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INTRODUCTION 

The formation o f some multi-component mitochondrial enzyme complexes such as 

cytochrome oxidase requires the cooperation of cytoplasmic and mitochondrial 

t r a n s l a t i o n . Products from both systems are i n t e g r a t e d t o form f u n c t i o n a l enzyme 

complexes w i t h d e f i n i t e subunit s t o i c h i o m e t r y . Control of the c o o r d i n a t i o n of 

these two d i s t i n c t systems may be exerted a t many l e v e l s , so t h a t a general study 

of the c o o r d i n a t i o n presents many d i f f i c u l t i e s . Recently, a d e t a i l e d review on 

these problems was presented by SCHATZ and MASON ( 1 ) . 

In the present i n v e s t i g a t i o n we have l i m i t e d ourselves t o one facet o f the 

i n t e r a c t i o n between cytoplasmic and mitochondrial t r a n s l a t i o n , v i z . the synthesis 

and membrane i n t e g r a t i o n o f mitochondrial t r a n s l a t i o n products under c o n d i t i o n s 

when cytoplasmic t r a n s l a t i o n does not operate. We have l i n k e d the general aspects 

of t r a n s l a t i o n t o the synthesis and assembly o f s p e c i f i c mitochondrial products, 

namely the subunits of cytochrome oxidase. 

RESULTS 

1. Amino acid i n c o r p o r a t i o n i n t o mitochondrial membrane p r o t e i n s o f c e l l s w i t h 

blocked cytoplasmic t r a n s l a t i o n 
14 

C e l l s were p r e l a b e l l e d w i t h C-leucine t o obtain homogeneous 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 . At 16 hrs growth ( l o g phase) cycloheximide (CHI) was added. 

A f t e r the times i n d i c a t e d i n Fig. 1, a l i q u o t s were withdrawn, mitochondria prepared 

and the 3 H / 1 4 C - r a t i o s o f the mitochondrial membrane p r o t e i n determined. Labeling 
3 

w i t h H-leucine was performed a t a very low added leucine concn. (0.3 nmol/mg c e l l 

p r o t e i n ) , a procedure u s u a l l y employed t o e f f e c t i v e l y l a bel mitochondrial t r a n s 

l a t i o n products. 

When leucine was added 2.5 min a f t e r a d d i t i o n of CHI, i n c o r p o r a t i o n proceeds 

f o r about 10-15 min and then stops. When the c e l l s were preincubated f o r 62.5 min, 
3 

i n c o r p o r a t i o n o f Η-labelled leucine s t i l l takes place and furthermore continues 

f o r a longer time span. The l e v e l o f i n c o r p o r a t i o n i s lower, however, than i n the 

c e l l s exposed t o CHI f o r a shor t e r time. 
3 

This observation leads t o suggest t h a t the i n c o r p o r a t i o n of Η-leucine i n the 

presence o f CHI i s not a t r u e measure o f the r a t e o f mitochondrial p r o t e i n 
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30 60 90 120 150 
Time after addition of -leucine (min) 

Fig. 1. Time course of 3H-leucine 
i n c o r p o r a t i o n i n t o mitochondria 
i n whole c e l l s as a f u n c t i o n o f 
time of incubation i n cyclohex-
imide (0.1 mg/ml). 
Cells were p r e l a b e l l e d w i t h 14C-
leucine. I n c o r p o r a t i o n was c a r r 
ied out w i t h (A) low and (B) high 
concn. of added leucine (see t e x t ) 
- t ·- 2.5 min CHI preincub.; 
-o o- 62.5 min CHI preincub. 

synthesis (see also r e f . ( 2 ) ) . This lack of va

l i d i t y may be r e l a t e d t o changes i n pool size 

and t o metabolism o f i n t r a c e l l u l a r leucine. 

To obviate these e f f e c t s , leucine was 

added a t concns. s u f f i c i e n t l y high t o o f f s e t 

these changes. At the concn. added (500 nmol/ 

mg c e l l p r o t e i n ) , leucine uptake s t i l l takes 

place and w i t h i n 10 min about 75% o f the added 

r a d i o a c t i v i t y was accumulated i n the c e l l s . At 

t h i s high added leucine concn. i n c o r p o r a t i o n 

proceeds i n both the short and long time CHI 

preincubation. I n c o r p o r a t i o n even continues at 
3 

150 min a f t e r a d d i t i o n o f Η-leucine. When the 

i n i t i a l r a t e o f the 62.5 min preincubation sam

ple i s compared w i t h the r a t e observed a t 60 

min w i t h the 2.5 min preincubated sample, i t can 

be seen t h a t the rates are not equal. The longer 

preincubated sample shows a r a t e f a s t e r by a 

f a c t o r o f s i x than the 2.5 min sample. There

f o r e , even a t t h i s high added leucine concn. the 

i n c o r p o r a t i o n does not t r u e l y r e f l e c t the real 

r a t e o f p r o t e i n synthesis. This discrepancy be

tween real and apparent rates can be explained 

by the f o l l o w i n g observations: 

(a) The i n t r a c e l l u l a r concns. o f amino acids 

were found t o s t r o n g l y increase a f t e r exposing 
c e l l s to CHI. Leucine concn. increases by a f a c t o r o f about 10 during the f i r s t 

90 min. (b) I t was found t h a t leucine i s r a p i d l y metabolized, a large part of the 
3 
Η-radioactivity appearing i n a-ketoisocaproic a c i d . 

The e f f e c t o f preincubation of c e l l s w i t h CHI on the p r o t e i n synthesis o f 

i s o l a t e d mitochondria was measured and the r e s u l t s are presented i n F i g . 2. The mito

chondria from c e l l s kept f o r 1 hr i n the presence of CHI displayed a r a t e o f in c o r 

poration which was very s i m i l a r t o t h a t o f mitochondria from c e l l s t r e a t e d f o r 2.5 

min w i t h CHI (or t o t h a t o f mitochondria from untreated c e l l s ) . Even a f t e r t r e a t 

ment o f c e l l s f o r 4 hrs the r a t e o f i n c o r p o r a t i o n was not reduced by more than 

about 30%. S i m i l a r observations were made by Sebald et a l . ( 3 ) . 

I t appears t h e r e f o r e t h a t the mitochondrial p r o t e i n s y n t h e s i z i n g system i s not 

e s s e n t i a l l y l i n k e d t o the cytoplasmic system as suggested by some i n v e s t i g a t o r s 

(see r e f . ( 1 ) ) . 

2. T r a n s l a t i o n a l a c t i v i t y of mitochondrial ribosomes i n cycloheximide blocked c e l l s 

In view of the unexpected lack o f t i g h t coupling o f cytoplasmic and 
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F i g . 2. Time course of 3H-leucine i n 
c o r p o r a t i o n i n t o i s o l a t e d mitochondria 
from 14C-prelabelled c e l l s and the 
e f f e c t o f preincubation o f c e l l s i n 
cycloheximide on t h i s i n c o r p o r a t i o n . 

For experimental d e t a i l s see r e f . ( 8 ) . 

50 100 150 
Time of preincubation with CHI (m in ) 

Fig. 3. The e f f e c t o f cycloheximide 
preincubation on the i n vivo i n c o r 
p o r a t i o n of leucine i n t o d i f f e r e n t 
mitochondrial f r a c t i o n s . 
Whole c e l l s were pulse l a b e l l e d w i t h 
3H-leucine f o r 5 min at the i n d i c a t e d 
times. A l l i n c o r p o r a t i o n measurements 
were corrected f o r the i n t r a c e l l u l a r 
leucine pool. The 100% value represents 
i n c o r p o r a t i o n a f t e r 2.5 min preincub. 

m i t o c h o n d r i a l p r o t e i n synthesis, the r a t e o f t r a n s l a t i o n on mitochondrial ribosomes 

was measured by a d i f f e r e n t approach. Cells were preincubated f o r d i f f e r e n t time 
3 

periods i n the presence o f CHI and then pulsed w i t h Η-leucine f o r 5 min. To a l i -

quots o f these samples a chase of unlabelled leucine was given f o r 10 min. Mito

c h o n d r i a l ribosomes were then i s o l a t e d from the pulsed c e l l s . Mitochondria and mito-
3 

chon d r i a l membranes were i s o l a t e d from the chased c e l l s . H - r a d i o a c t i v i t y was meas

ured i n these f r a c t i o n s and the actual rates o f leucine i n c o r p o r a t i o n were deter

mined by c o r r e c t i n g f o r the i n t r a c e l l u l a r leucine concns. a t the d i f f e r e n t times. 

The r e s u l t i s shown i n F i g . 3. The amount o f leucine i n nascent polypeptide chains 

i s found t o be constant at a l l times o f CHI preincubation. The amount of leucine i n 

corporated i n t o mitochondrial membrane p r o t e i n however decreases during the f i r s t 

30 min t o about 50% compared t o the c o n t r o l . (Preincubation f o r 2.5 min i s taken as 

a c o n t r o l because the a d d i t i o n o f CHI i s necessary t o assess s p e c i f i c a l l y r a d i o a c t i 

v i t y i n mitochondrial t r a n s l a t i o n products). A f t e r 30 min preincubation i n c o r p o r a t i 

on stays constant at a l e v e l o f about 40%. 

To measure the v e l o c i t y o f replacement o f l a b e l l e d nascent chains on mitochon

d r i a l ribosomes by unlabelled ones, i . e . t o determine the r a t e o f e l o n g a t i o n , c e l l s 

were pulse l a b e l l e d i n the presence o f CHI and then exposed t o a le u c i n e chase of 

in c r e a s i n g times. The r a t e of elongation was found to be the same, i r r e s p e c t i v e of 
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whether the c e l l s were preincubated w i t h CHI f o r 2.5 min or f o r 62.5 min before the 

pulse. Furthermore, when ribosomes from corresponding mitochondria were analysed by 

gradient c e n t r i f u g a t i o n , the same d i s t r i b u t i o n o f r a d i o a c t i v e nascent chains was 
3 

seen among mono- and polymeric ribosomes, more than 80% o f the Η-leucine being 

associated w i t h polymers. 

These observations f i r m l y support the conclusion t h a t mitochondrial t r a n s l a t 

ion continues i n the absence o f cytoplasmic t r a n s l a t i o n . They also suggest t h a t at 

l e a s t p a r t o f the polypeptides formed, are i n t e g r a t e d i n t o the mitochondrial mem

brane. They f u r t h e r suggest t h a t p art o f the t r a n s l a t i o n products are degraded 

since completed mitochondrial t r a n s l a t i o n products were n e i t h e r detected i n the 

mitochondrial matrix nor i n the postmitochondrial supernatant. 
3. T r a n s l a t i o n products formed i n mitochondria i n cycloheximide blocked c e l l s 

14 
Cells homogeneously l a b e l l e d w i t h C-leucine were exposed t o CHI f o r 2.5 min, 

ο 

then a pulse o f Η-leucine was given f o r 2.5 min, followed by a 60 min chase. This 

experiment was made i n an attempt t o catch the two systems as close t o e q u i l i b r i u m 

as possible. Mitochondria were i s o l a t e d and subjected t o SDS gel e l e c t r o p h o r e s i s 

( F i g . 4 ) . ^ C - l a b e l l e d t o t a l mitochondrial p r o t e i n s are mainly found a t apparent 

60 
Apparent M r • 10-3 

40 20 10 

MWs between 60,000 and 10,000. Wellde-

f i n e d mitochondrial t r a n s l a t i o n products 
3 

are displayed by the Η-label, which can 

be a t t r i b u t e d t o cytochrome oxidase, 

CL 
ε ωό-

i 
-200 I 

cytochrome b and OS-ATPase. I t should be 

e s p e c i a l l y noted t h a t the p r o p o r t i o n of 

X 

ο 
8 
ι 

In a f u r t h e r experiment, c e l l s were 

preincubated w i t h CHI f o r 2.5 min, 62.5 

min and 122.5 min, r e s p e c t i v e l y , then 
3 
Η-leucine was incorporated f o r 45 min 

and a chase o f un l a b e l l e d leucine was 

given f o r f u r t h e r 10 min. The SDS gel 

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

mitochondria i s presented i n F i g . 5. 

C l e a r l y , the same products are formed i n 

c e l l s , i n which cytoplasmic t r a n s l a t i o n 

was blocked f o r 120 min compared t o 

those blocked only f o r 2.5 min. However, 

the t r a n s l a t i o n products w i t h apparent 

MWs o f more than 20,000 are present i n 

lower p r o p o r t i o n i n c e l l s t r e a t e d w i t h 

mitochondrial t r a n s l a t i o n products w i t h 

low apparent MWs (10,000 and l e s s ) i s 

extremely low. 

Number of gel slice 

Fig. 4. SDS gel e l e c t r o p h o r e t i c analysis 
of mitochondrial t r a n s l a t i o n products 
synthesized i n 14C-prelabelled c e l l s 
during a short pulse. 
Cells were p r e t r e a t e d w i t h cycloheximide 
f o r 2.5 min, 3H-leucine was then applied 
f o r 2.5 min and chased f o r 60 min w i t h 
unlabelled l e u c i n e . 
For experimental d e t a i l s see ( 8 ) . 
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Fig. 5. SDS gel e l e c t r o p h o r e t i c analy
s i s o f mitochondrial t r a n s l a t i o n pro
ducts synthesized a f t e r d i f f e r e n t 
times o f pretreatment o f c e l l s w i t h 
cycloheximide. 
Cells were incubated w i t h cyclohex
imide f o r (A) 2.5 min, (Β) 62.5 min 
and (C) 122.5 min.3H-leucine was added 
t o the c e l l s and a f t e r f u r t h e r 45 min 
incubation a chase o f u n l a b e l l e d 
leucine was given f o r 10 min. 
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F i g . 6. SDS gel e l e c t r o p h o r e t i c ana
l y s i s o f cytochrome oxidase immuno-
p r e c i p i t a t e d from the t o t a l homo-
genate o f c e l l s which were p r e l a b e l l e d 
w i t h 14C-leucine. Incubation of c e l l s 
w i t h cycloheximide and l a b e l l i n g w i t h 
3H-leucine was c a r r i e d out as d e s c r i 
bed i n legend t o F i g . 5. Samples A, Β 
and C correspond t o samples A, Β and 
C i n Fi g . 5. 



236 

cycloheximide f o r longer time. Furthermore, t r a n s l a t i o n products are found i n i n 

creasing amounts i n the low apparent MW region (11,000 and l e s s ) a f t e r longer pre

incubation o f c e l l s w i t h CHI ( c f . F i g . 4 ) . 

These observations suggest t h a t o r i g i n a l t r a n s l a t i o n products are degraded t o 

low MW components and t h a t p a r t o f the degradation products are r e t a i n e d i n the 

membrane. When mitochondrial t r a n s l a t i o n products are formed only during a short 

pulse period immediately a f t e r b l o c k i n g cytoplasmic t r a n s l a t i o n , t h i s degradation 

appears t o be n e g l i g i b l e . I t i s tempting t o suggest t h a t under these c o n d i t i o n s 

c y t o p l a s m i c a l l y synthesized partner p r o t e i n s are a v a i l a b l e i n such amounts t h a t the 

newly formed mitochondrial partners can be assembled to f u n c t i o n a l complexes and 

thereby preserved i n the mitochondrial membrane. A f t e r longer exposure o f the c e l l s 

t o CHI, the pools o f cytoplasmic partner p r o t e i n s are exhausted, the m i t o c h o n d r i a l l y 

t r a n s l a t e d components are continued t o be synthesized but only p a r t o f them can be 

i n t e g r a t e d i n t o the membrane. Another p a r t may be degraded probably before being 

i n t e g r a t e d . 

4. Synthesis and assembly o f cytochrome oxidase components i n c e l l s w i t h 

blocked cytoplasmic t r a n s l a t i o n 

We next studied the i n f l u e n c e o f the a v a i l a b i l i t y o f c y t o p l a s m i c a l l y synthe

sized subunits of cytochrome oxidase on the production and i n s e r t i o n o f the m i t o -
14 

c h o n d r i a l l y synthesized subunits. C-homogeneously l a b e l l e d c e l l s were exposed t o 
3 

Η-leucine i n the presence o f CHI as described i n F i g . 5. A f t e r i n c u b a t i o n , the 

c e l l s were homogenized and e x t r a c t e d w i t h a b u f f e r c o n t a i n i n g T r i t o n X-100. Cyto

chrome oxidase was p r e c i p i t a t e d from these e x t r a c t s w i t h an antibody against the 

whole enzyme. SDS gel e l e c t r o p h o r e t i c a n a l y s i s o f the immunoprecipitates i s shown 

i n Fig. 6. 

The ^ C - r a d i o a c t i v i t y on the gels d i s p l a y s the seven subunits of the enzyme. 

A f t e r short CHI treatment, the three m i t o c h o n d r i a l l y synthesized subunits (1-3) are 
3 

found to be l a b e l l e d w i t h Η i n about the same r a t i o , a t which they are present i n 

the ^ 4 C - p r o f i l e , subunit 3 being somewhat higher. A f t e r 62.5 min and 122.5 min pre

incubation of c e l l s s t i l l considerable synthesis of subunits 1-3 occurs. The pro

portions of the three subunits however change. Subunits 1 and 2 decrease w i t h r e 

spect to subunit 3. This i s i n close agreement w i t h the f i n d i n g s w i t h whole mito

chondrial membranes ( c f . F i g . 5 ) . In the samples preincubated w i t h CHI f o r longer 

times, lower MW material i s p r e c i p i t a t e d which may represent breakdown products o f 

subunits 1-3 which are recognized by the antibody. 

These data show t h a t immunoprecipitation o f cytochrome oxidase from t o t a l 

c e l l homogenate appears t o capture not only f u l l y assembled enzyme but also pre

cursor polypeptides. However, i f immunoprecipitation was c a r r i e d out w i t h i s o l a t e d 

mitochondria, a q u i t e d i f f e r e n t p i c t u r e was observed. The l a b e l l i n g p a t t e r n i n t h i s 

case resembles t h a t of the chemically i s o l a t e d complex ( 4 ) , showing t h a t a f t e r 
3 

short CHI exposure only small amounts o f Η-labelled subunits 1 and 2 are found 
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(see also ( 5 ) ) , whereas a f t e r 62.5 min and 122.5 min CHI none o f these subunits 

were detected. This i s i n agreement w i t h the data o f Schwab et a l . ( 4 ) , t h a t the 

pool o f c y t o p l a s m i c a l l y formed subunits allows assembly o f t o t a l enzyme only f o r 

a few min. Subunit 3 may get i n t o the immunoprecipitate by an exchange process or 

by s p e c i f i c attachment t o a complete enzyme complex. 

DISCUSSION 

The data presented show t h a t mitochondrial t r a n s l a t i o n i n Neurospora continues 

even when cytoplasmic t r a n s l a t i o n i s shut o f f f o r periods as long as 2 h r s , i . e . 

one h a l f o f a doubling period of the c e l l s . We f i n d no evidence f o r a mechanism 

which regulates mitochondrial t r a n s l a t i o n i n such a way t h a t synthesis o f mito

chondrial t r a n s l a t i o n products i s stopped, when these products cannot any longer be

come assembled t o f u n c t i o n a l membrane complexes. With respect t o the question, what 

then happens t o these products, the experimental data presented would suggest t h a t 

(a) p a r t o f these products are taken up i n t o the membrane and remain t h e r e , and (b) 

another p a r t o f the t r a n s l a t i o n products i s degraded t o lower MW components which 

p a r t l y remain i n the mitochondrial membrane. Such a mechanism would r e q u i r e the 

existence o f s p e c i f i c mitochondrial proteinases, since i t was observed t h a t pre

e x i s t i n g mitochondrial p r o t e i n s are not degraded when the c e l l s are kept i n the 

presence of CHI. Based on experiments which were c a r r i e d out on i s o l a t e d mitochon

d r i a t o i n v e s t i g a t e the formation o f cytochrome oxidase components i n a r e c o n s t i 

t u t e d system, we have a r r i v e d a t a s i m i l a r conclusion, v i z . t h a t mitochondrial 

t r a n s l a t i o n products are formed i n the absence o f cytoplasmic partner p r o t e i n s but 

are subject t o p r o t e o l y t i c breakdown, probably since they cannot be assembled t o 

f u n c t i o n a l complexes ( 6 ) . 

Cycloheximide treatment of c e l l s may r e s u l t i n a s i t u a t i o n analogous t o t h a t 

i n some nuclear mutants. In such mutants d e f e c t i v e assembly o f cytochrome oxidase 

or other complexes may r e s u l t from the i n a b i l t y of cytoplasmic p r o t e i n synthesis t o 

provide c e r t a i n partner p r o t e i n s ( f o r review see ( 1 ) ) . S p e c i f i c degradation o f mito-

c h o n d r i a l l y synthesized partner p r o t e i n s may occur i n these mutants i n the same way 

as i n CHI t r e a t e d c e l l s . 

Further studies o f the r e g u l a t o r y processes on the l e v e l o f t r a n s c r i p t i o n and 

t r a n s l a t i o n seem desireable (e.g. ( 7 ) ) , however our l i m i t e d knowledge o f these r e 

actions imposes severe experimental l i m i t a t i o n s . 
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