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Abstract 

The transport of nuclear-encoded proteins from the cytosol into mitochondria is mediated by targeting (signal) sequences 
present on precursor forms. Most precursors of the mitochondrial matrix possess amino-terminal signals which characteristically 
contain hydroxylated and basic amino acids and lack acidic residues. With a minority of precursor proteins, internal sequence 
motifs can direct proteins to the mitochondria (Planner, N., Hoeben, P., Tropschug, M. and Neupert, W. (1987) J. Biol. Chem. 
262, 14851-14854). The presence of a mitochondrial targeting sequence alone, however, is not sufficient for specific targeting to 
the organeUe and further to the various subcompartments. There is the need for components which recognise the targeting 
sequences and others which keep the precursor protein in a translocation-competent form. Beyond the recognition step, 
components are required which mediate transiocation across the mitochondrial membranes. Mitochondria possess two transloca- 
tion machineries, one in the outer membrane and one in the inner membrane. The matrix space harbors a number of factors 
which participate in the import of proteins, in their unfolding and folding. Energy is required at several steps of these processes. 
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1. The receptor complex of the outer membrane 

Early investigations mainly concentrated on the 
characterisation of the proteins in the outer membrane 
involved in precursor import. Mild protease treatment 
of Neurospora crassa mitochondria impaired protein 
import to a large extent. Thus, it was concluded that 
protease-sensitive components in the outer membrane 
are required for this process [2]. Subsequently, these 
receptors were identified as proteins of 72 and 19 kDa 
(MOM72 and MOM19) [3,4]. By inhibiting the protein 
import with IgG against the respective receptors it was 
demonstrated that the A D P / A T P  carrier primarily 
uses MOM72 whereas the majority of precursor pro- 
teins are recognised by MOM19. Still the two receptors 
appear to overlap in their specificity. MOM72 consists 
of two domains. The N-terminal 12 kDa domain pro- 
vides the membrane anchor, whereas the C-terminal 60 
kDa domain is exposed to the cytosol. The recombi- 
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nant cytosolic domain is able to bind the precursors of 
the A D P / A T P  carrier, the phosphate carrier and cy- 
tochrome c~ and thereby competes for import of these 
precursors [5]. Cloning and sequence analysis of the 
yeast homologue of MOM72, MAS70, showed a high 
conservation between the two proteins. The overlap- 
ping specifity of the two receptors, MOM19 and 
MOM72, could be demonstrated by gene disruption of 
the yeast homologue, MAS70, which did not result in a 
gross respiratory deficiency, probably because it can be 
partially replaced by MAS20, the yeast homologue of 
MOM19 [6,7]. Gene disruption of MAS20 caused loss 
of respiration, which could be rescued by overexpres- 
sion of MAS70, again demonstrating the overlapping 
function [7]. Inactivation of the N. crassa MOM19 
gene has recently been achieved by a novel technique 
designed to introduce mutations into N. crassa genes 
[8]. The characterisation of these mutant N. crassa 

cells demonstrated the important role of MOM19 in 
precursor import: cells in which the MOM19 gene was 
inactivated stopped to grow, the mitochondria lost their 
protein synthesis activity as well as their respiratory 
complexes [9]. 
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Lysis of N. crassa mitochondria with mild deter- 
gents and subsequent immunoprecipitation with anti- 
MOM19 antibodies revealed that MOM19 is present in 
a complex with MOM72 and a number of other pro- 
teins of 7, 8, 22 and 38 kDa (MOM7, MOM8, MOM22 
and MOM38) [10]. MOM38 turned out to be consider- 
ably more proteinase-resistant than the two receptors, 
MOM19 and MOM72. The primary sequence suggests 
at least one potential membrane spanning region and a 
putative ATP binding domain [11]. The yeast homo- 
logue ISP42 (Import Site Protein of 42 kDa) is essen- 
tial for cell viability [12]. Antibodies against N. crassa 

MOM38 can inhibit the assembly of N. crassa MOM19 
into the outer membrane of isolated yeast mito- 
chondria reflecting the high evolutionary conservation 
of the mitochondrial import system [13]. In a genetic 
approach ISP6 was characterised as a multi-copy sup- 
pressor for the mutant ISP42 allele [14]. ISP6 consists 
of 61 amino acid residues and probably spans the outer 
membrane with the N-terminus oriented towards the 
the cytosol. So far the precise role of ISP6 and its 
relation to MOM7 anbd MOM8 in the translocation 
process remains to be elucidated. 

A hypothesis on the mechanisms of protein transfer 
across the outer membrane can be formulated on the 
basis of biochemical studies: Precursor proteins by the 
virtue of their N-terminal or internal targeting se- 
quences bind to MOM19 and /o r  MOM72 and are 
subsequently transferred to translocation contact-sites 
where the two membranes are in close contact. Import 
studies with the A D P / A T P  carrier elucidated the role 
of MOM22, a protein which spans the outer membrane 
once [15]. MOM22 appears to promote the initial en- 
trance of the receptor-bound precursors into a General 
Insertion Pore (GIP) which consists of MOM38 and 
probably MOM7, MOM8 in N. crassa, or ISP42, ISP6 
and probably other components in S. cerecisiae. The 
GIP-complex can be co-immunoprecipitated with anti- 
bodies against MOM19 [10]. Evidence for the existence 
of a general insertion pore has been obtained from the 
observation that this site can be saturated by chemical 
amounts of porin precursors [16] and that the 
A D P / A T P  carrier in the absence of a membrane 
potential can accumulate at the GIP-site in a pro- 
teinase-protected location [17]. 

The question of how preciseley proteins are translo- 
cated across the outer membrane still requires inten- 
sive investigation. An initial study with outer mem- 
brane vesicles demonstrated that they possess a 
translocation activity on their own. However, transloca- 
tion into outer membrane vesicles is restricted to those 
proteins which are integrated into the outer membrane 
and to a limited set of those proteins which are translo- 
cated into the intermembrane space [18]. It should be 
emphasised that this translocation activity does not 
require components of the inner membrane, and is 

restricted to proteins which can be imported into mito- 
chondria in the absence of a membrane potential. 

Thus, the elucidation of the mechanism of protein 
translocation across the outer membrane through the 
receptor-GIP-complex probably will yield a quite com- 
plex picture. The question arises as to the evolutionary 
origin of such an intricate machinery. It remains to be 
determined whether the outer membrane translocation 
machinery has evolved from the eukaryotic host or is 
derived from the original protosymbiontic cell. No bac- 
terial homologues are known so far for the proteins of 
the complex characterised. Interesting in this context is 
the observation that a mitochondrial presequence can 
be imported into Paracoccus denitrificans cells [19]. 

2. The import machinery of the inner membrane 

The identification of components involved in pro- 
tein translocation across the inner membrane has be- 
gun only recently. MPI1 has been identified as the first 
protein of the inner membrane involved in precursor 
import [20-22]. MPI1 or ISP45 was later renamed 
MIM44 to make clear that it is an inner membrane 
protein. Its substantial role in precursor import was 
confirmed by cross-linking with a translocation inter- 
mediate [23]. MIM44 is associated with the inner face 
of the inner membrane and cooperates with mitochon- 
drial Hsp70 in promoting import of precursor proteins 
(Schneider, Berthold, Brunner and Neupert, submit- 
ted). Genetic approaches revealed that two more pro- 
teins, MAS6 (MIM23) and MIM17, are involved in the 
translocation across the inner membrane [24,25]. The 
role of MAS6 in precursor import could be confirmed 
by cross-linking MAS6 to an arrested precursor protein 
[26]. 

The import machineries of the outer and inner 
membrane act in a coordinated manner to translocate 
precursor proteins across the two mitochondrial mem- 
branes. However, according to recent investigations, 
they can also function independently: (i) isolated outer 
membrane vesicles possess translocation activity for a 
subset of proteins [18]; (ii) fusion proteins consisting of 
a matrix-targeting sequence connected to the enzyme 
CCHL can be imported into the intermembrane space 
in the absence of a membrane potential and in a 
second step, after restoration of the membrane poten- 
tial, the fusion protein can be imported into the matrix 
[27]. 

3. Role of mitochondrial heat-shock proteins in precur- 
sor translocation, protein unfolding and folding 

An essential role in mitochondrial biogenesis has 
recently been demonstrated for the matrix-localised 
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heat-shock proteins. An Hsp70 homologue present in 
yeast mitochondria is encoded by the essential SSC1 
gene [28]. The analysis of cells with a temperature-sen- 
sitive allele of Hsp70 revealed that the protein plays an 
essential role in precursor import [29]. Very recently a 
mitochondrial homologue of the bacterial GrpE, YGE1, 
has been identified by a genetic screen for stau- 
rosporine-resistant clones in S. cerevisiae [30]. Deple- 
tion of YGE1 resulted in the loss of mitochondrial 
DNA and finally cell viability. It is very likely that 
YGE1 together with Hsp70 mediates precursor import 
into the matrix. The requirement of matrix ATP for 
the import reaction reflects, at least partly, the essen- 
tial action of Hsp70 in this process. Depletion of matrix 
ATP inhibits import across the inner membrane at an 
early stage [31-34]. It could be demonstrated that the 
requirement of ATP reflects the extent of folded struc- 
ture which has to be resolved in order for the import 
reaction to take place as translocation across mem- 
branes requires the protein to assume an extended 
conformation [35,36]. Recently, a mitochondrial homo- 
logue of bacterial DnaJ, MDJ1 (Mitochondrial DnaJ), 
has been characterised in S. cerevisiae. Interestingly, 
MDJ1 does not play an essential role in protein im- 
port. Mitochondria from the MDJ1 deletion strain do 
import precursor proteins, however, the folding to the 
native conformation is affected, in particular at higher 
temperatures [37]. It remains to be determined whether 
MDJ1 cooperates with Hsp70 in the folding process or 
whether it can interact by itself with the unfolded 
polypeptide chains. 

The final step of protein folding is mediated by 
Hsp60 in an ATP-dependent manner [38]. Disruption 
of the Hsp60 encoding MIF4 gene is lethal indicating 
its essential function in mitochondrial biogenesis. Mito- 
chondria harboring a temperature-sensitive Hsp60 al- 
lele accumulated unfolded proteins in the matrix [39]. 
Thus, the two mitochondrial heat-shock proteins, 
Hsp70 and Hsp60, appear to act in a sequential pro- 
cess: Hsp70 mediates the translocation of precursor 
proteins across the membranes, Hsp60 promotes fold- 
ing to the native conformation and assembly into 
oligomeric complexes [40]. As expected, mitochondrial 
Hsp60 interacts with its cognate Hspl0 which was 
recently identified [41,42]. Disruption of the gene is 
lethal stressing its important function in protein folding 
reactions which has been demonstrated with the puri- 
fied components [43]. 

4. Bioenergetics of mitochondrial protein import and 
sorting 

As described above nuclear-encoded proteins have 
to face a series of interactions with components of the 
mitochondrial protein import and folding machinery 

until they become finally functional in mitochondria. 
We briefly rehearse the sequence of events from the 
synthesis in the cytosol to the finally functional protein 
with emphasis on the bioenergetic aspects of the pro- 
cesses. 

(1) After their synthesis in the cytosol, proteins have 
to be maintained in a translocation-competent form. 
This translocation-competent conformation is medi- 
ated at least partly by cytosolic heat-shock proteins of 
the Hsp70 class [44]. The release from the Hsp70s 
depends on the presence of hydrolysable ATP and 
probably other cytosolic factors. Extramitochondrial 
ATP has been shown to be required for the import of a 
number of precursor proteins. This very likely reflects 
the extent of their association with Hsp70 molecules 
[45]. 

(2) After interaction with the mitochondrial surface 
receptors protein translocation into or across the mito- 
chondrial membranes occurs. Presently, it is still un- 
clear whether the translocation process across the outer 
membrane itself comprises an ATP-consuming reac- 
tion. Insertion into and translocation across the outer 
membrane does not require a membrane potential 
across the inner membrane as it is possible to accumu- 
late the ADP/ATP carrier at the GIP-site [17]. Fur- 
thermore, certain proteins can be translocated across 
the outer membrane in the absence of a membrane 
potential [27]. The insertion of the presequence into 
the inner membrane, however, strictly depends on a 
membrane potential A~/, [46]. Completion of transloca- 
tion is independent of an energised inner membrane. 

(3) Translocation of the presequence of matrix- 
targeted proteins strictly depends on the action of 
Hsp70 in the mitochondrial matrix and the presence of 
ATP. When matrix ATP is depleted the presequence 
can slip back out of the translocation channel [34]. 
Thus, the membrane potential allows a reversible in- 
sertion of the presequence into the inner membrane. If 
the translocation channel facilitates reversible move- 
ment of the precursor polypeptide and if Hsp70s bind 
to segments of the precursor both on the cytosolic and 
mitochondrial matrix side, the question arises as to why 
a vectorial transport into the matrix occurs. MIM44 in 
the matrix may constitute one of the additional import 
components required by mt-Hsp70s to mediate a direc- 
tional import reaction. It is an open question how 
many cycles of binding to Hsp70 a given protein has to 
undergo in order to be completely imported into the 
matrix. Another problem is whether folding occurs 
concomitant with the import reaction or whether the 
final folding process mediated by Hsp60 starts only 
after complete translocation into the matrix. 

(4) Whereas protein import into the matrix appears 
to occur along a general pathway, several import routes 
are taken by the proteins destined for the intermem- 
brane space. Apocytochrome c is able to penetrate the 
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outer membrane without assistance of the receptor- 
GIP-complex and appears to be trapped in the inter- 
membrane space after the covalent attachment of heme 
[47]. This process is catalysed by the enzyme cy- 
tochrome c heme lyase (CCHL), located on the surface 
of the inner membrane facing the intermembrane 
space. The import of CCHL itself is an interesting 
problem. Transport of CCHL occurs directly across the 
outer membrane and requires the receptor-GIP com- 
plex but is not dependent on a membrane potential. At 
the same time, extramitochondrial ATP does not ap- 
pear to be necessary, implying that the CCHL precur- 
sor does not bind to cytosolic heat-shock proteins [48]. 
Possibly, the driving force for import is the folding/as- 
sembly reaction which occurs in the intermembrane 
space. It remains to be determined whether this folding 
requires chaperones and/or  other components docking 
CCHL to the membrane. 

Cytochrome b2, a soluble protein of the intermem- 
brane space, and cytochrome Cl, which is anchored to 
the inner membrane by its C-terminus and faces the 
intermembrane space, possess a bipartite presequence. 
The first part of the presequence represents a typical 
mitochondrial targeting sequence. The second part 
('sorting sequence') directs the protein to the inter- 
membrane space and resembles bacterial leader se- 
quences. For the intramitochondrial sorting of these 
proteins two models are being discussed: (i) according 
to the 'conservative sorting' mechanism the protein is 
first imported into the matrix and then, in a second 
step, retranslocated across the inner membrane [49]; 
(ii) alternatively, the protein would become arrested in 
the inner membrane by the sorting sequence ('stop- 
transfer') and directly be released to the intermem- 
brane space [50]. 

Conservative sorting of another protein anchored to 
the inner membrane and facing the intermembrane 
space, the Rieske-iron-sulfur protein (FeS), was con- 
firmed by the identification of an intermediate form in 
the matrix, where it occurs soluble, unassembled and 
associated with mt-Hsp70 (F61sch, Stuart and Neupert, 
unpublished data). Consequently, the import and as- 
sembly of FeS requires matrix ATP. 

More difficult to understand is the matrix ATP 
requirement for the sorting of cytochrome c 1 and b 2. 
Cytochrome c 1 is directed to the intermembrane space 
even after matrix ATP has been depleted [51]. This 
result can be interpreted in two ways: (i) the protein is 
sorted by stop-transfer without passage through the 
matrix; (ii) the import of cytochrome c I through the 
outer and inner membranes is driven by another en- 
ergy source, e.g., by taking place concomitantly with 
the export across the inner membrane. In contrast to 
cytochrome c 1, import of fuU-length cytochrome b2 
requires ATP. Short fusion proteins of up to 167 amino 
acids of cytochrome b 2 connected to DHFR (dihydro- 

folate-reductase) were sorted into the intermembrane 
space even after matrix ATP depletion, whereas fusion 
proteins with longer cytochrome b2 sequences de- 
pended on matrix ATP for import and translocation 
into the intermembrane space. Since unfolding of these 
constructs by urea prior to import abolished ATP de- 
pendence as did the deletion of the tightly folded heme 
domain, it was concluded that the ATP requirement 
resulted from the folded structure still outside the 
mitochondria [36]. Mt-Hsp70 could facilitate unfolding 
by binding to the incoming polypeptide chain and 
shifting the equilibrium of the folded and unfolded 
state caused by spontaneous partial unfolding. The 
difference in ATP requirement for matrix- and inter- 
membrane space-targeted proteins became obvious by 
the analysis of two short cytochrome b 2 DHFR fusion 
constructs, which only differ in the intramitochondrial 
sorting sequence, i.e., a deletion of 19 amino acids. The 
deletion causes missorting into the matrix space. Thus, 
import of the deletion construct into the matrix de- 
pended on matrix ATP in contrast to the construct 
with the intact sorting sequence which was sorted to 
the intermembrane space also in the absence of ATP. 
Apparently, sorting to the intermembrane space can 
drive import and render it ATP-independent, unless 
tightly folded domains need to be resolved. 
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