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!. Summary 

Most mitochondrial proteins are synthesized as pre- 
cursor proteins on cytosofic polysomes and are subse- 
quently imported into mitochondria. Many precursors 
carry amino-terminal presequences which contain infor- 
mation for their targeting to mitochondria. In several 
cases, targeting and sorting information is also con- 
tained in non-amino-terminal portions of the precursor 
protein. Nucleoside triphosphates are required to keep 
precursors in an import-competent (unfolded) confor- 
mation. The precursors bind to specific receptor pro- 
teins on the mitochondrial surface and interact with a 
general insertion protein (GIP) in thc outer membrane. 
The initial interaction of the precursor with the inner 
membrane requires the mitochondrial membrane poten- 
tial (A6) and occurs at contact sites between outer and 
inner membranes. Completion of translocation into the 
inner membrane or matrix is independent of Ark. The 
presequences are cleaved off by the processing pepti- 
dase in the mitochondrial matrix. In several cases, a 
second proteolytic processing event is performed in 
either the matrix or in the intermembrane space. Other 
modifications can occur such as the addition of pros- 
thetic groups (e.g., heme or Fe/S clusters). Some pre- 
cursors of proteins of the intermembrane space or the 
outer surface of the inner membrane are retranslocated 
from the matrix space across the inaer membrane to 
their functional destination ('conservative sorting'). Fin- 
ally, many proteins are assembled in multi-subunit com- 
plexes. 

Exceptions to this general import pathway are known. 
Precursors of outer membrane proteins are transported 
directly into the outer membrane in a receptor-depen- 
dent manner. The precursor of cytochrome c is directly 
translocated across the outer membrane and thereby 
reaches the intermembrane space. 

In addition to the general sequence of events which 
occurs during mitochondrial protein import, current 
research focuses on the molecules themselves that are 
involved in these processes. 

!1. Introduction 

A great deal of new information on how mitochondria 
import proteins has been gathered over the last few 
years (see Table I for a historical overview). Research in 
this area has been aided mainly by the introduction of 
gene-fusion techniques providing insight into the specific 
targeting of precursor proteins to mitochondria, and by 
the further refinement of in vitro assays resolving inter- 
mediate steps during the translocation of proteins across 
mitochondrial membranes. It is becoming more and 
more evident that the protein translocation processes 
across distinct cellular membranes are similar in several 
regards. For example, it has been demonstrated that 
protein t ransport  across the membranes  of  
mitochondria, chloroplasts, the endoplasmic reticulum, 
peroxisomes, and across the plasma membrane of 
Escherichia coil all require ATP and can occur post- 
translationaily (see Sections III-A and VII-C). 

Mitochondria are not formed de novo. During the 
process of growth and division of preexisting organelles, 
newly synthesized components (e.g., proteins and lipids) 
have to be introduced into preformed structure,. A 
number of processes take place to guarantee the flmc- 
tional identity of the organelle~, which is sustained by a 
specific set of several hundred proteins. Mitochondria 
contain their own DNA an,./a unique system for repli- 
cation and protein synthesis (for review see Refs. 1-3). 
Only a small percentage of total mitochondrial proteins, 
however, are synthesized within the organelles. The bulk 
of mitochondrial proteins have to be imported from 
their site of synthesis in the cytoplasm. 

The scope of the present review is to outline the 
general principles underlying the incorporation of cyto- 
plasmicaily synthesized proteins into mitochondria. For 
ease of understanding, this highly complex process will 
be roughly subdivided into the following steps: (i) 
Mitochondrial proteins are synthesized on free poly- 
somes, in most cases as larger precursors carrying N- 
terminal extensions, and are subsequently released into 
a cytoplasmic precursor pool as soluble species. The 



TABLE I 

Historical overoitnv 

Beginning from 1975. the main findings in the field of mitochondrial 
protein import are briefly summarized. In most cases we tried to select 
only those references reporting a certain observation for the first time. 
As a consequence, many contributions important to our present 
understanding of import are not cited here. 

Year Observation 

1975 Ribosomes attached to the outer mltochondrlal membrane, 
especially at sites of close contact between outer and inner 
membranes, are visualized su88esting cotranslational im- 
port of proteins via contact sites [2091 . 

1976 Pesttranslational impart of precursor proteins into mitochon- 
dria is demonstrated in vivo. Translocation requires energy 
[311. 

1977 Posttranslafional import of precursors into mitnehondria is 
estabfished in an in vitro cell-free system [38 !. 

1979 Uptake of precursor proteins into mitocbondria is accompa- 
nied by proteolyti¢ processing [40,55.320.328]. 

Precursors of ADP/ATP carrier and ~tuchrome c are synthe- 
sized without a cleavable preseqneuce [57,60]. 

1980 Cytosofic precursors are transported as high molecular weight 
aggregates [41]. 

Hypotonic extracts of mitnehondria contain the activity for 
proteolytic processing of precursor proteins [226]. 

1981 Binding of precursors to mitnehonthia is demonstrated [1921. 

1982 An energized tuner membrane is required for transport of 
precursors into or across the inner membrane [172A82,213]. 

Pr--~sequences of mitnehoodrial precursor proteins are hydro- 
philic and positively charged [72,2151. 

The processing peptidase is localized in the mitochondrial 
matrix. The enzyme is inhibited by metal chelators and 
stimulated by divalent cations [227-229 I. 

Proteins destined for the iotermembrane space are protcolyti- 
celly processed in two steps 135,51.52]. 

Binding sites for aporytochr~_ c c.,m he titrate¢]. 1193]. 

1983 Precursors of ADP/ATP carrier and of cytuchrome b 2 specifi- 
celly bind to de-energized mitnebondria in vitro. Upon 
re-enessization import from the binding sites takes place 
[183,184,1911. 

Proteolytic p r o ~ n g  is not essential for translecation of a 
cleavable precursor across both mitocboodrial membranes 
12481. 

Assembly of in vitro imported proteins is demonstrated 
173,3e0l. 

1984 The pr--~:qnenee of a mitochondrial precursor protein si suffi- 
eient to dir~t  a ~tosolic "passenger' protein into 
mitnehondtla [110,111]. 

in addition to information for targeting, information for sort- 
ing to the correct mituchondrial subcompartmeot can lie in 
the amino-terminal region of a precursor ('stop-transfer' 
hypothesis) 11351. 

1985 Sufficient information for targeting to mitnehondria and for 
import into the matrix can he contained in the amino- 
terminal half of a preseqnence [1141. 

Positive charges contained in the preseqnenee are important 
for import of a precursor protein [151]. 

Import of precursor proteins occurs at contact sites between 
outer and inner mituchondrial membranes [45]. 

Only the electrical component d4, of the total proton motive 
force is required for translneation of precursors into the 
mitoehondrial inner me.mbrane ll71l. 

TABLE 1 (continued) 

Year Observation 

1986 Precursor proteins must be at least partially unfolded to be 
translucated across the mitcehondrial membranes 19OI . 

Intramitochondrial sorting of a precursor protein to the outer 
surface of the inner membrane is proposed go occur by a 
"stop-transfer" domain specific for the inner membrane 
12781. 

Intramituchondfial sorting of a precursor protein to the outer. 
surface of the inner ~ b r a n o  is demonstrated to occur via 
the matrix space ('conservative sorting" hypothesis) 1361. 

In addition to the membrane potantial, nuclenside triphns- 
phetes are required for import [98]. 

An amphiphilic a-helix is proposed to be a common secondary 
structure of mituc.Nondrlal presequeuc~ [144,144a.156]. 

Positively charged artificial amino acid sequencu~ can direct 
"passenger" proteins into mitorhondria [1601. 

1987 Nucleoside triphosphates are nucessa~j to k__eep p~ ~*eeuvsor pro- 
teins in a translocetion competent conformation II00,lOl, 
217]. 

Translucation into and out of the mitcehondrial matrix by a 
bipartite targeting signal is demonstrated 1187]. 

Specific import information can reside in non-amino-terminal 
(carboxy-tetminal) precursor parts [145,147]. 

1988 Mitochondrial processing peptidase (MPP) and the "processing 
enhancing protein" (PEP), are purified and identified ~s 
essential components involved in import and asse~nbly of 
proteins into mitochondtia [233]. 

PEP is identical with the product of the ~iAS  ! gene [236] and 
MPP is identical with the product of the M A S  2 gene 
1236a I. which can complement the respective yeast mutants 
defective in proteolytic processing of precursors. 

GIP, ' a  general insertion protein', is proposed to he a common 
insert:.on site in the outer membrane receiving precursor 
proteins from different classes of surface receptors [169]. 

Members of the hsp 70-family of heat-shock proteins appear to 
be involved in keeping precursor proteins destined for 
different organelles in a transiocatioo-competent conforma- 
tion [107-109]. 

a m i n o - t e r m i n a l  p t e s e q u e n c e s  a p p a r e n t l y  ca r ry  i n f o r m a -  
t ion for  the  t a r g e t i n g  o f  p r e c u r s o r  p r o t e i n s  to  
m i t o c h o n d r i a .  N u c l e o s i d e  t r i p h o s p h a t e s  a re  r equ i r ed  for  
the  u n f o l d i n g  o f  the  p r e c u r s o r  p r o t e i n s  p r i o r  to  i m p o r t .  
( i i)  P r e c u r s o r  molecu les  spec i f ica l ly  b i n d  to  p r o t e i n a -  

eeous  r ecep to r s  on  the  s u r f a c e  o f  m i t o c h o n d r i a .  (i i i)  
P r e c u r s o r  molecu les  a r e  t h e n  t r ans loca t ed  a c r o s s  the  
m e m b r a n e ( s )  a n d  s o r t e d  to  o n e  o f  the  f o u r  m i t o c h o n d r i a l  
c o m p a r t m e n t s  (ou te r  m e m b r m l e ,  i n t e r m e m b r a n e  space ,  
i nne r  m e m b r a n e  o r  ma t r ix ) .  T r a n s p o r t  i n t o  o r  ac ros s  the  
i n n e r  m e m b r a n e  occu r s  a t  c o n t a c t  s i t es  b e t w e e n  o u t e r  

a n d  i n n e r  m e m b r a n e s  a n d  is  d e p e n d e n t  on  the  m e m -  

b r a n e  po ten t i a l  (A ,k )  a c r o s s  the  i n n e r  m e m b r a n e .  ( iv)  

P r o c e s s i n g  o f  p r e c u r s o r  p r o t e i n s  to  the i r  m a t u r e  s ize - 
o r  to  a n  i n t e r m e d i a t e  f o r m  in  the  c a s e  o f  severa l  in t e r -  
m e m b r a n e  s p a c e  p ro t e in s  - b y  the  m e t a l - i o n  d e p e n d e n t  
p r o c e s s i n g  p e p t i d a s e  t akes  p lace  in  the  m a t r i x .  (v)  A d -  

d i t iona l  p r o c e s s i n g  s teps  o c c u r  d u r i n g  i m p o r t  i n c l u d i n g  

covalent, a~ld n o n - c o v a l e n t  m o d i f i c a t i o n s  soch  as  he ine-  
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attachment, iron-sulfur cluster formation and confor- 
mational changes. The intermediate-sized forms of in- 
termembrane space proteins have to undergo a second 
proteolytic event by a so far uncharacterized 
proteinase(s). (vi) Finally, many imported proteins are 
assembled into supramolecular protein complexes. The 
principles underlying these final assembly processes are 
poorly understood and are complicated by the fact that 
several protein complexes, like the proton translocating 
complexes of tbe respiratory chain and the FoF ~ ATPase, 
are formed by cytoplasmically as well as mitochondri- 
ally synthesized subunits. 

IlL Cytosolic precursors of mitochondrial proteins 

111-.4. Co- vs. posttranslational translocation 

Two principle mechanisms for the translocation of 
proteins across biological membranes have been dis- 
cussed during the last decade. In both cases, protein 
synthesis starts on free cytoplasmic polysomes. During 
cotranslational transport, the nascent polypeptide chain 
is directed to the target membrane as it emerges froxr. 
the. ribosome. Translocation then takes place while 
synthesis continues. For example, translocation across 
the endoplasmic reticulum (ER) membrane can be dis- 
sected into the following steps [4-13]: following synthe- 
sis of a critical length of the polypeptide, the signal 
recognition particle (SRP) - a ribonucleoprotein com- 
plex - binds to the peptide chain. Under certain condi- 
tions the binding of SRP causes elongation arrest which 
is subsequently released after the complex (consisting of 
polysomes, polypeptide and SRP) has bound to the ER 
via the docking protein (SRP receptor). Insertion and 
translocation of the polypeptide across the ER mem- 
brane then occurs after synthesis is resumed. Amino- 
terminal signal peptides, if present, are cleaved off by 
the signal peptidase, a ~-ix-subunit protein compIex re- 
siding on the luminal face or in the membrane of the 
ER [14]. 

In posttranslational transport, proteins bind to and 
are inserted into the target membrane after their synthe- 
sis is completed and the polypeptide has been released 
from the polysome. This type of membrane insertion is 
predominant in mitochondria and chloroplasts, as well 
as in peroxisomes and glyoxisomes [15-17]. It is note- 
worthy that cotranslational and posttranslational modes 
of insertion can coexist and are not mutually exclusive. 
Recently, reports from several laboratories have de- 
scribed posttranslationai translocation across the ER 
membrane for a number of proteins [18-25]. The con- 
cept of mechanistic coupling between synthesis and 
translocation was primarily due to the temporal correla- 
tion of both processes. Even the translocation that 
occurs during synthesis has been shown to be indepen- 
dent of elongation if suitable experimental conditions 

were chosen [26,27]. On the other hand, protein trans- 
port into mitochondria could also occur during chain 
elongation (see below and Section VI-C). 

These considerations are not limited to eukaryotic 
organisms. In prokaryotes, protein translocation has 
also been shown to be independent of elongation 
[13,28-30]. It is now widely agreed that cotranslationai 
and posttranslationai translocation merely reflect kinetic 
differences and not principle mechanistic differences. 
The folding state of a precursor protein, however, is 
important for its translocation competence. Membrane 
translocation requires the precursor to be in an un- 
folded conformation. This seems to be very difficult or 
impossible for completely translated secretory proteins. 
The state of folding of precursor proteins may therefore 
differ when imported cotranslationally compared to 
posttranslationally and require special events, particu- 
larly in the latter case, to ensure import competence. 
These aspects will be discussed in detail in Sections 
III-C and VI1-C. 

The first e~,dence showing that mitochondrial pro- 
teins can be imported posttranslatior.aily came from in 
vivo experiments with intact cells [31-36]. At various 
times after a pulse with radioactive amino acids, cells 
were fractionated and labeled precursor proteins were 
immunoprecipitated. The following observations were 
made: (i) labeled proteins first appeared in a cytosofic 
pool in soluble form and were detected in mitochondria 
only after a certain lag period; (ii) the kinetics of 
appearance in mitochondria varied for different pre- 
cursors; and (iii) translocation into mitochondria con- 
tinued during chase periods after the inhibition of pro- 
teiu synthesis with cycloheximide. 

These findings were substap_tiated by estabfishing in 
vitro assays for the import of mitochondriai proteins. 
Precursors were synthesized in a cell-free translation 
system derived from postm~tochondrial supernatants of 
Neurospora crassa or from rabbit reticulocytes. After 
translation, precursors were released to the postribo- 
somal supernatant. Isolated initochondria, added to such 
a supernatant, were able to import these precursor 
proteins [37-41]. This demonstrated that proteins could 
be imported into mitochondria after synthesis of the 
polypeptide had been completed. 

In a number of cases, translocation may follow a 
cotranslational mechanism in vivo. It has been shown 
that cytoplasmic 80 S ribosomes were tightly attached 
to yeast mitochondria after inhibition of elongation 
with cycloheximide [42-.44]. Two-thirds of the ribo- 
somes remained bound after washing at high ionic 
strength but could be subsequently released with 
puromycin, indicating that they were coupled to the 
nascent polypeptide chain and probably in state of 
translocation across the mitochondriai membranes. (In 
these experiments it was not demonstrated whether the 
incomplete precursors were actually spanning the 
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mi tochondr i a l  membranes .  U s i n g  a d i f ferent  approach,  the mi tochondr i a i  mat r ix  (where process ing  occurred)  
however ,  i t  was recendy shown tha t  !he amino- t e rmina l  while  the ma jo r  d o m a i n  o f  the po lypep t ide  was s!i!l in  
pa r t s  o f  precursor  p ro te ins  cou ld  be  t rans loca ted  in to  the cytosoi  [45] (also see Sect ion  VI-C.).) In  v i t ro  tr~.ns- 

TABLE I1 

N u c l e a r  coded  m i t o c h c . d ' ,  r ~recursor pro te ins  

Cytoplasmic precursor proteins whose import has been studied in vitro o. in some detail in vivo are listed according to their suI~w".~c.c,hondrial 
localization. For the i n t ~ b r a n e  space, only soluble or loosely attached meml~rane proteins are listed. Inner membrane proteins largely ~.x~rw-Jzed 
to the interrnembr~e .spat- ~-.~, cytochrcm~ ~'! ~md th~ Rieske Fe/S protein) are found with their respca:tlve respiratot~j chain complexes. The 
apparent molecular mass as well as the number of amino acids for vrecursors and processed forms are Oven. Where determined, certain 
characteristics of the import pathway are specified. Abbreviations: n.d., not determined: NTPs, anclanside triphosphates. 

Compart- Protein Organism Apparent molecular mass NTPs Import 

merit (amino acids) requires A4, occurs at 

precursor inter- mature receptor contact 
mediate sites 

Outer 
membrane 70 kDa protein yeast 70 kDa 

(617) 

pot~ yeast 29 kDa 
(283) 

por in  N.  crassa 31 kDa 
(283) 

rat 34 kDa 
(n.d.) 

lntermem- 
brahe 

70 kDa n.d. n.d. no n.d. 134-137, 302 
{617) 

29 kDa n.d. n.d. no n.d. 48, 49,303 
(283) 

31 kDa yes yes no n.d. 47° 79.103,167. 
(283) 169 

34 kDa n.d. yes no n.d. 304 
(n,d.) 

space cytcehrome b 2 yeast 68 kDa 63 kDa 53 kDa yes yes yes yes 51-54.102" 187, 
(591) (n.d.) (511) 269 

cytochrome-c yeast 39.5 kDa n.d. 32 kDa n.d. n.d. yes n,d. 53. 215 
peroxidase (362) (294) 

eytcehrome c N. crazsL~ 12 kDa 12 kDa n.d. yes no n.d. 39, 57.188.192-194, 
(10"/) (10"7) 207. 387 

rat 12 kDa 12 kDa n.d. n.d. no n.d. 58 
(104) (104) 

Inner 
membrane Complex 111 

(bet-complex): 
Subunit I N. crassa 51.5 kDa 50 kDa n.d. n.d. yes n.d. 35 

(n.d.) (n.d.) 

yeast 44.5 kDa 44 kDa n.d. n.d. yes n.d. 66 
(n.d.) (n.d.) 

subunit 11 N. crassa 45 kDa 45 kDa n.d. n.d. yes n.d. 35 
(n.d.) (n.d.) 

yeast 40.5 kDa 40 kDa n.d. n.d. yes n.d. 66 
(n.d.) (n.d.) 

subunit IV N. crassa 38 kDa 35 kDa 31 kDa yes o,d. yes yes 35.45,187, 206, 272 
(cytochrome c I) (332) (305) (262) Stuart, Nicholson, 

and Nanpert, unpobl, 
data 

yeast 37 kDa 35 kDa 31 kDa n.d. n.d. yes n.d. 52, 241,271 
(309) (n.d.) (248) 

rat 33 kDa n.d. 30 kDa n.d. n.d, n.d. n.d. 305 
(n.d.) (n.d.) 

Table II continued overleaf. 
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TABLE Ii (continued) 

Compart- Protein 
rnent 

Organism Apparent molecular mass NTPs Import 
(amino acids) require~s A~ occurs at 
precursor inter- mature receptor contact 

mediate sites 

Inner 
membrane subunit V N. crassa 29 kDa 26 kDa 25 kDa n.d. yes yes yes 35, 36, 263 

(Rieske Fe/S) (231) (207) (199) 

yeast 27 kDa n.d. 25 kDa n.d. n.d. n.d. n.d. 280, 306. 307 
(215) (185) 

rat 30 kDa n.d. 24 kDa n.d. n.d. n.d. n.d. 305 
(n.d.) (n.d.) 

subunit V! N. crassa 14 kDa 14 kDa n.d. n.d. n.d. n.d. 35 
(n,d.) (n.d.) 

yeast 25 kDa 17 kDa n.d. n.d. n.d. n.d. 66,149 
(n.d.) (n.d.) 

subunit Vll N. crassa 12 kDa 11.5 kDa n.d. n.d. yes n.d. 35 
(n.d.) (n.d.) 

yeast 14 kDa 14 kDa n.d. n.d. n.d. n.d. 66, 308 
(n.d.) (n.d.) 

subunit VIIi N. crassa 11.6 kDa 11.2 kDa n.d. n.d. n.d. n.d. 35 
(n.d.) (n.d.) 

yeast I1 kDa 11 kDa n.d. n.d. n.d. n.d. 66 
(n.d.) (n.d.) 

Complex IV 
(cytochrome oxidase): 

subunit IV yeast 17 kDa 14 kDa n.d. n.d. yes n.d. 112,113, 312 
(155) (130) 

rat 19.5 kDa 16.5 kDa n.d. n.d. n.d. n.d. 310, 311 
(liver) (n.d.) (n.d.) 

rat 18 kDa 16.5 kDa n.d. n.d. n.d. n.d. 309 
(hepatoma) (n.d.) (n.d.) 

subunit V yeast 15 kDa 12.5 kDa n.d. n.d. n.d. n.d. 312-314 
(153) (133) 

rat 15 kDa 12.5 kDa n.d. n.d. n.d. n.d. 311-313 
(n.d.) (n.d.) 

subunit V! yeast 17-20 kDa 12.5 kDa n.d. n.d. n.d. n.d. 312, 313, 315 
(148) (108) 

subunit Vii yeast 5-7.5 kDa 5-7.5 kDa ~.d. n.d. n.d. n.d. 312 
(n.d.) (n.d.) 

ATPase-F t 
complex: 

subunit I yeast 64 kDa 58 kDa n.d. n.d. yes n.d. 40, 313, 351 
(Fla) (544) (n.d.) 

subunit 2 IV. cro~sa 56 kDa 54 kDa yes yes yes yes 45,101,248, 
(Fl~) (519) (n.d.) Rassow and 

Neupert, 
onpubl, data 

yeast 56 kDa 54 kDa yes n.d. yes yes 40.100, 212, 
(511) (492) 313. 316 

human 54.5 kDa 51.5 kDa n.d. n.d. n.d. n.d. 353 
(539) (480) 



TABLE 11 (continued) 

Compart- Protein Organism Apparent molecular mass NTPs Import 

m~nt (amino acids) requires A,~ occurs at 

precursor inter- mature receptor contact 
mediate sites 

Inner ~ubunit 3 yeast 40 kDa 34 kDa n.d. n.d. yes n,d. 40, 46° 313 
membrane (F.y) (n.d.) (n.d.) 

subunit 4 N. crassa (n.d.) (n.d.) n.d. n.d. n.d. n.d. 317 
(Fis)  (165) (139) 

Fl-inhibitor ye,~t 12 kDa 10 kDa n.d. n.d. yes n.d. 318. 319 
(n.d.) (n.d.) 

ATPase-F o 
complex: 

snbunit 9 N. crassa 16.4 kDa 13 kDa 10.5 kDa n.d. yes yes n.d. 72. 73,180.  203, 
(ATPase IX, (147) (112) (81) 231. 320 
proteolipid) 

bovine (n.d.) 
(136) 

(n.d.) 
(143) 

A D P / A T P  N. crasso 32 kDa 
carrier (313) 

yeast 31 kDa 
(3O9) 

rat 30 kDa 
(n.d.) 

Cytochrome bovine 60 kDa 
P-450sc c (520) 

Uncoupling rat 32 kDa  
pzo~.~.in (306) 

Matrix alcohol yeast n.d. 
dehydrosenase 111 (375) 

aspartate rat 48 kDa 
aminotransferase (439) 

chicken 48 kDa  
(423) 

carbamoylphos- rat 165 kDa 
phat~ synthetase (1 '~00) 

citrate N. crassa 50 kDa  
synthetase (n.d.) 

yeast 50 kDa 
~480) 

fumarase Pl  rat 50 kDa 
(n.d.) 

2-isopropyl yeast 65 kDa 
malate synthetase (619) 

lipoylsnccinyl porcine 54-56 kDa 
transferase (n.d.) 

malate rat 45.5-46 kDa 
dehydrogenase (338) 

(n.d.) n.d. n.d. n.d. n.d. 148 
(75) 

(n.d.) n.d. ~.d. n.d. ~l.d. 148 
(75) 
32 kDa yes yes yes yes 41, 60. 61.101,  
(313) 172 

31 kDa n.d. n.d. yes n.d. 138,139 
(309) 

30 kDa n.d. n.d. n.d. n.d. 309 
(n.d.) 

56 kDa n d. n d. yes n.d. 249. 321 
(418) 

32 kOa n,d n.d. n.d. n.d. 62 .63 .142  
(308) 

n.d. n.d. n.d, n.d. n.d. 123, 322 
(348) 

45 kDa ~.d. n.d. yes n.d. 323 
(410) 

45 kDa n.d. n.d. yes n.d. 80. 360 
(401) 

160 kDa n.d. n.d. n.d. n.d. 81.85,  324-327 
(1462) 

47 kDa n.d. n.d. n.d. n.d. 328 
(n.d.) 

47 kDa n.d. n.d. n.d. n.d. 230, 356 
(441) 

45 kDa n.d. n.d. yes n.d. 329 
(n.d.) 

65 kDa n.d. n.d. yes n.d. 68-70  
(n.d.) 

48 kDa n.d. n.d. yes n.d. 330 
(n.d.) 

approx. 
44 kDa n.d. yes yes n.d. 332-334 
(314) 

Table I1 continued overleaf. 
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TABLE ll (continued) 

Compart- Protein 
mei'~t 

Organism Apparent molecular mass 
(amino acids) 

precursor inter- mature 
mediat~ 

NTPs Import 

requires A~b occurs at 
receptor contact 

sites 

Mas I protein 

omithine 
aminotrans- 
ferase 

vlnithine 
transcarb- 
amylase. 

2-oxoglutarate 
dehydrosenase 

sarine-pyruvate 
amlnotrans- 
ferase 

yeast 50-51 kDa 48 kDa 
(462) (n.d.) 

rat 49 kDa 43 kDa 
(439) (414) 

rat 39 kDa approx. 35 kDa 
(354) 36 kDa (322) 

(330) 
human 40 kDa 36 kDa 

(354) (322) 

porcine 98 kDa 96 kDa 
(n.d.) (n.d.) 

rat 45.8 kDa 43.2 kDa 
(414) (390) 

n.d. n.d. yes n.d. 236 

n.d. n.d. n.d. n.d. 335, 336 

n.d. n.d. yes n.d. 83, 213, 227, 240, 
325, 337-339 

n.d. n.d. n.d. n.d. 173, 343 

n.d. n.d. yes n.d. 330 

n.d. n.d. yes n.d. 331,362 

lation of the mRNA extracted from ribosomes bound to 
mitochondria showed that they were enriched in mRNAs 
encoding mitochondrial proteins [46], but that only part 
of the tota~ mRNA for any given mitochondrial pre- 
cursor was recovered from the bound polysomes, the 
rest being associated with free cytoplasmic polysomes. 
Thus, cotranslational p~'otein translocation into mito- 
chondria appears possible, at least under suitable ex- 
perimental c~nditions (e.g., after inhibition of elonga- 
tion with cycloheximide), but it is clearly not obligatory 
for protein import. In vivo, the majority of mitochon- 
drial protein import might even occur cotranslationally 
at contact sites between ot,.ter and inner membranes, 
since N-terminal targeting sequences would emerge from 
the ribosome before the completion of polypeptide 
synthesis. 

In retl'ospe~t, the demonstration of posttranslational 
"report has been most useful in proving the mechanistic 
indep~adence of translation and translocation. There- 
fore, instead of the definition of cotranslational trans- 
port as being the strict coupling between translation 
and translocation, it is more appropriate to consider it 
as transport occurring during translation. 

III-B. Properties of cytoplasmic precursor proteins 

What is so unique about precursor proteins that they 
can be translocated across membranes in sharp contrast 
to their mature counterparts, and what are their func- 
tional, structural and physical requirements? In general, 
features of precursors which must be different from 
their respective mature proteins fall into three cate- 

gories: (i) precursors must be soluble in the cytosol; (ii) 
they have to be specifically recognized by mitochondria; 
and (iii) they have to assume a conformation which is 
competent for translocation into or across membranes. 

More than 40 different precursor proteins destined 
for import into either the matrix compartment or into 
the inner membrane have been analyzed to date (Table 
11). Most of them carry cleavable amino-terminal peptide 
extensions, so-called presequences, whose structure and 
function will be discussed in detail below (see Section 
IV-B). Several precursor proteins, however, are synthe- 
sized without a cleavable peptide extension. For exam- 
ple, none of the known outer membrane proteins con- 
tains a cleavable presequence. Besides the channel-for- 
ming protein porin [47-49], three function~qy unchar- 
acterized proteins of the outer membrane, having a 
molecular mass of 70, 45 and 14 kDa, have been 
analyzed [49]. A 35 kDa protein of rat liver mitochondria 
[50] might represent an exception. On SDS-poly- 
acrylamide gels, the newly synthesized protein appears 
as a precursor having a slightly higher molecular weight. 
Sequencing data, however, will be required to confirn~t 
whether proteolytic processing of this outer membrane 
protein occurs or not. 

Most proteins imported into the intermembrane 
space, such as cytochrome b 2 [51-54], cytochrome c 
peroxidase [53,55] and sulfite oxidase [56], contain 
cleavable presequences. On the other hand, cytochrome 
c [39,57,58] and also possibly adenylate kinase [59] do 
not. It seems noteworthy that the imFort pathway for 
cytochrome c is very different from that of the rest of 
the intermembrane space proteins analyzed so far (see 



Sections VI-B and IX-B). It might be possible that other 
intermembrane space proteins without cleavable prese- 
quences follow a cytochrome c-like import route. 

Quite a number of inner membrane proteins do not 
contain N-terminal extensions, including the A D P / A T P  
carrier [60,61], the closely related uncoupling protein of 
brown adipose tissue [62-65], subunits Vl (14 kDa) and 
VIII (I1 kDa) of Neurospora [35] and yeast [66] corn- 
plex III, and subunit VI of bovine complex llI 
(ubiquinone-binding protein) [67] Of the matrix pro- 
teins, 2-isopropylmalate synthetase and 3-oxoacyl-CoA 
thiolase are the only two known examples of precursors 
not containing a cleavable presequence [68-71] (also see 
Section IV-A3 

Many imported mitochondrial proteins are integral 
membrane polypeptides. The qaestion that arises then is 
which features confer solubility in the cytoplasm to 
their precursors? Amino-terminal presequences which 
are important for the targeting of proteins certainly play 
a role also in this regard. Subunit 9 (ATPase IX, proteo- 
lipid or 'dicyclohexylcarbodiimide (DCCD) binding" 
protein) of the F0F I ATPase from N. crassa is an 
excellent example of how this occurs; the mature part of 
the protein, consisting of 81 amino acids, is very hydro- 
phobic. The precursor, however, carries a highly hydro- 
phific 66 amino-acid residue presequence [721 (Table 
llI, Fig. 1). Transport of subunit 9 through the cyto- 
plasm is accomplished in the form of high molecular 
weight aggregates [73]. In these aggregates, the prese- 
quences probably face the aqueous surroundings thus 
rendering solubility to the whole complex. In fact, most 
precursor proteins seem to form such aggregates. Other 
examples include subunit V of cytochrome oxidase [74] 
and rat mitochondrial fumarase [75], although in the 
latter case solubility in an aqueous environment is not 
likely to pose a problem. It is unknown whether the 
cytosofic high molecular weight aggregates are homo- 
oligomers of the precursor proteins or whether further 
components are involved in the formation of these 
complexes. An interaction between different mitochon- 
drial precursor proteins does not appear to be required 
for the formation of the aggregates, since synthesis of a 
single precursor species (derived from cDNA clones) in 
rabbit reticulocyte lysates also leads to the formation of 
soluble and import-competent aggregates (Planner and 
Neupert, unpublished data). Experiments in which dis- 
tinct internal regions of the precursor of the F I ATPase 
subunit fl were deleted suggest that a sequence neces- 
sary for the formation of tetramer aggregates lies be- 
tween residues 122 and 144 [76,77]. It is unknown, 
however, whether this segment is a specific tetramer-for- 
ruing sequence or a domain which is highly important 
for the overall folding of the precursor. 

!~ the ease of precursors without cleavable prese- 
quences, solubdity is also most probably conferred by a 
conformational arrangement different from that of the 
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respective mature forms. For the A D P / A T P  carrier, 
these conformational differences can be clearly demon- 
strated by the binding of '.he specific inhibitor 
carboxyatractyloside. While the precursor does not bind 
carboxyatractyloside the mature form does. Both forms 
can be distinguished by their different behavior on 
hydroxyapatite columns in the presence of carboxy- 
atractyloside. The precursor binds to hydroxyapatite, 
whereas the correctly assembled and functionally active 
carrier passes through the column. This is true foi both 
the A D P / A T P  carrier imported in vivo and in vitro 
[78]. The binding properties to hydroxyapatite are there- 
fore useful as critericn to test for import and correct 
assembly in reconstituted import systems. The precursor 
to the A D P / A T P  carrier also occurs in the cytoplasm 
in higher molecular weight complexes of 120 and 500 
kDa [41]. 

Similar to the ADP-ATP carrier, the precursor to 
porin has to go through a conformational change to 
become the functionally active mature protein, which is 
embedded in the phospholip~d bilayer of the outer 
membrane as a dimer. Interestingly, this conformational 
change can he reversed by acid-base treatment of the 
detergent-solubilized assembled porin whereby chemical 
amounts of import-competent soluble precursor can he 
produced [79]. 

Under physiological conditions newly synthesized 
precursor proteins have to stay in the cytoplasm f.w 
only a very short time before they are taken up by 
mitochondria. Accumulation of precursors in the cyto- 
sol of growing cells, however, can be achieved if import 
is blocked by inhibition of ihe membrane pozentiai 
across the inner mitochondrial membrane with uncou- 
plers of oxidative phosphorylation such as carbonyl- 
cyanide-m-chlorophenylhydrazone (CCCP) [34 !. Prob- 
ably due to their unfolded structure, cytoso,'c pre- 
cursors are rapidly degraded compared to their nature  
mitochondrial counterparts. For example, the h.df-l;.fe 
of precursors to yeast cytochrome c I [34], chick .:Jpar- 
tare aminotransferase [80] and rat liver carbamoyi~:hos- 
phate synthetase [81] was found to be in the range of 2 
to 10 min. The precursor to yeast F I ATPasc subun:t fl 
seems to be more stable with a half-life of 50 rain [24]. 
This has allowed the preparation of radiochemica~ly 
pure F~/3 precursor [82]. It seems possible that f ie  
different half-lives of precursor proteins are influenced 
by their ability to interact with cytosolic cofactors which 
have been found to he required for protein import into 
nfitochondria [76,82-89] (see Section Ill-D). 

III-C. Cytosolie unfolding o] precursors 

In addition to features which enable the ~olubility of 
precursors in the cytosol, conformation is a'so of great 
importance for precursor molecules to be corapetent for 
import into mitochondria For example the import of a 
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fusion protein between the presequence of subunit IV of 
cytochrome oxidase (Cox IV) and dihydrofolate re- 
ductase (DHFR, a cytosolic protein) could be blocked 
by methothrexate, a strong competitive inhibitor of 
dihydrofolate reductase [90]. It was demonstrated by 
this approach that a protein having a stably folded 
structure cannot be translocated across the mitochon- 
drial membranes. Essentially the same conclusions can 
be drawn from recent experiments on the import of a 
fusion protein between the 382 amino-terminal residues 
of ATPase F1,8 and 61 residues of yeast copper metal- 
lothionein [91l. Addition of copper to import reactions 
blocked translocation of the construct due to the ter- 
tiary conformation of the metaliothionein portion in- 
duced by binding of the metal ligand. 

The importance of conformation for protein translo- 
cation may also be emphasized by the following find- 
ings: the presequence of mitochondrial manganese su- 
peroxide dismutase was able to direct DHFR as a 
'passenger' protein to mitochondria but not cytosolie 
invertase [92]. Destabilization of the tertiary structure of 
the DFIFR moiety in a similar construct (presequence 
of Cox IV fused to DHFR) by selected point mutations 
led to an increased rate and efficiency of import into 
mitocho::.~Iri~ [93]. Carboxy-terminally truncated forms 
of carbamoylphosphate synthetase were imported less 
efficiently than the fuU-length protein in vivo [94]. 

Lack of tertiary structure seems to be a prerequisite 
for import competence. For example, precursor proteins 
could be trapped in translocation contact sites such that 
the amino-terminus protruded into the matrix space, 
while other portions of the precursor molecules were 
still outside the outer membrane [36,45,95,96]. A por- 
tion of the precursor protein was thus spanning the two 
mitochondrial membranes. Since the transmemhrane 
distance was larger than the diameter of the assembled 
polypeptide chain, the precursor polypeptide was at 
least partially unfolded. This demonstrated that pre- 
cursor proteins were indeed unfolded during transloca- 
tion into mitochondria. It has been proposed that 
ATP-dependent defolding enzymes ('unfoldases') are 
required to keep precursor proteins destined to different 
organelles in a translocation-competent conformation 
[97]. It was recently shown that mitochondriai p:otein 
import also required nucleoside triphosphates (NTPs) 
[98-103] and that NTPs are very likely necessary for 
unfolding of precursor proteins (see Section VII-C). 

A number of reports described the dependence of 
mitochondrial plotein import on proteinaceous cyto- 
solic factors (see below). It is not known, however, 
whether these cofactors arc related to the requirement 
of NTPs and of the proposed unfoldase. Recent evi- 
dence points to the possibility that members of the 70 
kDa heat-shock protein (hsp) family (for review see 
Refs. 104-106) are involved in ATP-dependent unfold- 
ing of precursor proteins destined for import into differ- 

ent organdies. A yeast strain which was depleted in 
three genes of the SSA subgroup of hsp 70-related loci 
accumulated in vivo the precursor of prepro-a-factor (a 
secretory protein) in the eytosol as well as unprocessed 
/~ subunit of F I ATPase. Purified yeast hsp 70-like 
proteins stimulated translocation in vitro of prepro-a- 
factor into microsomes [107,108]. In addition to pro- 
teins of the hsp 70 family, yeast cytosolic fractions 
contained a different transiocation-stimulating activity 
which was inactivated upon treatment with N-ethyl- 
maleimide [108]. Po~ttranslational import of proteins 
contained in rabbit reticulocyte lysates into dog pan- 
creas microsomes was found to be enhanced by a simi- 
lar system consisting of hsp 70-related proteins and at 
least one additional component [109]. 

III-D. Cytosolic cofactors 

Several studies have suggested a requirement of cyto- 
solic cofactors for mitochondrial protein import 
[76,82-89]. The eofaetors were partially characterized 
and determined to be of proteinaceous structure 
[76,82-84,86] and to possibly contain RNA [85]. Argan 
and Shore proposed that a protein of 50 kDa formed ~. 
complex with the precursor of ornithine transcarba- 
moylase [86]. Recently Ono and Tuboi [89] reported the 
partial purification of a cytosolie factor which was 
active in forming a complex with the chemically synthe- 
sized presequence of ornithin aminotransferase. Binding 
of the prepeptide to mitochondria was dependent on the 
presence of this factor. In another study, the specific 
binding of the A D P / A T P  carrier precursor to the 
mitochondrial surface required a cytosolic component 
which was present in rabbit reticulocyt¢ lysate and 
which interacted with isolated mitochondria [88]. The 
exact nature and function of these cytosofic cofactors 
remains elusive so far. It is possible that they play a role 
in conferring solubility to cytosolic precursors, in the 
formation of higher molecular-weight precursor aggre- 
gates or in keeping precursor proteins in an import 
competent conformation. 

IV. Mitochondrial targeting signals 

IV-A. Cleavable and non.cleavable targeting signals 

Many different proteins of various final destinations 
are synthesized on the same cytosolic polysomes. This 
then implies that the information for the correct in- 
traceUular location must reside within the protein itself 
(Fig. 1). Our functional understanding of the role of 
amino-terminal presequences in mitochondrial protein 
import is mainly based on a number of experiments 
with fusion proteins during recent years. Hurt et al. 
[110] and Horwich et al. [111] were the first to demon- 



s t ra te  that  the presequence  of  a mi tochondr ia l  prote in  
could  direct  a cytosolic protein,  mouse d ihydrofo la te  
reductase  ( D H F R ) ,  into mi tochondr ia .  The cod ing  re- 
g ion for  the 25 a m i n o  acid presequence of  cyt.ochrome 
oxidase  IV (Cox IV) [112], a n  inner  m e m b r a n e  protein,  
was  fused to  D H F R ,  a n d  the rest,lfing fusion prote in  
was  successfully impor ted  in to  the rr,atrix a n d  processed 
b y  the processing pept idase  [113]. If  increas ing numbers  
o f  amino  acid  residues were  deleted : rom the carboxy-  
terminal  side of  the presequence,  the 2 ~m~.;.no-terminal 
residues o f  the presequence  were fount:  to conta in  suffi- 
c ient  target ing informat ion .  O n  the othc< hand ,  delet ion 
o f  the r r s t  seven a m i n o  acid residues .~bolished import ,  
a n d  the ma tu re  Cox  IV was  n~ither impor ted  in q v o  
n o r  in vitro [110,114]. F o r  all c.f Lhc above-menf ioued  
constructs ,  the impor ted  prote in  was found  in the ma-  
tr ix c o m p a r t m e n t  bu t  no t  the inner  membrane .  This  was  
also the case when  the ent ire  prese~tuence plus  the first 
28 a m i n o  acids  o f  nat ive Cox IV were fused to  D H F R ,  
indica t ing  tha t  in fo rmat ion  for  in t rami tochondr ia l  sort-  
ing  to  o r  assembly  in to  the inner  m e m b r a n e  mus t  reside 
in the  r emain ing  a m i n o  acids o f  the ma tu re  prote in  
[113]. 

Similar exper iments  were  pe r fo rmed  with the prese-  
quences  of a number  of  o t . ~ r  mi tochondr ia l  p r ~ u r s o r s .  
Horwich  et al. [1111 have shown both  in vivo a n d  in 
vitro that  the 32 amino-ac id  residue presecluence o f  the 
matr ix  enzyme ora i th ine  t r ansca rbamoylase  (OTC)  can  
direct  D H F R  into  mi tochondr ia .  O n  the o ther  hand ,  
impor t  exper iments  with a cons t ruc t  of  h u m a n  O T C  
precursor  con ta in ing  only  the first 1 2 - 1 6  a m i n o  acid  
residues o f  the presequence  demons t ra t ed  tha t  the 
amino- terminal  por t ion  o f  the presequenc¢ was  no t  
absolutely required for  t a rge t ing  to mi tuehondr ia ,  while  
the middle  por t ion  of  the  prcp,.'-ptide ( amino  acid  re- 
sidues 8 th rough 25) was  required a n d  sufficient [115]. 
The  presence o f  the amino- te rmina l  por t ion  o f  the 
pre,~quence,  which b y  itself was  no t  sufficient for  
targeting,  seemed to  increase the impor t  efficiency o f  
the const ruct .  O n  the o ther  hand ,  for  the p recursor  of  
ra t  O T C  it was  suggested tha t  a n  amino- te rmina l  a-hel ix  
in the p repep t ide  is impor t an t  for  ta rge t ing  o f  the 
p recursor  to mi tochondr ia  [116,117]. The  amino- te rmi-  
nal  region is the mos t  conserved one  in the s ignal  
sequences o f  ra t  a n d  h u m a n  O T C s  (also see Section 
IV-B). 

I Mitochondrial 
Targeting Signal ~ Mitoe~ondda~ targeting s~nals identified by gene fusion experiments 

I Intramlto~hondrlal [ ]  Hypothetical ~ a l  targeting s~geats 
Sorting Signal l soNing domains in U~e preeaquence iOentil~l • i ra by gene ~uslon expe~nens 

J Outer Mombrano [L~'~, Jo:::::[-~+. 
+÷ ~+J÷ 1_2. 3e 70 kd protein 

I - J. Intermembrane + L.+ f,o J~ st Cytochrome c, 

~~1111111111111111111111111111111111~, 7 
Inner Membrane [ ,  ,3s , s~,~.~ Fo ATPase Su 9~.%.~ ~..~ ' 

+ 9S ADPIATP carrier 2([0 230 3'13 
Matrix I 

/ 24~1k I~32 Ornithine transcarbamylase 354 
Fi B. l.  Examples of structural domains in mitochondrial precursor proteins important for targeting and intramitochondrial sorting. For a number 
of mitochondrlal precursor proteins having different submitochondrlal locations, a functional role in targetin$ to mitnchondria and in- 
tramitochondrial sorting has been assigned to specific structural segments. Mitochondr/al targeting signals are typically hydrophilic and positively 
charsed sequences contained in amino-terminal prepeptidcs. In most cases they are cleaved off durin$ import. Targetin$ sigj~l,+ can also reside in 
internal parts of the protein (e.g. ADP/ATP carrier). In addition to targeting signals, sonin S signals are found in amino-termin;d sequences (e.g. 70 
]~Da outer membrane protein, cytuehrome el). They often contain a stretch of hydrophobic amino acids of variable length. In the case of proteins 
which are soluble in the intermembrane space or which have a large domain exposed to the intennernbrane space, complex presequeuees are 
proteolytically cleaved in two steps (e.g. cytnchrome c I). Information for intramitochonclrial sorting can also reside in the mature protein part (e.g. 
F o ATPase subunlt 9) (for details see Section IX). The respective cleavage site of the matrix processing peptidase is indicated by an arrow, the 
cleavage site for the second proteolytic processing step of cytochrome ct (occurring at the outer surface of the inner membrane) by an open 

arrowhead. Charged amino acid residues in functionally relevant domains are indicated. 



Gene-fusion studies with E. coil ,8-galactosidase or 
yeast invertase as "passenger' proteins demonstrated the 
targeting function of the 9 amino-terminal residues of 
the presequence of 8-aminolevulinate synthase [118] 
and the 27 amino-ternunal residues of F 1 ATPase sub- 
unit ,8 [119-121]. Interestingly, the precursor of 1=1)0 
seems to contain redundant targeting information in the 
amino-terminal region of the precursor protein [122]. 

Sequence comparison and gene fusion experiments 
with the three isoenzymes of alcohol dehydrogenase 
(ADH I- lI l )  confirmed the conclusions from these ex- 
periments on the importance of the presequence for 
targeting [123]. While ADH I and I1 are located in the 
cytosol, ADH IH is located in the r, itochondrial matrix. 
Only newly syn:hesized ADH III carries an amino- 
terminal presequvnce of 27 amino acid residues. The 
sequence similarity between the mature parts of the 
three forms is bet~veen 80 and 90%. If the ADH llI 
presequence was ft---sed to ADH If, the resulting con- 
struct was importeH into mitochondria, thus demon- 
strating that the presence or absence of an amino-termi- 
nal tarl:,,eting sequence can determine whether a protein 
is Ioc~,ted in the cytosol or within mitochondria. 

This has also b::en shown most coevineingly for 
isoenzymes, having different locations within the cell, 
which are encoded by the same gene (for review see Ref. 
124) In the case of yeast histidinc-tRNA synthetase, 
two transcription starts of the nuclear gene were identi- 
fied, both of which were physiologically expressed [125]. 
Transcription starting at the first initiation site pro- 
dueed a longer mRNA coding for the mitochondrial 
isoenzyme precursor that carries an amino-terminal pre- 
sequence. If the first start codon of the longer mRNA 
was deleted by a mutation, the mitochondrial isoenzyme 
was not synthesized, resulting in respiratory deficiency. 
Initiation of translation at the second in-frame start 
codon, however, still occurred and the cytosolic isoen- 
zyme was produced. The same observations were made 
for the gene encoding vafine-tRNA synthetase [126]. On 
the other hand, for r, lethionine-, tryptophan- and 
threonine-tRNA synthetases the existence of distinct 
genes coding for the cytoplasmic and mitochondrial 
forms has been demonstrated [127-130]. Other exam- 
ples where the subcellular location of a protein is de- 
termined by initiation of transcription at either one of 
two start sites include the genes for 2-isopropylmalate 
synthase [69,70] and for yeast fumarase [131]. In all of 
these cases two proteins are synthesized but only *.he 
larger one is imported into mitochondria. The same 
principle is followed in the intracellular sorting of 
cyclophilin (the cyclosporin A-binding protein) of N. 
crassa recently studied in our laboratory [132]. Two 
mRNAs are transcribed from the same gene. The longer 
mRNA codes for a precursor protein of 24 kDa which 
was imported into mitochondria and proteolytically 
processed in two steps. The shorter mRNA directs the 

synthesis of the cytoplasmic form. Only about 20% of 
total cyclophilin was found in mitochondria, the re- 
maining 80% being located in the cytoplasm, corre- 
sponding to the relative amounts of the twc mRNAs 
synthesized. It is unknown so far how initiation of 
transcription at either the first or second transcription 
start site is regulated. 

Precursor proteins without cleavable presequences 
obviously contain the targeting signals within the ma- 
ture part of the protein. In principle, targeting signals 
can either reside in a certain stretch of amino acids 
(terminal or internal) or result from a specific tertiary 
structure of the molecule as it has been hypothesized for 
proteins imported into glycosomes of Trypanosoma 
brucei [133]. For mitochondrial proteins there is no 
evidence for non-contiguous targeting signals so far. 

In the case of the yeast 70 kDa outer membrane 
protein, which contains no cleavable presequence, suffi- 
cient information for targeting and sorting was found in 
the first 41 amino-terminal amino acid residues 
[134-137] (FAg. 1). Amino acid residues 1 through 12 
contain the mitochondrial targeting signal. The follow- 
ing hydrophobic segment (amino acid residues 10 
through 37) was proposed to anchor the protein in the 
outer membrane ('stop-transfer' hypothesis, see Section 
IX-D). 

Studies with yeast ADP/ATP carrier showed that 
the first 111-115 amino acid residues were sufficient for 
directing a ~-galactosidase or DHFR passenger into 
mitochondria [138,139]. Within this region, the targeting 
signal was found to be contained in the segment re- 
sidues 72 through 97 [139]. The construct~ w~re, how- 
ever, arrested at an intermediate stage of the import- 
pathway. Interestingly, the ADP/ATP carrier consists 
of three domains of about one hundred amino acid 
residues each which are homologous to each other 
[6],138,140]. This structure was suggested to have 
evolved by triplication of an ancestral gene [141]. It 
therefore seems possible that each of the three domains 
contains a potential signal sequence [3] (Fig. 1). Indeed, 
a stretch of 20 amino acid residues is present in the 
carboxy-terminal half of each domain, which carries 
positive but no negative charges and is predicted to 
form an a-hefical structure [142] and therefore possesses 
features of mitochondrial presequenees [143,144] (see 
Section IV-B). A truncated ADP/ATP carrier lacking 
the N-terminal third of the precursor polypeptide was 
found to be competent for import into mitochondria 
[145]. The import of truncated ADP/ATP carrie[ 
showed all characteristics of the import of the authentic 
protein, demonstrating that the carboxy-terminal two- 
thirds contain specific and sufficient targeting informa- 
tion. 

In the case of mitochondfial 3-oxoacyI-CoA thiolase, 
which is made without a cleavable presequence, suffi- 
cient information for targeting to mitochondria was 



TABLE i l l  

Sequences of  amino-~ermina/ prepiece~ of  imported mitochondrial proteins 

The amino acid sequences of the prepieees of imported mitochondrial proteins are listed by the single-letter amino acid code (beginning from the 
N-terminus). Basic ( + ) .  acidic ( - )  and hydroxylated ( - )  amino acids are indicated. Proteolytic processing sites which are known with reasonable 
certainty are indicated by a solid arrowhead, while those which are only predicted cleavage sites (usually by alignment with known sequences of 
mature proteins) are marked by open arrowheads. In cases where the cleavage ~ites are unknown, or where processing does not occur, the first 50 
amino acids are listed. The proteins are first grouped according to their intramitochondrial location, and then according to the respiratory complex 
to which they belong or  by metabolic function• Most of  the proteins presented in this table are synthesized as higher molecular-weight pro:ursors; 
their sequences have been determined from eDNA clones; import and processing have been studied in vitro and in some cases in vivo as well (see 
Table l l) ;  and. processing sites have been ascertained by comparison with mature protein sequences. Some. however, are not proteolyticaUy 
processed (i.e.. sequencas 1-3.  75-81)  but ase presented where they might be of interest with regard to import (in these ~ only protons where 
the absence of a prepiece has been confirmed by the DNA sequence are shown). In a number of instances, amino-termlnal sequenc-,,s ac*. tal~¢n 
from the nuclear gene sequences encoding mitochondrial proteins or putative mitochondrial proteins. (For footnotes d - d d  see page 15) 
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continued 

= The amino-terminus of the 70 kDa protein is not removed during import. It is proposed to carry targeting information since it can specifically 
direct .8.galactnsidas¢ to mitochondria [135,136] (Section IV-A). 

b Porin is not synthesized with an N-terminal extension; the first 50 amino acids of yeast porin have structural features resembling the 70 kDa 
outer membrane protein (aligning 70 kDa amino acid I with porin amino aci0 5) and have been implicated in mitnchondrial targeting [298]. 
Similarly. the first 18 amino acids of N. crassu porin are able to form an amphiphilic a-helix (as does the yeast porln amino terminus) which 

may support import [103]. 
c Psecursors of  sequences 4 - 9  arc processed in two steps. With the exception of cytochrome cl and the Rieske F e / S  I:rotcin of the IV. crnssa 

complex I l l .  only the second processing site is known. The precursor of  N. crassa F 0 ATPase 9 (sequence 16) is also processed in two steps, both 

by the chelator-sensitive matrix peptidase. 



shown to be contained in the first 61 amino-;erminal 
residues (Ref. 71 and Mori, M., personal communica-  
tion). The highly homologous peroxisomal 3-oxoacyl- 
CoA thiolase is made as a larger precurzor with an 

amino-terminal extension that might mask a potential 
mitochondrial targeting signal contained in the amino 
terminus of the mature  protein (corresponding to the 
amino-terminal residues of the mitochondriai enzyme). 

TABLE II1 (continued) 
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T h e  i m p o r t a n c e  o f  c a r b o x y - t e r m i n a l  p r e c u r s o r  re-  
g i o n s  for  the  i m p o r t  o f  s o m e  p r e c a r s o r  p ro te ins  is 
e m p h a s i z e d  by  ana lys i s  o f  an  a l te red  a p o c y t o c h r o m e  c 
[146]. O w i n g  to an  unsp l iced  in t ron ,  the  ca rboxy-  
t e r m i n u s  o f  a p o c y t o c h r o m e  c is a l tered,  w h e r e a s  the  
r e m a i n i n g  p a r t  o f  t he  p r e c u r o r  is no t  a f fec ted .  T h i s  

m u t a t e d  a p o c y t o c h r o m e  c s h o w s  s t rong ly  r educed  b i n d -  
ing  to  m i t o c h o n d r i a  a n d  c a n n o t  be  impor t ed .  

F o r  F 0 A T P a s e  s u b u n i t  9, the  m a t u r e  p ro te in  pa r t  is 
i nvo lved  in spec i f ic  s teps  o f  the  i m p o r t  p a t h w a y  as  well. 
T h e  p r e s e q u e n c e  o f  s u b u n i t  9 w a s  suf f ic ien t  to d i rec t  
D H F R  in to  m i t o c h o n d r i a .  W h e n  the  ( h y d r o p h o b i c )  m a -  
tu re  p r o t e i n  p a r t  w a s  presen t ,  the  a f f in i ty  to  b i n d i n g  

s i tes  on  the  m i t o c h o n d r i a l  su r face  a n d  the  ra tes  o f  

i m p o r t  were  increased .  P r e c u r s o r s  l a c k i n g  such  hydro -  

p h o b i c  s t re tches ,  e.g.  F t A T P a s e  s u b u n i t  fl  a n d  a l te red  
.~ubunit 9 p recur so r s ,  exh ib i t ed  s low i m p o r t  a n d  on ly  
w e a k  intea-zction w i t h  b i n d i n g  s i tes  [147]. W e  p r o p o s e  
t h a t  h y d r o p h o b i c  ' a s s i s t a n t '  s equences  c a n  inc rease  the  

e f f i c i ency  o f  i m p o r t  (see  Sec t ion  V-B).  
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In  s u m m a r y ,  a m i n o - t e r m i n a l  reg;,ons o f  p r e c u r s o r s  
(p resequences  o r  a m i n o - t e r m i n a l  pa r t s  o f  non-c leavab le  
p recurso r s )  ca r ry  essent ia l  i n f o r m a t i o n  for  t a r g e t i n g  to  
mi tochondr i a .  T h e r e  is i n c r e a s i n g  ev idence ,  on  the  o t h e r  
hand ,  that  n o n - a m i n o - t e r m i n a l  p r e c u r s o r  r e g i o n s  a re  
also speci f ica l ly  invo lved  in t a r g e t i n g  a n d  i m p o r t .  

I V - B .  S t r u c t u r a l  p roper t i e s  o f  t a rge t ing  s e q u e n c e s  

T h e  a m i n o  ac id  s equences  o f  the  a m i n o - t e r m i n a l  
ex t ens ions  of  a n u m b e r  o f  p r e c u r s o r s  h a v e  b e e n  ana lyzed  

(Tab le  l l I ) .  M o s t  no tab ly ,  n o  s ign i f i can t  s equence  ho-  
mo log i e s  h a v e  been  de tec ted .  F o r  b o v i n e  F o A T P a s e  

s u b u n i t  9 there  even  exis t  t w o  i s o f o r m s  wh ich  d i f f e r  

c o n s i d e r a b l y  in  thei r  p r e p e p t i d e s  bu t  h a v e  exac t ly  the  
s a m e  m a t u r e  p r o t e i n  p a r t  [I.4g]. T h e  p r i m a r y  s t ruc tu re s  
o f  m i t o c h o n d r i a l  p re sequences ,  however ,  exh ib i t  severa l  
c o m m o n  fea tu res :  ( i)  p r e s e q u e n c e s  a re  r ich  in  pos i t ive ly  
c h a r g e d  res idues  ( m a i n l y  a rg in ines ) ;  ( i i)  they  genera l ly  

lack ac id ic  a m i n o  ac id  res idues ;  (i i i)  in  m o s t  c a se s  they  

d Bovine Cox 1V is equivalent to yeast and At. crassa Cox V. 
• Synthesis may actually start at the second Met produci:~g a 22 amino-acid extension instead of 27 amino.acid extension shown. P~cursor also 

contains a C-terminal "trailer peptide" (...Ser-Gly-AIwPt.e) not present in the mature form. A C-terminal peptide extension has also been 
identified in the cytochrome oxidase subunit Vlia of yeast (... Lys-GIn-Ghi-Asn: |38t j). 

t Comparison of bovine F o ATPase 9 sequences with that from N. crassa suggest that they may also be progressed in two steps, thoa,.?,h this had 
not been examined. 

s Cleaval~e site not identified, but difference between precursor and mature form is estimated to be 2-4 kDa. 
h Possible cleavage site based on molecular weight difference between precursor and marine i'ot ins. and on very high homo~w,y with cytochrome c 

perexidase preeursor cleavage site (which is, howev©.-, the second processing site and not expected to be cleaved by the matrix peptidase). 
i Possible cleavage site based on homology with the N-terminus of mature F I ATPase ,8 from I batatas. 
J Possible cleavage site based on homology with :he N-tern:~nus of bovine mature F t ATPase il- 
k Possible cleavage site based on homology with proee,oo'~t~ sit,'" of ATPase IX from hi. crassa. 
t Possible cleavage site based on alignment with bovine cleava$,: .:~e. 
m M A S  1 gene product is equivalent to N. crassa PEP (preceding sequ~,~cc,~. ~-X~,~dg, c sae is unkno~*,t~. Assu~iation with inner membrane assumed 

by comparison to PEP localization. 
n A single nuclear gene encodes both the cytosolic and mitochondrial forms. Starting Met of cytosolic form is denoted by an asterisk. 
° Possible cleavage site based on afignment with N-terminus of cytosolic ADH II. 
P First 35 amino acids are suggested to constitute mitochnndrial targeting sequenc¢, 
q Import experiments not published, but a 2 kDa difference between precursor and i.nature forms are reported [382]. First 14 amino acids of 

precursor were not sufficient to direct fusions (with ~-galactodidase) to mitochondria, bu: first 124 amino acids were (intermediate lengths were 
not tested). 

r Prepieee is estimated to be 40-42 amino acids long, but sequence analysis of mature protein suggests cleavage occurs after amino acid 32. 
s Precursor also appears to be extended at C-terminus by 14 amino acids compared to mature protein [383]. 
t Adrenodoxin (pBAdx-3) is a second precursor form with a different prepiece sequence than adrenodoxin (pBAdx-4), but a common mature 

sequence. The complete N-terminal sequen,:e ~f pBAdx-3 has not ~cc:: identified. Cle,~va~e site i~ based on comparison to pBAdx-4 site, 
= Possible cleavage site based on alignment with bacterial (E. co//) mature sequence. 

Import not examined in vitro, but translation products beginning at either Met 1 or Met 11 are both transported into mitochondria in vivo. 
Amino-terminus beginning from second ATG (Met-17) has more typical prepiece characteristics. 

w Amino acids 8-39 have homology with areas of high hydrophobic moment identified in other mitochondrial prepiece seqaenees. 
Putative mitocbondrial protein involved in RNA maturation: presumably active in matrix. 

Y Not synthesized with a transient presequenee, but amino-terminal 14 amino acids have prepieee characteristicb and are proposed to mediate 
targeting. 

z Unlike other prepiece sequences, amino terminus contains an unusually high content of acidic amino acids. Import. however, |ias not been 
examined. 
Apparently not synthesized with cleavable N-terminal prepiece. Absence of prepieee not confirmed by nocleotide sequence, but N-terminal 25 
amino acids are suggested to have properties resembling most mitochondrial presequenees. 

bb Not synthesized with a transient presequenceo but N-terminal 20 amino acids are suggested to have properties similar to other mi':ochondrial 
targeting sequences. 

cc Not a mitochondrial protein, but the 35 N-termlnal amino acids are reported to direct fusions to mitochondria [165]. 
dd Artificial presequences which can direct the mature part of cytochrome o~dase subunit IV to mitochondria in vivo ~nd r,,~tore a Cox 

IV-deficient mutant. 



have a high content of hydroxylated residues; and (iv) 
many show the tendency to fold in an amphiphilic 
a-helix. One striking exception is the amino-terminal 
sequence of the 17 kDa subunit IV of yeast bcl-complex 
which has a high content of acidic amino acid residues 
[149]. The pathway of i" ?oft of this protein into 
mitochondria, however, has .:or been studied; it may 
differ considerably from t,~,---: ef precursors with posi- 
tively charged presequences. 

How do presequences disect precursors to 
mitochondria and what is their role in mediating trans- 
port across the mitochondrial membranes? The answers 
to these questions are still mostly hypothetical. Prese- 
quences may interact with receptors on the surface of 
mitochondria. Due to their amphiphilic nature they may 
then spontaneously penetrate into the fipid bilayer. Be- 
cause of their positive n¢~ .~harge their translocation 
across the inner membrane might follow an electro- 
phoretic mechanism whose driving force is derived from 
the mitochondrial membrane potential (positive out- 
side). Most likely a complex combination of these possi- 
bilities is involved. 

The critical role of the positive charges contained in 
prepieces has been demonstrated [150-152,154]. When 
three arginine residues were substituted with glycines in 
the presequence of human ornithin transcarbamoylase 
(OTC), the modified precursor was no longer imported 
into mitochondria. Notably, however, not just the over- 
all positive charge was important, but positive charges 
at defined positions of the presequence were necessary. 
For example, substitution of the arginine at position 23 
of the OTC precursor with glycine resulted in a com- 
plete loss of targeting function [152] (also see Section 
VIII-C); however, when arginine 23 was substituted 
with an amino acid residue supporting the formation of 
a-helical structure, the modified precursor was imported 
into mitochondria. From these results it was concluded 
that local regions in the midportion of the presequence 
exhibiting a defined secondary structure (most likely 
a-helical) are functionally essential. Experiments with 
precursors of rat OTC carrying mutations in the N- 
terminal part of the presequence have stressed the im- 
portance of an a-helical domain at the extreme amino- 
terminus (residues 1 through 15) of the prepeptide 
[116,117]. It was proposed that the OTC presequence 
can be divided into two separate a-helices (residues 
1-15 and 20-26) connected by a/ / - turn (residues 16-19) 
[117] (also see Section IV-A). The functional importance 
of a-helical regions in the preseqnence is also supported 
by results of Vasarotti et al. [154] who used a comple- 
mentation assay to select for spontaneous mutations 
which restored the import of ATPase F1,8 whose 
amino-terminal targeting signal had been deleted. Dif- 
ferent surrogate targeting signals were found in the 
amino-terminus of the truncated Fit/ precursor. The 
observed modifications resulted in replacement of acidic 

residues by neutral or basic amino acids generating a 
less acidic amphipatic helix. 

Theoretical structure analysis suggested that a num- 
ber of mitochondrial presequences have the ability to 
form amphiphilic helices, i.e., an a-helix with a hydro- 
phobic face and a highly positively-charged face 
[144,144a]. The segments of highest hydrophobic mo- 
ment largely coincided with critical targeting regions in 
the presequenees of cytochrome oxidas~ subunit IV 
[114], the 70 kDa outer membrane protein [135] and 
human ornithine transcarbamoylase [152], as defined by 
deletions and point mutations. 

The physical properties of presequences were studied 
with synthetic prepiece peptides [155-158]. Roise et al. 
[156] chemically synthesized three peptides representing 
the first 15, 25 or 33 amino-terminal residues of the Cox 
IV precursor. These peptides were water-soluble and 
inserted spontaneously into lipid monolayers. In ad- 
dition, the two longer peptides caused disruption of 
lipid vesicles which had a diffusion potential with the 
same orientation as the mitochondrial membrane poten- 
tial (i.e., negative inside). If the vesicles had a potential 
with opposite polarity, the effect was decreased. Foc the 
25 residue prepiece peptide, circular dichroism spec- 
troscopy revealed induction of a-helical structure with 
amphiphilic character in the presence of anionic deter- 
gents. In a similar study a prepiece peptide correspond- 
ing to the first 27 amino acid residues of the prese- 
quence of OTC assumed an (amphiphilic) a-hefical 
structure induced by anionic phospholipids and was 
able to lyse membranes into disc-shaped micelles if 
applied at high peptide/lipid ratios [155]. (It is interest- 
ing that anionic phospholipids also induce the expres- 
sion of a-helical structures within apocytochrome c 
[159].) Recently, the interaction with liposomes of several 
authentic precursor proteins synthesized with cleavable 
presequences was investigated [159a]. In this study, 
binding of the precursors was only observed if the 
phospholipid vesicles contained cardiolipin. 

It was concluded that the potential to form a sided 
a-helix is an essential feature for the function of the 
presequence [144,1~a]. As an initial interaction, its 
non-polar face was suggested to be buried in the outer 
leaflet of the membrane. At the same time, the basic 
residues on the polar face would interact with nega- 
tively charged phospholipid headgroups. The membrane 
potential across the inner membrane would then make 
translocation of the prepiece energetically favorable. 

This working hypothesis for the function of prese- 
quences is probably oversimplifying the physiological 
situation. On the one hand, in a study with artificial 
prepiece peptides consisting almost exclusively of 
leucine, arginine and serine, Allison and Schatz [160] 
found that an amphiphilic a-helix was not essential for 
targeting to and import into mitochondria [160] (also 
see Table III). Presequences with amphipatic structure 



~ther than a-helices were also found to be sufficient for 
argeting [161]. Studies with the prepeptide of rat OTC 
howed that the peptide bound reversibly to lipid vesicles 
:ontaining physiological mole ratios of anionic lipids 
157]. The affinity of the peptide for lipid vesicles. 
towever, was unaffected by a transbilayer potential 
negative inside). There was no evidence that the OTC 
~repeptide could undergo spontaneous transfer across 
he lipid bilayer. 

On the other hand, there is abundant evidence that 
>roteinaceous components are essential parts of the 
nitochondrial import machinery (see Sections V and 
VI). Mitochondrial protein import appears to mainly 
~.cur through a hydrophilic membrane environment 
195]. In a study by Gillespie et al. [162] a synthetic 
peptide consisting of the 27 N-terminal amino acid 
residues of the rat OTC precursor was able to block the 
import of authentic pre-OTC while a peptide consisting 
of amino acids 16-27 did not [162]. The peptide 1-27 
also blocked import of two other mitochondrial pre- 
cursors; namely the matrix protein malate dehydro- 
genase and the inner membrane component thermo- 
genin (uncoupling protein). Ono and Tuboi [89] re- 
ported that the chemically synthesized prepeptide of 
ornithine aminotransferase (34 amino acid residues) 
competitively initibited the import of several mitochon- 
drial precursor proteins, including authentic omithine 
aminotransferas¢, a large subunit of succinate dehydro- 
genase, sulfite oxidase and porin. These results suggest 
that common receptors or later components of the 
import machinery are involved which are shared by 
these proteins. It has to be noted that synthetic prepiece 
peptides dissipate the membrane potential of isolated 
mitochondria [143,156,162]. This, however, was not the 
case in the presence of reticulocyte lysate, conditions 
which were used in the study mentioned above [162]. 

IV-(?. Cryptic and artificial targeting signals 

Several recent studies have shown that sequences 
which are not specific for mitochondrial protein import 
could also target 'passenger' proteins to mitochondria. 
Banroques et al. [163] showed that b14 maturase of 
yeast (which is normally encoded for by a mitochondrial 
gen¢ and synthesized within the mitochondrion) if cyto- 
plasmically translated could complement mutants defi- 
cient in this mat~trase without any mitochondrial target- 
ing sequence being added. One explanation could be 
that a small number of maturase molecules could get 
into mitochondria using a non-physiological bypass of 
the specific import pathway. Another explanation could 
be that the maturase contains an internal sequence(s) 
which exhibits features of a mitochondrial targeting 
sequence. Hurt and Sehatz [164] have recently demon- 
strated the existence of so called 'cryptic mitocbondrial 
targeting signals' within the cytosolic protein mouse 

dihydrofolate reductase (DHFR). When the first 85 
amino acids of DHFR were fused to the authentic 
DHFR, the construct was imported into mitochondria 
in vitro and in vivo, albeit with much lower efficiency 
than DHFR directed by the presequence of Cox IV. 
Authentic DHFR was not imported. It was suggested 
that in the authentic DHFR protein the potential signal 
sequence is not exposed to the surface of the molecule. 
In the construct, however, the targeting signal (like in 
tn~e mitochondriai precursor proteins) would fold inde- 
pendently of the authentic DHFR (or the mature part 
of the mitochondrial protein, respectively) and therefore 
enable it to direct import into mitochondria. These 
results make it very likely that potential mitochondriai 
targeting sequences are hidden in many nol~- 
mitochondrial proteins [164] and perhaps also in the 
mature part of mitochondrial proteins. Indeed, targeting 
of passenger proteins to mitocbondria ha,; also been 
reported for a chloroplast 'transit" sequence [163] (also 
see Section IV-D), sequences selected from the E. coil 
genome [166], and artificial presequences [160]. Further- 
more, changes of individual amino acid residues at the 
amino-terminus of the mature protein part of ATPase 
F~/~ allowed import of a precursor protein from which 
the presequence had been removed [154]. 

These results are surprising, since mitochond~al pro- 
tein import has been assumed to be highly selective. 
With regard to the question of how mitocbondria main- 
tain their specific protein composition, it should be 
noted that the import of proteins targeted by non- 
mitochondria-specific targeting signals in vivo and in 
vitro seems to occur at low rates [160,163-165]. In the 
following chapters (Sections V and VI) we will discuss 
how mitochondrial protein import can be dissected into 
several distinct steps, each of which can contribute to 
the specificity and efficiency of the import process. 
Some of these steps, like the interaction of precursors 
with cytosolic cofactors, can be bypassed [90,167]. Pre- 
treatment of mitochondria with low concentrations of 
proteinases causes a marked decrease of the overall 
import efficiency. Residual import (approx. 10~ of the 
control value) with slower kinetics, however, is indepen- 
dent of proteinase-sensitive components on the surface 
of mitochondria [168]. The inefficient mitochondriai 
import of the chloroplast protein ribulose-hispbosphate 
carboxylase (small subunit) did not require a pro- 
teinase-sensitive receptor site on the mitochondrial 
surface [169] (also see Section IV-D). Apparently, a 
precursor protein does not have to interact with all 
components of the mitochondrial import machinery, 
hut can bypass certain steps. The remaining import, 
however, is of low efficiency and is less s twxific, thus 
allowing precursor proteins with non-mitochondriai 
targeting sequences to be imported [170]. This bypass- 
import still reflects several obfigatory mechanistic fea- 
tures for translocation of proteins into mitochondria; 
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precursors must have the ability to insert into the outer 
mitochondrial membrane which may be facilitated by 
an amphiphilic structure of the signal peptide; and 
precursors enter the inner membrane in a manner that 
is dependent on the mitochondrial membrane potential, 
which probably exerts an electrophoretic effect on the 
positively charged signal sequence [45,171]. This could 
explain why a positive net charge is a common struct- 
ural characteristic of physiological and artificial 
mitochondrial targeting sequences. 

The importance of a bypass-import may be over- 
estimated when the test system does not measure rates 
of import but only distinguishes between growth or 
non-growth of cells. In vivo complementation of mutants 
which are deficient in a certain mitochondrial protein 
by expressing this protein in the cytoplasm and import- 
ing it has been shown to be a very sensitive test system 
(Ref. 163 and GriveU, L.A., personal communication). 
Cytoplasmic expression is often done using high-copy- 
number plasmids, whereas restoration of the mutant 
may require only very low import rates. To determine 
whether a precursor is imported using a bypass route or 
by the highly specific and efficient physiological import 
pathway, rates of import should be assessed in vivo and 
in vitro in comparison to those of authentic mitochon- 
drial precursors. In addition, it should be asked whether 
defined steps in the import pathway, like the interaction 
with receptors on the surface of mitochondria, can be 
demonstrated. 

IV-D. Heterologous import 

The targeting of proteins to mitochondria and their 
translocation across; the mitochondrial membranes is a 
complex multistep process which has apparently been 
highly conserved during evolution. This has been dem- 
onstrated by heterologous import studies where trans- 
port of precurso*," proteins from one organism into 
mitochondria of a different organism was tested. For 
example, the precursor proteins of the Rieske Fe /$  
protein, subunit // of F I ATPase and cytochrome c of 
N. crassa were all imported into yeast mitochondria 
(Refs. 35 and 207, and Hartl and Neupert, unpublished 
data). Precursors of ADP/ATP carrier and subunit 9 of 
F 0 ATPase, also from N. crassa, were successfully im- 
ported into rat fiver mitochondria [1721. Human OTC 
was recently shown to be imported into yeast 
mitochondria in vivo [173]. 

Subunit 9 of F 0 ATPase from N. crassa [72] (and 
from mammals [148]) is synthesized in the cytosol with 
an amino-terminal extension. The subunit 9 of yeast 
[174-177] and of plants [178,~79], however, is synthe- 
sized within mitochondria and without a presequence. 
Surprisingly, subunit 9 from Neurospora is imported 
into yeast mitochondria and correctly processed to the 
mature protein [180] (also see Section IX-C). 

Heterologous import into mitochondria has also been 
demonstrated for a precursor destined for a different 
organelle. The amino-terminal prepeptide of rihuiose- 
1,5-bisphosphate earboxylase (small subunit) was fused 
to either dihydrofolate reductase or to the mature part 
of subunit IV of yeast cytoehrome oxida.~e. The first 
construct was imported into yeast mitochondria in vivo 
and in vitro [165], and the latter construct was able to 
complement a Cox IV-deficient yeast mutant, As dis- 
cussed above, the efficiency of import was lower than 
that for constructs containing the authentic mitoehon- 
drial prepiece. A study with transgenic plant cells did 
not reveal any apparent mistargeting between mito- 
chondria and chloroplasts [181]. Thus, the ~ow mito- 
chondrial targeting efficiency of a chloroplast pre- 
peptide is not necessarily important in vivo (also see 
Section IV-C). On the other hand, mitochondrial and 
chloroplast prepeptides share common features such as 
the high content of basic and hydroxylated amino acid 
residues (Table III). This may explain the still surpris- 
ing fact that a chloroplast transit sequence can direct a 
protein into mitochondria at all. 

V. Import receptors 

An early step on the import pathway of mitochondrial 
precursor proteins is the specific recognition of pre- 
cursors by mitochondria. Several fines of evidence sug- 
gest that proteinaceous receptors on the mitochondrial 
surface perform the key functions of recognition. 

V-A. Proteinase-sensitive components on the mitochondrial 
surface for the import of  precursor proteins 

In a number of studies, isolated mitochondria were 
pre-treated with low concentrations of proteinases such 
as trypsin or proteinase K. This inhibited the subse- 
quent import of mitochondrial precursor proteins, in- 
cluding the precursors of porin, cytochrome b2, 
ADP/ATP carrier, subunit 9 of the F0F 1 ATPase, the 
Rieske Fe/S protein of the bcl-complex, subunit fl of 
F I ATPase, citrate synthase, and omithine transcarba- 
moylase [36,79,83,88,96,167-169,182-184,186]. Mild 
proteinase treatment did not degrade the outer mem- 
brane barrier [36,88,96,187] and only a few proteins of 
the outer membrane were degraded [168]. 

An exception to this ready inhibition of import by 
mild proteinase treatment is the import of apocytoch- 
rome c, the precursor of cytochrome c. Stronger pro- 
teinase treatment, which partially degrades the outer 
membrane barrier, was required to inhibit the binding 
and import of this precursor [188]. Apparently, the 
binding protein for apocytochrome c does not expose 
proteinase-sensitive sites to the outer surface of the 
outer membrane. 

Pre-treatment of mitochondria with elastase inhibited 
the import of porin, Fe /S  protein, the ADP/ATP car- 



.~r and F 0 ATPase subunit 9, but not of Ft ATPase 
hbunit ,8, whereas pretreatment with trypsin inhibited 
.e import of all these proteins [168,169]. Thus. the 
~port receptor for Fl~ seems to be different ~'rom 
Lose of tile other four precursors. 
When polyclonal antibodies which had been pre- 

lred against 45 kDa proteins of the yeast mitochondriai 
Jter membrane were added to trypsin-treated mito- 
iondria, the inhibition of protein import was enhanced 
89]. Thus, antigenic sites of the 45 kDa proteins seem 
be related to mitochondrial import sites. An as-yet- 

aresolved problem is that isolated yeast mito,zhondria 
~pear to contain additional import sites on the inner 
lembrane which allow protein import into trypsin- 
'eated mitoehondria when the outer membrane was 
Jbsequently opened [190]. In contrast, this does not 
~em to be the case for Neurospora mitochondria [96]. It 
.'mains to be determined whether this is due to techni- 
ai or species-specific differences. 

"-B. Binding of precursors to mitochondria and import 
• ore the bound state 

The precursors of ADP/ATP carrier [88,168,171,191], 
ytoohrome b~ [184] and F 0 ATPase subunit 9 [147] can 
~e bound to the mitochondrial surface in the abser.ce of 

membrane potential (A~k). Binding requires a pro- 
einase-sensitive component on the mitochondrial 
urface. By re-establishing d4,, the precursors can be 
reported from the bound state. For ADP/ATP carrier 
~nd subunit 9 it has been shown that the import from 
he bound state occurs without release from the 
nitochondrial membranes. The efficiency of specific 
finding in the absence of A~, (i.e., the ratio between 
mport of precursor from the bound state and imlrort of 
tee precursor) is up to 1 in the case of ADP/ATP 
:artier, about 0.5 in the case of subunit 9, but poor 
< 0.1) in the case of cytochrome b 2. 

On the other hand, the precursors of F~/] and Fe/S 
Irotein only bind very weakly to mitochondria in the 
tbsence of A6 (Refs. 45 and 168; Pfaller, Planner and 
qeupert, unpublished data). The affinity constants for 
nteraction of these precursors with their binding sites 
m the mitochondrial surface appear to be rather low. 
Furthermore, binding sites for these precursors might 
~nly be present in very limited amounts; but since the 
ffficiency of their import is very high this seems rather 
Jnlikely. 

A fusion protein between the complete precursor of 
F 0 ATPase subunit 9 and the cytosolic protein dihyclro- 
[olate reductase (DHFR) showed the same properties as 
authentic subunit 9, i.e., efficient specific hinding to the 
mitochondrial surface. Fusion proteins between the pre- 
sequence of subunit 9 (or part of it) and DHFR were 
imported into mitochondria in the presence of d~k, but 
they bound only weakly to the mitochondriai surface in 

the absence of At/, [147]. This suggests that the mature 
(hydrophobic) part of the snbunit 9 precursor is in- 
volved in the specific binding of the precursor to the 
mitochondrial surface. All ¢,,~: precursors mentioned 
above, which are specifically accumulated on the 
mitochondriai surface in the absence of Ag, (ADP/ATP 
carrier, cytochrome b e, s'abunit 9, and the fusion pro- 
tein between complete subu~it 9 and DHFR), contain 
one o,' more hydrophobie stretches in their sequences 
(class I precursors). On the other hand, the four pre- 
cursors which are not able to specifically bind in the 
absence of a membrane potential (Ft/L Fe/S protein, 
and the fusion proteins between the presequence of 
subunit 9 and DHFR) do not contain a hydrophobic 
stretc" (class 11 precursors). Furthermore, class I pre- 
cursors are more rapidly imported than class ii pre- 
cursors. This suggests that (hydropbobic) "assistant" se- 
quences present in class i precursors support a strong 
interaction of precursors with binding sites and thereby 
facilitate rapid import [147]. The predicted hydrophobic 
stretch in the sequence of the cytochrome be precursor 
contains a single positive charge [54]. This might ex- 
plain the low efficiency of specific binding of cyto- 
chrome b 2. 

The precursor of porin can bind to the mitochondrial 
surface at low temperature and then be completely 
imported into the outer membrane and assembled by 
subsequently raising the temperature [79,167,168]. The 
binding is also inhibited by mild pre-treatment of the 
mitochondria with proteinases [168]. 

Apocytoehrome c can be bound to mitoehondria in 
the presence of deuterohemin, a competitive inhibitor of 
cytochrome c heme iyase. The binding is rapid and 
reversible. The bound apocytoch~,~.me c is accessible to 
externally added proteinases (Fig. 5). By addition of 
heine, apocytoehrome c is converted to holocytoehrome 
c and imported into the intermembrane space [192-198]. 

V-C. Distinct steps in the binding of A D P / A T P  carrier 
and of porin 

Recent studies have shown that two distinct steps of 
specific binding of the A D P / A T P  carrier to 
mitochondria can be defined: (i) binding to 
proteiaase-accessible receptor sites and (ii) the interac- 
tion with the proteinase-protected 'general insertion 
protein' (GIP) in the outer membrane [88,101,169,186, 
199] (see Section V-D). The precursor of ADP/ATP 
carrier could be bound to mitochondria having a dis- 
sipated membrane potential, at low temperature or at 
decreased levels of nucleoside triphosphates (NTPs) (see 
Section VII-C). The specifically bound precursor re- 
mained sensitive to treatment of the mitochondria with 
low concentrations of proteinases and was accessible to 
externally added antibodies (receptor binding; Fig. 2, 
stage 2). Binding at higher temperature or at higher 
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Fig. 2. W.~rking hypothesis for the translocation of the ADP/ATP 
carrier fr:,m the cytosol into the inner mitochondfial membrane. The 
preeursc r of the ADP/ATP carrier is synthesili.ed on cytosolic poly- 
somes ,.vithout an am;.no-terminal peptide extension (stage l). The 
precursor binds to a receptor protein (R) (stage 2) on the mitochondrlal 
surface in a ,mcleoside triphosphate (NTP)-dependent step. it is then 
inserted into a proteinaceous site in the outer membrane, named the 
"general insertion protein" (GIP) (stage 3,) (Section V-D). This step 
requires higher levels of NTPs than the initial binding event (Section 
VII-C). The interaction of precursor with the inner membrane (stage 
4) occurs at contact sites between outer and inner membranes (Section 
VI-C) and requires the membrane potential AV.,, but not NTPs. 
Completion of translocation into the inner membrane and assembly 
into the functional rimer (stage 5) do not require .4~, or NTPs. When 
the precursor is incubated with mitochondria at low temperature in 
the presence of d,k, it accumulates at contact sites (stage 4a): the 
precursor is still accessible to externally added proteinases, but the 
completion of translocation into the inner membrane can occur in the 
absence of /'@. OM, outer mitochonddal membrane: IM. inner 

mitochondrial membrane. 

levels of NTPs  led to insertion of  the precursor  into the 
outer  membrane  where it was  not  accessible to pro-  
teinases or  ant ibodies  ( interact ion with GIP ;  Fig. 2, 
stage 3). The GIP-associate~ intermediate  was  beyond  
the initial proteinase-sensitive receptor,  since it could  be  
completely imported af ter  prote inase  t rea tment  which 
inhibited the ir, aport  of the free precursor .  Saturabi l i ty  
and  resistance to extract ion b j  salt, bu t  extractabi l i ty  at  
alkaline p H  [200,201], suggested ti~tt the GIP-assoc ia ted  
intermediate wa,~ embedded  into pro te inaceous  sites in 
the outer  membT ane (named GIP)  [88,186]. 

The  specifically b o u n d  precursor  o f  pot in  was  also 
resistant to miYd prote inasc  t rea tment  which inhibi ted 
the import  of  the free precursor .  After  this prote inase  
t reatment ,  the b o u n d  por in  could  be  completely im- 
por ted into the outer  membrane  a n d  assembled into the 
funct ional  form. O u r  current  unders tand ing  (Fig. 3) 
suggests that  there are two forms of  b inding sites for the 
import  of porin;  the proteinase-sensitive receptor  site 
and  the proteinase-resistant  G I P  site. 

V-D. Titration of binding sites and competition of differ- 
ent precursors for specific binding sites 

By Scatchard analysis,  the b inding sites for  pre-  
cursors  of  pot in,  cy tochrome c, and  A D P / A T P  carr ier  

have been titrated. Fo r  these studies the precursors  of 
por in  and  cy tochrome c were p repared  f rom their  re- 
spective mature  forms. The mi tochondr ia l  po t in  was  
solubilized f rom the membranes  with Genapo l  X-100, 
purif ied over hyd roxyapa t i t e / c e l i t e  and  precipi ta ted 
with tr ichloroacetic acid. By solubilization with N a O H  
and  neutral izat ion with N a H 2 P O  4 it was  conver ted to  a 
water-soluble form which could  be  specifically impor ted  
into mi tochondr ia  {79,167]. Apocy toch rome  c was  pre-  
pared  by  removal  of  heme from purif ied holocyto-  
ch rome  c by  cleavage of  the thioether  bonds  with 
A g a S O  4 o r  H g C I :  at  low p H  a n d  the subsequent  re- 
moval  of A g  (or  Hg)  b y  t rea tment  with dithiothreitol .  
A n  impor t . competen t  confo rmat ion  was restored by  
dialysis f rom 8 M urea  [39,202,202a]. Both precursors  
w.ere radiolabeled with ]4C by  reductive methyla t ion  
[79,193]. The precursor  o f  the A D P / A T P  carr ier ,  the 
most  a b u n d a n t  prote in  of  mi tochondr ia ,  was  synthe-  
sized in vitro in sufficient a m o u n t s  to  pe r fo rm Sca tchard  
analysis  [169]. 

The  n u m b e r  of b ind ing  sites, the aff ini ty cons tants ,  
a n d  the methods  used to block impor t  a t  the level of  
b ind ing  are given in Tab le  IV. F o r  the A D P / A T P  
cart ier ,  the b ind ing  to receptor  sites a n d  the b ind ing  to  
G I P  could be  t i t ra ted separately.  The  n u m b e r  of  G I P  
sites appears  to be  abou t  10-fold higher  than  the n u m -  
ber  o f  specific receptor  sites (Ref. 169; Steger a n d  
Neuper t ,  unpubl i shed  data) .  F o r  por in ,  the prote inase-  
protected b inding  sites (i.e., G I P  sites) were t i t rated.  

F o r  apocy toch rome  c the ca lcu la ted  n u m b e r  o f  
high-aff ini ty b ind ing  sites is s ignif icantly higher  than  
those for por in  o r  for  the A D P / A T P  ca rde r .  The  aff in-  
ity cons tan t  for  the high-aff in i ty  b ind ing  of  apocy toch-  
rome c is lower than  those for  the o ther  two precursors .  
Thus ,  the b ind ing  sites for  a p o c y t o c h r o m e  c seem to  Ix; 
different  f rom those for  por in  a n d  A D P / A T P  carrier .  

1) 
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Fig. 3. Working hypothesis for the translocation of porin from the 
cytosol into the outer mitochondrial membrane. The precursor of 
porin is synthesized on cytosolic polysomes and does not contain an 
amino.terminal peptide extension (stage 1). The precursor binds to a 
receptor protein {R) on the mitochondrial surface (stage 2) and is then 
inserted into the outer mitochondrial membrane (interaction with 
GIP, stage 3). Finally, it is assembled into the functional dimer in the 
outer membrane (stage 4). The import of porin is independent of the 
mitochondrial membrane potential. OM. outer mitochondrial 

membrane. 



TABLE IV 
Titration of binding sites for mitochondrial precursor proteins 

Precursor of Binding to Method to block 
import at the 
level of binding 

Porin GIP Iow temperature 
Cytocfirome c cytochrome c addition of deutero- 

heine lyase or heroin or omission of 
related component NA DH 

ADP/ATP receptor low levels of NTPs and 
carder dissipation of A~ 

ADP/ATP GIP dissipation of/t~ 
carder 

Number of sites Affinity constant 
(pmol per mg K, [M-II 
mitochondrial protein) 

5-I0 (1-5)-I0 s 
60-90 2.2. I0:' 

0.25 2-10 ~ 

3.5 5.10 s 

- -  

Refs. 

79.167 
193 

steger and 
Neupert, unpubl. 
169 

In support of this, unlabeled apocytochrome c, which 
can compete for binding and import of labeled apocy- 
tochrome c, did not compete for the binding or import 
of any other mitochondrial precursor protein tested so 
far [35,203]. 

The precursor of porin, however, competes for the 
import of proteins destined for all other mitochondrial 
compartments, including the Fe/S protein of the be :  
complex (intermembrane space), the ADP/ATP carrier, 
subunit 9 of F 0 ATPase (inner membrane), and F t 
ATPase subunit ,8 (matrix), but not for the import of 
cytochrome c. Unspecific effects of porin, such as com- 
plexing of precursors in the cytosol or perturbation of 
the mitochondrial membrane potential, have been ex- 
cluded [169], In the case of the ADP/ATP carrier, the 
generation of the GlP-associated intermediate was com- 
peted for by porin. The formation of the receptor-bound 
intermediate and the transport from the GIP sites into 
the inner membrane were not competed for by porin 
[167,169]. The competition of import between porin and 
Fe/S  protein, F09 or Ftfl again seems to occur for the 
interaction with GIP. We conclude that a component of 
the outer membrane (GIP) is common for the import 
pathway of several witochondrial precursor proteins. 
These sites appear to be involved in the insertion of 
precursors into the outer membrane. This site was there- 
fore named the 'general insertion protein' (Fig. 4). 

V-E. Role o f  specific binding sites 

The binding of precursor proteins to receptor pro- 
teins of the mitochondrial outer membrane is an e,~- 
sential step in the specific recognition of precursor 
proteins by mitochondria. At least four different import 
sites were proposed to exist for mitochondrial precursor 
proteins: for porin, for the ADP/ATP carrier, for t:1,8, 
and for cytochrome c. The receptor sites for porin, 
ADP/ATP carrier and Flfl are accessible to proteinases 
added to the outside of the outer membrane (see Sec- 
tion V-C). The import pathways of ADP/ATP ca.,Tier, 
porin, Ft/3 and of other proteins, such as Fe/S protein 

of the be:complex and subunit 9 of F o ATPase, con- 
verge at a common membrane insertion site (GIP) [169]. 
Beyond GIP the import pathways diverge to direct 
proteins to the outer membrane (as is the case for porin) 
or to contact sites and thus to other mitochondrial 
compartments (Fig. 4). Authentic mitochondrial pre- 
cursor proteins can also bypass the initial proteinase- 
sensitive receptor sites (but not GIP), resulting in a low 
efficiency/decelerated import ('bypass-import'). This 
bypass-import seems to be the only import pathway 
used by non-mitochondria-specific precursors such as 
chloroplast proteins [170,186] (see Section IV-C). GIP 
might be among the proteins which are recognized by 
antibodies prepared against 45 kDa proteins of yeast 
outer mitochondrial membrane. These antibodies were 
reported to inhibh protein import into trypsin-pre- 
treated mitochondria by binding to a component of the 
outer membrane [189]. 

it may be possible that precursor proteins initially 
inter-~ct with low affinity with lipids of the outer mem- 
brane. By subsequently binding to receptor proteins in 
the outer membrane, the ratio between free and 
mitochondria-associated precursors would be strongly 
shifted to the bound state. Studies of the interaction of 
chemically synthesized presequences with artificial lipid 
membranes [155-158] suggest such a pathway might 
occur. With this model, the probability that a free 
precursor protein interacts with mitochondria, and 
therefore with specific import sites, would be increased 
since the lipids of the outer membrane are a much 
larger initial target than the receptor sites alone. On the 
other hand, in this model the precursors could also 
interact with lipids of other cellular membranes. Thus, 
the physiological significance of a precursor/lipid inter- 
action for mitochondrial protein import remains to be 
elucidated. 

Vi. Membrane transiocation of precursor proteins 

After specific interaction with the recognition ap- 
paratus of the outer mitochondrial membrane, the pre- 
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Mitnchnndrial Precursor Proteins 

O n ~ r e ~ n ~ ~  n,copter preteen, exposed on the sudace of 
the outer membrane 

General Innrtlen protein 
M in the outer membrane 

beth membranelj 

Matrix 
Inner Membrane 

Intermembrane Space 

Fig. 4. Working hypothesis for the binding and membrane translo- 
cation of mitochondrial precursor proteins. The import pathway of 
cytochrome c is not covered by this model since it does not seem to 
involve GIP (adapted from Ref. 169). R*, R**, R***, different 

classes of surface receptors; GIP, general insertion protein. 

cursors are translocated into or across the mitochondrial  
membranes. 

VI-A. Import of outer membrane proteins 

Precursors destined for the outer membrane,  such as 
porin or the mitochondrial  70 kDa protein of yeast 
[134,135], apparently use the 's implest '  import  pathway. 
They are inserted into the outer membrane from their 
specific binding sites and are assembled to their func- 
tional forms (Fig. 3). This import  is independent of the 
mitochondrial  membrane potential  and does not involve 
proteolytic processing of the precursors [47-49]. 

VI-B. Import of apocytochrome c 

During its import,  cytochrome c must only be trans- 
located across the outer mitochondrial  membrane (Fig. 
5). The way in which this occurs, however, appears to be 
unique to cytochrome c and differs markedly from the 
translocation mechanisms used by other proteins de- 
stined for the intermembrane space (see Section IX-B). 
The import  of cytochrome c, like that of outer mem- 
brane proteins, is independent of the mitochoi:drial 
membrane potential  and is not  accompanied by prol,-o- 
lyric processing [57,203]. The precursor, apocytochrome 
c, has no detectable secondary structure and lacks cova- 
lently attached heme compared to its mature counter- 
part  holocytochrome c [159,202]. The covalently bound 
heme moiety itself is responsible for mediat ing or stabi- 
lizing the compact structure of holocytochrome c 
[202,204]. These circumstances have apparently favored 
the evolution of an import  mechanism in which the 
cot,formational change accompanying the covalent at- 
tachment of heme to apocytochrome c has been linked 
to the process by which the protein is transported across 

the outer membrane. For example, evidence indicates 
that apocytochrome c can spontaneously insert part 
way through the lipid bilayer of the outer membrane 
[205] where it is bound with high affinity to a specific 
receptor [192,193]. The enzyme cytochrome c heme 
lyase, which faces the intermembrane space [188,194- 
198], attaches heme to the partial ly inserted precursor in 
a process which is tightly coupled to its translocation 
completely through the outer membrane to a pro- 
teinase-resistant location [206]. This process is depen- 
dent on N A D H  plus F M N  (or FAD), which appear  to 
be required to reduce the heine ~roa prior to coupling to 
apocytochrome c [207] and can be reversibly inhibi ted 
by the analogue deuterohemin [192,194]. 

The folding of cytochrome c which accompanies the 
binding of heme - occurring at  the intermembrane 
space side of the outer membrane - is therefore prob- 
ably responsible for driving the translocation of cyto- 
chrome c across the outer membrane.  This model 
accounts for the independence of cytochrome c impor t  
of the mitochondrial  membrane  potential  and its very 
tight coupling to covalent heme linkage. Because of the 
absence of covalently bound heine in other proteins of 
the intermembrane space (with the exception of cyto- 
chrome ct; see Section VllI-D),  this impor t  pathway is 
understandably exclusive to cytochrome c. I t  will be 
interesting to see what  role the berne at taching step 
during cytochrome c t import  may play in membrane  
translocation events. 

VI-C. Import via translocation contact sites 

The maiori ty of imported mitochondri~l precursor 
proteins have to be translocated (at least partial ly) into 
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Fig. 5. Working hypothesis for the transloeation of apocytochrome c 
from the cytosnl into the mitochondrlal intermembrane space. 
Apocytochrome c, the precursor of cytochrome c, is synthesized on 
cytosolic polysomes and does not contain an amino-termlnai peptid¢ 
extension, I. Apocytochrome c is bound by a membrane-associated 
[~mtein (B) into a complex at the outer mitochnndrial membrane 
wldch includes the intermembrane-space facing cytochrome c heine 
I~,ase (HL). 2. By attachment of heine, holocytochrome c is loire©,;. 
Cytochrome c is then transported to its functional destination on the 
outer surface of the inner membrane, 3 (Section VI-B). OM, outer 
mhochnndrial membrane; IM, inner mitochondrial membrane; IMS, 

intermembrane space. 



or across the inner membrane. The transport of pre- 
cursors from the cytosoi to the inner mitochondrial  
membrane could occur in two functionally and structur- 
ally different ways: (i) precursor proteins are completely 
translocated across the out :" membrane, pass through 
the intermembrane space and thcn reach the inner 
membrane; or, (ii) precursor proteins are translocated 
across both mitochondrial  membranes in one step at  
sites of close contact between outer and inner mem- 
branes. 

From electr6n-microscopic studies, conlact sites be- 
tween outer and inner mitochondrial  membranes have 
been known about  for many years [208]. The function 
of these contact regions was first suggested by Butow 
and co-workers [42,43,209] who found that ribosomes 
were frequently associated with the outer mitochondrial  
membrane,  especially at  sites of close contact between 
outer  and inner membranes. They proposed that  
mitochondrial  precursor proteins were synthesized by 
these membrane-bound ribosomes and were cotransla- 
t ionaily imported into mitochondria through contact 
sites [44,209,210]. This was supported by later studies 
which showed that m R N A s  in mitochondria-associated 
ribosomes were enriched in mRNAs  for mitochondrial  
precursor proteins (also see Section III-A).On the other 
hand, i t  was shown that the majority of translatable 
m R N A s  for imported mitochondrial  proteins were still 
found in free cytosofic polysomes [46,73]. Furthermore, 
i t  cou ld  n o t  be  d e m o n s t r a t e d  tha t  impor t ed  
mitochondrial  precursor proteins indeed originated from 
these membrane-associated m R N A s  and ribosomes, h 
was thus obvious that  ribosomes containing nascent 
chains with exposed presequences could bind to 
mitochondrial  import  receptors via the presequences, 
but  the importance of this process f~," mit"chc,,dri~l 
protein import  was unclear. On the other iie-~d, there 
was abundant  evidence that mitochondrial  protein im- 
port  could occur posttranslat ionally in vivo and in vitro. 
Since at  that  t ime principle mechanistic differences were 
assigned to post- and cotranslat ional  protein transloca- 
tion, the possibil i ty of a posttranslat ional  mode of im- 
port  appeared to be incompatible  with the involvement 
of r ibosomes associated with the outer membrane. Thus, 
the importance of the cotranslat ional  transport might 
have been underest imated for the last  10 years. 

By reversible accumulation of precursor proteins in 
sites of close contact  between outer and inner mem- 
branes, i t  was demonstrated that mitochondrial  protein 
import  did indeed take place at  these contact sites [45]. 
Protein import  was performed at low temperatures (2 to 
12°C)  in vivo and in vitro. The precursor proteins were 
specifically processed by the matrix-located processing 
peptidase, and thus the amino-terminus of the pre- 
cursors had entered the matrix space. The processed 
precursor proteins were, however, still zceessible to ex. 
ternally added proteinases which did not  degrade the 
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Fig. 6. Working hy~.)thesis for the transloeation of Fi/3 from the 
cytosol to tile ,nner lace of the mitoehondrlal inner membrane. The 
precursor of ATPase F, fl is synthesized on ~tosofic polysomes and 
contains an amino-terminal presequence, l. in a re':.-"p,or (P.N and 
GlP-dependent step it is transported into contact sites between outer 
and inner membranes. 2 {Sections V-E and VI-C). Insertion into or 
translocation of the presequance across the inner membrane reqaires 
d6. The completion of translocation to the inner side of the inner 
membrane, 3, is independent of A~ (Section VII-B). Both import 
steps require nucleosid¢ triphosphates (NTPs). Higher levels of NTPs 
are required for the complet/on of translcc.ation than for the initial 
interaction (Section VII-C). The presequence is cleaved ofi by the 
processing peptidase (PP) in the mitochondrial matrix. OM. ou',-~r 
mitochondrial membrane; IM, inner mitochondrial membrane: N. 

amino.terminus: C, carboxy-terminus. 

outer membrane barrier. Furthermore, the precursors 
were recognized  by  an t ibod ie s  added  to the 
mitochondrial  suspension after generatior: of the inter- 
mediate [199]. The precursor proteins thus stretched 
from outside the outer membrane into the matrix space 
thereby spane:,ng both  mi tochondr ia l  membranes  
simultaneously. 

In conclusion, the mitochondrial  membranes must be 
close enough together to be spanned simultaneously by 
a single polypeptide chain (translocation contact sites) 
(Fig. 6). Only ,he transport  of precursors from the 
cytosol into translocation contact sites requires the 
membrane potential  (dL~). The completion of transport  
into the inner membrane or matrix is independent of 
A~k (also see Section VII-B). Import  via translocation 
contact sites has now been demonstrated for the pre- 
cursors of F t ATPase subunit  fl, cytochrome c t [45], the 
F e / S  protein of the bq-complex  [36], the A D P / A T P  
carrier [88], and cytochrome b2 [95,102]. For the pre- 
cursor of the A D P / A T P  carrier, which is synthesized 
without a cleavable presequence, the differential re- 
quirement for A,k was taken as criterion to show import  
via contact sites [88]: the precursor was incubated with 
mitochondria at  low temperature in the presence of d $ ,  
precursor associated with mitochondria was still accessi- 
ble to externally added proteinases, but  completion of 
translocation into the inner membrane could take place 



in the absence of a membrane potential (Fig. 2). Thus, 
the Ate-dependent interaction of the precursor with the 
inner membrane had already taken place for the pre.- 
cursor associated with mitochondria at low temperature. 
The precursor was therefore spanning translocation 
contact sites (Fig. 2, intermediate 4a). 

In addition to lowering the temperature during im- 
port, two other methods for accumulating precursor 
proteins in translocation contact sites have been devel- 
oped. (i) Polyclonal antibodies were prebound to 
carboxy-terminal parts of precursor proteins. After 
addition of mitochondria, amino-terminal parts of the 
precursors were transported into the matrix space and 
the presequences were cleaved off by the processing 
peptidase. A carboxy-terminal part of the precursor was 
kept outside the outer membrane by the bound anti- 
body [45,96]. (ii) The discovery that the completion of 
translocation requires higher levels of nucleoside tri- 
phosphates (NTPs) than the initial transport into con- 
tact sites was used to generate contact-site intermediates 
(see Section VII-C). By moderately lowering the level of 
NTPs, precursor proteins were trapped in translocation 
contact sites (Fig. 6) [100-102]. Increasing the level of  
NTPs led to complete import of the precursor proteins. 

A crucial question is how the biochemically defined 
translocation contact sites are related to the morpho- 
logically described contact sites between the outer and 
inner membranes. To study this question, the precursor 
of F1~8 was prebound to polyclonal antibodies and then 
trapped in translocation contact sites. After then de- 
corating the antibodies with protein-A-gold particles, 
electron-microscopic evaluations were performed. They 
showed that the biochemically defined translocation 
contact sites were identical with the morphologically 
described sites of contact between outer and inner 
membranes [96]. For chloroplasts, Pain et a1.[211] re- 
eently identified an outer membrane protein using anti- 
idiotypic antibodies raised against antibodies specifi- 
cally recognizing tbe presequence of the small subunit 
of ribulose-bisphosphate carboxylase. These antibodies 
were able to inhibit import of the precursor, suggesting 
a role of the outer membrane polypeptide in recognition 
of the presequenee. Interestingly, immt:nogold electron 
microscopy demonstrated that the outer membrane 
compo.nent(s) recognized by the antiidiotypic antibodies 
was clustered around regions where outer and inner 
envelope membranes were closely apposed, thus stress- 
ing the importance of translocation contact sites for the 
import of precursors into chloroplasts as well. 

Translocation contact sites appear to be stable struc- 
tures. Their existence seems to be independent of the 
energy state of mitochondria [88,96] and they can be 
enriched by subfractionation of mitochondria into 
vesicles by sonication [96]. The precursor proteins 
trapped in contact sites could be extracted from the 
membranes by hydrophilic perturbants (protein de- 

naturants) such as alkaline pH or urea [95]. Thus, 
translocation contact site intermediates are not firmly 
integrated into the hydrophobic lipid phase of the mem- 
branes. It cannot be excluded yet if this is caused by a 
local rearrangement of the polar lipid headgroups. It is 
much more likely, however, that proteins are essential 
components of translocation contact sites. 

This latter possibility might be supported by new 
findings of Grivell and colleagues (Grivell, L.A., per- 
sonal communication). They have shown that the 10 
amino-terminal residues of the presequence of core II 
subunit (complex Ill) coald target the passenger protein 
manganese superoxide dismutase to the inner mem- 
brane but failed to direct complete translocation of the 
construct int~ the matrix. The full presequence plus 20 
residues of the mature core II subunit, however, trans- 
ported superoxide dismutase into the matrix. A possible 
explanation of these results was that the 10-residue 
amino-terminal segment of the presequence did not 
translocate proteins across the inner membrane due to 
its inability to interact with a (protein) component of 
the translocation machinery. 

VII. Energy requirement of protein import 

VII-A. General remarks 

It is now widely accepted that nocleoside triphos- 
phates (NTPs) are necessary to keep mitochondrial pre- 
cursor proteins in an import-competent conformation~ 
and that the membrane potential across the inner mem- 
brane is necessary for the initial interaction of precursor 
proteins with the inner membrane. 

Very early studies on mitochondrial protein import 
showed that energy was required [31]: addition of pro. 
tonophores, which dissipated the electrochemical poten- 
tial across the inner membrane and subsequently 
lowered the level of ATP, prevented the uptake of 
precursor proteins by mitochondria [34,203,212]. This 
was examined in rho- mutants of yeast, which lack a 
functional respiratory chain and F0F I ATPase (the two 
main possible contributors to an electrochemical poten- 
tial across the inner mitochondrial membrane).  
Mitochondrial protein import, however, still occurred in 
rho- mutants. It was concluded that the electrochemical 
potential was not the direct driving force for 
mitochondrial protein import, and ATP was suggested 
as the primary energy source [212]. Later studies (see 
below), however, demonstrated that it was an energized 
inner membrane which was essential for transport of 
precursors into the inner membrane. It is likely that 
mitochondria from rho- mutants can still create a (low) 
electrochemical potential, e.g., by importing ATP via 
the A D P / A T P  carrier. Low potentials (20-40 mV) have 
been shown to be suffLient to drive protein import 
[1711. 



VII-B. Requirement for the mitochondrial membrane 
potential 

Schleyer et al. used specific inhibitors of the respira- 
tory chain (rotenone, antimycin A and potassium 
cyanide) and of the FoF1 ATPase (oligomycin), protono- 
phores (CCCP and FCCP), a K + ionophore (valinomy- 
cin) and an inhibitor of the A D P / A T P  carrier 
(carboxyatractyloside) to study the energy requirement 
of protein import in vitro [172]. These studies demon- 
strated that the electrochemical potential was essential 
for transport of proteins into or across the inner mem- 
brane. Similar results were obtained by Gasser et al. 
[182] and Kolanski et al. [213]. Since at this time 
research focused on the question of whether either the 
electrochemical potential or ATP was required, it was 
mistakenly eonchided that the electrochemical potential 
alone was the energy source for import. (In Section 
VII-C the evidence will be summarized that both an 
energized inner membrane and ATP are required inde- 
pendently for mitochondrial protein import.) 

The electrochemical potential (total protonmotive 
force) consists of two components: the membrane 
potential A~/, (electrical component) and the proton 
gradient ApH (chemical component). It has been shown 
that the transport of the precursor of the A D P / A T P  
carrier from the outer membrane into the inner mem- 
brane required only the electrical component Ag, [171]: 
this transport could be driven by a valinomycin-media- 
ted K + diffusion potential; addition of protonophores 
did not abofish this import; imposing a ApH alone did 
not support import. Therefore, mitochondrial protein 
import does not seem to be mediated by proton move- 
ment (which is driven by the total protonmotive force), 
in contrast to several other processes depending on an 
energized inner membrane such as synthesis of ATP by 
the FoF1 ATPase. On the other hand, it has been shown 
that only the initial interaction of precursor proteins 
with the inner membrane, involving the positively 
charged presequence in the case of cleavable precursors, 
requires Ag, (Figs. 2 and 6), The completion of translo- 
cation into the inner membrane or matrix can take 
place in the absence of A~/, [45,88] (see Section VI-C). A 
current working hypothesis is that the role of the mem- 
brane potential includes an electrophoretic effect on the 
positively charged presequences or on positively charged 
domains in precursors that do not contain cleavable 
preseqaences [171,214]. 

Precursor proteins which do not interact with the 
inner mitochondrial membrane, like the outer mem- 
brane protein porin [47-49] and the intermembrane 
space protein cytochrome c [203], do not require the 
membrane potential for import. The majority of  
mitochondrial proteins, however, are translocated into 
or across the inner membrane and therefore do require 

space proteins like cytochrome be [52] and cytochrome-c 
peroxidase [53,215] which transiently interact with the 
inner membrane during distinct phases of their import 
pathways (also see Section IX-B). 

VII.C Role of nucleoside triphosphates 

By manipulating the levels of NTPs and A~ indepen- 
dently of each other, we have shown that protein import 
requires NTPs in addition to a membrane potential [98]. 
The in vitro import system (reticulocyte lysate and 
isolated mitochondria) was depleted of ATP and ADP 
by incubation with apyrase (an adenosine-5'-(di)tri- 
phosphatase from potato). A membrane potential was 
then established (by addition of substrates of the elec- 
tron transport chain) and oligomycin was included to 
prevent dissipation of A~/, and synthesis of ATP by the 
FoF x ATPase. Under these conditions, protein import 
was inhibited. Re-addition of ATP or GTP restored 
import, whereas non-hydrolyzable ATP analogues were 
not able to fulfill this requirement. In the presence of 
ATP, but absence of A~, protein import was also in- 
hibited [98,172]. This demonstrated that the require- 
ment for NTPs was independent of the requirement for 
A~/,. Since nucleoside-phosphate kinases are present in 
the system used, it cannot be determined yet which 
NTP (e.g., ATP or GTP) is the direct energy source. 
Similar results were obtained by studies with a largely 
purified precursor protein [99] and in studies using 
,.iesalted reticulocyte lysate [100]. A requirement for 
NTPs has now been shown for the import of FI ATPase 
subunit ,8 [98,100], the A D P / A T P  carder [101], cyto- 
chrome c I, cytochrome b e [102], Fe/S protein of the 
bq-complex (Planner and Neupert, unpublished data), 
porin [103], fusion proteins between F o ATPase subunit 
9 and DHFR [101], and a fusion protein between the 
presequence of cytochrome oxidase subanit IV and 
DHFR [99]. 

Thus, even protein import which does not require a 
membrane potential, as is the case for porin, is depen- 
dent on NTPs. A notable exception to this general 
requirement for NTIs  appears to be that of cytochrome 
c whose import does not require NTPs (Nicholson and 
Neupert, unpublished data). 

NTPs are necessary for both the initial interaction of 
precursor proteins with the mitochondrial surface and 
for the completion of translocation from the surface 
into mitochondria (Figs. 2 and 6). For completion of 
translocation, higher levels of NTPs are necessary than 
for the initial binding interaction. Precursors which 
have identical presequences, but different mature pro- 
tein parts, require different levels of NTPs for import. 
The sensitivity of in vitro synthesized precursor proteins 
towards digestion by proteinase K is increased by the 
presence of NTPs. We concluded that NTPs are re- 
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import-competent ('unfolded') conformation [101]. We 
propose that a factor, which might be an unfoldase as 
recently proposed [97], acts together with NTPs to keep 
precursor proteins in an import-competent conforma- 
tion. This is supported by two observations: (i) Whereas 
the import of in viteo synthesized porin needs NTPs 
[103], the import of ti'.e water-soluble porin prepared by 
acid-base treatment of the purified membrane form (see 
Section V-D) is independent of NTPs. Other import 
properties - such as specific binding to receptor sites, 
two-step insertion into ~lic outer membrane, and forma- 
tion of specific membrane pores - are identical for both 
precursors. Subjection of the biosynthetic porin pre- 
cursor to a similar acid-base treatment rendered its 
import into mitochondria also independent of NTPs. 
This converted precursor exhibited a higher sensitivity 
towards digestion by low concentrations of proteinase 
K than the authentic precursor, indicating that the 
converted precursor is in a more unfolded conforma- 
tion. This suggests that the acid-base treatment, which 
destabilizes the conformation of proteins, can replace 
the NTP*.dependent step of mitochondrial protein im- 
port [167,216]. (ii) The import of incompletely synthe- 
sized (nascent) polypeptide chains into n=itochondria 
requires lower ~evels of NTPs than the import of the 
corresponding completed precursor [217]. The likely 
explanation seems to be that nascent polypeptide chains 
are only loosely folded and thus require less NTPs for 
unfolding than completed chains. 

In addition to the folded-stat,~ of precursor poly- 
peptides, the levels of NTPs required for import might 
also depend on the aggregational state of precursors. 
For example, the precursor of ATPase F ~  appears to 
contain a domain that is necessary for the formation of 
cytosolic tetrameric aggregates [76,77]. Deletion of this 
region i~ accompanied by a toss of the ability to form 
tetramers and the loss of an ATP requirement for 
import. It is possible that ATP-dependent unfolding is 
also involved in dissociating cytosolic precursor aggre- 
gates prior to import. Several reports described the 
dependence of mitochondriai protein import on pro- 
teinaceous cytosolic cofactors [76,82-84,86]. Further 
functional characterization is needed, however, to 
answer the question of whether these cofactors are 
related to the proposed unfolding activity (also see 
Sections iII-C and III-D). 

At present it can not be excluded that besides their 
role in the unfolding of precursors, NTPs are required 
for further import steps; e.g., for phosphorylation of 
components of the import machinery. Eilers et al. [218] 
reported that the unfolding of an artificial precursor 
protein (presequenee of Cox IV fused to DHFR) oc- 
curred at the surface of mitochondria in an ATP-in- 
dependent manner. Complete translocation into 
mitochondria, however, required ATP. These results 
may be explaia~ by differences in the folding and 

unfolding behavior between cytosolic proteins (DHFR) 
and authentic mitochondrial precursors. On the other 
hand, a muitifunctional role of I~TTPs in ndtochondrial 
protein import is possible. 

VII-D. Energy requirement for protein transport across 
other biological membranes 

Similarly to protein import into mitochondria, it had 
originally been assumed that an electrochemical poten- 
tial was the only energy source for protein export in E. 
coll. Recently, however, it was also shown that both the 
electrochemical potential and ATP are necessary 
[219-221]. A requirement for ATP only, but not for an 
electrochemical potential, has been reported for protein 
import into chloroplasts [181,222,223] and for protein 
translocation across the membranes of the endoplasmic 
reticulum [19,21-23,25,27,224] and of peroxisomes [225]. 
In the latter cases, an additional requirement for a (low) 
electrochemical potential cannot be excluded [225a]. 

In summary, the energy requirements for transloca- 
tion of proteins across biological membranes seem to be 
more similar to each other than has been assumed for 
many years. 

Viii. Processing of precursor proteins 

VIII-A. The processing peptidase in the mitochondrial 
matrix 

Amino-terminal presequences of imported proteins 
are proteolytically removed during or after transloca- 
tion across the mitochondrial membranes. The proteo- 
lytic activity is fo~ald in the matrix, and was first 
detected in hypotonic extracts of yeast mitochondria 
[226]. It was also described for mitochondria from rat 
liver and Neurospora. The processing peptidases (or 
matrix proteinases) from different sources show similar 
properties [227-231] including: (i) solubility in the ab- 
sence of detergents; (ii) neutral pH-optimum; (iii) in- 
hibition by divalent cation chelators such as EDTA, 
ortho-phenanthroline and batho-phenanthroline; (iv) in- 
sensitivity towards a number of known protc~nase in- 
hibitors, including those of serine proteinases such as 
phenylmethylsulfonyl fluoride (PMSF); and (v) stimula- 
tion by divalent cations such as Co z+, Mn 2+ and Zn 2+ 
which can reverse the inhibition by chelators. 

Processing activity was determined to be localized in 
the matrix via the following investigations. Upon sub- 
fractionation of mitochondria, processing activity 
cofracfionated with matrix marker proteins. In intact 
mitochondria the processing activity could not be in- 
hibited by EDTA or b¢~tho-phenanthrofine, which do 
not cross the inner membrane barrier, but it was blocked 
by ortho-phenanthroline which can permeate the inner 
membrane [230,231]. The processing peptidase is coded 



for by nuclear genes and hence must itself be imported 
into mitochondria. 

Purification of the processing peptidase from a num- 
ber of sources has b~en attempted. The enzyme from 
yeast mitochondria was enriched about 200-fold [228]. 
According to gel-filtration analysis, the activity was 
found in a fraction corresponding to an apparent 
molecular mass of 115 kDa. On SDS-polyacrylamide 
gels a prominent protein band with an apparent molec- 
ular mass of 59 kDa and several minor bands in the 
molecular mass range of 39 to 35 kDa were detected. In 
another study the processing activity of yeast 
mitochondria was purified about 100-fold [230]. As 
estimated by gel filtration, the active enzyme fraction 
again had a molecular mass of 115 kD'~. SDS-poly- 
acrylamide electrophoresis separated about 10 protein 
bands, none of which, however, exhibited an apparent 
molecular mass in the range of 59 kDa. The partially 
purified enzyme preparation was able to process the 
precursors of subunit V of cytochrome oxidase and 
yielded the correct amino-terminus of the mature pro- 
tein [232]. 

Using a series of purification steps the pzoce~sing 
enzyme from N. crassa mitochondria has been purified 
from a wbole-cell homogenate [233]. The activity was 
enriched about 2000-fold over mitochondria. On sHyer- 
stained SDS-polyacrylamide gels, two protein bands 
with apparent molecul~ weights of 57000 and 520~3 
• ;,~re visible. Monospecific antibodies were raised a~a~ast 
these proteins. By immunoblotting against total 
mitochondrial extracts,both the 57 and 52 kDa poly- 
peptides were detected in mitochondria; the 52 kDa 
component being about 15-fold more abundant. Both 
polypeptides were required for processing activity, but 
apparently did not form a (tight) complex. When the 
two components were separated by gel filtration,elution 
of activity coincided with neither protein peak but 
assumed an intermediate distribution where the two 
peaks overlapped. The 57 kDa component alone ex- 
hibited low but detectable processing activity. Addition 
of purified 52 kDa component, which did not have any 
processing activity by itself, to the 57 kDa component 
resulted in a several-fold stimulation of processing ac- 
tivity. Likewise, antibodies directed against the 57 kDa 
polypeptide were able to deplete mitochondrial extracts 
of the processing activity. Only 5-10% of the total 
activity, however, was recovered in the immunoprecipi- 
tare. Recombination of supernatant and immunopre- 
cipitate reconstituted processing activity as did addition 
of purified 52 kDa component to the immunoprecipi- 
rate. In summary, the 57 kDa component bears the 
catalytic center and is therefore the 'matrix processing 
peptidase' (MPP) proper. The 52 kDa component is a 
'processing enhancing protein' (PEP) which might con- 
tribute to the specificity of the cleavage reaction (see 
Section VII1-C). 

MPP and PEP have ~omewhat different locations in 
Neurospora mitochondria [233]: MPP is completely 
soluble in the matdx while PEP is largely attached to 
the inner (matrix) surface of the inner membrane. It is 
possible that PEP has an additional role in protein 
translocation by interacting with the preseqnences of 
precursor proteins as soon as they enter the matrix. For 
such a function an approx. 20 amino acid long a-helical 
segment having a high negative net charge identified 
",'~'i:~n the sequence of PEP (from the cPNA-ae~l~,eed 
amino acid sequence) might be important. 

Temperature-sensitive mutants in yeast have contrib- 
uted considerably to our knowledge of the processing 
enzyme [234-236a]. In order to identify essential com- 
ponents in the mitochondrial import pathway, Schar.-. 
and colleagues [234,235] have isolated yeast mutants 
which were characterized by strongly reduced protein 
import into mitochondria (e.g., import of ,8 subunit of 
F I ATPase). Two complementation groups were identi- 
fied (mas I and mas 2; mas for mitochondrial assem. 
bly). in both cases the phenotype is caused by a single 
nuclear mutation. The mas 1 mutant was shown to be 
defective in the matrix-localized processing activity in 
vitro [235]. The corresponding nuclear gene has been 
cloned .and on SDS-polyac~lan~Jde gel,~ the mas I gene 
product exhibits an apparent molecular mass of 48 kDa. 
Interestingly, an antiserum directed against the 48 kDa 
polypeptide crossreacts with the N. crassa 52 kDa com- 
ponent PEP [236]. Sequence similarity between the 
polypeptides is about 70~ [233]. PEP (and its counter- 
part in yeast [236]) is made with an amino-terminal 
extension that can be cleaved by the purified processing 
peptidase (Hawlitschek and Neupert, unpubfished data). 

Recently, in a new effort, Horwich and colleagues 
[236a] selected a set of temperature-sensitive yeast 
mutants defective in mitochondrial protein import. So 
far, four complementation groups of socalled mif- 
mutants (mif for mitochondrial import function) were 
identified, which are characterized By the accumulation 
of mitochondrial precursor proteins at the non.permis- 
sive temperature. M i f  1 and m i f  2 were found to be 
identical with the formerly described mas 1 and mas 2 
mutations. Biochemical analysis of the phenotype of the 
mi f  2 mutation revealed that MPP, the catalytic compo- 
nent ot the processing enzyme, was defective [236a]. The 
MPP gene codes for a protein with an apparent molecu- 
lar mass of 53 kDa. A structural comparison between 
MPP and PEP showed 24~ identity and about 50~ 
similarity if isofuoctional residues were considered sug- 
gesting a common origin for MPP and.PEP. 

The mitochondrial matrix processing enzyme differs 
in many respects from other peptidases involved in 
protein translocation. Both the bacterial leader pepti- 
dase [237] as well as the eukaryotic signal peptidase of 
the endoplasmic reticulum [14] are metal-independent 
membrane-integrated enzymes which share processing 
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t A B L E  v 

Proteolytic processing sites o/imported mitochondrial precursor proteins 

.the ~i!c~ of proteolytic processing of imported mitochondrial precursor proteins are presented beginning six amino acids (from the amino-terminal 
~ide) p~eceding the cleavage site. Basic ( + ), acidic ( - ) and hydroxy'ated ( . )  amino acids are indicated. Only sequences where the cleavage site has 
~ecn identified by direct evidence (i.e., from the known amino terminus of the mature protein, or from radiosequence analysis) are given. Proteins 
~re grouned by respiratory complex or by metabolic function, 

~TRIX PROCESSING pEPTIDASg 

~. E l ~ k ,  F~ ' 7  ~ f  .:~p~-x 1!1 is. crassa) Aia A~g 

~. Subuni~ I~ of complex !Ii (yeast)  Gln ~ly 

3. Cy~,,cnrv~- c I CN. crassa> Ly~ h,,, 

4. Cytochrom~, oxida~e IV (N. erassa) Thr Thr 

5. C~L~chv ,=~: cxiuas,. IV (yeas'.) S~r S~r 

6. Cy~ochrome cxidase V {N. crassa) T~r Met 

7. Cyt,_chro~e oxiJase V (yeast) lie Thr 

8. C",uchrome oxidase IV (bovine) Thr S~r 

9. Cytochrome oxldaze VI (yeast) i l e  Gln 

10. Cyto,.hrr>me oxidasc VIII (yeast) lle lle 

11. y c ATPase 4 (yeast) Val lle 

12• F,, ATPase 9 (N. crassa) i st  site Gln Va] 

2 nd site AIa Phe 

I~. F u AT~asu 9 - pl (bovim') Thr S~r 

14. F ° ATPase 9 - P2 (b~vine) Thr Set 

I%. F v ATFa~e 9 - I (human) Thr Set 

v,.  F~ ATPase fl (N. crassa} Pro A]a 

18. Phosphate carrier (bovine) Arg Ash 

19. Processing enhancing protein (N. ePassg) Asn Pro 
• . 

20. Mr, Supero×ide d~smutase (yeast) Thr Thr 

21. ~] Superoxide dismutase (human) Tyr Leu 

22. [~i Supero×iJe dismutase (rat) Thr Ala 

2}. ~@~ SuperuxJde dismutase (muuse) Ala Ala 

24. Aspartate aminotransferase [chicken) Ala A]a 

25. Aspartate aminotransferase (poreinu) Ala 

26. Serine:pyruvate aminotransferase (rat) Trp 

27. Ornithine aminotransferase (rat) T~r 

28. Malahe dehydro~en~se (rat) T~r 

29. Pyruvate dehydrogenase ~ (human) Leu 

30. Pyruvate dehydrogenase E (human) 

31 . Succiny!-Cc A synthase~(rat) 

32. Ornithlne transcarbamuylase irat) 

33. Crnithine transcarbamoylase (human) 

34* Carbamoyl phosphate synthase i (rat) 

_ l  • + i  

• . . . .  
A!a Val Arg AI,, Leu Thr Thr Ser Thr Ala 

÷ * 

S£r Val Arg Ar C L~u T{,r Val Set Ala Arg 
+ * . . . . .  

Ala Lys Arg Ser Ala Set Thr Glu Ser Sl.r 
+ - . 

Val Va] Arg Cys Asn Ala Olu Thr Lys Pro 
+ 

Arg Tyr Leu Leu Gln Gin Lys Pro Ub~ Val 
e 

AI~ Val Arg Ala A]a Set Thr Met Pro Ile 
+ 

Val Arg Phe AIB Gln Thr His AIB Leu 
+ i 

Val Cys Val Arg 'A!a His Gly S~r Val Val 
• * ~ . - - - 

Ser Arg Lys Tyr ~er Asp AIB His Asp Glu 
+ + + - 

e 

Met Lys Arg Set Val His Phe Lys Asp Gly 

Gly Ala Arg Tyr ~et Ser Set Thr Pro Glu 
• ÷ ÷ . . . 

Ser Lys Arg Thr 11e Gln Thr Gly Ser Pro 
÷ ÷ 

# 

Gin Lys Arg Ala 7yr Set Ser Glu Ii~ Aln 

va~ v~ s S  Arg ~:p ~l~ Lp ~r ~a ~ 
• + _ _ . 

Ala lle Set Arg Asp lle Asp Thr Als Ala 
+ 

Val Val Ser Arg Asp lle Asp Thr Ala Ala 

Ly:" AI,, AI#. I.ys GIn S..r Al.i Pro L*.u L@u 

Leu Set Arg Phe Ala Ser Set Ala Gly Vai 

Leu Ala Ala Ala Ala Val Glu a lu  Gin Tyr 
, + 

e 

Ph~ Arg Arg G13 Leu ~.!a Thr Pro Mis Ser 

Ala Arg Arg Thr Lys Val Thr Leu Pro Asp 

Gly Ser Arg Gln 
, + 

Gly Ser Arg His 
• ÷ 

Oly Set Arg His 
# 

Thr A1a Arg Ala 
÷ 

Ala S~r Ala Arg Ala 
÷ 

Val Arg Asn Met Gly 

S~r Val Ala Set Ala 

S~r AIa Gin Asn Asn 
÷ 

e 

Val Ala Set Arg Ash 

Trp Thr Ala Pro Ala Ala 

Gln Asn G!W l l e  Arg His 
+ 

Tyr Gly Lys Pro Val Gin 

Cys Gly Gln Pro Leu Gin 

Arg Pro Gly I?~ Arg Leu 

÷ 

Lys His S~r Leu Pro Asp 
+ 

Lys His S~r Leu Pro Asp 
* 

Lys His S~r Leu Pr~ Asp 

Set Set Trp Trp SSr His 

SSr Trp Trp Ala His Val 

S~r His Gln Leu Leu Val 

Thr S~r Val Ala Thr Lys 

~AIB Lys Val Ala Val Leu 
_ 

Phe A]a Asn Asp Ala Thr 
+ 

Val Gin V~I Thr Val Arg 

]ly S~r Tyr Thr A!a Ser 

Bet Gln Val Gin L~u + Lys 
+ * 

Asn Lys Val Gin Leu Lys 

Leu S~r Val Lys Ala Gin 

NOT~ RF~FER~CE 

36,263 

350 

Stuart, Nieholson and 
Neupert (unpublished 

34& 

112 

344 

314 

a 2<5 

315 

346 

947 

b 72,231 

b 72,231 

c 148 

e 148 

d 384 

121 

Rassow and Neupert 
(unpublished) 

348 

233 

385 

368 

969 

370 

360 

361 

362 

386,336 

334 

357,957a 

357a 

357b 

340,341,342 

343 

327 



TABLE V (continued) 

35. Adrenodoxin (pBAJx-&) (bovb.<. 

36. Cytochrome P-ASJ($CC) <b~,vln)' 

37. Cyto~'hrome P-ASO(~I~) (bovln,,j 

38. Medium chain ,,cyl-C'.k DI{ {r: , '  

OTH{~ PROT~Ohrrln ACTIVITI{~ (~cond Processing) 

&9. Ri*'sk." F~/S ~f ,:,r~pl+,x 111 :N. cras~ bit ,':" i$.r A;, k. 

4,,. ~b'sk,' Fe/J .:f e,,mrb,x Ill <.',",.-'~ ,;:n ,:.'.r b-: L.. ;,:', 

/.i. Cyt~chr~m,~ c) (S. erassa', ['yr G<," ?h- Ab, .<'r 

4~'. Cyto.~.hr~ra,: c 1 (y,,.,.=,) .. r b ~ i~:r ~i., 3-' 

43. Cytochr~,m. c [~ rcxi~la~e (y,,,~::: ~ At-, A!-t A;, L,,, ~i., 

4&. Cytoehr,,~,, b (y,,a.q~) t,..~, GI:,. ;!,: lb. A~'? 

45. CyLochrum~. <,xlda;~.. II (yoa;;,) i'{,. ]'(~r ?b lb. M,," 

46. Cych,phili. (l~. eraesa) Gin "?)~r ~,~I" .',Jr 51,. 

• I " 

A 

=. 
• . . . . .  

. = 

= 

• . 

_ . _ 

".,'~)~-! '."~: ?r :~'" ,:" ?yr 

• Bovine cytochrome oxidas¢ subunlt IV is equivalent to subunit V of N. crassa and yeast. 
b Unlike other precursor proteins which arc processed in two steps, the chelator-sensitive matrix peptidas¢ cleaves both sites of the F o ATPase 9 

precursor. 
© Alignment of the prepicc¢ sequences indicate that the cleavage sites ,of the two bovine F o ATPase 9 iso-forms occur in the region of the s~ond 

site of the N. crassa prcpicc¢. Whether the bovine precursors are processed in two steps has not been investigated. 
a Two human F o ATPase 9 is~form~ homologous to the two bovine types, have been identified, it is also unknown whether they are processed in 

one or two steps. 
¢ A temperature=sensitive yeast mutant, believed to have an. alteratk ~ iF the gene encoding a p,x'cssing proteinase, is deficient in the second 

processing step of ¢ytuchtome b 2 (a nuclear gene product) and removal ~f the prepiec¢ from cytuchrome oxidase subunit II (a mitochondrial 
gene product). The second processing step of cytochrome-c peroxidase .owever, is not affected [243]. 

specificity [238]. The  mi tochondr ia l  process ing  pepti-  
dase,  and  p r o b a b l y  the cor responding  enzyme of  the 
chloroplas t  s t roma  [239], a p p e a r  to  be long  to a new 
class o f  pr~,cessing peptidases.  

V I I I - R  A d d i t i o n a l  pro teo ly t i c  p r o c e s s i n g  e n z y m e s  

A n u m b e r  o f  impor ted  mi tochondr ia l  prote ins  are 
proteolyticaUy processed in two steps. Except  the N e u -  

ro spora  subuni t  9 o f  the F0F t ATPase  [231] a n d  ra t  
o m i t h i n e  t r anscarbamoylas¢  (OTC)  [227,240], all o f  
these prote ins  are  ei ther soluble in the in t e rmembrane  
space o r  are  anchored  to  the inner  m e m b r a n e  but  
p ro t rude  in to  the in t e rmembrane  space. Such prote ins  
include cy tochrome  b 2 [51-53,187],  cy tochrome-c  per-  
oxidas¢ [53], cy toch rome  c t [35,52,187,241] a n d  the 
Rieske F e / S  prote in  of  the bet-complex [36]. The  role 
o f  two-step process ing in the in t rami tocbondr ia l  sor t ing 
o f  these prote ins  will be  discussed in Section IX-B. 

In all cases where  prepiece removal  occurs  in two 
steps, the first proteolyt ic  processing event is pe r fo rmed  
b y  the processing pept idas¢ in  the matr ix .  Only  in the 
case of  N e u r o s p o r a  subuni t  9 o f  F o ATPase  a n d  perhaps  
ra t  O T C  is the mat r ix  pept idas¢ responsible  for  bo th  
protcolyt ic  events [231,240]. F o r  subuni t  9, radiose-  

quence  analysis  proved  the existence o f  a t rue inter- 
media te  a n d  generat ion o f  the correct  amino- te rminus  
o f  the ma tu re  prote in  [231]. 

The  second process ing step o f  the precursors  to cyto-  
chrotne  b 2, cy tochrom¢-c  peroxidase  a n d  cytochrom~-c  t 
is catalyzed by  a different  activity which is located a t  
the outer  surface o f  the inner  m e m b r a n e  a n d  which  is 
insensitive to metal  chela tors  [51,53,187,241]. The  sec- 
ond  pcocessing step o f  the Rieske F e / S  prote in  occurs  
within the boundar ies  of  the inner  m e m b r a n e  a n d  is 
possibly catalyzed by  a pept idase  o ther  than  the 
matr ix-process ing enzyme. I ron-sulfur  cluster  fo rmat ion  
seems i~3 5e  ~igh!!y .-oupled to  the process ing event 
(Har t l  ~nd Neuper t ,  unpubl i shed  data) .  

There  is also evidence tha t  a t  least two different  
proteinases  exist a t  the in te rmembrane-space  surface  of  
the inner  m e m b r a n e  to pe r fo rm second process ing steps. 
A temperature-sensi t ive p e t  m u t a n t  (ha rbor ing  a single 
nuclear  muta t ion)  was  identified which was  defective in 
the second processing step of  cy tochrome  b 2 bu t  no t  o f  
cy tochrome-c  peroxidase [242,243]. In addi t ion,  the 
m u t a n t  was unable  to process  the p recursor  o f  subuni t  
II o f  cy tochrome oxidas¢ (Cox ll) ,  a mi tochondr ia l ly  
synthesized protein.  If  the s t ruc tura l  gene cod ing  for  a 
prote inase  itself was  muta ted ,  the existence o f  two 
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different proteinases for the second processing of cyto- 
chrome b 2 and cytochrome c peroxidase must be ex- 
pected. On the other hand, it is possible that a compo- 
nent involved in membrane translocation of cytochrome 
b 2 and Cox II is affected by the mutation (see Section 
IX-B). 

Assuming an endosymbiotic origin of mitochondria, 
the processing peptidase(s) residing at the outer surface 
of the inner membrane could be the evolutionary equiv- 
alent to the bacterial leader peptidase. This idea is 
particularly appealing in light of the finding that pro- 
teins destined for the intermembrane space follow a 
'conservative sorting' pathway involving export of inter- 
mediate-sized forms from the matrix (see Section IX-B). 
In chloroplasts the corresponding enzyme(s) is located 
in the thylakoid membrane [244]. 

I / IH-C The specificity of  proteolytic processing 

How do the processing enzymes recognize the correct 
cleavage site within mitochondrial precursor proteins? 
Table V shows the amino acid sequences around the 
cleavage sites for 38 different precursors from yeast (8 
examples), N. crassa (7 examples) and higher eukaryotes 
(23 examples). Although there is apparently no strict 
consensus sequence, comparison of the 39 cleavage sites 
reveals in 22 ' typical' cases the preferential occurrence 
of the following motive of amino acids around the 
cleavage site: Position - 2  is most conserved. A basic 
residue is alwajs found (arginine in 21 cases and lysine 
in one case). Position - 3  in seven cases is also a 
positively charged residue. Otherwise valine or serine 
are often found. Alanine is most frequent in position 
- 1  while position + 1 seems to be less specific having 
alanine, leucine or serine residues in several cases. Serine 
occurs most frequently in position + 2, and serine or 
threonine in position + 3. The remaining 17 'atypical' 
cleavage sites are mainly from higher eukaryotes (only 
two being from yeast). This may be the case for a 
number of reasons. Cleavage specificity could vary be- 
tween the mitochondria of different organisms, al- 
though heterologous import and processing show a high 
degree of conservation. On the other hand, it cannot be 
completely excluded that more than one chelator-sensi- 
tive proteinase having different specificities might exist 
within the same organelle. The partially purified pro- 
teinase from yeast, however, was able to process pre- 
cursors to ~8 subunit and subunit 9 of the F0F 1 ATPase, 
to citrate synthase, and cytochrome oxidase subunits IV 
[230] and V [232]. The isolated processing peptidase of 
N. crassa catal~,zed the processing of all available pre- 
cursors tested so far, including precursors to subunits ~, 
3 and 9 of the F0F l ATPase, precursors to cytochrome 
c I, core proteins I, II and the Fe /S  protein of complex 
III, to cytochrome b2, and to isocitrate dehydrogenase 
[233]. Another possibility for this variability of clea- 

vage-site sequences is that there is sorae uncertainty as 
to whether cleavage sites have always been determined 
correctly. Incorrect determination of cleavage sites may 
be a frequent danger, since it is well known that artifi- 
cial cleavage of amino-terminal amino acid residues can 
occur during the procedures involved in the isolation 
and sequencing of proteins. 

In addition to the specific amino acids encompassing 
the cleavage site itself, it might be possible that the 
specificity of the peptidase is also dependent on regions 
either in the presequence or in the mature part of the 
precursor that are at some distance from the actual 
cleavage site. Indeed this possibility is supported by a 
number of findings. When the normal cleavage site of 
the Cox IV precursor (between amino acids 25 and 26) 
was removed by fusing just the first 22 amino acids of 
the prepiece to DHFR, the construct was still processed; 
the new processing site being between amino acids 17 
and 18 of the presequence [114]. The flanking regions of 
this site show no homology to the authentic cleavage 
site. Removal of as few as four amino-terminal residues 
from the presequence of Cox IV abolished processing 
by a mitochondrial extract containing processing 
peptidase activity [245]. That the mature sequence as 
well is somehow required for specific processing was 
reported by Nguyen et al. [246]. A hybrid protein bearing 
the presequence (32 amino acids) plus five amino acids 
of mature rat ornithine transcarbamoylase followed by 
250 amino acids of the cytosolic enzyme asparagine 
synthetase of E. coil was transported into heart 
mitochondria but was incorrectly processed. When the 
hybrid contained 28 amino-terminal residues of mature 
OTC in addition to the presequence, however, processing 
occurred at the correct site. Recently, the same labora- 
tory demonstrated the requirement for correct 
processing of certain elements within the presequence of 
OTC. When amino acids 22 to 30 of the N-terminal 
prepiece were deleted, the mutated precursor was still 
imported but remained largely unprocessed [247]. The 
authors concluded that residues 22-30 may contribute 
to a specific conformation within the signal sequence 
that is required for recognition by the processing 
peptidase. On the other hand, results with the precursor 
of OTC which was mutated in the amino-terminal re- 
gion of the presequence demo:lstrated that this part of 
the prepeptide was also important for correct processing 
[117]. 

For human pre-OTC it was shown that the: positive 
charges in positions 23 and 26 of the preseqt~ence are 
not absolutely required for processing [152]. Position 23, 
however, proved to be very critical, since substitution of 
this arginine with giycine completely abolished both 
import into mitochondria as well as processing by 
mitochondrial matrix extracts. Substitution of the 
glycine with asparagine,alanine or lysine successively 
restored import and conversion to the mature form. For 



rat OTC it was reported that the precursor was proteo- 
lytically processed in two steps by the matrix processing 
peptidase [227,240]. The first cleavage occurs between 
amino acid residues 24 and 25. The cleavage site is thus 
located adjacent to the critical arginine 23 residue. 
Substitution of arginine 23 with an aspartic acid or 
glyeine residue inhibited both processing steps. In this 
case, however, membrane translocation was not affected 
by the mutations. Interestingly, the mutated precursors 
were processed at a ' new' cleavage site between residues 
16 and 17 of the presequence; again only two residues 
away from an arginine in this case at position 15. 

In summary, despite the great effort of several groups 
it is still unclear how the processing site is recognized by 
the matrix-located processing peptidase (MPP). The 
available data suggest that at least certain structures in 
the vicinity of the cleavage site are essential, which 
might be important in orienting the precursor towards 
the active site of the peptidase. Besides the importance 
of a positively chmged residue in position - 2 ,  there is 
apparently no requirement for a strict consensus se- 
quence at the cleavage site itself. It is possible that the 
key to understanding the cleavage specificity lies in the 
functional role of the regulating 52 kDa component 
(PEP) of the processing enzyme. We speculate that PEP 
first interacts with certain conformational structures 
within the prepeptide, thereby presenting the processing 
site to MPP. It seems doubtful, however, whether ex- 
periments with mutated precursor proteins (as described 
above) can shed light onto exactly what kind of confor- 
mational structure is required. 

it has to he noted that proteolytic processing is not a 
prerequisite for translocation of proteins across the 
mitochondrial membranes. After inhibition of the 
processing peptidase with chelators, precursor molecules 
were still imported (e.g., subunit ,O and subanit 9 of 
FoF t ATPase, the Rieske Fe/S protein of the bet-com- 
plex and eytochrome P-MS0scc) [36,248,249]. Upon re- 
lease of the block of the matrix peptidase by Mn 2+, the 
presequence was cleaved off without further require- 
ment for the membrane potential. If protein construc- 
tions were used which have a presequance but no clea- 
vage site, import still occurred [114,137,240,246,247]. 
Finally, there are several precursor proteins which are 
made without cleavable presequences and are, of course, 
imported without proteolytic processing (see Section 
IV-A, and Tabies ii and Ill). 

VIII-D. Attachment of prosthetic groups 

In addition to proteolytic processing, the maturation 
of imported precursor proteins often includes a number 
of other covalent and non-covaient modifications. For 
many mitochondrial proteins, the attachment of pros- 
thetic groups is a requisite step which enables them to 
function as electron carriers. This includes the covalent 
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attachment of berne c to cytochromes c and c~, and the 
construction of iron-sulfur centers on several subunits 
of respiratory complexes l, II and Ill. Other modifica- 
tions include the non-covalent yet tight binding of 
coenzymes and cofactors such as NAD, FAD (FMN), 
hemes (having various side-chain substitutions) and 
metal ions. 

For most imported proteins it is not known at what 
stage of import the attachment of prosthetic groups. 
particularly non-covalently associated ones, occurs. 
Events such as transiocation and prepiece removal do 
nL,t appear to be affected by their absence. On the other 
hand, assembly of subunits i~to functional complexes 
has been shown to require the prior attachment of 
prosthetic groups or cofactors in several cases. For 
example, the assembly of cytochrome oxidase subunit I 
with a preassembled complex of subunits II and Ill was 
shown to be dependent on heine in rat mitochondria 
[250]. Similarly, mitochondria from copper*depleted N. 
crassa were unable to assemble cytochrome oxidase, 
although the synthe~fis of both nuclear and mitochondrial 
gene products was unaffected [251]. In yeast, the assem- 
bly of cytochrome oxidase subunits 1 and 11 with sub- 
units VI and VII did not occur under anaerobic condi- 
tions, but happened immediately upon shifting to an 
oxygen environment [252]. 

The covalent attachment of berne to cytochrome c 
and c I has been studied more extensively. In contrast to 
coenzymes and cofactors that are non-covalently associ- 
ated with mitochondrial proteins and which appear to 
only be required at the stage of assembly of muitisub- 
unit complexes, the covalent attachment of heine to 
c-type cytochromes is an integral part of the import 
process itself. In the case of cytochrome c, thioether 
linkages are formed between the heine vinyl groups and 
the thiols of cysteines 14 and 17. This reaction is 
catalyzed by cytochrome c heine lyase, a membrane- 
bound enzyme which faces the intermembrane space 
[188,194-193,253]. The precursor protein (apocytoch- 
rome c) is bound to the outer membrane and trans- 
ported across it concomitant with covalent heine attach- 
ment [194] (Fig. 5). A likely mechanism is that the 
newly attached heine group forms the nucleus around 
which the remainder of the protein is folded, drawing it 
across the outer membrane as it does so [192,194]. It 
appears that the heine iron must be in the ferrous state 
prior to this process, accounting for the NADH require- 
ment observed in vitro [207]. In the case of cytochrome 
c t, heine attachment occurs at a later stage of import. 
The precursor is first imported and processed to an 
intermediate-sized form by the processing peptidase in 
the matrix (for details see Section IX-B). Heme is then 
added to this intermediate in a step which is tightly 
coupled to the second proteolytic processing event that 
generates the mature-sized cytuchrome c t. This has 
been demonstrated in vivo with heme-deficient mutants 
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of yeast whose mitochondria accumulate the inter- 
mediate-sized form [52,241], and by import experiments 
in vitro employing inhibitors of heme attachment [206]. 
In the absence of the heine-attaching step, the import of 
cytochrome cl appears to be stalled at a stage shortly 
following the first processing step (Nicholson and Neu- 
pert, unpublished data). 

For the Rieske Fe/S protein iron-sulfur cluster for- 
mation appears to be a prerequisite for the second 
proteolytic processing step of the precursor (Hartl and 
Neupert, unpublished data) (for details see Section IX- 
B). 

It is clear that the aqnisition of prosthetic groups is 
important for the function of several mitochondrial 
proteins. In the cases that have been studied to date, 
these steps occur at both the early stages of import (e~.~ 
cytochrome c) and at the later stages as well (e.g., 
cytochrome oxidase subunits). Subsequent steps of the 
import pathway can be blocked if prosthetic group 
attachment is inhibited. 

VII1-E. Modification of amino acids 

In principle, posttranslational modifications affecting 
proteins in the cytosol can also occui' with mitochondrial 
precursor proteins - particularly those whose import in 
vivo might occur with slow kinetics exposing them to 
longer periods to cytosolic enzymes catalyzing such 
reactions (for review see ReL 254). Cytochrome c is a 
good example of the type and extent to which such 
modifications may occur, since a large number of se- 
quences have been determined [255]. For example, many 
proteins, particularly in higher eukaryotes, are acetylated 
at the amino-terminus. Cytochrome c reflects this gen- 
eral pattern, always being N-a-acetylatcd in vertebrates 
and higher plants, but never in yeast or bacteria. There 
are no known instances in eukaryotic cytochromes c in 
which the amino-terminal methionine has not been 
removed posttranslationally. Several cytochromes c have 
extensive amino acid amidation and some have been 
reported to contain an unusual c-N-trimethyllysine 
[256,257]. In the latter case, it has been suggested that 
the methylation of the cytochrnme c precursor enhances 
its import into yeast mitochondria [258]. The purpose of 
amino acid modifications, however, is for the most part 
presumed to contribute to protein function or stabifity, 
although their effects on import have received little 
attention. 

Once' imported end fully assembled, some mitochon- 
drial protein functions are regulated by reversible cova- 
lent modifications such as phosphorylation-dephos- 
phorylation and ADP-ribosylation. For example, 
specific k~nases and phosphatases modulate the activity 
of pyruvate dehydrogenase in response to ATP levels 
[259]. A 30 kDa protein of the inner membrane of rat 
mitochondria is specifically mono-ADP-ribosylated, an 

event which has been suggested to be involved in the 
regulation of calcium release [260]. Poly-ADP-ribose 
has been reported to be specifically associated with a 
100 kDa protein (comprised of two 50 kDa subunits) in 
the inner membrane of rat liver mitochondria and was 
part of an inner membrane protein-DNA-RNA com- 
plex involved in mitochondrial DNA replication 
[261,262]. Whether reversible covalent modifications of 
proteins is involved in regulating import processes is 
unknown. 

IX. lnlramitochondrial protein sorting and assembly 

IX-A. General remarks 

Mitochondria can be structurally and functionally 
subdivided into four distinct subcompartments: namely 
the outer membrane, intermembrane space,inner mem- 
brane and matrix. The general reactions for the target- 
ing of precursors to mitochondria, their insertion, and 
their translocation into and across the mitochondrial 
membranes (described in the preceding chapters) can- 
not sufficiently explain the intramitochondrial sorting 
of precursors to these different locations. Several pre- 
cursors destined for different mitochondrial sub- 
compartments even use a common insertion protein 
(GIP) in the outer membrane and must therefore be 
distributed to their final locations after this point. 
Hence, in addition to mitochondrial targeting informa- 
tion, sorting signals also have to be present in precursor 
molecules (Fig. 1) to direct them to their correct 
mitochondrial subcompartment. A summary of the 
pathways of intramitochondrial sorting identified so far 
is given in Fig. 7. 

Proteins of the outer membrane and matrix seem to 
follow a relatively simple sorting mechanism. Outer 
membrane proteins are made without a cleavable prese- 
quence. They are apparently inserted directly from the 
cytosol into their target membrane. This process has 
been studied in most detail for porin of N. crassa 
[47,79,103,167] (see Section VI-A) and the yeast 70 kDa 
protein [135,137]. To date, the latter protein is the only 
outer membrane protein where the mitochondrial 
targeting sequence has been resolved (see Section IX-D). 

Precursors of matrix proteins are transported across 
outer and inner membranes at translocation contact 
sites, thereby reaching their target compartment. Fur- 
ther sorting step is not required. Ertry in~'o mitochondria 
via translocation contact sites is also used by proteins of 
the inner membrane and probably by most proteins of 
the intermembrane space as well, although their sorting 
and assembly pathways are apparently more com- 
plicated. As outlined above (see Section VIII-B), two- 
step proteolytic processing has been found to be a 
common feature for a number of proteins of the inter- 
membrane space and of inner membrane proteins which 
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Fig. 7. lntramitochondrial sorting of precursor proteins. Sorting path- 
ways are presented schematically for groups of proteins with the same 
submitochondrial location. Proteins destined for the matrix, inner 
membrane or intermembrane space enter mitochondria via translo- 
cation contact sites. The outer membrane protein porin and proteins 
of the inner membrane and matrix use common membrane compo- 
nents for recognition and insertion. Cytochromes b 2 and c I. and the 
Rieske Fe/S protein follow the "conservative sorting" pathway via the 
matrix (Figs. 8 and 9). It is also possible that import into the matrix in 
the case of inner membrane proteins takes place prior to insertion into 
the membrane (Section IX-C). The import pathway of cytochrome c 
is exceptional in that it does not require d~ and that the precursor is 
translocatcd directly across the outer membrane to reach the inter- 
membrane space (Section VI-B). OM. outer membrane: IMSo inter- 
membrane space; 1M. inner membranes; M. matrix: AAC, ADP/ATP 
carrier; Cox IV. cytochrome oxidase subunit IV: OTC. ornithine 
transcarbamoylase; ALA. 8-amlnolaevulinate synthetase; ADH IlL 

alcohol dehydrogenase IlL 

p ro t rude  in to  the in t e rmembrane  space with a hydro-  
phil ic  por t ion  of  the molecule. In each  case, the first 
p ro teo ly t ic  p rocess ing  s tep is ca ta lyzed  b y  the  
chelator-sensit ive process ing pept idase  in the mat r ix  
a n d  therefore the precursors  have to be  t rans located  
ei ther completely o r  a t  least par t ia l ly  across  the inner  
membrane .  

IX-B. The "conseruatiue sorting" of intermembrane space 
proteins 

The impor t  pa thway  into  mi tochondr ia  o f  the Rieske 
F e / S  prote in  of  the ubiquinol -cytochrome-c  reductase  
(complex III or  bc l -complex ) could  be  resolved into 
several dist inct  steps as depic ted in Fig. 8 [36]. This  
pro te in  is encoded  for  by  a nuclear  gene, synthesized in 
the cy top lasm as  a precursor  having  a 32 residue 
amino- te rmina l  extension [35,36,263], a n d  t ranspor ted  
to its funct ional  locat ion a t  the outer  surface  of  the 
inner  membrane .  Both  the amino- te rminus  a n d  the large 
carboxy- te rminal  hydrophi l ic  doma in  of  the prote in  face 
the in te rmembrane  space (Ref. 264; Har t l  a n d  Neuper t ,  
unpubl i shed  data) .  Dur ing  import ,  the p recursor  is first 
completely t ranslocated,  via t rans locat ion con tac t  sites, 
in to  ~he mat r ix  o f  mi tochondr ia .  There,  cleavage by  the 

processing pept idase to an  intermediate  con ta in ing  an  
eigh', amino-acid  residue extension occurs  (see Tables  
I l l  and  V). This  in termediate  is then processed to  the 
mature-sized protein,  re t ranslocated in a Ag*-indepen- 
dent  manne r  back  across the inner  m e m b r a n e  a n d  as- 
sembled in:o complex I lL Thus ,  du r ing  impor t  a n d  
sor t ing the F e / S  protein has  to  cross  the inner  mem-  
brane  twice. The role of  the eight amino-ac id  residue 
extension for the sor t ing process  is not  yet clear. It 
p robab ly  does not  conta in  target ing in format ion  for  
re t ranslocat ion since it is cleaved in the matr ix space. 
Two  lines of evidence suggest that  i ron-sulfur  cluster  
format ion  might  be  a prerequisi te for  process ing to the 
ma tu re  size: (i) The second process ing step can  be  
inhibited by  the ferrous-iron chela tor  ortho-phenanthro- 
line. This  block can  be  released by  low concent ra t ions  
of  Fe  e+. As to the localization of  F e / S  cluster  fo rma-  
tion, it might  be  indicative tha t  ba tho-phenanthrol ine ,  
which canno t  per.etrate the inner  membrane ,  does  not  
exhibit  tb.;g ;nhibi t ing effect. (ii) If  the four  cysteine 
residues of  the impor ted  precursor  ( three of  which  are  
believed to take pa r t  in cluster  format ion)  are a lkyla ted  
by  N-ethylmaleimide,  process ing to the ma tu re  fo rm is 
efficiently inhibited a n d  the intermediate-sized fo rm of  

p.Fe/S 

\ ÷ ;  II I I  
Fig. 8. Working hypothesis for the translocation of the Rieske Fe/S 
protein to the outer surface of the inner mitochondrial membrane. 
The Rieske Fe/S protein (subunit V of complex !!1 or bet-complex) is 
synthesized in the cytoplasm as a precursor (p-Fe/S) which carries an 
amino-terminal prepeptide consisting of 32 amino-acid residues. After 
interaction with a receptor on the surface of mitochondria, I, p-Fe/S 
is translocated through contact sites between outer and inner mem- 
branes into the matrix. 2. This process is dependent on the membrane 
potential dt~k across the inner membrane. In the matrix the amino- 
terminal 24 amino-acid residues of the presequence are cleaved off by 
the matrlx-localized processing peptidase (PP) generating inter- 
mediate-sized Fe/S protein (i-Fe/S), 3. As a prerequisite for the 
second proteolytic processin 8 step, probably performed by a second 
processing proteinase (SP) in the matrix. 4, the Fe/S-cluster is at- 
tached. The mature-sized protein (m-Fe/S) is finally re-translocated 
to the outer surface of the inner membrane. 5. OM, outer membrane; 
IMS, intermembrane space; IM, inner membrane; M, matrix; N, 

amino-terminus. 
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the Fe /S  protein is accumulated (Hartl and Neupert, 
unpublished data). 

Available data of bacterial and chloroplast Rieske 
proteins demonstrate a high homology in structure, 
topology and function with the mitochondrial counter- 
part. The Fe/S  protein of the photosynthetic bacterium 
Rhodopseudomonas sphaeroides, which is part of a b c  I- 
complex, is located (as in mitochondria) on the opposite 
side of the F 1 ATPase facing the thylakoid lumen 
(periplasmic space), which is functionally equivalent to 
the mitochondrial intermembrane space [265,266]. The 
structure and topology of the Rieske protein of chloro- 
plast thylakoids is also directly homologous [265]. In R. 
sphaeroides, the Fe/S protein is synthesized in the 
bacterial cytoplasm and has to be translocated across 
the photosynthetic membrane to its periplasmic face. It 
does not carry a presequence comparable to the 
mitochondrial protein [266]; however, a slight decrease 
in molecular mass has been observed upon assembly 
which could be equivalent to the transition from inter- 
mediate to mature Fe /S  protein in mitochondria [267]. 

Based on the hypothesis for the endosymbiotic origin 
of mitochondria, it was proposed that the mitochondrial 
Fe /S  protein is a component whose gene has been 
transferred from the endosymbiont to the nucleus of the 
host cell. Since the function and primary structure as 
well as the three-dimensional folding and the topologi- 
cal arrangement of the protein have been conserved 
during evolution, it was assumed that the assembly 
pathway of the protein might also have been conserved. 
Hence, after transfer of the gene to the host cell nucleus, 
the Fe /S  protein had to be translocated across both 
mitochondrial membranes back into the matrix space in 
order to enter the conserved part of the assembly path- 
way. For this purpose, during evolution a positively 
charged presequence was added to the Fe /S  protein 
and translocation contact sites were introduced to ac- 
complish direct transport of the precursor into the 
matrix. After cleavage by the processing peptidase, the 
protein then is assumed to enter the 'ancestral' assem- 
bly pathway which begins with translocation from the 
matrix (equivalent to the bacterial cytosol) across the 
inner membrane (equivalent to the bacterial plasma 
membrane) [36,268]. 

For two other proteins of the intermembrane space, 
namely cytochrome b 2 and cytochrome c~, it has also 
been investigated as to whether their sorting pathways 
follow this 'conservative' principle. Cytochrome b 2 is a 
soluble component of the intermembrane space of yeast 
mitochondria [269]. Its presequence of 80 amino acids 
[54] can be divided into two parts. The amino-terminal 
part exhibits the typical features of a mitochondrial 
targeting sequence (see Section IV-B); however, the 
carboxy-terminal part (in contrast to the precursor of 
the Fe/S  protein) contains a hydrophobic stretch of 21 
amino acids (see Table III). Like the Fe /S  protein, it 
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Fig. 9. Working hypothesis for the translocation of cytochrome b 2 to 
the intermembrane space. The precursor of cytochrome b 2 (p-Cyt b2) 
carries an 80 amino-acid residue amino-terminal presequence with 
bipartite structure, p-Cyt b 2 binds to a proteinaceous receptor on the 
surface of the outer membrane, l, and is subsequently translocated 
into the matrix via translocation contact sites, 2. Membrane transloca- 
tion is dependent on nucleoside triphosphates (IqTP) and A~k. In the 
matrix the first proteolytic processing event occurs, performed by the 
chelator-sensitive processing peptidase (PP), resulting in the formation 
of intermediate-sized b 2 (i-Cyt b2), 3. The prepeptide of i-Cyt b 2 (the 
carboxy-terminal part of the original presequence) directs the protein 
back across the inner membrane, 4. At the outer surface of the inner 
membrane i-Cyt b 2 is processed by a second processing protease 
(SP*) to mature-sized b 2 (m-Cyt ba), a soluble component of the 
intermcmbrane space, $. OM, outer membrane; 1MS, intermembrane 
space; IM, inner membrane; M, matrix; N, amino-terminus. 

was recently shown that the precursor to cytochrome b 2 
is also first completely imported via translocation con- 
tact sites into the matrix of mitochondria where it exists 
as a soluble species [95,102,187] (Fig. 9). In the matrix 
the amino-terminal part of the presequence is cleaved 
off by the processing peptidase resulting in the forma- 
tion of an intermediate-sized form. This intermediate is 
then retranslocated back across the inner membrane 
and processed to the mature-sized protein which is 
subsequently soluble in the intermembrane space. In the 
case of cytochrome b 2 it could be shown that it is the 
intermediate-sized species which is retranslocated from 
the matrix back across the inner membrane and that the 
second processing step occurs at the outer surface of the 
inner membrane. Results with the pet mutant ts 2858 
[242,243] (see Section VIII-B) suggest that the same 
peptidase also catalyzes the processing of the precursor 
to subunit II of cytochrome oxidase which, after 
synthesis on mitochondrial ribosomes, also has to be 
translocated across the inner membrane to the inter- 
membrane space. It seems likely that the presequence of 
intermediate-sized cytochrome b 2 represents a second 
targeting (or sorting) signal for redirecting the protein 
across the inner membrane from the matrix side. At 
present the energy source for the retranslocation process 
is unknown. 



In principle, similar results were obtained for the 
import and sorting pathway of cytochrome c~ [187] 
which with respect to function, structure and topology 
is homologous to cytoehrome c I of R. sphaeroides 
[265,266] and to cytochrome f of chloroplast thylakoids 
[265,270]. In the earboxy-terminal part of the prese- 
quence of the cytochrome c I precursor a hydrophobic 
stretch of approx. 20 amino acids is also contained 
[271,272] (see Fig. 1 and Table II1). After import of the 
precursor into the matrix and the first processing event, 
intermediate-sized cytochrome ct is probably not com- 
pletely retranslocated across the inner membrane but 
remains anchored to the inner membrane by the trans- 
membrane segment in the carboxy-terminal part of the 
mature sequence. Interestingly, the second proteolytic 
processing step occurring at the outer face of the inner 
membrane is strongly dependent on NADH, which 
might be necessary for heme attachment [187, 206, 241]. 
The accumulation of intermediate cytochrome c I in a 
heine-deficient mutant has been demonstrated [52] (also 
see Section VIII-D). 

Generally, intermemhrane space proteins seem to 
first he completely translocated across both mitochon- 
drial membranes. They are then redirected from the 
matrix back across the inner membrane to their target 
compartment. In the case of precursors having a bipar- 
tite presequence (cytochrome b2, cytochrome c, and 
very likely cytochrome-c peroxidase too) the matrix 
targeting signal and the sorting signal for retransloca- 
tion of the intermediate-sized species are linearly 
arranged and act sequentially. The characteristics of 
transport from the matrix to the intermembrane space 
strongly resemble those of protein export from the 
cytoplasm across the plasma membrane in prokaryotes. 
Indeed, the prepieces of intermediate-sized cytochromes 
b 2 and c I show structural features similar to the signal 
peptides of bacterial proteins destined for export [273]. 
The sorting signal for retranslocation, however, can also 
reside in the mature part of the protein. This appears to 
be the case for the Rieske Fe/S protein. 

On the other hand, at least one exception for entry 
into the intermembrane space by this sorting principle 
is already known. Import of cytochrome c circumvents 
transport into the matrix (see Section VI-B). Cyto- 
chrome c has no cleavable presequenee and its import is 
independent of the membrane potential across the inner 
membrane. Accordingly, other proteins may also follow 
such a 'new' pathway and reach the intermembrane 
space by simply crossing the outer membrane. 

IX-C. The sorting of inner membrane protems 

Are typical inner membrane proteins, i.e., proteins 
tightly embedded in the phospholipid bilayer and hav- 
ing only small portions exposed to the membrane 
surface, also first completely imported into the matrix 
space'?. For subunit 9 of F 0 ATPase ('proteolipid') pre- 

liminary ,qata suggest such an intramitochondrial sort- 
ing pathwa) does occur (Mahlke and Neapert, unpub- 
lished data). ,'he precursor of subunit 9 from Neuro- 
spora can be accL,nulated in a proteinase-resistant loca- 
tion in mitochondri~ in vitro if the processing peptidase 
in the matrix is blocke~ by chelators. This precursor is 
still protected against exte, ",ally added proteinase after 
disruption of the outer mitochL~ndrial membrane by low 
concentrations of digitonin. Unde~ these conditions it is 
not yet embedded into the phosphoi~?id bilayer of the 
inner membrane (since it is extractable ,.t alkaline pH), 
but can be chased to the fully integrated "nature-sized 
subunit when the processing peptidase is rea~'~tivated by 
divalent metal ions. An artificial precursor cacrying the 
presequence of Neurospora subunit 9 fused tc~ DHFR 
ended up as soluble protein in the matrix. ~ fusion 
protein between the complete subunit 9 precursor and 
DHFR was anchored to the inner membrane after 
import, suggesting that sorting information for the inner 
membrane is contained in the mature part of subunit 9 
(Mahlke and Neupert, unpubfished data). 

Interestingly, in yeast [174--177] and plants [178,179] 
subunit 9 is made without a cleavable preseqeence 
inside the mitochondrion, in Ne',~-ozpora [72] and higher 
eukaryotes [148] it is synthesized in the cytoplasm con- 
taining a long prescquence (66 amino acid residues in 
Neurospora). Upon import, the presequence is removed 
in two steps (35 and 31 amino acid residues) by the 
processing peptidase in the matrix [73,231] (see Section 
VIlI-B and Table V). Since subunit 9 in yeast 
mitochondria (and also in bacteria [274] and chloro- 
plasts) is inserted into the membrane from the matrix 
side, it seems reasonable to assume that in Neurospora 
and higher eukaryotes the mature subunit also assem- 
bles from the matrix side. The precursor of Neurospora 
subunit 9 can be imported into yeast mitochondria and 
is correctly processed [180]. A fusion protein between 
the presequence of Neurospora suburfit 9 and the ma- 
ture part of yeast subunit 9 was imported into yeast 
mitochondria in vitro and processed [275]. Similarly, 
subunit 9 of F 0 ATPase, also a mitochondrially synthe- 
sized hydrophobic subunit, could he imported into yeast 
mitochondria in vitro if the presequence of Neurospora 
subunit 8 was fused to its amino-terminus and the 
construct was expressed in a cytosolic protein synthesiz- 
ing system [276]. 

For the precursor of cytochrome P-450sc c from 
adrenal cortex, an inner membrane protein facing the 
matrix, it has been demonstrated in vitro that complete 
translocation across both mitocbondrial membranes 
takes place [249]. The imported precursor was salt-ex- 
tractable and in the matrix, while the mature poly- 
peptide was found to be integrated into the inner mem- 
brane. 

Altogether, a number of inner membrane proteins 
also seem to be sorted via the matrix compartment. It 



36 

cannc, t be excluded, however, whether some integral 
me,nbr~ne poly!~eptides diffuse laterally from transloca- 
tion coiltact sites to their final destination in the inner 
membraae. 

IX-D. The "st6,p-transfer" hypothesis 

According to the so-called 'stop-transfer'-hypothesis, 
presequences of mitochondrial precursor proteins can 
be dissected into linearly arranged functional domains: 
(i) matrix targeting domains, (ii) "stop-transport' do- 
mains, and (iii) proteolytic cleavage sites [277]. The 
presence or absence of these domains as well as their 
arrangement may determine which submitochondrial 
compartment a precursor is fim~lly sorted to. Matrix 
targeting domains are situated at the amino-terminus of 
the presequence and show common features such as the 
occurrence of positively charged a~-aino-acid residues 
(see Section IV-B). They direct a precursor to 
mitochondria and across the two mitochondrial mem- 
branes into the matrix. 'Stop-transport' domains are 
potential membcane spanning hydrophobic stretches of 
approx. 20 amiao-acid residues. If present, they follow 
the matrix targeting domain at a variable distance and 
could thus prevent complete translocation of the pre- 
cursor either at the level of the outer or the inner 
membrane. 

The yeast 70 kDa outer membrane protein is made 
without a cleavable presequence (Fig. I). Its amino- 
terminal 41 residues contain the information for both 
targeting and sorting of the precursor [134-137]. Amino 
acids 1 through 12, if fused to matuxe subunit IV of 
cytochrome oxidase, could direct the fusion protein into 
the matrix of mitochondria in vivo and, if fused to 
DHFR, also to the matrix both in vivo and in vitro 
[137]. It is assumed that the overlapping sequence of 
amino-acid residues 10 through 37 (a hydrophobic 
stretch of 27 residues) is responsible for anchoring the 
precursor to the outer membrane thus preventing com- 
plete transport of the native 70 kDa protein into the 
matrix. If the first 41 amino acids of the 70 kDa 
precursor (containing the 'stop-transport ~ domain) were 
fused to E. coil /]-galaetosidase, the construct was di- 
rected to mi~.ochondria and ~nserted into the outer 
membrane with the correct orientation compared to 
authentic 70 kDa protein [135]. It is not yet possible to 
explain why the 'stop-transport' domain holds the pro- 
tein in the outer membrane instead of in the inner 
membrane. The length and the relative strength of the 
hydrophobic segment, as well as its position relative to 
the matrix targeting sequence, might be critical [277]. 

For intermembrane space proteins such as cyto- 
chrome-c peroxidase [215], cytochrome b: [54] and cy- 
tochrome c~ [271,277-2g0] it was proposed that the 
hydrophobic segments ia the carboxy-terminai parts of 
the presequences might prevent complete translocation 
of the precarsor across the inner mitochondriai mem- 

brane. The complete presequence of cytochrome ct when 
fused to DHFR directed the passenger protein to the 
intermemhrane space. If only the amino-terminal part 
of the presequence excluding the hydrophobic segment 
was fused to DHFR, the construct was found in the 
matrix [278]. These experiments, however, did not ex- 
clude the possibility that transient import of the fusion 
protein carrying the authentic presequence of cyto- 
chrome c t into the matrix had occurred, since in- 
termediates on the import pathway were not resolved. 
Recently, it was reported for the same fusion protein 
that the precursor was never found in a proteinase-re- 
sistant position in mitoplasts (i.e., mitochondria whose 
outer membrane had been disrupted by osmotic shock) 
when the matrix peptidase was blocked by metal che- 
lators [280]. Import of authentic cytochrome c I was not 
tested in these studies. 

The 'stop-transfer' model for the import of in- 
termembrane-space proteins differs from the 'conserva- 
tive sorting' pathway of authentic cytochromes c~ and 
b 2 described above (and also as discussed in detail in 
Ref. 187). It has been shown for several different pre- 
cursor proteins (including cytochrome b2) that trans- 
port across both mitochondrial membranes at transloca- 
tion contact sites occurs through a hydrophiIic environ- 
ment (possibly a proteinaceous channel) [95] (see Sec- 
tion VI-C). A potential hydrophobic 'stop-transport' 
sequence would be effective only through a strong pro- 
tein-lipid interaction [215,277] which does not seem to 
occur during translocation of proteins from the cyto- 
plasm across the mitochondrial membranes. Similar re- 
sults were recently reported for the translocation of 
proteins into chloroplasts [281]. Chimaeric precursor 
proteins containing putative 'stop-transfer' regions 
(made between mouse immunoglobulin M or vesicular 
stomatitis virus glycoprotein fused to the precursor of 
the small subunit of ribulose-l,5-bisphosphate carboxy- 
lase) were found inside the chloroplast stroma upon 
import in vitro. They were not embedded in the en- 
velope membranes. 

On the other hand, Shore and colleagues [282,283] 
stated that the membrane spanning segment of vesicular 
stomatitis virus G-protein was active in anchoring a 

fusion protein carrying the signal se~luence of omithine 
transcarbamoylase either to the mitochondrial inner 
membrane or to the outer membrane depending on its 
position with respect to the signal sequence. The authors 
concluded that this segment could act as a 'stop-trans- 
fer' sequence during translocation across the inner 
membrane. It was not excluded, however,that the con- 
struct had inserted into the inner membrane after hav- 
ing first been completely translocated into the matrix 
(see Section IX-C). 

1X-E. Assembly of imported mitochondrial proteins 

Many imported mitochondrial proteins are con- 
stituents of supramolecular complexes. Assembly of 



proteins into these functional complexes is therefore the 
final step in the import pathway. The processes in- 
volved in assembly are poorly understood. A number of 
important questions regarding the final stages of 
mitochondrial biogenesis, such as how the coordination 
between the cytoplasmic and the mitochondrial 
protein-synthesizing systems occurs, have been raised. 
The present knowledge in this area has recently been 
reviewed [3]. 

Mitochondria] respiratory complexes, with the possi- 
ble exception of complex !!, contain subunits coded for 
by exons of the mitochondrial genome as well as sub- 
units coded for by nuclear genes. Strict coupling be- 
tween both systems, however, cannot be detected. If 
mitochondrial protein synthesis was inhibited, synthesis 
of mitochondrial proteins in the cytoplasm continues 
and vice versa [284,285]. In the absence of mitochondriai 
protein synthesis, cytoplasmically made subunits of F I 
ATPase or bcl-complex were still imported normally 
into mitochondria and were even partially assembled 
[286-289]. 

On the other hand, several studies describe the par- 
ticipation of nuclear gene products in regulating tran- 
scription/translation in mitochondria. In yeast cells, 
coupling between both protein-synthesizing systems at 
the level of transcription has been suggested. For exam- 
ple, control of nuclear transcription of the mitochondrial 
RNA polymerase (itself an imported protein) could be 
used to modulate the expression of the mitochondrial 
genome [290,291]. Furthermore, a number of 
mRNA-maturases, which are necessary for the 
processing of mitochondrial pre-mRNAs, are nuclear 
gene products [292-295]. These maturases appear to be 
specific for individual mitochondrial transcripts. 

Another interesting principle of coordination be- 
tween cytoplasmic and mitochondrial protein-synthesiz- 
ing systems acts on the level of mitochondrial transla- 
tion. Nuclear gene products have been described which 
are imported into mitochondria and regulate the trans- 
lation of certain mitochondrial mRNAs, probably by 
interacting with the 5'-untranslated leader region 
[296-299]. 

What are the principles underlying the assembly of 
individual subunits? These processes have mainly been 
studied in yeast mutants defective in single subunits of 
respiratory protein complexes. For the F0F l ATPase 
and the cytochrome oxidase complex, assembly of sub- 
units seems to occur in a sequential order (for review 
see Ref. 3); however, many aspects are still unclear, it 
also has to be noted that the use of mutants in these 
studies raises the question as to whether the residual 
asseml~ly reflects the physiological processes occurring 
in the wild-type cell. 

For only a few mitochondriai precursor proteins 
whose import pathways have been studied has assembly 
been demonstrated in vitro. Lewin and Norman [300] 

investigated the import of subunits of FI ATPase :into 
isolated yeast mitochondria. Assembly of the three 
largest subunits with each other could be demonstrated. 
Preincubation of mitochondria with unlabeled subunits 
reduced the incorporation of labeled subunits into the 
complex, suggesting that assembly occurred from an 
intramitochondrial pool of subunits. Subunit 9 of the F o 
ATPase of N. crassa  imposed in vitro could be pre- 
cipitated from detergent-sohihilized mitochondria with 
an antibody directed against F I ATPase, indicating that 
it was functionally assembled [73]. Similar conclusions 
can be drawn from studies of import of the Riesk~ 
Fe/S pl-otein [36]. Following the import reaction, an 
antibody directed against cytochrome c I coprecip:tated 
the mature-sized Fe/S protein from detergent-solubi- 
lized mitochondria in exactly the same manner as ob- 
served with mitochondria that had been radiolabeled in 
vivo. Assembly into complex 111 did not occur if 
processing of imported Fe/S protein was inhibited by 
metal chelators. For the ADP/ATP carrier was shown 
that the in vitro imported precursor acquired functional 
properties of the authentic mature protein [78]. Com- 
pletely imported precursor, but not receptor-associated 
precursor, was able to bind the specific inhibitor 
carhoxyatractyloside and to pass over hydroxyapatite in 
a manner that was indistinguishable from that of the in 
vivo imported carrier (also see Section Ill-B). 

These studies, however, provide only a first insight 
into the complexity of the processes involved in 
mitochondrial protein assembly. Many questions, such 
as the exact sequence of events during the assembly of 
multisubunit protein complexes, cannot as yet be 
answered. One particularly interesting aspect is the pos- 
sibility that imported assisting proteins, so-called 
chaperones, could play a role in protein assembly. Such 
a protein (the RUBISCO large subuhit-binding protein) 
was shown to be involved in the assembly of ribulose- 
bisphosphate earboxylase small and large subunits in 
the chloroplast stroma by non-covalently binding the 
chloroplast encoded large subumts of the enzyme (for 
review see Refs. 301 and 301a). The binding protein 
itself is an oligomer complex consisting of two different 
subunits which are cytoplasmically synthesized as pre- 
cursors and imported into the chloroplast stroma. As 
generally defined, chaperones are not contained in the 
final assembled complex. So far, chaperones have not 
yet been identified in mitochondria. 

X. Present and future 

Despite the many advances made over recent years 
towards our understanding of how proteins are im- 
ported into mitochondda, a great deal more attention is 
required to get a detailed comprehension of the com- 
plexities of mitochondrial biogenesis. In this final sec- 



tion we address some t:f the questions which must be 
answered in future research. 

Mitochondrial protein import can be a suitable model 
sysi!em to study protein translocation across biomem- 
bra ies in general, one of the most intriguing aspects of 
pre:;ent molecular cell biology. We have discussed that 
ti~e: transpo:'t of proteins across a number of cellular 
meinbrancs lollows similar principles. Future work will 
no doubt be directed towards defining and identifying 
the str~,ctural components involved in these processes. 
In general, this search for components may proceed 
along two lines: On the one hand, biochemical and 
immunological characterization of distinct components 
will enable their isolation and reconstitution. On the 
other hand, selection and functional characterization of 
mutants defective in import will certmnly contribute a 
useful approach, especially if such mutants can be char- 
acterized by in vitro analysis of the distinct steps of the 
import pathways. 

Import of cytoplasmicaUy synthesized proteins into 
mitochondria can be organized into the following com- 
plexes of questions: 

X-A. Specific targeting and recognition 

In the case of precursors carrying amino-terminal 
extensions, sufficient information for targeting is con- 
rained within the presequences themselves. Emphasis 
should be placc.d o~: the further analysis c- f signals to 
characterize what their common structural features re- 
ally are. Is it possible to dissect targeting signals into 
structural elements required for specific binding to 
mitochondrial surface receptors and into elements re- 
quired for insertion into the translocation machinery? 
Studies with artificial presequences should be helpful in 
identifying such elements. Targeting signals within pre- 
cursor proteins that do not contain cleavable prese- 
quences are currently much less understood. Do some 
of these precursor proteins contain multiple targeting 
signals (as proposed for the ADP/ATP carder) and, if 
so, do they act in concert or independently? Do discon- 
tiguous targeting signals exist and how might they func- 
tion? 

For several precursor proteins, specific interactions 
with receptor structures on the mitochondrial surface 
have been described. So far no mitochondrial import 
receptor has been structurally characterized. How many 
different classes of receptors do exist? Are receptors 
evenly distributed over the mitochondrial surface or are 
they clustered at translocation contact sites? How do 
receptors "hand over' the precursor proteins to further 
components of the import machinery? A general inser- 
tion protein (GIP) of the outer membrane has been 
proposed. Its nature and function has to be verified, 
and the initial insertion of precursors into the outer 
membrane must be studied in detail. In the future it 

may be possible to look at the mechanism of the inter- 
action of precursors with isolated binding proteins in 
reconstituted liposome systems. 

X-B. Translocation across the mitochondrial membranes 

How proteins are translocated across biological 
membranes is still almost completely unknown. What is 
known, however, is that precursors must be unfolded to 
a certain extent in order to become competent for 
translocation. Where does this unfolding reaction take 
place: in the cytosol or at the mitochonddal surface? 
What is the nature of the postulated ' unfoldases'? What 
is the role of NTPs in this process and which NTP is 
actually required, ATP or GTP? With regard to the 
physiological significance of the unfolding reaction it 
must be asked whether precursor proteins really do fold 
under normal conditions in the intact cell. Is the 'un- 
folding' machinery only employed under conditions of 
'stress' (e.g., heat shock or extreme growth rates) as a 
salvage pathway for (mis)folded precursors? For exam- 
ple, supposing that a cotranslational mode of transloca- 
tion normally prevails, folding of precursors may not 
pose a problem. 

It is a characteristic of mitochondrial protein import 
that precursors destined for the matrix or the inner 
membrane, and also most precursors of intermembrane 
space proteins, have to be transported (at least partially) 
across two membranes via translocation contact sites. 
Very little is known about the nature of these contact 
sites. What is their molecular composition and what 
forces keep the two membranes in close contact? One of 
the main questions is how do precursors actually move 
through contact sites. Translocation apparently occurs 
through a hydrophilic environment, implying that pro- 
teins probably play a role, but no proteinaceous compo- 
nent direcdy involved in membrane translocation of 
precursors ha-3 yet bcen identified. Mitoehondria might 
serve as a model system to answer a number of ques- 
tions currently under debate, such as: Does the translo- 
cation of proteins across biomembranes really occur 
through a proteinaceous pore? Does it proceed in a 
threadlike or domain-wise manner? It might be specu- 
lated that translocation contact sites contain a ' trans- 
locase' which could work like a membrane-integrated 
'unfoldase' drawing the polypeptide chain across the 
membranes. What is the driving force for membrane 
translocation? Is it merely the re-folding of a protein 
after translocation that lenders the whole process en- 
ergetically favorable, and what is the function of Ag, in 
the translocation of precursor proteins into and across 
the inner membrane? 

X-C. Processing and intramitochondrial sorting 

Presequences of precursors are cleaved by the highly 
specific metal-dependent processing peptidase (MPP) in 



the matrix.  The enzyme is dependent  on  PEP. the 
processing enhanc ing  protein,  for full activity. Ques-  
t ions to be  solved are: Wha t  s t ructural  features of  the 
presequence,  and  pe rhaps  of  the mature  protein part ,  
are recognized b y  the processing enzyme? Wha t  is the 
enzymat ic  mechanism of  the proteolyt ic  cleavage and  
how does PEP take pa r t  in this reaction? Does PEP 
interact  with the precursor  directly a n d  does  it have 
addi t ional  funct ions  in membrane  t ranslocat ion of  pre- 
cursors? 

Proteolytic processing also plays an  impor tan t  role in 
the sequence o f  steps involved in the in t rami tochondr ia l  
sor t ing  of  proteins.  F o r  example,  precursors  dest ined 
for  the in te rmembrane  space are first impor ted  into the 
matr ix .  Sor t ing in format ion  for  re- t ranslocat ion across 
the inner  m e m b r a n e  appears  to be con ta ined  in the 
ca rboxy- te rmina l  segments  o f  the presequences a n d  
m a y b e  in o ther  sequences o f  the ma tu re  prote in  parts.  
Wi th  regard  to  the expor t  o f  prote ins  f rom the matr ix ,  
the inner  mi tochondr ia l  m e m b r a n e  represents a sep- 
arate ,  as yet  a lmost  completely neglected system of  
pro te in  t ransloeat ion.  Its s imilari ty to prote in  export  in 
bac te r ia  is evident  on  the basis of  evolut ionary consider-  
at ions.  Fo r  example,  proteolyt ic  cleavage (i.e.. the sec- 
o n d  proteolyt ic  process ing step o f  in t e rmembrane  space 
precursor  proteins)  occurs ,  af ter  t ranslocat ion,  at  the 
ou te r  su~faee o f  the inner  m e m b r a n e  b y  a membrane- in-  
tegra ted  pept idase.  Over  the coming  years,  mi toehon-  
dr ia l  pro te in  expor t  will certainly be  character ized in 
more  detail. A n  impor t an t  quest ion is whether  expor t  is 
restr icted to  cer ta in  a reas  o f  the inner  m e m b r a n e  (e.g., 
the outer  b o u n d r y  membrane) .  H o w  does  m e m b r a n e  
insert ion o f  prote ins  which  are synthesized o n  mito- 
chondr ia l  r ibosomes  (such as  cy tochrome  oxidase I1) 
occur?  U p  to  now a t ight  coupl ing  between synthesis  
a n d  insert ion has  been assumed.  Effor ts  should be  
di rected towards  establ ishing a vesicle system derived 
f rom inner  membranes  tha t  would  be  compe ten t  in 
pro te in  t ranslocat ion.  Wi th  regard  to  the idea tha t  mito-  
chondr ia l  pro te in  expor t  is evolut ionari ly  related to  
p rokaryo t ic  pro te in  export ,  it would  be  interesting to  
fur ther  character ize a n d  isolate the peptidase(s)  perfor-  
m ing  the (second site) cleavage a t  the outer  surface of  
the inner  m e m b r a n e  to compare  them with their  bacterial  
counterpar t s .  

Fur ther  quest ions  requi r ing  a t tent ion include: Wha t  
is the na ture  o f  sor t ing signals  residing in the mature  
pa r t  o f  impor ted  proteins,  such as the inner  m e m b r a n e  
prote ins  subuni t  9 o f  the F0F t ATPase.  the A D P / A T P  
carrier ,  the uncoupl ing  protein,  the phospha te  carr ier  
a n d  the nuclear  encoded  subuni ts  of  cy tochrome  
oxidase? W h a t  are  the principles by  which the ordered  
assembly o f  individual  subuni ts  in to  mul t i -subuni t  pro-  
tein complexes occar?  Are  there helper prote ins  
( ' chaperones ' )  which  assist in the assembly of  impor ted  
a n d  mitoc~ondria l ly  made  proteins? H o w  are the cyto-  

plasmic and  mi tochondr ia l  protein-synthesizing systems 
interconnected and  coord ina ted?  Fur thermore ,  how does  
t ranspor t  of  R N A  across the mi tochondr ia l  membranes  
occur,  and  does it funct ion in such regulat ion? 

These of  course are only  some of  the many  quest ions 
in mi tochondr ia l  prote in  impor t  wai t ing to be  answeret- 
In ou r  view, the most  interest ing avenue oi" Fii[ure 
research in this area  will be  directed towards  the com-  
plete under s t and ing  of  the componen t s  involved in the 
two mitochondr ia l  prote in  t ransloeat ion systems a n d  
their active reconst i tut ion in to  artificial membranes .  
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