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INTRODUCTION
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termembrane space and matrix). Most of the proteins destined for these
subcompartments are synthesized on cytosolic polysomes and are imported
into the organelle (1, 2).
The initial studies on protein transport into mitochondria demonstrated that
translocation of the precursor proteins into the membranesis not mechanistically coupled to synthesis of the polypeptide chain on the ribosome, both in "
vivo and in vitro (3--6). In the following decade, a series of distinct steps
mitochondrial protein import were characterized (Table 1) (1,2, 7). Targeting
signals in the precursor proteins are recognized by specific receptors on the
mitochondrial surface. A loosely folded conformation of the precursor protein
is necessary for translocation
into the membranes. Import requires energy,
ATP, and the membrane potential A~ across the inner mitochondrial membrane. Protein transport into or across the inner membraneoccurs at contact
sites between both mitochondrial membranes. The precursor proteins are
proteolytically
processed in the mitochondrial matrix and their polypeptide
chains are (re)folded. Finally, the proteins are sorted to their respective
mitochondrial subcompartment and, in many cases, are assembled into multisubunit complexes.
Only recently, several of the components involved in this translocation
process were identified and their structure and function characterized (Table
2). This review focuses on the components of the mitochondrial protein
import apparatus and thus provides an overview of progress during the past
two years.
THE

PRECURSOR

Targeting

PROTEINS

Signals

PRESEQUENCES
Many imported mitochondrial
proteins
are synthesized
with amino-terminal extrasequences of about 20 to 80 amino acid residues,
Table 1 Steps of mitochondrialprotein import
1. Synthesisof precursorproteins on cytosolic polysomes.
or conferringof translocation-competent
(loosely folded) conformationof pre2. Maintenance
cursor proteins, possiblyby cytosolic factors andATP.
3. Recognition
of targetingsignals (often in amino-terminal
peptideextensionsof the precursor
proteins) by specific receptorson the mitochondrialsurface.
4. Insertion of precursorproteins into the outer membrane.
5. Transportthroughcontact sites betweenboth mitochondrialmembranes,
includingmembrane
potential~lependentinsertion into the inner membrane.
6. Proteolytic processing(removalof amino-terminal
presequence)in the mitochondrialmatrix;
additional processingeventswith someprecursorproteins.
7. (Re)foldingof importedprecursorproteins.
8. Sorting of precursorproteins to the mitochondrialsubcompartments
andassembly.
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aTable2 Identified components
of the mitochondrialprotein importapparatus
Component

Location

Molecularweight

Function

Hsp70

Cytosol

70,000(yeast)

Cytosoliccofactor; stimu- 56, 57
lates posttranslational
importof precursor
proteins

MOM19

Outer membrane 19,000(N. crassa)

Receptorfor precursor
proteinswithpresequence(and other precursorproteins)

76

MOM72

Outer membrane72,000 (N. crassa)

Receptor for ADP/ATP
carrier

77

G1P

Outer membrane 38,000?(N. crassa)

Generalinsertion protein

80

ISP 42

Outer membrane 42,000(yeast)

Involvedin protein import 85a

MPP

Matrix

57,000(N. crassa)
51,000(yeast)
55,000?(rat liver)

Mitochondrialprocessing
peptidase

111, 112, 113

PEP

Matrix/inner
membrane

52,000(N. crassa)
48,000(yeast)
52,000?(rat liver)

Processingenhancing
protein

111, 112, 113

Hsp60

Matrix

60,000(yeast)

(Re)foldingof imported
proteins

72, 133

28,000(yeast)
38,000(N. crassa)

Covalentaddition of
81, 90, 91, 93
heme;essential for import of apocytochrome
c

Cytochromec Intermembrane
hemelyase
spaceside
Abbreviations:
Hsp, heat-shock
crassa, Neuro~pora crassa

protein;

ISP, import-site

protein;

MOM,mitochondrial

Ref.

outer membrane protein;

termed presequences. The primary structures
of a large number of presequences and detailed mutational analyses of presequences were described
recently (2, 8, 9). Here we give a short overview on the function of presequences, especially with regard to specific recognition of precursor proteins
by components of the mitochondrial import apparatus. Presequences carry
targeting (signal) information to direct proteins into mitochondria. This was
shown mainly by use of hybrid proteins between mitochondrial presequences
and nonmitochondrial "passenger" proteins that were imported into mitochondria (10-13). Deletion of the presequences usually prevents uptake of
protein by mitochondria (8, 14).
In spite of detailed studies with a large collection of mutated presequences,

N.
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it is still unclear whichsequenceor structural motif determinesthe targeting
function of mitochondrial presequences. Presequences contain several positively charged aminoacid residues and few, if any, negative charges. Secondly, presequences have the tendency to form amphipathic structures upon
insertion into lipid membranes(15-19), whereas in an aqueous environment
the presequences lack significant secondary structure (15). Replacement
the positive charges by unchargedor negatively charged aminoacid residues
impairs the mitochondrial import function of a presequence (8, 20-23),
suggesting a mechanismin which amphipathic structures, having positive
charges on one of their sides, are essential for mitochondrial targeting.
Several precursor proteins were found to carry redundant targeting information in their amino-terminalportion (24, 25).
The analysis of targeting function of prepeptides by mutational variation
did not usually lead to unambiguousresults. In a numberof cases, whensuch
variants were expressed in transformed cells from high-copy-numberplasmids, the corresponding protein accumulated to appreciable degrees in the
mitochondria. However,the import rates of the same variant precursor proteins into isolated mitochondria were strongly reduced as comparedto wildtype (23, 25-27). It is doubtful whether accumulation in mitochondria
transformed cells can be taken as a measureof the efficiency of a targeting
sequence; on the other hand, import in vitro may suffer from suboptimal
conditions.
Experimentswith mutated signal sequences involve, of course, the problem
that exchangeof only one aminoacid residue can drastically influence the
functional arrangement of other amino acid residues, thus making it very
difficult to conclude whether the mutated aminoacid residues are directly
responsible for the altered import function or not. Furthermore,in most cases
it was not clarified whetherall the import steps characteristic of authentic
mitochondrialprecursor proteins are also shared by hybrid proteins or mutated
precursor proteins. A striking exampleof this is given by the observation that
nonmitochondrialtargeting signals, e.g. a chloroplast transit sequence, could
direct proteins into mitochondria in vivo and in vitro albeit with a low
efficiency (28-31). A detailed study revealed that a chloroplast signal sequencebypassed the protease-sensitive receptors on the mitochondrial surface
and entered the import pathwayat a later stage with low efficiency (32).
Owingto its very low efficiency, "bypass" import does not disturb the
uniqueness of mitochondrial protein composition (33). Indeed, mitochondrial
and chloroplast targeting sequences directed attached proteins exclusively to
the correct compartmentin plant cells (34).
It is conceivable that the positive charges in the mitochondrial targeting
sequences are necessary for responding to the electrical potential A~across
the inner membrane
(35); other motifs that are so far not characterized may
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determinethe targeting function of a presequence,i.e. its interaction with the
specific receptor.
IN THE MATURE PART OF PRECURSOR PROTEINS
Quite a number
of mitochon~drial proteins are synthesized without a peptide extension (2).
Thoseprecursor proteins obviously carry the targeting signal(s) within the
mature part of the protein. In few cases, experimental data on the targeting
signals of such precursor proteins are available. A 70-kd protein of yeast
mitochondrial outer membranecontains a targeting sequence at its extreme
amino-terminus (36, 37). The inner membraneproteins ADP/ATP
carrier and
uncouplingprotein apparently possess several (at least three) internal targeting signals that are not located at the amino-terminalend (38-40). Targeting
signals present in the carboxyl-terminal two thirds of the ADP/ATP
carrier
polypeptide were shown to employ a specific receptor protein on the
mitochondrital surface (38).
Precursor proteins that are synthesized with a presequence might also
possess specific targeting function in their maturepart. The precursor of an
inner membraneprotein, subunit 9 of Neurospora crassa FoFI-ATPase,
seemsto c~trry signals in the matureportion that in concert with the presequenceincrease the affinity to receptor sites; it was proposedthat "assistant
sequences" in the mature protein part maycnhanccthe signalling function of
presequences(41). Someprecursor proteins could be imported, although their
presequcnce had been deleted (27, 42). A targeting signal in the mature
portion of the cleavable precursor protein to malate dehydrogenasemediated
efficient import of the protein in vivo in the absense of the presequence(27).
In vitro import of the presequence-deficient "precursor" was undetectable,
whereasthe presequence-carrying precursor protein was efficiently imported
both in vivo and in vitro (see above).
In general, a redundancyof mitochondrialimport signals, i.e. the presence
of more than one signal in presequence and/or mature protein part, was
described for a numberof precursor proteins. This redundancymayincrease
the specificity and efficiency of protein import (33).
Interorganeller misrouting of a protein was reported to be the cause for a
genetic disease (43). The normally peroxisomal enzymealanine/glyoxylate
aminotransferase was found in the mitochondriaof two patients with primary
hyperoxaluria type 1. This protein targeting defect maybe caused by alteration of signals in the precursor protein or mutations of receptor sites on the
respective organelles.
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SIGNALS

Translocation

Competence

UNFOLDING
OF PRECURSOR
PROTEINS
It is generally assumed that proteins
are not translocated across biological membranesin their completely
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folded mature conformation. Studies on protein transport into mitochondria
provided experimental evidence that the precursor proteins have to be unfolded prior to or during translocation.
1. Precursor proteins can be accumulated in contact sites between both
mitochondrial membranessuch that the polypeptide chain traverses the two
membranes
(44, 45). The distance spanned by the polypeptide chain is larger
than the diameter of the maturefolded protein, suggestingthat the polypeptide
chain is (at least partially) unfoldedduring translocation. Indeed, by use of
series of hybrid proteins it was found that less than 46 aminoacid residues
were sufficient to span both mitochondrial membranes(J. Rassow, F.-U.
Hartl, B. Guiard, N. Pfanner, W.Neupert, in preparation), indicating a high
degree of unfolding of the precursor protein.
2. Induction of a stable tertiary structure in a portion (domain) of
precursor protein prevents import of the precursor into mitochondria. This
was most convincingly shownby use of hybrid proteins between a mitochondrial targeting sequence (amino-terrninal) and a nonmitochondrialpassenger
protein (carboxyl-terminal); binding of a specific ligand to the passenger
protein promoted its folding to the "mature" conformation and inhibited
translocation across the mitochondrial membranes(47-49). In the first experimental demonstration (47), the cytosolic protein dihydrofolate reductase
(DHFR)was used as passenger protein. Binding of the specific ligand
methotrexate to the DHFRmoiety induced the formation of a stable tertiary
structure, preventing uptake of the hybrid protein by mitochondria. After
release of the ligand, the precursor protein becameimport-competent. When
the amino-terminal portion (derived from a mitochondrial precursor protein)
of the hybrid protein was sufficiently long to traverse both mitochondrial
membranes, the protein with the folded carboxyl-terminal domain became
trapped in mitochondrial contact sites (49). Uponrelease of the specific
ligand, the carboxyl-terminal passenger protein was unfolded on the
mitochondrial surface and its translocation into the mitochondrial matrix was
completed. This reversible folding demonstratesthat unfolding of a precursor
protein can occur on the mitochondrial surface.
CYTOSOLIC
COFACTORS
ANDATPResults of several groups suggested that
cytosolic cofactors are important for transport of precursor proteins into
mitochondria. These cofactors were only partially characterized, with some
indications that they might be of proteinaceous nature (50-55). Recently,
70-kd stress proteins (heat-shock proteins, hsp70) were found to be involved
in import of several mitochondrial precursor proteins (56, 57). 70-kd stress
proteins are generally ascribed a role in modulating the conformational and
aggregational state of proteins in an ATP-dependentmanner (58-60), and
they might thus be good candidates for factors that confer transport competence to precursor proteins. A further proteinaceouscytosolic factor that is
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inactivated by treatment with N-ethylmaleimideseems to participate in protein transport into mitochondria (57, 61). On the other hand, purified precursor proteins could be imported in the absence of cytosolic cofactors (47,
62), suggesting that the requirement for cofactors is not a general one.
Import of mitochondrial precursor proteins in vitro dependson hydrolysis
of nucleoside triphosphates such as ATP(63-65). ATPappears to be involved
in conferring translocation competenceto precursor proteins: (a) Hybrid
proteins with identical targeting signals but various carboxyl-terminal portions require different levels of ATPfor import (66). (b) Loosely folded
unfolded precursor proteins require less or no added ATPfor transport into
mitochondria(67, 68). (c) A precursor protein of whichan internal tetramerforming sequence was deleted required less ATPfor import than the authentic
precursor protein that forms a tetramer in the cytosol (69).
The 70-kd stress proteins and other cytosolic cofactors are probably involved in the ATP-dependentprocess of keeping precursor proteins in a
transport-competent state. This most likely includes the prevention of improper interactions of precursor proteins with themselves or with other
cytosolic components.
Recentdata indicate that the unfoldingreaction per se and the translocation
across the mitochondrial membranesof some precursor proteins can occur
independently of added ATP. Unfolding and membranetranslocation of a
hybrid protein with a folded carboxyl-terminal portion (derived from DHFR)
did not require measurablelevels of addedATP(70). This hybrid protein may
not require’, ATP-dependentcomponentsto remain in a transport-competent
state in the cytosol. The unfolding reaction itself might then be performedby
membrane-boundcomponents of the mitochondrial translocation machinery
independent of added ATP. Similar results were obtained by G. Schatz and
coworkers (71); unfolding of a hybrid protein (containing DHFR)on
mitochondrial surface did not depend on ATP.The completion of transport
(including proteolytic processing), however, required ATP. This ATPdependent step maybe related to an ATP-requirementin the mitochondrial
matrix, especially for interaction with a 60-kdstress protein (72; see below).
This wouldsupport the view that not all precursor proteins require ATPdependentcytosolic cofactors, but that someprecursor proteins are kept in a
transport-competent state by other mechanisms.
IMPORT

RECEPTORS

Howis the; targeting information of mitochondrialprecursor proteins decoded
by mitochondria? Functional studies, in particular with Neurosporacrassa
mitochondria,suggestedthe existence of distinct specific receptor sites on the
mitochondrialsurface (1, 2, 7). Precursor proteins bind with high affinity
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protease-sensitive sites on the mitochondrial surface (73, 74). The precursor
proteins are imported from these binding sites without release from the
mitochondrial membranes(54, 75). Competition studies with various precursor proteins suggestedthe existence of at least two distinct receptor sites
(74). Despite numerous efforts in the last decade, none of the putative
receptor sites could be identified. This failure promotedspeculations that
receptor sites maynot be important for mitochondrial protein import (8, 15).
Recently, a systematic approach was started in order to identify import
receptors for mitochondrialprecursor proteins. Gel electroplaoretic analysis of
the mitochondrial outer membranefrom Neurosporacrassa leads to resolution of about 25 different proteins. Specific antibodies against most of these
proteins were prepared, and their effect on the import of proteins into
mitochondria in vitro was tested. Monospecificantibodies against two outer
membraneproteins were found to selectively inhibit import of subsets of
precursor proteins (76, 77).
MOM19
Antibodies or Fab fragments directed against a _mitochondrial outer
_membraneprotein of 19 kd, termed MOM19,were prebound to isolated
mitochondria, and import of various precursor proteins was investigated.
Import of most precursor proteins tested, including all those carrying aminoterminal presequences, was inhibited. Inhibition occurred at the level of
specific binding of precursor proteins to the mitochondrial surface. Other
transport steps such as unfolding of precursor proteins and translocation of
precursor proteins from the outer membraneinto the inner membraneor
matrix were not affected by the antibodies (76). MOMI9
is exposed on the
mitochondrialsurface. Since it exhibits the properties expected of a specific
mitochondrial import receptor, it is concluded that MOMI9
functions as a
specific receptor, especially for precursor proteins with amino-terminaltargeting sequences.
Treatment of mitochondria with elastase generated a 17-kd fragment of
MOMI9.The 17-kd fragment was found to mediate the import of the
precursor of FoF~-ATPase subunit /3, whereas import of other MOMI9dependent precursor proteins was inhibited by the elastase treatment (76).
This observation suggests that MOM19
may possess distinct portions for
interaction with the various precursor proteins and opens the way for a
functional analysis of the MOMI9
protein.
MOM72
Antibodies directed against MOMI9
did not significantly inhibit
the import of the precursor of ADP/ATP
carrier (76). Import of this most
abundant protein of the inner mitochondrial membraneexhibits several
peculiarities (Table 3). Theprecursor contains (at least) three internal targeting sequences, but none at the amino-terminal end (38, 39). ADP/ATP
carrier
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appears to employ a different surface receptor as compared to precursor
proteins with amino-terminal presequences (74, 76). Indeed, antibodies and
Fab fragments against a _mitochondrial outer _membrane protein of 72 kd
(MOM72)inhibit import of ADP/ATPcarrier but not of presequence-carrying
precursor proteins. The import step affected by the antibodies was found to be
the specific binding of ADP/ATP
carrier to the mitochondrial surface (77).
MOM72
apparently acts as a receptor for the precursor of ADP/ATPcarrier.
ADP/ATP.carrier specifically
bound to the mitochondrial surface could be
coprecipitated
with antibodies against MOM72
after lysis of mitochondria
with detergent, strongly supporting the role of MOM72
as high-affinity
receptor (77). A large hydrophilic domain of MOM72protrudes into the
cytosol. The hydrophilic domain may carry the binding site for precursor
proteins.
The ADP/ATPcarrier
was most likely not present in the prokaryotic

Table 3 Targetingand sorting pathwaysof mitochondrialprecursor proteins
Precursorproteins with presequence(e.g. Fe/Sprotein, Outer membrane
cytochrome
cl, subunits/3
proteins(e.g. porin,
and 9 of FoF~-ATPase)
70-kdprotein)
ADP/ATP
carrier Cytochrome c
Amino-terminal Yes
targeting
sequence

?/Yes

No

?

Receptor

MOMI9

MOM19

MOM72

Nosurface
receptor

Membrane
insertion

GIP

GIPJ?

GIP

Intrinsic
activity
of precursor

Transport
throughcontact sites

Yes

(No)

Yes

(No)

Proteolytic
processing

Yes

No

No

No

Hsp60involved

Yes

No

No

No

Sortingprinciple Conservative

--

Nonconservative --

Prokaryotic
equivalent

?

(No)

Yes

Yes
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ancestor of mitochondria(78). It was probably introduced into the cell during
or after endocytosis of the prokaryotic mitochondrial ancestor by the now
eukaryotic cell. This maybe related to the diverse specificity of MOM19
and
MOM72.
MOM19
and MOM72
were found to be distributed over the entire
mitochondrial surface with a slight (MOM19)
and a strong (MOM72)
enrichment in regions of contact between both mitochondrial membranes(76, 77).
Receptors maycollect precursor proteins from all over the mitochondrial
surface and eventually transfer themto contact sites (79), the major site for
translocation of precursor proteins across the mitochondrial membranes
(44,
45). MOM19,
MOM72,
and further components can associate to form multisubunit complexesin the mitochondrial outer membrane(80). These "receptor complexes"are possibly located in contact site regions and maytherefore
be formedby that fraction of the receptors found in contact sites (see below).
Neither antibodies against MOMI9
nor antibodies against MOM72
inhibited the import of apocytochromec, the precursor of cytochromec, to the
intermembrane space (76, 77). This finding fits well with the previous
observation that apocytochromec does not employa protease-sensitive st~rface receptor (81), but most probably inserts spontaneously into the outer
rnembrane (82-84).
MEMBRANE INSERTION
A General Insertion

OF PRECURSOR

PROTEINS

Protein

Uponinteraction with the specific surface receptor, the precursor proteins are
inserted into the mitochondrial outer membrane.By reversible accumulation
of precursor proteins at distinct stages of their import pathway(generation of
"translocation intermediates"), several transport steps such as binding to
receptor sites and transport through contact sites could be characterized in
somedetail (44, 54, 74). Anotherstep of transport, insertion of precursor
proteins into the outer membrane,was identified, and the existence of a
specific site or componentthat performs the membraneinsertion was proposed (54). The number of precursor molecules that can be accumulated
this stage was determined and found to be the same for various precursor
proteins (73, 74). Competitionstudies with different precursor proteins suggested that nearly all precursor proteins, with the exception of apocytochrome
c, used the samesites (74). Precursor proteins accumulatedat these sites can
be extracted from the membranesby protein denaturants such as sodium
carbonate, suggesting a proteinaceousnature of the site (54, 73). The site was
assumed to function as a commonmembraneinsertion site for precursor
proteins and provisionally termed "general insertion protein" (GIP) (7,
(Figure 1).
As described above, the receptors MOM19
and MOM72
can associate to
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Possible
interaction
with cytosolic
co factors;
ATP
Receptors

protein

on the

in the

~

Electrical
potential
for entry into
the inner
membrane

~

Proteolytic
processing

carrier)

(re)folding
the matrix;
ATP

Figure 1 Hypothetical modelof protein transport into mitochondriaMOMIg,
mitochondrial
outer membrane
protein of 19 kd; MOM72,
mitochondrialouter membrane
protein of 72 kd; GIP,
general insertion protein: PEP,processingenhancingprotein; MPP,mitochondrialprocessing
peptidase;hsp60,hcat-shockprotein of 60 kd.
form a mullisubunit complex. Precursor proteins accumulated at the GIP site
copurify with the receptor complexes, suggesting that GIP is present in these
complexes (80). However, MOM19and MOM72arc degraded by treatment
of mitochondria with low concentrations of proteases (such as trypsin) (76,
77), whereas the functionally characterized GIP site is resistant against relatively high concentrations of proteases (54). A further outer membraneprotein of 38 kd in Neurospora crassa mitochondria (MOM38)represents
constitutive component of the receptor complexes (80). The protease resistance of MOM38
correlates
well with that of the GIP site. MOM38might
therefore be., a candidate for GIP (Table 2), although it has to be emphasized
that the evidence is indirect.
Antibodies directed against several outer membraneproteins of about 45 kd
of yeast mitochondria inhibit import of precursor proteins, suggesting that an
outer membraneprotein recognized by the antibodies is essential for protein
import. Interestingly, the mitochondria had to be pretreated with trypsin in
order to efficiently bind the inhibitory antibodies (85), indicating that the
functionally relevant antigen is protease resistant. Recently, it was found that
the antibody preparation contained contaminating antibodies against an outer
membraneprotein of 42 kd, termed import-site protein 42 or ISP 42. Inhibition of protein import was indeed caused by the antibodies against ISP 42 and
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not by the antibodiesagainst the 45-kdproteins (85a). In addition, an artificial
precursor protein that was trapped in mitochondrial contact sites could be
crosslinked to ISP 42. It is ¢onceiw~ble that MOM38
of Neurosporacrassa
and ISP 42 of yeast are equivalent proteins and that they are related to GIP.
Pathway of Apocytochrome
c
The import pathway of the intermembrane space protein cytochrome c is
unique in several aspects. The presently available experimental evidence
suggests the following steps. The precursor protein, apocytochrome c,
possesses the intrinsic activity to insert into membranes,i.e. without the aid
of proteinaceous components (82-84, 86-89). Apocytochromec does not
employa protease-accessible receptor on the mitochondrial surface (81).
After insertion of apocytochrome c into the outer membrane, heme is
covalently added to the apoprotein by the enzymecytochrome c heme lyase
on the intermembranespace side (81, 90-93), and the holoprotein is released
to the intermembrane space. Under conditions where the heme group could
not be covalently attached to apocytochromec (e.g. presence of the heme
analogue deuteroheminand absence of protoheme), import was arrested at the
level of a translocation intermediate: a portion of the precursor protein was
still exposedto the cytosol (94, 95), whereasanother part of the precursor was
tightly associated with cytochrome c heme lyase (81); upon addition
protoheme, the prosthetic group was added to the membrane-spanningprecursor and the holoprotein was released to the intermembranespace. Apocytochromec apparently has developed a short-cut pathwayas comparedto the
complex import and sorting pathways followed by other nuclear-coded
mitochondrial precursor proteins (Table 3). Interestingly, the membrane
insertion activity of apocytochromec was found to allow circumvention of the
receptor/GIP-systemby a hybrid protein betweena matrix targeting signal and
apocytochromec on its way into the mitochondrial matrix (84).
Partial

and Artificial

Systems

TRANSPORT
THROUGH
THE INNER
MEMBRANE
In yeast
mitochondria with openedouter membrane("mitoplasts"), precursor proteins
can be directly translocated across the inner membrane(96). The precursor
proteins thereby bypass the protein import apparatus of the outer membrane.
Transport through the inner membraneexhibits someproperties of authentic
protein import like dependence on a positively charged sequence on the
precursor protein, ATP, and the membranepotential A~ across the inner
membrane(96). This transport process could also be performed with inner
membranevesicles (97). The question remains as to whether the sites for
direct translocation across the inner membrane
are functionally and structurally related to the authentic import sites (at contact sites between both
PROTEIN
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mitochondrJial membranes)or if they represent different entities with less
importance for physiological import (J. Rassow, N. Pfanner, W. Neupert, in
preparation).
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INTERACTION
BRANESSeveral

OF PRESEQUENCES

WITH ARTIFICIAL

LIPID

MEM-

laboratories studied the properties of positively charged
synthetic peptides resembling mitochondrial presequences. Investigations of
the effect of these synthetic peptides on intact mitochondriaturned out to be
difficult to interpret, since high concentrations of peptides were required to
affect protein import and at these concentrations the peptides often uncoupled
mitochondria (19, 98). Nevertheless, in several cases the presequence peptides apparently specifically inhibited import of precursor proteins (55, 99).
With artificial lipid membranes,the presequencepeptides were found to be
membrane
~tctive. Interaction of some, but not all, presequencepeptides with
the lipid membraneswas influenced by an electrical potential across the
membrane(15, 19, 100). These experimental systems obviously do not
include the proteinaceouscomponentsfor initial steps of protein import. High
concentratic,ns of the drug adriamycinthat binds to acidic phospholipidslike
cardiolipin inhibit both import of proteins into mitochondriaand interaction of
a purified precursor protein with lipid membranes(101, 102). The significance of these observations for the physiology of protein import, however,is
difficult to determine.It remainsunclear if precursorproteins directly interact
with lipids of the mitochondrial membranes
or if the role of lipids is more
indirect via effects on embeddedproteinaceous componentsof the import
apparatus.

TRANSLOCATION CONTACT SITES
Howare precursor proteins translocated across the two mitochondrial membranes? Butow and colleagues (103) proposed that precursor proteins are
imported at sites of close contact betweenboth mitochondrial membranes.It
took morethan 10 years to obtain experimentalevidence for a role of contact
sites in protein import. Precursor proteins were reversibly accumulatedin
contact sites, e.g. by performingimport at low temperaturein vivo or in vitro
(44). The two-membrane
spanning topology of this translocation intermediate
was demonstrated by accessibility of the accumulated precursor protein to
protease on both sides of the two membranes:the presequencewas cleaved off
by the processing peptidase in the matrix, whereasother (carboxyl-terminal)
portions of the precursor proteins were accessible to proteases and also
antibodies fi’om outside the mitochondria (44, 45, 104). Three further procedures to accumulate translocation contact site intermediates were developed: binding of antibodies to carboxyl-terminal parts of the precursor
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proteins prior to import (44, 45); lowering of the levels of ATPin the import
system (66, 104); and, reversible folding of the DHFRdomainin a hybrid
protein by reversible stabilization with the substrate analogue methotrexate
(49). The latter approach could also be used in vivo, whenyeast cells were
transformed with a plasmid containing the information for such a fusion
protein. Contact site intermediates accumulatedwhenthe cells were exposed
to a folate antagonist (M. Schleyer, W.Neupert, unpublished data).
Labelling of precursor proteins accumulatedin contact sites with specific
antibodies, and protein A gold particles confirmedthat translocation contact
sites are located in the morphologicallyvisible areas of close approximation
between both mitochondrial membranes(45). Precursor proteins without
cleavable presequence such as the inner membraneprotein ADP/ATP
carder
are also imported via contact sites (54), emphasizing the general role
contact sites in protein import (Table 3). Furthermore, Ono& Tuboi (105)
suggested that the outer membrane
protein porin is preferentially imported at
contact site regions and then distributed over the outer membrane
and assembled.
Translocation contact sites can be saturated with precursor proteins. This
was achieved by use of large amountsof precursor proteins with a (reversibly
or irreversibly) folded carboxyl-terminal portion (49, 106). Therebyimport
several other precursor proteins was inhibited, suggesting that the various
precursor proteins use the sametranslocation contact sites. Protein transport
via contact sites apparently occurs through a hydrophilic membrane
environment (107, 108). It was proposed that translocation contact sites contain
proteinaceous componentsprobably embeddedin a perturbed lipid environment (107). Translocation contact sites can be enriched by fractionation
mitochondriainto submitochondrialvesicles (45, 109), opening the-possibility for purification of translocation contact sites.
It is conceivable that structural components (holding the membranes
together) form the basis of contact sites and that components
of the translocation machineryexhibit a dynamicbehavior whereonly a certain fraction of the
transport componentsis present in contact sites. The transport components
present in contact sites may be assembled into a dynamic multisubunit
complex(with possible cycles of assembly and disassembly).
Transport of precursor proteins into the inner membranedepends on
energization of the membrane.The energy source required is the electrical
potential A~ and not the ApH(35). Insertion of a precursor protein into
contact sites such that the positively charged presequence crosses the inner
membrane
requires A~p; the completion of transport of the precursor protein
wherebythe major portion of the polypeptide chain is translocated across the
inner membrane,however, can occur in the absence of A~(44). The electrical potential (negative inside) maybe important for correct positioning of the
positively charged presequence in order to allow entry into the inner mem-
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brane (110). Alternatively, Aq~maybe necessary to induce or stabilize the
active conformationof a componentthat is involved in protein entry into the
inner membrane.
COVALENT
IMPORTED
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Processing

AND NONCOVALENT MODIFICATION
PRECURSOR PROTEINS

OF

Enzymes

PROCESSING
PEPTIDASE
The presequences are cleaved off by the enzyme
processing peptidase in the mitochondrial matrix. The enzymeis dependent
on divalent cations such as Mn2+ and Zn2+. Processing peptidase was first
purified from Neurosporacrassa mitochondria (111). It was found that two
proteins were required for processing: the mitochondrial processing peptidase
(MPP) and a processing enhancing protein (PEP). These two components
have molecular masses of 57 kd and 52 kd, respectively. MPPalone has a
very low processing activity (111). Subsequently, processing peptidase was
purified from yeast mitochondria (112) and rat liver mitochondria (113).
Neurosporacrassa, MPPand PEPare recovered as individual proteins during
isolation; in yeast and more so in rat liver, the two componentsform a
complex. The amino acid sequences around the cleavage sites of various
precursor proteins exhibit common
features, especially a positively charged
amino acid residue is usually found at position-2 (2nd amino acid residue
before the cleavage site) (2, 114). Both MPPand PEPare synthesized in
cytosol with presequence; the mature proteins thus perform the proteolytic
maturation of their ownprecursor proteins (111, 115, 116).
MPPand PEP are the proteins that are affected in two yeast mutants
defective in maturation of precursor proteins (111, 112, 115, 117-119). Upon
determinatie,n of the primary structure of MPPand PEP, several interesting observations were made. A new family of mitochondrial proteins with
a function in both biogenesis and bioenergetics was discovered. The members of the family showsimilarity of their primary structure. MPP,PEP,and
the subunits I and II of the bc~-complexof the mitochondrial respiratory
chain belong to the family. In Neurosporacrassa, but not in yeast, PEPand
subunit I are even identical proteins (120). Althoughthe function of subunits
I and II has not been exactly determined, they are assumedto participate in
assembly and/or stabilization of the bc~-complex(121, 122). PEPmaybind
precursor proteins at the matrix side of the inner membrane
and present them
to MPP.In addition, PEPseems to participate in the translocation of proteins through contact sites (F.-U. Hartl, J. Martin, A. L. Horwich,W. Neupert, in preparation). Four cysteine residues that are conserved in MPPof
Neurosporacrassa and yeast are not present in PEP. The importance of cysteine residue, s for the function of MPPis suggested by the inactivation of
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MPP, but not of PEP, by treatment
ethylmaleimide (116).

with the sulfhydryl

reagent N-

TWO-STEPPROCESSING
Several mitochondrial presequences are proteolytically cleaved in two steps. The first cleavage is always performedby
processing peptidase, yielding an intermediate-sized precursor protein. In the
case of the precursor of FoF~-ATPasesubunit 9, the second cleavage that
generates the mature-sized protein is also carried out by processing peptidase
(124). A numberof precursor proteins have been described that are first
cleaved by MPPand in a second step by an enzyme that removes an
octapeptide to yield the matureprotein. The putative octapeptidyl-peptidase is
believed to be located in the matrix (114, 125). Most proteins of the intermembranespace studied so far carry a bipartite presequence (2, 8). The
amino-terminalportion represents a typical positively charged matrix targeting sequence that is removedby processing peptidase. The carboxyl-terminal
portion of the presequence is relatively hydrophobicand is responsible for
sorting to the intermembranespace (126, 127) (see below). Proteolytic
movalof these second signals takes place on the intermembranespace side of
the inner membraneby one or more processing enzyme(s) (127-129). A yeast
mutant affected in the second proteolytic processing of someintermembrane
space proteins maybe deficient in a processing enzyme(130). So far, none
these enzymeshas been identified or characterized.
OTHER
MODIFICATIONS
Prosthetic groups such as heme, Fe/S clusters, and
flavine nucleotides are attached to a numberof precursor proteins; furthermore, single aminoacid residues can be modified (for a discussion see 2, 9,
131). For cytochromesc and cj, it was demonstratedthat the hemehad to be
in a reduced state prior to its covalent linkage to the apoprotein by specific
hemelyases (92, 132). Attachment of hemeto apocytochromecl is a prerequisite for the occurrenceof the secondproteolytic processingstep (128, 132),
indicating a coordinated sequence of the various processing steps.
A Folding Machinery
Proteins imported into mitochondriaare (re)folded to their mature conformation and are often assembled into multisubunit complexes. Recently, a yeast
mutant was characterized that is temperature-sensitive defective in assembly
of imported mitochondrial proteins (133). Precursor proteins can be imported
into the mitochondrial matrix and proteolytically processed; however,their
assembly to multisubunit complexesis affected in mit0cho~idria from mutant
cells grownat nonpermissivetemperature. Moreover,retranslocation of proteins from the matrix into or across the inner membrane(see below)
inhibited. The gene affected in this mutant codes for a constitutively ex-
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pressed stress protein ("heat-shock protein") of about 60 kd, termed hsp60,
that is located in the mitochondrial matrix (133, 134). Hsp60is homologous
to the Esc~erichia coli groELprotein and the chloroplast Rubiscosubunitbinding protein (134, 135). These three proteins were termed chaperonins
(136, 137),. since they appear to chaperonethe assemblyof oligomeric protein
complexes.In general, heat-shock proteins are thought to play an essential
role in modulating conformation and interaction of proteins (58, 138),
although experimental evidence to support this view is mainly indirect.
Does (re)folding of polypeptides imported into the mitochondrial matrix
occur spontaneously or is a folding machinery involved? This was investigated by use of a hybrid protein betweena matrix-targeting signal and the
passenger protein DHFR.Several in vitro conditions promotedthe accumulation of an "unfolded" intermediate of the hybrid protein in the mitochondrial
matrix: import at low levels of ATP, low temperature, or presence of a
nonhydrolyzable analogue of ATP(the precursor protein had been unfolded
by treatment with urea to circumventa possible unfoldingstep on tl~e cytosolic side of the membranes)(72). The unfolded state of the imported protein
was assessed by digestion with low concentrations of proteases after per-"
meabilization of mitochondria with detergent; the protein imported under
control conditions acquired its folded conformationas assayed by resistance
to treatment with protease and was present as monomerin the matrix. The
unfolded intermediate in the matrix was found to be associated with hsp60
(72). The intermediate accumulatedat low levels of ATPcould be "chased"
the folded form after addition of ATPand was released from hsp60. This
chase by addition of ATPwas also possible with an extract prepared from the
mitochondrial matrix: the. protein was folded and released from hsp60. When
hsp60 carrying the ul~folded intermediate was partially purified by gel
chromatography, readdition of ATPpromoted folding of the protein on the
surface of hsp60; the folded protein, however, remained associated with
hsp60. Additional componentsthat mayhave been lost during the purification
procedure are probably required for the complete sequence of reactions
leading to release of the folded protein from hsp60. These results de~nonstrated that folding of importedproteins in the mitochondrialmatrix, at least
in manycases, does not occur spontaneously; it requires complexformation
with hsp60and ATPhydrolysis (72). Therefore, hsp60 is not only involved
the folding and assemblypathwayof proteins that are integrated into multisubunit complexes(as found for several authentic mitochondrial precursor
proteins), it also plays an essential role in (re)folding of monomeric
proteins
in the mitochondrial matrix.
Several proteins of the intermembranespace require interaction with hsp60
prior to their retranslocation across the inner membrane
(133) (see below).
These proteins are probably not folded to their mature conformationin the
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matrix; rather hsp60and further componentsmayinduce a conformatonthat is
conducive to retranslocation across the inner membrane.Future studies are
necessary to characterize the various functions of hsp60 and associated components in modulating the conformation of proteins.
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INTRAMITOCHONDRIAL

SORTING

Nuclear-encoded mitochondrial proteins have to be sorted to the four
mitochondrial subcompartments (outer membrane,intermembrane space, inner membrane,and matrix) (Figure 1). Outer membraneproteins interact with
a specific receptor, and then insert and assemble into the outer membrane.
Proteins destined for the mitochondrial matrix are translocated through contact sites to their functional destination, The intermembranespace protein
cytochrome c has developed a unique import pathway without a proteaseaccessible surface receptor; the precursor protein is directly translocated
across the outer membrane(see above). Inner membraneproteins and most
intermembrane space proteins follow more complex sorting and assembly
pathwaysthat will be discussed in the following paragraphs.
Conservative

Sorting

It was observed that proteins destined for the intermembranespace or the
intermembranespace side of the inner membrane
are first completely translocated via contact sites into the matrix (127,139). Mostof these proteins carry
a bipartite presequence. The amino-terminal portion of the presequencefunctions as a matrix-targeting sequence. After cleavage by processing peptidase,
the proteins are retranslocated across the inner membrane
to their functional
destination. The pathway is in complete agreement with the endosymbiont
hypothesis of mitochondrial origin. In the prokaryotic ancestor of mitochondria, all proteins were synthesized in the inner compartment,the equivalent to
the mitochondrial matrix. Translocation and assembly pathwaysof precursor
proteins thus had their origin in this compartment.Followingendocytosis of
the prokaryotic ancestor by the protokaryotic host, most of the genes of the
endosymbiontwere transferred to the nucleus. The correspondingproteins are
nowsynthesized in the cytosol as precursor proteins with a matrix-targeting
sequence. They are imported via contact sites into the matrix space and then
use the conserved sorting and assembly pathways established in the prokaryote. This includes their initial interaction with hsp60, the homologueof
prokaryotic groEL protein; then they are retranslocated across the inner
membrane(72, 133) (Table 3). This retranslocation appears to exhibit
number of characteristics of prokaryotic protein export. The carboxylterminal part of the bipartite presequence of several intermembranespace
proteins strongly resembles prokaryotic leader sequences (2, 126, 127, 140).
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Originally it was proposed that these relatively hydrophobicsequences function as "stop-transfer" sequences during import at contact sites, thereby
anchoring the precursor protein in the inner membrane(8, 126, 141-143).
However,as described above, the precursor proteins are completely transported into the matrix and the hydrophobicsequencesappear to direct protein
translocation from the matrix across the inner membrane(127). In the
retranslocation process, these sequences mayin fact be anchored to the inner
membrane.
Recently, a quite different import pathway was suggested for a mutated
form of cytochromec peroxidase (144), an intermembranespace protein with
a typical bipartite presequence (141). The precursor protein seemedto
imported to the intermembrane space in the absence of A~ and was then
released from the mitochondria (144). Further studies will be required
analyze the., import pathwayof authentic cytochromec peroxidase.
Whichsorting pathwaysare taken by typical inner membrane
proteins, i.e.
proteins embeddedwith major portions in the inner membrane?The targeting
and sortin~ signals in the precursor of subunit 9 of Neurosporacrassa
FoFl-ATPaseseem to direct the protein on the conservative pathway. The
precursor protein is transported via contact sites into the mitochondrialmatrix. Uponremoval of the positively charged presequence, the protein is
retranslocated and assembled into the inner membrane(145). With this
protein, the targeting signal for retranslocation apparently resides in the
mature part of the protein (145), consistent with the finding that the
homologou:~proteins of yeast and plant mitochondriaare synthesized within
the organelle and do not carry a cleavable peptide extension (146, 147).
Several proteins with mainly hydrophobiccharacter are synthesized within
mitochondria. In a series of experiments, it was demonstratedthat the (normally mitoehondrially encoded) subunits 8 and 9 of yeast FoF~-ATPase
could
be imported and correctly processed by mitochondria (148-150). For this
purpose, synthetic "genes" for these subunits were fused to DNAsegments
coding for a mitochondrial matrix-targeting signal (presequence) and the
constructs were expressed in yeast. In the case of subunit 8, the imported
protein was successfully assembled into the FoF~-ATPase.Divergenceof the
genetic code between nucleus and the mitochondria mayexplain the lack of
transfer of the mitochondrial genes for these proteins to the nucleus.
Nonconservative

Sorting

Not all mitochondrial inner membraneproteins are sorted according to the
conservatiw; principle. ADP/ATP
carrier probably does not possess a prokaryotic equivalent (78); its precursor appears to use a different import and
sorting pathway(Table 3; Figure 1). Transport of ADP/ATP
carrier from the
outer membraneinto the inner membraneand assembly to the mature form do
not require ATP(66), whereas protein transport via the conservative way
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involves an ATP-dependent
step for the interaction with hsp60 in the matrix
(72). Indeed, import and assembly of ADP/ATP
carrier does not involve
hsp60 (145). The precursor of ADP/ATP
carrier may diffuse laterally from
contact sites to its functional destination in the inner membrane
(145).
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SUMMARYAND PERSPECTIVES
Transport of proteins into mitochondria involves a series of functionally
defined steps (Table 1). Recently, several of the componentsof the protein
import apparatus were characterized and identified: 70-kd heat-shock protein
in the cytosol, two receptors on the mitochondrial surface, an outer membrane
protein of 42 kd, processing peptidase, processing enhancing protein (PEP),
and the 60-kd heat-shock protein hsp60in the matrix, as well as cytochromec
heme lyasc.

Futurestudies will focuson three lines of experiments.
(a) detailed
analysis of structure and function of the identified componentsand of the
precursor proteins. (b) Identification and characterization of further components of the import apparatus, including additional cytosolic factors, components of translocation
contact sites;
factors
that cooperate with hsp60,
componentsinvolved in the retranslocation across the inner membrane,and a
numberof enzymesfor modification of precursor proteins, such as processing

enzymesin the matrix and intermembrane
space as well as enzymesfor
addition of prosthetic groups. (c) Reconstitution of partial reactions
mitochondrial protein import with purified components. A complete
reconstitution of the chain of reactions leading to transport and assemblyof
mitochondrial precursor proteins will require muchfurther work.
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