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Preprotein import into mitochondria is mediated by
translocases located in the outer and inner membranes
(Tom and Tim) and a matrix Hsp70-Tim44 driving
system. By blue native electrophoresis, we identify an
~90K complex with assembled Tim23 and Timl7 as
the core of the inner membrane import site for
presequence-containing  preproteins.  Preproteins
spanning the two membranes link virtually all Tim
core complexes with one in four Tom complexes in a
stable 600K supercomplex. Neither mtHsp70 nor Tim44
are present in stoichiometric amounts in the 600K
complex. Preproteins in transit stabilize the Tim core
complex, preventing an exchange of subunits. Our
studies define a central role for the Tim core complexes
in mitochondrial protein import; they are not passive
diffusion channels, but can stably interact with
preproteins and determine the number of translocation
contact sites. We propose the hypothesis that mtHsp70
functions in protein import not only by direct
interaction with preproteins, but also by exerting a
regulatory effect on the Tim channel.

Keywords Hsp70/mitochondria/protein import/
Saccharomyces cerevisiden complex

Introduction

Preproteins cross the mitochondrial membranes at trans-

location contact sites, where outer and inner mitochondrial

consists of at least eight different subunits including the
preprotein receptors (Tom70, Tom37, Tom20 and Tom22;
numbers indicate the apparent molecular mass in kDa)
and components of the general insertion pore (GIP; Tom40
and the three small subunits Tom7, Tom6 and Tomb)
(reviewed by Alconadat al,, 1995; Lithgowet al., 1995;

Lill and Neupert, 1996; Pfanner and Meijer, 1997). The
majority of Tom proteins, including the two essential
proteins Tom40 and Tom22, recently were found to
associate in a stable complex of ~400K (Dekletral,,
1996; Dietmeieret al,, 1997).

The translocase of the inner membrane includes the
essential proteins Tim17, Tim23 and Tim44 (Pfareteal.,
1994; Ryan and Jensen, 1995; Schatz and Dobberstein,
1996). Both Tim17 and Tim23 are integral membrane
proteins and are thought to be structural members of the
translocation channel of the inner membrane’l{Kch
etal, 1994; Bertholdet al, 1995; Blom et al, 1995).
Tim44 is a peripheral membrane protein mainly located
on the matrix side of the inner membrane (Blanal,
1993; Horstetal, 1993) and loosely associates with
Tim23 (Bertholdet al,, 1995; Baner et al, 1997). Two
energy sources are required to drive a preprotein across
the inner membrane. The membrane potedtigpbromotes
the initial translocation of the positively charged pre-
sequences of preproteins (Martat al, 1991). Further
translocation of preprotein segments requires the action
of the matrix heat shock protein 70 (mtHsp70), an ATP-
dependent molecular chaperone (Katgl., 1990; Scherer
etal, 1990). A fraction of mtHsp70 binds to the inner
membrane in a nucleotide-sensitive manner. Tim44 has
been identified as a major binding site for mtHsp70
(Kronidou et al,, 1994; Rassowet al., 1994; Schneider
et al, 1994). In addition, the chaperone can also transiently
bind to Tim17-Tim23 (Bmeret al,, 1997). Currently two
models for the function of mtHsp70 in protein import are
discussed (Pfanner and Meijer, 1995; Vebsl., 1996). In
the translocation motor model, membrane-bound mtHsp70
generates a force that pulls the preprotein in (Glick, 1995;
von Ahseret al, 1995; Horset al, 1996). In the Brownian
ratchet model, movement of the precursor polypeptide in
the import channels is driven by Brownian motion and

membranes are closely opposed (Schleyer and Neupertfrapping by mtHsp70 (Schneidet al, 1994; Ungermann

1985). Transport is mediated by individual translocases in

etal, 1994).
In the past years, qualitative information concerning

the outer and inner membranes (Tom and Tim, respect-
ively) and a mtHsp70-ATP driving system (Krch et al,, the mitochondrial import process has been accumulated
1995; Lill and Neupert, 1996; Schatz and Dobberstein, with the use of co-immunoprecipitation and cross-linking
1996; Pfanner and Meijer, 1997). In contrast to the original experiments. Thereby, mtHsp70, Tom and Tim proteins
suggestion, translocation contact sites do not constitute awere found in association with a translocating polypeptide
single, stable channel spanning both membranes (Hwang(Vestweberet al,, 1989; Kanget al, 1990; Schereet al,
et al, 1989; Rassow and Pfanner, 1991; Segui-Re¢al., 1990; Sdiner etal, 1992; Blometal, 1993; Gambill
1993), but can be observed when a preprotein links outeret al, 1993; Horstet al, 1993, 1995; Ryan and Jensen,
and inner membrane translocases (Hetsdl., 1995). 1993; Kibrich et al,, 1994; Bertholdet al,, 1995). These

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

kDa (Figure 1, lane 4). For comparison, all Tom40 (Figure 1,
660~ lanes 2 and 3) and other Tom proteins such as Tom22 are
443— em= 1 400K present in an ~400K complex (Dekket al, 1996). The
230 N 1 240K integrity of the 400K and 90K complexes was not affected
200— when the membrane potentialy)) was dissipated prior
132— 81 140K to lysis of mitochondria (Figure 1, lanes 3 and 6) or by
the presence or absence of ATP (see below).
] 90K 48 To determine if Tim17 was present in the 90K complex,
66— a  Toma0 we synthgas_ized. and radiolabelgd Timlﬁl’_vitro and
" 1 Tim17 imported it into isolated yeast mitochondria. When the
‘ 1Tim23 import was performed in the presence ofAg, Tim17
was transported to the inner membrane (o et al,
123 45 6 7 8 1996) and assembled into an ~90K complex (Figure 1,
AW 4+ 4 - + + - + - Ay (Import) lane 7). As control, radiolabeled Tim17 incubated with
Digitonin - + + - + + L+ _+, Digitonin isolated mitochondria in the absence ofA& was not
SDS + - - 4+ - - Imported found in a 90K complex (Figure 1, lane 8). This indicates
aTom40 oTim23 [35S]Tim17 that assembly of Tim17 into the 90K complex depends

Fig. 1. Tim23 and Tim17 are present in a 90K protein comple on import into the inner membrane and does not occur
ig. 1.Ti i i i X. . . .

Mitochondria were pre-incubated for 5 min in the absence (lanes 1, 2, after lySIS of ,the mItOChond”_a' Th_ese results suggest that
4,5 and 7) or presence of valinomycin (lanes 3, 6 and 8) to disrupt ~ 11M23 and Tim17 are contained in an ~90K complex in
Ay. For lanes 7 and 8, mitochondria were incubated for 15 min at the inner membrane.

25°C with [*S]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 . . . .
and Tim complexes were detected by immunodecoration with harbonng the mutant alleleim23-2 This mutant is

anti-Tom40 (lanes 1-3) and anti-Tim23N (lanes 4-6) antibodies, impaired in mitochondrial protein impom vivo (Maarse
respectively. Tim17-containing complexes were detected by etal, 1992; Dekkeret al, 1993), and a double mutant
autoradiography. with tim17-1is synthetically lethal (Blomet al, 1995).

We determined the DNA sequence of the mutant allele
and found a single point mutation, leading to substitution
on the stoichiometry of protein interactions and the relev- of a conserved glycine for a glutamic acid at position 112
ance of protein complexes for the translocation process. in the first putative transmembrane segment of Tim23
Here we quantitatively analyzed the interactions between (Figure 2A). The mutation did not change the abundance
a membrane-spanning preprotein and the transport com- of Tim23 (Figure 2B, lane 2) in comparison with Tim23
plexes of mitochondrial translocation contact sites. We of wild-type mitochondria (Figure 2B, lane 1). Proteinase
identified a complex of ~90K containing Tim23 and Tim17 K removed the N-terminal intermembrane space domain
as the major inner membrane import site for presequence-of wild-type and mutant Tim23 after opening of the outer
containing preproteins. Surprisingly, preproteins spanning membrane by swelling (Figure 2B, lanes 3 and 4; the
the mitochondrial membranes connected the bulk of 90K antiserum was directed against the N-terminus of Tim23),
Tim complexes with only ~25% of all 400K Tom com- indicative of a correct membrane insertion of the mutant
plexes in a 600K supercomplex. Apparently, mitochondria protein (Kibrich et al, 1994). Import 0f®>S-labeled pre-
contain many more 400K Tom complexes than 90K Tim cursors of Tim23 and Tim17 into the inner membrane and
complexes. Accumulated preproteins were kept stably in correct membrane insertion, assessed by formation of the
the 600K complex in the absence of mtHsp70-Tim44. fragments Tiew23 Tim17 after swelling and protease
The findings suggest that the import channel itself is able treatment (Kbrich et al., 1994; Baneret al,, 1996), were
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, strongly

Results reduced amounts of the 90K complex (Figure 2C, lane 2).
Assembly of Tim23 and Tim17 into an ~90K The mutant protein Tim23-2 mainly migrated at the
complex involved in import of cleavable monomer position in BN-PAGE, indicating that the
preproteins stability of the 90K Tim complex was decreased in the
After lysis of mitochondrial membranes with digitonin, mutant. Assemblyirofitro imported Tim17 into the
Tim23 and Tim17 can be co-precipitated (Berthetdl,, 90 K complex was strongly reduced compared with wild-
1995; Blomet al, 1995). In order to visualize a protein type (Figure 2C, lanes 4 and 5). Interestingly, the assembly
complex with Tim17 and Tim23 directly, digitonin-lysed of in vitro imported wild-type Tim23 into the 90 K com-
Saccharomyces cerevisiagtochondria were subjected to plex was enhanced in the mutant mitochondria (Figure 2C,
blue native electrophoresis (BN-PAGE) (Sgbar and lane 8; compare with lane 7). Evidently, unassembled Tim
von Jagow, 1991; Sc¢hgeret al, 1994). Immunodecor- subunits (like Tim17) are present in increased amounts in
ation with antibodies directed against Tim23 identified an the mutant mitochondria and immediately form new 90K
abundant complex of ~90K (Figure 1, lanes 5 and 6). Tim complexes with imported wild-type Tim23. Thus, the
Additionally, complexes of ~140K and ~240K were tim23-2 mutation does not affect mitochondrial import
detected in low amounts. When denatured by SDS prior and correct insertion into the inner membrane of Tim23

to BN-PAGE, all Tim23 migrated at the monomer position and Tim17, but reduces the stable assembly of Tim17 into
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Fig. 2. An intact 90K Tim complex is required for import of presequence-containing preprotéipfetermination of the amino acid sequence of
Tim23-2. The conserved Gly112 in the first putative membrane-spanning segmentQténevisiagS.c.) Tim23 protein is changed to glutamic

acid in Tim23-2. Homology to S.c.Tim17, S.c.Tim22 and AArdbidopsis thalianpa Tim23 is boxed. Putative transmembrane segments in Tim23

are hatched.R) 3°S-labeled Tim23 (lanes 5-10) or Tim17 (lanes 11-16) were imported into wild-typ&ira@@-2 mitochondria at 25°C in the

presence or absence ofAd). 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 (Karich et al,, 1994)] (lanes 1-4). Imported Tim23 and Tim17 were detected by autoradiography (lanes 5-16}), Tim23
Tim17', proteolytic fragments of Tim23 and Tim17, respectively) £°S-labeled Tim23 (lanes 3-5) or Tim17 (lanes 6-8) were imported into

wild-type andtim23-2 mitochondria in the presence or absencé@gf 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-B) Assessment af\y 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 assessigerilivd., mitochondria added; Val., valinomycin added.

(E) Radiolabeled BB (lanes 1-3) and ADP/ATP carrier (AAC; lanes 4-6) were imported into wild-typetian23-2 mitochondria in the presence or
absence ofAY. Samples were split and incubated with or without PK after swelling. Import was analyzed by SDS—-PAGE and autoradiography.
Protease-resistant material was quantified {néhd AAC bound to wild-type mitochondria before PK treatment was set at 100%). p, precursor form
of F3; m, mature K.

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

Does a decreased stability of the 90K Tim complex ATPase subuifl) énd the non-cleavable precursor of
affect import of preproteins? We first assessed the mem-the ADP/ATP carrier (AAC) intatim23-2 and wild-type
brane potential of the mutant mitochondria in order to mitochondria (Figure 2E). Specific processing (Figure 2E,
exclude that an effect on protein import was caused by upper panel, lane 3) and transport to a protease-protected
an indirect influence of them23-2mutation on generation location (Figure 2E, lower panel, lane 3) .ff Were

of aAy. Assessment by the potential-sensitive fluorescent significantly impaired irtim23-2mitochondria. Import of
dye 3,3-dipropylthiadicarbocyanine iodide [DiS(5)] other cleavable preproteins, such as Fe/S protein and
(Simset al,, 1974; Gatneret al, 1995) revealed the same matrix processing peptidase, was similarly diminished in
degree of fluorescence quenching by wild-type am®3- the mutant mitochondria (U.Bwer, unpublished data).

2 mitochondria (Figure 2D), indicating that the mutant Import of the AAC, however, was not reduced (Figure 2E,
mitochondria were able to generate/#). Preproteins lower panel, lane 6). Apparently, non-cleavable prepro-
targeted into mitochondria can be divided roughly into teins, like AAC, Tim23 and Tim17, do not require a fully
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functional 90K Tim complex for efficient import and spanning intermediate (Figure 3D, column 3). The molecu-
membrane insertion, whereas cleavable mitochondrial pre-lar weight shift to the 600K area suggested that the 90K
proteins require the assembly of Tim23 and Tim17 into Tim23-Tim17 complex efficiently associated with the
an intact 90K complex. translocation intermediate.

When probed for Tom40 and Tom22, a molecular
Preproteins spanning both mitochondrial weight shift of part of the 400K Tom complex to the same
membranes quantitatively associate with the 90K mobility as Tim23 and Tim17 was observed (Figure 3C,
Tim complexes and one in four Tom complexes lane 8 and D, columns 5 and 7). The requirements for the
In order to address if the 90K Tim complex associated shift of Tom40 and Tom22 to the high molecular weight
with a precursor polypeptide in transit, chemical amounts area were identical to that of Tim23-Tim17, i.e. strictly
of a mitochondrial preprotein were accumulated in mito- depended on the accumulabi@gr@HFR in transloca-
chondrial import sites. The fusion proteimA-DHFR, tion contact sites. This indicates that the translocation
consisting of the first 167 amino acid residues of the intermediate spans the transport machineries of both outer
cytochromeb, preprotein (except for a deletion of 19 and inner membranes and that the 600K band contains
residues in the intermembrane space sorting signal) and the 400K Tom complex, the 90K Tim complex and the
the entire dihydrofolate reductase (Kellal, 1992), was methotrexate-bound preprotein. Indeed, co-immunopre-
expressed irEscherichia colicells (Figure 3A, lane 2). cipitation experiments confirmed the association of Tom40
b,A-DHFR was purified fromE.coli lysates such that is and Tim23 after accumulation of,A-DHFR (unpub-
was >95% pure (Figure 3A, lane 3) and fully soluble. lished data).

b,A-DHFR was added to energized yeast mitochondria  Quantification revealed that 80-100% of Tim17 and
and analyzed by SDS-PAGE. Immunodecoration with Tim23, butonly 20—25% of Tom22 and Tom40, were present
specific antibodies demonstrated that the preprotein wasin the 600K supercomplex (Figure 3D). This unexpectedly

processed twice (Figure 3B, lane 1). The processed forms implied that the 400K Tom complex was more abundant
were protected against treatment of the mitochondria with than the 90K Tim complex. We therefore determined the
proteinase K (Figure 3B, lane 6). Import depended on totalamount of Tim23 and Tom40 in mitochondria by stand-
the generation of a membrane potentlap across the  ardized immunoblotting of mitochondrial Tim23 and
mitochondrial inner membrane (Figure 3B, lanes 2 and Tom40 in comparison with purified Tim23 and Tom40
7). The ligand methotrexate stabilizes the tertiary structure expressed ii.coli(not shown). Indeed, yeast mitochondria

of the DHFR domain and thereby prevents its translocation were found to contain ~20 pmol of Tim23 and ~250 pmol

across the mitochondrial membranes (Eilers and Schatz,of Tom40 per mg of mitochondrial protein. The size of the
1986; Rassowetal, 1989). When b,A-DHFR was 600K supercomplex suggests thatapparently one 400K Tom
imported in the presence of methotrexate, it accumulated ascomplex is linked to one or two 90K Tim complex(es) by
a translocation intermediate spanning both mitochondrial the translocation intermediate. Thus, only about one in four
membranes at translocation contact sites: the presequencdom complexes are connected to the 90K Tim complexes
was processed to the first intermediate form (Vebal., in translocation contact sites.
1994) but remained accessible to externally added protease To investigate the size of the translocation complex
(Figure 3B, lanes 3 and 8). In order to test if the metho- formed by the preprotein and the Tim complex alone,
trexate intermediate was on the correct import pathway, b,A-DHFR was added to swollen mitochondria with
mitochondria were re-isolated and washed to remove the opened outer membrane (mitoplasts), thereby allowing
ligand. After a second incubation in the absence of direct access of the preprotein to the Tim machinery (Ohba
methotrexate, the processed preprotein became protease and Schatz, 1987et-ahat@B9). After accumulation
resistant (Figure 3B, lane 10). We conclude that chemical of b,A-DHFR in mitoplasts in the presence of metho-
amounts ofb,A-DHFR can be reversibly accumulated in trexate, Tim23 was found preferentially in an ~130K
mitochondrial translocation contact sites. complex (Figure 3E, lower panel, column 3) and only to

We then tested the effect bfA-DHFR on the 90K Tim aminor extent in the 600K complex (Figure 3E, lower
complex. After accumulation dbA-DHFR in the presence  panel, column 4). To detect the preprotein directly, we
of methotrexate and lysis of the mitochondria under non- impdriadtro synthesized®S-labeledb,A-DHFR into
denaturing conditions (digitonin), Tim23 was found mainly mitoplasts in the presence of methotrexate. The preprotein
at ~600K (Figure 3C, lane 4). A small amount of Tim23 was processed efficiently to the intermediate sized form,
migrated at an even higher molecular weigh800K). The demonstrating that it spanned the inner membrane.
small amounts of Tim23 observed at 140K and 240K after Similarly to Tim23, the preprotein was found mainly in a
long exposures of the blots (see Figure 1, lanes 5 and 6) alsdl30K complex in mitoplasts (Figure 3E, upper panel,
guantitatively shifted to the high molecular weight area column 3). With intact mitochondria, the probgAsed
>600K (not shown). The occurrence of Tim23 in the high DHFR, like Tim23, was found mainly in the 600K complex
molecular weight area strictly depended on the accumula- (Figure 3E, columns 2). The size of the 130K complex of
tion of b,A-DHFR across both membranes. When the pre- mitoplasts can accommodate one 90K Tim complex and
protein was accumulated at the outer membrane in the one preprotein, indicating that the 90K Tim complex
absence of Ay (Figure 3C, lane 3) or completely imported represents the core unit of the inner membrane import
into the matrix in the presence of/a, and absence of machinery. Since the 600K supercomplex is almost absent
methotrexate (Figure 3C, lane 2), Tim23 was only found in when import occurred into mitoplasts (Figure 3E, columns
the low molecular weight area (mainly the 90K complex). 4), its formation depends on the linkage of the 400K
Similarly, the vast majority of assembled Tim17 shifted to Tom complex with a functional 90K Tim complex by a
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 compl&ydsA(DHFR was expressed i.coli and

isolated by Mono-S chromatography. Lane 1, lysate of unindiicedli cells; lane 2 E.coli lysate after induction ob,A-DHFR synthesis by IPTG;

lane 3, eluate of the Mono-S column. Proteins were detected by SDS—PAGE and Coomassie sBibidgDHFR 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). FAwlaves 2lissipated 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 2@/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 lB¥DHMFR; i and i*,

intermediate forms ob,A-DHFR. (C) b,A-DHFR was imported into yeast mitochondria in the presence or abserlng ahd 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 immunodecoratitn).@uantification of proteins present in the 600K area after impoki,AfDHFR 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 accumulationl\-DHFR and detected by autoradiography. Tim17 assembled in the 90K complex before

b,A-DHFR addition (ass.) was set at 100%) (3°S]b,A-DHFR (upper panel) ob,A-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 sizZe®HFR (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 b,A-DHFR in translocation contact in the presence of methotrexate and the mitochondria were
sites strongly inhibits import of cleavable re-isolated and incubated with varioumsvitro synthesized
preproteins, but not preproteins with internal preproteins. The import of cleavable preproteins was
targeting information assessed by monitoring their proteolytic processing and

To address the role of translocation contact sites and the transport to a protease-protected location (Figure 4A); the
90K Tim complex in import of different classes of import of non-cleavable preproteins was assessed by
preproteinsb,A-DHFR was arrested in the import sites protease protection, in the case of integral inner membrane
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Fig. 4. Accumulation ofb,A-DHFR blocks translocation of presequence-containing preprotéinan@ B) Mitochondria were pre-incubated for

10 min at 25°C in the absence (left parts) or presence (right partsyseDHFR and methotrexate (MTX). Mitochondria were re-isolated and

washed with SEM+ MTX to remove unbound,A-DHFR. 3°S-labeled B (A; left panel),a-subunit of matrix processing peptidase (MPP)

(A; middle panel), cytochromb, (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 abs#nE&HER was set to 100%.

p, precursor; i, intermediate; m, matur€) (Mitochondria were pre-incubated for 10 min at 25°C without (left panel) or with (right panel)

b,A-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 adde)Mitochondria (25ug) were pre-incubated for 10 min at 25°C with the
indicated amounts df,A-DHFR and MTX. Mitochondria were re-isolated and washed to remove unboy®HFR. Samples were divided; one

part was used directly for import GPS-labeled i 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, precursfr of, Fnature kf3; Tim23', fragment of Tim23

lacking the N-terminal domain.

proteins the outer membrane was opened by swelling
before the protease treatment (Figure 4B) (Alconetdal., inhibited, including that of the outer membrane proteins
1995). The import of all cleavable preproteins tested was porin (Figure 4B, left panel) and Tom40 (Figure 4B,
strongly inhibited, independently of their final location in middle panel), and of the inner membrane proteins AAC
mitochondria, including B (matrix side of the inner (Figure 4B, right panel), phosphate carrier (unpublished
membrane) (Figure 4A, left panel), tleesubunit of the data) and Tim23 (see below, Figure 4D). ThAep of

matrix processing peptidase-MPP) (Figure 4A, middle mitochondria with accumulatbgh-DHFR, as assessed
panel), cytochromé, (intermembrane space) (Figure 4A, by use of DiSG(5), was comparable with that of control

right panel), cytochromec;, Tim44, CoxVa (all inner mitochondria (Figure 4C).

membrane) and Hsp60 (matrix) (unpublished data). The We conclude that the accumulation bfA-DHFR in

import of non-cleavable preproteins was only slightly
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translocation contact sites inhibits the import of cleavable
preproteins. The minor inhibition of import of outer mem-

was quantified by standardized immunoblotting in com-

parison with purifiedo,A-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
Figure 3D. The slight import inhibition of non-cleavable
inner membrane proteins is most likely due to the partial
inactivation of Tom complexes. In agreement with the
results obtained with thém23-2mutant, a functional 90K
Tim complex is not required for the efficient import of
proteins lacking a cleavable presequence.

If the strong inhibition of import of presequence-

mined to be ~100 pmol of mtHsp70/mg protein. About
six or seven molecules of mtHsp70 are, therefore, available
per molecule of incoming,A-DHFR preprotein. In other
words, at least 15% of total mtHsp70 should migrate at
the 600K position if it were in a stoichiometric interaction
with b,A-DHFR. The mtHsp70 spot at the position of the
600K complex (Figure 5A, see arrowhead), however, does
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 aftgiA-
DHFR accumulation should not alleviate the inhibition.
Mitochondria were pre-incubated witlyA-DHFR in the

that<5% of all stably associateagpA-DHFR translocation
intermediates interact with mtHsp70 under these condi-
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 (Ungermanret al, 1994). It should be

with the precursors of 8 and Tim23 (Figure 4D, lanes
1-8). As a control, B and Tim23 were imported into
mitochondria, carrying accumulateobA-DHFR, before
swelling (Figure 4D, lanes 9-16). The accumulation of
b,A-DHFR led to an inhibition of import of the precursor

emphasized that the condition used for analysis (the
presence of EDTA) stabilizes the interaction of mtHsp70
with preproteins and permits a quantitative recovery of
mtHsp70—preprotein complexes (Rospettal, 1996).

Apparently, stoichiometric amounts of mtHsp70 are not

of F,B in both cases. The degree of import inhibition was required for holding of translocation intermediates in the
indistinguishable between mitoplasts (Figure 4D, lanes 2—jsplated 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 |ysed 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 Tim23by protease treatment of mitoplasts preproteins (Voost 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 ob,A-DHFR in translocation contact sites  (Figure 5B). Indeedy,A-DHFR was still stably associated
of mitochondria blocks the inner membrane import sites yith the import complex after lysis in MgATP-containing
for cleavable preproteins. No additional import sites for pyffer, irespective 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.

The 600K supercomplex contains only
sub-stoichiometric amounts of mtHsp70

molecular chaperone is not required for the stable holding
of the translocation intermediate in the isolated import
channel.

Tim44 did not migrate as a discrete band in BN-PAGE,

An intriguing observation du_ring 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 4y b,A-DHFR (Figure 5A, left panel). After accumulation

the isolation procedure, including a 4 h electrophoretic
run, indicating thatb,A-DHFR is held stably in the

of b,A-DHFR, Tim44 did not shift to the 600K area; in
fact, the distribution of Tim44 shifted more to the lower

transport channels and does not slip back into solutign. molecular weight area<{(100K) (Figure 5A, right panel).
Previously it has been shown that mtHsp70 has the ability | i therefore unlikely that Tim44 is a structural component

to interact with incoming preproteins (Kargd al,, 1990;
Schereret al, 1990; Gambillet al, 1993; Vooset al,
1993; Schneideretal, 1994; Horstetal, 1995). To

examine the abundance of mtHsp70 in the 600K complex,

we accumulatet,A-DHFR with methotrexate, lysed mito-

of the 600K translocation complex.

A membrane-spanning preprotein stabilizes the
90K Tim complex

chondria in the presence of EDTA and separated the The stable interaction of thie,A-DHFR preprotein with

different membrane complexes by BN-PAGE. We included

the import apparatus in the absence of mtHsp70-Tim44

a urea—SDS—-PAGE as second dimension such that thesuggests that the 90K Tim channel itself might be involved

migration of mtHsp70, Tom and Tim proteins could be
determined simultaneously. Similarly to the one-dimen-
sional analysis (Figure 3C and D), the accumulation of
b,A-DHFR led to an efficient shift of Tim23 and a partial
shift of Tom40 and Tom22 into the 600K complex
(Figure 5A, compareb,A-DHFR with +b,A-DHFR). The
amount of protein in the 600K complex was found to be
almost 20 pmol/mg for Tim23, ~60 pmol/mg for Tom40
and ~15 pmol/mg mitochondrial protein fapA-DHFR
(Figure 5C, left panel)lL,A-DHFR in the 600K complex
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in holding incoming preproteins, rather than just being a
passive diffusion channel. To obtain further evidence for
an active interaction of preproteins and Tim complex, we
investigated the influence of a spanning preprotein on the
constitution of the 90K Tim complex. As shown above
(Figures 1 and 2C), the 90K Tim complex is dynamic in
nature; newly imported subunits can assemble into the
90K complex and are thereby exchanged for endogenous
subunits. A subsequent accumulation of membrane-
spanninmpA-DHFR leads to an efficient shift ah vitro



assembled Tim17 and Tim23 into the 600K translocation
complex (Figure 3D, and Figure 6, columns 6 and 12).
We wondered if newly imported Tim proteins could
also assemble directly into the 600K translocation com-
plex. Firstb,A-DHFR was accumulated in the presence
of methotrexate, then radiolabeled Tim17 or Tim23 were
imported. The import and insertion into the inner mem-
brane of these Tim proteins was not inhibited by the
membrane-spanningp,A-DHFR (see Figure 4D). How-

ever, the assembly into the 600K translocation complex containing proteins across the mitochondrial
was blocked; only background levels were observed

(Figure 6, columns 3 and 9). The accumulation of a

Mitochondrial translocation contact sites

assembly into the 600K complex strongly depended on
the order of addition ofb,A-DHFR and radiolabeled
Tim23-Tim17 to mitochondria, it can be excluded that
the 600K complex was formed after lysis of mitochondria
with detergent.
We conclude that the Tim complex is dynamic in nature,
but is stabilized by the presence of a preprotein. The Tim
complex is not a passive diffusion channel, but seems to
play an active role in the translocation of presequence-
inner
membrane.

translocation intermediate apparently stabilizes the Tim Discussion
complex and prevents substitution of endogenous subunits

for newly imported Tim proteins. Moreover, since the
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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.
() 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 channé\. §nd B) Mitochondria

were pre-incubated for 10 min at 25°C in the absence (left panel) or
presence (right panel) dbA-DHFR and methotrexate. After re-
isolation and washing, mitochondria were lysed in digitonin buffer
containing 5 mM EDTA (A) or 5 mM MgC] 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, cytochrotme(for b,A-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°CQ) 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 purifidlbA-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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Fig. 6. Accumulation ofb,A-DHFR stabilizes the Tim complex.
Mitochondria were pre-incubated for 15 min at 25°C wigd-DHFR
(reactions 1-3 and 7-9)3%5]Tim23 (reactions 4-6) oP{S|Tim17
(reactions 10-12) in the presence or absence of methotrexate (MTX)
and valinomycin as indicatedh,A-DHFR was then added to reactions
4-6 and 10-12,3PS]Tim23 to reactions 1-3 andB]Tim17 to

reactions 7-9, and incubation was continued for another 15 min at
25°C. Mitochondria were re-isolated, washed and protein complexes
were analyzed by BN-PAGE3{5]Tim23 and §°S]Tim17 in the 600K
area were quantified3JS]Tim23 and $°S]Tim17 accumulated at 600K
in reactions 6 and 12 respectively was set at 100%.

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
access of preproteins to the inner membrane (Ohba and
Schatz, 1987; Hwangt al., 1989), no additional import
sites for cleavable preproteins are revealed, demonstrating
that preproteins spanning both mitochondrial membranes
at translocation contact sites saturate the Tim core com-
plexes. The import of non-cleavable preproteins, such as
the AAC, the phosphate carrier or Tim23, into the inner
membrane is not affected by blocking the Tim core
complexes, yet seems to be mediated by a distinct import
site. Indeed, Sirrenbergt al. (1996) recently identified
Tim22, which is not associated with Tim23, as a component

are more abundant than the Tom complexes (summarizedrequired for the import of carrier proteins. What is the

in Hwanget al,, 1989; Pfanneet al, 1992), we analyzed

the unexpected finding that membrane-spanning prepro-

teins connect the Tim core complexes with only a quarter
of Tom complexes, both quantitatively and functionally.
A direct comparison of the total amounts of Tim23 and
Tom40 supported the conclusion that mitochondria contain
more Tom than Tim complexes. Approximately 15 pmol of
membrane-spanning preproteins per mg of mitochondrial
protein were accumulated in the 600K complex. We
conclude that mitochondria contain ~15 pmol of Tim core
complexes per mg of protein. Since virtually all Tim23

(20 pmol/mg) associates with membrane-spanning prepro-

teins, the Tim complex contains one or two copies of
Tim23 per 90K unit. Baueet al. (1996) reported that (at

least part of) Tim23 is able to form homodimers in the
inner membrane. In agreement with this, the size of 90K
for the Tim core complex allows the presence of two
copies each of Tim23 and Timl7. Since only one in

four Tom complexes associates with membrane-spanning

preproteins, the total number of Tom complexes is
~60 pmol/mg. The total amount of Tom40 present in
mitochondria was estimated to be 250 pmol/mg protein,
thus about four copies of Tom40 are present per 400K
complex. The quantification of translocation intermediates
present in the 600K complexes agrees well with the
assessment of mitochondrial import sites for cleavable
preproteins as determined by the total amount of mem-

role of the ~75% Tom complexes that are not involved in
import of cleavable preproteins? They apparently function
in the various import pathways of non-cleavable pre-
proteins to the outer membrane (e.g. porin and Tom
proteins), the intermembrane space (e.g. cytochrome
heme lyase) or the inner membrane. In fact, proteins such
as porin, Tom40, AAC and phosphate carrier are very
abundant mitochondrial proteins, suggesting that the pres-
ence of extra Tom complexes for their import makes
perfect biological sense.
Genetic analysis and co-immunoprecipitation experi-
ments showed multiple interactions between Tim44,
Tim23, Tim17 and mtHsp70; thereby Tim44 was found
to interact with mtHsp70 and with Tim23 (Bloret al,,
1995; Bertretldl, 1995; Boner etal, 1997). Only
a minor amount of Tim44, however, is present at the 90K
position, suggesting that the 90K Tim complex does not
contain stoichiometric amounts of Tim44 [the total amount
of Tim44 in mitochondria is five to ten times lower than
that of Tim23 or Tim17 (Blonet al, 1995)]. Since Tim44
migrates in several peaks in a broad range from 70K to
250K, an assignment of complexes with interacting part-

ners is not yet possible. It is interesting to note, however,

that a small fraction of Tim23 was found in 140K and
240K Tim complexes (Figure 1) that participated in protein
translocation as evidenced by their shift to the 600K
position after accumulation of preproteins. Tim44, how-

brane-spanning preproteins arrested in intact mitochondriaever, shifted more to the low molecular weight range

of S.cerevisiaeand Neurospora crassgVestweber and

Schatz, 1988; Rassoet al,, 1989) (including corrections

due to different methods used for estimation of the
mitochondial protein concentration). Moreover, the
guantitative recruitment of Tim23 to the translocation
intermediate is the first report that an inner membrane
protein is located exclusively in the inner boundary

<100K) after accumulation of membrane-spanning pre-

proteins. A possible scenario may thus be that Tim44
interacts with a fraction of Tim23 in the 140K and 240K

complexes in the absence of translocating polypeptides;
insertion of preproteins could cause dissociation of the

complexes such that Tim23-Tim17 shifts to the 600K
position, whereas Tim44 is set free.

membranes (at least in the presence of accumulated The exchange of subunits of the Tim core complex can

preproteins). The inner boundary membranes are so closely

opposed to the outer membrane that a preprotein can spatmembrane-spanning preprotein. The accumulation of a
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cleavable preprotein apparenﬂy Changes the dynamicmitochondria in import buffer [3% (w/v) bovine serum albumin (BSA),

; ; ; ; 250 mM sucrose, 80 mM KCI, 10 MM MOPS-KOH, pH 7.2, 5mM
gePawor_(I)_fthle?Tlm dc_clJ__r e ggmpleﬁsg_(lz_h tréatvt\?e mteractl(t)r?st MgCl,, 2 mM NADH, 2 mM ATP] for 15 min at 25°C, unless stated
etween liml/an Imzs are stabllized. Vve propose that genyise. Samples with dissipated membrane potential received VAO

the Tim core complex is not a passive diffusion channel, (1M valinomycin, 8uM antimycin A and 2QuM oligomycin) prior to
but that an active interaction with the preprotein in transit the incubation. Import reactions were stopped by the addition of VAO.
can hold the import intermediate in the import channel For generation of mitoplasts by hypotonic swelling, mitochondria were

f : diluted with 9 volumes of EM buffer (10 MM MOPS-KOH, pH 7.2,
and prevent retrograde translocation. Interactions between,’ . EDTA) and left on ice for 15min. PK-treated samples were

targeted polypeptides and transloca_tion complexes havejncubated with 2qug/mli proteinase K for 15 min on ice. Phenylmethyl-
also been observed for the preprotein translocases of thesulfonyl fluoride (PMSF) was added until 1 mM before re-isolation of

E.coli plasma membrane, the endoplasmic reticulum and mitochondria by centrifugation at 14 0@(for 10 min and washing with
the chloroplast membranes (Joly and Wickner, 1993: SEM buffer. Import was analyzed by urea—SDS—PAGE and a storage

: hosphor imagi tem (Molecular Dynamics Inc.). tificati
Schnellet al., 1994; Walter and Johnson, 1994; Jungnickel Svazsgeﬂgrﬂ:c?'ﬂsginzylsrfezgegu%ﬁfigfrtwggém'cs ne.). Quantification

and Rapoport, 1995; ‘lheck etal, 1996). A direct For accumulation ob,A-DHFR across the mitochondrial membranes,
scanning of translocating polypeptides may be important 50 g of mitochondria were incubated for 15 min at 25°C in import
for the proofreading of sorting signals (Singer and VYaffe, bUﬁﬁr with 1pg of plr’]”f'%dbzﬂ‘DHFR Pff;te'”d'?)the presence ofy@ e
. ; . methotrexate. Mitochondria were re-isolated by centrifugation, washe:

1990; Bore.l.and S.Imon’ .1996’ De.tal" 19.96) .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 bA-DHFR

A preprotein is kept stably in the isolated translocation The E.coli strain BMH71-18 with the plasmid pUHE 73-1 [expressing
complexes in the presence of only sub-stoichiometric & fusion protein consisting of the N-terminal 167 residues of the

cytochrome b, 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 employ®d{DHFR) signal, fused to the complete mouse DHFR protein, under control of the
is one of the ‘classical’ preproteins used to demonstrate lacZ promoter (Kolletal, 1992)] was grown at 37°C in LB medium
a requirement for mtHsp70 for protein import (Schneider (1% tryptone, 0.5% yeast extract, 0.5% NaCl) to an s@of 1.

. . Then 1 mM isopropyB-p-thiogalactopyranoside (IPTG) was added, and
etal, 1994; Stuartet al, 1994; Vooset al, 1993, 1994, shaking at 37°C was continued for another 2 .

1996). This result supports the view that mtHsp70 performs ~ celis were collected by centrifugation, and the pellet was washed
dynamic and transient roles during preprotein translocation with 30% sucrose, 20 mM KPpH 8.0, 1 mM EDTA and with 10 mM
(Glick, 1995; Horskt al,, 1996; Vooset al, 1996; Pfanner dithiothreitol (DTT), 1 mM PMSF. Cells were (esuspended in buffer A
and Meijer, 1997). Interestingly, the Hsp70 of the endo- (20 ™M MOPS-KOH, pH 8.0, 1 mM EDTA) with 10 mM DTT, 1 mM

. . . PMSF and a protease inhibitor mix (1.2®/ml leupeptin, 2ug/ml
plasmlc reticulum (BIP) was proposed to regulate the antipain, 0.251g/ml chymostatin, 0.2fug/ml elastinal, 5ug/ml pepsta-

interactions of preproteins with the translocation channel tin). Lysozyme was added to 1 mg/ml and the suspension was kept on
(Brodsky, 1996). BiP promotes the release of a secretory ice for 10 min and stirred occasionally. Then 0.1% (v/v) Triton X-100

protein that was bound to a translocon subcomplex (Lyman Was added and the suspension was kept on ice for another 10 min. The
suspension was sonified with a Branson Sonifier>a2@ pulses (40%

and Schekman, 1997). One may thus speculate that theduty cycle, micro tip setting 7). The cell lysate was centrifuged for

roIe. of m'tHsp70' in pr_eprotein import is not res_tricted t0 20 min at 15 000y, the supernatant filtered through a cellulose acetate
a direct interaction with preproteins, but may include a membrane (0.2fm pores) and loaded on a Mono S column (Pharmacia).

regulatory effect on the function of the Tim core complex. Xhe Cglgmn (\;vas \;Vﬁ}shed with lﬂlf%e ti,ftT;]eS meclfadif:jg Vftill{mfé Ofl; bULfef
t : , an oun roteins were eluted with a Na raaient (In ouirer .

qun release of thSp7O_TI.m44’ the import .Channel. may b,A-DHFR wasp eluted at ~350 mM NaCl. To theg fraction(s containing;

be in a closed S_tate a_nd grip the translocatlng chain _(asbzA-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 ] ]

mtHsp70-Tim44 (Gambilet al, 1993; Kronidouet al,, Blue native gel electrophoresis

. . : . Mitochondria (50-100ug) were lysed in 5@l of ice-cold digitonin
1994; Rassovet al, 1994; Schneideetal, 1994, 1996; e 1104 digitonin (recrystallized), 20 mM Tris—HCI, pH 7.4, 0.1 mM

Voos et al, 1996). The possible role of mtHsp70-Tim44  gpTa, 50 mM NaCl, 10% glycerol, 1 mM PMSF] (Blorat al, 1995).
may thus include a facilitation of opening of the Tim Unsolubilized material was removed by centrifugation for 15 min at

channel in addition to the currently discussed functions in tl)O_ICIJ_ OOIOSI- Aﬂgr ;Sdoditi%rg) of 'aué_of iampleH t;ugeg([)%% (h\;lv/g) Coomassie

; ; ; ; ; rilliant blue G-250, mM Bis-Tris, pH 7.0, mM 6-aminocaproic
biased diffusion or pulllng of preproteins. acid], the supernatant was analyzed directly by BN-PAGE (§gba
and von Jagow, 1991; Sofger et al, 1994; Dekkeret al, 1996). In
short, a 6-16.5% polyacrylamide gradient gel (with 4% stacking gel) in
Materials and methods 50 mM Bis-Tris, pH 7.0, 66 mM 6-aminocaproic acid was run for 4 h

at 500 V in a cooled (4°C) gel chamber (Hoefer, SE600). The cathode

Import of preproteins into isolated mitochondria buffer containing 15 mM Bis-Tris, pH 7.0, 50 mM tricine, 0.02%
Yeast cells were grown in YPG medium (1% yeast extract, 2% peptone, Coomassie brilliant blue G250 was changed for the same buffer without
3% glycerol) and mitochondria were prepared according to published the Coomassie dye after 1.5 h. Marker proteins were BSA (monomeric
procedures (Daunetal, 1982; Gambill etal, 1993). Radiolabeled and dimeric form), 66 and 132 kPBamylase, 200 kDa; catalase,
preproteins were synthesized in rabbit reticulocyte lysate in the presence 230 kDa; apo-ferritin, 443 kDa; thyroglobulin, 669 kDa (Sigma).
of [3°S]methioninef®S]cysteine (Amersham) aftém vitro transcription For Western blotting, the blue native gel was soaked in blot buffer
by SP6 or T7 polymerase from transcription vector pPGEM4Z (Promega) (20 mM Tris-base, 150 mM glycine, 0.08% SDS) for 10 min and
containing the gene of interest. Reticulocyte lysates were used directly denatured proteins were transferred to PVDF membranes (Millipore) in
in import reactions, or (when import was analyzed by BN-PAGE) first the same buffer using the semi-dry blotting technique. Immunodecoration
precipitated with 60% saturated (NSO, to remove free label. Pellets was according to standard procedures and was visualized by the ECL
were resuspended in the original volume of SEM buffer (250 mM method (Amersham). For autoradiography, the blue native gel was
sucrose, 10 mM MOPS-KOH, pH 7.2, 1 mM EDTA), before use in stained with Coomassie brilliant blue R250, destained and dried before
import reactions. exposure to phosphor image storage cassettes (Molecular Dynamics

Import reactions were performed as described (Alcoretdd., 1995) Inc.). For two-dimensional gel analysis, individual lanes were cut out of
by incubation of reticulocyte lysate with 2Qig of isolated yeast the first dimension blue native gel and layered on top of a second
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dimension urea—SDS—polyacrylamide gel. After electrophoresis, proteins import machinery of the mitochondrial inner méEB@niett,

were blotted to nitrocellulose membranes and analyzed by immuno- 330, 66-70.

decoration. Dekker,P.J.T., Miler,H., Rassow,J. and Pfanner,N. (1996) Characteriza-
tion of the preprotein translocase of the outer mitochondrial membrane

Analysis of the tim23-2 mutation by blue native electrophoresiBiol. Chem, 377, 535-538.

Chromosomal DNA of MB3-46 was digested wiBanHI and cloned Dietmeier,K., Hamlinger,A., Bamer,U., Dekker,P.J.T., Eckerskorn,C.,
into YEplac195 (Gietz and Sugino, 1988). Several plasmids bearing the  Lottspeich,F., Kbrich,M. and Pfanner,N. (1997) Tom5 functionally

tim23-2 allele were identified by colony hybridization to%3P-labeled links mitochondrial preprotein receptors to the general import pore.
996 bpSna| fragment containing the wild-type allele. Sequence analysis Nature 388 195-200.
of two independent subclones containing the muSara| 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 proces€ell, 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 mitochondiNature 322
228-232.

Miscellaneous Gambill,B.D., Voos,W., Kang,P.J., Mao,B., Langer,T., Craig,E.A. and

Yeast strains used in this study were MB3-48ATa ade2-101 his3- Pfanner,N. (1993) A dual role for mitochondrial heat shock protein

A200 leu2Al lys2-801 ura3::LYS2 tim23}ZDekkeret al., 1993; Blom 70 in membrane translocation of preproteirs.Cell Biol, 123
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membranes was assessed by using the fluorescent dyg(B)JISims pair restriction sitesGene 74, 527-534.
etal, 1974; Gatneret al, 1995). Glick,B.S. (1995) Can hsp70 proteins act as force-generating motors?
Cell, 80, 11-14.
Horst,M., Jerid., Kronidou,N.G., Bolliger,L., Oppliger,W., Scherer,P.,
Acknowledgements Manning-Krieg,U., Jascur,T. and Schatz,G. (1993) Protein import into

; ; t mitochondria: the inner membrane import site protein ISP45 is
This work was supported by the Deutsche Forschungsgemeinschaft, the yeas
Sonderforschungsbereich 388 and the Fonds der Chemischen Industrie, theé MPI1 gene producEMBO J, 12, 3035-3041.
P.J.T.D. is a recipient of a long-term fellowship of the Human Frontier HOrst.M., Hilfiker-Rothenfluh,S., Oppliger,W. and Schatz,G. (1995)
Science Program (HFSP). Dynamic interaction of the protein translocation systems in the inner

and outer membranes of yeast mitochondgslBO J, 14, 2293-2297.
Horst,M., Oppliger,W., Feifel,B., Schatz,G. and Glick,B.S. (1996) The

References mitochondrial protein import motor: dissociation of mitochondrial
hsp70 from its membrane anchor requires ATP binding rather than
Alconada,A., Ganer,F., Hmlinger,A., Kibrich,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 cerevisiddethods Enzymql260, 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 membrand. 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 mitochondriaCell, 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  shijelding it from phospholipid<EMBO J, 12, 255—263.
BrunnerM. (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 membréed, 82,
to the mt-Hsp70/ATP driving systentell, 81, 1085-1094. 261-270.

Blom,J., Kibrich,M., Rassow,J., Voos,W., Dekker,P.J.T., Maarse,A.C., kangpP.J., Ostermann,d. Shilling,J., Neupert,W., Craig,E.A. and

Meijer,M. and Pfanner,N. (1993) The essential yeast protein MIM44  papnner N. (1990) Requirement for hsp70 in the mitochondrial matrix
(encoded by MPI1) is involved in an early step of preprotein o transiocation and folding of precursor proteir¥ature 348
translocation across the mitochondrial inner membraviel. Cell. 137-143.

Biol., 13, 7364-7371. : :
i " . . Kellems,R.E., Allison,V.F. and Butow,R.A. (1975) Cytoplasmic type 80S
S eraciions of components of the yeast mibchondiial nner-memrane . 12950Mes associated with yeast mitochondiCel Biol, 65 1-14.
p y Koll,H., Guiard,B., Rassow,J., Ostermann,J., Horwich,A.L., Neupert,W.

import machinery (MIM).Eur. J. Biochem.232, 309-314. and Hartl,F.-U. (1992) Antifolding activity of hsp60 couples protein

Bomer,U., Rassow,J., Zufall,N., Pfanner,N., Meijer,M. and Maarse,A.C. 46 the mitochondrial matrix with export to the intermembrane
(1996) The preprotein translocase of the inner mitochondrial spaceCell, 68, 1163-1175.

membrane: evolutionary conservation of targeting and assembly of : . . .
Tim17. J. Mol. Biol, 262 389-395. Kronidou,N.G., Oppliger,W., Bolliger,L., HannavyK., Glick,B.S.,

Bomer,U., Meijer,M., Maarse,A.C., Dekker,P.J.T., Pfanner,N. and Schatz_,G. and I_-lorst,M. (;994) Dynar_nic_ interaction between Isp45
Rassow,J. (1997) Multiple interactions of components mediating ~and mitochondrial hsp70 in the protein import system of the yeast
preprotein translocation across the inner mitochondrial membrane. ~Mitochondrial inner membraneProc. Natl Acad. Sci. USA91,
EMBO J, 16, 2205-2216. 12818-12822. }

Borel,A.C. and Simon,S.M. (1996) Biogenesis of polytopic membrane Kubrich,M., Keil,P., Rassow,J., Dekker,P.J.T., Blom,J., Meijer,M. and
proteins: membrane segments assemble within translocation channels Pfanner,N. (1994) The polytopic inner membrane proteins MIM17

prior to membrane integratioCell, 85, 379-389. and MIM23 operate at the same preprotein import SHEBS Lett,
Brodsky,J.L. (1996) Post-translational protein translocation: not all ~ 349 222-228.

hsc70s are created equatends Biochem. Sci21, 122-126. Kubrich,M., Dietmeier,K. and Pfanner,N. (1995) Genetic and biochemical
Daum,G., Btini,P.C. and Schatz,G. (1982) Import of proteins into dissection of the mitochondrial protein-import machin€wyrr. Genet,

mitochondria. Cytochromia, and cytochrome peroxidase are located 27, 393-403.

in the intermembrane space of yeast mitochondtidBiol. Chem,. Lill,R. and Neupert,W. (1996) Mechanisms of protein import across the

257, 13028-13033. mitochondrial outer membrang&rends Cell Biol. 6, 56—61.
Dekker,P.J.T., Keil,P., Rassow,J., Maarse,A.C., Pfanner,N. and Meijer,M. Lithgow,T., Glick,B.S. and Schatz,G. (1995) The protein import receptor

(1993) Identification of MIM23, a putative component of the protein of mitochondriends Biochem. S¢i20, 98-101.

5418



Mitochondrial translocation contact sites

Lubeck,J., Soll,J., Akita,M., Nielsen,E. and Keegstra,K. (1996) Topology mitochondrial outer and inner membranes: passage of preproteins
of IEP110, a component of the chloroplastic protein import machinery  through the intermembrane spaéBO J, 12, 2211-2218.
present in the inner envelope membraB®BO J, 15, 4230-4238. Sims,P.J., Waggoner,A.S., Wang,C.-H. and Hoffman,J.F. (1974) Studies

Lyman,S.K. and Schekman,R. (1997) Binding of secretory precursor  onthe mechanism by which cyanine dyes measure membrane potential
polypeptides to a translocon subcomplex is regulated by GéH, in red blood cells and phosphatidylcholine vesicBi®chemistry13,

88, 85-96. 3315-3330.

Maarse,A.C., Blom,J., Grivell,L.A. and Meijer,M. (1992) MPI1, an Singer,S.J. and Yaffe,M.P. (1990) Embedded or not? Hydrophobic
essential gene encoding a mitochondrial membrane protein, is possibly  sequences and membran&sends Biochem. Scil5, 369-373.
involved in protein import into yeast mitochondrieMBO J, 11, Sirrenberg,C., Bauer,M.F., Guiard,B., Neupert,W. and Brunner,M. (1996)
3619-3628. Import of carrier proteins into the mitochondrial inner membrane

Mannella,C.A., Marko,M. and Buttle,K. (1997) Reconsidering mito- mediated by TiflN2afure 384, 582-585.
chondrial structure: new views of an old organelleend Biochem. Sdlner,T., Rassow,J., Wiedmann,M., Schlossmann,J., Keil,P., Neupert,W.
Sci, 254, 37-38. and Pfanner,N. (1992) Mapping of the protein import machinery in

Martin,J., Mahlke,K. and Pfanner,N. (1991) Role of an energized inner  the mitochondrial outer membrane by crosslinking of translocation
membrane in mitochondrial protein impofiy drives the movement intermediaté¢ature 355, 84-87.
of presequences. Biol. Chem. 266, 18051-18057. Stuart,R.A., Gruhler,A., van der Kleil.,, Guiard,B., Koll,H. and

Ohba,M. and Schatz,G. (1987) Disruption of the outer membrane restores Neupert,W. (1994) The requirement of matrix ATP for the import of
protein import to trypsin-treated yeast mitochondf&EMBO J, 6, precursor proteins into the mitochondrial matrix and intermembrane
2117-2122. spacé&ur. J. Biochem.220, 9-18.

Pfanner,N. and Meijer,M. (1995) Pulling in the proteiurr. Biol., 5, Ungermann,C., Neupert,W. and Cyr,D.M. (1994) The role of Hsp70 in
132-135. conferring unidirectionality on protein translocation into mitochondria.

Pfanner,N. and Meijer,M. (1997) Mitochondrial biogenesis: the Tomand  Science266, 1250-1253.

Tim machine.Curr. Biol., 7, R100-R103. Vestweber,D. and Schatz,G. (1988) A chimeric mitochondrial precursor

Pfanner,N., Rassow,J., van der Klei,l.J. and Neupert,W. (1992) Adynamic  protein with internal disulphide bridges blocks import of authentic
model of the mitochondrial protein import machiner@ell, 68, precursors into mitochondria and allows quantitation of import sites.
999-1002. J. Cell Biol, 107, 2037—2043.

Pfanner,N., Craig,E.A. and Meijer,M. (1994) The protein import Vestweber,D., Brunner,J., Baker,A. and Schatz,G. (1989) A 42 kDa
machinery of the mitochondrial inner membrargends Biochem. outer-membrane protein is a component of the yeast mitochondrial
Sci, 19, 368-372. protein import sitdNaturg 341, 205—-209.

Rassow,J. and Pfanner,N. (1991) Mitochondrial preproteins en route von Ahsen,O., Voos,W., Henninger,H. and Pfanner,N. (1995) The
from the outer membrane to the inner membrane are exposed to the mitochondrial protein import machinery: role of ATP in dissociation
intermembrane spacEEBS Lett. 293 85-88. of Hsp70-Mim44 complexJ. Biol. Chem. 270, 29848—-29853.

Rassow,J., Guiard,B., Wienhues,U., Herzog,V., Hartl,F.-U. and Voos,W., Gambill,B.D., Guiard,B., Pfanner,N. and Craig,E.A. (1993)
Neupert,W. (1989) Translocation arrest by reversible folding of a Presequence and mature part of preproteins strongly influence the
precursor protein imported into mitochondria. A means to quantitate dependence of mitochondrial protein import on heat shock protein 70
translocation contact site3. Cell Biol, 109, 1421-1428. in the matrix.J. Cell Biol, 123 119-126.

Rassow,J., Maarse,A.C., Krainer,E.; litich,M., Mtuiler,H., Meijer,M., Voos,W., Gambill,B.D., Laloraya,S., Ang,D., Craig,E.A. and Pfanner,N.
Craig,E.A. and Pfanner,N. (1994) Mitochondrial protein import: (1994) Mitochondrial GrpE is present in a complex with hsp70
biochemical and genetic evidence for interaction of matrix hsp70 and and preproteins in transit across memitolar@sll. Biol, 14,
the inner membrane protein MIM44. Cell Biol, 127, 1547-1556. 6627-6634.

Rospert,S., Looser,R., Dubagpe Matouschek,A., Glick,B.S. and Voos,W., von Ahsen,O:llIshH., Guiard,B., Rassow,J. and Pfanner,N.
Schatz,G. (1996) Hsp60-independent protein folding in the matrix of ~ (1996) Differential requirement for the mitochondrial Hsp70-Tim44
yeast mitochondrisgEMBO J, 15, 764-774. complex in the unfolding and translocation of preprot&MBO J,

Ryan,K.R. and Jensen,R.E. (1993) Mas6p can be cross-linked to an 15, 2668-2677.
arrested precursor and interacts with other proteins during mito- Walter,P. and Johnson,A.E. (1994) Signal sequence recognition and
chondrial protein importJ. Biol. Chem. 268 23743-23746. protein targeting to the endoplasmatic reticulum membrareu.

Ryan,K.R. and Jensen,R.E. (1995) Protein translocation across Rev. Cell Biol, 10, 87-119.
mitochondrial membranes: what a long, strange trip itGsll, 83, Werner,S. and Neupert,W. (1972) Functional and biogenetical
517-519. heterogeneity of the inner membrane of rat-liver mitochonHria.

Schigger,H. and von Jagow,G. (1991) Blue native electrophoresis for  J. Biochem.25, 379-396.
isolation of membrane protein complexes in enzymatically active
form. Anal. Biochem.199 223-231. Received on May 9, 1997; revised on June 10, 1997

Schigger,H., Cramer,W.A. and von Jagow,G. (1994) Analysis of
molecular masses and oligomeric states of protein complexes by blue
native electrophoresis and isolation of membrane protein complexes
by two-dimensional native electrophoresiénal. Biochem. 217,
220-230.

Schatz,G. and Dobberstein,B. (1996) Common principles of protein
translocation across membran&sience271, 1519-1526.

Scherer,P.E., Krieg,U.C., Hwang,S.T., Vestweber,D. and Schatz,G. (1990)
A precursor protein partly translocated into yeast mitochondria is
bound to a 70 kDa mitochondrial stress proteBMBO J, 9,
4315-4322.

Schleyer,M. and Neupert,W. (1985) Transport of proteins into
mitochondria: translocation intermediates spanning contact sites
between outer and inner membran€ell, 43, 330-350.

Schneider,H.C., Berthold,J., Bauer,M.F., Dietmeier,K., Guiard,B.,
Brunner,M. and Neupert,W. (1994) Mitochondrial hsp70/MIM44
complex facilitates protein imporNature 371, 768-774.

Schneider,H.C., Westermann,B., Neupert,W. and Brunner,M. (1996) The
nucleotide exchange factor MGE exerts a key function in the ATP-
dependent cycle of mt-Hsp70-Tim44 interaction driving mitochondrial
protein import.EMBO J, 15, 5796-5803.

Schnell,D.J., Kessler,F. and Blobel,G. (1994) Isolation of components
of the chloroplast protein import machineB8cience266, 1007-1012.

Segui-Real,B., Kispal,G., LillLR. and Neupert,W. (1993) Functional
independence of the protein translocation machineries in the

5419



