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

M o s t p r o t e i n s o f o r g a n e l l e s o f e u k a r y o t i c c e l l s a r e e n c o d e d on 
n u c l e a r g e n e s and t r a n s l a t e d by c y t o p l a s m i c r i b o s o m e s . O n l y i n 
t h e c a s e o f m i t o c h o n d r i a a n d c h l o r o p l a s t s , a few p r o t e i n s a r e 
s p e c i f i e d b y g e n e s l o c a t e d w i t h i n t h e o r g a n e l l e and s y n t h e s i -
z e d w i t h i n t h e o r g a n e i l e i t s e l f ( 1 ) . T h i s means t h a t t h e c e l l 
m ust h a v e m e c h a n i s m s t o s p e c i f i c a l l y d i r e c t a c e r t a i n p r o t e i n 
t o i t s p e r t i n e n t o r g a n e i l e a n d t o s e l e c t i v e l y t r a n s l o c a t e i t 
a c r o s s t h e membrane w h i c h c o n f i n e s t h i s o r g a n e l l e . B o t h p r o -
c e s s e s a r e o n l y p o o r l y u n d e r s t o o d a t p r e s e n t ; t h e compo n e n t s 
and r e a c t i o n s i n v o l v e d i n s p e c i f i c r e c o g n i t i o n o f o r g a n e l l a r 
p r o t e i n s a n d t h e m e c h a n i s m s o f t r a n s m e m b r a n e t r a n s l o c a t i o n a r e 
s t i l l m a j o r r i d d l e s i n c e l l b i o l o g y . T r a n s f e r o f p r o t e i n s i n t o 
m i t o c h o n d r i a , on t h e o t h e r h a n d , i n v o l v e s e v e n more c o m p l i c a t e d 
r e a c t i o n s . The m i t o c h o n d r i o n i s c o n s t r u c t e d o f two v e r y d i f f e -
r e n t membranes: t h e o u t e r m i t o c h o n d r i a l membrane w h i c h e n c l o -
s e s t h e i n t e r m e m b r a n e s p a c e a n d t h e i n n e r membrane w h i c h e n -
c l o s e s t h e m a t r i x s p a c e . P r o t e i n s f r o m t h e c y t o p l a s m must be 
i m p o r t e d i n t o a l l t h e s e d i f f e r e n t c o m p a r t m e n t s , some o f them 
a c r o s s b o t h membranes, o t h e r s a c r o s s o n l y t h e o u t e r membrane. 
Some o f t h e p r o t e i n s e n d up i n a h y d r o p h i l i c , s o l u b l e c o m p a r t -
ment, o t h e r s a r e i n t e g r a t e d i n t o t h e l i p i d p h a s e o f t h e o u t e r 
o r i n n e r membrane. I n most c a s e s i m p o r t i s t h e n f o l l o w e d by 
a s s o c i a t i o n i n t o f u n c t i o n a l m u l t i - s u b u n i t c o m p l e x e s . 
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M e t h o d s t o I n v e s t i g a t e T r a n s f e r o f P r o t e i n s i n t o M i t o c h o n d r i a 

B a s i c a l l y two a p p r o a c h e s have been u s e d t o f o l l o w t h e i n t r a -
c e l l u l a r p a t h w a y o f a m i t o c h o n d r i a l p r o t e i n . The f i r s t one i s 
an i n v i v o a p p r o a c h . Whole c e l l s a r e p u l s e and p u l s e / c h a s e 
l a b e l l e d w i t h r a d i o a c t i v e amino a c i d s , t h e n c e l l s a r e b r o k e n 
and m e a s u r e s a r e t a k e n t o i n h i b i t any f u r t h e r r e a c t i o n i n t h e 
t r a n s f e r p r o c e s s . I n d i v i d u a l d e f i n e d p r o t e i n s a r e t h e n immuno-
p r e c i p i t a t e d f r o m e i t h e r w h o l e c e l l e x t r a c t s o r f r o m s u b c e l l u -
l a r f r a c t i o n s . The i m m u n o p r e c i p i t a t e s a r e a n a l y s e d by g e 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 y . T h i s a p p r o a c h h a s g i v e n i m p o r -
t a n t I n f o r m a t i o n on t h e p o s t - t r a n s l a t i o n a l n a t u r e o f t h e t r a n s -
p o r t p r o c e s s ( 2 ) . I f t h e m a t u r e f u n c t i o n a l p r o t e i n d i f f e r s f r o m 
t h e p r e c u r s o r f o r m ( s e e below) o r i n t e r m e d i a t e s i z e d f o r m s 
o c c u r , o r when p r e c u r s o r f o r m s c a n be d i f f e r e n t i a t e d f r o m t h e 
m a t u r e f o r m s by s p e c i f i c a n t i b o d i e s , c o n c l u s i o n s c a n be d r a w n 
on p r e c u r s o r p o o l s i z e s , p r o c e s s i n g p a t h w a y s , e n e r g y d e p e n d e n c e 
e t c . ( 3 , 4 ) . 
The s e c o n d a p p r o a c h t o s t u d y i n g p r o t e i n t r a n s p o r t i n v o l v e s e x -
p e r i m e n t s i n v i t r o . M i t o c h o n d r i a l p r e c u r s o r p r o t e i n s c a n be 
s y n t h e s i z e d i n c e l l f r e e h o m o l o g o u s o r h e t e r o l o g o u s mRNA d e -
p e n d e n t S y s t e m s ( 5 - 9 ) . P r o t e i n s y n t h e s i s c a n be s e p a r a t e d n o t 
o n l y i n t i m e b u t a l s o s p a c e f r o m t h e t r a n s f e r p r o c e s s . T r a n s f e r 
i n t o i s o l a t e d m i t o c h o n d r i a c a n be i n v e s t i g a t e d and t h e o v e r a l l 
p r o c e s s c a n be s u b d i v i d e d i n t o a number o f s t e p s : a) b i n d i n g 
t o r e c o g n i t i o n s i t e s on t h e m i t o c h o n d r i a l s u r f a c e , b) membrane 
P o t e n t i a l d e p e n d e n t t r a n s l o c a t i o n a c r o s s o r i n t o t h e i n n e r m i 
t o c h o n d r i a l membrane, c) p r o c e s s i n g o f p r e c u r s o r p r o t e i n s by 
p r o t e o l y s i s o r by c o v a l e n t m o d i f i c a t i o n , and d) a s s e m b l y t o 
f u n c t i o n a l o l i g o m e r i c m o l e c u l e s . The s p e c i e s s p e c i f i c i t y o f 
t h e p r o c e s s c a n be i n v e s t i g a t e d by s u c h an i n v i t r o a p p r o a c h 
as w e l l a s t h e p r o b l e m w h e t h e r a l l p r o t e i n s f o l l o w t h e same 
t r a n s p o r t p a t h w a y o r w h e t h e r t h e r e a r e d i v e r s i f i e d m e c h a n i s m s . 
C l e a r l y a l s o i n t h e s e e x p e r i m e n t s , s p e c i f i c a n t i b o d i e s must be 
a v a i l a b l e as w e l l as t e c h n i q u e s t o f o l l o w t h e e x t r e m e l y s m a l l 
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amounts o f p r o t e i n s w h i c h a r e i n t h e p r o c e s s o f b e i n g t r a n s -
p o r t e d . 

M i t o c h o n d r i a l P r o t e i n s a r e S y n t h e s i z e d as P r e c u r s o r s w h i c h 
D i f f e r i n S t r u c t u r e a n d / o r Conförmation f r o m t h e M a t u r e Forms 

When t h e s y n t h e s i s o f m i t o c h o n d r i a l p r o t e i n s was a n a l y s e d i n 
v i t r o , e.g. i n mRNA-programmed r e t i c u l o c y t e l y s a t e s , most o f 
t h e p r o t e i n s a n a l y s e d s o f a r w e r e f o u n d t o be made as l a r g e r 
p r e c u r s o r s w i t h a d d i t i o n a l s e q u e n c e s (3,7-17) ( s e e F i g . 1 ) . The 
l e n g t h s o f t h e s e p r e s e q u e n c e s f a l l i n t o i n Wide ränge b e t w e e n 
400 and 10,000 d a l t o n s . As f a r as t h e y have been s t u d i e d , t h e y 
a r e l o c a t e d a t t h e amino t e r m i n u s and a r e h y d r o p h i l i c i n n a -
t u r e . The e x a c t f u n c t i o n o f t h e s e a d d i t i o n a l s e q u e n c e s i s n o t 
known a t p r e s e n t . They may p l a y a r o l e i n t h e r e c o g n i t i o n o f 
m i t o c h o n d r i a l p r e c u r s o r s , t h e y may s e r v e t o a l t e r t h e c o n f o r -
m a t i o n o f a p r o t e i n i n s u c h a way t h a t i t i s n o t a c t i v e o r 
t h a t i t c a n n o t f o r m a c t i v e o l i g o m e r s , o r t h e y may f u n c t i o n i n 
c o n f e r r i n g a c o n f o r m a t i o n o n t h e p r e c u r s o r i n w h i c h a r e c o g n i 
t i o n s i t e i s e x p o s e d . P r o t e i n s s y n t h e s i z e d as l a r g e r p r e c u r 
s o r s a r e t r a n s f e r r e d i n t o t h e i n t e r m e m b r a n e s p a c e ( e . g . c y t o -
chrome c p e r o x i d a s e ) , t h e i n n e r membrane ( e . g . s u b u n i t s o f 
F ^ F Q A T P a s e , c y t o c h r o m e o x i d a s e , c y t o c h r o m e bc^ c o m p l e x ) and 
t h e m a t r i x s p a c e ( e . g . TCA c y c l e and u r e a c y c l e e n z y m e s ) . 
T h e r e a r e a few p r o t e i n s whose p r e c u r s o r f o r m s do n o t d i f f e r 
i n a p p a r e n t m o l e c u l a r w e i g h t f r o m t h e m a t u r e c o u n t e r p a r t . One 
e x a m p l e i s c y t o c h r o m e c , w h i c h i s s y n t h e s i z e d as a p o c y t o c h r o m e 
c, i . e . w i t h o u t t h e c o v a l e n t l y bound heme g r o u p ( 5 , 6 , 1 8 , 1 9 ) . 
I n t h i s c a s e i t has b e e n shown t h a t t h e p r e c u r s o r p r o t e i n d o e s 
n o t d i f f e r i n a S i n g l e amino a c i d f r o m t h e m a t u r e p r o t e i n . Cy
t o c h r o m e c i s a p e r i p h e r a l membrane p r o t e i n a t t a c h e d 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 i n n e r membrane. The ADP/ATP c a r r i e r , a 
h y d r o p h o b i c t r a n s m e m b r a n e p r o t e i n ( 1 9 ) w h i c h i s t h e most a b u n -
d a n t p r o t e i n o f t h e i n n e r membrane o f most m i t o c h o n d r i a i s 
a l s o s y n t h e s i z e d w i t h o u t an a d d i t i o n a l s e q u e n c e ( 2 0 ) . A n o t h e r 
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Subunit I Subunit Y Cytochrome c, 

Sup. Mit. Sup. Mit. Sup. Mit. 

F i g . 1. T r a n s f e r i n v i t r o o f s u b u n i t s o f c o m p l e x I I I ( U b i q u i -
n o l : c y t o c h r o m e c r e d u c t a s e ) . N e u r o s p o r a RNA was u s e d t o p r o 
gram a r e t i c u l o c y t e l y s a t e i n t h e p r e s e n c e o f [ S ] m e t h i o n i n e . 
A p o s t r i b o s o m a l s u p e r n a t a n t was p r e p a r e d a n d i n c u b a t e d w i t h m i 
t o c h o n d r i a i s o l a t e d f r o m N e u r o s p o r a s p h e r o p l a s t s f o r 60 m i n a t 
25 C. Then m i t o c h o n d r i a and s u p e r n a t a n t w e r e s e p a r a t e d a g a i n 
by c e n t r i f u g a t i o n . I m m u n o p r e c i p i t a t i o n f r o m b o t h f r a c t i o n s was 
p e r f o r m e d i n t h e p r e s e n c e o f 1 % T r i t o n , 0.3 M N a C l e m p l o y i n g 
a n t i b o d i e s a g a i n s t s u b u n i t I ( c o r e p r o t e i n I ) , s u b u n i t V (Fe/S 
p r o t e i n ) and c y t o c h r o m e c . The i m m u n o p r e c i p i t a t e d s u b u n i t s 
w e r e a n a l y s e d by SDS g e l e l e c t r o p h o r e s i s a n d a u t o r a d i o g r a p h y . 
F r o m t h e s u p e r n a t a n t s , t h e a n t i b o d i e s p r e c i p i t a t e d r e s i d u a l 
p r e c u r s o r s n o t t r a n s f e r r e d i n t o m i t o c h o n d r i a . The m i t o c h o n d r i a 
c o n t a i n e d b o t h p r e c u r s o r as w e l l a s p r o c e s s e d s u b u n i t s . The 
p r e c u r s o r s a s s o c i a t e d w i t h m i t o c h o n d r i a w e r e d e g r a d e d by a d d e d 
P r o t e a s e as were t h e p r e c u r s o r s i n t h e s u p e r n a t a n t ( n o t shown 
h e r e ) i n d i c a t i n g t h a t t h e y were on t h e s u r f a c e o f t h e m i t o 
c h o n d r i a i n c o n t r a s t t o t h e p r o c e s s e d f o r m s . I n t h e c a s e o f 
c y t o c h r o m e c p r o c e s s i n g o c c u r s v i a an i n t e r m e d i a t e f o r m ( I ) , 
w h i c h i s t h e m a j o r p r o c e s s i n g p r o d u c t i n t h i s i j i v i t r o t r a n s 
f e r . Open a r r o w s : p r e c u r s o r s ; b l a c k a r r o w s : m a t u r e p r o t e i n s . 
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membrane p r o t e i n s y n t h e s i z e d a t t h e same a p p a r e n t s i z e as t h e 
m a t u r e f o r m i s t h e m i t o c h o n d r i a l p o r i n , a C h a n n e l f o r m i n g 
p r o t e i n o f t h e o u t e r m i t o c h o n d r i a l membrane ( 2 1 , 2 2 ) . 
A p o c y t o c h r o m e c d i f f e r s g r e a t l y i n c o n f o r m a t i o n f r o m h o l o c y t o -
chrome c , t h e heme c o n t a i n i n g P o l y p e p t i d e . T h i s i s d ocumented 
by t h e n o n - c r o s s r e a c t i v i t y o f a n t i b o d i e s r a i s e d a g a i n s t t h e 
two f o r m s o f c y t o c h r o m e c ( 5 ) . T h e r e i s a l s o e v i d e n c e t h a t t h e 
p r e c u r s o r s o f t h e ADP/ATP c a r r i e r and o f m i t o c h o n d r i a l p o r i n 
d i f f e r i n c o n f o r m a t i o n f r o m t h e a s s e m b l e d p r o t e i n s . A p p a r e n t l y 
t h e y c a n e x i s t i n a w a t e r - s o l u b l e f o r m o u t s i d e t h e m i t o c h o n 
d r i a . 

T r a n s p o r t o f P r o t e i n s i n t o M i t o c h o n d r i a O c c u r s P o s t - t r a n s l a -
t i o n a l l y 

S t u d i e s i n v i v o , i n w h i c h t h e a p p e a r a n c e o f l a b e l l e d p r o t e i n s 
was f o l l o w e d i n p u l s e - c h a s e e x p e r i m e n t s , h a v e r e v e a l e d t h e 
f o l l o w i n g f e a t u r e s ( 2 , 3 ) : a) l a b e l l e d m i t o c h o n d r i a l p r o t e i n s 
a p p e a r i n t h e m i t o c h o n d r i a o n l y a f t e r a l a g p h a s e when compa-
r e d t o t h e l a b e l l i n g o f c y t o s o l i c p r o t e i n s , b) f o r d i f f e r e n t 
m i t o c h o n d r i a l p r o t e i n s t h e l a g p h a s e s a r e d i f f e r e n t , c) a s u d -
den b l o c k o f p r o t e i n s y n t h e s i s by p o i s o n i n g c e l l s w i t h c y c l o -
h e x i m i d e l e a d s t o an i m m e d i a t e s t o p o f l a b e l l i n g o f t o t a l c e l -
l u l a r p r o t e i n s b u t d o e s n o t b l o c k a p p e a r a n c e o f l a b e l l e d p r o 
t e i n s i n t h e m i t o c h o n d r i a , and d) a p r e c u r s o r p r o d u c t r e l a -
t i o n s h i p e x i s t s b e t w e e n p u l s e l a b e l l e d m i t o c h o n d r i a l m a t r i x 
p r o t e i n s i n t h e c y t o s o l i c f r a c t i o n and i n t h e m i t o c h o n d r i a l 
f r a c t i o n . 
S t u d i e s on t h e d i s t r i b u t i o n o f mRNAs f o r m i t o c h o n d r i a l p r o t e i n s 
h a v e shown t h a t i n m o s t c a s e s t h e y a r e a s s o c i a t e d w i t h f r e e , 
i . e . n o t membrane b o u n d , p o l y s o m e s ( 0 , 9 , 2 2 ) . 
A l l t h e s e o b s e r v a t i o n s s u p p o r t a p o s t - t r a n s l a t i o n a l m e c h a n i s m 
o f t r a n s p o r t . A p p a r e n t l y , p r e c u r s o r s t o m i t o c h o n d r i a l p r o t e i n s 
a r e r e l e a s e d f r o m c y t o p l a s m i c r i b o s o m e s as c o m p l e t e d P o l y p e p 
t i d e c h a i n s i n t o e x t r a m i t o c h o n d r i a l p o o l s . The s i z e s o f t h e s e 
p o o l s a r e d i f f e r e n t f o r d i f f e r e n t p r o t e i n s . Out o f t h e s e p o o l s , 
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p r e c u r s o r P o l y p e p t i d e s a r e t h e n t r a n s l o c a t e d i n t o t h e m i t o c h o n -
d r i o n . 
T h i s mechanism d i f f e r s l a r g e l y f r o m t h e o t h e r p r o c e s s o f 
t r a n s l o c a t i o n o f P o l y p e p t i d e s a c r o s s membranes w h i c h has been 
s t u d i e d i n g r e a t d e t a i l , t h e s e c r e t i o n o f p r o t e i n s ( 2 4 , 2 5 ) . 
T h i s l a t t e r p r o c e s s o c c u r s by a c o - t r a n s l a t i o n a l m e c h a n i s m , 
t h e n a s c e n t P o l y p e p t i d e c h a i n b e i n g t r a n s l o c a t e d t h r o u g h t h e 
membrane. T h i s p r o c e s s o f " v e c t o r i a l t r a n s l a t i o n " i s c a r r i e d 
o u t by r i b o s o m e s t i g h t l y bound t o t h e e n d o p l a s m i c r e t i c u l u m 
membrane. A l t h o u g h b a s i c a l l y d i f f e r i n g i n t h e m e c h a n i s m o f 
t r a n s m e m b r a n e t r a n s f e r , s e c r e t i o n o f P o l y p e p t i d e s seems t o 
h a v e c e r t a i n f e a t u r e s i n common w i t h t h e p o s t - t r a n s l a t i o n a l 
t r a n s f e r o f m i t o c h o n d r i a l p r o t e i n s ( s e e a l s o b e l o w ) : The n e w l y 
s y n t h e s i z e d p r o t e i n i s i d e n t i f i e d by a " r e c o g n i t i o n p r o t e i n " 
t o be a s e c r e t o r y p r o t e i n ( 2 6 - 2 9 ) , t h e r e c o g n i z e d p a r t o f t h e 
n a s c e n t c h a i n b e i n g t h e a m i n o t e r m i n a l " s i g n a l " s e q u e n c e ( 3 0 ) . 
F u r t h e r m o r e , r e c o g n i t i o n and t r a n s l o c a t i o n a c r o s s t h e membrane 
a p p e a r t o be two d i f f e r e n t s t e p s i n b o t h p r o c e s s e s . 

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

The p o s t - t r a n s l a t i o n a l t r a n s f e r o f p r e c u r s o r p r o t e i n s i s a mul-
t i s t e p p r o c e s s . A n a l y s i s o f t h e i n d i v i d u a l s t e p s r e q u i r e s i n 
v i t r o S y s t e m s i n w h i c h p r e c u r s o r s c a n be t r a n s f e r r e d i n t o m i 
t o c h o n d r i a i n a r e a c t i o n s e p a r a t e f r o m s y n t h e s i s . F o r t h i s p u r -
p o s e p r e c u r s o r s a r e s y n t h e s i z e d i n c e l l f r e e S y s t e m s and t h e 
p o s t r i b o s o m a l s u p e r n a t a n t f r a c t i o n s c o n t a i n i n g t h e p r e c u r s o r s 
a r e p r e p a r e d . On t h e o t h e r h a n d , m i t o c h o n d r i a a r e i s o l a t e d 
f r o m c e l l s by p r o c e d u r e s w h i c h y i e l d i n t a c t o r g a n e l l e s . W i t h 
a number o f s u c h i n v i t r o S y s t e m s , u s i n g m a i n l y r e t i c u l o c y t e 
l y s a t e s and m i t o c h o n d r i a f r o m N e u r o s p o r a , y e a s t , o r r a t l i v e r , 
t r a n s p o r t o f a number o f p r o t e i n s i n t o t h e i r s u b m i t o c h o n d r i a l 
c o m p a r t m e n t s has b e e n a c h i e v e d ( 5 , 7 , 8 , 1 9 , 2 3 , 3 1 - 3 7 ) . I n some 
c a s e s i t has been shown t h a t t r a n s f e r i n t o f u n c t i o n a l p o s i -
t i o n s i n v o l v i n g a s s e m b l y o r p a r t i a l a s s e m b l y t o o l i g o m e r i c 
s t r u c t u r e s a c t u a l l y o c c u r s . ADP/ATP c a r r i e r t r a n s f e r r e d i n t o 
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i s o l a t e d Neurospora mi t o c h o n d r i a becomes dimerized; i t i s able 
to b i n d the i n h i b i t o r c a r b o x y a t r a c t y l o s i d e which confers Pro
tease r e s i s t a n c e and i n a b i l i t y t o bind to h y d r o x y l a p a t i t e to 
the p r o t e i n assembled i n v i t r o i n the same way as to the ma
tu r e d i m e r i c c a r r i e r (M. S c h l e y e r and W. Neupert, unpublished). 
For s t u d y i n g the f i r s t s t e p , the r e c o g n i t i o n of precu r s o r s by 
the m i t o c h o n d r i a , i t must be p o s s i b l e to h a l t the process a f t e r 
the i n i t i a l b i n d i n g . There i s not a S i n g l e unique procedure to 
achieve t h a t s i n c e there i s not a unique mechanism of t r a n s 
p o r t f o r a l l the v a r i o u s m i t o c h o n d r i a l p r o t e i n s . A few examp-
le s w i l l be d i s c u s s e d here: 

P r e c u r s o r s whose import depend on a m i t o c h o n d r i a l membrane Po
t e n t i a l . 
Experiments i n v i v o and i n v i t r o have r e v e a l e d t h a t the m a j o r i -
t y of p r e c u r s o r p r o t e i n s r e q u i r e a membrane p o t e n t i a l across 
the i n n e r m i t o c h o n d r i a l membrane f o r t r a n s p o r t (38-41)(see 
F i g . 2). Transport was blocked under c o n d i t i o n s where the mem
brane p o t e n t i a l was d i s s i p a t e d by the a d d i t i o n of uncouplers 
(carbonylcyanide m-chlorophenylhydrazone, d i n i t r o p h e n o l ) or 
ionophores ( v a l i n o m y c i n / K + ) . T h i s was a l s o t r u e when the gene-
r a t i o n of a p o t e n t i a l was i n h i b i t e d by ap p l y i n g both r e s p i r a 
t o r y chain i n h i b i t o r s (antimycin A, KCN) together with o l i g o -
mycin which blocks ATP-driven H + e j e c t i o n c a t a l y s e d by the 
F.F ATPase. A high l e v e l of ATP i n the matrix i n the absence 1 o 3 

o f a membrane p o t e n t i a l d i d not support import. T h i s supports 
the c o n c l u s i o n t h a t not ATP but the membrane p o t e n t i a l serves 
as the primary energy source to d r i v e import of pr e c u r s o r pro
t e i n s . 
In the absence of a membrane p o t e n t i a l p r e c u r s o r p r o t e i n s 
s t i l l become bound to the mitochondria ( F i g . 2). Th i s b i n d i n g 
has the f o l l o w i n g c h a r a c t e r i s t i c s : a) i t does not lead to pro
c e s s i n g of those p r e c u r s o r s which have a d d i t i o n a l sequences, 
b) the bound p r e c u r s o r s are on the m i t o c h o n d r i a l s u r f a c e , i . e . 
the outer membrane; they can be d i g e s t e d by added proteases at 
very low c o n c e n t r a t i o n s which do not a f f e c t mature p r o t e i n s 
t r a n s f e r r e d e i t h e r i n v i v o or i n v i t r o , c) they r e t a i n proper-
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F i g . 2. T r a n s f e r i n v i t r o o f ADP/ATP c a r r i e r and A T P a s e s u b 
u n i t 9 d e p e n d s on t h e m i t o c h o n d r i a l membrane p o t e n t i a l . T r a n s 
f e r o f p r e c u r s o r p r o t e i n s i n t o i s o l a t e d N e u r o s p o r a was p e r f o r -
med as d e s c r i b e d f o r F i g . 1, w i t h t h e e x c e p t i o n t h a t h a l f o f 
t h e i n c u b a t i o n m i x t u r e r e c e i v e d 6 u,M CCCP ( c a r b o n y l c y a n i d e 
m - c h l o r o p h e n y l h y d r a z o n e ) . A f t e r 60 m i n i n c u b a t i o n , m i t o c h o n 
d r i a w e r e r e - i s o l a t e d and i m m u n o p r e c i p i t a t i o n was p e r f o r m e d 
w i t h a n t i b o d i e s a g a i n s t ADP/ATP c a r r i e r , A T P a s e s u b u n i t 9 and 
h o l o c y t o c h r o m e c. F o r a n a l y s i s o f t h e ADP/ATP c a r r i e r , a l i q u o t s 
o f t h e m i t o c h o n d r i a w e r e a l s o t r e a t e d w i t h 100 M.g/ml P r o t e i n a s e 
K f o r 30 m i n t o d i g e s t p r e c u r s o r b o u n d t o t h e m i t o c h o n d r i a . 
I m m u n o p r e c i p i t a t e s were a n a l y s e d by SDS g e 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 y . 
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t i e s o f t h e p r e c u r s o r s i n t h e c y t o s o l i c s p a c e , e.g. b o t h c y t o 
s o l i c and m i t o c h o n d r i a b o u n d ADP/ATP c a r r i e r b i n d t o h y d r o x y -
a p a t i t e , w h e r e a s t h e c a r r i e r i n t h e i n n e r membrane, t r a n s f e r r e d 
e i t h e r i n v i v o o r i n v i t r o , d o e s n o t b i n d , d) b i n d i n g o c c u r s 
a t l o w t e m p e r a t u r e when t r a n s f e r i s v e r y s l o w , e) b i n d i n g i s 
t i g h t ; o n c e b o u n d , t h e p r e c u r s o r s c a n n o t be removed by w a s h i n g 
t h e m i t o c h o n d r i a , f ) b i n d i n g a p p a r e n t l y r e q u i r e s M g + + i o n s . 
The q u e s t i o n w h e t h e r b i n d i n g i n t h e a b s e n c e o f a membrane po
t e n t i a l o c c u r s t o s p e c i f i c S i t e s w h i c h a r e i n v o l v e d i n t h e 
t r a n s p o r t p r o c e s s i s somewhat d i f f i c u l t t o t a c k l e . I t has n o t 
b e e n p o s s i b l e s o f a r t o p r e p a r e a p r e c u r s o r p r o t e i n i n p u r e 
f o r m a n d i n s u f f i c i e n t q u a n t i t i e s t o s t u d y l i g a n d - r e c e p t o r i n -
t e r a c t i o n i n d e t a i l . H o w e v e r , t h e f o l l o w i n g e x p e r i m e n t s c l e a r -
l y s u p p o r t t h e v i e w t h a t b i n d i n g o c c u r s t o s i t e s w h i c h m e d i a t e 
t h e s p e c i f i c u p t a k e o f p r e c u r s o r p r o t e i n s (C. Z w i z i n s k i , M. 
S c h l e y e r , W. N e u p e r t , u n p u b l i s h e d ) . M i t o c h o n d r i a were t r e a t e d 
w i t h a n t i m y c i n A and o l i g o m y c i n s o t h a t t h e membrane p o t e n t i a l 
was d e s t r o y e d . Then p r e c u r s o r s w e r e bound f r o m a r e t i c u l o c y t e 
l y s a t e s u p e r n a t a n t . M i t o c h o n d r i a were washed and r e s u s p e n d e d 
i n a s u p e r n a t a n t n o t c o n t a i n i n g p r e c u r s o r s . Then a membrane 
p o t e n t i a l was b u i l t up by t h e a d d i t i o n o f a s c o r b a t e p l u s 
N , N , N 1 , N ' - t e t r a m e t h y l p h e n y l e n e - d i a m i n e , w h i c h f e e d e l e c t r o n s 
i n t o t h e r e s p i r a t o r y c h a i n b e y o n d s i t e I I w h i c h was b l o c k e d by 
a n t i m y c i n A. T r a n s f e r o f ADP/ATP c a r r i e r i n t o a p r o t e a s e p r o -
t e c t e d p o s i t i o n a n d p r o c e s s i n g o f A T P a s e s u b u n i t 9 d i d o c c u r 
u n d e r t h e s e c o n d i t i o n s . E x c e s s u n l a b e l l e d p r e c u r s o r s a dded t o 
t h e t r a n s f e r m i x t u r e c o m p e t e d f o r u p t a k e w i t h t h e l a b e l l e d 
p r e c u r s o r when a d d e d b e f o r e b i n d i n g t o m i t o c h o n d r i a , b u t n o t 
when a d d e d t o m i t o c h o n d r i a w h i c h had t h e r a d i o a c t i v e p r e c u r 
s o r s p r e b o u n d . 
A l l t h e s e d a t a show t h a t b i n d i n g t o s p e c i f i c s i t e s on t h e m i 
t o c h o n d r i a i s a f i r s t s t e p i n t h e t r a n s p o r t p r o c e s s w h i c h p r e -
s u m a b l y s e r v e s i n r e c o g n i t i o n o f m i t o c h o n d r i a l p r e c u r s o r s by 
m i t o c h o n d r i a . The d a t a f u r t h e r s u g g e s t t h a t i m p o r t o c c u r s v i a 
t h e s e r e c e p t o r s i t e s . 
P r e c u r s o r s whose i m p o r t d o e s n o t r e q u i r e a membrane p o t e n t i a l : 
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F i g . 3. C o n v e r s i o n o f a p o c y t o c h r o m e c t o h o l o c y t o c h r o m e c and 
t r a n s p o r t i n t o m i t o c h o n d r i a . A p o c y t o c h r o m e c was s y n t h e s i z e d 
i n a N e u r o s p o r a c e l l f r e e homogenate i n t h e p r e s e n c e o f [ H ] -
l e u c i n e and t h e p o s t r i b o s o m a l s u p e r n a t a n t was p r e p a r e d . T h i s 
was i n c u b a t e d t o g e t h e r w i t h i s o l a t e d N e u r o s p o r a m i t o c h o n d r i a 
(A) i n t h e a b s e n c e and (B) i n t h e p r e s e n c e o f 10 n m o l / m l d e u -
t e r o h e m i n . A f t e r t h e t i m e s i n d i c a t e d , m i t o c h o n d r i a a n d s u p e r 
n a t a n t were s e p a r a t e d a g a i n by c e n t r i f u g a t i o n . A p o c y t o c h r o m e c 
and h o l o c y t o c h r o m e c were i m m u n o p r e c i p i t a t e d w i t h s p e c i f i c a n 
t i b o d i e s f r o m s u p e r n a t a n t and f r o m m i t o c h o n d r i a . The immuno-
p r e c i p i t a t e s w ere a n a l y s e d by SDS g e l e l e c t r o p h o r e s i s and t h e 
r a d i o a c t i v i t y i n t h e c y t o c h r o m e c p e a k s was m e a s u r e d . No s i g -
n i f i c a n t amounts o f i n v i t r o s y n t h e s i z e d h o l o c y t o c h r o m e c were 
f o u n d i n t h e s u p e r n a t a n t . 
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c y t o c h r o m e c and t h e m i t o c h o n d r i a l p o r i n . 
C y t o c h r o m e c i s a p e r i p h e r a l membrane p r o t e i n a t t a c h e d 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 i n n e r membrane. As m e n t i o n e d b e f o r e , 
i t i s s y n t h e s i z e d as a p o c y t o c h r o m e c ( 5 , 1 9 ) . A p o c y t o c h r o m e c 
i s t r a n s f e r r e d i n t o i s o l a t e d m i t o c h o n d r i a , w h e r e b y t h e heme 
g r o u p i s c o v a l e n t l y a t t a c h e d and t h e P o l y p e p t i d e c h a i n i s r e -
f o l d e d . T h i s p r o c e s s i s n o t d e p e n d e n t on a membrane p o t e n t i a l 
( s e e F i g . 2 ) . B l o c k i n g o f t h e t r a n s f e r p r o c e s s c a n , h o w e v e r , 
be a c h i e v e d by i n t e r f e r e n c e w i t h t h e a t t a c h m e n t o f t h e heme 
g r o u p ( 1 8 ) . Deuteroheme, w h i c h l a c k s t h e two v i n y l g r o u p s t o 
w h i c h c y s t e i n e s 14 and 17 o f a p o c y t o c h r o m e c become l i n k e d , 
i n h i b i t s t h e f o r m a t i o n o f h o l o c y t o c h r o m e c ( s e e F i g . 3 ) . U n d e r 
t h i s c o n d i t i o n , a p o c y t o c h r o m e c becomes bound t o t h e m i t o c h o n 
d r i a . The f o l l o w i n g l i n e o f e v i d e n c e s p e a k s f o r a b i n d i n g t o 
s p e c i f i c s i t e s on t h e o u t e r m i t o c h o n d r i a l membrane: a) b i n d i n g 
o c c u r s t o a p o s i t i o n i n w h i c h a p o c y t o c h r o m e c i s s e n s i t i v e t o 
added p r o t e a s e , b) l a b e l l e d N e u r o s p o r a a p o c y t o c h r o m e c bound 
t o N e u r o s p o r a m i t o c h o n d r i a c a n be d i s p l a c e d by e x c e s s c h e m i -
c a l l y p r e p a r e d u n l a b e l l e d N e u r o s p o r a a p o c y t o c h r o m e c ( F i g . 4) , 
c) d i s p l a c e m e n t e f f i c i e n c y d e c r e a s e s when a p o c y t o c h r o m e c f r o m 
o t h e r s p e c i e s i s a p p l i e d , w i t h a p o c y t o c h r o m e c f r o m a p r o c a r y -
o t i c o r g a n i s m , P a r a c o c c u s d e n i t r i f i c a n s , n o t e f f e c t i n g any d i s 
p l a c e m e n t ; a l s o , h o l o c y t o c h r o m e c c a n n o t d i s p l a c e a p o c y t o 
chrome c a t a l l (see T a b l e 1 ) , d) b i n d i n g i s t i g h t ; a p o c y t o 
chrome c c a n n o t be removed by w a s h i n g ; t i t r a t i o n o f b i n d i n g o f 
1 4 

C l a b e l l e d a p o c y t o c h r o m e c p r e p a r e d by r e d u c t i v e m e t h y l a t i o n 
y i e l d e d an a p p a r e n t K o f 7»10 7 M (H. Köhler, B. H e n n i g , W. 
N e u p e r t , u n p u b l i s h e d ) , e) b i n d i n g i s d i r e c t l y r e l a t e d t o t r a n s 
f e r o f c y t o c h r o m e c a c r o s s t h e o u t e r membrane. When m i t o c h o n 
d r i a , a f t e r h a v i n g bound a p o c y t o c h r o m e c i n t h e p r e s e n c e o f 
d e u t e r o h e m i n , a r e r e s u s p e n d e d i n a medium c o n t a i n i n g e x c e s s 
p r o t o h e m i n , t h e bound a p o c y t o c h r o m e c i s t r a n s f e r r e d i n t o m i 
t o c h o n d r i a and c o n v e r t e d t o h o l o c y t o c h r o m e c. 
These o b s e r v a t i o n s make i t c l e a r t h a t a p o c y t o c h r o m e c i s bound 
t o a s p e c i f i c r e c o g n i t i o n s i t e on t h e m i t o c h o n d r i a l s u r f a c e . 
The b i n d i n g s i t e on a p o c y t o c h r o m e c i s p r o b a b l y l o c a t e d i n t h e 



440 W. Neuper t 

0 1 10 102 103 104 

Unlabeled apocytochrome c added (pmol/ml) 

F i g . 4. D i s p l a c e m e n t o f l a b e l l e d a p o c y t o c h r o m e c bound t o m i 
t o c h o n d r i a by e x c e s s u n l a b e l l e d a p o c y t o c h r o m e c. N e u r o s p o r a 
m i t o c h o n d r i a were i n c u b a t e d i n t h e p r e s e n c e o f 10 n m o l / m l d e u -
t e r o h e m i n w i t h a s u p e r n a t a n t o f a N e u r o s p o r a c e l l f r e e homoge-
n a t e c o n t a i n i n g H - l a b e l l e d a p o c y t o c h r o m e c. A f t e r 15 m i n i n -
c u b a t i o n , m i t o c h o n d r i a were r e i s o l a t e d . T hey w e r e r e s u s p e n d e d 
i n t h e s u p e r n a t a n t f r a c t i o n o f a N e u r o s p o r a h o m o g e n a t e and 
a l i q u o t s w ere i n c u b a t e d f o r 15 m i n w i t h t h e i n d i c a t e d c o n c e n -
t r a t i o n o f u n l a b e l l e d a p o c y t o c h r o m e c. M i t o c h o n d r i a w e r e r e 
i s o l a t e d and a p o c y t o c h r o m e c was i m m u n o p r e c i p i t a t e d . The immu-
n o p r e c i p i t a t e s w ere s u b j e c t e d t o SDS g e l e l e c t r o p h o r e s i s and 
t h e r a d i o a c t i v i t y i n t h e c y t o c h r o m e c p e a k s was d e t e r m i n e d . 

C - t e r m i n a l h a l f o f t h e m o l e c u l e ( 1 9 ) ( B . H e n n i g and W. N e u p e r t , 
u n p u b l i s h e d ) . M i t o c h o n d r i a l o u t e r membrane p o r i n i s a l s o a 
p r o t e i n w h i c h does n o t need a p o t e n t i a l a c r o s s t h e i n n e r mem
b r a n e f o r i t s i n s e r t i o n ( 2 3 ) . I n t h i s c a s e b i n d i n g t o t h e s u r 
f a c e c a n be d i s t i n g u i s h e d f r o m membrane I n t e g r a t i o n b y i n c u b a -
t i n g m i t o c h o n d r i a w i t h p r e c u r s o r a t l o w t e m p e r a t u r e (0-4°C). 
Under t h e s e c o n d i t i o n s , t h e p r e c u r s o r i s a t t a c h e d t o t h e s u r 
f a c e s o t h a t i t i s s t i l l s e n s i t i v e t o a d d e d p r o t e a s e , i n c o n -
t r a s t t o t h e p r o t e i n t r a n s f e r r e d i n t o t h e membrane. P r e c u r s o r 
c a n be bound a t l o w t e m p e r a t u r e and t h e m i t o c h o n d r i a t h e n r e -
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T a b l e 1. D i s p l a c e m e n t o f a p o c y t o c h r o m e c f r o m m i t o c h o n d r i a l 
r e c e p t o r s i t e s . S p e c i e s s p e c i f i c i t y f o r a p o c y t o c h r o m e c. 
H - l a b e l l e d N e u r o s p o r a a p o c y t o c h r o m e c was bound t o i s o l a t e d 

N e u r o s p o r a m i t o c h o n d r i a as d e s c r i b e d i n F i g . 4. D i s p l a c e m e n t 
o f t h e l a b e l l e d a p o c y t o c h r o m e c by u n l a b e l l e d a p o c y t o c h r o m e c 
f r o m d i f f e r e n t s p e c i e s was d e t e r m i n e d by t i t r a t i n g w i t h a p o c y 
t o c h r o m e c f r o m v a r i o u s s p e c i e s ' ( s e e F i g . 4 ) . 

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

A p o c y t o c h r o m e c 
N e u r o s p o r a 99 
Y e a s t 75 
H o r s e h e a r t 72 
P a r s n i p 55 
P a r a c o c c u s 0 

H o l o c y t o c h r o m e c 
N e u r o s p o r a 0 

i s o l a t e d , w a s h e d , r e s u s p e n d e d i n a n o n - s y n t h e s i s l y s a t e and 
warmed up t o 2 5°C. The bound p r e c u r s o r i s t h e r e b y i n s e r t e d i n 
t o a p r o t e a s e r e s i s t a n t p o s i t i o n (H. F r e i t a g and W. N e u p e r t , 
u n p u b l i s h e d ) . As w i t h t h e e x a m p l e s d e s c r i b e d a b o v e , t h e s e o b -
s e r v a t i o n s i m p l y t h e e x i s t e n c e o f r e c e p t o r s i t e s on t h e m i t o 
c h o n d r i a l s u r f a c e . 
How many d i f f e r e n t r e c e p t o r s a r e t h e r e on t h e m i t o c h o n d r i a ? I t 
seems h i g h l y u n l i k e l y t h a t e v e r y p r o t e i n h a s i t s own r e c e p t o r . 
On t h e o t h e r h a n d , e x p e r i m e n t s d e s c r i b e d b e l o w c l e a r l y s u g g e s t 
t h a t t h e r e i s more t h a n one t y p e o f r e c e p t o r . The m a j o r d r a w -
b a c k i n s t u d y i n g t h i s q u e s t i o n i s t h a t p r e c u r s o r s a r e u s u a l l y 
n o t a v a i l a b l e i n amounts w h i c h a l l o w t h e P e r f o r m a n c e o f compe-
t i t i o n e x p e r i m e n t s . T h e r e i s , h o w e v e r , one e x c e p t i o n : a p o c y t o 
chrome c c a n be p r e p a r e d f r o m m a t u r e h o l o c y t o c h r o m e c i n p r a c -
t i c a l l y u n l i m i t e d a m o u n t s . C o m p e t i 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 w i t h a p o c y t o c h r o m e c i n c e l l f r e e S y s t e m s i n v o l v i n g r e -
t i c u l o c y t e l y s a t e s u p e r n a t a n t s and i s o l a t e d N e u r o s p o r a m i t o 
c h o n d r i a . They showed t h a t t h e r e c o g n i t i o n o f a l l o t h e r m i t o -
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c h o n d r i a l p r e c u r s o r p r o t e i n s t e s t e d s o f a r ( e . g . ADP/ATP c a r 
r i e r , A T P a s e s u b u n i t 9, c y t o c h r o m e c ^ , p o r i n ) a p p a r e n t l y d o e s 
n o t o c c u r by t h e c y t o c h r o m e c r e c e p t o r (40) I t i s n o t known 
w h e t h e r a l l t h e o t h e r p r e c u r s o r s u s e one r e c e p t o r o r w h e t h e r 
t h e r e a r e s e v e r a l c l a s s e s . 

U n i v e r s a l i t y o f R e c o g n i t i o n and U p t a k e 

The i n v i t r o S y s t e m s f o r p r o t e i n t r a n s p o r t a l l o w t h e s t u d y o f 
s p e c i e s s p e c i f i c i t y i n t h e c o m p o n e n t s o f t h e t r a n s p o r t m a c h i -
n e r y . I t has t u r n e d o u t t h a t a number o f N e u r o s p o r a p r o t e i n s 
s u c h as t h e Fe/S s u b u n i t o f c o m p l e x I I I , s u b u n i t 9 o f 
A T P a s e , ADP/ATP c a r r i e r , and p o r i n c a n be t r a n s f e r r e d i n t o 
m i t o c h o n d r i a f r o m y e a s t , r a t l i v e r o r g u i n e a p i g h e a r t (35) 
( B . S c h m i d t , M. S c h l e y e r and W. N e u p e r t , u n p u b l i s h e d ) . The same 
e n e r g y r e q u i r e m e n t s were o b s e r v e d as w i t h N e u r o s p o r a m i t o c h o n 
d r i a . T h e s e o b s e r v a t i o n s i m p l y t h a t t h e t r a n s p o r t m e c h a n i s m i s 
h i g h l y c o n s e r v e d i n e v o l u t i o n and t h a t m i t o c h o n d r i a r e c o g n i z e 
t h e p r e c u r s o r s o f w i d e l y d i f f e r e n t s p e c i e s . I n t h e c a s e o f c y 
t o c h r o m e c , a f f i n i t i e s o f a p o c y t o c h r o m e c f r o m d i f f e r e n t s p e 
c i e s f o r t h e N e u r o s p o r a r e c e p t o r c a n be d e d u c e d f r o m t h e c o n -
c e n t r a t i o n s r e q u i r e d t o d i s p l a c e b o u nd N e u r o s p o r a a p o c y t o 
chrome c. As m e n t i o n e d a b o v e , t h e r e a r e c l e a r d i f f e r e n c e s . 
N e v e r t h e l e s s , c y t o c h r o m e c i m p o r t i n t o h e t e r o l o g o u s m i t o c h o n 
d r i a c a n be d e m o n s t r a t e d (42) . 
A q u e s t i o n o f s p e c i a l i n t e r e s t i n t h i s c o n t e x t i s w h e t h e r c e r -
t a i n m i t o c h o n d r i a c a n i m p o r t p r o t e i n s f r o m o t h e r s p e c i e s w h i c h 
do n o t o c c u r i n t h e c e l l s f r o m w h i c h t h e m i t o c h o n d r i a a r e i s o 
l a t e d . The a n s w e r t o t h i s q u e s t i o n i s a p p a r e n t l y y e s ; e.g. i t 
was f o u n d t h a t y e a s t m i t o c h o n d r i a i m p o r t and p r o c e s s c o r r e c t l y 
t h e p r e c u r s o r t o ATPase s u b u n i t 9 ( e x t e n s i o n 6500 d a l t o n s ) (B. 
S c h m i d t , B. H e n n i g and W. N e u p e r t , u n p u b l i s h e d ) . I n y e a s t t h i s 
p r o t e i n i s c o d e d by a m i t o c h o n d r i a l g e n e , s y n t h e s i z e d by m i t o 
c h o n d r i a l r i b o s o m e s w i t h o u t any a d d i t i o n a l s e q u e n c e , and i n -
s e r t e d f r o m t h e m a t r i x s i d e i n t o t h e i n n e r membrane. The y e a s t 
a n d N e u r o s p o r a p r o t e i n s a r e h o m o l o g o u s , 40 o u t o f t h e 76 and 
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81 amino a c i d s , r e s p e c t i v e l y , b e i n g i d e n t i c a l . They a p p a r e n t l y 
h a v e t h e same f u n c t i o n i n t h e o l i g o m y c i n s e n s i t i v e A T P a s e ( 4 3 ) . I t 
seems t h a t f o r i m p o r t i n t o y e a s t m i t o c h o n d r i a , t h e N e u r o s p o r a 
p r e c u r s o r u t i l i z e s a p a t h w a y w h i c h i s d e s i g n e d f o r o t h e r p r o 
t e i n s and s t i l l r e a c h e s t h e r i g h t s u b m i t o c h o n d r i a l c o m p a r t m e n t . 
T h i s may i n d i c a t e t h a t r e c o g n i t i o n and t r a n s m e m b r a n e t r a n s f e r 
a r e a b s o l u t e l y s p e c i f i c f o r m i t o c h o n d r i a l p r o t e i n s , b u t t h a t 
o n t h e o t h e r h a n d t h e t r a n s f e r m a c h i n e r y may h a n d l e many d i f f e 
r e n t p r o t e i n s h a v i n g common d e v i c e s f o r r e c o g n i t i o n and assemb-

i y . 

S u p p o r t e d by t h e D e u t s c h e F o r s c h u n g s g e m e i n s c h a f t (Ne 101/18-9) 
and by t h e F o n d s d e r C h e m i s c h e n I n d u s t r i e 
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DISCUSSION 

Voordouw: Does the i s o e l e c t r i c p o i n t of precursors t o m i t o c h o n d r i a l matrix 
o r i n n e r membrane p r o t e i n s d i f f e r from t h a t o f the mature p r o t e i n s i n a 
systematic way t h a t can be r e l a t e d t o the d i r e c t i o n o f t r a n s p o r t ? 

Neupert: There are r e p o r t s t h a t a number o f m i t o c h o n d r i a l precursor pro
t e i n s are more b a s i c than the r e s p e c t i v e mature forms. On the other hand, 
t h i s does apparently not h o l d f o r a l l imported m i t o c h o n d r i a l p r o t e i n s . One 
c o u l d envisage a mechanism i n which a A p l does p l a y a r o l e and which im-
p l i e s the requirement f o r a membrane p o t e n t i a l p o s i t i v e o u t s i d e . However, 
I do not see how simply a d i f f e r e n c e i n p l between precursor and mature 
forms c o u l d determine the d i r e c t i o n and s p e e i f i c i t y o f Polypeptide t r a n s 
p o r t across membranes. 

K r e i l : S a b a t i n i and Margoliash have re p o r t e d , t h a t cytochrome e-uptake i s 
blocked by a fragment d e r i v e d from the COOH-terminal o f cytochrome o, which 
i m p l i e s t h a t the r e c e p t o r recognizes a r e g i o n i n t h i s p a r t o f the molecule. 
Do you have data i n t h i s context? 

Neupert: Neurospora apocytochrome o can be cleaved a t a tryptophan residue 
roughly i n the middle o f the molecule w i t h HMPS-skatol (experiments by Dr. 
B. Hennig). The C-terminal fragment has some a c t i v i t y i n i n h i b i t i n g uptake 
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and conV e r s i o n o f l a b e l l e d apcicytochroiTie o, whereas the N-terminal fragment 
i s completely i n a c t i v e . However, the concentrations r e q u i r e d are very high 
as compared t o the uncleaved apocytochrome c . The same i s t r u e f o r the ex
periments w i t h bromocyanogen fragments of cytochrome c by Morimoto, Sabatine 
and co-workers. Therefore i n our view i t remains t o be shown whether these 
fragments r e a l l y i n t e r a c t s p e c i f i c a l l y w i t h a component of the cytochrome o 
assembly pathway, or whether we see an u n s p e c i f i c e f f e c t of a s t i c k y P o l y 
peptide fragment. 

K r e i l ; Do apocytochrome c and other precursors o f m i t o c h o n d r i a l p r o t e i n s 
compete f o r the same receptor? 

Neupert; We have t e s t e d whether apocytochrome c competes f o r uptake o f the 
precursors t o the f o l l o w i n g p r o t e i n s : ADP/ATP c a r r i e r , ATPase subunit 9 , 
cytochrome a and p o r i n . I n a l l cases the answer was no. 

W i r t z : You go by the hypothesis t h a t the outer m i t o c h o n d r i a l membrane has 
the receptors f o r the p r o t e i n s t o be i n s e r t e d i n t o the i n n e r m i t o c h o n d r i a l 
membrane. What k i n d o f r e c o g n i t i o n mechanism does the i n n e r membrane have? 

Neupert: The model which I am proposing i m p l i e s t h a t the t r a n s f e r o f pro
teins i n t o the inner membrane occurs by a process i n which translocation 
across outer and inner membrane i s a Single step. T h i s , o f course, would 
r e g u i r e some s o r t o f i n t e r a c t i o n between the two membranes. As I poiirted 
out, i n de-energized mitochondria the precursors by a l l a v a i l a b l e c r i t e r i a 
s t ay a t the surface o f the mitochondria, i . e . do not c r o s s the o u t e r mem
brane. 

J o v i n : I s there a s t o i c h i o m e t r i c r e l a t i o n s h i p between the number o f receptors 
i n the outer membrane f o r apocytochrome c and the number of i n a c t i v e c y t o 
chrome c molecules f i n a l l y i n t e g r a t e d i n t o the mitochonclrion? That i s , does 
the receptor a c t 1 c a t a l y t i c a l l y 1 i n the sense of promoting the t r a n s p o r t of 
many cytochrome o molecules? 

Neupert: The amount of holocytochrome o i n Neurospora i s about 10(j)0 pnol.mg 1 

p r o t e i n , the r a t e o f synthesis (log phase) about 3 pmol.mg .min , the 
number o£ h i g h a f f i n i t y b i n d i n g s i t e s f o r apocytochrome o i s roughly 100 
pmol.mg . So the number o f binding s i t e s appears t o be r a t h e r high. We have 
reasons t o assume t h a t there are much fewer b i n d i n g s i t e s f o r other precurs
o r p r o t e i n s . I t i s q u i t e l i k e l y t h a t r e c o g n i t i o n s i t e s a c t 1 c a t a l y t i c a l l y 1 , 
otherwise the c e l l would have to synthesize and degrade enormous amounts of 
receptor molecules and there i s no i n d i c a t i o n f o r t h a t from pulse-chase 
l a b e l l i n g experiments. 

Veeger: Have you measured the a c t u a l value o f the membrane p o t e n t i a l and i f 
so i s there a rninimum p o t e n t i a l needed f o r the uptake? I s the ApH a l s o i n -
volved? 

Neupert: U n t i l now we have not been able t o determine the a c t u a l membrane 
p o t e n t i a l , s i n c e t r a n s p o r t i n vitro i s c a r r i e d out i n a r a t h e r complex S y s 
tem ( r e t i c u l o c y t e l y s a t e supernatant). From a number o f observations we 
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have got the impression t h a t probably a r e l a t i v e l y low p o t e n t i a l , as com-
pared t o t h a t r e q u i r e d f o r ATP s y n t h e s i s , i s necessary f o r p r o t e i n import. 
N i g e r i c i n does not i n h i b i t the import, t h e r e f o r e a ApH does not seem t o be 
i n v o l v e d . 

Veeger: The d i f f i c u l t y I have i s a System i n which every subunit i s t r a n s -
p o r t e d v i a i t s own r e c o g n i t i o n s i t e . That would r e q u i r e a l a r g e number of 
these s i t e s p l u s the a d d i t i o n a l problem th a t subunits recognize each other. 
Which i s your view? 

Neupert: A deterndnation of the number of d i f f e r e n t r e c o g n i t i o n s i t e s r e -
q u i r e s t h a t the d i f f e r e n t precursors are a v a i l a b l e i n s u f f i c i e n t q u a n t i t i e s 
t o c a r r y out c o m p e t i t i o n experiments. A t present, only one precursor can be 
prepared i n such q u a n t i t i e s , namely apocytochrome c. Competition experiments 
w i t h apccytochrome c t e i l us t h a t there must be a t l e a s t two d i f f e r e n t r e 
c o g n i t i o n s i t e s . We have observed t h a t precursor p r o t e i n s from Neurospora 
can be t r a n s f e r r e d in vitro i n t o mitochondria o f organisms p h y o l o g e n e t i c a l -
l y as d i s t a n t as r a t ( l i v e r ) , guinea p i g (heart) and yeast. This would sug-
gest a degree o f u n i v e r s a l i t y o f the system and may mean t h a t the d i v e r s i t y 
o f the r e c o g n i t i o n s i t e s i s r a t h e r l i m i t e d . 

B rass: I s t h e r e any s e n s i t i v e t e s t a v a i l a b l e which would a l l o w t e s t i n g of 
the b i o l o g i c a l f u n c t i o n o f the precursor p r o t e i n imported i n t o i s o l a t e d 
mitochondria (mutants)? 

Neupert: The amounts t r a n s p o r t e d in in vitro experiments are very small 
( u s u a l l y l e s s than a picomol). Therefore i t i s not p o s s i b l e t o measure en-
zymatic a c t i v i t y e t c . There a r e , however, observations which indeed sug-
gest t h a t a f t e r t r a n s f e r in v i t r o , precursors acquire p r o p e r t i e s o f the 
f u n c t i o n a l p r o t e i n s . E.g. the ADP/ATP c a r r i e r acquires the property of not 
b i n d i n g t o hydroxyapatite which i s a c h a r a c t e r i s t i c f e a t u r e of the mature 
assembled p r o t e i n . A l s o , the ADP/ATP c a r r i e r t r a n s f e r r e d i n the presence 
o f a membrane p o t e n t i a l appears t o i n t e r a c t w i t h the s p e c i f i c i n h i b i t o r 
c a r b o x y a t r a c t y l o s i d e , i n c o n t r a s t t o the f r e e precursor o r t o precursor 
bound t o mitochondria i n the absence o f the membrane p o t e n t i a l . F u r t h e r -
more, we have found t h a t p a r t o f the ATPase subunit 9, t r a n s f e r r e d and 
processed in vitro, can be innmuno-precipitated from T r i t o n - s o l u b i l i z e d 
mitochondria w i t h a n t i b o d i e s a g a i n s t the F -ATPase, suggesting some s o r t 
o f ( p a r t i a l ) assembly w i t h o t h e r components o f the ATPase complex. 

Schweizer: I s i t p o s s i b l e t o a b o l i s h uptake o r b i n d i n g o f imported pro
t e i n s by t r e a t i n g the mitochondria w i t h proteinases (damage of the postu-
l a t e d receptors) before adding the pre-synthesized p r o t e i n s which have t o 
be inported? Are a l l imported p r o t e i n s subjected t o t h i s i n h i b i t i o n ? 

Neupert: Yes. Treatment o f rrdtochrondria w i t h t r y p s i n a b olishes b i n d i n g 
and uptake o f p r e c u r s o r s . I t appears t h a t i n s e r t i o n o f the p o r i n i n t o the 
o u t e r membrane i s much l e s s s e n s i t i v e t o protease treatment than e.g. 
t r a n s p o r t o f the ADP/ATP c a r r i e r and ATPase subunit 9 i n t o the i n n e r mem
brane. 
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Bade: I s the synthesis o f m i t o c h o n d r i a l p r o t e i n s / p e p t i d e s coded by nuclear 
and m t o c h r o n d r i a l DNA. coordinated (regulated)? 

Neupert: There must be mechanisms which coordinate the s y n t h e s i s o f nuclear 
and ndtc<±ondrial gene products. Enzyme complexes o f the i n n e r m i t o c h o n d r i a l 
ittaTibLaiie such as cytochrome cxidase, u b i q u i n o l - ^ t o c h r o m e c reductase and 
o l i g o r r j y c i n - s e n s i t i v e ATPase co n t a i n subunits from both g e n e t i c Systems i n 
s t o i c h i o m e t r i c r e l a t i o n s h i p s . A number o f mechanisms have been proposed 
o p e r a t i n g a t the v a r i o u s l e v e l s o f gene expression. However, i t seems t o 
me t h a t the i n t e r p l a y between the two Systems w i l l not be understood befcre 
we know more about the molecular mechanisms which govern the assembly o f 
natochondria. 


