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A C E L L F R E E S Y S T E M T O S T U D Y S Y N T H E S I S A N D T R A N S P O R T O F 

C Y T O P L A S M I C A L L Y T R A N S L A T E D M I T O C H O N D R I A L P R O T E I N S 

R . Z I M M E R M A N N , H . K O R B A N D W . N E U P E R T 

I n s t i t u t für P h y s i o l o g i s c h e Chemie, P h y s i k a l i s c h e Biochemie 
und Z e l l b i o l o g i e der Universität München, Germany 

I N T R 0 D U C T I 0 N 

P r e v i o u s papers have d e s c r i b e d s y n t h e s i s of c y t o p l a s m i c a l l y 
s y n t h e s i z e d m i t o c h o n d r i a l p r o t e i n s and t h e i r t r a n s p o r t i n t o 
the m i t o c h o n d r i a o f whole c e l l s o f N e u r o s p o r a c r a s s a (1 ,2) . 
These i n v i v o s t u d i e s have suggested the e x i s t e n c e o f e x t r a 
m i t o c h o n d r i a l p o o l s of m i t o c h o n d r i a l p r o t e i n s . However, such 
s t u d i e s w i t h i n t a c t c e l l s can su p p l y o n l y l i m i t e d I n f o r m a t i o n 
on t h e mechanism of the t r a n s p o r t o f p r o t e i n s i n t o f u n c t i o n a l 
l o c a t i o n s . T h e r e f o r e , an in vitro system has been developed 
to s e p a r a t e the p r o c e s s e s of s y n t h e s i s and t r a n s p o r t (3,4). 
T h i s r e p o r t d e a l s w i t h f u r t h e r experiments t o d i s c r i m i n a t e 
between the mechanisms c u r r e n t l y proposed f o r the t r a n s p o r t 
of p r o t e i n s i n t o m i t o c h o n d r i a (2,4-6). The experiments support 
the e a r l i e r view t h a t p r e c u r s o r s o f m i t o c h o n d r i a l p r o t e i n s a r e 
l o c a t e d i n the c y t o s o l i c f r a c t i o n . I n a d d i t i o n , an attempt i s 
made t o c h a r a c t e r i z e t h e s e p r e c u r s o r s . 

R E S U L T S A N D D I S C U S S I O N 

1) S y n t h e s i s and T r a n s p o r t of M i t o c h o n d r i a l P r o t e i n s i n the 
C e l l F r e e System 

N e u r o s p o r a hyphae ( w i l d t y pe 74 A) were grown i n the presence 
of S - s u l p h a t e . A f t e r 12 hr of growth a chase o f u n l a b e l l e d 
s u l p h a t e was added f o r one h r . The c e l l s were then washed w i t h 
i c e - c o l d d i s t i l l e d water and c o l l e c t e d by f i l t r a t i o n . The 
hyphae were broken by g r i n d i n g w i t h sand i n an i n c u b a t i o n 
m i x t u r e d e s c r i b e d p r e v i o u s l y (7) but supplemented w i t h an ATP 
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r e g e n e r a t i n g System and c h l o r a m p h e n i c o l ( 0 . 5 mg/ml).The 
homogenate was c e n t r i f u g e d t w i c e a t 3 0 0 0 x g f o r 5 min. The 
c e l l f r e e s u p e r n a t a n t thus o b t a i n e d was used f o r in v i t r o 
p r o t e i n s y n t h e s i s as d e s c r i b e d i n a p r e v i o u s paper (4). 

E l e c t r o n m i c r o s c o p i c a n a l y s i s of t h i s homogenate d i d not show 
a s i g n i f i c a n t number of c y t o p l a s m i c ribosomes bound to the 
o u t e r m i t o c h o n d r i a l membrane. 

3 3 5 I n c o r p o r a t i o n o f H - l e u c i n e i n t o the S - p r e l a b e l l e d homogenate 
reached a p l a t e a u w i t h i n 1 0 - 1 5 min. The i n d i v i d u a l c e l l u l a r 
f r a c t i o n s showed the l a b e l l i n g k i n e t i c s g i v e n i n F i g . 1 . 

3 
F i g . 1 I n c o r p o r a t i o n of H-
l e u c i n e i n a c e l l f r e e System : 
s p e c i f i c l a b e l l i n g of the 
p r o t e i n s of v a r i o u s c e l l f r a c t i o n s 

35 
A c e l l f r e e homogenate of S-
l a b e l l e d N e u r o s p o r a hyphae was 
i n c u b a t e d w i t h ^ H - l e u c i n e i n the 
presence of c h l o r a m p h e n i c o l . 
C e l l f r a c t i o n s were i s o l a t e d 
by 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 . 
S p e c i f i c 3 H - r a d i o a c t i v i t i e s are 
expressed by the 3 H / 3 5 s - r a t i o 
and p l o t t e d v s . time of 
i n c u b a t i o n . 

— O 

• 

K) 20 A0 60 80 

Time of Incubation [ min ] 

Homogenate 
C y t o s o l 
M i t o c h o n d r i a 
Microsomes 
Ribosomes 

The microsomal f r a c t i o n showed v e r y r a p i d l a b e l l i n g , r e a c h i n g 
3 35 

e x c e p t i o n a l l y h i g h H/ S - r a t i o s at 1o-15 min, which exceeded 
the f i n a l " ^ H / ^ S - r a t i o of the t o t a l homogenate by a f a c t o r of 

3 35 
2-6. The f r e e ribosomes showed a lower i n c r e a s e o f the H/ S-
r a t i o . T h e r e f o r e , i t appears t h a t i n t h i s c e l l f r e e homogenate 
membrane bound ribosomes are more a c t i v e i n the s y n t h e s i s of 
p r o t e i n s than are f r e e ribosomes. The m i t o c h o n d r i a l f r a c t i o n 

3 35 
a l s o shows an i n c r e a s e i n the H/ S - r a t i o but t h i s i n c r e a s e 



491 

i s d i s t i n c t l y slower than i n the c y t o s o l i c f r a c t i o n . However, 
the r a t i o i n m i t o c h o n d r i a does e v e n t u a l l y r e a c h a s i m i l a r 
3 35 
H/ S - r a t i o . T h i s i n c o r p o r a t i o n i n t o m i t o c h o n d r i a l p r o t e i n s 

cannot be a t t r i b u t e d t o m i t o c h o n d r i a l p r o t e i n s y n t h e s i s s i n c e 
c h l o r a m p h e n i c o l was p r e s e n t i n the r e a c t i o n medium. T h e r e f o r e , 
i t appears t h a t p r o t e i n s s y n t h e s i z e d on c y t o p l a s m i c ribosomes 
are t r a n s f e r r e d i n t o the m i t o c h o n d r i a l f r a c t i o n . 
In o r d e r t o a n a l y z e the t r a n s f e r r e d p r o t e i n s , g e l e l e c t r o -
p h o r e t i c S e p a r a t i o n i n the presence of SDS was performed on the 
t o t a l m i t o c h o n d r i a l p r o t e i n . M i t o c h o n d r i a were i s o l a t e d a f t e r 
10 min and 80 min of i n c u b a t i o n . The e l e c t r o p h o r e t i c p a t t e r n s 
are p r e s e n t e d i n F i g . 2 . 

600-

400 

600 

200-

10"* Apparent Mr 
80 40 20 10 

!; Mitochondria 
!; X)min irvcubation 

A 

Mitochondria 
80 min incubation 

600 

K) 20 30 60 70 

F i g . 2 G e l e l e c t r o p h o r e t i c -
a n a l y s i s i n the presence of SDS 

3 
of H - l a b e l l e d p r o t e i n s i n the 
m i t o c h o n d r i a l f r a c t i o n 
A c e l l free^homogenate was p r e -
pared from S - l a b e l l e d hyphae 
and i n c u b a t e d w i t h ^ H - l e u c i n e i n 
the presence o f c h l o r a m p h e n i c o l . 
M i t o c h o n d r i a were i s o l a t e d a f t e r 
10 min (A) and 80 min (B) of 
i n c u b a t i o n , d i s s o l v e d i n SDS-
c o n t a i n i n g b u f f e r , d i a l y s e d and 
s u b j e c t e d t o g e l e l e c t r o p h o r e s i s . 

Fraction no. 
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The 3H- and 3 5 s - r a d i o a c t i v i t y p a t t e r n s a r e not i d e n t i c a l , 
a l t h o u g h t h e r e i s c o n s i d e r a b l e s i m i l a r i t y a t l e a s t a f t e r 80 min 
of i n c u b a t i o n . Harmey et a l . have demonstrated t h a t the in v i t r o 
s y n t h e s i z e d p r o t e i n s which a re a s s o c i a t e d w i t h the m i t o c h o n d r i a 
do not r e p r e s e n t u n s p e c i f i c a l l y a t t a c h e d c y t o s o l i c p r o t e i n s ( 4 ) . 
Fu r t h e r m o r e , the t r a n s f e r r e d p r o t e i n s were c h a r a c t e r i z e d as 
s p e c i f i c m i t o c h o n d r i a l p r o t e i n s by i m m u n o p r e c i p i t a t i o n s from 
i s o l a t e d m i t o c h o n d r i a u s i n g 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 c e r t a i n 
m i t o c h o n d r i a l p r o t e i n s : 1) CAT-binding p r o t e i n (Fig.3) + + 

• — • I I o - - o 

F i g . 3 SDS g e l e l e c t r o p h o r e s i s 
of CAT-binding p r o t e i n 
i m m u n o p r e c i p i t a t e d from the 
m i t o c h o n d r i a l f r a c t i o n of a 
c e l l f r e e homogenate 

3 5 
A S - p r e l a b e l l e d homogenate 
was i n c u b a t e d w i t h ^ H - l e u c i n e 
i n t he presence of c h l o r 
amphenicol f o r 20 min. 

Fraction number 

+ + r h e e l e c t r o p h o r e t o g r a m s h o w s 
m o l e c u l a r w e i g h t o f 3 2 , 0 0 0 , A 
m o l e c u l a r w e i g h t o f 6 0 , 0 0 0 p r o 
Fürthermore, i n t h e m o l e c u l a r 
a c o n s i d e r a h l e a m o u n t o f r a d i o 
o f r a d i o a c t i v i t y i n t h i s r e g i o 
i n v i t r o i n c u b a t i o n p e r i o d . F o 
l o w e r m o l e c u l a r w e i g h t p r o t e i n 
i m m u n i p r e c i p i t a t i o n i s c a r r i e d 
n o t h e e n i n c u b a t e d i n v i t r o , i 
a c t i v i t y i n t h i s r e g i o n r e p r e s 
p r o d u c t s o f t h e C A T - b i n d i n g p r 
o f t h e C A T - b i n d i n g p r o t e i n h a s 
b e a f - h e a r t p r o t e i n ( 8 ) . 

a m a j o r p e a k w i t h a n a p p a r e n t 
d i s t i n c t p e a k w i t h a n a p p a r e n t 
b a b l y r e p r e s e n t s t h e d i m e r i c f o r m , 
w e i g h t ränge o f 1 0 , 0 0 0 - 3 0 , 0 0 0 
a c t i v i t y i s p r e s e n t . T h e a m o u n t 
n i n c r e a s e s w i t h t h e t i m e o f t h e 
r t h i s r e a s o n , a n d b e c a u s e t h e s e 
s a r e n o t o b s e r v e d w h e n t h e 

o u t o n m i t o c h o n d r i a t h a t h a v e 
t s e e m s l i k e l y t h a t t h e r a d i o -
e n t s p r o t e o l y t i c d e g r e d a t i o n 
o t e i n . E x c e p t i o n a l l a b i l i t y 

a l s o b e e n o b s e r v e d w i t h t h e 
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2) cytochrome c (see Fig.6) and 3) cytochrome c o x i d a s e ( F i g . 4 ) 
I n the l a t t e r case c h l o r a m p h e n i c o l was o m i t t e d d u r i n g t h e 
i n c u b a t i o n t o o b t a i n s y n t h e s i s and l a b e l l i n g of m i t o c h o n d r i a l l y 
s y n t h e s i z e d s u b u n i t s . In a l l the above cases the appearance of 
d e f i n e d P o l y p e p t i d e s i n the m i t o c h o n d r i a i s apparent. 

F i g . 4 SDS g e l e l e c t r o p h o r e s i s of c y t o 
chrome c o x i d a s e i m m u n o p r e c i p i t a t e d 
from the m i t o c h o n d r i a l f r a c t i o n of a 
c e l l f r e e homogenate 

35 
A S - p r e l a b e l l e d homogenate was i n c u b a t e d 
w i t h ^ H - l e u c i n e . I n t h i s experiment no 
c h l o r a m p h e n i c o l was added. The immuno-
p r e c i p i t a t i o n was c a r r i e d out w i t h a n t i b o d y 
d i r e c t e d a g a i n s t holo-cytochrome c o x i d a s e . 

2) E f f e c t of C y c l o h e x i m i d e and Puromycin on T r a n s f e r of 
P r o t e i n s i n t o the M i t o c h o n d r i a 

35 3 A S - p r e l a b e l l e d homogenate was i n c u b a t e d w i t h H - l e u c i n e f o r 
10 min i n the presence of c h l o r a m p h e n i c o l as d e s c r i b e d above. 
C y c l o h e x i m i d e and puromycin were then added t o a l i q u o t s of t h e 
homogenate ( f i n a l c o n c e n t r a t i o n s : 0.36 mM and 0.5 mM) 
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and i n c u b a t i o n was c o n t i n u e d . 
3 35 

The H/ S - r a t i o s of the homogenate and the v a r i o u s c e l l 
f r a c t i o n s were determined a f t e r the i n t e r v a l s shown i n F i g . 5 . 

f 10 30 50 70 \ X) 30 50 70 

Cycloheximide Puromycin 

Time of Incubation [ min ] 

F i g . 5 The e f f e c t of c y c l o h e x i m i d e and puromycin 
on the t r a n s p o r t of m i t o c h o n d r i a l p r o t e i n s i n t o 
the m i t o c h o n d r i a of a c e l l f r e e homogenate 
3 
H - l e u c i n e was i n c o r p o r a t e d f o r 1 0 min i n a c e l l 

f r e e homogenate p r e i a b e i l e d w i t h 35$ # T n e 

homogenate was d i v i d e d i n t o two eq u a l p o r t i o n s 
and c y c l o h e x i m i d e and puromycin were added (zero 
time) and i n c u b a t i o n was c o n t i n u e d . The 3H / 3 5 S -
r a t i o s of v a r i o u s f r a c t i o n s are p l o t t e d v s . t i m e 
a f t e r a d d i t i o n of c y c l o h e x i m i d e (A) and puromycin (B) 

• • Homogenate 
O O C y t o s o l • • M i t o c h o n d r i a 
• ' A Microsomes A A Ribosomes 

The i n h i b i t o r y e f f e c t of c y c l o h e x i m i d e and puromycin on c y t o -
3 35 

pl a s m i c p r o t e i n s y n t h e s i s i s complete s i n c e the H/ S - r a t i o s 
of the t o t a l homogenates show no i n c r e a s e . When c y c l o h e x i m i d e 
was p r e s e n t d u r i n g the i n c u b a t i o n (Fig.5A) the microsomal and 

3 35 
r i b o s o m a l f r a c t i o n s showed no s i g n i f i c a n t change i n t h e H/ S 



495 

r a t i o , whereas t h a t of the c y t o s o l i c f r a c t i o n d e c l i n e d s l o w l y . 
When puromycin was added t o an i n c u b a t i o n m i x t u r e ( F i g . 5 B ) t h e 
3 35 
H/ S - r a t i o i n the microsomal f r a c t i o n dropped s h a r p l y but 

the r a t i o i n f r e e ribosomes was not a f f e c t e d . T h i s r a p i d r e l e a s e 
3 

of H - l a b e l from the microsomes was accompanied by a c o r r e s p o n -
3 35 

d i n g i n c r e a s e of the H/ S - r a t i o i n the c y t o s o l i c f r a c t i o n 
f o l l o w e d by a slow d e c l i n e of t h i s r a t i o . 
These o b s e r v a t i o n s suggest t h a t t h e r e l e a s e of P o l y p e p t i d e s 
i n t o the c y t o s o l i c f r a c t i o n o c c u r s m a i n l y from the microsomal 
ribosomes. In the case of b o t h , c y c l o h e x i m i d e and puromycin 
i n h i b i t i o n , the m i t o c h o n d r i a l f r a c t i o n showed a s i g n i f i c a n t 

3 35 
i n c r e a s e i n the H/ S - r a t i o s u g g e s t i n g t h a t t r a n s p o r t of 
c y t o p l a s m i c a l l y s y n t h e s i z e d m i t o c h o n d r i a l p r o t e i n s t a k e s p l a c e 
a f t e r b l o c k i n g c y t o p l a s m i c p r o t e i n s y n t h e s i s . The d e c l i n e of 

3 35 
the H/ S - r a t i o of the c y t o s o l i c f r a c t i o n i n d i c a t e s t h a t the 
p r o t e i n s a r e t r a n s f e r r e d i n t o the m i t o c h o n d r i a from t h a t 
f r a c t i o n . T h i s c o n c l u s i o n i s dependent upon th e O b s e r v a t i o n 

3 35 
t h a t the H/ S - r a t i o of the t o t a l homogenate d i d not d e c r e a s e . 
In or d e r t o demonstrate t h a t completed m i t o c h o n d r i a l p r o t e i n s 
a r e t r a n s f e r r e d a f t e r c e s s a t i o n of c y t o p l a s m i c p r o t e i n 
s y n t h e s i s t h e f o l l o w i n g experiments were c a r r i e d out : 

35 3 A S - p r e l a b e l l e d homogenate was i n c u b a t e d w i t h H - l e u c i n e f o r 
10 min, c y c l o h e x i m i d e or puromycin added (zero t i m e ) , and 
a l i q u o t s were withdrawn i m m e d i a t e l y . I n c u b a t i o n was c o n t i n u e d 
f o r 70 min f o l l o w i n g which a l i q u o t s were a g a i n withdrawn. 
M i t o c h o n d r i a were i s o l a t e d and m a t r i x p r o t e i n s , CAT-binding 
p r o t e i n , and cytochrome c were i m m u n o p r e c i p i t a t e d . The 
i m m u n o p r e c i p i t a t e s of CAT-binding p r o t e i n and o f cytochrome c 

3 3 5 
were a n a l y z e d by SDS g e l e l e c t r o p h o r e s i s and the H/ S - r a t i o s 
determined ( e l e c t r o p h o r e t i c a n a l y s i s of i m m u n o p r e c i p i t a t e d 
cytochrome c i s shown i n F i g . 6 ) . In the case of the immuno
p r e c i p i t a t e d m a t r i x p r o t e i n s the r a t i o i n the t o t a l immuno-

3 35 
p r e c i p i t a t e s were determined. The H/ S - r a t i o s o b t a i n e d a f t e r 
70 min compared t o the r a t i o s a t z e r o time are p r e s e n t e d i n 
T a b l e 1 f o r the v a r i o u s p r o t e i n s . The r a t i o f o r t o t a l 
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3) Experiments t o Demonstrate t h e Presence of P r e c u r s o r s 
i n the c y t o s o l i c F r a c t i o n 

I n p r e v i o u s papers i t was r e p o r t e d t h a t 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 show k i n e t i c s c h a r a c t e r i s t i c of p r e c u r s o r s o u t s i d e 
t h e m i t o c h o n d r i a . I n experiments w i t h i n t a c t c e l l s as w e l l as 
i n in vitro experiments p u t a t i v e p r e c u r s o r s were d e t e c t e d i n 
the c y t o s o l i c f r a c t i o n (1,3). T h i s work extends these ob-
s e r v a t i o n s w i t h experiments t o d e t e c t p r e c u r s o r s f o r the CAT-
b i n d i n g p r o t e i n and f o r cytochrome c. 

35 3 A S - p r e l a b e l l e d homogenate was i n c u b a t e d w i t h H - l e u c i n e as 
d e s c r i b e d above f o r 10 min. The c y t o s o l i c and m i t o c h o n d r i a l 
f r a c t i o n were then 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 s were per-
formed w i t h a n t i b o d i e s a g a i n s t CAT-binding p r o t e i n . 

F i g . 7 SDS g e l e l e c t r o -
p h o r e s i s of CAT-binding 
p r o t e i n i m m u n o p r e c i p i t a t e d 
from t h e c y t o s o l i c f r a c t i o n 
(A) and the m i t o c h o n d r i a l 
f r a c t i o n (B) of a c e l l 

f r e e homogenate 

A 3 5 S - p r e l a b e l l e d 
homogenate was i n c u b a t e d 
w i t h 3 H - l e u c i n e f o r 10 min 

Fraction number 

A f t e r 1o min i n c u b a t i o n o n l y a s m a l l amount of H - l a b e l co-
35 

m i g r a t e s w i t h the S - p r e l a b e l l e d CAT-binding p r o t e i n from 
35 

m i t o c h o n d r i a ( F i g . 7 B ) . No S - r a d i o a c t i v i t y c o u l d be 
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m i t o c h o n d r i a l p r o t e i n s i s a l s o g i v e n i n the Ta b l e . For com-
3 35 

p a r i s o n the H/ S - r a t i o s determined f o l l o w i n g i n c u b a t i o n w i t h 
no i n h i b i t o r p r e s e n t ( c o n t r o l ) i s i n c l u d e d i n the Ta b l e . The 
r e s u l t s g i v e n i n the Ta b l e l e a d t o the c o n c l u s i o n t h a t s p e c i f i c 
and completed P o l y p e p t i d e s a r e t r a n s p o r t e d i n t o the m i t o c h o n d r i a 
when c y t o p l a s m i c t r a n s l a t i o n i s b l o c k e d . T h i s demonstrates the 
e x i s t e n c e of e x t r a m i t o c h o n d r i a l p o o l s which are exhausted a f t e r 
b l o c k i n g p r o t e i n s y n t h e s i s . 

Table 1 
I n c o r p o r a t i o n of H - l e u c i n e i n t o t a l m i t o c h o n d r i a l p r o t e i n , 
m a t r i x p r o t e i n s , cytochrome c and CAT-binding p r o t e i n a f t e r 
i n h i b i t i o n of c y t o p l a s m i c p r o t e i n s y n t h e s i s w i t h c y c l o h e x i m i d e 
or puromycin (v a l u e s were determined as d e s c r i b e d i n the t e x t ) 

3H/ 3 5S (70 min) 
3H/ 3 5S (10 min) 

C o n t r o l 

C y c l o h e x i m i d e 

P u r o m y c i n 

• - • 200 

M i t o c h o n d r i a 

2.2 
1 .6 
4.1 

M a t r i x 
P r o t e i n s 

6.5 
1 .7 
4.5 

C y t o c h r o m e c 

2.3 
1 .8 
1 .8 

2000 o--o 

1000 o 

K) 20 30 40 50 X) 20 30 40 50 

CAT 
P r o t e i n 

3.2 
2.5 

Fraction number 

F i g . 6 G e l e l e c t r o p h o r e t i c a n a l y s i s i n the presence o f SDS of 
cytochrome c i m m u n o p r e c i p i t a t e d from m i t o c h o n d r i a 
A c e l l f r e e homogenate p r e l a b e l l e d w i t h 3 5 S was in c u b a t e d w i t h 
-^H-leucine f o r A) 10 min B) 10 min, then i n the presence o f 
c y c l o h e x i m i d e f o r a f u r t h e r 70 min. 
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p r e c i p i t a t e d from the c y t o s o l i c f r a c t i o n d e m o n s t r a t i n g the 
s p e c i f i c l o c a l i s a t i o n of the CAT-binding p r o t e i n i n the 

3 
m i t o c h o n d r i a . However, a d i s t i n c t peak of H - r a d i o a c t i v i t y 
w i t h the same e l e c t r o p h o r e t i c m o b i l i t y as the CAT-binding p r o t e i n 

3 

was apparent i n the c y t o s o l ( F i g . 7 A ) . We c o n s i d e r t h i s H-
l a b e l l e d m a t e r i a l to be a p u t a t i v e e x t r a m i t o c h o n d r i a l p r e c u r s o r 
o f the CAT-binding p r o t e i n . However, p r e c u r s o r - p r o d u c t k i n e t i c 
s t u d i e s and c h e m i c a l comparison of the p u t a t i v e p r e c u r s o r 
w i t h the m i t o c h o n d r i a l membrane component must be c a r r i e d out 
b e f o r e d e f i n i t e c o n c l u s i o n s can be drawn. 
In a comparable experiment, i n which c e l l s were not p r e l a b e l l e d 

35 

w i t h S, the c y t o s o l i c f r a c t i o n was i m m u n o p r e c i p i t a t e d w i t h 
a s p e c i f i c a n t i b o d y a g a i n s t apo-cytochrome c i s o l a t e d from 
holo-cytochrome c a c c o r d i n g t o F i s h e r et a i . ( 9 ) . 

F i g . 8 SDS g e l e l e c t r o -
p h o r e s i s of apo-cytochrome c 
i m m u n o p r e c i p i t a t e d from t h e 
c y t o s o l i c f r a c t i o n of a c e l l 
f r e e homogenate 

35 
A S - p r e l a b e l l e d c e l l f r e e 
homogenate was i n c u b a t e d w i t h 
^ H - l e u c i n e f o r 1 0 min i n the 
presence of c h l o r a m p h e n i c o l . 

X) 20 30 40 50 
Fraction number 

The e l e c t r o p h o r e t i c p a t t e r n of the i m m u n o p r e c i p i t a t i o n d i s p l a y s 
a S i n g l e band c o m i g r a t i n g w i t h cytochrome c (Fig.8 ) . In 
s e p a r a t e experiments i t was shown t h a t t h i s a n t i b o d y d i d not 
c r o s s r e a c t w i t h holo-cytochrome c. Immunoprecipitates o b t a i n e d 
w i t h anti-apo-cytochrome c u s i n g m i t o c h o n d r i a i s o l a t e d from 
35 3 

S - p r e l a b e l l e d homogenates i n c u b a t e d in v i t r o w i t h H - l e u c i n e 
35 3 

c o n t a i n e d n e i t h e r S- nor H - r a d i o a c t i v i t y . P r e l i m i n a r y 
e x p e r i m e n t s , i n which apo-cytochrome c was p r e c i p i t a t e d from 
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the c y t o s o l and holo-cytochrome c from the m i t o c h o n d r i a 
3 

showed t h a t f o l l o w i n g c y c l o h e x i m i d e i n h i b i t i o n the H - r a d i o 
a c t i v i t y d i s a p p e a r e d from the c y t o s o l i c f r a c t i o n and i n c r e a s e d 
i n the m i t o c h o n d r i a l f r a c t i o n . These d a t a suggest t h a t apo-
cytochrome c i s t r a n s p o r t e d i n t o the m i t o c h o n d r i a in vitro . 
However, as i n the case of m a t r i x p r o t e i n s the p u t a t i v e 
c y t o s o l i c p r e c u r s o r has not been c h e m i c a l l y shown t o be 
i d e n t i c a l w i t h the a p o - p r o t e i n of i n t e g r a t e d cytochrome c . 
F I N A L R E M A R K S 

The d a t a we have presented here and i n p r e v i o u s papers (1-4) 
l e a d us t o propose a working h y p o t h e s i s t o d e s c r i b e s y n t h e s i s 
and t r a n s p o r t of c y t o p l a s m i c a l l y t r a n s l a t e d m i t o c h o n d r i a l 
p r o t e i n s : M i t o c h o n d r i a l p r o t e i n s are s y n t h e s i z e d as p r e c u r s o r s 
on c y t o p l a s m i c ribosomes ( f r e e o r bound) w i t h subsequent 
r e l e a s e i n t o the c y t o s o l . These p r e c u r s o r s d i f f e r i n t h e i r 
s t r u c t u r e and/or c o n f o r m a t i o n from the i n t e g r a t e d f u n c t i o n a l 
p r o t e i n s i n the m i t o c h o n d r i a . Only p r e c u r s o r s are t r a n s p o r t e d 
i n t o the m i t o c h o n d r i a (see a l s o r e f . 4 ) . The o u t e r m i t o c h o n d r i a l 
membrane may not p r e s e n t a b a r r i e r f o r these p r e c u r s o r s . 
P r e c u r s o r s of p r o t e i n s of the i n n e r m i t o c h o n d r i a l membrane may 
be trapped by s t r u c t u r a l or c o n f o r m a t i o n a l changes (a) i n the 
course of assembly r e a c t i o n s which l e a d to p h o s p h o l i p i d 
c o n t a i n i n g s u p e r m o l e c u l a r s t r u c t u r e s and (b) by attachement 
of p r o s t h e t i c groups to the a p o - p r o t e i n s . P r e c u r s o r s f o r 
p r o t e i n s of the 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 may be bound t o 
ac c e p t o r s i t e s on the i n n e r membrane and sub s e q u e n t l y 
t r a n s l o c a t e d . 

The m o l e c u l a r mechanisms u n d e r l y i n g t h e s e proposed r e a c t i o n s 
remain t o be determined. Comparison w i t h o t h e r c e l l u l a r 
r e a c t i o n s i n which p r o t e i n t r a n s l o c a t i o n a c r o s s membranes 
ta k e s p l a c e may be h e l p f u l t o put q u e s t i o n s which can be 
e x p e r i m e n t a l l y t e s t e d . Such t r a n s l o c a t i o n r e a c t i o n s are (a) 
the t r a n s f e r of nascent c h a i n s of s e c r e t o r y p r o t e i n s a c r o s s 
the microsomal membrane which appears t o i n v o l v e the 
c l i p p i n g of a " S i g n a l sequence " (10,11) and (b) the t r a n s -
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l o c a t i o n of fragment A of d i p h t h e r i a t o x i n a c r o s s the c e l l u l a r 
membrane, i n which a second P o l y p e p t i d e c h a i n (fragment B ) 
seems t o p l a y an e s s e n t i a l r o l e i n b i n d i n g and t r a n s f e r of the 
t o x i c fragment A (12). 
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