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The mitochondrial inner membrane contains numerous multispanning integral proteins. The precursors of
these hydrophobic proteins are synthesized in the cytosol and therefore have to cross the mitochondrial outer
membrane and intermembrane space to reach the inner membrane. While the import pathways of noncleavable
multispanning proteins, such as the metabolite carriers, have been characterized in detail by the generation of
translocation intermediates, little is known about the mechanism by which cleavable preproteins of multi-
spanning proteins, such as Oxa1, are transferred from the outer membrane to the inner membrane. We have
identified a translocation intermediate of the Oxa1 preprotein in the translocase of the outer membrane
(TOM) and found that there are differences from the import mechanisms of carrier proteins. The intermem-
brane space domain of the receptor Tom22 supports the stabilization of the Oxa1 intermediate. Transfer of the
Oxa1 preprotein to the inner membrane is not affected by inactivation of the soluble TIM complexes. Both the
inner membrane potential and matrix heat shock protein 70 are essential to release the preprotein from the
TOM complex, suggesting a close functional cooperation of the TOM complex and the presequence translocase
of the inner membrane. We conclude that mitochondria employ different mechanisms for translocation of
multispanning proteins across the aqueous intermembrane space.

The mitochondrial inner membrane has to maintain the
electrochemical proton gradient generated by the respiratory
chain, while numerous metabolites and proteins need to be
transported across or into this membrane in order to enable
the organelle to fulfill its biological functions (18, 54, 76). As a
consequence, the inner membrane of mitochondria is rich in
specific proteins that mediate these transport steps (18, 53, 56).
Among them are a large number of proteins with multiple
hydrophobic transmembrane segments, so-called multispan-
ning proteins. The mitochondrial genome encodes only a few
multispanning proteins, belonging to the respiratory chain
complexes (76, 78). Most multispanning proteins of the inner
membrane are thus encoded by nuclear genes and synthesized
on cytosolic polysomes. The proteins are recognized by recep-
tors on the mitochondrial surface and are translocated by a
general import pore (GIP) across the outer membrane. The
translocase of the outer membrane (TOM) consists of a stable
core complex (the GIP complex) and loosely associated recep-
tor proteins (16, 26, 38, 49, 66). The mitochondrial inner mem-
brane possesses two translocase complexes that mediate the
import of precursor proteins. The presequence translocase of
the inner membrane (TIM23 complex) mediates the import of
all preproteins that carry cleavable amino-terminal targeting
signals, termed presequences. The protein insertion complex
(carrier translocase or TIM22 complex) is responsible for the
insertion of multispanning membrane proteins that are synthe-

sized without a presequence yet contain internal targeting sig-
nals (3, 30, 31, 38, 58, 65, 70, 72).

The metabolite carriers of the inner membrane, such as the
abundant ADP/ATP carrier (AAC), as well as a few subunits
of the TIM complexes, are representatives of the noncleavable
multispanning proteins (3, 38, 63, 65). The precursors of car-
rier proteins are guided by a soluble hexameric complex of
essential small Tim proteins, the Tim9-Tim10 complex,
through the aqueous intermembrane space (1, 39, 41, 73). This
soluble TIM complex binds to hydrophobic segments within
the precursor proteins and is required to release the proteins
from the TOM complex (10, 39, 73, 79). The carrier proteins
are then transferred to the TIM22 complex, which assists in the
translocation and insertion of the precursor proteins into the
inner membrane in a strictly membrane potential-dependent
manner (1, 17, 39, 41, 64, 73). A second soluble TIM complex
of the intermembrane space has been found to assist in the
transfer of the precursor of the multispanning protein Tim23
through the intermembrane space. This nonessential Tim8-
Tim13 complex is homologous to the Tim9-Tim10 complex
and promotes release of the Tim23 precursor from the outer
membrane (11, 12, 40, 57).

Other multispanning inner membrane proteins, however,
are synthesized with a cleavable presequence and, like soluble
matrix proteins and inner membrane proteins with one or two
transmembrane segments, employ the presequence translocase
for their import. This translocase consists of two major parts: a
complex with integral membrane proteins, including the pore-
forming protein Tim23 (77), and an import motor complex at
the matrix side (48, 55, 86). Two energy sources are needed to
drive preproteins through the presequence translocase. The
membrane potential activates the Tim23 channel and exerts an
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electrophoretic effect on the positively charged presequences
(4, 24, 29, 47, 77). The essential matrix heat shock protein 70
(mtHsp70), also termed Ssc1 in yeast (34), forms the core of
the import motor and functions in an ATP-dependent manner.
Finally, the matrix-processing peptidase cleaves the translo-
cated precursor proteins and selectively removes the prese-
quences (3, 8, 20, 38). A representative of cleavable multispan-
ning proteins is Oxa1 (oxidase assembly 1), which is
synthesized with a 42-residue presequence (2, 7, 27). Oxa1 is
the main component of a third translocase machinery of the
mitochondrial inner membrane, the export machinery, which
mediates the transport of mitochondrially encoded proteins
and also some nuclear-encoded proteins from the matrix into
the inner membrane (9, 25, 76). The mature 36-kDa Oxa1
contains five transmembrane segments. Herrmann et al. (27)
reported that the precursor of Oxa1 is imported by the prese-
quence translocase in a ��- and mtHsp70-dependent manner
and inserts into the inner membrane from the matrix side.

Little is known about the transfer of the precursors of cleav-
able multispanning proteins from the outer membrane to the
presequence translocase. The presence of several hydrophobic
segments within these polypeptides should present similar de-
mands upon their transport across the aqueous intermembrane
space, as it does for the metabolite carriers. It has been re-
ported that the import of Coq2 (polyprenyl diphosphate:4-HB
transferase), a cleavable inner membrane protein with six pu-
tative transmembrane regions, involves the Tim9-Tim10 com-
plex, suggesting that cleavable multispanning proteins are de-
livered to the presequence translocase via the soluble TIM
complexes (46). A mechanistic characterization of the trans-
port pathway, however, has not been possible due to the lack of
suitable translocation intermediates.

Since an important advance in the analysis of carrier protein
import into mitochondria has been the accumulation of a
translocation intermediate in the outer membrane-intermem-
brane space, i.e., before insertion into the inner membrane (62,
67, 79), we attempted to obtain insight into the import mech-
anism of cleavable multispanning proteins by generation of a
translocation intermediate. By reversible inactivation of the
presequence translocase, we were able to accumulate a trans-
location intermediate of Oxa1 in the core of the TOM machin-
ery, the GIP complex of the outer membrane. Surprisingly,
transfer of the Oxa1 precursor through the intermembrane
space is not impaired by inactivation of the soluble TIM com-
plexes but depends on a close functional cooperation of the
TOM complex and the TIM23-import motor machinery. Thus,
mitochondria utilize different mechanisms to translocate hy-
drophobic proteins across the outer membrane and intermem-
brane space.

MATERIALS AND METHODS

Yeast strains, growth, and mitochondrial isolation conditions. With the ex-
ception of AFY18, all yeast strains used were described previously: YPH499 (71),
GB102 (MATa ade2-101 his3-�200 leu2-�1 ura3-52 trp1-�63 lys2-801
tim10::tim10-2) and PRY34 (MATa ade2-101 his3-�200 leu2-�1 ura3-52 trp1-�63
lys2-801 tim13::kanMX4 tim8::TRP1) (79), and PK82 (MAT� his4-713 lys2
ura3-52 �trp1 leu2-3,112) and PK83 (MAT� ade2-101 lys2 ura3-52 leu2-3,112
�trp1 ssc1-3[LEU2]) (21). Mitochondria were isolated from yeast strains grown
at 30°C (AFY18, PRY34) or 24°C (GB102 and PK82) in YPG medium (1%
[wt/vol] yeast extract, 2% [wt/vol] Bacto Peptone, and 3% [vol/vol] glycerol),
resuspended in SEM (250 mM sucrose, 1 mM EDTA, and 10 mM MOPS

[morpholinepropanesulfonic acid]-KOH [pH 7.2]) to a concentration of 10
mg/ml and stored at �80°C.

Generation of a yeast strain carrying tom22-2. A PCR product containing the
HIS3MX6 gene from pYM10 (36) with flanking sequences from Saccharomyces
cerevisiae TOM22 that were complementary to the border sequences of the 3�
region truncated in tom22-2 (51) was generated by using primers AEF44 (5�-G
ACCACCACTGCTTTGTTACTCGGTGTGCCACTATCCTTATCTATACTT
GCCGAACAATAGGGCGCGCCACTTCTA) and AEF45 (5�-CATGTATGG
CTCCTTTTCTAAAACCCTCTCTTTTCTTTTACATCATTAAAATTAATG
GCATCGATGAATTCGAGCTCG). The tom22-2 mutant was created by
homologous recombination after transformation of YPH499 (71) with the PCR
product and subsequent selection on minimal glucose medium containing all
necessary growth supplements except histidine. The truncation of TOM22 (re-
moval of the region encoding the C-terminal 31 amino acid residues) in strain
AFY18 carrying the tom22-2 mutation was confirmed by PCR with genomic
DNA as the template, DNA sequencing, and Western blotting of isolated mito-
chondrial proteins.

Cloning of OXA1 and COX18 for in vitro transcription-translation. A PCR
product carrying the coding sequence and an upstream promoter for SP6 poly-
merase was generated for S. cerevisiae OXA1 by using the primers PR71 (5�-G
GATTTAGGTGACACTATAGAATACTGAAAAATTTAACCAGTGG) and
PR72 (5�-ATAGAGCCTTTATTCATT) or for COX18 by using the primers
PR73 (5�-GGATTTAGGTGACACTATAGAATACTGGCATTATGTTAAA
GAGG) and PR74 (5�-CGTCAGGTTCACTCATCGTTGGT) and then cloned
into the pCR-Blunt II-TOPO vector (Invitrogen). Radiolabeled precursor pro-
teins were obtained by in vitro transcription from a plasmid (Oxa1) or by PCR
(Cox18) by using SP6 polymerase and then translated in vitro by using rabbit
reticulocyte lysate (Amersham) in the presence of [35S]methionine-cysteine es-
sentially as described previously (68).

In vitro import of radiolabeled proteins. Mitochondria were resuspended in
import buffer (250 mM sucrose, 10 mM MOPS-KOH [pH 7.2], 80 mM KCl, 5
mM MgCl2, 3% [wt/vol] bovine serum albumin [BSA], and 5 mM methionine)
that contained 2 mM ATP and 2 mM NADH. For import of Cox18, 350 mM KCl
was used. Unless otherwise stated, import reaction mixtures also contained an
ATP-regenerating system consisting of 5 mM creatine phosphate and 0.1 mg of
creatine kinase per ml. The membrane potential was dissipated by addition of 1
�M valinomycin, 8 �M antimycin A, and 20 �M oligomycin. Import reactions
were performed at 25°C (unless otherwise noted) by incubating mitochondria (25
to 75 �g of protein) with 5 to 15% (vol/vol) rabbit reticulocyte lysate containing
35S-labeled proteins. For import into ssc1-3 mitochondria and the corresponding
wild type, a 15-min heat shock at 37°C was performed, where indicated, prior to
import at 25°C. Import reactions were stopped by addition of 1 �M valinomycin.
Where indicated, the mitochondria were protease treated by incubation with 50
�g of proteinase K per ml on ice for 15 min. The protease was inhibited by
addition of 1 mM phenylmethylsulfonyl fluoride and incubated on ice for a
further 10 min. Following a reisolation by centrifugation, the mitochondria were
washed once with SEM, and the mitochondrial proteins were solubilized with the
appropriate detergent-containing buffer and then resolved by sodium dodecyl
sulfate (SDS)- or blue native (BN)-polyacrylamide gel electrophoresis (PAGE).

BN-PAGE and antibody shift BN-PAGE. Separation of mitochondrial proteins
by BN-PAGE was performed essentially as described previously (13, 79). Mito-
chondrial pellets (50 to 75 �g) were solubilized on ice for 15 min in 50 to 75 �l
of prechilled buffer containing 20 mM Tris (pH 7.4), 0.1 mM EDTA, 50 mM
NaCl, 10% (vol/vol) glycerol, 4 mM phenylmethylsulfonyl fluoride, and 1%
(wt/vol) digitonin. Following a 15-min centrifugation at 12,000 � g and 4°C, 5 to
7.5 �l of sample buffer (5% Coomassie brilliant blue G-250, 500 mM ε-amino-
n-caproic acid, and 100 mM bis-Tris [pH 7]) was added to the supernatants
containing the solubilized mitochondrial proteins. These were then separated on
a 6 to 16.5% polyacrylamide gradient gel at 4°C. For radiolabeled proteins, gels
were destained, dried, and analyzed by digital autoradiography. For Western
blotting, proteins were transferred to polyvinylidene difluoride membranes in
transfer buffer (20 mM Tris, 150 mM glycine, 0.02% [wt/vol] SDS, and 20%
[vol/vol] methanol), using a semidry blotting system.

For antibody shift BN-PAGE (79), immunoglobulin Gs (IgGs) were prepared
by isolation from serum with protein A-Sepharose, lyophilization, and subse-
quent resuspension in import buffer prior to use (74). The Oxa1GIP intermediate
was accumulated by import of radiolabeled Oxa1 for 20 min into mitochondria
(50 �g protein) with a dissipated membrane potential generated by addition of
1 �M valinomycin, 8 �M antimycin A, and 20 �M oligomycin. Following reiso-
lation and washing with SEM buffer, the mitochondria were resuspended in 100
�l of SEM buffer and incubated with the appropriate IgG on ice for 30 min with
occasional mixing. After reisolation and washing, mitochondria were solubilized
as described above and separated by BN-PAGE.
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Chase of the Oxa1 intermediate. Mitochondria were resuspended in low-BSA
import buffer (250 mM sucrose, 10 mM MOPS-KOH [pH 7.2], 80 mM KCl, 5
mM MgCl2, 1% [wt/vol] BSA, and 5 mM methionine), and the Oxa1GIP was
accumulated by import of radiolabeled Oxa1 under standard conditions for 20
min in the presence of 20 �M oligomycin and 60 �M carbonyl cyanide p-
(trifluoromethoxy)phenylhydrazone (FCCP). After transfer to ice, the mitochon-
dria were reisolated, washed, and resuspended in SEM in the presence of 20 �M
oligomycin and 60 �M FCCP or 1 �M valinomycin. The chase reaction was
performed at 10°C by addition of standard import buffer supplemented with 2
mM ATP, 2 mM NADH, 5 mM creatine phosphate, 0.1 mg of creatine kinase per
ml, and 20 �M oligomycin (diluting the FCCP to 6 �M). Reactions were stopped
at the appropriate times with the addition of 1 �M valinomycin, and then the
mixtures were treated as described above for separation by BN- or SDS-PAGE.

Miscellaneous. SDS-PAGE was performed essentially as described previously
(45). Radiolabeled proteins were detected by digital autoradiography (Molecular
Dynamics). In some figures, nonrelevant gel lanes were excised by digital treat-
ment. Western blotting was performed by standard techniques, and proteins
were detected by enhanced chemiluminescence (Amersham).

RESULTS

The Oxa1 precursor accumulates in a 500-kDa complex in
the absence of a membrane potential. We synthesized the
precursor of yeast Oxa1 in rabbit reticulocyte lysate in the
presence of [35S]methionine-cysteine and imported it into iso-
lated yeast mitochondria in the presence or absence of a mem-
brane potential (��) across the inner mitochondrial mem-
brane. When the reisolated mitochondria were analyzed by
SDS-PAGE, the expected result was obtained (27): In the
presence of a ��, the Oxa1 precursor was processed to its
mature form (Fig. 1A, upper panel, odd-numbered lanes). The
processed form was largely protected against protease added
to the isolated mitochondria (Fig. 1A, lower panel, odd-num-
bered lanes). When the �� was dissipated by the addition of
the potassium ionophore valinomycin (in the presence of po-
tassium in the medium), Oxa1 remained in its precursor form,
which was degraded upon addition of protease (Fig. 1A, even-
numbered lanes).

Upon import of Oxa1, the mitochondria were lysed with the
nonionic detergent digitonin and separated by BN-PAGE in
order to detect protein complexes. Processed, mature Oxa1 did
not reveal a defined high-molecular-weight complex (Fig. 1B,
odd-numbered lanes). When the import reactions were per-
formed in the absence of ��, however, the Oxa1 precursor was
found in a complex of about 500 kDa (500K complex) (Fig. 1B,
even-numbered lanes). The 500K complex was degraded by
proteinase K added to the mitochondria after the accumula-
tion of Oxa1 (Fig. 1C, lanes 1 to 4), indicating that it was
exposed at the mitochondrial surface.

The mitochondrial membrane potential can be gradually
reduced by addition of limiting amounts of a protonophore
(24, 47, 64, 67). The Oxa1 precursor was incubated with mito-
chondria in the presence of increasing amounts of the prot-
onophore FCCP; oligomycin was included to prevent genera-
tion of a �� by a reverse action of the F0F1-ATPase. The
mitochondria were reisolated, split into two portions, and an-
alyzed by two means (Fig. 2A): (i) BN-PAGE to assess the
relative amounts of the Oxa1-containing 500K complex and (ii)
protease treatment, followed by SDS-PAGE, to determine the
level of imported, mature Oxa1. The gradual reduction of ��
by increasing concentrations of FCCP caused a decrease in
formation of mature Oxa1 and a concomitant increase in the
formation of the 500K complex (Fig. 2A). Thus, the reduction

in import due to lowering of the membrane potential corre-
lates with the increased formation of the 500K intermediate,
suggesting that the 500K complex may represent a transloca-
tion intermediate. In order to determine whether the 500K
complex was a productive translocation intermediate, we in-
vestigated the competency of accumulated Oxa1 precursor to
be chased to the inner membrane after reestablishing a mem-
brane potential (Fig. 2B). The protonophore FCCP permits an
efficient regeneration of �� upon reisolation of mitochondria
and quenching of the remaining FCCP (67). Following arrest
of the Oxa1 precursor as a 500K intermediate, under condi-

FIG. 1. Accumulation of the precursor of Oxa1 in a 500-kDa com-
plex of yeast mitochondria. 35S-labeled Oxa1 precursor was imported
into wild-type mitochondria at 25°C in the presence or absence (addi-
tion of 1 �M valinomycin, 20 �M oligomycin, and 8 �M antimycin A)
of a �� for the indicated times. (A) After import, mitochondria were
either left untreated or treated with proteinase K (Prot. K), reisolated,
and subjected to SDS-PAGE. The radiolabeled precursor (p) and
mature (m) form of Oxa1 were visualized by digital autoradiography.
(B) Following import of Oxa1 as for panel A, mitochondria were
directly reisolated, solubilized in buffer containing 1% (wt/vol) digito-
nin, and analyzed by BN-PAGE. (C) Radiolabeled Oxa1 precursor was
imported into wild-type mitochondria in the absence of a �� for the
indicated times. Subsequently, samples were split and either left un-
treated or treated with proteinase K. After reisolation, mitochondria
were solubilized and analyzed as for panel B.
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tions of an FCCP-dissipated membrane potential, mitochon-
dria were reisolated and regeneration of the �� was permitted
for different times over a period of 5 min. Oxa1 was success-
fully chased from the 500K complex to a later import stage, as
indicated by formation of mature Oxa1 in a time-dependent

manner (Fig. 2B, lanes 2 to 11). As a control, a dissipated
membrane potential was maintained throughout the course of
the experiment, indicating the stability of the 500K complex
(Fig. 2B, lane 1). As a second control, a full �� was present in
both incubations, leading to an efficient import of Oxa1 (Fig.
2B, lane 12).

We conclude that reestablishing a �� across the inner mi-
tochondrial membrane allows for an efficient import of the
arrested Oxa1 precursor to the inner membrane. These obser-
vations indicate that the 500K complex represents a productive
translocation intermediate on the import pathway of Oxa1 into
mitochondria.

The Oxa1 precursor is associated with the GIP complex of
the outer membrane. The exposure of the accumulated trans-
port intermediate of Oxa1 on the mitochondrial surface, to-
gether with its approximate size of 500 kDa, suggested that it
might be arrested in the TOM machinery (the GIP complex
migrates at 	440 kDa [79]). To directly determine whether
Tom proteins associated with the arrested Oxa1 precursor, we
performed antibody shift BN-PAGE (32, 79). Radiolabeled
Oxa1 was accumulated in mitochondria in the absence of a ��.
After reisolation, the mitochondria were incubated with anti-
bodies directed against individual Tom proteins or control
antibodies. The mitochondria were then lysed with digitonin
and the complexes were separated by BN-PAGE (Fig. 3A).
Association of the antibodies with their cognate antigen leads
to a shift in complex size such that the antibody complexes
migrate more slowly on BN-PAGE. Antibodies directed
against subunits of the GIP complex, Tom40, Tom22, or Tom5
(14, 82), efficiently shifted the 500K complex to higher-molec-
ular-weight species (Fig. 3A, lanes 3, 5, and 7). Multiple copies
of Tom40 are present in the GIP complex, and thus the GIP-
antibody complex is so large that it cannot be resolved by
BN-PAGE (79). The 500K complex was not affected by anti-
bodies directed against Tom70 and was affected only partially
by antibodies directed against Tom20 (Fig. 3A, lanes 4 and 6),
in good agreement with the loose association of these recep-
tors with the GIP complex (14). Antibodies against the most
abundant outer membrane protein, porin, as well as preim-
mune antibodies did not alter the mobility of the 500K com-
plex. We conclude that the Oxa1 protein was arrested in the
GIP complex of the outer membrane, which consists of Tom40,
the central receptor Tom22, and small Tom proteins. The
preprotein had obviously passed the initial stage of recognition
on the mitochondrial surface, since it was not stably associated
with the primary receptors Tom20 and Tom70. The quantita-
tive shift of the 500K complex by antibodies against GIP sub-
units indicates that all arrested Oxa1 molecules are associated
with the GIP complex. We thus refer to the 500K complex as
the Oxa1GIP complex.

The GIP complex is used by all types of mitochondrial pre-
cursor proteins, regardless of whether they are synthesized
with or without a presequence (15, 35, 44, 50, 82). Discrimi-
nation between preprotein types has, however, been found to
occur on the trans side of the outer membrane. The central
receptor Tom22 not only exposes a precursor binding domain
to the cytosol but also exposes a domain of 4 kDa to the
intermembrane space. The intermembrane space domain of
Tom22 binds mitochondrial presequences and stimulates the
import of presequence-containing preproteins (6, 33, 42, 51).

FIG. 2. The precursor of Oxa1 forms a productive translocation
intermediate. (A) Radiolabeled Oxa1 precursor was imported for 5
min at 25°C into mitochondria in the presence of FCCP, as indicated.
The reaction mixtures were subsequently split in half and either sub-
jected to proteinase K (Prot. K) treatment and SDS-PAGE or left
untreated, solubilized in buffer containing 1% (wt/vol) digitonin, and
subjected to BN-PAGE analysis. mOxa1, mature Oxa1. (B) Import of
35S-labeled Oxa1 precursor was performed either in the presence of a
��, in the presence of valinomycin (Val), or in the presence of 60 �M
FCCP for 20 min at 25°C. After reisolation, mitochondria were resus-
pended in fresh import buffer and subjected to a second incubation at
10°C for the indicated times. During the second incubation, one sam-
ple remained in the presence of ��, one sample remained without a
�� (Val), and samples that had previously received FCCP were now
incubated in the presence of a reestablished ��. Samples were ana-
lyzed by BN-PAGE after solubilization or subjected to SDS-PAGE
after proteinase K treatment.
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Yeast mutants lacking the intermembrane space domain of
Tom22, termed tom22-2 cells, are viable yet show a moderate
reduction in the import of cleavable matrix proteins, in partic-
ular when combined with other impairments of mitochondrial
function such as removal of cytosolic receptor domains (51).
The tom22-2 mutation, however, affects neither the import of
carrier proteins into energized mitochondria nor the accumu-
lation of carrier intermediates (43, 51). The subunit composi-
tion of the GIP complex of tom22-2 compared to wild-type
mitochondria is not altered, and its stability is only mildly
affected when assayed by BN-PAGE, but the GIP complex
migrates slightly faster due to the smaller size of Tom22 (82)
(Fig. 3B, lanes 1 and 2). We generated a yeast strain carrying
a stably integrated tom22-2, whereby the chromosomal TOM22
gene was truncated such that a shortened Tom22 lacking the
intermembrane space domain was expressed. In the early, lin-
ear range of the import reaction, the import efficiency of Oxa1
into energized tom22-2 mitochondria was moderately reduced
compared to that into wild-type mitochondria (Fig. 3B). Upon
longer import times, the import yield reached that of wild-type
mitochondria. When the Oxa1 precursor was accumulated in
tom22-2 mitochondria in the absence of a ��, however, the

amount of Oxa1GIP complex was strongly reduced, even after
long incubation times (Fig. 3C, lanes 5 to 8).

This observation indicates that the intermembrane space
domain of Tom22 helps to stably arrest the Oxa1 precursor in
the GIP complex when transfer to the inner membrane is
blocked. With fully energized mitochondria, the intermem-
brane space domain of Tom22 plays a stimulating role in Oxa1
import yet can be bypassed at longer incubation times. Simi-
larly, Oxa1 precursor accumulated in tom22-2 mitochondria
could be chased to the mature form upon reestablishment of a
�� (data not shown). The intermembrane space domain of
Tom22 is negatively charged, suggesting that an interaction
with preproteins may be of an ionic, i.e., salt-sensitive, nature;
however, Oxa1 is a hydrophobic protein. We addressed how
the arrested precursor of Oxa1 was bound to the GIP by
solubilizing mitochondria in the presence of increasing salt
concentrations, yet we did not observe a significant difference
between wild-type and tom22-2 mitochondria (data not
shown), indicating that ionic forces do not play a major role in
the interaction of Oxa1 with the intermembrane space domain
of Tom22. A similar result was obtained with the precursor of
Cox18 (see below).

FIG. 3. Accumulation of the Oxa1 precursor in the GIP complex. (A) Radiolabeled Oxa1 precursor was accumulated in wild-type mitochondria
in the absence of a ��. After reisolation, mitochondria were left untreated (lane 1), received preimmune IgGs (lane 2), or received IgGs directed
against the indicated Tom proteins or porin. Subsequently, mitochondria were solubilized in digitonin buffer and analyzed by BN-PAGE and digital
autoradiography. (B) Left panel, wild-type (WT) and tom22-2 mitochondria were solubilized in digitonin buffer, protein complexes were separated
by BN-PAGE, and proteins were transferred to polyvinylidene difluoride membranes by Western blotting. The GIP complex was detected with
anti-Tom40 antiserum. Right panel, the 35S-labeled Oxa1 precursor was imported into wild-type and tom22-2 mitochondria for the indicated times
at 25°C in the presence of a ��. Mitochondria were treated with proteinase K and analyzed by SDS-PAGE, and quantification of the digital
autoradiogram was performed with ImageQuant 1.2 (Molecular Dynamics). The amount of maximal import after 4 min was set to 100% (control).
(C) Import of radiolabeled Oxa1 precursor into wild-type and tom22-2 mitochondria was performed for the indicated times at 25°C in the presence
or absence of a ��. The mitochondria were then reisolated and solubilized in digitonin buffer. Samples were subsequently analyzed by BN-PAGE
and digital autoradiography.
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Inactivation of the soluble TIM complexes of the intermem-
brane space does not inhibit the import of Oxa1. The Tim9-
Tim10 complex is essential for carrier transport through the
intermembrane space. The mutant allele tim10-2 impairs the
function of this soluble TIM complex, causing a reduction of
import of the AAC such that the AAC accumulates in a GIP
intermediate complex of 	500 kDa (79). We used tim10-2
mitochondria to investigate whether this soluble TIM complex
plays a role in the import of Oxa1. tim10-2 mitochondria effi-
ciently imported Oxa1 (Fig. 4A, lanes 6 to 9), while the import
of AAC was significantly reduced (Fig. 4A, lanes 16 to 19).
Moreover, the formation of the 500-kDa GIP intermediate of
Oxa1 was indistinguishable in tim10-2 and wild-type mitochon-
dria and occurred only in the absence of a �� (Fig. 4B, upper
panel, lanes 1 to 3 and 7 to 9). In contrast, tim10-2 mitochon-
dria accumulated a GIP intermediate of AAC independently
of the presence or absence of a �� (Fig. 4B, lower panel, lanes
7 to 12) (79), whereas wild-type mitochondria accumulated a
low-molecular-weight intermembrane space form of AAC in
the absence of a �� (Fig. 4B, lower panel, lanes 1 to 3) and the
assembled dimeric form of AAC in the presence of a �� (Fig.
4B, lower panel, lanes 4 to 6) (67). These results indicate that
a functional impairment of the Tim9-Tim10 complex does not
affect the import pathway of Oxa1.

Similar results were obtained when the Oxa1 precursor was

imported into mitochondria lacking the second soluble TIM
complex, the Tim8-Tim13 complex, which is involved in the
import of the Tim23 precursor (11, 12, 57). tim8� tim13�
mitochondria imported Oxa1 like wild-type mitochondria (Fig.
4C, lanes 1 to 12), and the formation of the GIP intermediate
of Oxa1 depended only on the absence of the membrane po-
tential, independently of whether tim8� tim13� or wild-type
mitochondria were used (Fig. 4C, lanes 13 to 15 and 19 to 21).
We conclude that the Tim8-Tim13 complex is not required for
the import of Oxa1.

mtHsp70 is required for release of the Oxa1 precursor from
the GIP complex. Transport of the Oxa1 precursor across the
inner membrane requires mtHsp70 (Ssc1). ssc1-3 mutant mi-
tochondria, isolated from a yeast strain with a point mutation
in the SSC1 gene that leads to an amino acid substitution in the
ATPase domain of the Hsp70 (21), are defective in the matu-
ration of Oxa1 (27). The full mutant phenotype of the Ssc1-3
protein can be selectively induced by preincubation of the
isolated mitochondria at 37°C (21, 85), leading to an almost
complete block of Oxa1 import (Fig. 5A, lanes 16 to 19). In the
absence of a heat shock, ssc1-3 mitochondria imported Oxa1
with an efficiency close to that of wild-type mitochondria (Fig.
5A, lanes 6 to 9). Since the mutant phenotype can be induced
by a shift of the isolated mitochondria to the nonpermissive
temperature and does not require a temperature shift of the

FIG. 4. The small TIM complexes of the intermembrane space are dispensable for Oxa1 import. (A) Radiolabeled Oxa1 precursor or AAC was
imported at 15°C for the times indicated into wild-type (WT) or tim10-2 mitochondria in the presence of a ��, unless noted otherwise. After
import, the mitochondria were subjected to proteinase K digestion and analyzed by SDS-PAGE. mOxa1, mature Oxa1. (B) Import of Oxa1
precursor (upper panel) and AAC (lower panel) at 25°C was performed as for panel A, except that proteinase K treatment was omitted and
samples were analyzed by BN-PAGE after solubilization of mitochondria in digitonin buffer. (C) 35S-labeled Oxa1 precursor was imported in
wild-type and tim8� tim13� mitochondria at 25°C. Mitochondria were either subjected to proteinase K digestion and SDS-PAGE analysis or
directly reisolated, solubilized in digitonin buffer, and assayed by BN-PAGE for complex formation.
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growing cells, indirect effects of the ssc1-3 mutation on mito-
chondrial function are minimized.

We examined whether mtHsp70 was required only for the
transport of Oxa1 across the inner membrane or whether it was
also involved in the transfer of the preprotein across the outer
membrane. When preincubated at the nonpermissive temper-
ature, ssc1-3 mitochondria accumulated the Oxa1 precursor as
a GIP intermediate not only in the absence of a �� but also in
its presence (Fig. 5B, lanes 4 to 6 and 10 to 12), indeed sug-
gesting that an inactivation of matrix Hsp70 leads to an arrest

of Oxa1 in the outer membrane. The accumulation of Oxa1GIP

in the presence of a membrane potential depended on the
induction of the ssc1-3 mutant phenotype, since under permis-
sive conditions efficient formation of the GIP intermediate was
observed only in the absence of a �� (Fig. 5C, lanes 4 to 6
versus 10 to 12). It is important to note that ssc1-3 mitochon-
dria are competent in generation of a ��. This has been shown
with preproteins that depend only on a ��, and not on
mtHsp70, for insertion into the inner membrane. The import
of these preproteins, which contain a matrix-targeting signal as
well as a hydrophobic stop transfer signal, is not inhibited by
the ssc1-3 mutation under nonpermissive conditions (22, 23,
85). We conclude that a functional mtHsp70 is required for
release of the Oxa1 precursor from the GIP complex of the
outer membrane.

The multispanning inner membrane protein Cox18 forms a
500-kDa intermediate similar to that formed by Oxa1. We
considered that the accumulation of a stable GIP intermediate
in the absence of a �� may be unique to the precursor of Oxa1.
The mitochondrial inner membrane contains an integral mem-
brane protein of 31 kDa, named Cox18 (for cytochrome c
oxidase subunit 18), that is also involved in protein export but
which functions independently of Oxa1 (28, 69, 75). Cox18
shows weak sequence similarity to Oxa1 and is also predicted
to span the inner membrane five times, there are although
considerable differences in the lengths of the connecting loops
and the terminal segments (69, 75) (Fig. 6A). Import of the
Cox18 precursor into mitochondria has not been reported so
far. A sequence analysis suggested that Cox18 contains a pre-
sequence of about 43 amino acids (75). We synthesized and
radiolabeled the precursor of yeast Cox18 in reticulocyte lysate
and incubated it with isolated mitochondria. The precursor was
proteolytically processed in a ��-dependent manner (Fig. 6B,
lanes 2, 4, and 6). Its import was almost completely blocked in
ssc1-3 mitochondria under nonpermissive conditions (Fig. 6B,
lanes 7 to 12), indicating that the import of Cox18 required
functional mtHsp70.

To study a possible accumulation of the Cox18 precursor at
the TOM machinery, we incubated the precursor with mito-
chondria in the presence or absence of ��, lysed the mitochon-
dria with digitonin, and analyzed protein complexes by BN-
PAGE. In the presence of a ��, a distinct high-molecular-
weight complex was not observed for imported Cox18 (Fig. 6C,
lane 2). In the absence of a ��, however, the Cox18 precursor
efficiently accumulated in a 500-kDa complex like the precur-
sor of Oxa1 (Fig. 6C, lanes 1 and 3). For comparison we used
two additional cleavable preproteins: the matrix protein F1-
ATPase subunit 
 (F1
), which does not contain a transmem-
brane segment, and the inner membrane protein subunit Va of
cytochrome c oxidase (CoxVa), which contains a single trans-
membrane segment (22, 54). In the presence of a ��, both
proteins were processed to their mature forms (Fig. 6C, lanes
10, 12, 14, and 16) and migrated mainly in the lower molecular
weight range of the BN gel (Fig. 6C, lanes 6 and 8). In the
absence of a ��, neither the precursor of F1
 nor that of
CoxVa was accumulated in a BN-PAGE complex comparable
to that of Oxa1 or Cox18. Thus, for these preproteins with
either no or one hydrophobic segment, no evidence was found
for the formation of a stable complex with the TOM machinery
when analyzed by BN-PAGE.

FIG. 5. Requirement for mtHsp70 (Ssc1) in Oxa1 import. (A) Im-
port of the 35S-labeled Oxa1 precursor into wild-type (WT) and ssc1-3
mitochondria was performed after a 15-min temperature shift of the
isolated mitochondria to 37°C (� heat shock) or without a tempera-
ture shift (� heat shock) for the indicated times in the presence of a
��, unless indicated otherwise. Mitochondria were treated with pro-
teinase K after import and analyzed by SDS-PAGE. mOxa1, mature
Oxa1. (B) Imports of the Oxa1 precursor were performed after tem-
perature shift of the isolated wild-type and ssc1-3 mitochondria to 37°C
as described above. Proteinase K treatment was omitted; mitochondria
were reisolated and solubilized, and complexes were assessed by BN-
PAGE. (C) The experiment was performed as described for panel B
except that wild-type and ssc1-3 mitochondria remained at 25°C for the
entire import experiment.
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In order to determine if the Cox18 precursor was arrested in
a manner similar to that of the Oxa1 precursor, we studied the
formation of the 500K complex of Cox18 with ssc1-3 mitochon-
dria. Indeed, the Cox18 precursor accumulated as a 500K com-
plex in ssc1-3 mitochondria not only in the absence of a �� but
also in the presence of a �� (Fig. 6D, lanes 5, 6, 11, and 12).
An efficient arrest of the Cox18 precursor in the 500K complex
required the induction of nonpermissive conditions (Fig. 6D)
and was not observed with ssc1-3 mitochondria under permis-
sive conditions (data not shown). We conclude that dissipation
of the membrane potential as well as the inactivation of
mtHsp70 causes an accumulation of the Cox18 precursor in a
500K complex, thus resembling the import pathway observed
for Oxa1.

We also addressed whether the soluble TIM complexes of
the intermembrane space were involved in the transport of
Cox18. In the presence of a ��, the transport of Cox18 into the
inner mitochondrial membrane was affected neither in tim10-2

mitochondria nor in tim8� tim13� mitochondria (data not
shown). In contrast to the GIP intermediate of carrier proteins
such as AAC, but similar to what we observed for Oxa1 (Fig.
4), the 500K intermediate of Cox18 was formed in tim10-2
mitochondria or tim8� tim13� mitochondria only in the ab-
sence of a �� (Fig. 6E). Accordingly, none of the soluble TIM
complexes of the intermembrane space contributed to the for-
mation of the Cox18 transport intermediate.

DISCUSSION

The transport of nuclear-encoded multispanning inner mi-
tochondrial membrane proteins is especially demanding to
cells. During transport of these proteins through the aqueous
surroundings of the cytosol and the mitochondrial intermem-
brane space, the multiple hydrophobic regions must be
shielded in order to prevent protein aggregation. The precur-
sor proteins are bound and protected by molecular chaperones

FIG. 6. Formation of a translocation intermediate by the multispanning Cox18 protein. (A) Schematic comparison of the domain organizations
of Oxa1 and Cox18 (primary structures). Hatched boxes, presequences; black boxes, transmembrane segments. (B) Radiolabeled Cox18 precursor
(pCox18) was imported at 25°C for the indicated times in the presence or absence of a �� into wild-type (WT) and ssc1-3 mitochondria after a
15-min preshift of the mitochondria to 37°C. Mitochondria were subjected to proteinase K digestion and analyzed by SDS-PAGE. mCox18, mature
Cox18. (C) 35S-labeled Cox18, Oxa1, F1
, and CoxVa precursor were imported into wild-type mitochondria in the presence or absence of a ��
at 25°C for 20 min. After the import reaction, mitochondria were reisolated, solubilized in digitonin buffer, and analyzed by BN-PAGE, followed
by digital autoradiography (samples 1 lanes 8). In addition, mitochondria that had been incubated with the precursors of F1
 and CoxVa were
analyzed by SDS-PAGE after treatment with or without proteinase K (Prot.K) (lanes 9 to 16). A fraction of the F1
 precursor associates with
mitochondria in the absence of a �� in an unspecific, nonproductive manner (59). Bands marked by an asterisk probably represent products of
internal initiation of translation and are not specifically imported into mitochondria (22, 23). (D) Cox18 was imported into wild-type and ssc1-3
mitochondria for the indicated times in the presence or absence of a ��. Import was performed at 25°C for 15 min after a 15-min preincubation
of the mitochondria at 37°C. Mitochondria were then reisolated and solubilized in digitonin buffer before separation by BN-PAGE. (E) Radio-
labeled Cox18 precursor was imported in the presence or absence of a �� into tim10-2 mitochondria (left panel) and tim8� tim13� mitochondria
(right panel) at 25°C for the indicated times. After import, the mitochondria were solubilized in digitonin buffer and analyzed by BN-PAGE.
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in the cytosol and delivered to the TOM import machinery of
the mitochondrial outer membrane (5, 84, 88). The identifica-
tion of soluble TIM complexes with putative chaperone-like
functions provided important insight into how noncleavable
multispanning membrane proteins with internal targeting sig-
nals, such as the metabolite carriers, are transported through
the intermembrane space (10–12, 39, 41, 57, 73, 79, 83).

Here we addressed the transport pathway taken by cleavable
inner membrane proteins containing multiple transmembrane
regions across the outer mitochondrial membrane and the
intermembrane space by analyzing the transport requirements
of the precursors of Oxa1 and Cox18. Upon depletion of the
membrane potential �� across the inner membrane, the pre-
proteins form a stable intermediate of 500 kDa at the core of
the TOM machinery, the GIP complex. Remarkably, the pre-
protein-GIP interaction is so stable that it is not dissociated by
an electrophoretic run of several hours. In contrast to these
hydrophobic proteins, soluble mitochondrial matrix proteins
and cleavable proteins with single transmembrane spans were
not found to form a stable GIP intermediate. They are prob-
ably released from the TOM machinery when subsequent
transport into the presequence translocase is blocked (19, 37,
80, 81). Thus, at the level of the GIP complex, the transport
characteristics of presequence-containing multispanning pro-
teins differ from those of matrix proteins and single-mem-
brane-spanning proteins.

Previous studies indicated that the C terminus of the central
receptor Tom22, which protrudes into the intermembrane
space, serves as a trans binding site for presequences once they
emerge from the Tom40 pore (6, 33, 42, 51). A lack of this
intermembrane space domain strongly reduced the formation
of a stable Oxa1-GIP intermediate in the absence of a mem-
brane potential. With fully energized mitochondria, the import
was only moderately delayed, but it reached wild-type levels
after longer import times. Thus, when transport across the
inner membrane is blocked by depletion of ��, the intermem-
brane space domain of Tom22 is required to stably hold the
Oxa1 preprotein in the GIP complex. In energized mitochon-
dria, the preprotein is efficiently pulled by the presequence
translocase of the inner membrane, and thus the requirement
for the intermembrane space domain of Tom22 can be by-
passed.

Following the transport route of Oxa1 and Cox18 further,
from the TOM machinery to the presequence translocase, we
analyzed the dependence of their transport on the soluble TIM
complexes of the intermembrane space. While the metabolite
carriers strictly require the Tim9-Tim10 complex for transport
across the outer mitochondrial membrane and through the
intermembrane space (79), a functional impairment of this
complex in tim10-2 mutant mitochondria did not influence
Oxa1 or Cox18 transport, including formation of the GIP in-
termediate. While it cannot be fully excluded that the essential
Tim9-Tim10 complex may participate in import of cleavable
multispanning inner membrane proteins, the strikingly differ-
ent effect of the tim10-2 mutation on the import of Oxa1/Cox18
and carrier proteins indicates that different mechanisms exist
for the transport of these hydrophobic proteins through the
GIP complex and intermembrane space. Moreover, the Tim8-
Tim13 complex is not required for the import of Oxa1 and
Cox18.

The �� is necessary for all mitochondrial proteins to cross or
be transported into the inner membrane. Interestingly, multi-
spanning inner membrane proteins are arrested at different
locations along their import pathway when the �� is lowered.
The noncleavable precursors of metabolite carriers accumulate
at the Tim9-Tim10 complex in the intermembrane space yet do
not form a stable intermediate with the GIP complex (67, 79),
while the cleavable preproteins Oxa1 and Cox18 are arrested
as a GIP translocation intermediate. A GIP intermediate of
Oxa1 and Cox18 was also generated when the mitochondrial
import motor was inactivated by using a temperature-condi-
tional allele of mtHsp70 (Ssc1). The release of Oxa1 or Cox18
from the GIP complex thus requires a fully active presequence
translocase with two energy sources, the membrane potential
and the ATP-dependent mtHsp70 import motor. These two
driving forces are probably needed to actively pull the prepro-
teins out of the TOM machinery. In contrast, the carrier pro-
teins are released from the TOM machinery by the action of
the Tim9-Tim10 complex without a need for an energized
inner membrane; a stable GIP intermediate of carrier proteins
is thus observed upon inactivation of the Tim9-Tim10 complex
(79). The membrane potential is subsequently needed at the
level of the protein insertion complex of the inner membrane
for integration of the carriers into the membrane (39, 41, 60,
61, 64, 72, 73). We conclude that the carrier proteins are
released from the TOM machinery and transferred through
the intermembrane space in several steps, while the release of
cleavable multispanning proteins like Oxa1 and Cox18 involves
a tight cooperation of the presequence translocase with the
TOM machinery. Since even the inactivation of the matrix
import motor causes a stable arrest of the preproteins in the
GIP complex, it is very unlikely that the import of these pro-
teins includes a membrane-free intermembrane space interme-
diate. A putative import component that could potentially
stabilize intermediates of cleavable preproteins in the inter-
membrane space would be Tim50, the recently discovered sub-
unit of the presequence translocase that possesses a large in-
termembrane space domain (23, 52, 87). However, since Tim50
already interacts with preproteins in the absence of a �� and
before the action of mtHsp70, it is apparently not sufficient for
the release of Oxa1 or Cox18 from the TOM complex, an
action that strictly depends on both �� and functional
mtHsp70.

We conclude that mitochondria possess more than one path-
way for translocation of highly hydrophobic proteins through
the intermembrane space: a pathway via soluble TIM com-
plexes for noncleavable precursor proteins and a pathway in-
volving a close functional cooperation of the TOM and prese-
quence translocase for the cleavable preproteins of Oxa1 and
Cox18. The cleavable precursor of Coq2 may even switch be-
tween both pathways (46); however, the identification of a
translocation intermediate for this preprotein will be required
in order to address the roles of individual transport compo-
nents in its import pathway at a mechanistic level.
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