  w i t h  t u b u l i n  1n F i g u r e  39 .  The r e m a i n i n g  90% o f  

e a c h  p r e c i p i t a t e d  s a mp l e  was l o a d e d  i n t o  t h e  l a n e s  a s  

I n d i c a t e d .  T h i s  ge l  was e x p o s e d  t o  f i l m  w i t h  a  C r o n e x , ^  

l i g h t e n i n g  p l u s  i n t e n s i f y i n g  s c r e e n  f o r  16 h o u r s .

\
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I m m u n o p r e d p i t a t e s  we r e  a n a l y z e d  by SDS-PAGE.  I f  NP185 1s 

b e i n g  c ompe t ed  o f f  t h e  v e s i c l e  by t u b u l i n ,  t h e n  I t  s h o u l d  

r e m a i n  a t t a c h e d  t o  t h e  a n t i b o d y  and be p r e s e n t  In t h e  

p r e c i p i t a t e .  As I s  shown In F i g u r e  40 ,  NP18S d o e s  r e m a i n  

a t t a c h e d  t o  t h e  p e l l e t ,  w h i l e  t h e  o t h e r  CCVs p r o t e i n s  

r e ma i n  a t t a c h e d  t o  t h e  d i s s o c i a t e d  CCVs. T h i s  1s mo s t  

e v i d e n t  i n  t h e  l a s t  c o n c e n t r a t i o n  p o i n t ,  w h e r e  o n l y  NP185 

c o n t i n u e s  t o  be p r e c i p i t a t e d .  The d i s s o c i a t e d  NP185 i s  

p r e c i p i t a t e d  as a c ompl e x  w i t h  t u b u l i n ,  a l t h o u g h  1t  i s  n o t  

l a b e l l e d  and t h e r e f o r e  n o t  d e t e c t e d  i n  t h e

a u t o r a d i o g r a p h . I t  i s  p a r t i c u l a r l y  n o t e w o r t h y  t h a t  no

o t h e r  CCV p r o t e i n s  a r e  c o - p r e c i p i t a t e d  w i t h  NP185 1n t h j s  

e x p e r i m e n t .  In p a r t i c u l a r ,  t h e  a s s e mb l y  c o m p l e x  p r o t e i n s  

whi ch  c o - p r e c i p i t a t e  w i t h  NP185 f rom 0.9M NaCTi e x t r a c t s  a r e  

c o n s p i c u o u s l y  a b s e n t  f rom t h e  t u b u l i n - e x t r a c t e d  NP185.

Th i s  i n d i c a t e s  t h a t  t h e  a s s e m b l y  compl ex b i n d i n g  s i t e  on 

NP185 i s  c o m p e t i t i v e l y  i n h i b i t e d  by t u b u l i n .

In o r d e r  t o  d e t e r m i n e  w h e t h e r  NP185 can b i n d  b o t h

t u b u l i n  and a s s e m b l y  c omp l e x  p o l y p e p t i d e s  s i m u l t a n e o u s l y ,  

a n t i - t u b u l i n  mAb T-2H9 was c o u p l e d  t o  S e p h a r o s e  4B,  

I n c u b a t e d  w i t h  v a r i o u s  a moun t s  of  t u b u l i n ,  s p u n  o u t ,  t h e n  

I n c u b a t e d  wi t h  CCV-NP185.  The c o a t e d  b e a d s  w e r e  

s u b s e q u e n t l y  spun o u t ,  and t h e  s u p e r n a t a n t s  a n a l y z e d  f o r  

t h e  a b s o r p t i o n  o f  NP185 and a s s e m b l y  c o mp l e x  p r o t e i n  by 

SDS-PAGE.  As shown in F i g u r e  4 1 ,  as  t h e  a m o u n t  o f  t u b u l i n
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F i g u r e  4 1 .  T u b u l i n - m e d i a t e d  i m m u n o p r e c i p i t a t i o n  o f  NP185-  

a s s e m b l y  p o l y p e p t i d e s  c o m p l e x .  S e p h a r o s e  4B c o v a l e n t l y -  

c o u p l e d  mAb T-2H9 ( a n t i - t u b u l i n )  was p r e i n c u b a t e d  w i t h  

v a r i o u s  c o n c e n t  r a t i o n s  of  t u b u l i n  ( i n d i c a t e d  i n  u g ) ,  

p e l l e t e d  and wa s h e d ,  t h e n  i n c u b a t e d  w i t h  c l a t h r f n - c o a t e d  

v e s i c l e - d e r i v e d  NP185.  A f t e r  a 4 h o u r  i n c u b a t i o n  a t  4 

d e g r e e s  C w i t h  a g i t a t i o n ,  t h e  s a m p l e s  w e r e  p e l l e t e d  and 

s u p e r n a n t a n t s  were  a s s a y e d  f o r  d e p l e t i o n  o f  NP185 ( 185  kO) 

and a s s e m b l y  p o l y p e p t i d e s  ( 1 0 0 - 1 1 0  kD) .

\
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F i g u r e  4 2 .  NP1 8 5 - me d 1 a t e d  p r e c i p i t a t i o n  o f  c l a t h H n - c o a t e d  

v e s i c l e s  by t u b u l i n .  T u b u l i n  was c o v a l e n t l y  c o u p l e d  t o  

S e p h a r o s e  4B,  and I n c u b a t e d  wi t h  whol e  c l a t h r l n - c o a t e d  

v e s i c l e s  (CCVs) ( A) ;  0 . 9  M sodi um c h l o r i d e  e x t r a c t e d  CCVs 

( B ) ;  0 . 9  M s od i um c h l o r i d e  e x t r a c t e d  CCVs r e c o n s t i t u t e d - ,  

w i t h  d i a l y z e d  0 . 9  M s od i um c h l o r i d e  e x t r a c t  ( C ) :  0 . 9  M 

s od i um c h l o r i d e  e x t r a c t e d  CCVs r e c o n s t i t u t e d  w i t h  d i a l y z e d  

0 . 9  M sodi um c h l o r i d e  e x t r a c t s  d e p l e t e d  by 

i m m u n o p r e c i p i t a t i o n  w i t h  e i t h e r  mAb S - 8 G8 ( a n t 1 - N P 1 8 5 )  (D) 

o r  mAb C-10B2 ( a n t i - C A P 2 ) ( E ) .

\
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bound  I n c r e a s e d ,  so d i d  t h e  a b s o r p t i o n  o f  NP185 a nd  

a s s e m b l y  c o m p l e x .  T h i s  I n d i c a t e d  t h a t  NP185 c a n  b i n d  

a s s e m b l y  compl ex  and t u b u l i n  s i m u l t a n e o u s l y .  T h u s ,  NP185 

h a s  a t  l e a s t  two t u b u l i n  b i n d i n g  s i t e s ,  o n e  o f  w h i c h  1 s 

c o m p e t i t i v e l y  bound by t h e  a s s e m b l y  p o l y p e p t i d e s  1n CCVs.

Imhof  e t  a l .  ( 1 9 8 3 )  ha ve  shown t h a t  CCVs a r e  

f r e q u e n t l y  a s s o c i a t e d  w i t h  i s o l a t e d  b r a i n  m i c r o t u b u l e s . In 

o r d e r  t o  d e t e r m i n e  w h e t h e r  NP185 can m e d i a t e  t h e  a t t a c h m e n t  

o f  CCVs t o  t u b u l i n ,  p u r i f i e d  t u b u l i n  was c o u p l e d  c o v a l e n t l y  

t o  S e p h a r o s e ,  and u s e d  t o  d i r e c t l y  p r e c i p i t a t e  CCVs a nd  

0.9M NaCl t r e a t e d  CCVs.  As shown i n  F i g u r e  4 2 ,  t h e  

t u b u l i n - c o u p l e d  b e a d s  e f f i c i e n t l y  p r e c i p i t a t e  CCVs,  b u t ^ d o  

' n o t  p r e c i p i t a t e  0.9M NaCl t r e a t e d  CCVs.  When t r e a t e d  CCVs 

a r e  r e c o n s t i t u t e d  w i t h  d i a l y z e d  NaCl e x t r a c t s ,  t h e y  a r e  

o n c e  a g a i n  p r e c i p i t a t e d  by t h e  t u b u l i n  c o u p l e d  b e a d s .  I f  

t h e  NaCl e x t r a c t s  a r e  a b s o r b e d  by mAb S - 8 G8 , t h e y  no l o n g e r  

m e d i a t e  t h e  p r e c i p i t a t i o n  o f  t h e  NaCl t r e a t e d  CCVs.  I f  t h e  

NaCl e x t r a c t s  a r e  a b s o r b e d  by mAb C-10B2 ( a n t i - C A P )  t h e y  

r e t a i n  t h e  a b i l i t y  t o  m e d i a t e  p r e c i p i t a t i o n .  T h e s e  r e s u l t s '  

i n d i c a t e  t h a t  e x o g e n o u s  t u b u l i n  b i n d i n g  by CCVs 1s  m e d i a t e d  

by NP185.  The r e s u l t s  a l s o  i n d i c a t e  t h a t  NP185 d i r e c t l y  

m e d i a t e s  CCV b i n d i n g  t o  m i c r o t u b u l e s .

E x p r e s s i o n  o f  NP185 by PC12 c e l l s :  As was i n d i c a t e d

a b o v e ,  NP185 i s  f o u n d  i n  i m m u n o l o g i c a l l y  d e t e c t a b l e  a m o u n t s
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o n l y  In c e l l s  o f  n e u r o n a l  o r i g i n .  Th i s  I s  I l l u s t r a t e d  w e l l  

by PC12 c e l l s ,  wh i c h  d i f f e r e n t i a t e  f rom c h r o m a f f i n  c e l l s  

I n t o  c h o l i n e r g i c  n e u r o n a l - 11ke c e l l s  when c u l t m r e d  In t h e  

p r e s e n c e  o f  n e r v e  g r owt h  f a c t o r  ( N G F G r e e n e  a n d  T l s c h l e r ,  

1 9 7 6 ) .  I m m u n o f l u o r e s c e n c e  m i c r o s c o p y  o f  d a y  7 

d i f f e r e n t i a t e d  PC12 c e l l s  w i t h  mAb S - 8G8 r e v e a l e d  t h a t  

NP185 i s  d i s t r i b u t e d  1n a p u n c t a t e  ma n n e r  t h r o u g h o u t  t h e  

d e v e l o p i n g  n e u r i t e s  and In t h e  g r o wt h  c o n e s  ( F i g u r e  4 3 ) .

The e x p r e s s i o n  o f  NP185 d u r i n g  PC12 d i f f e r e n t i a t i o n  was 

e xami ned  by 1m m u n o b l o t t i n g  w i t h  mAb S - 8 G8 ( F i g u r e  4 4 ) .
i

L i t t l e  o r  no NP185 e x p r e s s i o n  was d e t e c t e d  In  PC12 c e l l s  

grown in t h e  a b s e n c e  o f  NGF, b u t  as  s oon  a s  12 h o u r s  a f t e r  

t h e  a d d i t i o n  o f  NGF NP185 was d e t e c t e d .  By 7 d a y s ,  a 

s i g n i f i c a n t  amount  o f  NP185 had a c c u m u l a t e d  i n  t h e  

d i f f e r e n t i a t e d  PC12 c e l l s .  Two f o r ms  o f  NP185 ( d i f f e r i n g  

s l i g h t l y  i n  t h e i r  m o b i l i t i e s  d u r i n g  SDS-PAGE) a r e  p r e s e n t  

i n PC12 c e l l s ,  b u t  o n l y  one I s  p r e v a l e n t  i n  p u r i f i e d  b o v i n e  

b r a i n  CCVs and SVs.  The e x p r e s s i o n  o f  NP185 In  

d i f f e r e n t i a t e d  PC12 c e l l s  1s r e v e r s e d  when NGF i s  r emoved 

f rom t h e  medi um.  I n t e r e s t i n g l y ,  t h e  h i g h e r  m o b i l i t y  f o rm 

of  NP185 a c c u m u l a t e s  s l o w e r  i n  d i f f e r e n t i a t i n g  PC12 c e l l s  

and 1s l o s t  s o o n e r  a f t e r  NGF i s  r emoved f r o m  t h e  c u l t u r e  

med1urn.

C a s e i n  k i n a s e  I I  a s s o c i a t e d  w i t h  NP185 p h o s p h o r y l a t e s
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F i g u r e  4 3 .  I m m u n o f l u o r e s c e n c e  m i c r o s c o p y  o f  PC12 c e l l s  

c u l t u r e d  f o r  7 d a y s  i n  t h e  p r e s e n c e  o f  n e r v e  g r o w t h

f a c t o r .  C e l l s  wer e  f i x e d  w i t h  3.7% p a r a f o r m a l d e h y d e  and
. . .

t r e a t e d  w i t h  0.1% T r i t o n  X-100 b e f o r e  b e i n g  i n c u b a t e d  w i t h  

p r i m a r y  a n t i b o d y .  R h o d a m i n e - c o n j u g a t e d  r a b b i t  a n t i - m o u s e  

IgG s e c o n d  a n t i b o d y  was u s e d .  T o t a l  m a g n i f i c a t i o n :  900X.

\
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F i g u r e  4 4 .  E x p r e s s i o n  o f  NP185 d u r i n g  n e r v e  g r o w t h  f a c t o r -  

i n d u c e d  d 1 f f e r e n t i a t i o n  o f  PC12 c e l l s  a s  d e t e c t e d  by 

I m m u n o b l o t t i n g  w i t h  mAb S - 8 G8 . Time o f  c u l t u r i n g  w i t h  50 

ng/ ml  n e r v e  g r owt h  f a c t o r  i s  shown;  r l  and r 3  I n d i c a t e  

c e l l s  c u l t u r e d  7 days  w i t h  n e r v e  g r o wt h  f a c t o r  t h e n  w i t h o u t  

n e r v e  g r o wt h  f a c t o r  f o r  1 and 3 da ys  r e s p e c t i v e l y .

\
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t u b u l i n :  C a s e i n  k i n a s e  I I  can be e x t r a c t e d  f r o m  CCVs by

e x t r a c t i o n  w i t h  0.9M NaCl .  V i r t u a l l y  a l l  o f  t h e  k i n a s e  

a c t i v i t y  I s  r e l e a s e d  f rom t h e  v e s i c l e  by t h i s  t r e a t m e n t .

As was shown a b o v e ,  some o f  t h e  enzyme I s  a s s o c i a t e d  w i t h  

NP185,  whi c h  1s a l s o  e x t r a c t e d  by t h i s  t r e a t m e n t .  S i n c e  

NP185 b i n d s  t u b u l i n ,  e x p e r i m e n t s  wer e  p e r f o r m e d  t o  

d e t e r m i n e  w h e t h e r  NP185-bound c a s e i n  k i n a s e  I I  

p h o s p h o r y l a t e s  t u b u l i n .

C a s e i n  k i n a s e  I I  a c t i v i t y  In CCVs i s  s t i m u l a t e d  by 

p o l y l y s l n e .  When CCVs a r e  t r e a t e d  w i t h  10 u g / ml  p o l y l y s i n e  

In t h e  p r e s e n c e  o f  gamma-32P - l a b e l  1 ed -ATP o r  GTP s e v e r a l  

p o l y p e p t i d e s  a r e  l a b e l l e d ,  mos t  p r o m i n e n t l y  CAp£ ( S c h o o k  

and P u s z k i n ,  1 9 8 5 ) .  Ot h e r  p o l y p e p t i d e s  a r e  l a b e l l e d  a s  

w e l l ,  I n c l u d i n g  a d o u b l e t  a t  51 and 53 kD t h a t  c o - m l g r a t e s  

w i t h  v e s i c l e  t u b u l i n  ( F i g u r e  4 5 ) .  The e n d o g e n o u s  50 kD 

a s s e m b l y  c o mp l e x  k i n a s e  a c t i v i t y  may be s i i g h t l y - I n h i b i t e d  

by p o l y l y s i n e ,  a l t h o u g h  t h i s  may be due  t o  t h e  d e p l e t i o n  o f  

a v a i l a b l e  ATP by t h e  a c t i v a t e d  c a s e i n  k i n a s e  I I .

When CCVs a r e  e x t r a c t e d  w i t h  lOOmM HES b u f f e r  

c o n t a i n i n g  0.9M NaCl ,  v i r t u a l l y  a l l  t h e  c a s e i n  k i n a s e  

a c t i v i t y  i s  l o s t  f rom t h e  v e s i c l e  p e l l e t  ( F i g u r e  4 5 ) .

These  r e s u l t s  a r e  c o n s i s t e n t  w i t h  o t h e r s  ( B a r - Z v l  and 

B r a n t o n ,  1 9 8 6 ) .  A f r a c t i o n  o f  t h e  50 kD a s s e m b l y  

p o l y p e p t i d e  k i n a s e  i s  d e p l e t e d  as  w e l l .  T h i s  i s  r e f l e c t e d  

In b o t h  t h e  I n t e n s i t y  o f  t h e  Co o ma s s l e  s t a i n  o f  t h e  100 kD



F i g u r e  45 .  A n a l y s i s  o f  t h e  d i s t r i b u t i o n  o f  k i n a s e  

a c t i v i t i e s  In who l e  c l a t h r l n - c o a t e d  v e s i c l e s  ( 3 ) ,  0 . 9  N 

s o d i u m c h l o r i d e  e x t r a c t e d  c l a t h r i n - c o a t e d  v e s i c l e s  ( 2 ) ,  a n d  

mAb S - 8 G8 i m m u n o p r e c l p i t a t e s  o f  s od i um c h l o r i d e  e x t r a c t s  

( 1 ) .  Each l a n e  r e p r e s e n t s  t h e  m a t e r i a l  d e r i v e d  f r o m  50 ug 

of  c l a t h r l n - c o a t e d  v e s i c l e s .  Ki n a s e  c o n d i t i o n s  a r e  

d e s c r i b e d  i n  Me t h o d s .  The a s t e r i s k  shows an a r e a  o f  t h e  

a u t o r a d i o g r a p h e d  gel  t h a t  was e xpos e d  f o r  l e s s  t i m e  and 

e n l a r g e d  t o  b e t t e r  show t h e  t u b u l i n  b a n d s .  As I s  r e v e a l e d  

by c o mp a r i n g  (1)  and ( 2 ) ,  t h e  50 kD k i n a s e  a c t i v i t y  1s 

f ound  m o s t l y  i n  t h e  p e l l e t  ( 2 ) a f t e r  s o d i u m c h l o r i d e  

e x t r a c t i o n ,  w h i l e  t h e  t h e  k i n a s e  a c t i v i t y  d i r e c t e d  a t  

t u b u l i n  i s  f ound  m o s t l y  i n  t h e  i m m u n o p r e c i p i t a t e s  ( 1 ) .

Th i s  i s  t r u e  d e s p i t e  t h e  p r e s e n c e  of  mos t  of  t h e  v e s i c l e -  

a s s o c i a t e d  t u b u l i n  in t h e  p e l l e t s  ( 2 , C o o m a s s i e  s t a i n ) .  

P h o s p h o r y l a t i o n  of  t u b u l i n  i s  o b s e r v e d  i n  t h e  

i m m u n o p r e c i p i t a t e s  o n l y  when t u b u l i n  I s  a d d e d  

e x o g e n o u s l y .  E x o g e n o u s l y  added  t u b u l i n  i s  n o t ,  h o w e v e r ,  

p h o s p h o r y l a t e d  when added  t o  t h e  p e l l e t  ( 2 , 

a u t o r a d i o g r a p h ) .  En doge nous  t u b u l i n  i s  c l e a r l y  

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

p o l y l y s i n e ,  a l t h o u g h  e x o g e n o u s l y  added t u b u l i n  d o e s  n o t  

e n h a n c e  t h e  s i g n a l  ( a s t e r i s k  g e l ) .
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and 50 kD a s s e m b l y  p o l y p e p t i d e s ,  and i n  t h e  d i m i n i s h e d  

I n c o r p o r a t i o n  o f  p h o s p h a t e  I n t o  t h e  50 kD p o l y p e p t i d e  

( F i g u r e  4 5 ) .  The l o s s  of  c a s e i n  k i n a s e  I I  a c t i v i t y  f rom 

t h e  s a l t  e x t r a c t e d  CCVs I s  o b s e r v e d  d e s p i t e  t h e  p r e s e n c e  o f  

a l l  t h e  CAPs and t u b u l i n  1n t h i s  f r a c t i o n .

The s u p e r n a t a n t s  o f  t h e  0 . 9  M NaCl e x t r a c t s  w e r e  

d i l u t e d  1 : 4  w i t h  20mM HEPES pH 7 . 0  and a n a l y z e d  a f t e r  

I m m u n o p r e c l p 1 t a t l o n  w i t h  S - 8 G8 . As shown b e f o r e ,  when 

e x t r a c t e d  f rom CCVs,  NP185 I m m u n o p r e c l p i t a t e s  a s  a c o mp l e x  

w i t h  one  m o l a r  e q u i v a l e n t  o f  t h e  a s s e m b l y  p o l y p e p t i d e s .

The e x t r a c t e d  a s s e m b l y  compl ex  r e t a i n s  some of  t h e  k i n a s e  

a c t i v i t y  a s s o c i a t e d  wi t h  t h e  50 kD p o l y p e p t i d e  ( F i g u r e  

. 4 5 ) .  When p o l y l y s i n e  i s  a dde d  t o  t h e  r e a c t i o n  m i x t u r e ,  

p h o s p h o r y l a t i o n  o f  t h e  50 kD p r o t e i n  1s r e d u c e d ,  and 

s e v e r a l  t r a c e  compone n t s  a p p e a r  t o  be l a b e l l e d .  When 

p u r i f i e d  t u b u l i n  i s  added t o  a r e a c t i o n  m i x t u r e  l a c k i n g  

p o l y l y s i n e  no d e t e c t a b l e  p h o s p h a t e  i s  i n c o r p o r a t e d  I n t o  

e i t h e r  t h e  a l p h a  o r  b e t a  f o r m s .  On t h e  o t h e r  h a n d ,  when 

I m m u n o p r e c l p i t a t e d  NP185 I s  i n c u b a t e d  w i t h  p u r i f i e d  t u b u l i n  

and p o l y l y s i n e  (10  u g / m l ) 1n a p h o s p h o r y l a t i o n  r e a c t i o n  

m i x t u r e ,  c o n s i d e r a b l e  I n c o r p o r a t i o n  o f  p h o s p h a t e  I n t o  

t u b u l i n  I s  o b s e r v e d .  T u b u l i n  a l o n e  a t  t h i s  c o n c e n t r a t i o n  

In t h e  p r e s e n c e  o f  p o l y l y s i n e  1s n o t  p h o s p h o r y l a t e d  ( F i g u r e

4 5 ) .  The p h o s p h o r y l a t i o n  o f  t u b u l i n  1n t h e  p r e s e n c e  o f  

p o l y l y s i n e  I s  o b s e r v e d  i n  t h e  wh o l e  CCV a n d  i n
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I m m u n o p r e c l p 1t a t e s  o f  0 . 9  M NaCl e x t r a c t s  when e x o g e n o u s  

t u b u l i n  I s  a d d e d ,  b u t  n o t  In t h e  v e s i c l e  p e l l e t s  o f  CCVs 

e x t r a c t e d  by 0 . 9  M NaCl .  Th i s  I s  o b s e r v e d  d e s p i t e  t h e  

r e t e n t i o n  o f  n e a r l y  a l l  t h e  v e s i c l e - b o u n d  t u b u l i n  by t h e  

sod i um c h l o r i d e - e x t r a c t e d  v e s i c l e s .  I n t e r e s t i n g l y ,  

e x o g e n o u s l y  adde d  t u b u l i n  does  n o t  a c c e n t u a t e  t h e  s i g n a l  o f  

p h o s p h o r y l a t e d  t u b u l i n  In whol e  CCVs ( F i g u r e  4 5 ) .  V e s i c l e -  

bound t u b u l i n  i s  a p p a r e n t l y  p h o s p h o r y l a t e d  p r e f e r e n t i a l l y  

u n t i l  t h e  enzyme i s  e x t r a c t e d  f rom t h e  v e s i c l e .

Not a l l  o f  t h e  c a s e i n  k i n a s e  I I  a c t i v i t y  e x t r a c t e d  

f rom t h e  v e s i c l e  1s a s s o c i a t e d  w i t h  NP185.  C o m p a r i s o n  o f  

t h e  k i n a s e  a c t i v i t y  i n  S - 8G8 1m m u n o p r e c i p i t a t e s  w i t h  t h e  

' a c t i v i t y  r e m a i n i n g  i n  t h e  d e p l e t e d  s u p e r n a n t a n t s  I n d i c a t e d  

t h a t  c o n s i d e r a b l e  a c t i v i t y  r e ma i n s  u n p r e c i p i t a t e d  ( F i g u r e

4 6 ) .  The enzyme a c t i v i t y  i mmunopree l  p i t a t e d  by S - 8 G8 a n d  

t h e  a c t i v i t y  r e m a i n i n g  i n  t h e  s u p e r n a t a n t  b o t h  

p h o s p h o r y l a t e  CAP2 » c a s e i n ,  and t u b u l i n  i n  t h e  p r e s e n c e  of  

p o l y l y s i n e .  Bot h  a r e  i n h i b i t e d  by 1 ug/ ml  h e p a r i n ,  AMP-PNP 

( n o t  shown f o r  s u p e r n a t a n t  e n z y me ) ,  v a n a d a t e ,  and  c o l d  GTP 

( F i g u r e  4 6 ) .  T h u s ,  t h e  k i n a s e  a c t i v i t i e s  a r e  d u e  t o  

b i o c h e m i c a l l y  i n d i s t i n g u i s h a b l e  e n z y m e s .

A s e c o n d  k i n a s e  a c t i v i t y  d i r e c t e d  a t  t u b u l i n  becomes  

p r e v a l e n t  when c o n c e n t r a t i o n s  o f  t u b u l i n  i n  t h e  r e a c t i o n  

m i x t u r e s  becomes  h i g h e r  t h a n  500 u g / m l .  T h i s  a c t i v i t y  i s  

n o t  a s s o c i a t e d  w i t h  NP185.  Type I I  Ca2 +/ c a l m o d u l i n -



-246

F i g u r e  4 6 .  C h a r a c t e r i z a t i o n  o f  N P 1 8 5 - a s s o c 1 a t e d  k i n a s e  

a c t i v i t y  a s  c a s e i n  k i n a s e  I I .  NP185 was d i s s o c i a t e d  f r o m  

c l a t h r 1 n - c o a t e d  v e s i c l e s  w i t h  0 . 9  M s o d i u m c h l o r i d e ,  

d i l u t e d  1 : 4  w i t h  20 mM HEPES pH 7 . 0  and i m m u n o p r e c f p i t a t e d  

w i t h  mAb S - 8 G8 . Each l a n e  c o n t a i n s  enzyme d e r i v e d  f r o m 50 

ug c l a t h r i n - c o a t e d  v e s i c l e s .  P e l l e t s  and s u p e r n a t a n t s  we r e  

a s s a y e d  f o r  enzyme a c t i v i t y  w i t h  1 ug CAPs ( 1 ) ,  10 ug 

c a s e i n  ( 2 )  , and 1 ug t u b u l i n  ( 3 ,  4 ,  A, and  B) a s  

s u b s t r a t e .  1 ug/ml  o f  h e p a r i n  was a dded  t o  s a m p l e  4 .  A: 

P h o s p h o r y l a t i o n  of  1 ug o f  t u b u l i n  i n  t h e  p r e s e n c e  of  10 

ug/ ml  p o l y l y s i n e  and v a r y i n g  c o n c e n t r a t i o n s  of  v a n a d a t e .

B: AMP-PNP ( 5 ' - a d e n y l y l - 1 m i d o d i p h o s p h a t e ; l  mM); N- 

e t h y l m a l e i m i d e  ( 0 . 1  mM); EGTA (1 mM); h e p a r i n  ( l u g / m l )  

we r e  a d d e d  t o  a p h o s p h o r y l a t i o n  m i x t u r e  c o n t a i n i n g  1 ug of  

t u b u l i  n .

\
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d e p e n d e n t  k i n a s e  (Cal  k i n a s e )  1s t h e  mo s t  a b u n d a n t  enzyme 

In t h e  b r a i n  ( Er ondu  and Kennedy ,  1985)  and  a c o n s i d e r a b l e  

amount  c o - p u r l f l e s  w i t h  b r a i n  m i c r o t u b u l e s  ( L a r s o n  e t  a l  . ,  

1 9 8 5 ) .  One o f  t h e  s u b s t r a t e s  o f  t h i s  enzyme I s  t u b u l i n  

( L a r s o n  e t  a l . ,  op C 1 t . ) .  The t u b u l i n  u s e d  In  t h e s e  

e x p e r i m e n t s  ( k i n d  g i f t  o f  Dr .  R. Llem)  was p u r i f i e d  f r om 

r a t  b r a i n  In a manner  p r e v i o u s l y  shown t o  r e t a i n  enzyme 

a c t i v i t y .  Re c e n t  work by M i l l e r  and Kennedy ( 1 9 8 6 )  ha s  

shown t h a t  a t  h i g h  c o n c e n t r a t i o n s  t h e  Cal  k i n a s e  

a u t o p h o s p h o r y 1a t e s , and t h e r e b y  l o o s e s  I t s  d e p e n d e n c e  on 

Ca^+/ c a l m o d u l  i n . Th u s ,  a c t i v a t i o n  o f  t h e  enzyme 1s 

o b s e r v e d  a t  c o n c e n t r a t i o n s  o f  t u b u l i n  h i g h e r  t h a n  500 ug / ml  

( F i g u r e  4 7 ) .  A c t i v a t i o n  by Ca^+/ c a l m o d u l 1 n I s  o b s e r v e d  a t  

l o we r  c o n c e n t r a t i o n s  o f  t u b u l i n  ( F i g u r e  4 7 ) .

The c o n c e n t r a t i o n  d e p e n d e n t  a c t i v i t y  o f  t h e  Cal  

k i n a s e  i s  i n h i b i t e d  by p o l y l y s i n e ,  AMP-PNP,  and  v a n a d a t e  

( F i g u r e  4 7 ) .  The c o n c e n t r a t i o n  d e p e n d e n c e  o f  t h i s  a c t i v i t y  

i n  t h e  a b s e n c e  o f  Ca2+ / c a l m o d u l i n  and i t s  I n h i b i t i o n  by 

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

p h o s p h o r y 1a t e d  e x c l u s i v e l y  by e i t h e r  t h e  c a s e i n  k i n a s e  o r  

t h e  Cal k i n a s e .  At t u b u l i n  c o n c e n t r a t i o n s  l e s s  t h a n  100 

mcg/ml  i n  t h e  p r e s e n c e  o f  p o l y l y s i n e  t h e  Cal  k i n a s e  i s  

v i r t u a l l y  i n a c t i v e .  The c a s e i n  k i n a s e  i s  a c t i v e  u n d e r  

t h e s e  c o n d i t i o n s ,  b e i n g  s t i m u l a t e d  by p o l y l y s i n e  a nd  

i n d e p e n d e n t  o f  t h e  c o n c e n t r a t i o n  of  t u b u l i n  ( F i g u r e  4 8 ) .
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F i g u r e  4 7 .  D e m o n s t r a t i o n  o f  c o n c e n t r a t i o n  d e p e n d e n c e  o f  

t h e  e n d o g e n o u s  Ca2 + / c a l m o d u l I n - d e p e n d e n t  k i n a s e  o f  r a t  

b r a i n  t u b u l i n .  T u b u l i n  was i n c u b a t e d  a t  v a r i o u s  

c o n c e n t r a t i o n s  w i t h  g a m m a - ^ P - 1  a b e l  1 ed ATP ( . 0 0 2  mCi ; . 0 2  

mM f i n a l  c o n c e n t r a t i o n ) ,  t h e n  a n a l y z e d  by SDS-PAGE.  

C o n c e n t r a t i o n  d e p e n d e n c e  of  t h e  enzyme a c t i v i t y  i s  a p p a r e n t  

as  no p h o s p h o r y l a t i o n  i s  d e t e c t e d  be l ow . 5  mg/mT . 4 mg/ml

t u b u l i n  was a l s o  i n c u b a t e d  w i t h  10 ug/ ml  p o l y l y s i n e  

( + p o l y l y s i n e ) , 10 ug/ ml  p o l y l y s i n e  and NP185 p r e c i p i t a t e d  

f rom 50 ug/ml  c l a t h r i n - c o a t e d  v e s i c l e  ( + p o l y l y s z n e  NP185) ,

1 mM AMP-PNP (+AMP-PNP) ,  o r  0 . 2  mM v a n a d a t e  ( + v a n a d a t e ) .

\
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C h a r a c t e r i z a t i o n  o f  t h i s  enzyme a c t i v i t y  In F i g u r e  46 was  

t h e r e f o r e  c a r r i e d  o u t  u n d e r  t h e s e  c o n d i t i o n s ,  w h i c h  

r e s u l t e d  1n a r e l a t i v e l y  weak s i g n a l  In t h e  t u b u l i n  b a n d .

In t h e  a b s e n c e  o f  p o l y l y s i n e  t h e  c a s e i n  k i n a s e  d o e s  n o t  

p h o s p h o r y l a t e  t u b u l i n  ( F i g u r e  4 5 ) ,  and a t  c o n c e n t r a t i o n s  o f  

500 ug/ ml  or  more t u b u l i n  1s p h o s p h o r y l a t e d  e f f i c i e n t l y  by 

t h e  Cal  k i n a s e  In t h e  a b s e n c e  o f  Ca2+/ c a l t n o d u l  1 n .

P h o s p h o r y l a t i o n  o f  t u b u l i n  m o d u l a t e s  b i n d i n g  t o  

NP185:  NP185 d e r i v e d  f rom e i t h e r  CCV o r  s y n a p t i c  v e s i c l e

p r e p a r a t i o n s  b i n d s  t u b u l i n .  CCV- d e r i v e d  NP185 a l s o  b i n d s  

one  m o l a r  e q u i v a l e n t  o f  t h e  a s s e m b l y  c o m p l e x .  P r e v i o u s - ,  

e x p e r i m e n t s  i n d i c a t e d  t h a t  t u b u l i n  and t h e  a s s e m b l y  c o mp l e x  

p r o t e i n s  can b i n d  NP185 s i m u l t a n e o u s l y .  On t h e  o t h e r  h a n d ,  

NP185 compe t ed  o f f  t h e  CCV by p u r i f i e d  t u b u l i n  c o n t a i n s  no 

a s s e m b l y  c o mp l e x ,  i n d i c a t i n g  t h a t  b i n d i n g  o f  mo r e  t h a n  o n e  

t u b u l i n  d i me r  t o  CCV-NP185 n e c e s s i t a t e s  d i s s o c i a t i o n  o f  t h e  

a s s e m b l y  c o mp l e x .  In s ummar y ,  NP185 can b i n d  t wo  t u b u l i n  

d i m e r s ,  and w h i l e  SV-NP185 has  b o t h  s i t e s  a v a i l a b l e ,  o n e  

s i t e  on CCV-NP185 i s  l e s s  a c c e s s i b l e  d ue  t o  t h e  p r e s e n c e  of  

\  bound a s s e mb l y  compl ex  p r o t e i n s .  The m e c h a n i s m  by  wh i c h

t h e  a s s e m b l y  compl ex  r e n d e r s  one t u b u l i n  b i n d i n g  s i t e  l e s s  

a c c e s s i b l e  1s u n c l e a r ,  a l t h o u g h  i t  I s  u l t i m a t e l y  r e v e r s i b l e  

by e x c e s s  t u b u l i n .  I t  may be c o n c l u d e d  t h a t  t h e  a s s e m b l y  

c o mp l e x  and one t u b u l i n  b i n d i n g  s i t e  a r e  s i t u a t e d  v e r y
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F i g u r e  4 8 .  D i s t i n g u i s h i n g  c a s e i n  k i n a s e  I I  p h o s p h o r y l a t i o n  

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

t u b u l i n .  P h o s p h o r y l a t i o n  r e a c t i o n  wer e  c a r r i e d  o u t  w i t h  

v a r i o u s  c o n c e n t r a t i o n s  o f  t u b u l i n  i n  t h e  p r e s e n c e  o f  NP185,  

p o l y l y s i n e ,  a n d / o r  Ca2+/ c a l m o d u l i n . As i s  e v i d e n t  f r o m  t h e  

d a t a  i n  F i g u r e  47 ,  p h o s p h o r y  1 a t i o n  by t h e  C a ^ / c a l m o d u l T n -  

d e p e n d e n t  k i n a s e  i s  no t  d e t e c t e d  a t  c o n c e n t r a t i o n s  o f  

t u b u l i n  o f  0 . 5  mg/ml o r  b e l o w 1n t h e  a b s e n c e  o f  

Ca 2+/ c a l m o d u l i n . Th i s  o b s e r v a t i o n  i s  a l s o  s u p p o r t e d  by 

t h i s  s e t  o f  e x p e r i m e n t s .  In c o n t r a s t ,  p h o s p h o r y l a t i o n  o f  

t u b u l i n  by t h e  c a s e i n  k i n a s e  i s  r e l a t i v e l y  e f f i c i e n t  a t  

l o w e r  c o n c e n t r a t i o n s  o f  t u b u l i n .

\
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c l o s e  t o  e a c h  o t h e r  on NP185.  A 1 t e r n a t i v e l y ,  a s s e m b l y  

compl ex  p r o t e i n s  and t u b u l i n  may a l  1 o s t e r l c a l l y  a l t e r  

d i s t i n c t  s i t e s  on NP185.

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

s i t e  on NP185,  p u r i f i e d  t u b u l i n  was r a d f o l o d l n a t e d  and 

I m m u n o p r e c i p i t a t e d  by NP185 bound t o  a m i x t u r e  o f  mAbs S -  

8 G8 and S-6G7 c o v a l e n t l y  c o u p l e d  t o  S e p h a r o s e  4B.  Bound 

NP185 was q u a n t i t a t e d  by Co o ma s s l e  s t a i n i n g  o f  t h e  

d i s s o c i a t e d  p r o t e i n s  r e s o l v e d  by SDS-PAGE.  The I n t e n s i t y  

o f  t h e  NP185 band was c ompar e d  t o  c l a t h r i n  s t a n d a r d s .  

D i l u t i o n s  wer e  g e n e r a t e d  by d i l u t i n g  a s t o c k  o f  NP185-  

c o a t e d  a n t i b o d y - c o u p l e d  b e a d s  i n t o  u n c o a t e d  a n t i b o d y -  , x 

c o u p l e d  b e a d s .  Two c o n d i t i o n s  wer e  u s e d  when b i n d i n g  

l a b e l l e d  t u b u l i n  t o  NP185:  n o n - e q u i l i b r i u m  c o n d i t i o n s ,  i n  

whi ch  NP185 p r e b o u n d  t o  a n t i b o d y - c o u p l e d  b e a d s  was 

I n c u b a t e d  a t  4 d e g r e e s  c e n t i g r a d e  f o r  20 t o  30 m i n u t e s  w i t h  

l i g a n d  ( l a b e l l e d  t u b u l i n  of  c o n s t a n t  p r o t e i n  c o n c e n t r a t i o n  

and  s p e c i f i c  a c t i v i t y  was i n c u b a t e d  w i t h  v a r y i n g  a mo u n t s  o f  

NP185) .  The t o t a l  b i n d i n g  p l o t s v a r t e d  v e r y  l i t t l e  when 

e i t h e r  n o n - e q u i l i b r i u m  o r  e q u i l i b r i u m  c o n d i t i o n s  w e r e  u s e d  

s w i t h  SV-NP185 ( F i g u r e  4 9 ) .  The t o t a l  b i n d i n g  p l o t s  of  CCV- 

NP185,  on t h e  o t h e r  h a n d ,  v a r i e d  c o n s i d e r a b l y  w i t h  t h e  

b i n d i n g  c o n d i t i o n s  ( F i g u r e  4 9 ) .  Under  e q u i l i b r i u m  

c o n d i t i o n s ,  b o t h  CCV-NP185 and SV-NP185 b o u n d  2 m o l a r  

e q u i v a l e n t s  o f  t u b u l i n  d i m e r  as  l o n g  as  a t  l e a s t  a 6 - f o l d
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F i g u r e  49 .  T u b u l i n  b i n d i n g  a s  a f u n c t i o n  o f  RP185 p r o t e i n  

c o n c e n t r a t i o n .  Va l u e s  ( n g )  r e p r e s e n t  t o t a l  NP185 p r o t e i n  

i n  a 0 . 1  ml r e a c t i o n  mi x .  S p e c i f i c  a c t i v i t y  o f  

r a d i o 1o d i n a t e d  t u b u l i n  was a d j u s t e d  t o  1 . 8  x 1 0 ^ c pm/ ug  by 

t h e  a d d i t i o n  o f  c o l d  t u b u l i n .  SV-NP185:  NP185 p r o t e i n  

d e r i v e d  f rom s y n a p t i c  v e s i c l e s ,  n o n - e q u i l i b r i u m  c o n d i t i o n s ;  

CCV-NP185;  NP185 p r o t e i n  d e r i v e d  f rom c l a t h r i n - c o a t e d  

v e s i c l e s ,  n o n - e q u 1 1 1 br1um c o n d i t i o n s ;  CCV-NP185*:  NP185 

p r o t e i n  d e r i v e d  f rom c l  a t h r i n - c o a t e d  v e s i c l e s ,  e q u i l i b r i u m  

c o n d i t i o n s ;  c l a t h r i n :  p u r i f i e d  c l a t h r i n ,  n o n - e q u i l i b r i u m  

c o n d i t i o n s ,  p r e c i p i t a t e d  by mAb 2D9 c o v a l e n t l y  c o u p l e d  t o  

S e p h a r o s e  4B.  B i n d i n g  c o n d i t i o n s  a r e  d e s c r i b e d  I n  t h e  

t e x t .

\
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e x c e s s  was p r e s e n t .  Under  n o n - e q u i l I b r l u m  c o n d i t i o n s ,  

h o w e v e r ,  CCV-NP185 bound o n l y  s l i g h t l y  o v e r  1 m o l a r  

e q u i v a l e n t  of  t u b u l i n ,  w h i l e  SV-NP185 s t i l l  b o u n d  two m o l a r  

e q u i v a l e n t s .  The s e  d a t a  I n d i c a t e  t h a t  t h e  p r e s e n c e  o f  

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

t o  one  s i t e  on NP185.  T h i s  I s  c l e a r l y  e v i d e n t  f r o m  t h e  

l a c k  of  a k i n e t i c  d i f f e r e n t i a l  1n SV-NP185.  T h e r e f o r e ,  by 

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

can  be d i s t i n g u i s h e d  on CCV-NP185:  an u n h i n d e r e d  s i t e  

(NP185 T - s l t e ) ,  whi ch  I s  u n a f f e c t e d  by t h e  p r e s e n c e  o f  

a s s e m b l y  compl ex  p o l y p e p t i d e s ;  and a h i n d e r e d  s i t e  (NP185 

A - s i t e ) ,  whose b i n d i n g  a c t i v i t y  1s c o n t i n g e n t  on 

d i s s o c i a t i o n  o f  t h e  a s s e m p l y  c o mp l e x .

To I n i t i a l l y  a s s e s s  w h e t h e r  p h o s p h o r y l a t i o n  o f  

t u b u l i n  by t h e  Cal  o r  Cas ( c a s e i n  k i n a s e  I I )  k i n a s e  a f f e c t s  

i t s  b i n d i n g  t o  NP185,  i m m u n o p r e c i p i t a t l o n  e x p e r i m e n t s  we r e  

p e r f o r m e d  w i t h  m i x t u r e s  o f  p h o s p h o r y l a t e d  and  

u n p h o p h o s p o r y l a t e d  t u b u l i n  ( u n p h o s p h o r y l a t e d  t u b u l i n  I s  

mea n t  t o  r e f e r  t o  t u b u l i n  t h a t  was e x t r a c t e d  f r o m  r a t  

b r a i n ,  bu t  n o t  p h o s p h o r y l a t e d  i n  v i t r o ) .  CCV-NP185 was  

p r e b o u n d  t o  mAb S - 8 G8 - c o u p l e d  b e a d s ,  and t i t e r e d  t o .  

p r e c i p i t a t e  10 ug o u t  of  a s o l u t i o n  c o n t a i n i n g  20  ug o f  

u n p h o s p h o r y l a t e d  t u b u l i n .  N o n - e q u i l i b r i u m  b i n d i n g  

c o n d i t i o n s  were  u s e d .  10 ug o f  u n p h o s p h o r y l a t e d  t u b u l i n  

was t h e n  mi xed w i t h  10 ug o f  t u b u l i n  p h o s p h o r y l a t e d  by
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e i t h e r  t h e  Cas o r  Cal k i n a s e ,  and p r e c i p i t a t e d  u n d e r  

I d e n t i c a l  c o n d i t i o n s .  The p e l l e t s  and s u p e r n a t a n t s  we r e  

t h e n  a n a l y z e d  by SDS-PAGE. Under  t h e s e  c o n d i t i o n s ,  Cas 

k l n a s e - p h o s p h o r y l a t e d  t u b u l i n  bound more e f f i c i e n t l y  t o  

CCV-NP185 t h a n  u n p h o s p h o r y l a t e d  t u b u l i n ,  a s  I s  e v i d e n c e d  by 

c o m p a r i n g  t h e  i n t e n s i t y  o f  t u b u l i n  p h o s p h o r y l a t i o n  1n t h e  

s u p e r n a t a n t  and p e l l e t  l a n e s  ( F i g u r e  5 0 ) .  In c o n t r a s t ,  Cal  

k l n a s e - p h o s p h o r y l a t e d  t u b u l i n  d o e s  n o t  b i n d  as  e f f i c i e n t l y  

a s  u n p h o s p h o r y l a t e d  t u b u l i n .  T h i s  1s shown by t h e  p r e s e n c e  

o f  mos t  o f  t h e  p h o s p h o r y l a t e d  t u b u l i n  fn t h e  s u p e r n a t a n t  o f  

t h e s e  p r e c i p i t a t i o n s  ( F i g u r e  5 0 ) .  S i n c e  n o n - e q u l 1 1 br1urn 

b i n d i n g  c o n d i t i o n s  and CCV-NP185 wer e  u s e d  In b o t h  c a s e j ,

' t h e s e  a r e  b i n d i n g  c h a r a c t e r i s t i c s  o f  t h e  NP185 T - s l t e .

To f u r t h e r  c h a r a c t e r i z e  e a c h  o f  t h e  two t u b u l i n  

b i n d i n g  s i t e s  o f  NP185,  CCV- and SV-NP185 wer e  a n a l y z e d  by 

c o m p e t i t i v e  b i n d i n g  s t u d i e s  w i t h  r a d i o 1o d l n a t e d  

u n p h o s p h o r y l a t e d  t u b u l i n  and c o l d  t u b u l i n ,  Cal  k i n a s e -  

p h o s p h o r y l a t e d  t u b u l i n ,  and Cas k i n a s e - p h o s p h o r y l a t e d  

t u b u l i n .  P r e p a r a t i o n s  o f  e i t h e r  SV-NP185 o r  CCV-NP185 

bound  t o  S- 6G7-  and S - 8 G8 - c o u p l e d  b e a d s  we r e  I n c u b a t e d  w i t h  

l a b e l l e d  t u b u l i n  w i t h o u t  o r  w i t h  v a r y i n g  amount  o f  

c o m p e t i t o r .  The a s s a y s  wer e  p e r f o r m e d  u n d e r  two s e t s  o f  

c o n d i t i o n s :  n o n - e q u i l i b r i u m  c o n d i t i o n s ,  1n whi ch  t h e  

I n c u b a t i o n  I s  c o n t i n u e d  f o r  20 t o  30 m i n u t e s  a t  4 d e g r e e s  

C; and  e q u i l i b r i u m  c o n d i t i o n s ,  1n whi ch  t h e  I n c u b a t i o n  I s
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F i g u r e  5 0 .  D i f f e r e n t i a l  i m m u n o p r e c i p i t a t l o n  o f  

p h o s p h o r y l a t e d  t u b u l i n  m e d i a t e d  by c l a t h r i n - c o a t e d  v e s i c l e  

d e r i v e d  NP185.  Monoc l ona l  a n t i b o d i e s  S-6G7 and S - 8 G8 we r e  

c o u p l e d  t o  S e p h a r o s e  4B and r e a c t e d  w i t h  c l  a t h r i n - c o a t e d  

v e s i c l e  d e r i v e d  NP185.  The c o a t e d  b e a d s  w e r e  t h e n  t i t e r e d  

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

r e a c t i o n  m i x t u r e  c o n t a i n i n g  20 ug t o t a l  t u b u l i n  ( u n d e r  n o n ­

e q u i l i b r i u m  c o n d i t i o n s ,  d e s c r i b e d  i n  t e x t ) .  P h o s p h o r y l a t e d  

t u b u l i n  was t h e n  mi xed 1:1  w i t h  u n p h o s p h o r y l a t e d  t u b u l i n  

and t h e  p r e c i p i t a t i o n s  were p e r f o r m e d  w i t h  20 ug o f  t h i s  

mi x .  S u p e r n a t a n t s  and p e l l e t s  were  a n a l y z e d  by SDS-PAGE 

and a u t o r a d i o g r a p h y .  C a s e i n  k i n a s e  I I  p h o s p h o r y l a t e d  

t u b u l i n  was p r e c i p i t a t e d  more e f f i c i e n t l y  w h i l e  "

C a ^ V c a l m o d u l i n - d e p e n d e n t  k i n a s e  p h o s p h o r y l a t e d  t u b u l i n  was 

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

t u b u l i n .  An a s t e r i s k  i n d i c a t e s  t h e  50 kD a s s e m b l y  c o mp l e x  

p r o t e i n  a s s o c i a t e d  w i t h  NP185 in c l a t h r i n - c o a t e d  

v e s i c l e s .  T h i s  p o l y p e p t i  de has  an a s s o c i  a t e d  ki  n a s e  

a c t i v i t y  and mu s t  ha ve  been p h o s p h o r y l a t e d  w i t h  r e s i d u a l
O j ,

ATP in t h e  Ca / c a l m o d u l i n  d e p e n d e n t - k i n a s e  p h o s p h o r y l a t e d  

t u b u l i n .  The 185 kD NP185 band d i d  n o t  m i g r a t e  f a r  e n o u g h  

i n t o  t h i s  ge l  t o  be d e t e c t e d .
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c o n t i n u e d  f o r  4 h o u r s  a t  4 d e g r e e s  C. I n  a l l  c a s e s  

u n p h o s p h o r y l a t e d  t u b u l i n  was u s e d  as  t h e  l a b e l l e d  l i g a n d .  

Da t a  was e x p r e s s e d  as  a p e r c e n t a g e  o f  t o t a l  b o u n d  l a b e l l e d  

t u b u l i n  In t h e  a b s e n c e  o f  c o m p e t i t o r ,  t h e n  s u b t r a c t e d  f r o m 

100% t o  y i e l d  a v a l u e  r e f l e c t i n g  r e l a t i v e  I n h i b i t i o n .  The 

d a t a  wer e  f i t t e d  t o  e i t h e r  one  o r  two s i t e  e q u i l i b r i u m  

b i n d i n g  e q u a t i o n s  ( s e e  Me t h o d s )  by t h e  P r o p h e t  s y s t e m .

In t h e  f i r s t  a n a l y s i s ,  SV-NP185 a n d  CCV-NP185 w e r e  

a n a l y z e d  u s i n g  u n p h o s p h o r y l a t e d  t u b u l i n  a s  b o t h  t h e  

l a b e l l e d  and c o m p e t i t i v e  l i g a n d s .  As was  i n d i c a t e d  a b o v e ,  

SV-NP185 b e h a v e s  s i m i l a r l y  u n d e r  b o t h  n o n - e q u i l i b r i u m  a nd  

e q u i l i b r i u m  c o n d i t i o n s .  T h e r e f o r e ,  a l l  d a t a  p e r t a l  nl  ng_*to 

SV-NP185 was d e r i v e d  u n d e r  n o n - e q u i l i b r i u m  c o n d i t i o n s .

Us i ng  u n p h o s p h o r y l a t e d  t u b u l i n ,  t h e  b i n d i n g  c u r v e s  

g e n e r a t e d  f o r  CCV-NP185 ( b o t h  n o n - e q u i l i b r i u m  a n d  

e q u i l i b r i u m )  and SV-NP185 we r e  i n d i s t i g u i s h a b l e  ( A p p e n d i x  

I ) .  As shown i n  T a b l e  5 ,  t h e s e  c u r v e s  f i t  mor e  

s i g n i f i c a n t l y  t o  a s i n g l e  s i t e  b i n d i n g  mode l  t h a n  t o  a two 

s i t e  b i n d i n g  m o d e l .  The d a t a  r e v e a l  a s i n g l e  b i n d i n g  s i t e  

w i t h  an a p p a r e n t  n e a r  2 . 0  x 10"^ M ( T a b l e  6 ) .  S i n c e  SV- 

\  NP185 and CCV-NP185 u n d e r  e q u i l i b r i u m  c o n d i t i o n s  b i n d  t wo

m o l e c u l e s  of  t u b u l i n ,  t h e  a f f i n i t i e s  o f  e a c h  s i t e  f o r  

u n p h o s p h o r y l a t e d  t u b u l i n  mu s t  be s i m i l a r .  T h i s  c o n c l u s i o n  

I s  s u p p o r t e d  by r e s u l t s  o b t a i n e d  u s i n g  CCV-NP185 u n d e r  n o n ­

e q u i l i b r i u m  c o n d i t i o n s .  As i n d i c a t e d  a b o v e ,  n o n -
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e q u i l i b r i u m  b i n d i n g  c o n d i t i o n s  f a v o r  t h e  T - s l t e  on CCV- 

NP185 due  t o  t h e  p r e s e n c e  o f  a s s e m b l y  compl ex  

p o l y p e p t i d e s .  When t h e s e  d a t a  wer e  f i t t e d  t o  t h e  s i n g l e  

s i t e  model  , an a p p a r e n t  Kd o f  a p p r o x i m a t e l y  2 . 0  x 1 0 " 7 M 

( T a b l e  6 ) was a l s o  c a l c u l a t e d  f o r  t h e  NP185 T - s 1 t e .

T o g e t h e r  t h e  d a t a  I n d i c a t e  t h a t  b o t h  t h e  A- and T - s l t e  o f  

NP185 ha ve  a p p a r e n t  Kd s f o r  u n p h o s p h o r y l a t e d  t u b u l i n  n e a r  

2 . 0  x 1 0" 7 M.

In t h e  s e cond  a n a l y s i s ,  c a s e i n  k i n a s e  p h o s p h o r y l a t e d  

t u b u l i n  was us ed  as t h e  c o m p e t i t i v e  l i g a n d  and 

u n p h o s p h o r y l a t e d  t u b u l i n  was u s e d  as  t h e  l a b e l l e d  l i g a n d .  

When CCV-NP185 was a n a l y z e d  u n d e r  n o n - q u i  1 i b r i u m  

' c o n d i t i o n s ,  t h e  T - s i t e  bound Cas k i n a s e - p h o s p h o r y l a t e d  

t u b u l i n  w i t h  an a p p a r e n t  Kd o f  1 . 7  + . 1  x 1 0 “ ® M ( Kd 

i s t a n d a r d  e r r o r ) .  The d a t a  f i t  b e s t  a s i n g l e - s i t e  b i n d i n g  

m o d e l .  Th i s  r e l a t i v e  Kd v a l u e  r e f l e c t s  a 1 0 - f o l d  h i g h e r  

a f f i n i t y  of  t h e  T - s i t e  f o r  Cas k i n a s e - p h o s p h o r y l a t e d  

t u b u l i n  t h a n  f o r  u n p h o s p h o r y l a t e d  t u b u l i n .  The t wo  s i t e  

b i n d i n g  model  p r o v i d e d  t h e  b e s t  s t a t i s t i c a l  f i t  o f  t h e  d a t a  

g e n e r a t e d  f rom SV-NP185 o r  CCV-NP185 u n d e r  e q u i l i b r i u m  

c o n d i t i o n s .  The h i g h  a f f i n i t y  s i t e s  c o m p r i s e d  4 9 . 9% +2 . 9 % 

o f  t h e  t o t a l  b i n d i n g  s i t e s ,  w i t h  a r e l a t i v e  Kd o f  1 . 4  + . 1  x 

1 0 “ ® M. The low a f f i n i t y  s i t e  had an a p p a r e n t  Kd 3 . 9  + . 2  x 

1 0 ~7 M, 2 - f o l d  l o we r  t h a n  I t s  a p p a r e n t  Kd f o r  

u n p h o s p h o r y l a t e d  t u b u l i n .  S i n c e  t h e  h i g h  a f f i n i t y  s i t e  was



T a b l e  5.  S t a t i s t i c a l  F i t s  o f  T u b u l i n  Bi n d i n g  t o  NP185.

Bi n d i n g
Bi n d i n g  Model Used:

So u r c e Tubul  i~n T u b u l 1n 
Cal P

T u b u l 1n 
Cas P

CCV No n - e q u . one s i t e two s i t e  
( . 001 )

/ o n e  s i t e  one s i t e  
( . 0 1 6 ,  . 0 8 1 ,  , 0 00 1 ) / ( . 0 0 1 ) ( . 001 )

CCV E q u i l i  br1urn one s i t e two s i t e  
( . 0 0 1 ) ( . 0 0 1 ,  . 0 0 3 ,  . 003 )

t w o - s i t e
( . 0 0 0 1 , . 0 0 2 , ,

SV N o n - e q u . one s i t e two s i t e  
( . 0001 ) ( . 0 00 1 , . 0 0 1 , . 0 0 1 )

two s i t e
( . 0 0 1 , . 0 0 1 ,

Numbers i n p a r e n t h e s e s i n d i c a t e s t a t i s t i c a l s i g n i f i c a n c e  of  t h e f o l 1owi ng

p a r a m e t e r s :

One s i t e  - a p p a r e n t  Kd

Two s i t e  -  % h i gh  a f f i n i t y  s i t e s ,  a p p a r e n t  Kd o f  h i gh  a f f i n i t y  s i t e ,  

a p p a r e n t  Kd of  low a f f i n i t y  s i t e  ( r e s p e c t i v e l y ) .

Key:  CCV -  C l a t h r i n  c o a t e d  v e s i c l e

SV -  S y n a p t i c  v e s i c l e

Tu b u l i n  Cal P -  T u b u l i n  p h o s p h o r y l a t e d  by Ca2+/ c a l m o d u l 1 n - d e p e n d a n t  k i n a s e .

T u b u l i n  Cas P -  T u b u l i n  p h o s p h o r y l a t e d  by c a s e i n  k i n a s e  I I ,

Non- equ ,  -  n o n - e q u i l i b r i u m  b i n d i n g  c o n d i t i o n s
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Ta b l e  6.  P a r a m e t e r s  o f  S t a t i s t i c a l  F i t s  t o  NP185- Tubu l 1 n Bi n d i n g

CCV - NP185 ( e q u i l i b r i u m ) CCV - NP185 ( n o n - e q u ) SV - NP185 (non-■equ)

% H
M W

% H % H M U ’ M U ’

T u b u l 1 n 100 2 .0
( ± . 1 )

- 100 2 .0  
( + . 1 )

- 100 1 . 9
( + . 1 )

-

T u b u l i n  
Cal P

48 . 1
( + 8 . 5 )

. 76
( ± - 1 7 )

8 .0
( + 1 . 8 )

100

1 0 . 4
( + 3 . 3 )

6 .0  
( + . 3 )  
. 48
( + . 2 3 )

7 . 7  
( + . 5 )

4 8 . 1
( + 5 . 6 )

0 .66
( + . 1 7 )

11
( + 2 )

Tu b u l i  n 
Cas P

4 7 . 5
( i 4 . 6 )

. 13
( + . 0 3 )

3 . 7  
( + . 7 )

100 . 17
( + . 01 )

- 4 9 . 9
( + 2 . 9 )

0 . 1 4  
( + . 1 )

3 . 9  
( + . 2 )

Key:

% H - p e r c e n t  h i g h  a f f i n i t y  s i t e s

KjjHfM) -  a p p a r e n t  K '̂ o f  h i g h  a f f i n i t y  s i t e  ( mo l e s )

K^LfM) -  a p p a r e n t  Kd o f  low a f f i n i t y  s i t e  ( mo l e s )

T u b u l i n  Cal P -  T u b u l i n  p h o s p h o r y l a t e d  by t h e  Ca2+ c a l m o d u l i n  kinase.

T u b u l i n  Cas P - T u b u l i n  p h o s p h o r y l a t e d  by t h e  c a s e i n  k i n a s e  I I .

Non-equ - N o n - e q u l l 1br i um b i n d i n g  c o n d i t i o n s  ( I n  t e x t )



-266

shown by t h e  a n a l y s i s  done  u n d e r  n o n - e q u 1 11b r i u m  c o n d i t i o n s  

t o  be t h e  T - s l t e ,  t h e  A - s l t e  I s  r e p r e s e n t e d  by t h e  low 

a f f i n i t y  s i t e .  T h e r e f o r e ,  t h e  A - s 1 t e  h a s  a 2 - f o l d  l o w e r  

a p p a r e n t  a f f i n i t y  f o r  Cas k l n a s e - p h o p h o r y l a t e d  t u b u l i n  t h a n  

f o r  u n p h o s p h o r y l a t e d  t u b u l i n ,  w h i l e  t h e  T - s 1 t e  h a s  a 10 -  

f o l d  h i g h e r  a f f i n i t y .  S i m i l a r  r e s u l t s  we r e  o b t a i n e d  u s i n g  

SV-NP185 ( T a b l e  6 ) .

In t h e  t h i r d  a n a l y s i s ,  Cal  k l n a s e - p h o s p h o r y l a t e d

t u b u l i n  was us ed  as  t h e  c o m p e t i n g  l i g a n d  and

u n p h o s p h o r y l a t e d  t u b u l i n  was us ed  as  t h e  l a b e l l e d  l i g a n d .

When CCV-NP185 was a n a l y z e d  u n d e r  n o n - e q u i l i b r i u m

c o n d i t i o n s ,  t h e  T - s i t e  bound Cal k i n a s e - p h o s p h o r y l a t e d ,  E

t u b u l i n  w i t h  an a p p a r e n t  Kd of  6 . 0  + . 3  x 1 0 " 7 M when f i t t e d

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

a l s o  be f i t t e d  t o  a two s i t e  b i n d i n g  model  I n  a

s t a t i s t i c a l l y  s i g n i f i c a n t  m a n n e r ,  p e r h a p s  d u e  t o  t h e  l ow

a f f i n i t y  o f  t h e  T - s 1 t e  f o r  Cal  k l n a s e - p h o s p h o r y l a t e d

t u b u l i n .  In t h i s  a n a l y s i s ,  t h e  h i g h  a f f i n i t y  s i t e s

c o m p r i s e  10.4% +3.3% o f  t h e  t o t a l  b i n d i n g  s i t e s ,  w i t h  an

a p p a r e n t  Kd o f  4 . 8  ± 2 . 3  x 1 0 " 8 M. The l ow a f f i n i t y  s i t e ,

w i t h  t h e  m a j o r i t y  o f  a v a i l a b l e  s i t e s  u n d e r  k i n e t i c

c o n d i t i o n s ,  had an a p p a r e n t  Kd o f  7 . 7  + . 5  x 1 0 " 7 Bo t h  

a n a l y s e s  I n d i c a t e  t h a t  t h e  T - s l t e  has  a 3 -  t o  4 - f o l d  l o w e r

a f f i n i t y  f o r  Cal k i n a s e - p h o s p h o r y l a t e d  t u b u l i n  t h a n  f o r

u n p h o s p h o r y l a t e d  t u b u l i n .
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When CCV-NP185 was a n a l y z e d  u n d e r  e q u i l i b r i u m  

c o n d i t i o n s  w i t h  Cal k l n a s e - p h o s p h o r y l a t e d  t u b u l i n ,  t h e  t wo 

s i t e  model  p r o v i d e d  t h e  b e s t  s t a t l s l t l c a l  f i t  o f  t h e  

d a t a .  In CCV-NP185,  h i g h  a f f i n i t y  s i t e s  c o m p r i s e d  4 8 . IX 

±5.6% o f  t h e  t o t a l  b i n d i n g  s i t e s ,  w i t h  a n  a p p a r e n t  o f  

6 .6  + 1 . 7  x 10"® M. Th i s  i s  n e a r l y  a 4 - f o l d  h i g h e r  a f f i n i t y  

t h a n  t h i s  s i t e  has  f o r  u n p h o s p h o r y l a t e d  t u b u l i n .  The low 

a f f i n i t y  s i t e  had an a p p a r e n t  Kj o f  1 .1  + .2  x 10"® M, wh i c h  

i s  r e p r e s e n t s  an even l o we r  a f f i n i t y  t h a n  was c a l c u l a t e d  

u n d e r  n o n - e q u i l i b r i u m  c o n d i t i o n s .  In s umma r y ,  t h e  T - s l t e ,  

whi ch  was i d e n t i f i e d  by n o n - e q u i l i b r i u m  a n a l y s i s  has  3 -  t o  

5-  f o l d  l o w e r  a f f i n i t y  f o r  Cal  k i n a s e - p h o s p h o r y l a t e d  

t u b u l i n  t h a n  i t  has  f o r  u n p h o s p h o r y l a t e d  t u b u l i n .  In 

c o n t r a s t ,  t h e  A - s i t e  has  4 - f o l d  h i g h e r  a f f i n i t y  f o r  Cal  

k i n a s e - p h o s p h o r y l a t e d  t u b u l i n  t h a n  1t  h a s  f o r
*

u n p h o s p h o r y l a t e d  t u b u l i n .

D i s c u s s i o n :  A summary o f  t h e  a p p a r e n t  v a l u e s  o f

t h e  two t u b u l i n  b i n d i n g  s i t e s  on NP185 i s  p r e s e n t e d  i n  

T a b l e  7 .  The d a t a  have  shown t h a t  two d i s t i n c t  s i t e s  a r e  

p r e s e n t  on NP185 t h a t  b i n d  t u b u l i n .  When NP185 1s 

e x t r a c t e d  f rom CCVs,  I t  i m m u n o p r e c i p i t a t e s  as  a  c o mp l e x  

c o n t a i n i n g  one mo l a r  e q u i v a l e n t  o f  a s s e m b l y  p o l y p e p t i d e s .  

SV-NP185 l a c k s  t h e  a s s e m b l y  p o l y p e p t i d e s .  The p r e s e n c e  o f  

a s s e m b l y  p o l y p e p t i d e s  on CCV-NP185 a c t s  c o m p e t i t i v e l y  t o



T a b l e  7 .  Summary o f  A p p a r e n t  A f f i n i t i e s  o f  t h e  A and T 

T u b u l i n  B i n d i n g  S i t e s  o f  NP185.

S i t e  T u b u l i n  T u b u l i n  T u b u l i n
Cal  P Cas  P

A + ++ -

T + -  +++

+++ a p p a r e n t  Kd < 5 . 0  x 10"®M

++ 5 . 1  x 10“ ®M < a p p a r e n t  Kd < 1 x 1 0 _ 7 M

+ 1 . 1  x 10“ 7M < a p p a r e n t  Kd < 3 . 0  x 1 0 " 7M

a p p a r e n t  Kd > 3 . 1  x 10

\
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I n h i b i t  t h e  b i n d i n g  o f  t u b u l i n  t o  one  s i t e  on NP185.  T h i s  

s i t e  I s  t h e r e f o r e  c a l l e d  t h e  A - s l t e .  The  o t h e r  t u b u l i n  

b i n d i n g  s i t e  I s  u n a f f e c t e d  by t h e  p r e s e n c e  o f  a s s e m b l y  

c o mp l e x  p r o t e i n s ,  and I s  c a l l e d  t h e  T - s l t e .

The p r e s e n c e  of  a s s e m b l y  p o l y p e p t i d e s  on CCV- d e r 1 v e d  

NP185 k l n e t i c a l l y  h i n d e r s  t h e  b i n d i n g  o f  t u b u l i n  t o  t h e  A- 

s i t e .  T h i s  c h a r a c t e r i s t i c  p e r m i t s  t h e  t wo  s i t e s  t o  be 

d i s t i n g u i s h e d  by c o m p e t i t i v e  t u b u l i n  b i n d i n g  a s s a y s .  Two 

s e t s  o f  c o n d i t i o n s  were  u s e d  f o r  t h e s e  a s s a y s :  n o n -  

e q u i l i b r i u m  c o n d i t i o n s ,  whi ch  f a v o r  b i n d i n g  t o  t h e  T - s l t e ,  

and e q u i l i b r i u m  c o n d i t i o n s ,  whi ch  f a v o r  n e i t h e r  s i t e .  

C o m p e t i t i v e  a s s a y s  wer e  f i r s t  p e r f o r m e d  u s i n g  k i n e t i c  

c o n d i t i o n s ,  and an a p p a r e n t  Kd v a l u e  i s  d e t e r m i n e d  f o r  t h e  

T - s i t e  by f i t t i n g  t h e  d a i a  t o  a s i n g l e  s i t e  b i n d i n g  

c u r v e .  The e x p e r i m e n t s  wer e  t h e n  p e r f o r m e d  u n d e r

e q u i l i b r i u m  c o n d i t i o n s ,  and t h e  d a t a  w e r e  f i t t e d '  t o  a t wo

s i t e  b i n d i n g  m o d e l .  I f  t h e  f i t  I s  s t a t i s t i c a l l y

s i g n i f i c a n t  t h i s  y i e l d s  two a p p a r e n t  Kd v a l u e s ,  one  o f

wh i c h  a p p r o x i m a t e s  t h e  v a l u e  o b s e r v e d  u s i n g  k i n e t i c  

c o n d i t i o n s  ( T - s i t e  v a l u e ) ,  w h i l e  t h e  o t h e r  d i f f e r s  

s i g n i f i c a n t l y  when Cal o r  Cas  k i n a s e  p h o s p h o r y l a t e d - t u b u l  1 n 

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

t h e  two t u b u l i n  b i n d i n g  s i t e  o f  NP185 w e r e  a n a l y z e d  

1n d e p e n d e n t l y .

The two s i t e s  a r e  v i r t u a l l y  i n d i s t i n g u i s h a b l e  u s i n g
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u n p h o s p h o r y l a t e d  t u b u l i n  as  t h e  l a b e l l e d  and  c o m p e t i n g  

l i g a n d .  Us i n g  n o n - e q u i l i b r i u m  b i n d i n g  c o n d i t i o n s ,  h o w e v e r ,  

1t  was p o s s i b l e  t o  a s c e r t a i n  t h e  d i f f e r i n g  r e l a t i v e  

a f f l n l t e s  o f  Cal  and Cas k 1 n a s e - p h o s p h o r y l a t e d  t u b u l i n  f o r  

t h e  T - s i t e  o f  CCV-NP185.  When e q u i l i b r i u m  b i n d i n g  

c o n d i t i o n s  wer e  u s ed  and t h e  d a t a  f i t t e d  t o  a t wo s i t e  

b i n d i n g  m o d e l ,  t h e  d i f f e r i n g  r e l a t i v e  a f f i n i t i e s  o f  Cal  and 

C a s - k l n a s e  p h o s p h o r y l a t e d  t u b u l i n  f o r  t h e  A - s l t e  became  

a p p a r e n t .  The r e s u l t s  I n d i c a t e  t h a t  t h e  T - s i t e  h a s  a 3 -  t o  

5 - f o l d  l o w e r  and t h e  A - s i t e  a 3 -  t o  5 - f o l d  h i g h e r  r e l a t i v e  

a f f i n i t y  f o r  Cal  k 1 n a s e - p h o s p h o r y l a t e d  t u b u l i n  t h a n  f o r  

u n p h o s p h o r y l a t e d  t u b u l i n .  A l t e r n a t i v e l y ,  t h e  T - s l t e  car) be
■ r .  .

I n t e r p r e t t e d  a s  h a v i n g  a r e l a t i v e  a f f i n i t y  f o r  Cal  k l n a s e -  

p h o s p h o r y l a t e d  t u b u l i n  t h a t  i s  a t  l e a s t  1 0 - f o l d  l o w e r  t h a n  

t h e  A - s l t e  ( w i t h  u n p h o s p h o r y l a t e d  t u b u l i n  u s e d  a s  t h e  

l a b e l l e d  l i g a n d ) .  The r e s u l t s  a l s o  i n d i c a t e  t h a t  t h e  T-  

s i t e  has  a 1 0 - f o l d  h i g h e r  and t h e  A - s l t e  a 2 - f o l d  l o we r  

a p p a r e n t  a f f i n i t y  f o r  Cas k i n a s e  p h o s p h o r y l a t e d - t u b u l 1n . 

A l t e r n a t i v e l y ,  t h e  T - s i t e  can be I n t e r p r e t t e d  a s  h a v i n g  a 

2 0 - f o l d  h i g h e r  a p p a r e n t  a f f i n i t y  f o r  Cas k i n a s e -  

p h o s p h o r y l a t e d  t u b u l i n  ( w i t h  u n p h o s p h o r y l a t e d  t u b u l i n  u s e d  

as  t h e  l a b e l l e d  l i g a n d ) .  T o g e t h e r  w i t h  t h e  o b s e r v a t i o n  

t h a t  t u b u l i n  a l r e a d y  bound t o  NP185 c a n  be  r e a d i l y  

p h o s p h o r y l a t e d  by e i t h e r  k i n a s e ,  t h e s e  d a t a  i n d i c a t e  t h a t  

a s s o c i a t e d  k i n a s e  a c t i v i t i e s  may m o d u l a t e  t h e  b i n d i n g  o f
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NP185 t o  m i c r o t u b u l e s  o r  t u b u l i n  a s s o c i a t e d  w i t h  v a r i o u s  

o r g a n e l l e s .

P h o s p h o r y l a t i o n  o f  t u b u l i n  may a f f e c t  I t s  b i n d i n g  t o

NP185 by i n d u c i n g  e i t h e r  s i t e - s p e c 1 f 1 c  o r  a l l o s t e r l c

a f f e c t s .  Wh e t h e r  t h e  A - s 1 t e  o r  T - s l t e  o f  KP185 b i n d  t h e

same s i t e  o r  d i f f e r e n t  s i t e s  on t u b u l i n  a l s o  r e m a i n  t o  be

d e t e r m i n e d .  A l t h o u g h  t h e  a p p a r e n t  a f f i n i t i e s  o f  t h e  A- and

T- s i t e s  f o r  u n p h o s p h o r y l a t e d  t u b u l i n  a r e  n e a r l y  t h e  s a m e ,

t h i s  d o e s  n o t  d i r e c t l y  i n d i c a t e  t h a t  t h e y  b i n d  t h e  same

s i t e  on t u b u l i n .  I n d e e d ,  i t  w i l l  be an I n t e r e s t i n g

b i o p h y s i c a l  p r o b l e m t o  e l u c i d a t e  how t h e  A - s l t e  I s

I n h i b i t e d  f rom b i n d i n g  t u b u l i n  when a s s e m b l y  c o m p l e x  i s ,

bound t o  NP185,  and w h e t h e r  t h e  a s s e m b l y  c o mp l e x  h a s  a

p r i v a t e  b i n d i n g  s i t e  o r  i f  i t  s h a r e s  one w i t h  t u b u l i n .  The

l a t t e r  p o s s i b i l i t y  i m p l i e s  some s t r u c t u r a l  h o mo l o g y  b e t w e e n
*

t h e  a s s e m b l y  p o l y p e p t i d e s  and t u b u l i n .

The f u n c t i o n a l  s i g n i f i c a n c e  o f  b i n d i n g  b e t w e e n  t h e  A- 

and T- s i t e s  o f  NP185 and t u b u l i n  a r e  f a r  f r om s o l v e d ,  b u t  

a few i n t e r e s t i n g  o b s e r v a t i o n s  can be ma d e .  When an a n t i ­

t u b u l i n  mAb ( I g G l )  i s  i n c u b a t e d  w i t h  CCVs o v e r n i g h t  

e x t e n s i v e  a g g r e g a t i o n  of  t h e  v e s i c l e s  i s  o b s e r v e d .  T h i s  1s 

due  t o  c r o s s k l i n k i n g  o f  t u b u l i n  m o l e c u l e s  b e t w e e n  d i f f e r e n t  

v e s i c l e s  by t h e  two t u b u l i n  b i n d i n g  s i t e s  on t h e  a n t i -  

t u b u l i n  I mmu n o g l o b u l i n  m o l e c u l e s .  S i n c e  NP185 i s  e v e n  

l a r g e r  t h a n  an I gGl  m o l e c u l e  i t  i s  s u r p r i s i n g  t h a t  a
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s i m i l a r  phenomenon I s  n o t  o b s e r v e d  1n p r e p a r a t i o n s  o f  

p u r i f i e d  b r a i n  CCVs.  Tha t  I s ,  NP185 d o e s  n o t  c r o s s l i n k .  

CCVs d e s p i t e  i t s  a b u n d a n c e  and d i m e r i c  s t r u c t u r e .  A r e c e n t  

r e p o r t  ( H a r g e a v e s  e t  a l . ,  1986)  ha s  I n d i c a t e d  t h a t  Cal  

k l n a s e - p h o s p h o r y l a t e d  t u b u l i n  has  a h i g h  a f f i n i t y  f o r  

p h o s p h a t i d y l c h o l i n e  v e s i c l e s  w h i l e  u n p h o s p h o r y l a t e d  t u b u l i n  

I s  p r e f e r e n t i a l l y  I n c o r p o r a t e d  I n t o  m l c r o t u b u l e s . T h i s  

I m p l i e s  t h a t  v e s i c l e - b o u n d  t u b u l i n  1s a l r e a d y  

p h o s p h o r y l a t e d  by t h e  Cal  k i n a s e .  S i n c e  t h e  T - s l t e  h a s  a 

v e r y  l ow a p p a r e n t  a f f i n i t y  f o r  Cal  k l n a s e - p h o s p h o r y l a t e d  

t u b u l i n ,  c r o s s l  1 nk1 ng .of t h e  v e s i c l e  by NP185 1 s  n o t  be 

o b s e r v e d .  The A - s l t e ,  on t h e  o t h e r  h a n d ,  h a s  a h i g h  ^  

a f f i n i t y  f o r  Cal k l n a s e - p h o s p h o r y l a t e d  t u b u l i n ,  a n d  t h i s  

end o f  t h e  m o l e c u l e  i s  p r o b a b l y  bound t o  v e s i c l e  t u b u l i n .  

T h i s  I m p l i e s  t h a t  t h e  T - s 1 t e  1s a c t u a l l y  e x t e n d e d  away f r o m 

t h e  v e s i c l e  r a t h e r  t h a n  bound t o  i t  by e n d o g e n o u s  

t u b u l i n .  T h i s  may a c c o u n t  f o r  I t s  u n u s u a l  s e n s i t i v i t y  t o  

p r o t e a s e  t r e a t m e n t .

The Cas k i n a s e  a c t i v i t y  a s s o c i a t e d  w i t h  NP185 

p r e f e r e n t i a l l y  p h o s p h o r y l a t e s  t u b u l i n  on t h e  v e s i c l e .  T h i s  

\  i s  shown In F i g u r e  45 ,  wh e r e  t h e  a d d i t i o n  o f  t u b u l i n  t o  

CCVs 1n a p h o s p h o r y l a t i o n  m i x t u r e  c o n t a i n i n g  p o l y l y s i n e  

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

t u b u l i n  b a n d s .  When t h e  enzyme i s  e x t r a c t e d  f r o m  t h e  

v e s i c l e ,  h o w e v e r ,  1t  r e a d i l y  p h o s p h o r y l a t e s  e x o g e n o u s l y



-273

a dded  t u b u l i n .  Cas k i n a s e  d o e s  n o t  p h o s p h o r y l a t e  t u b u l i n  

a t  a l l  1n t h e  a b s e n c e  o f  p o l y l y s l n e ;  t h u s *  I t s  a c t i v i t y  may 

n o t  be  r e l e v a n t  t o  NP185 b i n d i n g  e x c e p t  u n d e r  s p e c i a l  

c o n d i t i o n s  when an e q u i v a l e n t  i n t r a c e l l u l a r  s t i m u l a t o r  1s 

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

t u b u l i n  woul d  l o w e r  I t s  a f f i n i t y  f o r  t h e  A - s l t e  bound t o  

i t ,  and I n c r e a s e  I t s  a f f i n i t y  f o r  t h e  T - s l t e  1 0 - f o l d .

S i n c e  t h e  T - s i t e  I s  n o r m a l l y  f a c i n g  away f r om t h e  v e s i c l e ,  

p h o s p h o r y l a t i o n  of  v e s i c l e  t u b u l i n  by t h e  C a s e i n  k i n a s e  

would c a u s e  CCV-bound NP185 t o  r e v e r s e  I t s  p o l a r i t y .  T h i s  

c o u l d  have  s e v e r a l  e f f e c t s  on t h e  CCV: 1 .  i t  may I n d u c e

d i s a s s e m b l y ,  s i n c e  t h e  A - s i t e  c o u l d  c a r r y  a s s e m b l y  c o mp l e x  

m o l e c u l e s  t o  t h e  o u t s i d e  of  t h e  v e s i c l e  when i t  f l i p s ;  2 .

I t  may r e s u l t  i n  movement  o f  t h e  v e s i c l e ;  3 .  i t  may a l l o w  

I n t e r a c t i o n  o f  NP185 wi t h  n o ve l  p r o t e i n s  w h i c h  b i n d  n e a r  

t h e  A - s l t e  s i m i l a r l y  t o  t h e  a s s e m b l y  p o l y p e p t i d e s .

No t e  a d d e d  In p r o o f :  The p o s s i b i l i t y  t h a t  NP185 1s  a

m i c r o t u b u l e  a s s o c i a t e d  p r o t e i n  (MAP) c a n n o t  be I g n o r e d .  

Huber  e t  a l . ( 1 9 8 5 )  have  i d e n t i f i e d  a 180  kD b r a i n  p r o t e i n  

(MAP3 ) t h a t  i s  a s s o c i a t e d  w i t h  m i c r o t u b u l e s ,  I s  p r o t e a s e  

s e n s i t i v e ,  and a p p e a r s  as a d o u b l e t  d u r i n g  SDS-PA6 E.  MAP3 , 

h o w e v e r ,  was n o t  d e t e c t e d  i n  any  b r a i n  f r a c t i o n s  o t h e r  t h a n  

m i c r o t u b u l e s .  Mu r o f u s h i  e t  a l . ( 1 9 8 6 )  r e c e n t l y  i d e n t i f i e d  

a 190 kD MAP t h a t  b i n d s  2 . 3  mo l e s  o f  t u b u l i n .  T h i s
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p r o t e i n ,  h o w e v e r ,  was d e t e c t e d  In b o v i n e  b r a i n ,  p i t u i t a r y  

g l a n d ,  l i v e r ,  k i d n e y ,  a d r e n a l  m e d u l l a ,  a d r e n a l  c o r t e x ,  and  

s e v e r a l  c u l t u r e d  c e l l  l i n e s .  I m m u n o f l u o r e s c e n c e  a n a l y s e s  

have  shown t h a t  MAP3 and 190 kD-MAP a r e  d i s t r i b u t e d  

c o l n c l d e n t l y  w i t h  m i c r o t u b u l e s .  I f  NP185 1s t o  be 

c o n s i d e r e d  a MAP, t h e n  p e r h a p s  1t  s h o u l d  be c a l l e d  V-MAP 

( v e s i c l e  MAP).

\
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APPENDIX

P l o t s  o f  NP 1 8 5 - t u b u l  1 n c o m p e t i t i v e  b i n d i n g  a s s a y s  

f i t t e d  by t h e  PROPHET. U n p h o s p h o r y l a t e d  t u b u l i n  was  u s e d  

as  t h e  l a b e l l e d  l i g a n d  In a l l  c a s e s .  A,  B, C: C o m p e t i n g  

l i g a n d :  u n p h o s p h o r y l a t e d  t u b u l i n ;  Df E,  F:  C o m p e t i n g  

l i g a n d :  c a s e i n  k i n a s e  p h o s p h o r y l a t e d  t u b u l i n ;  G,  H,  I :  

Co mp e t i n g  l i g a n d :  Ca2+/ c a l m o d u l i n - d e p e n d e n t  k i n a s e  

p h o s p h o r y l a t e d  t u b u l i n .  A, D,  G: N o n - e q u i l i b r i u m  

c o n d i t i o n s ,  c l a t h r i n - c o a t e d  v e s i c l e  d e r i v e d  NP185;  B,  E,  H: 

E q u i l i b r i u m  c o n d i t i o n s ,  c l a t h r i n - c o a t e d  v e s i c l e  d e r i v e d  

NP185;  C, F,  I :  N o n - e q u i l i b r i u m  c o n d i t i o n s ,  s y n a p t i c  

v e s i c l e  d e r i v e d  NP185.

\
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