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The Tim core complex defines the number of
mitochondrial translocation contact sites and can
hold arrested preproteins in the absence of matrix
Hsp70–Tim44

consists of at least eight different subunits including thePeter J.T.Dekker, Falk Martin,
preprotein receptors (Tom70, Tom37, Tom20 and Tom22;Ammy C.Maarse1, Ulf Bömer, Hanne Müller,
numbers indicate the apparent molecular mass in kDa)Bernard Guiard2, Michiel Meijer1,
and components of the general insertion pore (GIP; Tom40Joachim Rassow and Nikolaus Pfanner3

and the three small subunits Tom7, Tom6 and Tom5)
Institut für Biochemie und Molekularbiologie, Universita¨t Freiburg, (reviewed by Alconadaet al., 1995; Lithgowet al., 1995;
Hermann-Herder-Str. 7, D-79104 Freiburg, Germany,1Department for Lill and Neupert, 1996; Pfanner and Meijer, 1997). The
Molecular and Cellular Biology, University of Amsterdam, majority of Tom proteins, including the two essential
Kruislaan 318, 1098 SM Amsterdam, The Netherlands and

proteins Tom40 and Tom22, recently were found to2Centre de Ge´nétique Moléculaire CNRS, Universite´ Pierre et
associate in a stable complex of ~400K (Dekkeret al.,Marie Curie, 91190 Gif-sur-Yvette, France
1996; Dietmeieret al., 1997).3Corresponding author

The translocase of the inner membrane includes thee-mail pfanner@ruf.uni-freiburg.de
essential proteins Tim17, Tim23 and Tim44 (Pfanneret al.,
1994; Ryan and Jensen, 1995; Schatz and Dobberstein,Preprotein import into mitochondria is mediated by
1996). Both Tim17 and Tim23 are integral membranetranslocases located in the outer and inner membranes
proteins and are thought to be structural members of the(Tom and Tim) and a matrix Hsp70–Tim44 driving
translocation channel of the inner membrane (Ku¨brichsystem. By blue native electrophoresis, we identify an
et al., 1994; Bertholdet al., 1995; Blom et al., 1995).~90K complex with assembled Tim23 and Tim17 as
Tim44 is a peripheral membrane protein mainly locatedthe core of the inner membrane import site for
on the matrix side of the inner membrane (Blomet al.,presequence-containing preproteins. Preproteins
1993; Horst et al., 1993) and loosely associates withspanning the two membranes link virtually all Tim
Tim23 (Bertholdet al., 1995; Bömer et al., 1997). Twocore complexes with one in four Tom complexes in a
energy sources are required to drive a preprotein acrossstable 600K supercomplex. Neither mtHsp70 nor Tim44

are present in stoichiometric amounts in the 600K the inner membrane. The membrane potential∆ψ promotes
complex. Preproteins in transit stabilize the Tim core the initial translocation of the positively charged pre-
complex, preventing an exchange of subunits. Our sequences of preproteins (Martinet al., 1991). Further
studies define a central role for the Tim core complexes translocation of preprotein segments requires the action
in mitochondrial protein import; they are not passive of the matrix heat shock protein 70 (mtHsp70), an ATP-
diffusion channels, but can stably interact with dependent molecular chaperone (Kanget al., 1990; Scherer
preproteins and determine the number of translocation et al., 1990). A fraction of mtHsp70 binds to the inner
contact sites. We propose the hypothesis that mtHsp70 membrane in a nucleotide-sensitive manner. Tim44 has
functions in protein import not only by direct been identified as a major binding site for mtHsp70
interaction with preproteins, but also by exerting a (Kronidou et al., 1994; Rassowet al., 1994; Schneider
regulatory effect on the Tim channel. et al., 1994). In addition, the chaperone can also transiently
Keywords: Hsp70/mitochondria/protein import/ bind to Tim17–Tim23 (Bo¨meret al., 1997). Currently two
Saccharomyces cerevisiae/Tim complex models for the function of mtHsp70 in protein import are

discussed (Pfanner and Meijer, 1995; Vooset al., 1996). In
the translocation motor model, membrane-bound mtHsp70
generates a force that pulls the preprotein in (Glick, 1995;

Introduction von Ahsenet al., 1995; Horstet al., 1996). In the Brownian
ratchet model, movement of the precursor polypeptide inPreproteins cross the mitochondrial membranes at trans-
the import channels is driven by Brownian motion andlocation contact sites, where outer and inner mitochondrial
trapping by mtHsp70 (Schneideret al., 1994; Ungermannmembranes are closely opposed (Schleyer and Neupert,
et al., 1994).1985). Transport is mediated by individual translocases in

In the past years, qualitative information concerningthe outer and inner membranes (Tom and Tim, respect-
the mitochondrial import process has been accumulatedively) and a mtHsp70-ATP driving system (Ku¨brich et al.,
with the use of co-immunoprecipitation and cross-linking1995; Lill and Neupert, 1996; Schatz and Dobberstein,
experiments. Thereby, mtHsp70, Tom and Tim proteins1996; Pfanner and Meijer, 1997). In contrast to the original
were found in association with a translocating polypeptidesuggestion, translocation contact sites do not constitute a
(Vestweberet al., 1989; Kanget al., 1990; Schereret al.,single, stable channel spanning both membranes (Hwang
1990; So¨llner et al., 1992; Blom et al., 1993; Gambillet al., 1989; Rassow and Pfanner, 1991; Segui-Realet al.,
et al., 1993; Horstet al., 1993, 1995; Ryan and Jensen,1993), but can be observed when a preprotein links outer
1993; Kübrich et al., 1994; Bertholdet al., 1995). Theseand inner membrane translocases (Horstet al., 1995).

The translocase of the outer mitochondrial membrane experiments, however, provided only limited information
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Mitochondrial translocation contact sites

(Figure 1, lane 4). For comparison, all Tom40 (Figure 1,
lanes 2 and 3) and other Tom proteins such as Tom22 are
present in an ~400K complex (Dekkeret al., 1996). The
integrity of the 400K and 90K complexes was not affected
when the membrane potential (∆ψ) was dissipated prior
to lysis of mitochondria (Figure 1, lanes 3 and 6) or by
the presence or absence of ATP (see below).

To determine if Tim17 was present in the 90K complex,
we synthesized and radiolabeled Tim17in vitro and
imported it into isolated yeast mitochondria. When the
import was performed in the presence of a∆ψ, Tim17
was transported to the inner membrane (Bo¨mer et al.,
1996) and assembled into an ~90K complex (Figure 1,
lane 7). As control, radiolabeled Tim17 incubated with
isolated mitochondria in the absence of a∆ψ was not
found in a 90K complex (Figure 1, lane 8). This indicates
that assembly of Tim17 into the 90K complex depends
on import into the inner membrane and does not occur

Fig. 1. Tim23 and Tim17 are present in a 90K protein complex. after lysis of the mitochondria. These results suggest thatMitochondria were pre-incubated for 5 min in the absence (lanes 1, 2,
Tim23 and Tim17 are contained in an ~90K complex in4, 5 and 7) or presence of valinomycin (lanes 3, 6 and 8) to disrupt
the inner membrane.∆ψ. For lanes 7 and 8, mitochondria were incubated for 15 min at

25°C with [35S]Tim17. Mitochondria were re-isolated, lysed with To obtain evidence that both Tim proteins are present
digitonin buffer (lanes 2, 3 and 5–8) or 2% SDS (lanes 1 and 4) and in the same 90K complex, we analyzed a yeast mutant
analyzed by BN-PAGE as described in Materials and methods. Tom

harboring the mutant alleletim23-2. This mutant isand Tim complexes were detected by immunodecoration with
impaired in mitochondrial protein importin vivo (Maarseanti-Tom40 (lanes 1–3) and anti-Tim23N (lanes 4–6) antibodies,

respectively. Tim17-containing complexes were detected by et al., 1992; Dekkeret al., 1993), and a double mutant
autoradiography. with tim17-1 is synthetically lethal (Blomet al., 1995).

We determined the DNA sequence of the mutant allele
and found a single point mutation, leading to substitution
of a conserved glycine for a glutamic acid at position 112on the stoichiometry of protein interactions and the relev-

ance of protein complexes for the translocation process. in the first putative transmembrane segment of Tim23
(Figure 2A). The mutation did not change the abundanceHere we quantitatively analyzed the interactions between

a membrane-spanning preprotein and the transport com- of Tim23 (Figure 2B, lane 2) in comparison with Tim23
of wild-type mitochondria (Figure 2B, lane 1). Proteinaseplexes of mitochondrial translocation contact sites. We

identified a complex of ~90K containing Tim23 and Tim17 K removed the N-terminal intermembrane space domain
of wild-type and mutant Tim23 after opening of the outeras the major inner membrane import site for presequence-

containing preproteins. Surprisingly, preproteins spanning membrane by swelling (Figure 2B, lanes 3 and 4; the
antiserum was directed against the N-terminus of Tim23),the mitochondrial membranes connected the bulk of 90K

Tim complexes with only ~25% of all 400K Tom com- indicative of a correct membrane insertion of the mutant
protein (Kübrich et al., 1994). Import of35S-labeled pre-plexes in a 600K supercomplex. Apparently, mitochondria

contain many more 400K Tom complexes than 90K Tim cursors of Tim23 and Tim17 into the inner membrane and
correct membrane insertion, assessed by formation of thecomplexes. Accumulated preproteins were kept stably in

the 600K complex in the absence of mtHsp70–Tim44. fragments Tim239 and Tim179 after swelling and protease
treatment (Ku¨brich et al., 1994; Bömeret al., 1996), wereThe findings suggest that the import channel itself is able

to hold the translocating chain. comparable between mutant and wild-type mitochondria
(Figure 2B, lanes 9, 10, 15 and 16).

tim23-2 mitochondria contained, however, stronglyResults
reduced amounts of the 90K complex (Figure 2C, lane 2).
The mutant protein Tim23-2 mainly migrated at theAssembly of Tim23 and Tim17 into an ~90K

complex involved in import of cleavable monomer position in BN-PAGE, indicating that the
stability of the 90K Tim complex was decreased in thepreproteins

After lysis of mitochondrial membranes with digitonin, mutant. Assembly ofin vitro imported Tim17 into the
90 K complex was strongly reduced compared with wild-Tim23 and Tim17 can be co-precipitated (Bertholdet al.,

1995; Blomet al., 1995). In order to visualize a protein type (Figure 2C, lanes 4 and 5). Interestingly, the assembly
of in vitro imported wild-type Tim23 into the 90 K com-complex with Tim17 and Tim23 directly, digitonin-lysed

Saccharomyces cerevisiaemitochondria were subjected to plex was enhanced in the mutant mitochondria (Figure 2C,
lane 8; compare with lane 7). Evidently, unassembled Timblue native electrophoresis (BN-PAGE) (Scha¨gger and

von Jagow, 1991; Scha¨gger et al., 1994). Immunodecor- subunits (like Tim17) are present in increased amounts in
the mutant mitochondria and immediately form new 90Kation with antibodies directed against Tim23 identified an

abundant complex of ~90K (Figure 1, lanes 5 and 6). Tim complexes with imported wild-type Tim23. Thus, the
tim23-2 mutation does not affect mitochondrial importAdditionally, complexes of ~140K and ~240K were

detected in low amounts. When denatured by SDS prior and correct insertion into the inner membrane of Tim23
and Tim17, but reduces the stable assembly of Tim17 intoto BN-PAGE, all Tim23 migrated at the monomer position
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P.J.T.Dekker et al.

Fig. 2. An intact 90K Tim complex is required for import of presequence-containing preproteins. (A) Determination of the amino acid sequence of
Tim23-2. The conserved Gly112 in the first putative membrane-spanning segment of theS.cerevisiae(S.c.) Tim23 protein is changed to glutamic
acid in Tim23-2. Homology to S.c.Tim17, S.c.Tim22 and A.t. (Arabidopsis thaliana) Tim23 is boxed. Putative transmembrane segments in Tim23
are hatched. (B) 35S-labeled Tim23 (lanes 5–10) or Tim17 (lanes 11–16) were imported into wild-type andtim23-2mitochondria at 25°C in the
presence or absence of a∆ψ. For lanes 1–4 no import was performed. Samples were split in two and one half was kept on ice. The other half was
swollen to disrupt the outer membrane and treated with proteinase K (PK). Mitochondria were re-isolated, washed and analyzed by SDS–PAGE.
Endogenous Tim23 was detected by immunodecoration with anti-Tim23N antibodies [generated against a peptide corresponding to the 14 amino-
terminal residues of Tim23 (Ku¨brich et al., 1994)] (lanes 1–4). Imported Tim23 and Tim17 were detected by autoradiography (lanes 5–16). Tim239,
Tim179, proteolytic fragments of Tim23 and Tim17, respectively. (C) 35S-labeled Tim23 (lanes 3–5) or Tim17 (lanes 6–8) were imported into
wild-type andtim23-2mitochondria in the presence or absence of∆ψ. Mitochondria were re-isolated, washed and lysed with digitonin buffer and
analyzed by BN-PAGE. Endogenous Tim23 was detected by immunodecoration with anti-Tim23N antibodies (lanes 1–2). Imported Tim23 and
Tim17 was detected by autoradiography (lanes 3–8). (D) Assessment of∆ψ in wild-type (WT) andtim23-2mitochondria. Fluorescence is measured
in time at 670 nm. The presence of a membrane potential across the mitochondrial membranes leads to a drop in fluorescence. The difference in
fluorescence in the absence and presence of valinomycin is taken as assessment of∆ψ. Mito., mitochondria added; Val., valinomycin added.
(E) Radiolabeled F1β (lanes 1–3) and ADP/ATP carrier (AAC; lanes 4–6) were imported into wild-type andtim23-2mitochondria in the presence or
absence of∆ψ. Samples were split and incubated with or without PK after swelling. Import was analyzed by SDS–PAGE and autoradiography.
Protease-resistant material was quantified (mF1β and AAC bound to wild-type mitochondria before PK treatment was set at 100%). p, precursor form
of F1β; m, mature F1β.

the 90K complex. We conclude that Tim17 and Tim23 two groups; those having and those lacking a cleavable
presequence. We imported the cleavable precursor of F1β-assemble together into a complex of ~90K.

Does a decreased stability of the 90K Tim complex ATPase subunit (F1β) and the non-cleavable precursor of
the ADP/ATP carrier (AAC) intotim23-2 and wild-typeaffect import of preproteins? We first assessed the mem-

brane potential of the mutant mitochondria in order to mitochondria (Figure 2E). Specific processing (Figure 2E,
upper panel, lane 3) and transport to a protease-protectedexclude that an effect on protein import was caused by

an indirect influence of thetim23-2mutation on generation location (Figure 2E, lower panel, lane 3) of F1β were
significantly impaired intim23-2mitochondria. Import ofof a ∆ψ. Assessment by the potential-sensitive fluorescent

dye 3,39-dipropylthiadicarbocyanine iodide [DiSC3(5)] other cleavable preproteins, such as Fe/S protein and
matrix processing peptidase, was similarly diminished in(Simset al., 1974; Ga¨rtneret al., 1995) revealed the same

degree of fluorescence quenching by wild-type andtim23- the mutant mitochondria (U.Bo¨mer, unpublished data).
Import of the AAC, however, was not reduced (Figure 2E,2 mitochondria (Figure 2D), indicating that the mutant

mitochondria were able to generate a∆ψ. Preproteins lower panel, lane 6). Apparently, non-cleavable prepro-
teins, like AAC, Tim23 and Tim17, do not require a fullytargeted into mitochondria can be divided roughly into
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Mitochondrial translocation contact sites

functional 90K Tim complex for efficient import and spanning intermediate (Figure 3D, column 3). The molecu-
lar weight shift to the 600K area suggested that the 90Kmembrane insertion, whereas cleavable mitochondrial pre-

proteins require the assembly of Tim23 and Tim17 into Tim23–Tim17 complex efficiently associated with the
translocation intermediate.an intact 90K complex.

When probed for Tom40 and Tom22, a molecular
weight shift of part of the 400K Tom complex to the samePreproteins spanning both mitochondrial

membranes quantitatively associate with the 90K mobility as Tim23 and Tim17 was observed (Figure 3C,
lane 8 and D, columns 5 and 7). The requirements for theTim complexes and one in four Tom complexes

In order to address if the 90K Tim complex associated shift of Tom40 and Tom22 to the high molecular weight
area were identical to that of Tim23–Tim17, i.e. strictlywith a precursor polypeptide in transit, chemical amounts

of a mitochondrial preprotein were accumulated in mito- depended on the accumulation ofb2∆-DHFR in transloca-
tion contact sites. This indicates that the translocationchondrial import sites. The fusion proteinb2∆-DHFR,

consisting of the first 167 amino acid residues of the intermediate spans the transport machineries of both outer
and inner membranes and that the 600K band containscytochromeb2 preprotein (except for a deletion of 19

residues in the intermembrane space sorting signal) and the 400K Tom complex, the 90K Tim complex and the
methotrexate-bound preprotein. Indeed, co-immunopre-the entire dihydrofolate reductase (Kollet al., 1992), was

expressed inEscherichia colicells (Figure 3A, lane 2). cipitation experiments confirmed the association of Tom40
and Tim23 after accumulation ofb2∆-DHFR (unpub-b2∆-DHFR was purified fromE.coli lysates such that is

was .95% pure (Figure 3A, lane 3) and fully soluble. lished data).
Quantification revealed that 80–100% of Tim17 andb2∆-DHFR was added to energized yeast mitochondria

and analyzed by SDS–PAGE. Immunodecoration with Tim23,butonly20–25%ofTom22andTom40,werepresent
in the 600K supercomplex (Figure 3D). This unexpectedlyspecific antibodies demonstrated that the preprotein was

processed twice (Figure 3B, lane 1). The processed forms implied that the 400K Tom complex was more abundant
than the 90K Tim complex. We therefore determined thewere protected against treatment of the mitochondria with

proteinase K (Figure 3B, lane 6). Import depended on total amount of Tim23 and Tom40 in mitochondria by stand-
ardized immunoblotting of mitochondrial Tim23 andthe generation of a membrane potential∆ψ across the

mitochondrial inner membrane (Figure 3B, lanes 2 and Tom40 in comparison with purified Tim23 and Tom40
expressed inE.coli(not shown). Indeed, yeast mitochondria7). The ligand methotrexate stabilizes the tertiary structure

of the DHFR domain and thereby prevents its translocation were found to contain ~20 pmol of Tim23 and ~250 pmol
of Tom40 per mg of mitochondrial protein. The size of theacross the mitochondrial membranes (Eilers and Schatz,

1986; Rassowet al., 1989). When b2∆-DHFR was 600K supercomplexsuggests that apparently one400K Tom
complex is linked to one or two 90K Tim complex(es) byimported in the presence of methotrexate, it accumulated as

a translocation intermediate spanning both mitochondrial the translocation intermediate. Thus, only about one in four
Tom complexes are connected to the 90K Tim complexesmembranes at translocation contact sites: the presequence

was processed to the first intermediate form (Vooset al., in translocation contact sites.
To investigate the size of the translocation complex1994) but remained accessible to externally added protease

(Figure 3B, lanes 3 and 8). In order to test if the metho- formed by the preprotein and the Tim complex alone,
b2∆-DHFR was added to swollen mitochondria withtrexate intermediate was on the correct import pathway,

mitochondria were re-isolated and washed to remove the opened outer membrane (mitoplasts), thereby allowing
direct access of the preprotein to the Tim machinery (Ohbaligand. After a second incubation in the absence of

methotrexate, the processed preprotein became protease and Schatz, 1987; Hwanget al., 1989). After accumulation
of b2∆-DHFR in mitoplasts in the presence of metho-resistant (Figure 3B, lane 10). We conclude that chemical

amounts ofb2∆-DHFR can be reversibly accumulated in trexate, Tim23 was found preferentially in an ~130K
complex (Figure 3E, lower panel, column 3) and only tomitochondrial translocation contact sites.

We then tested the effect ofb2∆-DHFR on the 90K Tim a minor extent in the 600K complex (Figure 3E, lower
panel, column 4). To detect the preprotein directly, wecomplex. After accumulation ofb2∆-DHFR in the presence

of methotrexate and lysis of the mitochondria under non- importedin vitro synthesized35S-labeledb2∆-DHFR into
mitoplasts in the presence of methotrexate. The preproteindenaturing conditions (digitonin), Tim23 was found mainly

at ~600K (Figure 3C, lane 4). A small amount of Tim23 was processed efficiently to the intermediate sized form,
demonstrating that it spanned the inner membrane.migrated at an even higher molecular weight (.800K). The

small amounts of Tim23 observed at 140K and 240K after Similarly to Tim23, the preprotein was found mainly in a
130K complex in mitoplasts (Figure 3E, upper panel,long exposures of the blots (see Figure 1, lanes 5 and 6) also

quantitatively shifted to the high molecular weight area column 3). With intact mitochondria, the processedb2∆-
DHFR, like Tim23, was found mainly in the 600K complex.600K (not shown). The occurrence of Tim23 in the high

molecular weight area strictly depended on the accumula- (Figure 3E, columns 2). The size of the 130K complex of
mitoplasts can accommodate one 90K Tim complex andtion of b2∆-DHFR across both membranes. When the pre-

protein was accumulated at the outer membrane in the one preprotein, indicating that the 90K Tim complex
represents the core unit of the inner membrane importabsence of a∆ψ (Figure 3C, lane 3) or completely imported

into the matrix in the presence of a∆ψ, and absence of machinery. Since the 600K supercomplex is almost absent
when import occurred into mitoplasts (Figure 3E, columnsmethotrexate (Figure 3C, lane 2), Tim23 was only found in

the low molecular weight area (mainly the 90K complex). 4), its formation depends on the linkage of the 400K
Tom complex with a functional 90K Tim complex by aSimilarly, the vast majority of assembled Tim17 shifted to

the .600K area in the presence of the two-membrane- translocation intermediate spanning both membranes.
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Fig. 3. Accumulation of a translocation intermediate leads to linkage of the Tom and Tim complexes. (A) b2∆-DHFR was expressed inE.coli and
isolated by Mono-S chromatography. Lane 1, lysate of uninducedE.coli cells; lane 2,E.coli lysate after induction ofb2∆-DHFR synthesis by IPTG;
lane 3, eluate of the Mono-S column. Proteins were detected by SDS–PAGE and Coomassie staining. (B) b2∆-DHFR was imported for 20 min at
25°C into isolated yeast mitochondria in the presence (lanes 3–5) or absence (lanes 1–2) of methotrexate (MTX). For lane 2,∆ψ was dissipated by
addition of valinomycin before import. Mitochondria of reactions 4 and 5 were re-isolated and washed twice in SEM buffer to remove MTX.
Mitochondria were resuspended in import buffer and chased for 5 and 20 min at 25°C (reactions 4 and 5 respectively). All reactions were split, and
one half (lanes 6–10) was treated with 20µg/ml proteinase K (PK) for 10 min at 0°C. Mitochondria were re-isolated by centrifugation, washed twice
with SEM and analyzed by SDS–PAGE and immunoblotting with anti-mouse DHFR antiserum. p, precursor form ofb2∆-DHFR; i and i*,
intermediate forms ofb2∆-DHFR. (C) b2∆-DHFR was imported into yeast mitochondria in the presence or absence of∆ψ and MTX. After
re-isolation and washing, mitochondria were lysed with digitonin buffer and analyzed by BN-PAGE. After Western blotting, Tim23 (left panel) and
Tom40 (right panel) were detected by immunodecoration. (D) Quantification of proteins present in the 600K area after import ofb2∆-DHFR in the
presence of MTX. Tim23, Tom40 and Tom22 were detected by immunodecoration. The total amount of each protein was set to 100%. Radiolabeled
Tim17 was first imported before accumulation ofb2∆-DHFR and detected by autoradiography. Tim17 assembled in the 90K complex before
b2∆-DHFR addition (ass.) was set at 100%. (E) [35S]b2∆-DHFR (upper panel) orb2∆-DHFR in chemical amounts (lower panel) were incubated with
mitochondria (columns 1–2) or mitoplasts (columns 3–4) in the presence of MTX. Protein complexes were analyzed by BN-PAGE and
autoradiography or immunodecoration of blots with anti-Tim23N. Intermediate sizedb2∆-DHFR (upper panel) and Tim23 (lower panel) present in
the 600K (light gray) and 130K (dark gray) translocation complexes were quantified. The total material in the 130K and 600K areas together was set
to 100%.

Accumulation of b2∆-DHFR in translocation contact in the presence of methotrexate and the mitochondria were
re-isolated and incubated with variousin vitro synthesizedsites strongly inhibits import of cleavable

preproteins, but not preproteins with internal preproteins. The import of cleavable preproteins was
assessed by monitoring their proteolytic processing andtargeting information

To address the role of translocation contact sites and the transport to a protease-protected location (Figure 4A); the
import of non-cleavable preproteins was assessed by90K Tim complex in import of different classes of

preproteins,b2∆-DHFR was arrested in the import sites protease protection, in the case of integral inner membrane
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Mitochondrial translocation contact sites

Fig. 4. Accumulation ofb2∆-DHFR blocks translocation of presequence-containing preproteins. (A andB) Mitochondria were pre-incubated for
10 min at 25°C in the absence (left parts) or presence (right parts) ofb2∆-DHFR and methotrexate (MTX). Mitochondria were re-isolated and
washed with SEM1 MTX to remove unboundb2∆-DHFR. 35S-labeled F1β (A; left panel),α-subunit of matrix processing peptidase (MPP)
(A; middle panel), cytochromeb2 (A; right panel), porin (B; left panel), Tom40 (B; middle panel) or AAC (B; right panel) were added, samples
were incubated at 25°C and aliquots were removed at the indicated time points. Import was stopped directly by addition of valinomycin on ice.
Samples were divided in two, and to one half proteinase K (PK) was added. For the AAC samples, mitochondria were swollen before PK treatment.
After 15 min incubation on ice, mitochondria were re-isolated and washed. Samples were analyzed by SDS–PAGE and autoradiography. Import was
quantified with ImageQuant software. Protease-resistant material accumulated after 15 min in the absence ofb2∆-DHFR was set to 100%.
p, precursor; i, intermediate; m, mature. (C) Mitochondria were pre-incubated for 10 min at 25°C without (left panel) or with (right panel)
b2∆-DHFR and MTX. Membrane potential was assessed directly after the import reaction for 10 min as described in Materials and methods and the
legend to Figure 2B. Mito., mitochondria added; Val., valinomycin added. (D) Mitochondria (25µg) were pre-incubated for 10 min at 25°C with the
indicated amounts ofb2∆-DHFR and MTX. Mitochondria were re-isolated and washed to remove unboundb2∆-DHFR. Samples were divided; one
part was used directly for import of35S-labeled F1β and Tim23 before swelling and re-isolation (lanes 9–16). The other part was first swollen,
re-isolated and then used in the import reaction (lanes 1–8). Samples were again divided and one part was treated with PK (lanes 5–8 and 13–16).
After re-isolation, mitochondria were analyzed by SDS–PAGE and autoradiography. p, precursor of F1β; m, mature F1β; Tim239, fragment of Tim23
lacking the N-terminal domain.

proteins the outer membrane was opened by swelling import of non-cleavable preproteins was only slightly
inhibited, including that of the outer membrane proteinsbefore the protease treatment (Figure 4B) (Alconadaet al.,

1995). The import of all cleavable preproteins tested was porin (Figure 4B, left panel) and Tom40 (Figure 4B,
middle panel), and of the inner membrane proteins AACstrongly inhibited, independently of their final location in

mitochondria, including F1β (matrix side of the inner (Figure 4B, right panel), phosphate carrier (unpublished
data) and Tim23 (see below, Figure 4D). The∆ψ ofmembrane) (Figure 4A, left panel), theα-subunit of the

matrix processing peptidase (α-MPP) (Figure 4A, middle mitochondria with accumulatedb2∆-DHFR, as assessed
by use of DiSC3(5), was comparable with that of controlpanel), cytochromeb2 (intermembrane space) (Figure 4A,

right panel), cytochromec1, Tim44, CoxVa (all inner mitochondria (Figure 4C).
We conclude that the accumulation ofb2∆-DHFR inmembrane) and Hsp60 (matrix) (unpublished data). The
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translocation contact sites inhibits the import of cleavable was quantified by standardized immunoblotting in com-
preproteins. The minor inhibition of import of outer mem- parison with purifiedb2∆-DHFR protein).
brane proteins suggests that most Tom complexes are not The total amount of mitochondrial mtHsp70 was deter-
blocked, in agreement with the quantification reported in mined to be ~100 pmol of mtHsp70/mg protein. About
Figure 3D. The slight import inhibition of non-cleavable six or seven molecules of mtHsp70 are, therefore, available
inner membrane proteins is most likely due to the partial per molecule of incomingb2∆-DHFR preprotein. In other
inactivation of Tom complexes. In agreement with the words, at least 15% of total mtHsp70 should migrate at
results obtained with thetim23-2mutant, a functional 90K the 600K position if it were in a stoichiometric interaction
Tim complex is not required for the efficient import of with b2∆-DHFR. The mtHsp70 spot at the position of the
proteins lacking a cleavable presequence. 600K complex (Figure 5A, see arrowhead), however, does

If the strong inhibition of import of presequence- not contain more than 0.5 pmol of mtHsp70 per mg of
containing proteins is caused by the saturation of the 90K mitochondrial protein (Figure 5C, left panel). This means
Tim channels, the generation of mitoplasts afterb2∆- that,5% of all stably associatedb2∆-DHFR translocation
DHFR accumulation should not alleviate the inhibition. intermediates interact with mtHsp70 under these condi-
Mitochondria were pre-incubated withb2∆-DHFR in the tions. This value is similar to the efficiency of co-
presence of methotrexate, re-isolated and swollen. Theimmunoprecipitation of membrane-spanning preproteins
resulting mitoplasts were used in a second import reaction with mtHsp70 (Ungermannet al., 1994). It should be
with the precursors of F1β and Tim23 (Figure 4D, lanes emphasized that the condition used for analysis (the
1–8). As a control, F1β and Tim23 were imported into presence of EDTA) stabilizes the interaction of mtHsp70
mitochondria, carrying accumulatedb2∆-DHFR, before with preproteins and permits a quantitative recovery of
swelling (Figure 4D, lanes 9–16). The accumulation of mtHsp70–preprotein complexes (Rospertet al., 1996).
b2∆-DHFR led to an inhibition of import of the precursor Apparently, stoichiometric amounts of mtHsp70 are not
of F1β in both cases. The degree of import inhibition was required for holding of translocation intermediates in the
indistinguishable between mitoplasts (Figure 4D, lanes 2– isolated translocation complex.
4 and 6–8) and mitochondria (Figure 4D, lanes 10–12 and To analyze the translocation complex in the absence of
14–16). Insertion of Tim23 into the inner membrane was mtHsp70, we lysed mitochondria in the presence of
not or only slightly affected, as assessed by formation of 5 mM MgATP, which efficiently dissociates mtHsp70 from
the fragment Tim239 by protease treatment of mitoplasts preproteins (Vooset al., 1994). Tim23, however, efficiently
(Figure 4D, lanes 6–8 and 14–16). We conclude that shifted to the 600K position under these conditions
accumulation ofb2∆-DHFR in translocation contact sites (Figure 5B). Indeed,b2∆-DHFR was still stably associated
of mitochondria blocks the inner membrane import sites with the import complex after lysis in MgATP-containing
for cleavable preproteins. No additional import sites for buffer, irrespective of the temperature of incubation of the
cleavable preproteins are revealed after opening of thecomplex (4–25°C) (Figure 5B and C). Furthermore, no
outer membrane. This strongly suggests that the 90K Tim mtHsp70 could be detected in the 600K supercomplex
complex is the core translocase and limits the number of (see Figure 5B, arrowhead, and C), indicating that the
import sites for presequence-containing preproteins. molecular chaperone is not required for the stable holding

of the translocation intermediate in the isolated import
The 600K supercomplex contains only channel.
sub-stoichiometric amounts of mtHsp70 Tim44 did not migrate as a discrete band in BN-PAGE,
An intriguing observation during the course of this study but was found in a range from 70K to 250K in the absence
was that the 600K translocation complex was stable during of b2∆-DHFR (Figure 5A, left panel). After accumulation
the isolation procedure, including a 4 h electrophoretic of b2∆-DHFR, Tim44 did not shift to the 600K area; in
run, indicating thatb2∆-DHFR is held stably in the fact, the distribution of Tim44 shifted more to the lower
transport channels and does not slip back into solution. molecular weight area (,100K) (Figure 5A, right panel).
Previously it has been shown that mtHsp70 has the ability It is therefore unlikely that Tim44 is a structural component
to interact with incoming preproteins (Kanget al., 1990; of the 600K translocation complex.
Schereret al., 1990; Gambill et al., 1993; Vooset al.,
1993; Schneideret al., 1994; Horst et al., 1995). To

A membrane-spanning preprotein stabilizes theexamine the abundance of mtHsp70 in the 600K complex,
90K Tim complexwe accumulatedb2∆-DHFR with methotrexate, lysed mito-
The stable interaction of theb2∆-DHFR preprotein withchondria in the presence of EDTA and separated the
the import apparatus in the absence of mtHsp70–Tim44different membrane complexes by BN-PAGE. We included
suggests that the 90K Tim channel itself might be involveda urea–SDS–PAGE as second dimension such that the
in holding incoming preproteins, rather than just being amigration of mtHsp70, Tom and Tim proteins could be
passive diffusion channel. To obtain further evidence fordetermined simultaneously. Similarly to the one-dimen-
an active interaction of preproteins and Tim complex, wesional analysis (Figure 3C and D), the accumulation of
investigated the influence of a spanning preprotein on theb2∆-DHFR led to an efficient shift of Tim23 and a partial
constitution of the 90K Tim complex. As shown aboveshift of Tom40 and Tom22 into the 600K complex
(Figures 1 and 2C), the 90K Tim complex is dynamic in(Figure 5A, compare –b2∆-DHFR with1b2∆-DHFR). The
nature; newly imported subunits can assemble into theamount of protein in the 600K complex was found to be
90K complex and are thereby exchanged for endogenousalmost 20 pmol/mg for Tim23, ~60 pmol/mg for Tom40
subunits. A subsequent accumulation of membrane-and ~15 pmol/mg mitochondrial protein forb2∆-DHFR

(Figure 5C, left panel) (b2∆-DHFR in the 600K complex spanningb2∆-DHFR leads to an efficient shift ofin vitro
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assembled Tim17 and Tim23 into the 600K translocation assembly into the 600K complex strongly depended on
the order of addition ofb2∆-DHFR and radiolabeledcomplex (Figure 3D, and Figure 6, columns 6 and 12).

We wondered if newly imported Tim proteins could Tim23–Tim17 to mitochondria, it can be excluded that
the 600K complex was formed after lysis of mitochondriaalso assemble directly into the 600K translocation com-

plex. First b2∆-DHFR was accumulated in the presence with detergent.
We conclude that the Tim complex is dynamic in nature,of methotrexate, then radiolabeled Tim17 or Tim23 were

imported. The import and insertion into the inner mem- but is stabilized by the presence of a preprotein. The Tim
complex is not a passive diffusion channel, but seems tobrane of these Tim proteins was not inhibited by the

membrane-spanningb2∆-DHFR (see Figure 4D). How- play an active role in the translocation of presequence-
containing proteins across the mitochondrial innerever, the assembly into the 600K translocation complex

was blocked; only background levels were observed membrane.
(Figure 6, columns 3 and 9). The accumulation of a
translocation intermediate apparently stabilizes the Tim Discussion
complex and prevents substitution of endogenous subunits
for newly imported Tim proteins. Moreover, since the We report the identification of an ~90K complex in the

mitochondrial inner membrane with assembled Tim17 and
Tim23. Accumulation of a preprotein directly across the
inner membrane of mitoplasts leads to formation of a
130K complex consisting of the 90K complex and the
preprotein, indicating that the 90K complex forms the
core unit of the Tim machinery. A single amino acid
exchange in a membrane-spanning segment of Tim23
destabilizes the 90K complex and thereby selectively
inhibits the import of cleavable preproteins into the
mitochondrial matrix. The results presented here show
that the 90K Tim complex represents the major inner
membrane import site for presequence-containing pre-
proteins, and we thus term it the ‘Tim core complex’.

Accumulation of a translocation intermediate of a cleav-
able preprotein across both mitochondrial membranes links
the 90K Tim complexes and 400K Tom complexes into a
supercomplex of ~600K. Determination of the constitution
of the 600K complex led to several unexpected findings.
(i) Mitochondria contain significantly more Tom com-
plexes than Tim core complexes. Only ~25% of the 400K
Tom complexes participate in translocation of cleavable
preproteins. (ii) The Tim core complexes are stabilized by
accumulation of a translocation intermediate, preventing
exchange of Tim subunits. (iii) The translocation inter-
mediate is kept stably in the 600K complex in the virtual
absence of mtHsp70 and Tim44.

Since previous models suggested that the Tim complexes

Fig. 5. MtHsp70 is not required for holding of a translocation
intermediate in the isolated import channel. (A andB) Mitochondria
were pre-incubated for 10 min at 25°C in the absence (left panel) or
presence (right panel) ofb2∆-DHFR and methotrexate. After re-
isolation and washing, mitochondria were lysed in digitonin buffer
containing 5 mM EDTA (A) or 5 mM MgCl2 and 5 mM ATP (B).
After a clarification, protein complexes were separated by BN-PAGE
(first dimension, from right to left). Individual lanes were cut out of
the gel and separated by a second dimension urea–SDS–PAGE (from
top to bottom). Proteins were blotted on nitrocellulose membranes, and
individual proteins were detected by immunodecoration with
antibodies against mtHsp70, cytochromeb2 (for b2∆-DHFR), Tim44,
Tom40, Tim23 and Tom22. The position of the 90K, 400K and 600K
complexes is indicated. The arrowhead points to the position of the
600K complex in the immunoblot for mtHsp70. The 600K complex
was stable independently of whether the mitochondrial lysate was
incubated at 4 or 25°C. (C) Quantification of the absolute amount of
protein migrating in the 600K area of panels (A) (EDTA) and (B)
(MgATP). The intensity of immunoreactivity of protein spots on the
two-dimensional gels was compared with the immunoreactivity of a
standard range of purifiedb2∆-DHFR and mtHsp70. The amount of
Tim23 and Tom40 migrating at the 600K position was estimated from
a comparison with the total amount of these proteins present in
mitochondria.
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both membranes simultaneously (translocation contact
site). It has been discussed for a long time that the inner
boundary membranes are functionally and structurally
distinct from the cristae membranes (Werner and Neupert,
1972; Kellemset al., 1975; Schleyer and Neupert, 1985;
Pfanneret al., 1992; Mannellaet al., 1997). The Tim core
complexes should thus be useful for the analysis of the
two dissimilar inner membrane moieties.

Functional assays confirmed that a saturation of mito-
chondrial import sites by membrane-spanning preproteins
inhibits protein import by blocking the Tim core com-
plexes, but not by blocking the Tom complexes. Even
after opening of the outer membrane, which permits direct

Fig. 6. Accumulation ofb2∆-DHFR stabilizes the Tim complex. access of preproteins to the inner membrane (Ohba and
Mitochondria were pre-incubated for 15 min at 25°C withb2∆-DHFR Schatz, 1987; Hwanget al., 1989), no additional import
(reactions 1–3 and 7–9), [35S]Tim23 (reactions 4–6) or [35S]Tim17 sites for cleavable preproteins are revealed, demonstrating
(reactions 10–12) in the presence or absence of methotrexate (MTX)

that preproteins spanning both mitochondrial membranesand valinomycin as indicated.b2∆-DHFR was then added to reactions
at translocation contact sites saturate the Tim core com-4–6 and 10–12, [35S]Tim23 to reactions 1–3 and [35S]Tim17 to

reactions 7–9, and incubation was continued for another 15 min at plexes. The import of non-cleavable preproteins, such as
25°C. Mitochondria were re-isolated, washed and protein complexes the AAC, the phosphate carrier or Tim23, into the inner
were analyzed by BN-PAGE. [35S]Tim23 and [35S]Tim17 in the 600K membrane is not affected by blocking the Tim corearea were quantified. [35S]Tim23 and [35S]Tim17 accumulated at 600K

complexes, yet seems to be mediated by a distinct importin reactions 6 and 12 respectively was set at 100%.
site. Indeed, Sirrenberget al. (1996) recently identified
Tim22, which is not associated with Tim23, as a component
required for the import of carrier proteins. What is theare more abundant than the Tom complexes (summarized

in Hwanget al., 1989; Pfanneret al., 1992), we analyzed role of the ~75% Tom complexes that are not involved in
import of cleavable preproteins? They apparently functionthe unexpected finding that membrane-spanning prepro-

teins connect the Tim core complexes with only a quarter in the various import pathways of non-cleavable pre-
proteins to the outer membrane (e.g. porin and Tomof Tom complexes, both quantitatively and functionally.

A direct comparison of the total amounts of Tim23 and proteins), the intermembrane space (e.g. cytochromec
heme lyase) or the inner membrane. In fact, proteins suchTom40 supported the conclusion that mitochondria contain

more Tom than Tim complexes. Approximately 15 pmol of as porin, Tom40, AAC and phosphate carrier are very
abundant mitochondrial proteins, suggesting that the pres-membrane-spanning preproteins per mg of mitochondrial

protein were accumulated in the 600K complex. We ence of extra Tom complexes for their import makes
perfect biological sense.conclude that mitochondria contain ~15 pmol of Tim core

complexes per mg of protein. Since virtually all Tim23 Genetic analysis and co-immunoprecipitation experi-
ments showed multiple interactions between Tim44,(20 pmol/mg) associates with membrane-spanning prepro-

teins, the Tim complex contains one or two copies of Tim23, Tim17 and mtHsp70; thereby Tim44 was found
to interact with mtHsp70 and with Tim23 (Blomet al.,Tim23 per 90K unit. Baueret al. (1996) reported that (at

least part of) Tim23 is able to form homodimers in the 1995; Bertholdet al., 1995; Bömer et al., 1997). Only
a minor amount of Tim44, however, is present at the 90Kinner membrane. In agreement with this, the size of 90K

for the Tim core complex allows the presence of two position, suggesting that the 90K Tim complex does not
contain stoichiometric amounts of Tim44 [the total amountcopies each of Tim23 and Tim17. Since only one in

four Tom complexes associates with membrane-spanning of Tim44 in mitochondria is five to ten times lower than
that of Tim23 or Tim17 (Blomet al., 1995)]. Since Tim44preproteins, the total number of Tom complexes is

~60 pmol/mg. The total amount of Tom40 present in migrates in several peaks in a broad range from 70K to
250K, an assignment of complexes with interacting part-mitochondria was estimated to be 250 pmol/mg protein,

thus about four copies of Tom40 are present per 400K ners is not yet possible. It is interesting to note, however,
that a small fraction of Tim23 was found in 140K andcomplex. The quantification of translocation intermediates

present in the 600K complexes agrees well with the 240K Tim complexes (Figure 1) that participated in protein
translocation as evidenced by their shift to the 600Kassessment of mitochondrial import sites for cleavable

preproteins as determined by the total amount of mem- position after accumulation of preproteins. Tim44, how-
ever, shifted more to the low molecular weight rangebrane-spanning preproteins arrested in intact mitochondria

of S.cerevisiaeand Neurospora crassa(Vestweber and (,100K) after accumulation of membrane-spanning pre-
proteins. A possible scenario may thus be that Tim44Schatz, 1988; Rassowet al., 1989) (including corrections

due to different methods used for estimation of the interacts with a fraction of Tim23 in the 140K and 240K
complexes in the absence of translocating polypeptides;mitochondial protein concentration). Moreover, the

quantitative recruitment of Tim23 to the translocation insertion of preproteins could cause dissociation of the
complexes such that Tim23–Tim17 shifts to the 600Kintermediate is the first report that an inner membrane

protein is located exclusively in the inner boundary position, whereas Tim44 is set free.
The exchange of subunits of the Tim core complex canmembranes (at least in the presence of accumulated

preproteins). The inner boundary membranes are so closely take place in the absence, but not in the presence of a
membrane-spanning preprotein. The accumulation of aopposed to the outer membrane that a preprotein can span
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mitochondria in import buffer [3% (w/v) bovine serum albumin (BSA),cleavable preprotein apparently changes the dynamic
250 mM sucrose, 80 mM KCl, 10 mM MOPS–KOH, pH 7.2, 5 mMbehavior of the Tim core complex such that the interactions
MgCl2, 2 mM NADH, 2 mM ATP] for 15 min at 25°C, unless stated

between Tim17 and Tim23 are stabilized. We propose that otherwise. Samples with dissipated membrane potential received VAO
the Tim core complex is not a passive diffusion channel, (1 µM valinomycin, 8µM antimycin A and 20µM oligomycin) prior to

the incubation. Import reactions were stopped by the addition of VAO.but that an active interaction with the preprotein in transit
For generation of mitoplasts by hypotonic swelling, mitochondria werecan hold the import intermediate in the import channel
diluted with 9 volumes of EM buffer (10 mM MOPS–KOH, pH 7.2,and prevent retrograde translocation. Interactions between1 mM EDTA) and left on ice for 15 min. PK-treated samples were

targeted polypeptides and translocation complexes haveincubated with 20µg/ml proteinase K for 15 min on ice. Phenylmethyl-
sulfonyl fluoride (PMSF) was added until 1 mM before re-isolation ofalso been observed for the preprotein translocases of the
mitochondria by centrifugation at 14 000g for 10 min and washing withE.coli plasma membrane, the endoplasmic reticulum and
SEM buffer. Import was analyzed by urea–SDS–PAGE and a storagethe chloroplast membranes (Joly and Wickner, 1993;
phosphor imaging system (Molecular Dynamics Inc.). Quantification

Schnellet al., 1994; Walter and Johnson, 1994; Jungnickel was performed using ImageQuant software.
and Rapoport, 1995; Lu¨beck et al., 1996). A direct For accumulation ofb2∆-DHFR across the mitochondrial membranes,

50 µg of mitochondria were incubated for 15 min at 25°C in importscanning of translocating polypeptides may be important
buffer with 1 µg of purifiedb2∆-DHFR protein in the presence of 2µMfor the proofreading of sorting signals (Singer and Yaffe,
methotrexate. Mitochondria were re-isolated by centrifugation, washed1990; Borel and Simon, 1996; Doet al., 1996) such as with SEM and used in import reactions or directly analyzed by BN-PAGE.

the recognition of intra-mitochondrial sorting signals and
their subsequent lateral release into the inner membrane.Isolation and purification of b2∆-DHFR

The E.coli strain BMH71-18 with the plasmid pUHE 73-1 [expressingA preprotein is kept stably in the isolated translocation
a fusion protein consisting of the N-terminal 167 residues of thecomplexes in the presence of only sub-stoichiometric
cytochrome b2 precursor encompassing the mitochondrial targeting

amounts of mtHsp70 or even no mtHsp70 at all. It should sequence, but lacking residues 47–65 of the intermembrane space sorting
be emphasized that the preprotein employed (b2∆-DHFR) signal, fused to the complete mouse DHFR protein, under control of the

lacZ promoter (Koll et al., 1992)] was grown at 37°C in LB mediumis one of the ‘classical’ preproteins used to demonstrate
(1% tryptone, 0.5% yeast extract, 0.5% NaCl) to an OD578 of 1.a requirement for mtHsp70 for protein import (Schneider
Then 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) was added, andet al., 1994; Stuartet al., 1994; Vooset al., 1993, 1994, shaking at 37°C was continued for another 2 h.

1996). This result supports the view that mtHsp70 performs Cells were collected by centrifugation, and the pellet was washed
with 30% sucrose, 20 mM KPi, pH 8.0, 1 mM EDTA and with 10 mMdynamic and transient roles during preprotein translocation
dithiothreitol (DTT), 1 mM PMSF. Cells were resuspended in buffer A(Glick, 1995; Horstet al., 1996; Vooset al., 1996; Pfanner
(20 mM MOPS–KOH, pH 8.0, 1 mM EDTA) with 10 mM DTT, 1 mMand Meijer, 1997). Interestingly, the Hsp70 of the endo-
PMSF and a protease inhibitor mix (1.25µg/ml leupeptin, 2µg/ml

plasmic reticulum (BiP) was proposed to regulate the antipain, 0.25µg/ml chymostatin, 0.25µg/ml elastinal, 5µg/ml pepsta-
interactions of preproteins with the translocation channel tin). Lysozyme was added to 1 mg/ml and the suspension was kept on

ice for 10 min and stirred occasionally. Then 0.1% (v/v) Triton X-100(Brodsky, 1996). BiP promotes the release of a secretory
was added and the suspension was kept on ice for another 10 min. Theprotein that was bound to a translocon subcomplex (Lyman
suspension was sonified with a Branson Sonifier at 3320 pulses (40%and Schekman, 1997). One may thus speculate that theduty cycle, micro tip setting 7). The cell lysate was centrifuged for

role of mtHsp70 in preprotein import is not restricted to 20 min at 15 000g, the supernatant filtered through a cellulose acetate
membrane (0.22µm pores) and loaded on a Mono S column (Pharmacia).a direct interaction with preproteins, but may include a
The column was washed with three times the loading volume of bufferregulatory effect on the function of the Tim core complex.
A, and bound proteins were eluted with a NaCl gradient (in buffer A).Upon release of mtHsp70–Tim44, the import channel may
b2∆-DHFR was eluted at ~350 mM NaCl. To the fractions containing

be in a closed state and grip the translocating chain (asb2∆-DHFR, glycerol was added to 50% and the protein was stored in
observed here with the isolated 600K complex). Promotion small aliquots at –80°C until use.
of forward translocation of preproteins then requires

Blue native gel electrophoresismtHsp70–Tim44 (Gambillet al., 1993; Kronidouet al.,
Mitochondria (50–100µg) were lysed in 50µl of ice-cold digitonin1994; Rassowet al., 1994; Schneideret al., 1994, 1996; buffer [1% digitonin (recrystallized), 20 mM Tris–HCl, pH 7.4, 0.1 mM

Voos et al., 1996). The possible role of mtHsp70–Tim44 EDTA, 50 mM NaCl, 10% glycerol, 1 mM PMSF] (Blomet al., 1995).
Unsolubilized material was removed by centrifugation for 15 min atmay thus include a facilitation of opening of the Tim
100 000g. After addition of 5µl of sample buffer [5% (w/v) Coomassiechannel in addition to the currently discussed functions in
brilliant blue G-250, 100 mM Bis-Tris, pH 7.0, 500 mM 6-aminocaproicbiased diffusion or pulling of preproteins.
acid], the supernatant was analyzed directly by BN-PAGE (Scha¨gger
and von Jagow, 1991; Scha¨gger et al., 1994; Dekkeret al., 1996). In
short, a 6–16.5% polyacrylamide gradient gel (with 4% stacking gel) in
50 mM Bis-Tris, pH 7.0, 66 mM 6-aminocaproic acid was run for 4 hMaterials and methods
at 500 V in a cooled (4°C) gel chamber (Hoefer, SE600). The cathode
buffer containing 15 mM Bis-Tris, pH 7.0, 50 mM tricine, 0.02%Import of preproteins into isolated mitochondria

Yeast cells were grown in YPG medium (1% yeast extract, 2% peptone, Coomassie brilliant blue G250 was changed for the same buffer without
the Coomassie dye after 1.5 h. Marker proteins were BSA (monomeric3% glycerol) and mitochondria were prepared according to published

procedures (Daumet al., 1982; Gambill et al., 1993). Radiolabeled and dimeric form), 66 and 132 kDa;β-amylase, 200 kDa; catalase,
230 kDa; apo-ferritin, 443 kDa; thyroglobulin, 669 kDa (Sigma).preproteins were synthesized in rabbit reticulocyte lysate in the presence

of [35S]methionine/[35S]cysteine (Amersham) afterin vitro transcription For Western blotting, the blue native gel was soaked in blot buffer
(20 mM Tris-base, 150 mM glycine, 0.08% SDS) for 10 min andby SP6 or T7 polymerase from transcription vector pGEM4Z (Promega)

containing the gene of interest. Reticulocyte lysates were used directly denatured proteins were transferred to PVDF membranes (Millipore) in
the same buffer using the semi-dry blotting technique. Immunodecorationin import reactions, or (when import was analyzed by BN-PAGE) first

precipitated with 60% saturated (NH4)2SO4 to remove free label. Pellets was according to standard procedures and was visualized by the ECL
method (Amersham). For autoradiography, the blue native gel waswere resuspended in the original volume of SEM buffer (250 mM

sucrose, 10 mM MOPS–KOH, pH 7.2, 1 mM EDTA), before use in stained with Coomassie brilliant blue R250, destained and dried before
exposure to phosphor image storage cassettes (Molecular Dynamicsimport reactions.

Import reactions were performed as described (Alconadaet al., 1995) Inc.). For two-dimensional gel analysis, individual lanes were cut out of
the first dimension blue native gel and layered on top of a secondby incubation of reticulocyte lysate with 20µg of isolated yeast
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dimension urea–SDS–polyacrylamide gel. After electrophoresis, proteins import machinery of the mitochondrial inner membrane.FEBS Lett.,
were blotted to nitrocellulose membranes and analyzed by immuno- 330, 66–70.
decoration. Dekker,P.J.T., Mu¨ller,H., Rassow,J. and Pfanner,N. (1996) Characteriza-

tion of the preprotein translocase of the outer mitochondrial membrane
by blue native electrophoresis.Biol. Chem., 377, 535–538.Analysis of the tim23-2 mutation

Dietmeier,K., Hönlinger,A., Bömer,U., Dekker,P.J.T., Eckerskorn,C.,Chromosomal DNA of MB3-46 was digested withBamHI and cloned
Lottspeich,F., Ku¨brich,M. and Pfanner,N. (1997) Tom5 functionallyinto YEplac195 (Gietz and Sugino, 1988). Several plasmids bearing the
links mitochondrial preprotein receptors to the general import pore.tim23-2 allele were identified by colony hybridization to a32P-labeled
Nature, 388, 195–200.996 bpSnaBI fragment containing the wild-type allele. Sequence analysis

of two independent subclones containing the mutantSnaBI fragment in an Do,H., Falcone,D., Lin,J., Andrews,D.W. and Johnson,A.E. (1996) The
otherwise wild-type environment revealed one single G to A transitional cotranslational integration of membrane proteins into the phospholipid
mutation in the coding sequence, leading to a substitution of the bilayer is a multistep process.Cell, 85, 369–378.
conserved glycine residue at position 112 in Tim23 for a glutamic Eilers,M. and Schatz,G. (1986) Binding of a specific ligand inhibits
acid residue. import of a purified precursor protein into mitochondria.Nature, 322,

228–232.
Gambill,B.D., Voos,W., Kang,P.J., Mao,B., Langer,T., Craig,E.A. andMiscellaneous

Pfanner,N. (1993) A dual role for mitochondrial heat shock proteinYeast strains used in this study were MB3-46 (MATα ade2-101 his3-
∆200 leu2-∆1 lys2-801 ura3::LYS2 tim23-2) (Dekkeret al., 1993; Blom 70 in membrane translocation of preproteins.J. Cell Biol., 123,
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Alconada,A., Ga¨rtner,F., Hönlinger,A., Kübrich,M. and Pfanner,N. (1995) ATP hydrolysis.Protein Sci., 5, 759–767.
Mitochondrial receptor complex fromNeurospora crassaand Hwang,S., Jascur,T., Vestweber,D., Pon,L. and Schatz,G. (1989)
Saccharomyces cerevisiae. Methods Enzymol., 260, 263–286. Disrupted yeast mitochondria can import precursor proteins directly

Bauer,M.F., Sirrenberg,C., Neupert,W. and Brunner,M. (1996) Role of through their inner membrane.J. Cell Biol., 109, 487–493.
Tim23 as voltage sensor and presequence receptor in protein import Joly,J.C. and Wickner,W. (1993) The SecA and SecY subunits of
into mitochondria.Cell, 87, 33–41. translocase are the nearest neighbors of a translocating preprotein,

Berthold,J., Bauer,M.F., Schneider,H.C., Klaus,C., Neupert,W. and shielding it from phospholipids.EMBO J., 12, 255–263.
Brunner,M. (1995) The MIM complex mediates preprotein Jungnickel,B. and Rapoport,T.A. (1995) A posttargeting signal sequence
translocation across the mitochondrial inner membrane and couples it recognition event in the endoplasmatic reticulum membrane.Cell, 82,
to the mt-Hsp70/ATP driving system.Cell, 81, 1085–1094. 261–270.
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and mitochondrial hsp70 in the protein import system of the yeastRassow,J. (1997) Multiple interactions of components mediating
mitochondrial inner membrane.Proc. Natl Acad. Sci. USA, 91,preprotein translocation across the inner mitochondrial membrane.
12818–12822.EMBO J., 16, 2205–2216.
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