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STRUCTURE AND BIOGENESIS OF OUTER AND INNER 
MITOCHONDRIAL MEMBRANES OF NEUROSPORA CRASSA 

Walter Neupert , George D. Ludwig, and A . P f a l l e r 

I n s t i t u t f ü r P h y s i o l o g i s c h e Chemie und 
P h y s i k a l i s c h e Biochemie der U n i v e r s i t ä t München 

8000 München 15, G o e t h e s t r a s s e 33 
German Federal R e p u b l i c 

INTRODUCTION 

Abundant evidence has been presented which i n d i c a t e s 
that two p ro te i n - s yn thes i z i n g Systems cooperate i n mi to ­
chondrial b iogenes i s , one l o ca l i zed w i t h i n the m i t o c h o n ­
d r i a ( i n t r i n s i c ) and the other outs ide the mitochondria i n 
the cytoplasm ( e x t r i n s i c ) . It is widely held that both 
Systems contr ibute to the biogenesis of mitochondria l mem-
brane prote ins , whi l e the so lub le matr ix prote ins are 
synthesized e x c l u s i v e l y by the e x t r i n s i c System ( 1 ) . The 
mitochondrial membrane System can be separated into outer 
and inner membranes ( 2 ) . From s tud ies performed p r i n c i -
p a l l y on l i v e r mitochondria i t i s obvious that these two 
membranes are qu i te d i f f e r e n t i n s t ruc ture and funct ion 
( 2 ) . On the basis of these d i f f e rence s and the d i f f e r e n t 
response of the synthesis of the membranes to a n t i b i o t i c s , 
i t has been suggested that the outer mitochondr ia l membrane 
is produced by the e x t r i n s i c System ( 3 - 5 ) . In support of 
th i s hypothesis, i t has been shown that i so l a ted rat l i v e r 
m i t o c h o n d r i a incorporate labeled amino a c i d s i n t o the inner 
membrane proteins on ly , implying that outer membrane is 
produced by the cytoplasmic System ( 6 - 8 ) . However, i n 
v i t r o p r o t e i n s y n t h e s i s in i s o l a t e d m i t o c h o n d r i a is 
p o t e n t i a l l y subject to a number of de fec t s . T h e r e f o r e , a 
study was made w i t h Neurospora crassa so t h a t m i t o c h o n d r i a l 
membrane p r o t e i n s y n t h e s i s could be invest igated i n whole 
c e l l s , u t i l i z i n g cycloheximide as a s p e c i f i c i n h i b i t o r of 
cytoplasmic prote in synthesis ( 9 - 1 1 ) . 

A simultaneous study of the s t ruc tu re of Neurospora 
t Footnote 
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outer and inner m i t o c h o n d r i a l membranes was begun to g a i n 
more i n s i g h t i n t o the b i o g e n e s i s of i n d i v i d u a l membrane 
components. 

METHODS 

Hyphae of Neurospora c r a s s a ( w i l d type 7^A) were 
grown under s t e r i l e c o n d i t i o n s f o r 18-20 hours at 25°C 
in 8 l i t e r b o t t l e s which were c o n t i n u o u s l y a e r a t e d . The 
hyphae were h a r v e s t e d , f i l t e r e d , washed, homogenized 
b r i e f l y and the c e l l s f i n a l l y d i s r u p t e d in a g r i n d i n g m i 1 1 . 
The m i t o c h o n d r i a were then 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 -
fugat i o n . 

A m o d i f i e d combined s w e l l i n g - s h r i n k i n g - s o n i c a t i o n 
procedure d e s c r i b e d by Parsons et a l (3 , 12) and by 
Sottocasa et a l ( 4 ) , and f i r s t a p p l i e d to Neurospora m i t o ­
c h o n d r i a by Cassady (13, 1*0 , was used to detach outer from 
inner membrane. The membranes were then separated by 
c e n t r i f u g a t i o n through a 50 m l . l i n e a r sucrose d e n s i t y 
g r a d i e n t v a r y i n g between 0.95 and 1.5 M sucrose in 10 mM 
T r i s - H C l , pH 7 . 5 , f o r 1 hour at 0°C and 75,000 X g in a 
Spinco u l t r a c e n t r i f u g e . The g r a d i e n t was cut i n t o 11 
f r a c t i o n s of 5 m l . , each of which was d i l u t e d in T r i s - HCl 
and c e n t r i f u g e d at 151,000 X g f o r 1 hour . The p e l l e t s 
were resuspended in potassium phosphate b u f f e r , again 
c e n t r i f u g e d , and f i n a l l y resuspended to a p r o t e i n concen-
t r a t i o n of 2-5 mg./ml . in 0.1 M potassium phosphate b u f f e r , 
pH 7 . 2 . 

Since outer membrane of Neurospora m i t o c h o n d r i a has 
been shown t o lack monamine oxidase and rotenone - i n s e n s i ­
t i v e NADH - cytochrome c reductase a c t i v i t y (14) , 
kynurenine hydroxylase (KH) was used as a marker enzyme f o r 
outer membrane. KH was measured by the method of Schott 
et al ( 1 5 ) . Succinate - cytochrome c reductase as w e l l as 
cytochrome c o n c e n t r a t i o n s were used as inner membrane 
m a r k e r s . Succinate - cytochrome c reductase was measured 
a c c o r d i n g to the method of A r r i g o n i and Singer (16) w i t h 
a d d i t i o n of phenazine methosu1fate . Cytochrome c o n c e n t r a -
t i o n s were c a l c u l a t e d from d i f f e r e n c e s p e c t r a recorded i n a 
s p l i t beam spectrophotometer . 

P h o s p h o l i p i d phosphorus was est imated a c c o r d i n g t o 
F o l c h et a l ( 1 7 ) . For e r g o s t e r o l d e t e r m i n a t i o n s membrane 
p r e p a r a t i o n s were e x t r a c t e d w i t h methanol and acetone . 
A f t e r t r a n s f e r i n t o hexane, UV s p e c t r a were recorded and 
e r g o s t e r o l content was c a l c u l a t e d from the e x t i n c t i o n a t 
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282 nm. 

RESULTS 

Submission of m i t o c h o n d r i a to a s w e l l i n g - s h r i n k i n g -
s o n i c a t i o n p r o c e d u r e , f o l l o w e d by c e n t r i f u g a t i o n through 
a l i n e a r d e n s i t y g r a d i e n t , d i s t r i b u t e s most of the p r o t e i n 
i n the lower t h i r d of the tube as a dark brown band 
( f r a c t i o n s 6 - 9 , F i g . 1A). At the i n t e r f a c e between the 
volume i n i t i a l l y a p p l i e d ( f r a c t i o n 1) and the top of the 
d e n s i t y g r a d i e n t , a red orange band i s s e e n , which i s 
c o l l e c t e d i n f r a c t i o n 2. T h i s band i s absent i f m i t o ­
c h o n d r i a are a p p l i e d d i r e c t l y to the g r a d i e n t w i t h o u t 
p r e v i o u s s w e l l i n g - s h r i n k i n g - s o n i c a t i o n . F r a c t i o n s 1 
and 2 c o n t a i n 2-4% of the t o t a l p r o t e i n . The amount of 
m a t e r i a l recovered in f r a c t i o n 1 depends upon the i n t e n s i t y 
of s o n i c a t i o n . F r a c t i o n 1 was not examined in cases in 
which i t was less than 10% of f r a c t i o n 2 on a p r o t e i n basis. 

Kynurenine h y d r o x y l a s e a c t i v i t y , which serves as an 
o u t e r membrane marker (13, 14, 1 8 ) , i s c o n c e n t r a t e d in 
f r a c t i o n s 1 and 2 and low in o t h e r f r a c t i o n s ( F i g . 1B) . 
S i m i l a r r e s u l t s are obtained f o r a c a r o t e n o i d pigment, 
which serves as an a d d i t i o n a l outer membrane marker 
( F i g . I C ) . The l a t t e r pigment i s r e a d i l y e x t r a c t e d by 
methanol and acetone from the red Sediments o b t a i n e d by 
c e n t r i f u g a t i o n of f r a c t i o n s 1 and 2. It can then be t r a n s ­
f e r r e d i n t o hexane. The pigment is a c i d i c and possesses a 
c a r o t e n o i d - 1 i k e a b s o r p t i o n spectrum w i t h maximum a b s o r p t i o n 
at 477 nm and Shoulders at 450 and 510 nm. From i t s s o l u -
b i l i t y c h a r a c t e r i s t i e s in the v a r i o u s s o l v e n t s and i t s 
a b s o r p t i o n spectrum, the pigment has been i d e n t i f i e d as 
n e u r o s p o r a x a n t h i n e , p r e v i o u s l y demonstrated t o be the 
main a c i d i c c a r o t e n o i d of Neurospora c r a s s a (19, 2 0 ) . 
S p e c t r a l a n a l y s i s showed t h a t n e u r o s p o r a x a n t h i n e is the 
o n l y c a r o t e n o i d o c c u r r i n g in m i t o c h o n d r i a . In s e v e r a l 
experiments 60 -80% of the t o t a l neurosporaxanthine in the 
hyphae was found t o be l o c a l i z e d i n the m i t o c h o n d r i a . 
T a k i n g i n t o account the p a r t i a l l o s s of outer membrane from 
whole m i t o c h o n d r i a d u r i n g i s o l a t i o n , i t can be concluded 
t h a t the v a s t m a j o r i t y of c e l l u l a r neurosporaxanthine is 
l o c a t e d i n the o u t e r m i t o c h o n d r i a l membrane. 

In c o n t r a s t t o kynurenine h y d r o x y l a s e a c t i v i t y and the 
c a r o t e n o i d pigment c o n c e n t r a t i o n , s u c c i n a t e - c y t o c h r o m e c 
reductase and cytochrome pigments , which serve as inner 
membrane markers (3 , 4 , 2 1 ) , are c o n c e n t r a t e d i n f r a c t i o n s 
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7 - 9 of the g r a d i e n t and are low in f r a c t i o n s 1 and 2. 
( F i g . 2A and B ) . The d i s t r i b u t i o n of RNA in the g r a d i e n t 
f o l l o w s a p a t t e r n s i m i l a r t o s u c c i n a t e - cytochrome c 
reductase and the cytochromes ( F i g . 2C) p e r m i t t i n g the 
c o n c l u s i o n t h a t outer membrane prepared in t h i s f a s h i o n 
c o n t a i n s n e i t h e r RNA nor r ibosomes. 

E l e c t r o n micrographs were made of samples from a l l 
steps in the procedure and from each of the e l e v e n f r a c ­
t i o n s o b t a i n e d from the sucrose d e n s i t y g r a d i e n t . Repre-
s e n t a t i v e samples of p o s i t i v e s t a i n i n g are g i v e n i n F i g . 3 . 
F r a c t i o n 1 ( F i g . 3 A ) , as w e l l as f r a c t i o n 2, (outer mem­
b r a n e ) , c o n s i s t s almost e x c l u s i v e l y of v a r i o u s s i z e d 
single-membrane v e s i c l e s . F r a c t i o n 9 ( F i g . 3B) ( inner 
membrane) i s made up of 1 arger membrane v e s i c l e s w i t h some 
remaining p r o f i l e s of c r i s t a e . 

N e g a t i v e l y s t a i n e d p r e p a r a t i o n s are shown i n F i g . 4 . 
Outer membrane ( F i g . 4A) d i s p l a y s t h i c k membrane contours 
and c h a r a c t e r i s t i c long r o p e - l i k e e x t r u s i o n s . Inner mem­
brane ( F i g . 4B) has a sharper and t h i n n e r membrane contour 
and no e x t r u s i o n s can be s e e n . 

P o l y a c r y l a m i d e gel e l e c t r o p h o r e s i s of p r o t e i n s from 
outer and inner membrane p r e p a r a t i o n s was c a r r i e d out i n a 
p h e n o l / a c e t i c a c i d / w a t e r System (23) and in a sodium 
d o d e c y 1 s u l f a t e System ( 2 4 ) . F i g . 5 shows a d e n s i t o m e t e r 
t r a c i n g of the e l e c t r o p h o r e t i c p a t t e r n o b t a i n e d w i t h the 
f i r s t System a f t e r s t a i n i n g p r o t e i n bands w i t h amido b l a c k . 
F r a c t i o n 1 (outer membrane) y i e l d s e s s e n t i a l l y a S ing le 
p r o t e i n band which corresponds t o band number 11 of whole 
m i t o c h o n d r i a as d e f i n e d by Sebald et a l . ( 2 3 ) . Traces of 
band 4 , 5 , 6 , and 8 , which are e v i d e n t , can be a s c r i b e d t o 
c o n t a m i n a t i o n by inner membrane. T h i s contaminat ion v a r i e d 
i n d i f f e r e n t experiments between 5 and 20%. F r a c t i o n 9 
( inner membrane) e x h i b i t s a l l the p r o t e i n bands t h a t are 
o b t a i n e d by e l e c t r o p h o r e s i s of whole m i t o c h o n d r i a l mem­
b r a n e s , a l s o shown in t h i s graph, except t h a t band 11 i s 
much weaker. 

On ge ls c o n t a i n i n g 0.1% sodium dodecy1su1fate o u t e r 
membrane a l s o d i s p l a y s e s s e n t i a l l y one band. The m o l e c u l a r 
weight c o r r e s p o n d i n g t o t h i s band i s c a l c u l a t e d t o be 
30,000 + 1,000 d a l t o n s . 

The p h o s p h o l i p i d contents of the d i f f e r e n t f r a c t i o n s 
of the g r a d i e n t , expressed at (ig p h o s p h o l i p i d phosphorus 
per mg i n s o l u b l e membrane p r o t e i n i s presented in F i g . 6 . 
C l e a r l y , the p h o s p h o l i p i d c o n c e n t r a t i o n i s v e r y high i n the 
outer membrane, w h i l e i t is much lower in i n n e r membrane. 
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On the b a s i s of 1 ßg p h o s p h o l i p i d pho sphoru s correspond i ng 
to 25 |ug p h o s p h o l i p i d the f o l l o w i n g v a l u e s a r e c a l c u l a t e d : 
outer membrane 1.1 mg and i n n e r membrane 0.25 - 0 .3 mg per 
mg membrane p r o t e i n . 

Bes ides p h o s p h o l i p i d , the outer membrane c o n t a i n s 
l a r g e amounts of e r g o s t e r o l , v a r y i n g in d i f f e r e n t p r e p a r a ­
t i o n s between 200 - 300 jug / mg p r o t e i n . In inner membrane 
e r g o s t e r o l i s p r e s e n t i n o n l y minute amounts. 

The d e n s i t i e s of the two m i t o c h o n d r i a l membranes as 
determined by i s o p y c n i c c e n t r i f u g a t i o n are a p p r o x i m a t e l y 
1.07 - 1.1 f o r outer membrane and 1.22 - 1.25 f o r inner 
membrane. 

C r y s t a l s are formed from p e l l e t s or c o n c e n t r a t e d 
suspensions of o u t e r membrane p r e p a r a t i o n s when they a r e 
p e r m i t t e d t o remain S t a n d i n g in the c o l d or at room 
temperature . These c r y s t a l s were i d e n t i f i e d as e r g o s t e r o l . 
F i g u r e 7 shows a phase c o n t r a s t m i c r o s c o p i c p i c t u r e of such 
an aged p r e p a r a t i o n . E r g o s t e r o l appears as long curved 
n e e d l e s . Düring the process of a g i n g , o u t e r membrane un-
dergoes an i m p r e s s i v e change i n s t r u c t u r e as shown by the 
e l e c t r o n microscope ( F i g . 8 ) . Large, p a r t l y c o n c e n t r i c 
membrane Sys tems are formed. The new v e s i c l e s may have a 
membrane contour length of up to 0.1 mm. 

LABELING EXPERIMENTS 

I s o l a t e d m i t o c h o n d r i a were incubated w i t h L - ( C) 
l e u c i n e , L - ( ^ C ) i s o l e u c i n e and L - ( ^ C ) P h e n y l a l a n i n e under 
c o n d i t i o n s p r e v i o u s l y determined t o be o p t i m a l f o r i n c o r -
p o r a t i o n of r a d i o a c t i v e amino ac ids ( 2 3 ) . A f t e r i n c u b a -
t i o n , the s w e l l i n g - s h r i n k i n g - s o n i c a t i o n procedure was 
a p p l i e d to the m i t o c h o n d r i a , f o l l o w e d by d e n s i t y g r a d i e n t 
c e n t r i f u g a t i o n . The s p e c i f i c r a d i o a c t i v i t i e s of the 
d i f f e r e n t f r a c t i o n s are shown in F i g . 9 . The s p e c i f i c 
r a d i o a c t i v i t i e s of f r a c t i o n s 1 and 2 from the top of the 
g r a d i e n t , r e p r e s e n t i n g o u t e r membrane, are low compared to 
those of the i n n e r membrane f r a c t i o n s , i n d i c a t i n g that 
P o l y p e p t i d e chains 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 ribosomes 
in m i t o c h o n d r i a i s o l a t e d in v i t r o are i n c o r p o r a t e d i n t o 
inner but not i n t o o u t e r membrane. 

To study the b i o s y n t h e s i s of outer membrane p r o t e i n s 
i n whole c e l l s , two batches of Neurospora c e l l s were i n c u ­
bated s e p a r a t e l y , one w i t h ^ C - l a b e l e d amino a c i d s w i t h o u t 
c y c l o h e x i m i d e , and the other w i t h 3 H - l a b e l e d amino a c i d s 
i n the presence of c y c l o h e x i m i d e . A f t e r l a b e l i n g , both 
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p o r t i o n s were combined and outer and inner membranes were 
p r e p a r e d . As shown in F i g . 10, i n the c o n t r o l experiment 
( l ^ C - r a d i o a c t i v i t y ) , approximate1y equal s p e c i f i c r a d i o -

a c t i v i t i e s are e x h i b i t e d by a l l f r a c t i o n s from the gradient , 
i n d i c a t i n g that outer and inner m i t o c h o n d r i a l membrane 
p r o t e i n s are s y n t h e s i z e d at a s i m i l a r r a t e i n exponentia11y 
growing Neurospora c e l l s . 

Cycloheximide has been shown t o i n h i b i t 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 about 99% ( 1 0 ) . The s p e c i f i c a c t i v i t y 
c o r r e s p o n d i n g t o t h i s 1% of the c o n t r o l was measured and 
s u b t r a c t e d from a l l f r a c t i o n s 1-11. As shown i n F i g . 10B, 
c y c l o h e x i m i d e i n h i b i t s i n c o r p o r a t i o n i n t o o u t e r membrane 
(̂ H r a d i o a c t i v i t y ) much more than i t does i n c o r p o r a t i o n 
i n t o inner membrane f r a c t i o n s . S p e c i f i c r a d i o a c t i v i t y and 
s u c c i n a t e - c y t o c h r o m e c reductase a c t i v i t y have s i m i l a r d i s -
t r i b u t i o n s in the g r a d i e n t . T h i s i s r e f l e c t e d i n the r a t i o 
r a d i o a c t i v i t y / s u c c i n a t e cytochrome c reductase a c t i v i t y . 
( F i g . 10B, dashed c u r v e ) . T h i s r a t i o i s v e r y s i m i l a r in 
f r a c t i o n s 1-2 and 8 - 9 , i n d i c a t i n g that c o n t a m i n a t i o n by 
inner membrane accounts f o r the r a d i o a c t i v i t y present in 
the outer membrane f r a c t i o n . The r a t i o r a d i o a c t i v i t y / 
cytochrome c reductase is very d i f f e r e n t in the c o n t r o l 
experiment ( F i g . 10A, dashed c u r v e ) . These o b s e r v a t i o n s 
i n d i c a t e t h a t l a b e l i n g of outer membrane p r o t e i n in the 
presence of c y c l o h e x i m i d e is l e s s than 2-3% of the 
l a b e l i n g of the inner membrane p r o t e i n . 

DlSCUSSIONS AND C0NCLUSI0NS 

The r e s u l t s o b t a i n e d demonstrate t h a t the combined 
s w e l l i n g - s h r i n k i n g - s o n i c a t i o n procedure developed by 
Parsons e t a l (3) and Sottocasa et a l (k) f o r l i v e r m i t o ­
c h o n d r i a is a p p l i c a b l e to Neurospora m i t o c h o n d r i a , c o n -
f i r m i n g the work of Cassady ( 1 3 , 1 4 , 2 5 ) . Kynurenine 
hydroxylase a c t i v i t y is shown to be l o c a l i z e d i n the outer 
membrane of Neurospora c r a s s a , a l s o c o n f i r m i n g Cassady 
( 1 3 ) . 

A red c a r o t e n o i d pigment w i t h s p e c t r a l and s o l u b i l i t y 
p r o p e r t i e s c h a r a c t e r i s t i c of neurosporaxanthine i s a l s o 
shown to be c o n c e n t r a t e d i n the o u t e r membrane f r a c t i o n s , 
thus a f f o r d i n g an a d d i t i o n a l s a t i s f a c t o r y marker f o r o u t e r 
membrane of Neurospora. The f u n c t i o n of t h i s c a r o t e n o i d i s 
unknown. I t may be s p e c u l a t e d that i t serves as a f r e e 
r a d i c a l scavenger that may p r o t e c t the p h o s p h o l i p i d s i n 
the outer membrane from p e r o x i d a t i o n s induced by l i g h t , or 
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t h a t i t may absorb l i g h t p r e v e n t i n g damage to m i t o c h o n d r i a l 
i n n e r membrane ( 2 6 ) . Very low c o n c e n t r a t i o n s of c a r o t e n o i d 
are found in Neurospora grown in the dark and the f o r m a t i o n 
of c a r o t e n o i d s in Neurospora is dependent upon l i g h t ( 1 9 ) . 

The outer membrane p r e p a r a t i o n s from Neurospora m i t o ­
c h o n d r i a y i e l d o n l y a S ing le band in e l e c t r o p h o r e s i s on 
P o l y a c r y l a m i d e ge l , i n c o n t r a s t t o outer membrane from r a t 
l i v e r m i t o c h o n d r i a ( 2 7 ) . The minor bands found i n t h i s 
study appear t o be d e r i v e d from contaminat ing inner mem­
brane , as shown both by the e l e c t r o p h o r e t i c s t u d i e s and 
marker enzyme a c t i v i t i e s . The r e s u l t s o b t a i n e d suggest 
that g r e a t e r than 95% of outer membrane p r o t e i n of 
Neurospora m i t o c h o n d r i a represents e i t h e r a S ing le p r o t e i n , 
m u l t i p l e p r o t e i n s w i t h s i m i l a r m o b i l i t y , or the c a p a c i t y to 
form aggregates under the e l e c t r o p h o r e t i c c o n d i t i o n s 
a p p l i e d . 

Outer membrane p r e p a r a t i o n s from Neurospora show no 
RNA or ribosomes, i n c o n t r a s t to outer membrane p r e p a r a ­
t i o n s from r a t l i v e r m i t o c h o n d r i a ( 7 ) . Moreover, s i n c e 
Neurospora possess no membrane System analagous t o the 
endoplasmic r e t i c u l u m of l i v e r c e l l s , the outer membrane 
f r a c t i o n s are not contaminated w i t h microsomes. 

The very high p h o s p h o l i p i d content of Neurospora 
outer m i t o c h o n d r i a l membranes seems to r e f l e c t a general 
p r i n c i p l e of o u t e r membrane s t r u c t u r e s i n c e s i m i l a r values 
have been reported f o r guinea p i g l i v e r (28) and r a t l i v e r 
(29, 3 0 ) . The l a r g e d i f f e r e n c e in p h o s p h o l i p i d content of 
outer and inner membrane i s c e r t a i n l y r e s p o n s i b l e f o r the 
d i f f e r e n c e s in the d e n s i t i e s of the membranes. The values 
reported here are v e r y c l o s e t o those f o r guinea p i g l i v e r 
( 1 2 ) . 

The occurrence of e r g o s t e r o l in Neurospora o u t e r m i t o ­
c h o n d r i a l membrane would suggest t h a t s t e r o l s in general 
are e s s e n t i a l components of outer m i t o c h o n d r i a l membranes, 
s i n c e c h o l e s t e r o l has been detected i n r a t h e r high c o n -
c e n t r a t i o n s in outer membrane of l i v e r m i t o c h o n d r i a (28, 
2 9 ) . 

The extremely high c o n c e n t r a t i o n of e r g o s t e r o l appears 
to c o n f e r s t r ä n g e p h y s i c a l p r o p e r t i e s to Neurospora outer 
m i t o c h o n d r i a l membrane. T h i s i s i n d i c a t e d by the c o n v e r -
s i o n of smal l v e s i c l e s i n t o v e r y l a r g e ones upon a g i n g , 
accompanied by e r g o s t e r o l c r y s t a l 1 i z i n g out and by the 
f o r m a t i o n of long membrane e x t r u s i o n s i n n e g a t i v e s t a i n i n g , 
probably as an a r t i f a c t . In the inner membrane the low 
c o n c e n t r a t i o n of e r g o s t e r o l (about 3% compared t o outer 

565 



W. NEUPERT, G. D. LUDWIG, AND A. PFALLER 

membrane) i s probably due t o c o n t a m i n a t i o n by outer mem­
b r a n e . Thus, i t i s concluded t h a t i n n e r membrane i s 
v i r t u a l l y devoid of e r g o s t e r o l . V a r i a b l e amounts of 
c h o l e s t e r o l have been reported from p r e p a r a t i o n s of inner 
membrane from l i v e r m i t o c h o n d r i a , namely 16-45% as compared 
to outer membrane (28, 2 9 ) . S i n c e , i n these e x p e r i m e n t s , 
these c o n c e n t r a t i o n s were not c o r r e l a t e d w i t h marker enzyme 
a c t i v i t i e s to c o r r e c t f o r c o n t a m i n a t i o n by outer membrane, 
i t i s not c l e a r whether c h o l e s t e r o l i s present in the inner 
membrane of l i v e r m i t o c h o n d r i a at a l l . 

The r e s u l t s of the s t u d i e s of i n c o r p o r a t i o n of l a b e l e d 
amino a c i d s i n t o i s o l a t e d Neurospora mitochondria agree w i t h 
those o b t a i n e d w i t h r a t l i v e r m i t o c h o n d r i a ( 6 - 8 ) , suggesting 
t h a t the c y t o p l a s m i c e x t r a 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 z i n g System i s r e q u i r e d f o r the synthes is of o u t e r mem­
brane p r o t e i n . A d d i t i o n a l c o n f i r m a t i o n i s d e r i v e d from the 
s t u d i e s of whole c e l l s , in v i v o , i n which 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 is n e a r l y c o m p l e t e l y i n h i b i t e d by c y c l o ­
heximide, a s p e c i f i c i n h i b i t o r 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 ( 9 - 1 1 ) . These r e s u l t s p r o v i d e c o n c l u s i v e e v i -
dence that at least 97-98% of o u t e r membrane p r o t e i n of 
m i t o c h o n d r i a must be s y n t h e s i z e d by the extramitochondria l 
cytoplasmic p r o t e i n - s y n t h e s i z i n g System, w h i l e the i n t r i n -
s i c System c o n t r i b u t e s only to the b i o g e n e s i s of inner 
membrane p ro te ins . 

A p o r t i o n of the r e s u l t s d e s c r i b e d here have been 
p u b l i s h e d ( 3 1 ) . 
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F i g . 1. D i s t r i b u t i o n of m i t o c h o n d r i a l p r o t e i n ( A ) , 
kynurenine h y d r o x y l a s e ( B ) , and c a r o t e n o i d pigment ( C ) , i n 
a l inear sucrose d e n s i t y g r a d i e n t through which a m i t o c h o n ­
d r i a l p r e p a r a t i o n was c e n t r i f u g e d a f t e r s w e l l i n g , s h r i n k i n g 
and s o n i c a t i o n . F r a c t i o n 1 r e p r e s e n t s the top and f r a c t i o n 
11 the bottom of the t u b e . Each f r a c t i o n volume i s 5 m l . 
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Succinate-Cytochrome c-Reductase 
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F i g . 2 . D i s t r i b u t i o n i n a l i n e a r sucrose d e n s i t y g r a d i e n t 
of s u c c i n a t e - cytochrome c reductase a c t i v i t y ( A ) , c y t o -
chromes aa3 and cytochrome b ( B ) , and RNA c o n c e n t r a t i o n (C) 
from m i t o c h o n d r i a p r e v i o u s l y s u b j e c t e d to s w e l l i n g , 
s h r i n k i n g and s o n i c a t i o n , then c e n t r i f u g e d through the 
g r a d i e n t . F r a c t i o n s and volumes are the same as shown i n 
F i g . 1. 
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MITOCHONDRIAL MEMBRANES 

F i g . 3 . E l e c t r o n micrographs of f r a c t i o n 1 from the 
g r a d i e n t ( o u t e r membrane p r e p a r a t i o n ) , A , above, x 2 0 , 0 0 0 , 
and of f r a c t i o n 9 from the g r a d i e n t ( inner membrane p r e -
p a r a t i o n ) , B, b e l o w , (x 1 4 , 0 0 0 ) . 
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F i g . k . N e g a t i v e l y s t a i n e d specimens of f r a c t i o n 2 (outer 
membrane p r e p a r a t i o n ) , A , above, and of f r a c t i o n 9 ( inner 
membrane p r e p a r a t i o n ) , B, below, x 8 2 , 0 0 0 . Negative 
s t a i n i n g was performed as d e s c r i b e d by Parsons ( 2 2 ) . 
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F i g . 5. P o l y a c r y l a m i d e gel e l e c t r o p h o r e s i s of p r o t e i n from 
outer ( f r a c t i o n 1) and inner ( f r a c t i o n 9) membrane p r e p a r a -
t i o n and of whole m i t o c h o n d r i a l membranes. Gels were 
s t a i n e d w i t h amido b l a c k and d e n s i t o m e t r y was performed at 
546 nm. 
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F i g . 6 . D i s t r i b u t i o n of p h o s p h o l i p i d phosphorus and of 
e r g o s t e r o l in a l i n e a r sucrose d e n s i t y g r a d i e n t through 
which a m i t o c h o n d r i a l p r e p a r a t i o n was c e n t r i f u g e d a f t e r 
s w e l l i n g , s h r i n k i n g and s o n i c a t i o n . F r a c t i o n s and volumes 
as i n F i g . 1. S o l u b l e p r o t e i n s were e x t r a c t e d from a l l 
f r a c t i o n s by s o n i c a t i o n in 0 .1M phosphate b u f f e r and a 
s u c c e s s i v e 60 m i n . 144 ,000 x g c e n t r i f u g a t i o n . F r a c t i o n 1 
was not measured in t h i s c a s e , s i n c e o n l y minimal amounts 
of o u t e r membrane were recovered in t h i s f r a c t i o n . 
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F i g . 7. Phase c o n t r a s t p i c t u r e of an o u t e r m i t o c h o n d r i a l 
membrane p r e p a r a t i o n , aged by s t a n d i n g f o r 5 hours at 20°C . 
(x 7 5 0 ) . 
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MITOCHONDRIAL MEMBRANES 

F i g . 8 . E l e c t r o n micrograph ( p o s i t i v e s t a i n i n g ) of outer 
m i t o c h o n d r i a l membrane a f t e r aging 5 hours at 20°C . 
(x 1 4 , 0 0 0 ) . 
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F i g . 9 . S p e c i f i c r a d i o a c t i v i t i e s of m i t o c h o n d r i a l outer 
and inner membrane f r a c t i o n s a f t e r i n c o r p o r a t i o n of l a b e l e d 
amino a c i d s i n t o i s o l a t e d m i t o c h o n d r i a . F r a c t i o n s were 
obtained by s w e l l i n g , s h r i n k i n g and s o n i c a t i o n and subse-
quent sucrose d e n s i t y g r a d i e n t c e n t r i f u g a t i o n . F r a c t i o n s 
and volumes as in F i g . 1. For f u r t h e r d e t a i l s see r e f . 
(10) . 
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F i g . 10. I n c o r p o r a t i o n i n v i v o of l a b e l e d amino a c i d s i n t o 
outer and inner m i t o c h o n d r i a l membrane f r a c t i o n s i n the 
presence and absence of c y c l o h e x i m i d e . C e l l s were l a b e l e d 
i n two separate p o r t i o n s , one w i t h abeled-amino a c i d s 
i n the absence of c y c l o h e x i m i d e , the o t h e r w i t h ^ H - l a b e l e d -
ämino a c i d s i n the presence of 0.1 mg/ml c y c l o h e x i m i d e . 
The two p o r t i o n s were combined and o u t e r and inner m i t o ­
c h o n d r i a l membrane f r a c t i o n s were prepared by s w e l l i n g , 
s h r i n k i n g and s o n i c a t i o n and d e n s i t y g r a d i e n t c e n t r i f u g a -
t i o n . F r a c t i o n 1 r e p r e s e n t s top and f r a c t i o n 11 bottom of 
the g r a d i e n t . (A) Without c y c l o h e x i m i d e (^C r a d i o -
a c t i v i t y ) ; (B) w i t h c y c l o h e x i m i d e (̂ H r a d i o a c t i v i t y ) . 
0 = s p e c i f i c r a d i o a c t i v i t i e s (counts x m i n " ! x mg 

p r o t e i n " ' ) ; 
0 = r a t i o r a d i o a c t i v i t y / s u c c i n a t e - c y t o c h r o m e c reductase 

a c t i v i t y (counts x m i n " per jumoles cytochrome c 
reduced x h"^) . 
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