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The mitochondrial intermembrane space contains a protein complex essential for cell viability, the Tim9-
Tim10 complex. This complex is required for the import of hydrophobic membrane proteins, such as the
ADP/ATP carrier (AAC), into the inner membrane. Different views exist about the role played by the Tim9-
Tim10 complex in translocation of the AAC precursor across the outer membrane. For this report we have
generated a new tim1( yeast mutant that leads to a strong defect in AAC import into mitochondria. Thereby,
for the first time, authentic AAC is stably arrested in the translocase complex of the outer membrane (TOM),
as shown by antibody shift blue native electrophoresis. Surprisingly, AAC is still associated with the receptors
Tom70 and Tom20 when the function of Tim10 is impaired. The nonessential Tim8-Tim13 complex of the
intermembrane space is not involved in the transfer of AAC across the outer membrane. These results define
a two-step mechanism for translocation of AAC across the outer membrane. The initial insertion of AAC into
the import channel is independent of the function of Tim9-Tim10; however, completion of translocation across
the outer membrane, including release from the TOM complex, requires a functional Tim9-Tim10 complex.

Most proteins of mitochondria must be imported from the
cytosol. Two major classes of precursor preproteins have been
characterized: (i) hydrophilic proteins with cleavable amino-
terminal signal sequences (presequences) and (ii) noncleav-
able membrane proteins with multiple internal targeting sig-
nals, of which the inner-membrane metabolite carriers form
the major representatives (4, 23, 29, 46, 58). While cleavable
preproteins are translocated as linear polypeptide chains and
are directed by the presequence through the import channels
of the translocase of the outer membrane (TOM) and the
presequence translocase of the inner membrane (TIM23 com-
plex), noncleavable carrier proteins follow a distinct import
pathway. Five stages of carrier protein import into mitochon-
dria have been defined by using the most abundant carrier, the
ADP/ATP carrier (AAC) (47, 48, 50). The precursor of AAC
is escorted through the cytosol by molecular chaperones (stage
I). AAC is then bound by multiple molecules of the receptor
Tom?70, involving recognition of several internal targeting sig-
nals of AAC (stage II) (61). With the help of additional re-
ceptors, including Tom20, AAC is translocated through the
general import pore (GIP) complex of the TOM machinery
and interacts with soluble intermembrane space Tim protein
subunits which form the Tim9-Tim10 complex (stage III) (14,
26, 28, 50, 56, 61). The membrane potential (Ays)-dependent
insertion of AAC into the inner membrane occurs at the car-
rier translocase, TIM22 complex (stage IV), and is followed by
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assembly of AAC into a functional dimer in the inner mem-
brane (stage V) (24, 26, 50, 55, 56). The translocation of carrier
proteins through the GIP complex, binding by the Tim9-Tim10
complex, and insertion into the inner membrane, i.e., stages I1I
and IV, do not occur in the form of linear polypeptide chains.
Rather, these stages apparently involve loop formation and an
interplay of the multiple internal targeting signals of the pre-
cursor, similar to the events shown for stage II binding to
Tom70 (8, 14, 61). Several components of the carrier import
pathway are strictly essential for cell viability of the yeast Sac-
charomyces cerevisiae: the outer-membrane channel-forming
protein Tom40, the hetero-oligomeric TIM complex consisting
of Tim9 and Tim10 in the intermembrane space, and the sub-
units Tim22 and Tim12 of the inner-membrane TIM22 com-
plex (1, 3, 21, 26, 28, 32, 33, 55, 56).

Different views have been reported describing the role that
the essential intermembrane space Tim proteins play in trans-
location of carrier proteins across the outer membrane. Pro-
tease accessibility assays initially indicated that in mutant mi-
tochondria with a defective Tim9-Tim10 complex, the
precursor of AAC accumulated at the outer membrane, al-
though a direct association of the accumulated precursor with
the GIP complex was not observed (1, 26, 56). When a fusion
protein consisting of AAC and a tightly folded passenger pro-
tein (dihydrofolate reductase [DHFR] to which methotrexate
was bound) was used, the precursor was stably arrested in the
GIP complex. Blue native-polyacrylamide gel electrophoresis
(BN-PAGE) of detergent-lysed mitochondria demonstrated
that the arrested fusion protein was directly associated with the
GIP complex, while chemical cross-linking revealed a close
proximity of the fusion protein to Tim10 (50, 61), supporting
the view that transfer of the carrier precursor across the outer
membrane involved an interaction with the Tim9-Tim10 com-
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TABLE 1. S. cerevisiae strains used in this study

. Source or
Strain Genotype reference

YPH499 (wild type) MATa ade2-101 his3-A200 leu2-Al ura3-52 trpl-A63 lys2-801 54

GB100 MATa ade2-101 his3-A200 leu2-Al ura3-52 trpl-A63 lys2-801 tim10::ADE2 pGB5184(URA3)-TIM10 This study
GB101 MATa ade2-101 his3-A200 leu2-Al ura3-52 trpl-A63 lys2-801 tim10:ADE2 pGB5183(TRP1)-tim10-2 This study
GB102 MATa ade2-101 his3-A200 leu2-Al ura3-52 trpl-A63 lys2-801 tim10:tim10-2 This study
NWYS50 MATa ade2-101 his3-A200 leu2-Al ura3-52 trp1-A63 lys2-801 timl13::kanMX4 This study
PRY34 MATa ade2-101 his3-A200 leu2-Al ura3-52 trpl-A63 lys2-801 tim13::kanMX4 tim8::TRPI This study

plex. However, two recent studies challenged a relevant role of
the essential Tim proteins in carrier translocation across the
outer membrane. First, purified outer-membrane vesicles de-
void of Tim proteins were able to stably accumulate the inter-
mediate of the AAC-DHFR fusion protein in the GIP complex
(40). The AAC-DHFR-GIP complex showed the same mobil-
ity on BN-PAGE, independently of whether mitochondria
(with Tim9 and Tim10) or outer-membrane vesicles (without
Tim9 and Tim10) were used. Second, a detailed study using
mutant forms of the intermembrane space Tim proteins did
not yield evidence for a carrier translocation intermediate as-
sociated with the TOM complex but rather showed defects in
carrier insertion into the inner membrane (43). It was thus
concluded that the critical role of the soluble intermembrane
space Tim proteins for import of carrier proteins is not pre-
cursor translocation across the outer membrane but insertion
into the inner membrane. Moreover, Curran et al. (8) reported
that the Tim9-Tim10 complex preferentially bound to hydro-
phobic segments of the AAC precursor, supporting the view
that the Tim9-Tim10 complex possessed chaperone-like prop-
erties to guide hydrophobic proteins through the aqueous in-
termembrane space.

Analysis of the mechanism of AAC transfer across the mi-
tochondrial outer membrane has been limited because it has
not been possible so far to demonstrate a stable interaction of
authentic AAC, i.e., without artificial domains attached, with
the GIP complex. In fact, when authentic AAC was accumu-
lated in mitochondria in the absence of a membrane potential,
i.e., in association with the Tim9-Tim10 complex (stage III),
BN-PAGE showed a mobility in the low-molecular-weight
range (50), suggesting that this AAC was not associated with
the 400,000-molecular-weight (400K) GIP complex of the
TOM machinery. This raised the question of whether the im-
port of authentic AAC involves a stage of stable association
with the GIP complex.

For this report we have generated a new mutant of TIM10
with a strong defect in carrier translocation across the outer
mitochondrial membrane. We found that authentic AAC sta-
bly interacted with the GIP complex. Surprisingly, upon inac-
tivation of Tim10, AAC was still associated with the two pri-
mary surface receptors Tom70 and Tom20. These results
suggest a functional cooperation between the essential Tim
proteins of the intermembrane space and the Tom proteins on
the mitochondrial surface. We propose a model that explains
the different results reported so far. According to our model,
insertion of AAC into the GIP complex occurs independently
of the Tim9-Tim10 complex, while completion of translocation
across the outer membrane and release from the TOM com-

plex depend on the interaction of AAC with a functional Tim9-
Tim10 complex.

MATERIALS AND METHODS

Yeast strains and plasmids. The S. cerevisiae strains used in this study are
shown in Table 1. Standard procedures were used for yeast genetics and manip-
ulation (7, 16).

Plasmids used were generated as follows. A PCR product (~300 bp) contain-
ing the TIM10 open reading frame (ORF) was amplified from yeast genomic
DNA using primers T10-III (5'-CGCGGATCCATGTCTTTCTTAGGTTTCG
GTGGTGGT-3") and T10-IV (5'-CGGGTCGACCTAAAACTTACCGGCTG
CGTTAAATGA-3'), digested with BamHI and Sall, and then inserted between
the MET25 promoter and CYCI terminator in the 2um URA3-containing plas-
mid YEp352 (20) to yield pGB5184.

Plasmid pGB5192, used to disrupt genomic 7IM10 with the ADE2 gene by
homologous recombination, was generated as follows. The 5’ and 3’ untranslated
regions (UTRs) of TIM10 were amplified by PCR from genomic DNA by using
oligonucleotides T10-I (5'-GCCGAATTCGTTGGTAAGGCGCCACACTAG-
3") and T10-V (5'-TCCCGGGGTCAGATCTCGTTTTTCTAAGTATGATAG
TTCCTTC-3') and oligonucleotides T10-II (5'-GAAACTGCAGCGGTGAAA
TAACACGAAGATGCG-3") and T10-VI (5'-GAGATCTGACCCCGGGAGT
GCATTAAAGCAGTAATGATAAGGAC-3'), respectively. The promoter-
and terminator-carrying PCR fragments, identical at their 3" and 5" ends (17-bp),
were fused and amplified by PCR using primers T10-I and T10-II. Restriction
sites Smal and Bg/IT were engineered into the junction site of the two UTRs to
facilitate subsequent gene insertion. The 600-bp fragment obtained was digested
with EcoRI and PstI and was inserted into similarly digested pFL39 (which
carries the TRPI gene [6]) and pUC19 (60) to generate pGB5183 and pGB5182,
respectively. A DNA fragment carrying the ADE2 gene was inserted into the
BgllI site of pGB5182, generating pGB5192.

For TIMI0 disruption by homologous recombination, an EcoRI-PstI DNA
fragment containing tim10::ADE2 was released from pGB5192 and transformed
into YPHA499, carrying plasmid pGB5184, thus generating strain GB100. Disrup-
tion of the TIM10 ORF with the ADE2 gene was verified by PCR analysis.

Random mutations in TIM10 were generated using a low-fidelity PCR tech-
nique. PCR was performed with primers T10-I and T10-II by using genomic
DNA as a template. The PCR products (~900 bp) containing putative TIM10
mutant ORFs and their 5" and 3’ UTRs were cotransformed with the linearized
plasmid pGB5183 into strain GB100. Trp™ transformants were selected at 24°C
and screened for the ability to grow at 24°C, but not at 37°C, on minimal glucose
media containing the appropriate growth supplements and 5-fluoroorotic acid
(5-FOA), indicating loss of the URA3- and TIM10-containing plasmid pGB5184.
A plasmid containing the mutant gene tim10-2 [pGB5183(TRP1)-tim10-2] was
rescued and retransformed into strain GB100, thereby reestablishing the mutant
phenotype. This strain containing plasmid-borne timIl0-2 was designated
GB101(YPHBG10-7-1).

The isolated fim10-2 mutant was integrated at the TIM10 locus by homologous
recombination. The EcoRI-Pstl DNA fragment containing the 7iml10-2 ORF
and its 5’ and 3’ flanking regions was used to transform strain GB100. Trans-
formants were screened for growth at 24°C on minimal glucose media containing
5-FOA and for loss of the ADE2 marker. A temperature-sensitive phenotype and
PCR analysis of the genomic DNA of the mutant strain confirmed that the copy
of tim10::ADE2 had been replaced by tim10-2, yielding strain GB102(YPH499
10-71-1), used for biochemical analysis.

Deletion of the TIM13 ORF in the wild-type strain YPH499 was generated by
transformation of a PCR product (38) containing the KanMX4 gene flanked by
regions complementary to TIMI13 UTRs and subsequent selection of Kan™
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transformants. The deletion cassette was generated by PCR utilizing genomic
DNA isolated from a TIMI3 disruption strain (Euroscarf accession number
Y14811) (MAT« his3AI leu2A0 lys2A0 ura3A0 timi3::KanMX4) and primers
5'-CATTAAACCATACCCTTGACG-3' and 5'-AACCCAACCTCATAAAGG
CAC-3'. The resulting strain was termed NWY50. To generate a tim8A tim13A
double-deletion strain (PRY34), a cassette containing the TRPI gene flanked by
regions complementary to the 7IM8 ORF was prepared by PCR using primers
5'-GTATTGAAGAAGAGGTAAAAAGGAAAACAAATTTACAAACAAC
AAAGAATGCGTACGCTGCAGGTCGAC-3" and 5'-TATTAAGGTAAAG
AGAATGACTCGGAGAGATAAATCGGTTTCATATTAATCGATGAATT
CGAGCTCG-3" and was used to transform strain NWYS50, yielding PRY34.
Deletion of both the TIM8 and TIM13 ORFs was confirmed by PCR using
genomic DNA and Western blotting of isolated mitochondria.

Growth of yeast and isolation conditions. Mitochondria isolated from yeast
strains grown at either 24 or 30°C (for the #im8A tim13A yeast) in YPG medium
(1% [wt/vol] yeast extract, 2% [wt/vol] Bacto Peptone, and 3% [vol/vol] glycerol)
(9, 18) were adjusted to a protein concentration of 10 mg/ml with SEM (250 mM
sucrose, 1 mM EDTA, 10 mM morpholinepropanesulfonic acid [MOPS]-KOH
[pH 7.2]) and stored at —80°C. Growth of the tim10-2 yeast strain at 24°C on
YPG was slightly impaired relative to that of the wild-type strain YPH499.

Import of radiolabeled precursor proteins into isolated mitochondria. Radio-
labeled mitochondrial precursor proteins were generated by in vitro transcription
from cloned genes using SP6 polymerase and subsequent in vitro translation
using rabbit reticulocyte lysate supplemented with [>*S]methionine-cysteine (2,
51, 57). S. cerevisiae AAC2 was used in this study. Prior to in vitro import,
isolated yeast mitochondria were resuspended in import buffer (3% [wt/vol]
bovine serum albumin, 250 mM sucrose, 5 mM MgCl,, 80 mM KCl, 5 mM
methionine, 10 mM MOPS-KOH [pH 7.2]) containing 2 mM (each) ATP and
NADH. For dissipation of the mitochondrial membrane potential, 8 WM anti-
mycin A, 20 uM oligomycin, and 1 pM valinomycin were added prior to import.
Import was initiated by addition of rabbit reticulocyte lysate containing 3°S-
labeled preproteins (4 to 10% [vol/vol] of the import reaction mixture) to mito-
chondria (25 to 50 pg of protein) and incubation at 25°C for the times indicated.
To stop import, valinomycin (1 pM) was added. Where indicated, mitochondria
were treated with proteinase K (50 pg/ml) for 15 min on ice. Protease digestion
was terminated with 1 mM phenylmethylsulfonyl fluoride. Mitochondria were
reisolated by centrifugation and washed once with SEM. Then detergent-solu-
bilized mitochondrial proteins were separated by sodium dodecyl sulfate (SDS)-
PAGE or BN-PAGE.

BN-PAGE and antibody shift BN-PAGE. BN-PAGE (11, 53) was performed as
follows. Essentially, mitochondrial pellets (50 to 75 pg of protein) were resus-
pended in 45 pl of ice-cold digitonin buffer (1% [wt/vol] digitonin, 20 mM
Tris-HCI [pH 7.4], 0.1 mM EDTA, 50 mM NaCl, 10% [vol/vol] glycerol, 1 mM
phenylmethylsulfonyl fluoride) and incubated on ice for 15 min, then immedi-
ately centrifuged at 12,000 X g and 4°C for 15 min. Sample buffer (5 ul; 5%
[wt/vol] Coomassie brilliant blue G-250, 100 mM Bis-Tris [pH 7.0], 500 mM
g-amino-n-caproic acid) was added to the solubilized mitochondrial proteins.
Soluble protein fractions were separated on 6-t0-13% or 6-to-16.5% polyacryl-
amide gradient gels at 4°C. Gels were destained, dried, and subjected to digital
autoradiography (Molecular Dynamics) for detection of radiolabeled imported
proteins. Second-dimension analysis using 16.5% separating gels (Tris-Tricine-
buffered SDS-polyacrylamide gels [52]) was performed by setting gel strips rep-
resenting single lanes from the first-dimension BN-PAGE in a stacking gel on top
of individual SDS separating gels. Following electrophoresis, proteins were trans-
ferred directly to polyvinylidene difluoride (PVDF) membranes by use of a
semidry transfer system with transfer buffer (20 mM Tris base, 150 mM glycine,
20% [vol/vol] methanol, 0.08% [wt/vol] SDS) and were then analyzed by immu-
nodecoration with specific polyclonal antibodies.

For antibody shift BN-PAGE of in vitro-imported radiolabeled proteins, mi-
tochondrial pellets were resuspended in 100 pl of SEM; then purified immuno-
globin G (IgG) in import buffer was added and samples were incubated on ice for
30 min with occasional mixing. Mitochondria with bound IgG were reisolated
and washed once with SEM prior to preparation for BN-PAGE as above. An-
tibody depletion of the endogenous GIP complex was performed as follows.
Mitochondria were lysed with digitonin buffer; then purified IgG in import buffer
was added and samples were incubated on ice for 30 min with occasional mixing.
Protein A-Sepharose (bed volume, 20 pl) preequilibrated with digitonin buffer
was then added, and samples were incubated on ice for 30 min to remove the
bulk of IgG, which would otherwise interfere with the subsequent immunodeco-
ration. Following a low-speed centrifugation to remove the Sepharose beads,
proteins were separated by BN-PAGE and then subjected to Western blot
analysis.
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Chemical cross-linking and immunoprecipitation assays. Mitochondria, in
import buffer minus bovine serum albumin, were pretreated with 1 uM valino-
mycin and 20 wM oligomycin to dissipate the membrane potential. After addition
of 2 mM ATP, 100 pg of creatine kinase/ml, and 5 mM creatine phosphate, the
import reaction was initiated by addition of 3*S-labeled AAC and the reaction
mixture was incubated for 20 min at 25°C. For cross-linking, the import mix was
cooled on ice and incubated with 0.8 mM ethylene glycol-bis(succinimidylsucci-
nate) (EGS) for 30 min. The cross-linking was quenched with 50 mM Tris-HCI,
pH 7.4, for 5 min. The reisolated mitochondria were resuspended in lysis buffer
(150 mM NaCl, 10 mM Tris-HCI [pH 7.4], 0.5% [vol/vol] Triton X-100) con-
taining 1% (wt/vol) SDS, incubated for 5 min at 95°C, diluted with 15 volumes of
lysis buffer, and subjected to immunoprecipitation using specific antibodies co-
valently attached to protein A-Sepharose. The antigens were eluted with 100 mM
glycine, pH 2.5.

Miscellaneous. Polyclonal antibodies to Tim54 were affinity purified from an
antiserum by using the purified antigen Tim54y, (32) immobilized to CNBr-
activated-Sepharose (17). IgG used in antibody shift BN-PAGE was isolated
from an antiserum by using protein A-Sepharose, lyophilized, and then resus-
pended in import buffer (57). SDS-PAGE and urea-SDS-PAGE were performed
according to the work of Laemmli (35) and Ito et al. (22), respectively. For some
figures, nonrelevant gel lanes were excised by digital processing. Immune com-
plexes were detected by enhanced chemiluminescence (Amersham). An assess-
ment of the mitochondrial membrane potential was obtained by using 3,3'-
dipropylthiadicarbocyanine iodide [DiSC5(5)] essentially as described previously
(15).

RESULTS

A new timl0 mutant with a strong defect in AAC import.
Yeast mutants of TIM10 were generated by in vitro mutagen-
esis of the TIM10 ORF by use of low-fidelity PCR. The chro-
mosomal copy of TIM10 was deleted in a haploid yeast strain,
while a plasmid containing wild-type 7IM10 and the marker
gene URA3 was present. The resulting strain, GB100, was
transformed with a plasmid containing mutant #im10, and the
loss of the URA3 plasmid (with wild-type TIM10) was selected
by growth on 5-FOA. A mutant strain defective in growth at
37°C was selected. The mutant timl0-2 ORF was integrated
into the original 7IM10 chromosomal locus, yielding strain
GB102 ('tim10-2") used in this study.

Studies were performed using mitochondria isolated from
tim10-2 or the corresponding wild-type cells grown at 24°C on
a nonfermentable carbon source. The steady-state levels of a
selection of proteins representing all four mitochondrial sub-
compartments were determined by Western blot analysis with
specific antibodies (Fig. 1A). The small Tim proteins, Tim13,
Tim12, and Tim9, were present in similar amounts in wild-type
and #im10-2 mitochondria (Fig. 1A, lanes 1 and 2). The levels
of the mutant protein Tim10-2 detected by Western blot anal-
ysis with different polyclonal antisera were reduced to different
degrees compared to the level of wild-type Tim10, at least in
part reflecting loss of antigen recognition due to the substitu-
tion of several amino acid residues in Tim10-2. Additionally
the stability of the Tim10-2 mutant protein might also be al-
tered. The steady state levels of other mitochondrial proteins
tested were not significantly affected, including the integral
components of the TIM22 complex, Tim18, Tim22, and Tim54
(Fig. 1A, lanes 3 and 4); components of the presequence trans-
locase, Tim23, Tim17, Tim44, and the matrix cochaperone
Mgel (Fig. 1A, lanes 5 and 6); and several outer membrane
proteins, porin, Tom70, Tom40, and Tom22 (Fig. 1A, lanes 7
and 8). Steady-state levels of the phosphate carrier (P;C) and
possibly also AAC, substrates of the Tim9-Tim10 carrier im-
port pathway, were slightly reduced in tim0-2 mitochondria
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FIG. 1. The Tim9-Tim10 complex is selectively modified in fim10-2 mitochondria. (A) Immunodecoration of purified mitochondria demon-
strating the protein composition in tim10-2 compared to wild-type (WT) mitochondria. Proteins (25 pg/lane) were separated by SDS-PAGE,
transferred to a PVDF membrane by Western blotting, and then decorated with antibodies as indicated. (B) Analysis of mitochondrial protein
complexes by immunodecoration following separation of detergent-solubilized mitochondria by BN-PAGE and, for lanes 3, 4, 9, and 10, additional
separation by a second-dimension SDS-PAGE. Isolated wild-type and fim10-2 mitochondria (50 to 75 pg of protein/lane) were solubilized in 1%
digitonin-containing buffer. Following either first-dimension BN-PAGE or second-dimension SDS-PAGE, proteins were blotted to a PVDF
membrane and then immunodecorated with specific antibodies as indicated. AAC,, assembled AAC dimer. (C) Comparison of the membrane
potential of mitochondria isolated from fim10-2 yeast cells to that of control wild-type mitochondria. Estimation of the membrane potential was
performed at 25°C using the fluorescent dye DiSC;(5). The difference in fluorescence prior to and following addition of potassium cyanide (KCN)

yields a relative assessment of the membrane voltage.

(Fig. 1A, lanes 3 and 4). While the #im10 mutant yeast strains
used previously had strongly reduced steady-state levels of
other essential components of the carrier import pathway, in-
cluding Tim22 (26, 43), the timI0-2 mutant strain has the
advantage that the function of Tim10 is selectively impaired
while all other components of the carrier import pathway are
present in normal amounts.

Using BN-PAGE and Western blotting, proper assembly of
the translocase complexes was analyzed. The Tim9-Tim10
complex, which is normally present as a soluble 70-kDa com-
plex in the intermembrane space (Fig. 1B, lane 1), was mainly
associated with the large TIM22 inner-membrane complex in
tim10-2 mitochondria (Fig. 1B, lane 2). A minor amount of the
Tim9-Tim10 complex still migrated in the low-molecular-mass
range (the small shift in the apparent mobility compared to
that of the wild-type complex is probably due to the amino acid
substitutions in Tim10-2) (Fig. 1B, lane 2). Apart from the
change in Tim10 localization, no obvious alterations were
found for the TIM22 complex (Fig. 1B, lanes 3 to 8), the other
soluble intermembrane space complex comprising Tim8 and
Tim13 (Fig. 1B, lanes 9 and 10), the TIM23 complexes (Fig.
1B, lanes 11 and 12), or the GIP complex (Fig. 1B, lanes 15 and
16). The mature AAC dimer was present in tim0-2 cells but

with perhaps a slight reduction in steady-state levels (Fig. 1B,
lanes 13 and 14).

Since import of all cleavable and noncleavable precursor
proteins into the inner membrane is dependent on the mito-
chondrial membrane potential, we investigated the integrity of
this aspect of mitochondrial function in #im10-2 mitochondria.
An assessment of membrane potential using the quenching of
the fluorescent dye DiSC;5(5) found no major difference in
generation of a membrane potential between wild-type and
tim10-2 mitochondria (Fig. 1C).

To test the import competence of timI0-2 mitochondria,
%S-labeled mitochondrial precursor proteins synthesized in
rabbit reticulocyte lysates were incubated with isolated mito-
chondria. The import rates of the presequence-containing pro-
teins, F,-ATPase subunit B (F,f) and the model protein Su9-
DHEFR (presequence of F -ATPase subunit 9 fused to DHFR),
as revealed by formation of the mature proteins, were very
similar in wild-type and #im10-2 mitochondria (Fig. 2A). How-
ever, import of AAC, analyzed by transport to a protease-
protected location, was dramatically reduced, with a 10-fold
decrease in the import rate and a 5-fold decrease in the import
yield after 20 min (Fig. 2B). Since the three mitochondrial
translocase complexes TOM, TIM23, and TIM22 are properly
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FIG. 2. Selective impairment of the import of carrier proteins, but
not of presequence-containing preproteins, in #iml(0-2 mitochondria.
(A) Radiolabeled matrix targeted preproteins F; and Su9-DHFR
were imported into isolated wild-type (WT) or tim10-2 mitochondria in
the presence or absence of a membrane potential (Ay) for the indi-
cated times. Precursor (p) and mature (m) proteins were detected by
digital autoradiography following separation of reisolated mitochon-
drial proteins by urea-SDS-PAGE. (B) Radiolabeled AAC was im-
ported into isolated wild-type or tim10-2 mitochondria in the presence
or absence of a Ay for the indicated times, followed by proteinase K
treatment; then proteins were separated by urea-SDS-PAGE. Quan-
tification of imported (non-protease-accessible) AAC is shown in the
graph below the gel.

assembled and the import of presequence-containing prepro-
teins is largely unaffected, we conclude that the tim10-2 muta-
tion selectively leads to a strong defect in the carrier import
pathway.

AAC accumulates at the outer membrane in tim10-2 mito-
chondria. To determine the stage at which the import of AAC
was inhibited, we made use of BN-PAGE following import of
the radiolabeled precursor. Upon import into isolated ener-
gized mitochondria, the precursor of AAC assembled to the
mature dimer when wild-type yeast mitochondria were used
(Fig. 3A, lanes 1 to 3). However, when fim10-2 mitochondria
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were used, formation of the mature AAC dimer was strongly
inhibited (Fig. 3A, lanes 4 to 6), in agreement with the result of
the protease protection experiment shown in Fig. 2B. Instead,
the AAC precursor was found in the high-molecular-mass
range around 500 to 600 kDa (Fig. 3A, lanes 4 to 6). Two large
translocase complexes exist on the carrier import pathway, the
TOM or GIP complex of the outer membrane (~400 to 500
kDa) and the TIM22 complex of the inner membrane (~300
kDa), at which the AAC precursor could accumulate (Fig. 3A,
lanes 7 and 8) (1, 12, 25, 28, 30, 32, 34, 40, 55, 56, 59). The
complex containing the accumulated, radiolabeled AAC pre-
cursor should be larger than the translocase complex detected
by Western blotting, since the molecular mass of AAC will add
to the translocase complex. Since the radiolabeled precursor
protein is present in only minute amounts, it does not add to
the mass of the bulk of translocase complexes analyzed by
Western blotting. Since the size of the TOM complex is closer
to the 500- to 600-kDa range, we suspected that the AAC
precursor may have been arrested in the TOM/GIP complex,
and thus we tentatively referred to this putative GIP interme-
diate as AACS"®. Translocation of AAC across the outer mem-
brane is independent of the membrane potential across the
inner membrane, while insertion into the inner membrane via
Tim22 requires a membrane potential (1, 14, 24, 26, 32, 48, 50,
55, 56). We thus tested if the accumulation of AACS'™ re-
quired the presence of a membrane potential. Figure 3B dem-
onstrates that timI0-2 mitochondria accumulated the AAC
precursor (AACS™) independently of whether a membrane
potential was present (lane 4) or not (lane 3).

To obtain further experimental evidence in order to discern
at which of the translocase complexes the AAC precursor was
accumulated, we analyzed the protease accessibility of the pre-
cursor protein in the 500- to 600K complex. Upon accumula-
tion of AACC™ in timI0-2 mitochondria, the samples were
split equally and half were treated with externally added pro-
teinase K (Fig. 4A, lanes 5 to 8). The accumulated precursor
protein was completely digested, supporting the view that it
was arrested in the TOM complex. Western blot analysis of the
TOM and TIM22 complexes of tim10-2 mitochondria follow-
ing proteinase K treatment confirmed that only proteins ac-
cessible to the outside of mitochondria were digested by the
protease, as indicated by the shift in the molecular mass of the
TOM complex (Fig. 4B, upper panel) while the inner-mem-
brane TIM22 complex remained intact (Fig. 4B; lower panel).
The TIM22 complex was digested only after rupturing of the
outer membrane (data not shown). Thus, digestion of AACE™
by proteinase K in #tim10-2 mitochondria is a consequence of its
location at the outer side of the outer membrane, most likely in
association with the GIP complex.

Is the AACS™ complex of tim10-2 mitochondria a dead-end
product or a real intermediate in the import pathway of AAC?
Quantitation of the import and assembly kinetics of AAC in
tim10-2 mitochondria shows that at longer import times the
amount of AACS' complex slowly declines (Fig. 4C, bars 1, 3,
and 5) concomitantly with the slow increase of mature, dimeric
AAC (Fig. 4C, bars 2, 4, and 6), a finding also indicated by the
significant increase in the ratio of dimeric AAC to AACS™
(Fig. 4C, bars 7 to 9). This suggests that AACS™ does not
represent an irreversibly blocked precursor protein but is an
intermediate in the import reaction whose transfer to the next
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FIG. 3. In tim10-2 mitochondria, imported AAC accumulates as a high-molecular-weight intermediate. (A) (Left panel) Radiolabeled AAC
was imported into wild-type (WT) or tim10-2 mitochondria for the times indicated. The mitochondria were solubilized in 1% digitonin-containing
buffer and separated by BN-PAGE. AACC™, accumulated radiolabeled AAC intermediate. (Right panel) Immunodecoration indicating the
relative positions of the endogenous GIP complex and TIM22 complex in tim10-2 mitochondria. (B) Accumulation of the outer-membrane AAC
translocation intermediate (AACS™) is independent of the membrane potential (Als). Radiolabeled AAC was incubated (for 10 min at 25°C) with
isolated wild-type or tim10-2 mitochondria that were either pretreated with valinomycin to dissipate the membrane potential (lanes 1 and 3) or
left untreated (lanes 2 and 4). Mitochondria were solubilized with 1% digitonin-containing buffer and subjected to BN-PAGE and digital

autoradiography.

stage is strongly delayed in #im10-2 mitochondria compared to
that in wild-type mitochondria. Indeed, reinspection of a large
number of experiments on the import of AAC into wild-type
mitochondria revealed the presence of small amounts of AAC-
GIP (see, e.g., Fig. 3A, lanes 1 to 3, and below, Fig. 5, lane 8,
and Fig. 7, lanes 1 and 4). Apparently due to the rapid kinetic
transfer of AAC to subsequent import stages in wild-type mi-
tochondria (5, 13, 19, 26, 41, 59), the intensity of the AACC™
band is low and dependent on the overall background of the
blue native gel.

Taken together, these results suggest that the functional
impairment of the intermembrane space-located Tim9-Tim10
complex by the #im10-2 mutant leads to the accumulation of an
import intermediate of AAC in the translocase of the outer
membrane.

Accumulated AAC is associated with the GIP complex. To
directly determine where the AAC precursor was accumulated
in tim10-2 mitochondria, its association with the GIP complex
was investigated. Under defined digitonin solubilization con-
ditions the GIP complex of S. cerevisiae consists of Tom40,
Tom?22, and the small Tom proteins (12, 40, 59). We used a
new method of antibody shift BN-PAGE to analyze AACS',
The large sizes of antibodies, together with their inherent high-
affinity interactions with their antigens, result in significant size
shifts in the BN-PAGE profiles of protein complexes when one
or more antibody molecules are bound to a specific complex.
Antibodies were applied to #iml10-2 mitochondria in which
radiolabeled AAC had previously accumulated; the mitochon-
dria were then solubilized with digitonin, and protein com-
plexes were separated by BN-PAGE. When an anti-Tom40 or
anti-Tom?22 antibody was added prior to BN-PAGE analysis,
the radioactive signal of AACS™ was no longer visible (Fig. 5,
lanes 6 and 7), presumably due to the shift in the size of the
complex to a very-high-molecular-mass species not resolved by

the gel system employed. Antibodies from preimmune serum
did not result in a shift of radiolabeled AAC (Fig. 5, lane 5).
When the antibodies were added to wild-type mitochondria
upon import of radiolabeled AAC, the mobility of the mature
AAC dimer on BN-PAGE gels was not affected (Fig. 5, lanes
8 to 10), indicating the specificity of the assay. The small
amount of AAC observed in the GIP complex range in wild-
type mitochondria (Fig. 5, lane 8) was shifted by the anti-
Tom40 and anti-Tom22 antibodies (Fig. 5, lanes 9 and 10),
providing direct evidence that wild-type mitochondria were
also able to form AACS'™. As an additional control for the
method, we investigated whether antibodies directed against
components of the GIP complex could indeed specifically de-
plete solubilized mitochondria of the endogenous 400K GIP
complex. Preincubation of mitochondria with an anti-Tom40
or anti-Tom22 antibody, but not with preimmune antibodies,
led to almost-complete depletion of the 400K GIP complex, as
determined by decoration of the endogenous GIP complex
with an anti-Tom40 antibody following BN-PAGE analysis
(Fig. 5; compare lanes 3 and 4 with lane 2).

These results demonstrate that the bulk of AAC precursor
molecules accumulated in #im10-2 mitochondria are associated
with the GIP complex. We expect that the antibody shift BN-
PAGE analysis will be a useful tool for identifying the compo-
sition of protein complexes and particularly translocation in-
termediates, which often are present only in small quantities
and detectable only by use of radioactively labeled proteins.

Accumulation of AAC at surface receptors in tim10-2 mito-
chondria. Next we wondered if the arrested AAC precursor
was associated with import components situated before or af-
ter the GIP complex, i.e., the initial receptors Tom70 and
Tom20 as well as the Tim9-Tim10 complex. Because neither
Tom70 nor the Tim9-Tim10 complex stably associates with the
GIP complex and Tom?20 is only weakly associated, especially



7786 TRUSCOTT ET AL.

A B
I JAACEP b
GIP- [
complex ]GIP'—
complex
_ TIM22—[‘.
- JAAC, complex
123465678 _—r
Time (min) 25 5 101525 5 10 15 L
PotK - - = = + + + + tim10-2
L J
tim10-2
C
o NAACS® W AAC, __ k0
T &0 08 &
1= [3]
3 N 06 %
T 40 N =
2 N - 0.4 g
g 20 § o
2 N 02 %
\ V4
U i _ 0
J2, 3 4, 56 7 89
Time (min) 5 10 20 5 10 20

FIG. 4. AACC™ is located at the mitochondrial outer membrane
and represents a translocation intermediate on an import pathway.
(A) AACE'™ is protease sensitive in whole mitochondria. Radiolabeled
AAC was imported into tim10-2 mitochondria for the indicated times.
Following import, samples were split in half and either left untreated
(lanes 1 to 4) or treated with proteinase K (Prot. K) (lanes 5 to 8).
Detergent-solubilized (1% digitonin) mitochondrial proteins were
then separated by BN-PAGE and subjected to digital autoradiography.
(B) Outer membrane integrity is maintained in #im10-2 mitochondria
following protease treatment. As a control fim/0-2 mitochondria were
left untreated (lane 1) or treated with proteinase K (lane 2) under
experimental conditions identical to those for panel A. Following sol-
ubilization in 1% digitonin and separation by BN-PAGE, mitochon-
drial proteins were transferred to a PVDF membrane and immuno-
decorated with anti-Tom40 and anti-Tim22 antibodies. GIP’-complex,
core of GIP in which surface receptors have been removed by protease
treatment. (C) (Left graph) Quantitation of AAC complexes in tim10-2
mitochondria during import by digital autoradiography (the experi-
ment was performed as described in the legend to Fig. 3A), indicating
the transition of AACS' to the fully imported species AAC, with time.
The 100% control is the sum of the AACY'F and AAC, radioactive
signals. (Right graph) Ratio of AAC, to AACS' during the course of
the import reaction.

at the higher digitonin concentrations used for BN-PAGE anal-
ysis (12, 40, 42), we used cross-linking with the homobifunc-
tional chemical cross-linking reagent EGS instead of antibody
shift BN-PAGE. Upon incubation of radiolabeled AAC with
wild-type or #im10-2 mitochondria in the absence of a mem-
brane potential, EGS was added. The mitochondria were re-
isolated and washed extensively. Upon lysis of the mitochon-
drial membranes under denaturing conditions, proteins
associated with the AAC precursor were identified by immu-
noprecipitation. In the first set, we compared the efficiency of
cross-linking of the AAC precursor to Tom20 and Tim10 in
wild-type and mutant mitochondria. Whereas wild-type mito-
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FIG. 5. AAC arrests in the GIP complex. (Left panel) Mitochon-
dria were resuspended in SEM buffer and either left untreated (lane 1)
or treated with preimmune IgG (lane 2), anti-Tom40 IgG (lane 3), or
anti-Tom22 IgG (lane 4) prior to solubilization in digitonin buffer and
separation of protein complexes by BN-PAGE. The GIP complex was
detected by immunodecoration using an anti-Tom40 antiserum follow-
ing transfer of proteins to a PVDF membrane by Western blotting.
(Right panel) Radiolabeled AAC was imported into tim10-2 and wild-
type (WT) mitochondria for 15 min to allow accumulation of the AAC
intermediate; then mitochondria were washed, resuspended in SEM,
and treated with preimmune IgG (lanes 5 and 8), anti-Tom40 IgG
(lanes 6 and 9), or anti-Tom22 IgG (lanes 7 and 10) prior to solubili-
zation in digitonin buffer and separation of protein complexes by
BN-PAGE. Radiolabeled AAC was visualized by digital autoradiog-
raphy.

chondria formed a strong cross-linked product between AAC
and Tim10, this product was virtually absent in fim0-2 mito-
chondria (Fig. 6, lanes 2 and 4), yet unexpectedly, the cross-
linking of AAC to Tom?20 was significantly increased in tim10-2
mitochondria (Fig. 6, lane 3). Similarly, the AAC precursor
was cross-linked to Tom20 in #imi0-2 mitochondria in the
presence of a membrane potential also (data not shown).
Since the lack of detection of an AAC-Tim10 cross-linked
product in the mutant mitochondria could at least in part be
due to the amino acid alterations in Tim10-2, we analyzed the
second component of this intermembrane space TIM complex,
Tim9, which is not affected by the mutation. In wild-type mi-
tochondria, but not in tim/0-2 mitochondria, the AAC precur-
sor formed a cross-linked product with Tim9 in the absence of
a membrane potential (Fig. 6, lanes 9 and 12), indicating that
AAC is indeed unable to contact the Tim9-Tim10 complex in
timl0-2 mitochondria. Moreover, timl0-2 mitochondria
formed strongly increased amounts not only of the AAC-
Tom?20 cross-linked product, but also of an AAC-Tom70 cross-
linked product, relative to wild-type mitochondria (Fig. 6, lane
11 versus lane 8 and lane 10 versus lane 7). The possibility that
the increased binding of the AAC intermediate to Tom recep-
tors in tim10-2 mitochondria was merely a backup of AAC due
to a downstream blockage in the import pathway at the GIP
complex can be excluded, since the experiments were per-
formed with radiolabeled precursors which constitute a very
small, nonsaturating amount of protein with respect to the
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FIG. 6. AAC accumulates at surface receptors in timl0-2 mito-
chondria. Radiolabeled AAC in reticulocyte lysate was incubated with
yeast wild-type and #im10-2 mitochondria in the absence of a mem-
brane potential (presence of valinomycin and oligomycin). Following
cross-linking with EGS, the mitochondria were reisolated, washed, and
subjected to immunoprecipitation under stringent conditions with the
antibodies indicated. The samples were separated by SDS-PAGE and
analyzed by digital autoradiography. “Total cross-link” represents 5%
of the material used for immunoprecipitation. Asterisks indicate cross-
linked products of AAC and specified proteins.

number of total import sites available (37, 42, 44). These find-
ings indicate that a block of AAC interaction with the Tim9-
Tim10 complex in #im10-2 mitochondria leads to an arrest of
the precursor in the TOM complex at a surprisingly early stage,
where it is still in close proximity to the primary receptors
Tom70 and Tom20.

Accumulation of AAC at the TOM complex depends on the
essential Tim9-Tim10 complex but not on the Tim8-Tim13
complex. Besides the essential Tim9-Tim10 complex, the mi-
tochondrial intermembrane space contains a second complex
of small Tim proteins, the Tim8-Tim13 complex (27, 34, 36,
49). This complex is not essential for cell viability and has been
reported to play a role in the import of some precursor pro-
teins such as the precursor of Tim?23, in particular when special
import conditions such as dissipation of the membrane poten-
tial were used (10, 27, 36, 45). Since the AACC™ intermediate
described here represents a new tool for analyzing the stages of
AAC import into mitochondria, we asked if a possible involve-
ment of the Tim8-Tim13 complex in AAC transport across the
outer membrane has been overlooked so far and may be dis-
cernible at the level of the AACS™ translocation intermediate.
We constructed a mutant yeast strain in which the complete
OREFs of both TIMS and TIM13 were deleted. Import of AAC
into these mitochondria was analyzed in the absence or in the
presence of a membrane potential and compared to import
into wild-type and #im10-2 mitochondria. No evidence for in-
creased formation of the AACS™ intermediate in tim8A
tim13A mitochondria compared to that in wild-type mitochon-
dria was observed (Fig. 7, lanes 3 and 6 versus lanes 1 and 4).
These results support the view that the Tim8-Tim13 complex is
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FIG. 7. The Tim8-Tim13 complex in the intermembrane space is
not required for transition of the AAC precursor from GIP-associated
species to subsequent import steps. Radiolabeled AAC was incubated
with isolated wild-type (WT), tim10-2, or tim8A tim13A mitochondria
with (lanes 1 to 3) or without (lanes 4 to 6) dissipation of the mem-
brane potential prior to import at 25°C for 15 min. Radiolabeled AAC
was visualized by digital autoradiography following separation of dig-
itonin (1%)-solubilized proteins by BN-PAGE.

not involved in the transfer of AAC through the TOM ma-
chinery.

DISCUSSION

We have defined two steps in the translocation of carrier
proteins through the GIP of the mitochondrial outer mem-
brane and thus can explain the various and seemingly conflict-
ing results that have been reported on the role of the essential
Tim9-Tim10 complex of the intermembrane space in the im-
port of carrier proteins. The initial insertion of the AAC pre-
cursor protein into the TOM/GIP complex is independent of
the Tim9-Tim10 complex, in agreement with the observation
that purified outer-membrane vesicles devoid of soluble inter-
membrane-space Tim proteins can efficiently accumulate AAC
in the GIP complex (40). The completion of AAC transloca-
tion through the GIP, however, requires a functional Tim9-
Tim10 complex. The completion of translocation involves the
release of AAC precursor molecules from the two surface
receptors Tom70 and Tom20. This finding explains why AAC,
which was accumulated in mitochondria defective in Tim9 or
Tim10, was still accessible to proteases added to the isolated
mitochondria (1, 14, 26, 56).

The finding that a functional Tim9-Tim10 complex is needed
for release of AAC from import receptors is quite surprising
but is consistent with the view that carrier proteins are im-
ported in nonlinear chain conformations and thus may require
additional assistance to effectively transfer to the intermem-
brane space of mitochondria. Whereas presequence-contain-
ing preproteins typically contain a single amino-terminal tar-
geting signal which directs their import by sequential binding
to Tom and Tim proteins (31, 40, 46), interaction of AAC with
the receptor Tom70 is mediated by the multiple internal sig-
nals of the precursor, which cooperate in recruiting several
receptor molecules. The subsequent stepwise transfer of AAC
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to Tom proteins acting later in its import pathway occurs while
some targeting signals are still in contact with Tom70 (61). This
model can now be extended to the translocation of AAC across
the outer membrane, suggesting a transmembrane cooperation
between surface receptors and Tim9-Tim10 in AAC transfer.
Only upon stable interaction of part of an AAC precursor
molecule with the Tim9-Tim10 complex in the intermembrane
space is the precursor released from the Tom proteins on the
mitochondrial surface and thus able to complete the translo-
cation through the GIP complex.

How can the different conclusions of Murphy et al. (43) and
our study be reconciled? Murphy et al. (43) used a yeast strain
with the the #im10-1 mutant gene in combination with a sup-
pressor allele of 7IM9 and a deletion of TIMS. In this strain,
the steady-state level of Tim22 was decreased. In the isolated
mutant mitochondria, no accumulation or association of the
AAC precursor with the TOM complex was observed, and only
the insertion of AAC into the inner membrane was impaired
(43). Taking the various reports together, it is now evident that
the essential Tim subunits of the intermembrane space play
critical roles at three stages during the import of AAC. (i) They
are required for the release of the AAC precursor from the
import receptors and movement through the GIP. (ii) The
Tim9-Tim10 complex functions in a chaperone-like manner,
guiding the hydrophobic AAC precursor through the aqueous
intermembrane space (8, 39). The release of AAC from the
GIP complex occurs independently of the Tim8-Tim13 com-
plex, in agreement with the detailed analysis of Curran et al.
(8), which showed the specificity of the Tim9-Tim10 complex
for carrier proteins. (iii) The Tim9-Tim10 complex associates
with Tim12 and is thus also involved in the insertion of AAC
into the inner membrane via the TIM22 complex (1, 26, 28, 43,
56). The differences between our study and that of Murphy et
al. (43) with respect to the translocation of AAC across the
outer membrane are most likely due to the different mutant
forms of tim10 employed. The new tim10-2 allele isolated here
revealed a strong phenotype, impairing the first stage of in-
volvement of Tim9-Tim10, while the mutant strain used by
Murphy et al. (43) affected the later stage of AAC import. The
tim10-2 mutant allele thus provides the first experimental pos-
sibility of accumulating the authentic precursor of AAC in the
GIP complex of the outer membrane. This demonstrates di-
rectly that authentic AAC is translocated via the GIP complex.
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