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TRANSPORT OF CYTOCHROME C INTO MITOCHONDRIA: 
INVOLVEMENT OF SPECIFIC RECEPTORS AND OF CYTOCHROME C HEME LYASE. 

Bernd Hennig, Helmut Köhler and Walter Neupert 
I n s t i t u t für Biochemie, Universität Göttingen 

The i n d i v i d u a l steps i n the tr a n s p o r t of mi t o c h o n d r i a l p r o t e i n s t o 
t h e i r f i n a l submitochondrial d e s t i n a t i o n s may d i f f e r f o r the va r i o u s 
p r o t e i n s ( c . f . r e f . l ) . Cytochrome c i s assembled i n the intermembrane 
Space of mitochondria. I t i s coded by a nuclear gene, t r a n s l a t e d as an 
ex t r a m i t o c h o n d r i a l precursor, apocytochrome c, on f r e e cytoplasmic r i b o -
somes and p o s t - t r a n s l a t i o n a l l y transported i n t o mitochondria. I t s 
tr a n s p o r t pathway i s d i s t i n c t from pathways used by other extramitochon
d r i a l precursors (2) and has se v e r a l remarkable f e a t u r e s : 1) The precur
sor becomes c o v a l e n t l y l i n k e d to protohemin; 2) I t i s not p r o t e o l y t i c a l l y 
processed; 3) I t s transport i n t o mitochondria does not depend on the 
energized s t a t e of the inner membrane. 

With a i d of s p e c i f i c a n tibodies t h a t d i s c r i m i n a t e between apo- and 
holocytochrome c we are i n v e s t i g a t i n g the d e t a i l s of t r a n s p o r t and assem
b l y of cytochrome c i n c e l l - f r e e , r e c o n s t i t u t e d Systems prepared from 
Neurospora hyphae (2-7). 

P r e v i o u s l y we reported that i n the c e l l - f r e e System apocytochrome c 
i s r a p i d l y transported i n t o mitochondria and no intermediate accumulation 
of apocytochrome c i n mitochondria i s observed (5). However, w i t h the heme 
analogue deuterohemin r e v e r s i b l e i n h i b i t i o n of t r a n s p o r t of apocytochrome 
c has been achieved. Two steps have thus been res o l v e d : 1) S p e c i f i c 
b i n d i n g of apocytochrome c to the mi t o c h o n d r i a l s u r f a c e . 2) Tra n s l o c a -
t i o n o f apocytochrome c across the outer membrane and attachment of heme. 
We have determined some c h a r a c t e r i s t i c s of these s t e p s . The r e s u l t s 
s t r o n g l y support our Suggestion that s p e c i f i c apocytochrome c receptors 
and a s p e c i a l Converting enzyme are involved i n the assembly of cyto
chrome c. 

Mitochondria 1983 
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A p o c y t o c h r o m e c i s r e c o g n i z e d by s p e c i f i c r e c e p t o r s a t t h e 
m i t o c h o n d r i a l s u r f a c e . 

Apocytochrome c_ obtained by t r a n s l a t i o n i n a c e l l - f r e e System from 
Neurospora hyphae f i r m l y binds t o mitochondria i n the presence of deutero-
hemin. I t i s not removed from mitochondria by washing w i t h i s o t o n i c buf-
f e r . By a s e r i e s of experiments we have demonstrated t h a t t h i s b i n d i ng i s 
s p e c i f i c , binding s i t e s are l o c a t e d at the s u r f a c e of mitochondria, and 
bin d i n g i s r e l a t e d to t r a n s p o r t of apocytochrome c i n t o mitochondria and 
conversion to holocytochrome c (5, 6 ) . 

F i r s t , b i n d i n g i s s p e c i f i c : Bound l a b e l l e d apocytochrome c i s d i s -
placed from Neurospora mitochondria by i n c r e a s i n g amounts of u n l a b e l l e d 
Neurospora apocytochrome c, but not by holocytochrome c. Apocytochromes c 
from d i f f e r e n t e u c a r y o t i c species d i s p l a c e bound Neurospora apocytochrome 
c w i t h d i f f e r e n t e f f i c i e n c y (ref.6 and Tab.T). T h i s e f f i c i e n c y i s not 
c o r r e l a t e d t o the net Charge of the v a r i o u s apocytochromes. Rather i t 
seems to be r e l a t e d to an adressing s i g n a l (8) which might recognize the 
receptor. This assumption i s supported by the f i n d i n g t h a t apocytochrome c 
from the p r o c a r y o t i c species Paracoccus d e n i t r i f i c a n s does not d i s p l a c e 
bound Neurospora apocytochrome c from Neurospora mitochondria d e s p i t e the 
c l o s e homology of Paracoccus cytochrome c w i t h e u c a r y o t i c cytochromes c. 
I t i s remarkable that a hydrophobic sequence which may form the addressing 
s i g n a l and which i s i n v a r i a b l y present i n the C-terminal h a l f of a l l 
e u c a r y o t i c cytochromes c, i s l a c k i n g i n Paracoccus cytochrome c . 

Second, apocytochrome c i s bound at the s u r f a c e of mitochondria: When 
mitochondria w i t h bound apocytochrome c were g e n t l y t r e a t e d with t r y p s i n , 
the apocytochrome c a s s o c i a t e d w i t h mitochondria was degraded whereas 
endogenous holocytochrome c contained i n the intermembrane Space remained 
unaffected (5). 

T h i r d , b i n d i n g i s r e l a t e d to t r a n s f e r of apocytochrome c i n t o mito
chondria: A mixture of deuterohemin-treated mitochondria containing bound 
apocytochrome c and of mitochondria not p r e t r e a t e d w i t h deuterohemin was 
prepared and incubated under c o n d i t i o n s t h a t were appropriate f o r uptake 
and concersion of apocytochrome c. I t was observed t h a t apocytochrome c 
was not detached from the deuterohemin-treated mitochondria and was not 
t r a n s f e r r e d t o the n o n - i n h i b i t e d mitochondria where i t would have been 
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converted to holocytochrome c. However, when protohemin had been added to 
the mixture, conversion of apocytochrome c was t a k i n g p l a c e . C o n t r o l 
experiments showed t h a t the n o n - i n h i b i t e d mitochondria r e t a i n e d t h e i r 
a c t i v i t y f o r tr a n s p o r t and conversion of apocytochrome c i n the mixture: 
when f r e e l y d i s s o l v e d , L a b e l l e d apocytochrome c was added to the mixture, 
the added apocytochrome c was converted i n c o n t r a s t to the bound apocyto
chrome c (6) . 

Tab. I . S p e c i f i c i t y of apocytochrome c bi n d i n g t o mitochondria. 

Unlabelled p r o t e i n used f o r displacement R e l a t i v e a f f i n i t y 
of bound l a b e l l e d apocytochrome c (% displacement of 

l a b e l l e d apocyto-
Species Net Charge at pH 7 chrome c) 

Neurospora apocytochrome c +4 100 

Horse apocytochrome c +9 70 

Rat apocytochrome c +9 70 

Yeast iso-l-apocytochrome c +8 70 

Parsnip apocytochrome c +7 50 

Paracoccus d e n i t r i f i c a n s 

apocytochrome c -4 0 

N-terminal fragment (Pos.-5/+59) 
of Neurospora apocytochrome c +4 0 
Neurospora holocytochrome c +7 0 
P o l y l y s i n e (1 nmol/ml) +60 0 
(average chain length 
60 residues) 

Neurospora H-apocytochrome c was synthesized by c e l l - f r e e 
t r a n s l a t i o n and bound to deuterohemin-treated Neurospora mito
chondria. Samples were mixed w i t h 10 - 10 4 pmoles u n l a b e l l e d 
apocytochrome c/ml and incubated 15 min at 25°C f o r e q u i l i b r a t i o n 
between f r e e and bound apocytochrome c. Mitochondria were r e i s o -
l a t e d by c e n t r i f u g a t i o n , l y s e d w i t h T r i t o n X-100 and the 3H-
apocytochrome c was adsorbed onto P r o t e i n A-agarose using s p e c i 
f i c a n t i b o d i e s . The immunoprecipitate was subjected to e l e c t r o -
p h o r e s i s by SDS-PAGE and r a d i o a c t i v i t y determined i n g e l s l i c e s . 
The displacement measured a t 10 nmol u n l a b e l l e d protein/ml i s 
shown ( c . f . a l s o r e f . 6 ) . 
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In order to determine p r e c i s e l y the b i n d i n g parameters i t i s neces-
s a r y t o have s u f f i c i e n t l y l a r g e amounts of apocytochrome c w i t h known 
s p e c i f i c r a d i o a c t i v i t y . Reductive methylation of apocytochrome c by ^ C -
formaldehyde and cyanoborohydride r e s u l t s i n m o d i f i c a t i o n of a l l but a few 
l y s i n e residues by mono- and d i m e t h y l a t i o n . T h i s was found t o be a conve-
n i e n t method as methylation does not d i s t o r t b i n d i n g (6, 7 ) . 

M i t o c h o n d r i a l b i n d i n g s i t e s were t i t r a t e d employing t h i s apocyto
chrome c u n t i l complete S a t u r a t i o n was obtained. Free and bound apocyto
chrome c was determined a f t e r e q u i l i b r a t i o n . The r e s u l t s were transformed 
i n t o a Scatchard p l o t i n order t o c a l c u l a t e b i n d i n g parameters. A b i p h a s i c 
c u r v a t u r e i s observed demonstrating the presence of two kinds of binding 
s i t e s (ref.6 and F i g . 1): some 90 pmol h i g h - a f f i n i t y b i n d i ng s i t e s per mg 

7 —1 

m i t o c h o n d r i a l p r o t e i n w i t h an a s s o c i a t i o n constant of K a= 2.2 x 10 M 
and a l a r g e r number of l o w - a f f i n i t y b i n d i ng s i t e s w i t h K a = 4 x 10^ M~^. 
I t i s the h i g h - a f f i n i t y b i n d i n g s i t e s t h a t represent the s p e c i f i c binding 
s i t e s i n volved i n t r a n s p o r t of apocytochrome c i n t o mitochondria. The 
l o w - a f f i n i t y b i n d i n g s i t e s presumably represent u n s p e c i f i c b i n d i n g . 

The assay f o r the presence of the h i g h - a f f i n i t y b i n d i n g s i t e s i s a 
s u i t a b l e experimental approach f o r d e f i n i n g the b i n d i n g and f o r i s o l a t i o n 
of the corresponding r e c e p t o r . The i n t e r a c t i o n between apocytochrome £ 
and i t s m i t o c h o n d r i a l receptor appears t o be e s s e n t i a l l y hydrophobic. The 
presence of very low amounts of non-ionic detergents (0.01 % T r i t o n 
X-100), t h a t d i d not s o l u b i l i z e the m i t o c h o n d r i a l membranes, s i g n i f i c a n t l y 
reduced binding of apocytochrome c t o mitochondria, but b i n d i n g was 
recovered a f t e r removal of the detergent from the mitochondrial Suspen
s i o n . In c o n t r a s t , n e i t h e r the p o l y c a t i o n i c peptide p o l y l y s i n e (1 nmol/ml) 
nor low concentrations of the d i v a l e n t c a t i o n s Mg and Ca ( 1-5 mmol/1) 
d i d i n t e r f e r e w i t h apocytochrome c b i n d i n g . Gentie treatment of mito
chondria w i t h t r y p s i n completely abolished the h i g h - a f f i n i t y b i n d i n g 
( F i g . l ) . T h is i n d i c a t e s t h a t the receptor i s a p r o t e i n . 

E x t r a c t i o n of the receptor from mitochondria has been achieved using 
the detergent o c t y l g l u c o s i d e (0.8-1.7 % ) . When the e x t r a c t e d m a t e r i a l was 
i n s e r t e d i n t o liposomes prepared from a s o l e c t i n , the s p e c i f i c h i g h - a f f i n i 
t y b i n d i n g s i t e s were recovered. H i g h - a f f i n i t y b i n d i n g of apocytochrome c 
i s not an i n t r i n s i c p roperty of the liposomes themselves. D i f f e r e n t i a l 
e x t r a c t i o n of mitochondria and p u r i f i c a t i o n of the apocytochrome £ recep-
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t o r by column chromatography i s now under study and so f a r has succeeded 
up t o a 4 5 - f o l d enrichanent. 

0 20 40 60 80 100 120 U0 
pmol U C-Apocytochrome £ bound/mg mitochondrial protein 

F i g . 1. Apocytochrome c b i n d i n g t o mitochondria (Scatchard p l o t ) 
and protease s e n s i t i v i t y of the receptor. 

Neurospora mitochondria were i s o l a t e d and resuspended i n i s o -
t o n i c b u f f e r (sucrose/MOPS pH 7.5) c o n t a i n i n g 30 mmol deutero-
hemin/ml. Samples were t i t r a t e d w i t h i n c r e a s i n g amounts of Neuro
spora -^C-methylated apocytochrome c (0.9 Ci/mmol p r o t e i n ) . A f t e r 
15 min a t 25°C mitochondria were spun down. Free and bound apo
cytochrome c was determined by s c i n t i l l a t i o n counting of ra d i o a c -
t i v i t y i n the supernatant and the mitochondria, r e s p e c t i v e l y . 
T r y p s i n s e n s i t i v i t y of b i n d i n g s i t e s was i n v e s t i g a t e d by t r e a t -
ment of mitochondria w i t h 40 ug t r y p s i n / m l x mg mi t o c h o n d r i a l 
p r o t e i n f o r 15 min a t 25°C. A f t e r a d d i t i o n of soybean t r y p s i n 
i n h i b i t o r mitochondria were t i t r a t e d w i t h apocytochrome c as 
above. 
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Heme a t t a c h m e n t t o a p o c y t o c h r o m e c i s m e d i a t e d by an enzyme. 

The c o n v e r s i o n of apo- to holocytochrome c, i . e . the covalent a t 
tachment of protohemin t o apocytochrome c, does not proceed spontaneous-
l y . T h i s r e a c t i o n r a t h e r r e q u i r e s c e r t a i n c o n d i t i o n s which s t r o n g l y sug-
gest t h a t i t i s c a t a l y z e d by an enzyme. This enzyme must be e i t h e r con-
t a i n e d as a s o l u b l e p r o t e i n i n the intermembrane Space or located at the 
inner s i d e of the outer membrane (5, 9) . 

F i r s t , the i n s e r t i o n o f protohemin i n cytochrome c i s t h e o r e t i c a l l y 
p o s s i b l e i n two a l t e r n a t i v e ways, but a c t u a l l y takes place stereospe-
c i f i c a l l y ( F i g . 2) : the v i n y l group at carbon atom C 3 of protohemin i s 
only attached t o the c y s t e i n e a t p o s i t i o n 17 of cytochrome c_ and the v i n y l 
group a t carbon atom C 8 to the c y s t e i n e a t p o s i t i o n 14. Only t h i s p a r t i -
c u l a r s t e r e o s p e c i f i c i n s e r t i o n leads to the n a t i v e , f u n c t i o n a l conforma-
t i o n of holocytochrome c (10). 

Second, c e r t a i n heme analogues, which completely lack v i n y l groups 
and t h e r e f o r e cannot be l i n k e d t o apocytochrome c, compete with the phy-
s i o l o g i c a l S u b s t r a t e , protohemin, and i n h i b i t conversion. In a d d i t i o n , 
there i s a remarkable s t r u c t u r a l s p e c i f i c i t y determining whether a heme 
d e r i v a t i v e competes w i t h protohemin or does not i n t e r f e r e with conversion 
( F i g . 2 ) : Deuterohemin and mesohemin e f f i c i e n t l y compete with protohemin. 
In c o n t r a s t , hematohemin, which has two hydroxyethyl si d e c h a i n s , does not 
compete a t a l l w i t h protohemin and does not i n t e r f e r e with conversion. A 
s i m i l a r but d i s t i n e t c o m p e t i t i o n of porphyrin Substrates i s known with the 
f e r r o c h e l a t a s e (11) . I t seems as i f the hematohemin would not f i t i n t o the 
Substrate b i n d i n g s i t e of the p u t a t i v e Converting enzyme. 

F i g . 2. S t e r e o s p e c i f i c i t y and Substrate s p e c i f i c i t y f o r cova
l e n t attachment of the heme group to apocytochrome c. 

•^H-apocytochrome c was synthesized i n a c e l l - f r e e System pre-
pared from Neurospora hyphae. Mitochondria were preineubated w i t h 
the v a r i o u s heme d e r i v a t i v e s (10 nmol/ml) f o r 5 min at 25°C and 
then mixed w i t h the postribosomal supernatant co n t a i n i n g the ̂ H-
apocytochrome c. ^H-holocytochrome c formed a f t e r 30 min at 25°C 
was immunopreeipitated and r a d i o a c t i v i t y determined as described 
i n Tab. I . 



557 

None (= c o n t r o l ) 

Protohemin -CH=CH2 

Deuterohemin -H 

Mesohemin -CH2-CH 

Hematohemin -CH-CH, 

I 3 

OH 

Pemptohemin -H 

Isopemptohemin -CH=CH2 

100 

-CH=CH2 100 

-H 20 

-CH 2-CH 3 19 

-CH-CH3 95 

OH 

-CH=CH2 20 

-H 20 

Deuterohemin + Protohemin 86 

Deuterohemin + Pr o t o p o r p h y r i n IX 18 
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T h i r d , the simultaneous presence of two v i n y l groups at the heme Sub
s t r a t e i s required f o r l i n k a g e to apocytochrome c . The two heme d e r i v a 
t i v e s , pemptohemin and isopemptohemin, have o n l y a Single v i n y l group at 
the carbon atoms C 8 and C 3, r e s p e c t i v e l y . T h e o r e t i c a l l y , covalent a t 
tachment of pemptohemin to apocytochrome c v i a a thioether linkage between 
the S i n g l e v i n y l group at C 8 and the c y s t e i n e 14 would appear p o s s i b l e , 
as w e l l as of isopemptohemin v i a the v i n y l group a t C 3 and the c y s t e i n e 
17. In f a c t , neither pemptohemin nor isopemptohemin are used as Substrates 
for the attachment to apocytochrome c but rather i n h i b i t conversion l i k e 
deuterohemin ( F i g . 2) . 

Furthermore, the presence of two v i n y l groups i n the porphyrin System 
i s a necessary requirement, but i n a d d i t i o n a l s o the i r o n must be present 
in the porphyrin molecule: Protoporphyrin IX i s not used as a Substrate 
( F i g . 2) although i t i s otherwise i d e n t i c a l to protohemin and a r t i f i c i a l l y 
can be introduced i n cytochrome c (12). 

Tab. I I . Requirement of a c y t o s o l i c f a c t o r f o r conversion. 

Neurospora mitochondria were incubated w i t h deuterohemin (10 
nmol/ml) and mixed w i t h a postribosomal supernatant containing 
^H-apocytochrome c. A f t e r i n c u b a t i o n f o r 15 min a t 25°C mitochon
d r i a were i s o l a t e d by c e n t r i f u g a t i o n and resuspended in the 
d i f f e r e n t media as i n d i c a t e d . Formation of ^H-holocytochrome c 
was determined as described i n F i g . 3. The amount i s given as 
counts/ min x ml assay x mg m i t o c h o n d r i a l p r o t e i n : 

Treatment of mitochondria Holocytochrome c formed 
1. Resuspension i n u n l a b e l l e d 

postribosomal c y t o s o l 

+ protohemin (10 nmol/ml) 3,230 

2. Resuspension i n i s o t o n i c 
b u f f e r (sucrose/MOPS, pH 7.5) 

+ protohemin (10 nmol/ml) 0 

3. Resuspension i n i s o t o n i c 
b u f f e r (sucrose/MOPS, pH 7.5) 

+ protohemin (10 nmol/ml) 

+ c y t o s o l i c e x t r a c t 2,045 
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F i n a l l y , a c y t o s o l i c c o f a c t o r i s req u i r e d t o promote conversion. When 
deuterohemin-treated mitochondria a s s o c i a t e d w i t h bound apocytochrome c 
were resuspended i n u n l a b e l l e d c y t o s o l w i t h a d d i t i o n of protohemin, con
v e r s i o n was resumed. However, when they were resuspended i n de f i n e d i s o t o 
n i c b u f f e r and excess protohemin was added, no conversion took p l a c e . 
Conversion was then resumed o n l y a f t e r a d d i t i o n of a deproteinated e x t r a c t 
prepared from the e x t r a m i t o c h o n d r i a l c y t o s o l (Tab. I I ) , h s i m i l a r f i n d i n g 
was p r e v i o u s l y reported by others (9). We assume t h a t the c y t o s o l i c ex
t r a c t c o n t a i n s a c o f a c t o r which i s re q u i r e d by the p u t a t i v e enzyme to 
a c t i v a t e e i t h e r the v i n y l groups of the protohemin or the c y s t e i n e SH-
groups of apocytochrome c_ i n order t o i n i t i a t e the subsequent covalent 
c o u p l i n g . 

The p u t a t i v e enzym has t o be named cytochrome c heme l y a s e according 
to the recommendations g i v e n by the IUPAC/IUB Committee on Enzyme Nomen-
c l a t u r e . Experiments to l o c a t e the enzyme i n submitochondrial f r a c t i o n s or 
even to i s o l a t e i t , have f a i l e d as y e t . The Converting a c t i v i t y has been 
l o s t whenever the i n t a c t s t r u c t u r e of mitochondria was d i s r u p t e d by s o n i -
c a t i o n , osmotic s w e l l i n g - s h r i n k i n g or l y s i s w i t h non-ionic detergents. 

C o n c l u d i n g r e m a r k s : T r a n s f e r o f a p o c y t o c h r o m e c a c r o s s t h e 
o u t e r membrane o f m i t o c h o n d r i a . 

Protohemin i s c o v a l e n t l y attached t o apocytochrome £ w i t h i n mito
chondria. The r e a c t i o n does o b v i o u s l y not take place a t the mit o c h o n d r i a l 
s u r f a c e . Otherwise holocytochrome £ would be formed a t the cytoplasmic 
s i d e of the outer membrane and holocytochrome £ but not apocytochrome £ 
would be t r a n s l o c a t e d across the outer membrane. This i s c l e a r l y not the 
case. The f i n d i n g s u n e q u i v o c a l l y demonstrate t h a t apocytochrome £ and not 
holocytochrome £ competes f o r b i n d i n g and t r a n s p o r t (2, 5, 6 ) . 

On the other hand, c o v a l e n t attachment of protohemin to apocytochrome 
c and t r a n s l o c a t i o n of the p r o t e i n across the outer membrane must be 
i n t i m a t e l y coupled events. When conversion of apo- t o holocytochrome c i s 
prevented by deuterohemin, apocytochrome £ does not accumulate i n the 
intermembrane Space but remains f i r m l y bound to the receptor s i t e s (5). 
Transport i n t o mitochondria o n l y proceeds when conversion i s resuming. 
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Considering these two aspects we have a r r i v e d at the f o l l o w i n g hypo-
t h e s i s f o r the assembly of cytochrome c_: B i n d i n g of apocytochrome c to 
i t s receptor may arränge the precursor at the outer membrane i n such away 
th a t i t becomes competent f o r t r a n s f e r across the membrane. That part of 
apocytochrome c, which c a r r i e s the heme b i n d i n g region, might then pro-
trude through the outer membrane, perhaps v i a a pore close to the receptor 
or v i a a Channel formed by the receptor i t s e l f . Thus the c y s t e i n e SH-
groups of the heme-binding region might become exposed at the inner s i d e 
of the outer membrane where they would be a c c e s s i b l e to the Converting 
enzyme. Attachment of protohemin by cytochrome c heme lyase would force 
the Polypeptide to r e f o l d around the heme group. This r e f o l d i n g i s a 
spontaneous process (13, 14) . I t may p u l l the Polypeptide chain of cyto
chrome c completely across the outer membrane. I t i s known that r e f o l d i n g 
of a Polypeptide around the heme group proceeds w i t h a h a l f - t i m e of c o n s i -
d e r a b l e length (14, 15). Ref o l d i n g of the Polypeptide chain a f t e r heme 
attachment and concomitant completion of i t s t r a n s f e r across the outer 
membrane may t h e r e f o r e be the r a t e l i m i t i n g step i n the assembly process. 
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