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Translation Products in Isolated Mitochondria from 
Neurospora Crassa: Partial Assembly of Cytochrome 
Oxidase Components 

A. v. Rücker, W. Neupert, S. Werner 

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

The f o r m a t i o n of a m i t o c h o n d r i a l membrane w h i c h i s f u l l y 
competent i n e l e c t r o n t r a n s f e r and o x i d a t i v e p h o s p h o r y l a t i o n 
r e q u i r e s t h e c o o p e r a t i o n o f c y t o p l a s m i c and 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 . P a r t i c u l a r l y , t h i s h o l d s f o r t h e membrane 
c o n s t i t u e n t cytochrome o x i d a s e . T h i s enzyme i s composed of 
s u b u n i t s w h i c h c a n be d i v i d e d i n t o two groups : one group i s 
s y n t h e s i z e d on m i t o c h o n d r i a l r i b o s o m e s ( s u b u n i t s 1, 2 and 
3) and t h e second group on c y t o p l a s m i c r i b o s o m e s ( s u b u n i t s 
4, 5, 6 and 7 ) ( 1 , 2) . T h i s f i n d i n g i m p l i e s t h a t many complex 
p r o c e s s e s must 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 t h e enzyme. 
A c c o r d i n g l y , we a r e f a c e d w i t h a l a r g e number of open 
q u e s t i o n s , c o n c e r n i n g e. g. t h e r e g u l a t i o n of t h e s y n t h e s i s 
of t h e two groups of s u b u n i t s , t h e t r a n s f e r o f t h e s u b u n i t 
p r e c u r s o r s t o t h e s i t e s o f assembly, t h e sequence o f t h e 
a s s e m b l y r e a c t i o n , e t c . 

Two t y p e s o f app r o a c h e s t o answer t h e s e q u e s t i o n s appear t o 
be p r o m i s i n g : a) i n v i v o s t u d i e s , employing r a d i o a c t i v e 
p u l s e - c h a s e l a b e l i n g t e c h n i q u e s t o g e t h e r w i t h s p e c i f i c i n ­
h i b i t o r s o f m i t o c h o n d r i a l and c y t o p l a s m i c t r a n s l a t i o n ( 3 ) ; 

i n v i t r o s t u d i e s w i t h c e l l f r a c t i o n s and r e c o n s t i t u t e d 
s y s t e m s . 

We have d e s c r i b e d a s y s t e m i n w h i c h i s o l a t e d m i t o c h o n d r i a 
a r e a b l e t o form s u b u n i t s 1, 2 and 3 of cytochrome o x i d a s e 
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( 4 ) . Here we p r e s e n t e x p e r i m e n t s w h i c h show t h a t t h e c y t o ­
p l a s m i c f r a c t i o n o f N e u r o s p o r a c o n t a i n s components w h i c h 
have a s t i m u l a t o r y e f f e c t on p o l y p e p t i d e s y n t h e s i s i n i s o ­
l a t e d m i t o c h o n d r i a and on t h e f o r m a t i o n of s u b u n i t s of c y t o ­
chrome o x i d a s e . F u r t h e r m o r e , t h e c y t o p l a s m i c f r a c t i o n 
i n h i b i t s p r o t e o l y s i s o f i n v i t r o formed p o l y p e p t i d e s . 
F i n a l l y , i t i s shown t h a t p a r t i a l assembly o f s u b u n i t p r e ­
c u r s o r s of cytochrome o x i d a s e o c c u r s i n su c h a r e c o n s t i t u t e d 
s ystem. 

R e s u l t s 

1. Amino a c i d i n c o r p o r a t i o n i n t o t h e p r o t e i n of i s o l a t e d 
m i t o c h o n d r i a 

F i g . 1 shows t h e r a t e o f i n c o r p o r a t i o n of l e u c i n e i n t o t h e 
p r o t e i n o f i s o l a t e d m i t o c h o n d r i a . I n c o r p o r a t i o n i n an i n c u ­
b a t i o n medium ( s e e r e f . 4) c o n t a i n i n g 3 - H - l e u c i n e , p r o c e e d s 
f o r about 30 min. When a c h a s e o f u n l a b e l e d l e u c i n e i s g i v e n 
a f t e r 30 min i t can be o b s e r v e d t h a t l e u c i n e w h i c h was a l ­
r e a d y i n c o r p o r a t e d i s l o s t from T C A - p r e c i p i t a b l e p r o t e i n . 
T h i s i n d i c a t e s a breakdown o f newly formed c h a i n s . T hus, i n 
i s o l a t e d m i t o c h o n d r i a f o r m a t i o n and breakdown of p o l y p e p t i d e 
c h a i n s t a k e p l a c e s i m u l t a n e o u s l y . 

When i s o l a t e d m i t o c h o n d r i a a r e r e s u s p e n d e d i n an i n c u b a t i o n 
medium w h i c h c o n t a i n s p o s t - r i b o s o m a l c y t o p l a s m i c s u p e r n a t a n t , 
i n c o r p o r a t i o n o f l e u c i n e i s s t r o n g l y s t i m u l a t e d . A f t e r a 
c h a s e o f l e u c i n e , t h e amount o f i n c o r p o r a t e d l e u c i n e does 
not d e c r e a s e . T h u s , t h e c y t o p l a s m i c s u p e r n a t a n t has two 
e f f e c t s : i t s t i m u l a t e s p r o t e i n s y n t h e s i s and i n h i b i t s b r e a k ­
down. T h e s e two e f f e c t s may be ba s e d on d i f f e r e n t mechanisms 
s i n c e i t was found t h a t a p r o t e i n a s e i n h i b i t o r f r a c t i o n 
i s o l a t e d from N e u r o s p o r a b l o c k s breakdown but does not 
s t i m u l a t e t h e i n i t i a l r a t e of l e u c i n e i n c o r p o r a t i o n (unpub­
l i s h e d r e s u l t s ) . 
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Ο 30 60 90 

Time of incubation (min) 

F i g . 1, I n c o r p o r a t i o n o f l e u ­
c i n e i n t o t h e p r o t e i n of 
i s o l a t e d m i t o c h o n d r i a from 
N e u r o s p o r a c r a s s a 

I s o l a t e d m i t o c h o n d r i a were 
i n c u b a t e d w i t h 3 - H - l e u c i n e i n 
a medium o p t i m i z e d f o r amino 
a c i d i n c o r p o r a t i o n (4) w i t h ­
out and w i t h c y t o p l a s m i c 
s u p e r n a t a n t . 
-o o- m i t o c h o n d r i a i n i n c u ­

b a t i o n medium 
-· ·- m i t o c h o n d r i a i n medium 

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

C y t o p l a s m i c s u p e r n a t a n t was 
p r e p a r e d by g r i n d i n g c e l l s 
w i t h sand i n t h e p r e s e n c e o f 
i n c u b a t i o n medium (3 ml/g 
hyphae wet w e i g h t ) . The r e ­
s u l t i n g s u s p e n s i o n was c e n t r i -
fuged t o remove c e l l s w a l l s , 
m i t o c h o n d r i a and c y t o p l a s m i c 
r i b o s o m e s . 
At t h e t i m e i n d i c a t e d by 
a r r o w s , a c h a s e o f u n l a b e l e d 
l e u c i n e (5 mM) was g i v e n t o 
s t o p i n c o r p o r a t i o n of 3-H-
l e u c i n e 

2. P r o d u c t s of t r a n s l a t i o n i n i s o l a t e d m i t o c h o n d r i a 

M i t o c h o n d r i a were i s o l a t e d from c e l l s w h i c h were p r e i n c u b a t e d 
w i t h 1 4 - C - l e u c i n e t o o b t a i n homogeneous l a b e l i n g of 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 . Sarnies of m i t o c h o n d r i a were i n c u b a t e d 
f o r 30 min w i t h 3 - H - l e u c i n e i n t h e a b s e n c e and p r e s e n c e of 
c y t o p l a s m i c s u p e r n a t a n t . Then a c h a s e of u n l a b e l e d l e u c i n e 
was g i v e n f o r 60 min. The p o l y p e p t i d e s s y n t h e s i z e d under 
t h e s e c o n d i t i o n s were a n a l y s e d by SDS-gel e l e c t r o p h o r e s i s . 
F i g . 2 shows t h e d i s t r i b u t i o n of 3-H- and 1 4 - C - l a b e l on t h e 
g e l s . The homogeneous 1 4 - C - l a b e l d i s p l a y s t h e same pattern 
i n t h e two s a m p l e s , w i t h o u t (A) and w i t h (B) added c y t o -
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p l a s m i c s u p e r n a t a n t . T h i s p a t t e r n i s v e r y s i m i l a r t o t h e ab-
s o r b a n c e p a t t e r n a f t e r s t a i n i n g g e l s w i t h Coomassie B r i l l i a n t 
B l u e o b t a i n e d when i s o l a t e d m i t o c h o n d r i a were 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 . I t i s c o n c l u d e d t h a t d u r i n g t h e i n c u b a ­
t i o n no s i g n i f i c a n t breakdown o f m i t o c h o n d r i a l p r o t e i n s has 
t a k e n p l a c e . 

600-

10~3 apparent M r 

80 4) 20 10 

10 -20 30 40 50 

Number of gel slice 
50 

-100 

75 

50 
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200 

150 

100 

50 

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

M i t o c h o n d r i a were i s o l a t e d 
from c e l l s l a b e l e d w i t h 14-C-
l e u c i n e f o r 2 h r s . A f t e r 
30 min i n c u b a t i o n w i t h 3-H-
l e u c i n e and a 60 min c h a s e o f 
u n l a b e l e d l e u c i n e , m itochon­
d r i a were 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 (4) . 

A: M i t o c h o n d r i a i n c u b a t e d 
w i t h o u t c y t o p l a s m i c s u p e r n a ­
t a n t 

B: M i t o c h o n d r i a i n c u b a t e d 
w i t h c y t o p l a s m i c s u p e r n a ­
t a n t 

When m i t o c h o n d r i a a r e i n c u b a t e d w i t h o u t a d d i n g c y t o p l a s m i c 
s u p e r n a t a n t , t h e b u l k o f m i t o c h o n d r i a l t r a n s l a t i o n p r o d u c t s 
d i s p l a y s a p p a r e n t m o l e c u l a r w e i g h t s of l e s s t h a n 20 000 
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( F i g . 2A, 3 - H - l a b e l ) . I n c o n t r a s t , t h e p o l y p e p t i d e s formed 
i n i s o l a t e d m i t o c h o n d r i a i n the p r e s e n c e of c y t o p l a s m i c 
s u p e r n a t a n t have h i g h e r a p p a r e n t m o l e c u l a r w e i g h t s and- mi­
g r a t e a s w e l l d e f i n e d bands. T h e s e p o l y p e p t i d e s , as judged 
by t h e i r e l e c t r o p h o r e t i c m o b i l i t y , a r e v e r y s i m i l a r t o t h o s e 
formed i n v i v o , when c e l l s a r e l a b e l e d w i t h r a d i o a c t i v e l e u ­
c i n e i n the p r e s e n c e of c y c l o h e x i m i d e ( 5 ) . 
The d a t a from F i g s . 1 and 2 s u g g e s t t h a t t h e m a j o r i t y o f t h e 
p o l y p e p t i d e s formed i n t h e a b s e n c e o f c y t o p l a s m i c s u p e r n a ­
t a n t i s broken down by a s p e c i f i c p r o t e i n a s e , w h i ch a t t a c k s 
newly formed m i t o c h o n d r i a l t r a n s l a t i o n p r o d u c t s but not m i t o ­
c h o n d r i a l p r o t e i n s i n g e n e r a l . T h i s breakdown i s b l o c k e d by 
c y t o p l a s m i c s u p e r n a t a n t . A f t e r a d d i t i o n of t h e above mentioned 
p r o t e i n a s e i n h i b i t o r f r a c t i o n t o t h e i n c u b a t i o n medium a 
l a b e l i n g p a t t e r n v e r y s i m i l a r t o t h a t i n F i g . 2A i s o b s e r v e d . 

3. F o r m a t i o n o f s u b u n i t s of cytochrome o x i d a s e 

Cytochrome o x i d a s e was 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 
i n c u b a t e d a s d e s c r i b e d i n F i g . 2 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 t h e whole enzyme ( 3 ) . The i m m u n o p r e c i p i t a t e was ana­
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 ( F i g . 3 ) . The 1 4 - C - r a d i o -
a c t i v i t y peaks i n F i g s . 3A and Β r e p r e s e n t t h e seve n s u b u n i t s 
o f cytochrome o x i d a s e . When i s o l a t e d m i t o c h o n d r i a a r e i n c u ­
b a t e d i n t h e absence of c y t o p l a s m i c s u p e r n a t a n t , o n l y sub-
u n i t 3 i s found t o be l a b e l e d w i t h 3 - H - l e u c i n e . The same i s 
o b s e r v e d when t h e p r o t e i n a s e i n h i b i t o r f r a c t i o n ( s e e above) 
i s added t o t h e i n c u b a t i o n medium. However, when t h e i n c u ­
b a t i o n medium c o n t a i n s c y t o p l a s m i c s u p e r n a t a n t , 3 - H - l a b e l i s 
a s s o c i a t e d w i t h s u b u n i t s 1, 2 and 3. 

T h e s e f i n d i n g s s u g g e s t t h a t t h e c y t o p l a s m i c s u p e r n a t a n t 
c o n t a i n s a f a c t o r w h i c h i s n e c e s s a r y f o r the i n t e g r a t i o n of 
s u b u n i t s 1 and 2, and o f h i g h e r amounts of s u b u n i t 3 i n t o a 
complex which can be i m m u n o p r e c i p i t a t e d w i t h a n t i b o d y a g a i n s t 
t h e whole cytochrome o x i d a s e . 
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I n o r d e r t o a n a l y s e t h e n a t u r e o f t h i s f a c t o r , i s o l a t e d 
m i t o c h o n d r i a were i n c u b a t e d w i t h c y t o p l a s m i c s u p e r n a t a n t 
which was i s o l a t e d from c e l l s k e p t f o r 2 h r s i n t h e p r e s e n c e 
o f c y c l o h e x i m i d e . T h i s c y t o p l a s m i c s u p e r n a t a n t s t i m u l a t e s 
p r o t e i n s y n t h e s i s t o a l m o s t t h e same e x t e n t a s does t h e 
s u p e r n a t a n t from c o n t r o l c e l l s . However, s u b u n i t s 1 and 2 
were n o t l a b e l e d i n t h e i m m u n o p r e c i p i t a t e . T h e s e o b s e r v a t i o n s 
s u g g e s t t h a t t h e f a c t o r i n the c y t o p l a s m i c s u p e r n a t a n t 
c o n s i s t s o f one o r more p r o t e i n s , t h e p o o l s of which a r e ex­
h a u s t e d d u r i n g c y c l o h e x i m i d e t r e a t m e n t of t h e c e l l s . 

1500 

1000-

5000-

4000 

3000 

2000-

1000-

o 
a 

F i g . 3. 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 of i m m u n o p r e c i p i t a -
t e d components of c y t o ­
chrome o x i d a s e from i s o l a t e d 
m i t o c h o n d r i a . 

M i t o c h o n d r i a l a b e l e d a s de­
s c r i b e d i n F i g . 2 were d i s ­
s o l v e d w i t h T r i t o n X-100 
and t r e a t e d w i t h an a n t i b o d y 
a g a i n s t whole cytochrome 
o x i d a s e . The p r e c i p i t a t e was 
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 and 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: I m m u n o p r e c i p i t a t e from 
m i t o c h o n d r i a l a b e l e d a s 
i n F i g . 2A 

B: I m m u n o p r e c i p i t a t e from 
m i t o c h o n d r i a l a b e l e d a s 
i n F i g . 2B 
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T h e r e a r e m a i n l y two p o s s i b i l i t i e s t o e x p l a i n t h e n a t u r e of 
s u c h a f a c t o r : a) i t may have some unknown c a t a l y t i c f u n c t i o n 
i n t h e a s s e m b l y of cytochrome o x i d a s e ; b) i t may r e p r e s e n t 
(a) component (s ) of cytochrome o x i d a s e , i . e. c y t o p l a s m i c a l l y 
made s u b u n i t s of t h e enzyme 

The s e c o n d p o s s i b i l i t y i s i n a c c o r d a n c e w i t h t h e f i n d i n g of 
Schwab e t a l . (6) t h a t c y t o p l a s m i c a l l y made s u b u n i t s a r e p r e ­
s e n t i n p r e c u r s o r p o o l s of d i f f e r e n t s i z e s i n N e u r o s p o r a . 
F u r t h e r m o r e , i t i s s u p p o r t e d by t h e f o l l o w i n g e x p e r i m e n t . 

F i g . 4. 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 of cytochrome o x i ­
d a s e components l a b e l e d i n 
v i t r o i n t h e p r e s e n c e of 
c y t o p l a s m i c s u p e r n a t a n t 
c o n t a i n i n g 1 4 - C - l a b e l e d 
p r o t e i n s 

I s o l a t e d m i t o c h o n d r i a were 
i n c u b a t e d w i t h 3 - H - l e u c i n e 
i n t he p r e s e n c e of c y t o ­
p l a s m i c s u p e r n a t a n t f o r 30 
min. The c y t o p l a s m i c s u p e r ­
n a t a n t was i s o l a t e d from 
c e l l s l a b e l e d w i t h 14-C-
l e u c i n e f o r 10 min. P o s i ­
t i o n s of s u b u n i t s 1 - 7 
were d e t e r m i n e d by s e p a r a ­
t i n g homogeneously l a b e l e d 
cytochrome o x i d a s e on t h e 
same g e l s l a b . 

Whole c e l l s were p u l s e l a b e l e d w i t h 1 4 - C - l e u c i n e and t h e 
p o s t - r i b o s o m a l c y t o p l a s m i c s u p e r n a t a n t was i s o l a t e d . M i t o ­
c h o n d r i a from u n l a b e l e d c e l l s were i n c u b a t e d a f t e r a d d i t i o n 
of t h e 1 4 - C - l a b e l e d s u p e r n a t a n t i n t h e p r e s e n c e of 3-H-leu-

1 2 3 4 5 6 7 
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c i n e . A f t e r i n c u b a t i o n i m m u n o p r e c i p i t a t i o n was c a r r i e d out. 
The 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 o f t h e i m m u n o p r e c i p i t a t e 
i s shown i n F i g . 4. The 3 - H - l a b e l d i s p l a y s t h e i n t e g r a t i o n o f 
s u b u n i t s 1, 2 and 3 i n t o an i m m u n o p r e c i p i t a b l e complex, a s 
e x p e c t e d from t h e d a t a i n F i g . 3. The 1 4 - C - r a d i o a c t i v i t y i s 
found i n a double band. T h i s double band c o i n c i d e s w i t h t h e 
p o s i t i o n s o f s u b u n i t s 6 and 7. I n a c o n t r o l e x p e r i m e n t i t 
was found t h a t no 1 4 - C - l a b e l was p r e c i p i t a t e d when i s o l a t e d 
m i t o c h o n d r i a were mixed but not i n c u b a t e d w i t h 1 4 - C - l a b e l e d 
c y t o p l a s m i c s u p e r n a t a n t . 

T h e s e o b s e r v a t i o n s may be i n t e r p r e t e d i n t h e f o l l o w i n g way : 
S u b u n i t s 6 and 7 a r e p r e s e n t i n t h e c y t o p l a s m i c s u p e r n a t a n t 
as p r e c u r s o r s and t h e i r i n t e g r a t i o n i n t o an as s e m b l y complex 
i s n e c e s s a r y f o r t h e f u r t h e r i n t e g r a t i o n o f s u b u n i t s 1 and 2 
i n an i m m u n o p r e c i p i t a b l e complex. 

C o n c l u s i o n s • 

C e l l s a p components s t i m u l a t e t h e f o r m a t i o n 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 p o l y p e p t i d e s i n i s o l a t e d m i t o c h o n d r i a . 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 p r o t e i n s appear t o be n e c e s s a r y f o r t h e 
i n t e g r a t i o n of m i t o c h o n d r i a l l y made s u b u n i t s 1 and 2 of 
cytochrome o x i d a s e i n t o a complex w h i c h c a n be immunoprecipi­
t a t e d w i t h a n t i b o d y a g a i n s t whole cytochrome o x i d a s e . T h i s 
complex may be t h e r e s u l t of a p a r t i a l a s s e m b l y r e a c t i o n . 
M i t o c h o n d r i a c o n t a i n a s p e c i f i c p r o t e i n a s e w h i c h a f f e c t s newly 
formed 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 s but n o t p r o p e r l y i n t e ­
g r a t e d p r o t e i n s of t h e i n n e r m i t o c h o n d r i a l membrane. I t i s 
supposed t h a t t h i s p r o t e i n a s e becomes a c t i v e when m i t o c h o n d r i a l 
t r a n s l a t i o n p r o d u c t s a c c u m u l a t e w h i c h c a n n o t be p r o p e r l y i n t e ­
g r a t e d i n t o m i t o c h o n d r i a l membrane complexes. Thus, e x p e r i ­
ments w i t h i s o l a t e d m i t o c h o n d r i a a r e c o n s i d e r e d t o be a u s e f u l 
approach t o t h e u n d e r s t a n d i n g o f t h e mechanism and t h e r e g u ­
l a t i o n o f t h e a s s e m b l y o f m i t o c h o n d r i a l membrane complexes. 
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