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Protein Sorting to Mitochondria: Evolutionaw 
J 

~onservatiGnsof Folding and Assembly 

According to the endosymbiont hypothesis, mitochondria 
have lost the autonomy of their prokaryotic ancestors. 
They have to import most of their proteins from the 
cytosol because the mitochondrial genome codes for only 
a small percentage of the polypeptides that reside in the 
organelle. Recent findin s show that the sorting of pro- 
teins into the mitochon 8;ial subcompartments and their 
folding and assembly follow principles already developed 
in prokaryotes. The components involved may have struc- 
tural and functional equivalents in bacteria. 

MITOCHONDRIA ARE OBLIGATORY CONSTITUENTS OF AL-
most every eukaryotic cell and fulfill a variety of metabolic 
functions. The mitochondrial subcompartments, consist- 

ing of the outer membrane, the intermembrane space, the inner 
membrane, and the matrix, each contain a specific set of in total 
-700 different proteins. Most of these proteins are coded for by 
nuclear genes and are synthesized in the cytosol. They have to be 
imported in a continuous process into the growing and dividing 
organelles (Fig. 1).How do proteins find mitochondria and the 
correct mitochondrial subcompartment? How do mitochondrial 
proteins, once translocated across the membranes, attain their 
functionally active conformation? Our understanding of the general 
principles of protein translocation across biological membranes has 
been influenced by studying the mechanisms of mitochondrial 
protein import. However, mitochondria are organelles of endosym- 
biotic origin, and prokaryotic rules and mechanisms to handle the 
proteins imported from the cytosol have been preserved during 
evolution. We discuss here new insights and ideas resulting from 
recent progress, focusing mainly on the reactions of intramitochon- 
drial sorting of proteins, and the principles of their folding and 
assembly. 

Cytosolic Precursor Proteins 
The precursors of nuclear-encoded mitochondrial proteins are 

made on cytosolic polyribosomes and are posttranslationally import- 
ed into mitochondria (1, 2). Precursors contain targeting sequences 
of 10 to 70 amino acid residues, which in most cases are localized at 
the NHz-terminus as cleavable presequences (3). However, target- 
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ing information can also reside in regions other than the NHr 
te&al portions of precursors (4, 5). Mitochondrial targeting 
signals are rich in positively charged and hydroxylated residues and 
essentially lack acidic amino acids (6, 7). They are necessary and 
suflicient to direct nonrnitochondrial passenger proteins into the 
mitochondrial matrix (8). In general, the targeting signals share no 
sequence homology, but many of them have the potential to form 
amphiphilic a helices or P sheets (that is, secondary structural 
arrkkments with the positively charged and the hydrophobic 
residues being exposed to opposite faces) (9). This amphiphilicity 
may be important for the initial membrane insertion or the interac- 
tion with specific receptor proteins at the mitochondrial surface, or 
both. 

As an essential requirement for the translocation across the 
mitochondrial membranes, precursor proteins have to maintain a 
loosely folded conformation after synthesis (1&12). The binding of 
antibodies, which are tightly folded, to COOH-terminal portions of 
precursors prevents complete membrane translocation (10). If the 
tightly folded conformation of dihydrofolate reductase (DHFR), 

Flg. 1. Model for the im- 
port and sorting of cyto- 
chrome b2 to the inter- 
membrane space. Precy-
tochrome b2 has a bipar- 
tite presequence whose 
NH2-terminal part (zigzag 
line) is positively charged @ 
and contains the informa- 
tion for the targeting into 
the matrix. The COOH- 
terminal part of the prese- 
quence (hatched box) cor- 
responds to a bacterial-
type targeting signal and 
directs the export to the in- 
termembrane space (IMS). 
Cytosolic factors, includ- 
ing 70-kD heat-shock proteins (Hsp70), keep the precursor competent for 
translocation. The precursor binds to a receptor (R) at the surface of the 
outer membrane (OM). Insertion into OM is facilitated by the general 
insertion protein (GIP) in an ATP-dependent reaction. Translocation pro- 
ceeds via contact sites between OM and the inner membrane (IM) and is 
mediated by a putative proteinaceous apparatus (X). Insertion into or 
translocation across IM of the targeting sequence requires the electrical 
potential AT. Matrix targeting sequences are cleaved by the rnitochondrial 
processing peptidase (MPP) in cooperation with the processing-enhancing 
protein (PEP). Newly imported precursors associate in an unfolded confor- 
mation with the heat-shock protein Hsp60. Matrix proteins fold at Hsp60 in 
an ATP-dependent reaction. In the case of cytochrome b2, Hsp60, and 
maybe additional factors, stabilize the processing intermediate for the export 
step. Export across IM occurs via a putative machinery (Y). A membrane-
associated signal peptidase (SPP) cleaves the export signal at the outer 
surface of IM. 
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present as a "passenger" in artificial precursors, is stabilized by the 
folate antagonist methotrexate, the construct is either rendered 
completely translocation-incompetent or only the sequences fused 
to the NH2-terminus of DHFR are translocated (11, 12). Precursors 
exist in the cytosol as high molecular weight aggregates (13), and 
cytosolic cofactors that can stimulate the import reaction in vitro 
might be part of such aggregates (14). Heat-shock proteins of the 
Hsp70 family are among the components that prevent misfolding of 
precursors in the cytosol and thus help to keep their targeting signals 
exposed (Table 1). Deletion in yeast of three of the four genes 
coding for constitutively expressed cytosolic Hsp70 proteins re- 
duced the transport of precursors into mitochondria and into the 
endoplasmic reticulum (15). Protein import in vitro was stimulated 
by Hsp70 proteins (16, 17), which are thought to bind to partially 
unfolded precursors, possibly via hydrophobic interaction (18). This 
could occur cotranslationally (Fig. 1). Hydrolysis of adenosine 
triphosphate (ATP) and an N-ethylmaleimide (NEM)-sensitive 
factor appear to be required for the release of proteins from Hsp70 
(17). Such a factor might be associated with the cytosolic surface of 
mitochondria. 

A General Pathway for Protein 
Import &om the Cytosol 

The first specific step of the import pathway is the bindmg of 
precursors to receptor proteins at the surface of the mitochondrial 
outer membrane (19, 20) (Fig. 1). Two outer membrane proteins of 
Neurospora with molecular masses of 19 kD (MOM19) and 72 kD 
(MOM72) have been identified as components that participate in 
the specific recognition of precursors (21) (Table 1). Antibodies 
recognizing the cytosolic domains of these components inhibit the 
binding and import of various precursor proteins. MOM19 and 
MOM72 may represent the mitochondrial targeting-sequence re- 
ceptors, each being specific for subsets of mitochondrial proteins. 
They are distributed over the whole surface of the outer membrane 
but appear to be enriched at contact sites between inner and outer 
membranes, where translocation takes place. Receptor-bound pre- 
cursors can probably move laterally toward these membrane con- 
tacts. 

The entry of precursors into the translocation apparatus is 
thought to be facilitated by a common component in the outer 
membrane, the general insertion protein (GIP) (20). This compo- 
nent is relatively well protected from proteases and is probably more 
deeply embedded in the membrane than the surface receptors. GIP 
represents an early junction with respect to the intramitochondrial 
sorting of proteins. Precursors of outer-membrane proteins, such as 
porin, probably insert directly from GIP into their target membrane 
(20). Little is known about the signals in outer-membrane proteins 
required for this step (22). Proteins of the matrix, inner membrane, 
and intermembrane space are routed from GIP into contact sites for 
further translocation. GIP has not yet been identified, but good 
candidates are outer-membrane proteins of 38 kD (MOM38) from 
Neurospora and 42 kD from yeast (23, 24) (Table 1). Antibodies to 
the latter component inhibited the import reaction in vitro. The 
precursor of a fusion protein that was arrested at translocation 
contact sites could be cross-linked to the 42-kD protein (24, 25). 
MOM38 was found to form a complex with the surface receptors 
MOM19 and MOM72 on extraction from the membrane with 
detergent (23). 

Transport of the majority of authentic precursors from the surface 
receptor to GIP requires ATP or guanosine triphosphate (GTP) 
(26).The need for nucleoside triphosphates has been linked to the 
requirement for the precursor to acquire or maintain a loosely folded 
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Fig. 2. Comparison of the presequence of yeast cytochrome cl (S .C .cl) (49) 
with bacterial export signals. B j ,  c,, cytochrome cl of Bradyrhizobium 
japonirum (64); R.c. c,, cytochrome cl of Rhodobarter capsulata; R . c .  cz, 
cytochrome cz of R .  capsulata (63). TheNH2-terminus of the precursor of B j .  
cl has not been'precisely determined (64). Amino acids are shown by the 
one-letter code (92); positively charged residues shown in bold print. Shaded 
boxes indicate identical amino acid residues. Dashes represent gaps intro- 
duced to maximize sequence alignment. Amino acid residues in the precursor 
of S.c. cl are numbered starting with the first amino acid of the presequence. 
MPP, putative cleavage site of the mitochondrial processing peptidase (2, 
46). SPP, cleavage sites of the mitochondrial and bacterial signal peptidases. 

conformation that allows entry into the translocation machinery (26, 
27). It is possible that ATP outside mitochondria is mainly necessary 
for the release of precursors bound to Hsp7O or functionally related 
factors. The import of porin synthesized in a reticulocyte lysate 
system requires ATP, whereas a purified porin preparation that was 
artificially unfolded, by acid-base treatment does not (28). The 
existence of ATP-dependent "unfoldases" has been proposed (29), 
but it is still uncertain whether ATP is directly required for the 
unfolding of precursor proteins that can take place at the surface of 
mitochondria. At least in the case of a DHFR fusion protein, in 
which the DHFR part folds independently of the mitochondrial 
presequence and assumes the tightly folded conformation of the 
native enzyme, we found no detectable ATP requirement for 
unfolding and subsequent translocation into the matrix (12). Ac- 
cording to the present model for heat-shock protein function, 
Hsp70 would not bind to a correctly folded cytosolic protein such as 
DHFR. 

Transfer from GIP into the inner membrane is dependent on the 
electrical potential (AT) across the inner membrane (20, 26). More 
specifically, the insertion into or translocation across the inner 
membrane of the targeting sequences requires an inside negative 
A T ,  and an electrophoretic effect exerted on the positive charges 
contained in the targeting sequences has been discussed (30). The 
precise role of A T  is not understood, mainly because the mechanism 
of protein translocation and the components involved are still 
unknown. Once the targeting sequence has permeated the inner 
membrane, the remaining part of the protein follows independently 
of the A T  (10, 12). 

Protein translocation into mitochondria occurs at sites where 
outer and inner membranes are in close contact (10). This was 
suggested by the observation that ribosomes were attached to the 
outer membrane at membrane contacts (31). Precursor proteins 
whose complete translocation is blocked by a tight folding of their 
mature parts can be accumulated in vitro and in vivo as intermedi- 
ates spanning both membranes at contact sites, reaching far enough 
into the matrix with their NHz-terminal presequences to be proteo- 
lytically processed (10, 12, 32). Titration experiments revealed that 
there is a limited number of copies of the translocation machinery 
(12, 32), an average mitochondrion of Neurospora being able to 
accommodate -2000 precursor proteins at contact sites (12). 
Translocation proceeds through a hydrophilic, possibly protein- 
aceous, membrane environment (33), but the possibility that pro- 
tein-lipid interaction may occur during translocation has not been 
excluded. Most proteins probably enter mitochondria via contact 
sites (10, 12). However, the inner membrane appears, in principle, 
also competent to translocate precursor proteins in a AT-dependent 
manner outside of contact site regions. Mitoplasts, mitochondria 
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whose outer membrane has been largely removed, have an enhanced have to be imported from the cytosol as precursors having cleavable 
capacity to import proteins, and import into inner membrane presequences themselves (36, 37) (Table 1).PEP stimulates the 
vesicles produced by sonication has been demonstrated (24, 34). If catalytic activity of MPP about 50-fold, MPP being almost inactive 
we assume that a specific proteinaceous machinery is responsible in the absence of PEP (37). MPP requires divalent metal cations 
for protein translocation across the inner membrane, then the such as ~ n ' +  or zn2+ for activitv, but it is unclear whether the 
respective components may be concentrated in contact site regions. enzyme should be classified as a mk;allopeptidase. 
Here, the two membranes would be held in close proximity by Although MPP cleaves specifically at distinct peptide bonds, 
unknown structural components, thus bringing the translocation analysis of a large number of known cleavage sites revealed no 
apparatus of the inner membrane in contact with the components typical consensus signal for processing (2, 38). In many cases, 
of the outer membrane functioning in specific binding and inser- however, a basic residue (mostly arginine) is found at position -2, 
tion. and often also in position -3, of the cleavage site. More distant 

sequences have also been observed to be critical (39). It is possible 
that the high specificity of cleavage is due to MPP and PEP each 

Two Components Are Required for recognizing different structural elements of the presequences. How 

Proteolytic Processing MPP and PEP interact with their substrate and with each other is 
unknown. It has been suggested that in yeast both components may 

Once translocated across the mitochondrial membranes, the form a complex of -100 kD (40), but this has not been observed in 
NHz-terminal presequences of precursors are cleaved by a highly Nelrrospora (37). PEP may bind to the presequences of incoming 
specific metal-dependent processing enzyme in the matrix (35). proteins, thus exposing the cleavage site toward MPP. This binding 
Presequence cleavage, an essential function (34,  is not coupled to may occur cotranslocationally. PEP could thereby have a role in 
membrane translocation but is probably required for proper assem- translocation of precursors, for example, by releasing the positively 
bly of the imported proteins. Two structurally related components charged sequences from a component of the translocation apparatus. 
cooperate in the proteolytic processing, the mitochondrial-process- For such a function, an a-helical segment of about 20 residues 
ing peptidase (MPP) itself, and the processing-enhancing protein having a high net negative charge identified within the sequence of 
(PEP) (37) (Fig. 1).Both proteins are encoded by nuclear genes and PEP (37) might be important. A deficiency in translocation was 

Table 1. Components involved in mitochondrial protein import and assembly. 

Component Function Reference 

Cytosol 
Heat-shock proteins (70 kD) of the SSA subgroup 

(Hsp70): soluble 
Stabilization of precursors in a loosely folded, translocation- 

competent conformation 
NEM-sensitive factors (not identified): possibly bound Cooperation with Hsp70; proposed to be required for release 

to outer-membrane surface of Hsp7O-bound precursors 

Outer membrane 
MOM19 of Neurospora crassa (19 kD): exposed to Binding protein for precursor of porin and for precursor proteins 

cytosol; partially alkali extractable with NH2-terminal targeting sequences 
MOM72 of N .  CrAssA (72 kD): exposed to cyt0~0l; Binding protein used by the precursor of the ADP-ATP-carrier 

resistant to alkaline extraction and possibly also related proteins 
General insertion protein (GIP) (not identified): possible Facilitation of insertion of precursors into outer membrane; accepts 

candidates include MOM38 of N.crassa (38 kD) and precursors from different surface receptors; transfer to 
42-kD protein of Saccharomyces cerevisiae GIP requires ATP or GTP (possibly for release from Hsp7O) 

Intermembrane space 
Cytochrome c-heme lyase: 38 kD in N.crassa, 32 kD Covalent attachment of heme to apoqtochrome c; role in 

in S .  cerevisiae; peripheral membrane protein at specific binding and membrane translocation of cytochrome c 
inner aspect of outer membrane or outer aspect of 
inner membrane at contact sites 

Inner membrane 
Signal peptidases (not identified): probably exposed to Second proteolytic processing of intermembrane space 

the intermembrane space; possible evolutionary relation 
to bacterial signal peptidases 

precursors with bipartite presequences; cleavage of 
precursor of cytochrome oxidase subunit I1 

Matrix 
Mitochondrial processing peptidase (MPP): soluble; 57 kD Cleavage of NH2-terminal presequences of imported 

in N. crassa, 52 kD in S .  cerevisiae (product of MAS2IMIF2  precursors; dependent on divalent metal cations; inhibited by 
gene),

Processmg-enhancing protein (PEP). N. crassa: 52 kD; 
chelators in situ; isolated enzyme inhibited by NEM 

Cooperation in presequence cleavage with MPP; 
70% peripherally attached to inner membrane, stimulation of MPP activity; role in membrane-translocation of 
30% soluble; identical with core 1protein of precursors; probably interacts cotranslocationally with NH2- 
complex 111. S .  cerevisiae: 48 kD; soluble; product terminal presequences 
of M A S 1  gene; 24% identity with yeast core 1protein 

Hsp60: soluble 14-subunit complex of -800 kD; ATP-dependent folding of imported proteins; stabilization of 
monomer 58 kD in N .  crassa, 60 kD in S .  cerevisiae translocation-competent conformation of reexported proteins; 
(product of MIF4 gene); -50% identity with E. coli "chaperonin" function in oligomeric protein assembly; 
Gro EL; constitutively expressed; nvo- to three-fold possible repair function for rnisfolded proteins 
induction upon heat-shock 

SSC1-protein of S .  cerevisiae (member of Hsp7O family): Essential for growth of yeast; function unknown 
58% identity with E. coli DNAk 
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demonstrated in mitochondria of the temperature-sensitive yeast 
mutant masl/mifl (mas, for mitochondrial assembly; mif, for mito- 
chondrial import function), which is defective in &e gene encoding 
PEP (41, 42). Inhibition of MPP, however, does not reduce the 
efficiency of import (36). 

Although functionally different, MPP and PEP are structurally 
related, having 26% amino acid sequence identity (36,37). MPP and 
PEP belong to a larger protein family, which also contains the core 
proteins 1and 2 (subunits I and 11) of the cytochrome bcl complex 
(complex 111) of the respiratory chain (43). The core proteins seem 
to function in the assembly of complex I11 (43, 44). The evolution- 
ary background of their relation to the processing enzyme is 
unknown. PEP is identical with core protein 1in Neurospora and is 
encoded by the same gene (43). &re protein 1 present in the 
isolated bcl complex has processing-enhancing activity at least in 
vitro. In yeast, core protein 1 and PEP are encoded by different 
genes, but their amino acid sequences are 24% identical (43). This 
situation probably reflects the ability of yeast to repress respiratory 
chain complexes on fermenting growth media but to maintain the 
machinery for protein import in the promitochondria formed under 
these conditions. 

Protein Export to the Intermembrane Space 
Proteins residing in the matrix reach their target compartment by 

translocation across the two membranes at contact sites. What 
additional reactions are required for proteins of the inner membrane 
or the intermembrane space to arrive at their correct location? 

For several proteins of the intermembrane space, complete trans- 
location at contact sites into the matrix could be demonstrated (45, 
46). Originally, a different sorting pathway based on a stop-transfer 
mechanism across the inner membrane had been proposed, at least 
for cytochrome cl (47). Proteins like cytochrome b2, a soluble 
component of the intermembrane space of yeast mitochondria, and 
cytochrome cl of the bcl complex, which is largely exposed to the 
intermembrane space, are synthesized as 'cytosolic precursors with 
long, complex presequences (48, 49). These presequences have a 
bipartite structure and are cleaved in two steps by different process- 
ing peptidases (46, 47, 50). Their NH2-terminal parts exhibit the 
typical features of the positively charged mitochondrial targeting 
sequences (Fig. 2). Cleavage by the processing enzyme MPP-PEP in 
the matrix removes these NH2-terminal segments of the prese- 
quences resulting in the formation of intermediate-sized species. 
The remaining COOH-terminal parts of the presequences contain 
essentially uninterrupted hydrophobic stretches of -20 residues that 
are preceded by one to four basic residues, a motif reminiscent of the 
leader sequences that target the export of proteins across the plasma 
membrane in bacteria (51). Also in the case of the intermembrane 
space proteins, the COOH-terminal segments of the presequences 
direct the export of the intermediate-sized species from the matrix 
back across the inner membrane (46). This was shown with the use 
of fusion proteins between the complete presequences of cyto- 
chromes b2 or cl and passenger proteins such as DHFR or 
cytochrome c (12, 52). Both the authentic proteins and the artificial 
precursors could be detected as soluble species in the matrix if the 
import reaction was carried out at low temperature (10°C) or in the 
presence of metal chelators to inhibit the first processing step. 
Raising the temperature to 25°C and reactivation of MPP by adding 
ivIn2+ ions initiated the retranslocation of the processing intermedi- 
ates across the inner membrane followed by proteolytic processing 
to the mature size (46) (Fig. 1). As a further analogy to bacterial 
protein export, this second processing event is catalyzed by an as yet 
unidentified membrane-associated processing peptidase at the outer 
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surface of the inner membrane (46, 50). A conditional yeast mutant 
affecting a single nuclear gene has been described that is defective in 
the second processing step of cytochrome b2 and in the processing 
of the precursor of subunit I1 of cytochrome oxidase (53). The latter 
is an inner membrane protein encoded by the mitochondrial 
genome that exposes large parts of its sequence to the intermem- 
brane space (44). 

Little is known about the molecular details of mitochondrial 
protein export. For cytochrome b2,, retranslocation from the matrix 
appears to be independent of the A T  across the inner membrane; in 
contrast to cytochrome cl, where such a dependence was suggested 
(46). It is possible, however, that in the case of cytochrome cl, A T  is 
required in connection with the covalent attachment of heme to the 
intkrmediate-sized protein by cytochrome cl-heme lyase. Heme 
addition appears to be a prerequisite for the second proteolytic 
processing step of cytochrome cl (52, 54). Recent findings indicate 
an ATP reauirement for mitochondrial motein exDort. ATP is 
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needed for the release of the imported proteins from the heat-shock 
protein Hsp60 in the matrix (55,56). Ths  component is structurally 
and functionally equivalent to the GroEL protein of Escherichia coli 
(57) (Table 1) and is essential for the folding and assembly of 
mitochondrial proteins (see below). Its role in mitochondrial pro- 
tein export is probably similar to the function of the GroEL protein, 
which, among other factors, stabilizes precursors for translocation 
across the bacterial plasma membrane (58). 

It is not known whether the machinery for mitochondrial protein 
export is distributed evenly over the inner membrane or whether it is 
concentrated in specialized inner membrane regions such as the 
inner boundary membrane. The export step is at least possible in 
very close proximity to the translocation contact sites used for 
protein import. Complete translocation into the matrix of a fusion 
protein consisting of the first 330 to 560 residues of the cytochrome 
b2 precursor fused to DHFR was prevented in the presence of 
methotrexate (59). Under these conditions, the complete DHFR 
portion remained outside the mitochondria, whereas the cyto- 
chrome b2 part of the construct was retranslocated across the inner 
membrane and was cleaved at the second processing site. This 
reaction appears to be dependent on the f&ction ofthe matrix- 
localized Hsp60. 

The Princi le of Conservative 
Intramitociondrial Sorting 

As generally accepted, mitochondria, and also chloroplasts, have 
evolved from prokaryotic ancestors that were introduced into an 
ancestral eukaryotic host cell by an endosymbiotic event (60). 
Although this occurred probably more than a billion years ago, a 
great number of structural and functional similarities between 
mitochondria and prokaryotes support the idea of the endosymbio- 
tic origin of the former. Prokaryotic principles of membrane 
assembly and transport have also been conserved during the evolu- 
tion of mitochondria (45, 46). 

This can be exemplified by comparing the assembly pathways of 
components of the mitochondrial and bacterial cytochrome bcl 
complexes. Both Paracoccus and Rhodobacter are probably close rela- 
tives to the endosymbiotic ancestor of mitochondria and contain in 
their plasma membranes or photosynthetic membranes, respectively, 
a bcl complex that is highly homologous to that in mitochondria 
(61). For example, the cytochrome cl of Rhodobacter capsulata is 
synthesized in the bacterial cytosol with a typical bacterial export 
signal that shows considerable similarity to the second part of the 
presequence of yeast cytochrome cl (49, 62) (Fig. 2). Ths  is also 
true for the leader sequences of R.  capsulata cytochrome c2 (63), the 
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equivalent to mitochondrial cytochrome c, and of cytochrome cl of 
Bradyrhizobium japonicum (64). Bradyrhizobium is a true endosymbio- 
tic bacterium that lives in the root nodules of soy bean. In bacteria, 
the precursor of cytochrome cl is translocated to the periplasmic side 
of the plasma membrane and is proteolytlcally cleaved. The "con- 
servative sorting hypothesis" proposed that this pathway has been 
conserved in mitochondria with respect to the export of the 
intermediate-sized species of cytochromes cl and b2, and probably 
other intermembrane space proteins, from the matrix across the 
inner membrane (45, 46) (Fig. 3). The participation of the evolu- 
tionarily conserved Hsp60 and GroEL in this pathway supports this 
hypothesis (55, 56). Other components functioning in bacterial 
protein export such as the SecA, SecY, and SecB proteins, trigger 
factor, and leader peptidase may also have mitochondrial homologs 
(6-5). 

In principle, the same considerations apply to protein sorting 
within chloroplasts. For example, cytochrome f in the thylakoid 
membrane, the equivalent of mitochondrial cytochrome cl, is made 
in the chloroplast stoma with a bacterial-type presequence that 
directs its translocation across the thylakoid membrane (66) (Fig. 3). 
Plastocyanin, the functional counterpart of cytochrome c, is synthe- 
sized in the cytosol as a precursor carrying a bipartite presequence 
that directs its transport first into the chloroplast stroma and then, 
after the first cleavage by the stromal processing enzyme, across the 
thylakoid membrane (67). The thylakoid peptidase responsible for 
the processing of cytochrome f and for the second cleavage of 
plastocyanin is also able to remove the leader sequences of authentic 
bacterial precursors (68). 

The Rieske Fe-S protein, a peripheral component of the bcl 
complex at the outer surface of the mitochondrial inner membrane, 
also reaches its functional location on an import route via the matrix 
(45, 55, 56). Its presequence is cleaved in two steps, but both 
processing events take place in the matrix, and there is no hydropho- 
bic segment in the prepeptide (69). Information for retranslocation 
across the inner membrane must therefore reside in the mature 
protein part. Likewise, an Fe-S proteb in the bacterium DesuCfovibrio 
vulgaris is translocated to the periplasmic space without a cleavable 
hydrophobic signal (70). Also the Fo-adenosine triphosphatase (Fo- 
ATPase) subunit 9 of Neurospora, a typical integral component of the 
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inner membrane, integrates into the inner membrane after complete 
translocation into the matrix (71). This process seems to correspond 
to the insertion of the ATPase subunit c into the plasma membrane 
in bacteria. Imported subunit 9 has to interact transiently with the 
Hsp60 in the matrix, which has an essential function in the sorting 
of most proteins of the inner membrane and intermembrane space 
(55,56, 71) (Fig. 4). Subunit 9 is coded for by a nuclear gene only in 
Neurospora and in higher eukatyotes. In yeast and in plants, the 
protein is encoded by the mitochondrial genome and made without 
a presequence (6, 72). 

Evolutionary Considerations 
Gene transfer from the prokaryotic invader to the nucleus of the 

proto-eukatyotic host, having occurred at some time after the 
endosymbiotic event, is usually held responsible for the fact that 
most mitochondrial proteins are coded for by the nucleus (60). To 
remain in their ancestral compartment, the proteins then had to 
acquire the positively charged targeting sequences in addition to 
already present prokaryotic transport signals. Accidental recombina- 
tion events with nuclear DNA might have been sufficient to serve 
this purpose as segments of DNA coding for potential mitochondri- 
al targeting sequences appear to be present in every genome. When 
random fragments of bacterial or eukaryotic genomic DNA were 
fused to the nucleotide sequence coding for the mature part of 
cytochrome oxidase IV,more than 10%of the sequences were able 
to direct the transport of the resulting fusion protein into mitochon- 
dria with sficient efficiency to rescue a defect in the endogenous 
cytochrome oxidase subunit IV (73). 

In parallel to the evolution of targeting signals, translocation 
contact sites must have been developed by mitochondria to accom- 
plish the import of the cytosolic precursor proteins. How this 
happened is difficult to envision. If we assume that the outer 
mitochondrial membrane corresponds to the outer membrane of the 
prokaryotic ancestor, instead of being derived from the endomem- 
brane system of the host cell, contact sites might have evolved from 
preexisting "adhesion sites" of the endosymbiont (60). The prokary- 
otic ancestor might even have possessed a "primitive" apparatus for 
protein import. For example, some colicins, bacteriocidal exotoxins, 
are transported from outside into the E, coli plasma membrane in a 
reaction that is dependent on a receptor in the outer membrane and 
on the A? (negative inside) across the plasma (inner) membrane. 
This may occur at sites of adhesion (74). 

With the use of recombinant DNA methodology, the transfer of 
genes from the mitochondrial genome to the nucleus and the import 
of the now cytosolically expressed proteins back into the organelle 
can be reproduced (75, 76). For example, the mitochondrial gene 
coding for the precursor of cytochrome oxidase subunit I1 (pre- 
CoxII) was altered by site-directed mutagenesis to allow synthesis of 
the protein in a eukaryotic reticulocyte lysate. The presequence of 
Neurospora Fo-ATPase subunit 9 joined to the NH.2-terminus of 
preCoxII was able to direct the import of the construct into isolated 
mitochondria (75). Cleavage by MPP-PEP in the matrix resulted in 
the formation of preCoxII, which was subsequently retranslocated 
across the inner membrane and processed to the mature-sized 
protein. It is not known why the mitochondrial genome and the 
apparatus for its expression are maintained. It was proposed that the 
mitochondrial gene products were too hydrophobic to become 
translocated across the mitochondrial membranes or that mistarget- 
ing to the endoplasmic reticulum might occur (77). It seems now 
rather unlikely that this is the sole reason why mitochondria 
synthesize a small subset of mostly respiratory chain components 
and a ribosomal protein. 
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Nonconservative Sorting of Proteins 

A few proteins are known whose assembly pathways do not 
conform to the rules of conservative sorting. For the time being, 
they can be treated as exceptions, but it is possible that a number of 
nuclear-coding proteins use other ways to reach their submitochon- 
drial compartments. It is useful to distinguish here between proteins 
that probably have no structurally related counterparts in prokary- 
otes and others that do have such equivalents. To the first group 
belongs the adenosine diphosphate (ADP)- and ATP-carrier 
(AAC) of the inner membrane and probably also the other structur- 
ally related substrate-carrier proteins of mitochondria, including the 
uncoupling protein of brown adipose tissue and the phosphate- 
carrier (78). The import pathway of the AAC has been studied 
extensively (20, 26). Notably, the cytosolic precursor is made 
without a cleavable presequence (4). Targeting information appears 
to reside in triplicate internal segments (79). The AAC is the only 
protein known to be recognized by the surface receptor MOM72; 
all precursors tested so far having typical presequences interact with 
MOM19 (21). Nevertheless, the AAC uses GIP for entry into the 
outer membrane and is subsequently transported into contact sites 
(20, 26). Here, the AAC appears to deviate from the general import 
pathway by laterally diffising into the inner membrane. The import 
of the AAC is independent of any interaction with Hsp60 (71). The 
signals and mechanisms that prevent translocation into the matrix 
and trigger integration into the inner membrane are unknown. In 
case of the uncoupling protein, which appears to follow an AAC-like 
import pathway, attachment of a positively charged presequence to 
the NH2-terminus of the protein is able to override these mecha- 
nisms, leading to translocation into the matrix (79). 

Cytochrome c is a component whose origin reaches back beyond 
the development of eukaryotic cells (80). Its prokaryotic equivalents 
are made with bacterial leader sequences that direct the transport of 
the precursor across the plasma membrane to the periplasmic space 
(63) (Fig. 2). Cytochrome c does not follow a reexport pathway; it 
reaches the intermembrane space by crossing only the outer mem- 
brane, independently of the AT across the-inner membrane (81, 82). 
The precursor, apocytochrome c, is made without a cleavable 

Cytosolic precursors 
I 

Cyt c 

Insertion 

Mitochondrial gene products 

Fig. 4. Model for the role of Hsp60 in intramitochondrial sorting and 
assembly. Cyt c, cytochrome c; cpt b2, cytochrome b2; cyt CI, cytochrome cl; 
Fe-S, Rieske Fe-S protein; F09, subunit 9 of Fo-ATPase; cpt b, cptochrome 
b; AAC, ADP-ATPxarrier; FIP, p subunit of Fl-ATPase; OTC, ornithine 
transcarbamylase. Proteins encoded within mitochondria (Cyt b, Fo9) are 
shown in black. The interaction of Hsp60 with these polypeptides has not 
been demonstrated, so far. 
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presequence (5), and a receptor protein at the surface of mitochon- 
dria seems not to be required for import. Apocytochrome c tends to 
insert spontaneously into lipid membranes (82), and this may have 
allowed the evolution of its exceptional import pathway. Specific 
targeting as well as completion of translocation across the outer 
membrane are probably mediated by the interaction with cyto- 
chrome c-heme lyase at the inner face of the outer membrane and by 
covalent attachment of heme (81-83) (Table 1). Apocytochrome c 
also maintains the ability to insert into the outer membrane when a 
positively charged presequence is fused to its NH2-terminus. A 
fusion protein between apocytochrome c and the bipartite prese- 
quence of cytochrome cl was efficiently forced onto a conserved 
sorting pathway via the matrix (82). 

Other proteins of the intermembrane space having similar proper- 
ties may exist. Recent data suggest that the precursor of cytochrome 
c peroxidase, also a heme protein of the intermembrane space, can 
reach its target compartment by directly crossing the outer mem- 
brane (84). This is surprising as cytochrome c peroxidase contains a 
typical bipartite presequence like cytochrome b2 or cytochrome cl 
( 7 ,  suggesting an import route via the matrix. Cytochrome c 
peroxidase might represent an interesting intermediate stage of the 
evolution of a cytochrome c-like import pathway. 

Catalyzed Folding of Mitochondria1 Proteins 
The selection of a yeast mutant defective in the gene encoding the 

matrix-localized Hsp60 added new aspects to our understanding of 
protein folding and assembly in vivo (55). Hsp60 is highly homolo- 
gous to the GroEL protein of E. coli and to the ribulose bisphos- 
phate carboxylase (Rubisco)-binding protein of chloroplasts, both 
of which have been classified as members of a subgroup of 
"molecular chaperones" termed "chaperonins" (57) (Table 1). Like 
the other chaperonins, Hsp60 forms an oligomeric complex consist- 
ing of two stacked rings of seven 60-kD subunits each. As originally 
defined, chaperonins have assisting functions in protein assembly 
reactions, such as the formation of phage particles in E. coli or the 
assembly of small and large subunits of Rubisco in chloroplasts. 
Chaperonins do not occur as part of the finally assembled protein 
complexes (57). 

The consequences of the loss of Hsp60 function were analyzed in 
the temperature-sensitive yeast mutant mif4 (55) (Fig. 4). Among 
others, the precursors of the P subunit of the F1-ATPase, the matrix 
enzyme ornithine transcarbamylase, and Hsp60 itself were imported 
and proteolytically processed at the restrictive temperature, but 
failed to assemble into their respective oligomeric complexes. Im- 
ported proteins were detected as amorphous aggregates associated 
with the mitochondria1 membrane fraction. Proteins of the inter- 
membrane space and the inner membrane were also affected. For 
example, export of cytochrome b2 or of the Rieske Fe-S protein was 
defective and the proteins accumulated as incompletely processed 
intermediates in the matrix (55). A similar observation was made 
with the precursor of Fo-ATPase subunit 9 (71). Interaction with 
Hsp60 apparently keeps imported proteins competent for insertion 
into or retranslocation across the inner membrane. Such a function 
in protein export was suggested for the GroEL protein in E. coli 

(58). 
How does Hsp60 function and how do imported precursor 

proteins interact with Hsp601 With the use of hsion proteins 
between variable lengths of the NH2-terminal sequence of the 
precursor of cytochrome b2 and DHFR, as few as 46 residues were 
sufficient to span inner and outer membranes at contact sites if the 
folded DHFR stabilized by methotrexate remained outside mito- 
chondria (12). This indicates that precursor proteins traverse the 
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mitochondrial membranes in a rather extended conformation, which 
may be comparable to that of a nascent polypeptide chain. Analyz- 
ing the import of a similar fusion protein revealed that it is these 
"unfolded," newly imported polypeptides that interact with Hsp60 
(56). Unfolding the precursor by urea treatment before import 
resulted in r a ~ i d  translocation into mitochondria. This ex~erimental 
system allowed a h e t i c  separation between membrane-transloca- 
tion and refolding of the imported protein. A system to study 
protein folding in vivo was thus developed that was accessible to 
biochemical manipulation (56). Membrane translocation was com- 
plete within less than 1 min. Proteolytic processing in the matrix 
resulted in the formation of the mature-sized fusion protein, which 
was almost identical to DHFR. AT 25°C. refolding of DHFR " 
occurred with a half-time of about 3 min, considerably more slowly 
than translocation of the urea-denatured precursor. Folding was 
ATP-dependent: in ATP-depleted mitochondria, DHFR accumu- 
lated in a highly protease-sensitive conformation at the surface of the 
Hsp60 scaffold. An antibody to SDS-denatured DHFR efficiently 
recognized the Hsp60-associated protein but not the folded mono- 
meric form. The stoichiometry of the complex formed has yet to be 
determined. ATP hydrolysis was required to cause folding and 
release of DHFR from Hsp60. 

The mechanism of action of Hsp60 has been further analyzed. 
When the complex between the imported protein and Hsp60 was 
partially purified, addition of ATP caused folding of DHFR into a 
more compact conformation but not release from Hsp60 (56). An as 
yet unidentified factor required for the release reaction was probably 
lost during purification. The molecular details of the reaction by 
which Hsp60 mediates protein folding remain unclear. As a work- 
ing hypothesis, Hsp60,which has ease activity, could undergo 
conformational changes upon ATP hydrolysis. This might some- 
what loosen the interaction with the bound polypeptide, thus 
enabling its controlled, domain-wise folding at the surface of 
Hsp60. This reaction appears to be NEM-sensitive, as folding of 
DHFR was blocked in NEM-treated mitochondria (56). Neverthe- 
less, the imported polypeptides bound transiently to Hsp60. They 
were released in an ATP-dependent reaction, but failed to fold 
correctly and formed insolubk misfolded aggregates. 

It would appear that Hsp60 must be able to recognize structural 
motifs present in every unfolded or loosely folded polypeptide 
chain. The type of interaction and the nature of the physical forces 
involved ard unclear. For Hsp70 proteins, it was proposed that 
interaction with hydrophobic residues exposed by incompletely 
folded or misfolded proteins might be important (18). This is in 
contrast to results stressing the importance of charged polypeptide 
regions. Short hydrophilic peptides of between 8 and 25 residues 
were shown to mimic polypeptide chain substrates in terms of their 
ATP-dependent interaction with members of the Hsp70 protein 
family (85). 

Reconsidering Protein Folding in Vivo 
Why does the folding of proteins in mitochondria require "cataly- 

sis" by a proteinaceous machinery? This seems a paradox in light of 
the observation that rapid spontaneous refolding of proteins is 
possible after denaturation in vitro (86), and it was concluded that 
polypeptide chains spontaneously fold during synthesis in vivo in an 
essentially similar way. However, more complex or multimeric 
enzymes cannot reassemble in vitro or do so exceedingly slowly (86). 
Additional mechanisms of protein folding are probably operative in 
intact cells that help to realize the information for the folded 
structure residing in the amino acid sequence of the polypeptide 
chain. 

DHFR is one example of a monomeric protein that undergoes 
refolding in vitro within seconds (87), and yet, DHFR takes minutes 
to fold inside mitochondria (56). Perhaps the most significant 
difference between protein folding in vitro and in vivo is that only in 
vitro are all parts of a protein equally available for folding under the 
same conditions. Within the cell this is not the case when a protein 
emerges from the ribosome at a speed of a few amino acids per 
second or when it appears at the trans side of a membrane. 
Especially for multidomain proteins, it seems likely that incomplete- 
ly synthesized or translocated polypeptide chains would rather 
spontaneously misfold, because folding would be restricted to only 
parts of the protein, exclusively starting from the NH2-terminus. 
NH2- or COOH-terminal deletions of a few amino acids can also 
cause incorrect folding in vitro (86). Hsp60 and similar components 
may prevent folding until the complete polypeptide is available. 
Synthesis of an average protein of 50 to 60 kD takes several minutes 
in a eukaryotic cell (88), a time which corresponds well to the half- 
time observed for the Hsp60-mediated folding of DHFR (56). To 
have such "antifolding" activity, Hsp60 would require a high a h i t y  
for an unfolded state of its protein substrates. In fact, in the absence 
of ATP, DHFR remained stably bound to Hsp60 in a very protease- 
sensitive conformation (56). This would also explain the function of 
Hsp60 and GroEL in keeping proteins loosely folded long enough 
to allow membrane translocation. So far, DHFR is the only protein 
for which at least partial ATP-dependent folding at the surface of 
Hsp60 was observed. Nevertheless, this suggests that Hsp60 can do 
more than just prevent premature folding. Simply to release a 
completely synthesized or translocated polypeptide as an unfolded 
chain (a situation comparable to in vitro folding) is probably not 
sufficient. It may be important to consider here that physiological 
folding takes place in a highly concentrated protein solution. 
Although slower than spontaneous folding in vitro, folding at the 
surface of Hsp60 would still be catalyzed. With respect to the 
formation of the correctly folded product, Hsp60-mediated folding 
is far more efficient than spontaneous folding in vivo, which results 
in misfolded proteins (56). It remains to be seen whether Hsp70 
proteins in the cytosol or within subcellular organelles (89), have a 
function in folding of proteins similar to that of Hsp60. 

How are the functions of chaperonins in oligomeric protein 
assembly (55, 57) related to the fhction in protein folding (56)? In 
principle, formation of supramolecular aggregates could occur 
spontaneously after folding of the respective subunits and their 
release from Hsp60. On the other hand, complementary surfaces 
critical for assembly may be exposed in a programmed fashion only, 
while the respective subunits are still associated with the chaperonin. 
Simple model systems like the assembly of the mitochondrial matrix 
enzyme ornithine transcarbamylase can now be used to address these 
problems (55). 

A Possible Role for Hsp60 in Translocation 
Precursors could interact cotranslocationally with Hsp60, and this 

may render further translocation energetically favorable. Comple- 
tion of translocation of a fusion precursor spanning the two 
membranes at contact sites with its NH2-terminal part, but having 
the folded DHFR still in the cytosol, is less efficient in mitochondria 
of the Hsp60 mutant (55). In wild-type organelles, this process is 
strictly temperature-dependent and takes place in the absence of 
both ATP and the A q  (12, 56). The energy required for unfolding 
of a protein is in the range of only 5 to 15 kcalimol. One may 
speculate that by interacting with the extended NH2-terminus of a 
precursor reaching into the matrix, Hsp60 could trigger the com- 
plete unfolding of a protein, thus "pulling" it across the membranes. 
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Import should cease once Hsp60 is saturated and would only 
resume after ATP-mediated clearing of proteins from Hsp60. 
Import in vitro was shown to be dependent on the presence of ATP 
in the matrix (90). The proposed role for Hsp60 may be applicable 
to membrane transport of proteins in a more general way. In fact, 
the immunoglobulin heavy chain-binding protein BiP, an Hsp70 
protein located at the luminal surface of the endoplasmic reticulum, 
might have a function in protein translocation. In the yeast mutant 
kar2, which is affected in the gene coding for BiP, precursors of 
secretory proteins accumulate in the cytosol (91). 

Concluding Remarks 
The dissecting of the import pathway of proteins into mitochon

dria has revealed unexpected mechanisms of intracellular protein 
sorting and assembly. Their accessibility to the methods of both 
classical biochemistry and molecular genetics makes mitochondria a 
suitable model system for understanding the complete sequence of 
reactions required for a cytosolic nascent polypeptide chain to reach 
its functionally active conformation in the correct subcellular com
partment. Recent findings are giving us a clue as to how proteins 
may fold in vivo. This is a challenge to reconstitute these processes 
using the isolated components. But clearly, our knowledge is still 
very limited. A number of important questions have yet to be 
answered. The molecular mechanism of protein translocation across 
membranes itself and the components involved, especially those 
residing in the membrane, are still a mystery. How are the complex 
processes of protein assembly regulated, particularly in the case of 
respiratory chain complexes, which contain subunits coded for by 
the nuclear and the mitochondrial genome > Mitochondria may be 
considered as miniature cells inside cells. Quite likely, they have 
more surprises in store. 
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