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Tim23p is a mitochondrial inner membrane protein essential for the import of proteins from the cytosol.
Tim23p contains an amino-terminal hydrophilic segment and a carboxyl-terminal hydrophobic domain
(Tim23Cp). To study the functions and interactions of the two parts of Tim23p separately, we constructed
tim23N, encoding only the hydrophilic region of Tim23p, and tim23C, encoding only the hydrophobic domain
of Tim23p. Only the Tim23C protein is imported into mitochondria, indicating that the mitochondrial target-
ing information in Tim23p resides in its membrane spans or intervening loops. Tim23Cp, however, cannot
substitute for full-length Tim23p, suggesting that the hydrophilic portion of Tim23p also performs an essential
function in mitochondrial protein import. We found that overexpression of Tim23Cp is toxic to yeast cells that
carry the tim23-1 mutation. Excess Tim23Cp causes Tim23-1p to disappear, leaving tim23-1 cells without a
full-length version of the Tim23 protein. If Tim17p, another inner membrane import component, is overex-
pressed along with Tim23Cp, the toxicity of Tim23Cp is largely reversed and the Tim23-1 protein no longer
disappears. In coimmunoprecipitations from solubilized mitochondria, Tim17p associates with the Tim23C
protein. In addition, we show that Tim23p and Tim17p can be chemically cross-linked to each other in intact
mitochondria. We conclude that the hydrophobic domain encoded by tim23C targets Tim23p to the mitochon-
dria and mediates the direct interaction between Tim23p and Tim17p. In contrast, Tim23Cp cannot be
coimmunoprecipitated with Tim23p, raising the possibility that the hydrophobic domain of Tim23p does not
interact with other Tim23 molecules.

Most mitochondrial proteins are encoded in the nucleus,
translated in the cytosol, targeted to the mitochondria, and
then translocated across one or both mitochondrial mem-
branes to their final destinations (reviewed in references 50, 56,
59, and 60). Mitochondrial proteins are usually synthesized as
precursors, with positively charged amino-terminal prese-
quences that contain targeting information (23–25, 74). On the
mitochondrial surface, precursors encounter several proteins
proposed to act as receptors, including Tom70p, Tom37p,
Tom22p, and Tom20p (16, 21, 31, 44, 62, 68, 69). Cytosolic
chaperones bind precursors to prevent premature folding or
aggregation, and one chaperone also plays a role in targeting
the precursor to the mitochondrial surface (17, 18, 34). The
outer membrane receptors, along with several other proteins,
including Tom40p, Tom6p, Tom7p, and Tom8p, make up the
TOM complex, which translocates precursors across the mito-
chondrial outer membrane (32, 33, 46, 70). Translocation of
the precursor across the outer membrane is proposed to occur
via a transfer of the presequence from a binding site on the
outside of the mitochondria to a site located on the inside of
the membrane (45). The interaction between the positively
charged presequence and the TOM components appears to be
at least partly electrostatic (6, 45).

At least three essential yeast proteins located in the mito-
chondrial inner membrane, Tim23p, Tim17p, and Tim44p, are
required for protein import. Tim23p was first identified in a
screen of temperature-sensitive yeast mutants for those that

accumulated mitochondrial precursors (13). TIM17 was ini-
tially isolated as a multicopy suppressor of the temperature-
sensitive tim23-1 mutant (57). Tim44p was identified by genet-
ics (40) and as a protein that could be chemically cross-linked
to a precursor arrested in transit across the mitochondrial
inner membrane (61). The bulk of the Tim44 protein is located
on the inside face of the inner membrane, where it associates
with a matrix-localized member of the Hsp70 family (mt-
Hsp70 [35, 53, 63]). mt-Hsp70 and Tim44p are proposed to
drive the translocation of the precursor across the inner mem-
brane (15, 50, 72, 75). In the matrix, the presequence is re-
moved by a two-subunit processing protease (20, 28, 77, 79).
Imported proteins then fold into their final conformations with
the help of several matrix-localized chaperones (42).

It is not yet known how precursors cross the mitochondrial
inner membrane. Tim23p and Tim17p are integral membrane
proteins and have been proposed to form part of a protein-
translocating channel in the inner membrane (11, 13, 41, 57).
The Tim23 protein, formerly called Mas6p or MIM23 (51), has
a 9-kDa amino-terminal hydrophilic segment which faces the
intermembrane space, followed by a 14-kDa hydrophobic do-
main containing four predicted membrane spans. The Tim17
protein, formerly called Sms1p or MIM17 (51), contains four
potential membrane-spanning segments flanked by short ami-
no- and carboxyl-terminal segments. The C terminus of
Tim17p faces the intermembrane space (35). Tim17p is 46%
homologous (25% identical) in amino acid sequence to the
carboxyl-terminal hydrophobic portion of Tim23p, and Tim17p
is also similar to the Tim23p hydrophobic domain in the num-
ber of predicted membrane spans and the size of intervening
loops.

Both genetic and biochemical data indicate that the inner
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membrane import components Tim23p, Tim17p, and Tim44p
function in a complex. The high-copy suppression of tim23-1 by
TIM17 suggests that Tim17p and Tim23p physically interact
(57). In addition, mutant alleles of TIM23, TIM17, and TIM44
are synthetically lethal in all pairwise combinations (4). Pre-
liminary biochemical evidence for a translocation complex
came from a study showing that Tim23p could be coimmuno-
precipitated with two other proteins, each of which was cross-
linked to an arrested precursor (55). Subsequently, it was
shown that Tim23p, Tim17p, and Tim44p could all be cross-
linked to a mitochondrial precursor arrested at the same point
in the import pathway (36). Recent studies have now shown
that Tim23p and Tim17p can be coimmunoprecipitated from
detergent-solubilized mitochondria (2, 3, 7). All these results
indicate that there is an inner membrane translocation com-
plex (TIM complex) analogous to the TOM complex in the
outer membrane. However, many questions about the TIM
complex remain. For example, its composition is unclear, since
one study found that Tim23p and Tim17p were associated with
proteins of 33 and 14 kDa (3) while another found that Tim23p
and Tim17p were associated with proteins of 55 and 20 kDa
(4). The structure of the TIM complex is also unknown, since
the interactions between individual proteins within the com-
plex have not been defined. Finally, the functions of individual
inner membrane components in the translocation pathway
have yet to be determined.

In this study, we have focused on the function of Tim23p and
its interaction with Tim17p. We show here that the hydropho-
bic region of Tim23p, called Tim23Cp, is imported into mito-
chondria and associates with Tim17p. Therefore, the C-termi-
nal hydrophobic half of Tim23p is a distinct domain which
targets Tim23p to the mitochondria and mediates the direct
interaction with Tim17p. However, we found that Tim23Cp
cannot substitute for the full-length Tim23p, suggesting that
the hydrophilic amino terminus of Tim23p performs an essen-
tial function in mitochondrial protein import. We also found
that the truncated Tim23C protein does not associate with
full-length Tim23p in the mitochondrial inner membrane.

MATERIALS AND METHODS

Yeast strains and relevant genotypes. The haploid tim23-1 ura3 trp1 leu2 his3
strain KRR131 was obtained by crossing the MATa mas6-1 strain JE14-5b (13)
to the MATa ura3-52 trp1D63 his3D200 leu2D1 strain RJ500 (76). The MATa
tim23::URA3 ura3 trp1 leu2 cyh2 strain KRR123 was obtained by crossing the
tim23::URA3 strain RJ341 (12a) to YPH858 (71). KRR123 also carries the
TIM23-LEU2-CYH2 plasmid pKR1 (see below). The wild-type strain D273-10b
(64) and the tim17::TRP1 strain KRR111, which carries the 2mm-TIM17-URA3
plasmid, pKR7 (57), have been described previously. Yeast transformations were
performed as described previously (30). Standard yeast media (65) and genetic
techniques (54) were used.

Plasmid constructions. pKR14, a plasmid that expresses Tim23Np, was con-
structed as follows. A fragment encoding the 9-kDa amino-terminal domain of
Tim23p followed by a NotI site was amplified from plasmid pJE2 (13) with
oligonucleotide 83 (59-GGGGCGGCCGCCGTCATCGGTCCACCCACG-39),
oligonucleotide 21 (59-ATTAACCCTCACTAAAG-39), and PCR (58). This
fragment carrying tim23N was digested with SacI and NotI and ligated into
SacI-NotI-digested pJE9 (13) to create pKR14. Tim23Np consists of the first 96
amino acids of Tim23p, followed by Gly-Gly-Arg encoded by the NotI site.

pKR15, which expresses the 14-kDa Tim23C protein, was constructed as
follows. We used oligonucleotide 79 (59-GGGGCGGCCGCGATGACCTATG
TTACGG-39), oligonucleotide 20 (59-AATACGACTCACTATAG-39), and
pJE2 to obtain by PCR a fragment encoding the C-terminal domain of Tim23p,
preceded by a NotI site. The tim23C fragment was digested with NotI and BamHI
and ligated into NotI-BamHI-digested pJE9 to create pKR15. Tim23Cp consists
of amino acids 95 to 222 of Tim23p and begins with Met-Gly-Gly-Arg as a result
of our manipulations. pKR16, which encodes the Tim23C-HA protein, was
constructed in several steps as follows. First, pJE7 (13) was digested with NotI,
and a 114-bp NotI fragment containing three tandem copies of the hemagglutinin
(HA) epitope gene (73) was inserted to create pM37 (12a). We then digested
pM37 with NcoI and HindIII and inserted the fragment encoding the Tim23 C
terminus and HA epitope into NcoI-HindIII-digested pKR15.

pKR17, which carries tim23C under the control of the inducible GAL1 pro-

moter, was constructed as follows. A PCR fragment containing tim23C with a
XhoI site upstream of the start codon was isolated with oligonucleotide 125
(59-GGGCTCGAGTTAACAGATCACACACAATC-39), oligonucleotide 98
(59-AACAGCTATGACCATG-39), and pKR15. The PCR fragment was di-
gested with XhoI and BamHI and inserted behind the GAL1 promoter region of
pRS314GU (47). pKR18, which carries GAL1-tim23C-HA, was constructed by
first amplifying tim23C-HA from pKR16 with oligonucleotide 125 and oligonu-
cleotide 21 and then inserting the XhoI-EcoRI-digested PCR fragment into
pRS314GU.

pKR19, a multicopy plasmid which carries tim23C (2mm-tim23C), was con-
structed by digesting pKR15 with SacI and BamHI and inserting the fragment
containing the tim23C open reading frame into SacI-BamHI-digested pRS425
(67). pKR20, a centromere-containing plasmid which carries TIM23 (CEN-
TIM23), was constructed by digesting pJE11 (13) with XhoI and BamHI and
inserting the DNA fragment carrying TIM23 into the LEU2 plasmid pRS315
(67). pKR21, a multicopy plasmid which carries TIM23 (2mm-TIM23), was pro-
duced by inserting the TIM23-containing SacI fragment from pJE11 into the
LEU2 plasmid pRS425. The 2mm-LEU2-TIM17 plasmid pKR3 and the GAL1-
TIM17 plasmid have been described previously (57).

pKR1, a TRP1-CYH2-TIM23 plasmid, was constructed in several steps as
follows. First, a 1.1-kbp BamHI fragment containing the CYH2 gene was isolated
from pK64 (a gift from J. Boeke). The ends of the fragment were filled in with
Klenow, and the fragment was ligated into the NaeI site of pRS314 (67) to
produce pKS1 (58a). Next, pM39 (12a) was digested with SacI and BamHI, and
the fragment containing TIM23 was inserted into SacI-BamHI-digested pKS1 to
produce pKR1.

For in vitro synthesis, genes were inserted into the SP6-containing plasmid
pSP64 or pSP65 (Promega Corp., Madison, Wis.). pSP64-tim23C was con-
structed by first amplifying the tim23C fragment by PCR with pJE2 and oligo-
nucleotides 79 and 20 and then digesting the tim23C fragment with NotI and
AvaI and inserting it into NotI-AvaI-digested pT41 (30a). pSP64-tim23N was
constructed by first amplifying the tim23N fragment by PCR with pJE2 and
oligonucleotides 83 and 21 and then digesting the tim23N fragment with XbaI
and NotI and inserting it into XbaI-NotI-digested pT42 (30a). pJE29, which
carries TIM23, was constructed by inserting the 1.7-kbp HpaI-BamHI TIM23
fragment from pJE2 into SmaI-BamHI-digested pSP65. pKR13, which carries
TIM17 in pSP64, has been described previously (57).

Imports into isolated mitochondria. Mitochondria were isolated from wild-
type strain D273-10b as described previously (10), except that SEH buffer (250
mM sucrose, 1 mM EDTA, 20 mM HEPES-KOH [pH 7.4]) was used in place of
breaking buffer. Radiolabeled proteins were produced from the SP6-containing
plasmids with 1.5 mCi of [35S]methionine per ml (1,000 Ci/mmol; Amersham) in
a coupled transcription-translation system (SP6 TNT system; Promega Biotech)
as specified by the manufacturers. For import reactions, mitochondria were
suspended in import buffer (61) to a final concentration of 1 mg of protein per
ml. A 200-mg portion of mitochondria was used per reaction. A 10-ml volume of
lysate containing the radiolabeled protein was added to each assay mixture, and
the samples were incubated at 30°C for 30 min. Imports were stopped by trans-
ferring the tubes to ice and adding carbonyl cyanide m-chlorophenylhydrazone
(Sigma Chemical Co.) to a final concentration of 30 mM. The reaction mixtures
were treated with 100 mg of proteinase K (Sigma) per ml on ice for 30 min, and
then 1 mM phenylmethylsulfonyl fluoride (PMSF; Sigma) was added. After all
the manipulations, the mitochondria were pelleted by centrifugation at 12,500 3
g for 10 min, resuspended in 13 sample buffer (125 mM Tris-HCl [pH 6.8], 2%
sodium dodecyl sulfate [SDS], 20% glycerol), and analyzed by SDS-polyacryl-
amide gel electrophoresis (PAGE) (37). Radiolabeled proteins were detected by
fluorography (8).

Localization of the Tim23C-HA protein. The tim23-1 leu2 strain KRR131
expressing Tim23C-HA from pKR16 was grown in supplemented S medium
containing 2% galactose to an optical density at 600 nm (OD600) of 2.0. The cells
were homogenized and separated into a mitochondrial pellet and a postmito-
chondrial supernatant as described previously (10), except that SEH buffer was
used. Proteins from the cell fractions were separated by SDS-PAGE and trans-
ferred to Immobilon filters (Millipore, Bedford, Mass.) (19). To detect Tim23C-
HA, the filters were decorated with a 1:25 dilution of culture supernatant from
12CA5 cells, which produce a monoclonal antibody against the influenza virus
HA epitope (48). The filters were also probed with antisera against the b subunit
of the F1-ATPase and against hexokinase (1:10,000 dilutions; gifts from M. Yaffe,
University of California, San Diego, Calif.). Immunocomplexes were visualized
with a 1:10,000 dilution of horseradish peroxidase-conjugated antibody (Amer-
sham, Arlington Heights, Ill.) followed by chemiluminescence (Amersham).

Production of antibodies against Tim17p. A peptide based on the carboxyl-
terminal region of Tim17p (CEAPSSQPLQA; a gift from K. Kinnally, New York
State Department of Health, Albany, N.Y.) was coupled to keyhole limpet
hemocyanin (Sigma) with m-maleimidobenzoic acid-N-hydroxysuccinimide
(Pierce) as the cross-linking agent (12). Injection of the antigen plus adjuvant
into rabbits and collection of antiserum were performed by Covance, Inc. (Den-
ver, Pa.).

Immunoprecipitations from detergent-solubilized mitochondria. The tim23-1
strain KRR131 and the wild-type strain RJ500 carrying either the GAL1-
tim23C-HA plasmid (pKR18) or an empty vector (pRS314GU) were grown in S
medium containing 2% raffinose to an OD600 of 1.0. Then 2% galactose was
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added to each culture to induce expression from the GAL1 promoter, and the
cells were grown for 6 h to an OD600 of approximately 2. Mitochondria were
isolated from each culture as described previously (10), except that SEH buffer
was used. Immunoprecipitations were carried out as follows. Mitochondria were
solubilized as described previously (3). Solubilization buffer (0.5% digitonin, 50
mM NaCl, 30 mM HEPES-KOH [pH 7.4], 1 mM PMSF, 1 mg of aprotinin
[Calbiochem] per ml, 1 mg of leupeptin [Calbiochem] per ml) was added to the
mitochondria to a final protein concentration of 1 mg/ml, and the suspension was
incubated at 4°C with gentle agitation for 30 min. After centrifugation at
12,500 3 g for 10 min, 20 ml of antiserum against Tim23p (13) or 20 ml of ascites
fluid containing antibodies to the HA epitope (BABCO, Berkeley, Calif.) was
added to a 1-ml aliquot of the supernatant. The samples were incubated at 4°C
with gentle agitation for 5 h. Then 150 ml of a 1:1 slurry of protein A-Sepharose
(Sigma Chemical) in solubilization buffer was added to each sample, the tubes
were incubated at 4°C for 1.5 h, and the beads were collected by centrifugation.
Then 340 ml of 43 sample buffer was added to each supernatant, and the
supernatants were heated at 95°C for 5 min. Pellets containing the protein
A-Sepharose were washed four times with 1.0 ml of solubilization buffer, and the
bound proteins were eluted by two sequential extractions with 75 ml of 23
sample buffer at 65°C for 5 min. The proteins were immunoblotted with anti-
bodies to Tim23p, Tim17p, the HA epitope, and Tim44p (a gift from G. Schatz,
Biocenter, Basel, Switzerland).

Chemical cross-linking of mitochondrial proteins. Mitochondria were isolated
from a tim17::TRP1 strain carrying the TIM17-HA plasmid pKR11 (57). Then
500 mg of mitochondria was resuspended in 500 ml of breaking buffer (0.6 M
sorbitol, 20 mM HEPES-KOH [pH 7.4], 1 mg of PMSF per ml, 1 mM aprotinin,
1 mM leupeptin), and the cross-linker succinimidyl 4-(p-maleimidophenyl)bu-
tyrate (SMPB; Pierce) was added to a final concentration of 0.5 mM. After
incubation on ice for 30 min, the reactions were quenched by adding 550 ml of 0.6
M sorbitol–100 mM Tris-HCl (pH 7.2)–100 mM cysteine, and the mixtures were
incubated on ice for a further 10 min. For immunoprecipitations, the mitochon-
dria were solubilized in 200 ml of boiling buffer (1% SDS, 50 mM Tris-HCl [pH
7.5], 1 mM EDTA) and heated at 95°C for 5 min. Then 2.5 ml of TNET* (1%
Triton X-100, 150 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl [pH 7.5], 1 mg of
PMSF per ml, 1 mM aprotinin, 1 mM leupeptin) was added, and the sample was
centrifuged at 12,500 3 g for 10 min. A 25-ml volume of antiserum to Tim23p was
added to the supernatant, and the mixture was incubated overnight at 4°C.
Immunocomplexes were collected with protein A-Sepharose as described above.

RESULTS

The carboxyl-terminal hydrophobic domain of Tim23p con-
tains mitochondrial targeting information. To determine the
roles of the hydrophobic and hydrophilic segments of Tim23p,
we constructed two truncated versions of the TIM23 gene.
tim23N encodes the hydrophilic, amino-terminal 9 kDa of
Tim23p (Tim23Np), while tim23C encodes the 14-kDa hydro-
phobic carboxyl terminus (Tim23Cp). Tim23p is a member of
a small family of mitochondrial proteins that lack an amino-
terminal presequence and thus contain internal mitochondrial
targeting information. We therefore asked if either Tim23Np
or Tim23Cp was correctly targeted to the mitochondria.
Tim23Np, Tim23Cp, and the full-length Tim23 and Tim17
proteins were synthesized in vitro (Fig. 1A, lane 1). After
incubation with mitochondria, Tim23Cp, Tim23p, and Tim17p
were each found in the mitochondrial pellet (lane 2) and were
protected from proteinase K added to the mitochondria after
the import reaction (lane 3). Tim23Cp appears to be imported
to the same extent as the full-length Tim23 and Tim17 pro-
teins. In contrast, Tim23Np did not bind to mitochondria and
was not imported (lanes 2 and 3).

To confirm the import of Tim23Cp in vivo, we localized
Tim23Cp in both tim23-1 mutant and wild-type yeast cells.
Since our antibodies to Tim23p recognize only the amino-
terminal hydrophilic domain, we tagged Tim23Cp with the
influenza virus HA epitope (73) and transformed the
Tim23C-HA construct into yeast cells. Cells expressing
Tim23C-HA were homogenized and separated into a mito-
chondrial pellet and a postmitochondrial supernatant. In both
the tim23-1 mutant (Fig. 1B) and its wild-type parent (data not
shown), we found that Tim23C-HA was located in the mito-
chondrial fraction, along with the mitochondrial marker, the b
subunit of the F1-ATPase (F1b). Since Tim23Cp, but not

Tim23Np, is targeted to the mitochondria, the following ex-
periments focused on the function of the C-terminal hydro-
phobic domain of Tim23p.

Tim23Cp cannot substitute for Tim17p or Tim23p. Since
Tim17p is homologous to the carboxyl-terminal region of
Tim23p, we asked if Tim23Cp could substitute for Tim17p in
yeast cells. Since both TIM23 and TIM17 are essential genes,
we used a plasmid shuffle scheme to examine the activity of
Tim23Cp. The ura3 leu2 strain KRR111 carries the tim17::TRP1
chromosomal disruption and a wild-type TIM17 gene on the
URA3-containing plasmid pKR7 (57). The URA3 gene on
pKR7 confers sensitivity to 5-fluoroorotic acid (5-FOA) (5). If
this strain is transformed with a second plasmid that provides
Tim17p activity, the cells can lose pKR7 and become resistant
to 5-FOA. We transformed KRR111 with LEU2-containing
plasmids expressing Tim23Cp, wild-type Tim23p, or Tim17p.
We used two types of plasmids to express our constructs: plas-
mids containing a yeast centromere (CEN), which are present
in 1 or 2 copies per cell, or plasmids that carry the 2mm origin
of replication, which are present in multiple copies (usually 30
to 50 per cell) (53a). To select for cells that have lost the
TIM17-URA3 plasmid, we replica plated the transformants to
medium containing 5-FOA. tim17::TRP1 cells containing ei-
ther CEN-tim23C or 2mm-tim23C did not grow on 5-FOA and

FIG. 1. The carboxyl-terminal domain of Tim23p is imported into mitochon-
dria. (A) [35S]methionine-labeled proteins were synthesized by in vitro transcrip-
tion and translation and incubated with mitochondria isolated from wild-type
strain D273-10b as described in Materials and Methods. After the import reac-
tion, mitochondria were reisolated by centrifugation. Mitochondrial proteins
were separated by SDS-PAGE, and the radiolabeled proteins were detected by
fluorography. Lanes: 1, 30% of the translation lysate added to each assay; 2, the
mitochondrial pellet after the import reaction; 3, the mitochondrial pellet after
the import reaction, following treatment with 100 mg of proteinase K per ml. (B)
tim23-1 cells carrying pKR16, which expresses the Tim23C-HA protein, were
grown at 24°C to an OD600 of 2. The homogenate (HOM) was separated into a
postmitochondrial supernatant (PMS) and a mitochondrial pellet (MITO) by
centrifugation at 9,600 3 g for 10 min. Aliquots of homogenate, mitochondria,
and postmitochondrial supernatant representing equal numbers of cells were
analyzed by SDS-PAGE and immunoblotting with antibodies to hexokinase, the
F1-ATPase b subunit (F1b), or the HA epitope tag on Tim23C-HA.
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were therefore unable to lose the TIM17-URA3 plasmid (Fig.
2A). Likewise, cells expressing full-length TIM23 could not
grow on medium containing the inhibitor. Only cells trans-
formed with an additional copy of TIM17 were able to grow on
5-FOA. Therefore, neither Tim23Cp nor Tim23p can substi-
tute for Tim17p.

In similar experiments, we examined whether Tim23p re-
quires its hydrophilic amino terminus for function. Plasmids
expressing Tim23Cp, Tim23p, or Tim17p were transformed
into the tim23::URA3 leu2 cyh2 strain KRR123. KRR123 car-
ries TIM23 on the CYH2 plasmid pKR1. Since CYH2-contain-
ing cells are unable to grow in the presence of cycloheximide
(66), we tested our transformants for their ability to lose the
TIM23-CYH2 plasmid by replica plating them onto YEPD
medium containing 10 mg of cycloheximide per liter (YEPD-
CYH). Only transformants carrying a second copy of wild-type
TIM23 were able to grow on YEPD-CYH. Tim23Cp was un-
able to substitute for the full-length Tim23 protein, indicating
that the amino-terminal hydrophilic domain of Tim23p is es-
sential (Fig. 2B). Furthermore, Tim17p overexpressed from a
2mm plasmid cannot rescue the lethality of tim23::URA3
strains (Fig. 2B), confirming our previous results (57) showing
that TIM17 and TIM23 do not encode overlapping activities.

Overexpression of the carboxyl-terminal domain of Tim23p
is toxic to tim23-1 cells. A surprising observation during our
studies with Tim23Cp suggested that overproduction of this
domain may be deleterious to yeast cells. While tim23-1 cells
carrying the CEN-tim23C plasmid grew normally at the per-
missive temperature (24°C), tim23-1 cells transformed with the
2mm-tim23C plasmid grew extremely slowly. Tim23Cp there-
fore appeared to be toxic to the tim23-1 strain when present at
a high level. To confirm the toxicity of Tim23Cp, we con-
structed a plasmid encoding Tim23Cp under the control of the
inducible GAL1 promoter (GAL1-tim23C). We previously
showed that full-length Tim23p and Tim17p are overproduced
10- to 20-fold when expressed from GAL1 (13, 57). Wild-type
and tim23-1 transformants containing GAL1-tim23C were
patched onto raffinose medium, which does not induce expres-
sion from the GAL1 promoter, and then replica plated onto
galactose medium to induce the expression of Tim23Cp. As
controls, we used plasmids expressing Tim23p or Tim17p un-
der the control of GAL1. We found that tim23-1 cells express-
ing high levels of Tim23p or Tim17p were able to grow on
galactose-containing medium, whereas tim23-1 cells expressing
Tim23Cp failed to grow (Fig. 3). Thus, overexpression of the
carboxyl-terminal domain of the Tim23 protein is toxic to the
tim23-1 mutant. We noted, however, that wild-type TIM23
strains are able to grow in the presence of high levels of
Tim23Cp (Fig. 3).

High-level expression of Tim23Cp causes the loss of the
Tim23-1 protein and a defect in protein import. To determine
why Tim23Cp is toxic to tim23-1 strains, we examined the level
of the Tim23-1 protein in cells overproducing the carboxyl-
terminal domain of Tim23p. We placed the HA epitope-tagged
version of Tim23Cp (Tim23C-HA) under the control of GAL1
and transformed this plasmid into tim23-1 and TIM23 (wild-
type) strains. The cells were pregrown on raffinose-containing
medium, and the expression of Tim23C-HA was induced by
adding galactose. Total proteins were then isolated and ana-

FIG. 2. Tim23Cp cannot substitute for Tim23p or Tim17p. (A) tim17::TRP1
leu2 ura3 cells carrying the URA3-TIM17 plasmid pKR7 were transformed with
the indicated CEN-LEU2 or 2mm-LEU2 plasmids as described in Materials and
Methods. Transformants were patched onto medium lacking leucine (SD-leu)
and then replica plated onto medium containing 5-FOA to detect the loss of
pKR7. (B) tim23::URA3 leu2 cyh2 cells carrying a CYH2-TIM23 plasmid (pKR1)
were transformed with the indicated CEN-LEU2 or 2mm-LEU2 plasmids as
described in Materials and Methods. Transformants were patched onto YEPD
medium and then replica plated onto YEPD-CYH medium to detect the loss of
pKR1.

FIG. 3. High levels of Tim23Cp are toxic to tim23-1 cells. The tim23-1 strain
KRR131 and the wild-type (WT) strain RJ500 were transformed with each of the
following plasmids: GAL1-TIM23 (13), GAL1-TIM17 (57), and GAL1-tim23C
(pKR17). Transformants were patched onto selective medium containing 2%
raffinose as the sole carbon source. The patches were then replica plated onto
selective medium containing 2% galactose to induce the expression of the plas-
mid-borne genes. All the cells were grown at 24°C, the permissive temperature
for tim23-1.
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lyzed by immunoblotting. As shown in Fig. 4, Tim23C-HA was
not expressed on raffinose medium in either wild-type or
tim23-1 cells, but similar levels of Tim23C-HA were produced
in wild-type and tim23-1 cells within 2 h of the addition of
galactose. The Tim23 protein in the wild-type strain remained
relatively constant during the 8 h of galactose induction (Fig. 4,
lanes 1 to 4). In contrast, the amount of the Tim23-1 protein in
the tim23-1 mutant strain was significantly reduced after 2 h of
Tim23C-HA induction (lane 6). By 5 h, Tim23-1p was com-
pletely gone (lane 7). The amount of F1b, a mitochondrial
inner membrane protein, was not affected by the induction of
Tim23C-HA in either wild-type or tim23-1 cells. Our results
suggest that overexpression of the carboxyl-terminal domain of
Tim23p is toxic to tim23-1 cells because it causes the loss of the
full-length Tim23-1 protein.

We found that tim23-1 cells overproducing Tim23Cp were
defective in protein import (Fig. 5). tim23-1 cells containing
the GAL1-tim23C construct were pregrown on raffinose-con-
taining medium and split into two aliquots. In one sample, the
expression of Tim23C-HA was induced by adding galactose;
the other sample remained in raffinose medium. After 4 h, the
cells were pulse-labeled for 5 min with [35S]methionine and
total proteins were then immediately isolated. The F1b protein
was immunoprecipitated from both samples and analyzed by
SDS-PAGE and fluorography. As shown in Fig. 5, a large
amount of the precursor form of F1b accumulated in cells

overproducing Tim23Cp. High levels of Tim23Cp thus block
the import of F1b into the mitochondrial matrix and prevent its
processing. In contrast, cells not expressing Tim23p (those
grown on raffinose medium) were not significantly defective in
import and contained mostly the mature-sized F1b protein.
Similarly, we found that the import of the cytochrome oxidase
subunit IV precursor was defective in cells overproducing
Tim23Cp (data not shown).

Overexpression of Tim17p relieves the toxicity of Tim23Cp
and prevents the loss of the Tim23-1 protein. A possible ex-
planation for the deleterious effect of the Tim23C protein in
tim23-1 mutants is that Tim23Cp competes with Tim23-1p for
binding to another component of the mitochondrial protein
import machinery. This competition may remove Tim23-1p
from its normal environment and enhance its degradation.
Since genetic and biochemical studies indicate that Tim17p
and Tim23p physically interact, we tested the possibility that
Tim23Cp is toxic because it titrates Tim17p. We found that an
increased amount of Tim17p from a 2mm plasmid overcomes
the toxicity of Tim23Cp. tim23-1 and TIM23 (wild-type) cells
that carry GAL1-tim23C, GAL1-TIM23, or a GAL1 vector
alone were transformed with a 2mm-TIM17 plasmid. Transfor-
mants were grown on raffinose-containing medium and then
replica plated onto galactose medium to induce the expression
of the GAL1-driven constructs. As shown in Fig. 6A, tim23-1
cells with normal levels of Tim17p failed to grow after induc-
tion of Tim23Cp. However, increased levels of Tim17p from
2mm-TIM17 cells allowed the tim23-1 strain to grow in the
presence of Tim23Cp. 2mm-TIM17 thus relieves the toxicity of
Tim23Cp. We found, however, that excess Tim17p reduced but
did not completely eliminate the deleterious effect of
Tim23Cp. In particular, we examined the growth of single
colonies on galactose medium (Fig. 6B). In these experiments,
we placed TIM17 under the control of the GAL1 promoter
(GAL1-TIM17) (57) and introduced this construct into tim23-1
cells that also carry GAL1-tim23C. While tim23-1 cells express-
ing only Tim23Cp failed to grow into single colonies, cells
containing both GAL1-tim23C and GAL1-TIM17 were able to
grow into small colonies on galactose-containing medium.
These colonies, however, were markedly smaller than colonies
from tim23-1 cells that contained only empty GAL1 vectors
(Fig. 6B, control). Since excess Tim17p did not fully reverse the
toxic effects of Tim23Cp, other import components in addition
to Tim17p may be titrated by high levels of Tim23Cp.

We found that an increased amount of Tim17p prevented
the loss of the Tim23-1 protein caused by overproduction of
Tim23Cp. tim23-1 cells carrying either GAL1-tim23C or both
GAL1-tim23C and GAL1-TIM17 were shifted to galactose-
containing medium (0 h). We removed aliquots of cells at the
indicated times and extracted proteins from the cells. Immu-
noblotting showed that induction of Tim23Cp in the absence of
GAL1-TIM17 caused the loss of the Tim23-1 protein (Fig. 6C,
middle four lanes). At 5 h after the addition of galactose, little
or no Tim23-1 protein was detected (seventh lane). In contrast,
when both Tim23Cp and Tim17p were induced, the amount of
Tim23-1p remained relatively constant throughout the induc-
tion (last four lanes). We detected similar amounts of
Tim23-1p in cells overexpressing both Tim23Cp and Tim17p
and in tim23-1 cells (compare first four lanes with last four
lanes). Our results raise the possibilities that excess Tim23Cp
enhances the degradation of Tim23-1p by displacing it from its
normal interaction with Tim17p and that increasing the level of
Tim17p overcomes the titration by Tim23Cp.

Tim23Cp interacts with Tim17p but not with full-length
Tim23p. To determine if the hydrophobic domain of Tim23p
physically interacts with Tim17p, we examined whether

FIG. 4. Tim23-1p disappears when Tim23Cp is overexpressed. The tim23-1
strain KRR131 and the wild-type (WT) strain RJ500, each carrying the GAL1-
tim23C-HA plasmid pKR18, were grown to an OD600 of 0.5 in selective medium
containing 2% raffinose. Galactose was added to a final concentration of 4%, and
aliquots were removed from each culture at the indicated times. Total cell
proteins were extracted (78), and equal amounts of proteins were analyzed by
SDS-PAGE followed by immunoblotting with antibodies to F1b, Tim23p, or the
HA epitope on Tim23C-HA. Lanes: 1 to 4, protein from strain RJ500; 5 to 8,
protein from strain KRR131.

FIG. 5. Overproduction of Tim23p causes a defect in protein import. The
tim23-1 strain KRR131 carrying the GAL1-tim23C plasmid pKR17 was grown to
an OD600 of 0.5 at the permissive temperature, 23°C, in selective medium
containing 2% raffinose and then split into two aliquots. Galactose (GAL) was
added to one aliquot to a final concentration of 4%, and the other sample
remained in raffinose (RAF) medium. After 4 h, an aliquot of each culture was
removed, the cells were pulse-labeled for 5 min with [35S]methionine (13), and
further labeling was stopped by the addition of 1 mM sodium azide. Total
proteins were extracted from cells and immunoprecipitated with antiserum to
F1b, the b subunit of F1-ATPase (13, 78). Precipitates were analyzed by SDS-
PAGE followed by fluorography. The precursor (p) and mature (m) forms of F1b
are indicated.
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Tim23Cp and Tim17p could be coimmunoprecipitated from
detergent-solubilized mitochondria. Wild-type and tim23-1
cells, each carrying either GAL1-tim23C-HA or an empty
GAL1 vector, were pregrown in raffinose medium. After 6 h of
galactose induction, we collected the cells and prepared mito-
chondria from each of the four cultures. We then solubilized
the mitochondria in a buffer containing 0.5% digitonin and
immunoprecipitated the proteins with antiserum to Tim23p
(Fig. 7A) or antibodies to the HA epitope on Tim23C-HA
(Fig. 7B). Immunoprecipitates and supernatants were then
analyzed by immunoblotting.

In mitochondria isolated from wild-type cells, virtually all of
the Tim17 protein could be coimmunoprecipitated with the
full-length Tim23 protein (Fig. 7A, lane 1). When Tim23C-HA
was present in wild-type mitochondria, however, a small
amount of the Tim17 protein remained in the supernatant and
was no longer associated with the full-length Tim23p (lanes 3
and 4). This small amount of Tim17p was instead associated
with Tim23C-HA and was found in the pellet fraction in pre-
cipitations with antibodies to the HA epitope (Fig. 7B, lane 3).
Our result suggests that Tim23Cp competes with the wild-type
Tim23p for interaction with Tim17p. We also noted that
Tim23Cp and the wild-type Tim23 protein did not stably in-
teract. Little or no Tim23C-HA was coimmunoprecipitated
with full-length Tim23p (Fig. 7A, lanes 3 and 4), and antibod-
ies to Tim23C-HA failed to coprecipitate Tim23p (Fig. 7B,
lanes 3 and 4). Since Tim23p has recently been shown to
dimerize (2), our results raise the possibility that the hydro-

phobic domain of Tim23 does not by itself mediate the asso-
ciation with other Tim23 proteins.

When we examined mitochondria isolated from tim23-1
cells, we found two striking differences from our results with
wild-type mitochondria. First, tim23-1 mitochondria had only
about 10% as much Tim23-1 protein as wild-type mitochondria
had Tim23p (Fig. 7; compare lanes 5 and 1). Since the levels of
Tim23p and Tim23-1p were similar when proteins were iso-
lated from whole cells by rapid lysis (Fig. 4; compare lanes 1
and 5), the lack of Tim23-1p in isolated mitochondria indicated
that Tim23-1p is unstable and is probably degraded during cell
fractionation. However, we found that the small amount of
Tim23-1p present in the isolated mitochondria was able to
associate with Tim17p; a detectable amount of Tim17p was
coimmunoprecipitated with Tim23-1p when Tim23 antiserum
was used (Fig. 7A, lane 5).

A second difference we observed between tim23-1 and wild-
type mitochondria is that in tim23-1 mitochondria, virtually all
of the Tim17 protein associated with Tim23Cp. When
Tim23C-HA was expressed in tim23-1 cells, most or all of
Tim23-1p was lost (Fig. 7, lanes 7 and 8) and Tim17p was
present in the supernatant from immunoprecipitations with
Tim23 antiserum (Fig. 7A, lane 8). In contrast, virtually all of
the Tim17p was precipitated along with Tim23C-HA (Fig. 7B,
lane 7). Our results indicate that Tim17p and Tim23p interact
via their hydrophobic domains.

To determine if Tim23C-HA interacts with other inner
membrane import components, we examined our fractions

FIG. 6. Overexpression of TIM17 relieves tim23C toxicity and prevents the loss of Tim23-1p. (A) The tim23-1 strain KRR131 was transformed with either
2mm-TIM17 (pKR7) (57) or a vector control (pRS426) (67). These cells were then cotransformed with one of the following GAL1 plasmids: pRS314GU (GAL1 vector
control) (47), GAL1-TIM23 (13), or pKR17 (GAL1-tim23C). The cells were pregrown on medium containing 2% raffinose and then replica plated onto medium
containing 2% galactose. All the cells were grown at 24°C, the permissive temperature for tim23-1. (B) The tim23-1 strain KRR131 was transformed with the plasmids
listed below as described in Materials and Methods. Transformants were streaked onto selective medium containing either 2% raffinose or 2% galactose. The cells were
grown at 24°C for 5 days to obtain single colonies. Cells labeled control contain the empty vectors pRS314GU and pRS316GU (47). Cells labeled tim23C contain
plasmids pRS316GU and GAL1-tim23C (pKR17). Cells labeled tim23C 1 TIM17 contain plasmids GAL1-tim23C (pKR17) and GAL1-TIM17 (57). (C) The tim23-1
strain KRR131 was transformed with the plasmids listed below and grown to an OD600 of 0.5 on selective medium containing 2% raffinose. Galactose was added to
a final concentration of 2%, and aliquots were removed from each culture at the indicated times. Total cell proteins were extracted, and equal amounts of proteins were
analyzed by SDS-PAGE and immunoblotting with antibodies to Tim23p. The left-hand lanes contain empty GAL1 vectors pRS314GU plus pRS316GU; the middle
lanes contain pRS316GU plus GAL1-tim23C (pKR17); the right-hand lanes contain GAL1-tim23C (pKR17) plus GAL1-TIM17.
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with antibodies against Tim44p. In both wild-type and tim23-1
mitochondria that contained Tim23C-HA, a significant frac-
tion of the Tim44p coprecipitated with antibodies to
Tim23C-HA (Fig. 7B, lanes 3 and 7). The Tim23p hydrophobic
domain can therefore interact with both Tim17p and Tim44p.

Tim23p and Tim17p can be chemically cross-linked in intact
mitochondria. To provide evidence that Tim17p and Tim23p
bind each other directly, we used chemical cross-linkers to
examine the interaction between the two proteins. Mitochon-
dria were isolated from a strain containing an HA-tagged ver-
sion of Tim17p (Tim17-HA) and were treated with the mem-
brane-permeative cross-linker SMPB. Mitochondria treated
with SMPB and the untreated control were examined by im-
munoblotting with antibodies to the Tim17-HA protein (Fig. 8,
lanes 1 and 2). We observed five major cross-linked products of
30, 43, 50, 52, and 75 kDa (lane 2). Since each of these bands
contains the 20-kDa Tim17-HA protein, it appears that
Tim17p is in close proximity to five proteins of approximately
10, 23, 30, 32, and 55 kDa. When we solubilized SMPB-treated
mitochondria and immunoprecipitated them with antibodies to
Tim23p, we found a single band of 43 kDa (lane 3). Hence, this
cross-linked product contained both Tim17-HA and Tim23p.
Probing the immune blots with antibodies to Tim44 indicated

that none of the cross-linked products contains Tim44p (data
not shown). Our results suggest that Tim17p directly interacts
with at least five mitochondrial proteins, one of which is
Tim23p.

DISCUSSION

Tim23p, along with several other proteins of the mitochon-
drial inner membrane, do not carry amino-terminal prese-
quences. Since Tim23Cp, but not Tim23Np, is correctly tar-
geted to mitochondria, we conclude that the carboxyl-terminal
domain of Tim23p carries the targeting information. Experi-
ments to determine whether the import signal is located in a
membrane-spanning segment or in one of the positively
charged, intervening loops are in progress (10a). We found
that the amino-terminal domain of Tim23p, Tim23Np, does
not bind to the mitochondrial surface and is not imported. This
observation is not surprising, since Tim17p is also targeted to
mitochondria. Tim17p is homologous to the Tim23p carboxyl-
terminal domain and lacks an appreciable hydrophilic amino-
terminal segment.

Although the amino terminus of Tim23p does not carry
targeting information, this domain is essential. In particular,
the growth defect of yeast cells carrying the tim23::URA3 dis-
ruption was not rescued by the expression of Tim23Cp. It has
been shown that the 9-kDa amino-terminal domain of Tim23p
faces the intermembrane space (14, 36). Thus, there are sev-
eral possible roles for this part of Tim23p in import. For
example, the mitochondrial outer and inner membranes carry
independent import machinery (26, 43, 45, 49, 66). These two
import machines interact (presumably at contact sites between
the two membranes) during the translocation of proteins into
the mitochondrial matrix (22). The Tim23p amino terminus
may mediate the interaction between the inner and outer
membrane import machinery. Alternatively, the domain of
Tim23p facing the intermembrane space may function as a
receptor for mitochondrial proteins as they pass through the
outer membrane. The Tim23p amino terminus contains several
clusters of negatively charged amino acids, which would be
ideal to interact with the cationic presequence (13). Supporting
this possibility, we previously found that antibodies to the
Tim23p amino terminus blocked both the binding and the

FIG. 7. Tim23Cp physically interacts with Tim17p in the mitochondrial inner
membrane. Mitochondria were isolated from the tim23-1 strain KRR131 and the
wild-type (WT) strain RJ500, each carrying either pRS314GU or GAL1-
tim23C-HA (pKR18). The mitochondria were solubilized in a buffer containing
0.5% digitonin and immunoprecipitated with antibodies against Tim23p (A) or
against the HA epitope on Tim23C-HA (B). Immunoprecipitates and superna-
tants were analyzed by SDS-PAGE and immunoblotting with antibodies to
Tim23p, Tim17p, Tim44p, and the HA epitope. Lanes: 1 and 2, mitochondrial
protein from wild-type cells; 3 and 4, mitochondrial protein from wild-type cells
expressing Tim23C-HA; 5 and 6, mitochondrial protein from tim23-1 cells; 7 and
8, mitochondrial protein from tim23-1 cells expressing Tim23C-HA. Lanes 1, 3,
5, and 7 contain immunoprecipitate from 60 mg of solubilized mitochondrial
protein, and lanes 2, 4, 6, and 8 contain supernatant from the immunoprecipi-
tation, containing 60 mg of mitochondrial protein.

FIG. 8. Tim17p can be cross-linked to Tim23p and four other proteins in
intact mitochondria. Mitochondria were isolated from a tim17::URA3 strain
carrying pKR11, which expresses Tim17p tagged with the HA epitope. Mito-
chondria were isolated, treated with SMPB, and split into two aliquots. One
aliquot was analyzed directly, while the mitochondrial proteins in the other
aliquot were solubilized and precipitated with antibodies to the full-length Tim23
protein. All samples were analyzed by SDS-PAGE and immunoblotting with
antibodies to the HA epitope to detect cross-linked products containing Tim17-
HA. Lane 1, 50 mg of solubilized mitochondrial protein; lane 2, 100 mg of
mitochondrial protein treated with SMPB; lane 3, anti-Tim23p immunoprecipi-
tate from 250 mg of SMPB-treated mitochondrial protein.
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import of precursors into mitochondria whose outer mem-
branes were disrupted (13). Recently, Bauer et al. (2) have
shown that the amino terminus of Tim23p is essential and that
this domain appears to bind directly to mitochondrial prese-
quences. Regardless of the role played by the hydrophilic do-
main of Tim23p, it appears that the N-terminal and C-terminal
segments of Tim23p need to be physically linked to provide full
Tim23p function. In particular, we fused the Tim23p hydro-
philic domain to the amino terminus of Tim17p, forming a
Tim23N-Tim17p chimera. When this chimera was expressed in
yeast cells, it provided functional Tim17p activity, but Tim23N-
Tim17p could not rescue the growth defect of tim23::URA3
cells (54a). Even coexpression of Tim23N-Tim17p and
Tim23Cp did not provide Tim23p function.

Recent experiments have indicated that Tim23 protein
dimerizes in mitochondria and that this interaction may be
mediated by a coiled-coil segment in the hydrophilic amino-
terminal domain of Tim23p (2). Supporting this conclusion, we
found that Tim23Cp and the wild-type Tim23 protein do not
interact. Little or no Tim23C-HA was coimmunoprecipitated
with full-length Tim23p (Fig. 7A, lanes 3 and 4), and antibod-
ies to Tim23C-HA failed to coimmunoprecipitate with Tim23p
(Fig. 7B, lanes 3 and 4). Thus, the hydrophobic domain of one
Tim23 molecule does not appear to mediate the interaction
with other Tim23 proteins. However, since Tim23Cp is a non-
functional fragment, further work is necessary to definitively
identify regions of Tim23p that mediate dimerization.

What is the role of the carboxyl-terminal domain of Tim23p?
It has been suggested that Tim23p and Tim17p form part of a
protein-translocating pore or channel in the inner membrane
(27, 52, 57). In support of this view, we have recently shown
that Tim23p is required for the normal activity of an inner
membrane channel, called MCC (39). In addition, Tim23p and
Tim17p can be cross-linked to a precursor arrested in transit
across the inner membrane (55). Furthermore, Berthold et al.
(3) showed that an arrested precursor could be cross-linked to
Tim23p and Tim17p only when the two import components
were present in a larger complex containing Tim44p and mt-
Hsp70. The authors suggested that Tim23p and Tim17p do not
bind tightly to the precursor but that Tim23p and Tim17p
instead form part of a passive channel for protein transloca-
tion. The interaction between Tim17p and the hydrophobic
domain of Tim23p is consistent with a model in which Tim23p
and Tim17p associate in the plane of the inner membrane to
form part of a channel for mitochondrial proteins. Although
Tim17p and Tim23Cp are 46% homologous, have the same
number of predicted membrane spans, and have similarly sized
intervening loops between their membrane spans, Tim17p can-
not be replaced by Tim23Cp. Our results are consistent with
the model of a channel composed of Tim23p and Tim17p,
since ion channels are often composed of homologous but
nonidentical subunits (9).

We have used both genetic and biochemical approaches to
show that the Tim23p hydrophobic domain is responsible for
binding to Tim17p. In vivo, we found that a low level of
Tim23Cp is tolerated by tim23-1 cells but a high level of
Tim23Cp is toxic to tim23-1 cells even at the permissive tem-
perature. Excess Tim17p partially relieved the toxicity caused
by Tim23Cp, implying that Tim23Cp kills tim23-1 cells by bind-
ing to Tim17p and displacing Tim23-1p. Since overexpressing
Tim17p along with Tim23Cp did not fully restore tim23-1 to its
normal rate of growth (Fig. 6B), Tim23Cp may be titrating
other proteins away from Tim23-1p in addition to Tim17p.
Another import component, such as Tim44p or a new member
of the TIM complex (see below), may be limiting for growth
under these conditions. We showed that the Tim23p hydro-

phobic domain associates with Tim17p in vitro by using coim-
munoprecipitations from detergent-solubilized mitochondria.
When Tim23C-HA is overexpressed in tim23-1 cells, the
Tim23-1 protein is lost (see below) and the mitochondria con-
tain Tim23C-HA along with an approximately wild-type
amount of Tim17p. When we solubilized these mitochondria in
digitonin, all of the Tim17p coprecipitated along with Tim23C-
HA. Thus, Tim17p can be isolated in a complex with either the
full-length Tim23p or the Tim23p hydrophobic domain,
Tim23C-HA.

The coimmunoprecipitation of Tim23p and Tim17p suggests
that they bind each other directly but does not rule out the
possibility that they interact via an intermediary subunit of the
inner membrane complex. Chemical cross-linking has been
used to identify nearest neighbors within multisubunit com-
plexes (29). We cross-linked Tim23p to Tim17-HA in intact
mitochondria by using SMPB, a heterobifunctional cross-linker
with a spacer-arm length of 14.5 Å. Thus, Tim23p and Tim17p
appear to bind each other directly.

By using myc-tagged versions of Tim17p and Tim23p, Blom
et al. (4) found that Tim17 and Tim23 are expressed at ap-
proximately equal levels in the cell. Here, we found that
Tim17p is quantitatively coimmunoprecipitated along with
Tim23p (Fig. 7A, lane 1). In other experiments, when we
immunoprecipitated Tim23p with 40% efficiency from solubi-
lized mitochondria, we also coimmunoprecipitated 40% of
Tim17p (data not shown). If cells contain equal amounts of
Tim17p and Tim23p and the two proteins coimmunoprecipi-
tate with similar efficiencies, it is likely that Tim23p and
Tim17p bind each other with 1:1 stoichiometry. Recently,
Bömer et al. (7) have detected two subcomplexes containing
Tim23p molecules in the mitochondrial inner membrane. One
complex appears to contain Tim23p, Tim17p, and mt-Hsp70,
whereas the other complex contains Tim23p, Tim44p, and mt-
Hsp70. Additional experiments are required to determine if
the stoichiometry of Tim23p and Tim17p is actually 2:1 and if
only 50% of the total Tim23 protein coimmunoprecipitates
along with Tim17p.

We also determined by coimmunoprecipitation that
Tim23C-HA is capable of interacting with Tim44p, in addition
to Tim17p. Tim44 is the third mitochondrial inner membrane
protein known to be required for import. In the absence of
cross-linking or functional data, however, we cannot determine
if Tim44p binds directly to the Tim23p hydrophobic domain or
interacts via another subunit of the inner membrane complex.
Tim44p is not quantitatively coimmunoprecipitated along with
Tim23C-HA, even when Tim17p is (Fig. 7B, lanes 7 and 8).
This result is consistent with prior reports suggesting either
that Tim44p is loosely bound to the complex containing
Tim23p and Tim17p or that Tim44p may cycle on and off the
inner membrane import complex during protein translocation
(3, 4).

If Tim23Cp is toxic because it competes for binding to
Tim17p, why does Tim23Cp kill only tim23-1 cells and not
wild-type cells as well? It is possible that the level of Tim23Cp
needs to be higher in wild-type cells than we have expressed in
tim23-1 cells to see an effect. Recently, we have expressed
increased levels of Tim23Cp from multicopy vectors and from
a strong constitutive promoter, but we have not seen any
growth defect in wild-type cells carrying these constructs (38a).
Even when wild-type cells are grown on nonfermentable me-
dium, which requires full mitochondrial function, overproduc-
tion of Tim23Cp has no observable effect. We suggest an al-
ternative possibility. In particular, Tim23Cp in wild-type and
mutant cells binds to Tim17p and displaces other full-length
Tim23p or Tim23-1p molecules. However, we suggest that
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Tim23-1p is selectively degraded at an accelerated rate when it
is displaced from its normal binding partners. First, when
Tim23Cp is induced, the Tim23-1 protein disappears while the
wild-type Tim23p remains at normal levels (Fig. 4). Second,
Tim23-1p has increased susceptibility to proteolysis because it
is selectively degraded during mitochondrial isolation. Finally,
in wild-type mitochondria containing both Tim23p and
Tim23C-HA, part of the Tim17 protein coprecipitates with
Tim23C-HA (Fig. 7B, lanes 3 and 4), indicating that the hy-
drophobic domain of Tim23p binds to Tim17p even in the
presence of wild-type Tim23p. Taken together, these data
strongly suggest that Tim23Cp can displace both wild-type
Tim23p and Tim23-1p from Tim17p but only Tim23-1p is de-
graded when it is removed from its normal environment in the
inner membrane. Recently, two protease complexes have been
identified which degrade nonnative proteins in the mitochon-
drial inner membrane (1, 38). It will be of interest to determine
if either the Yme1p or the YTA10-12 complex is responsible
for degrading Tim23-1 molecules that are displaced from the
inner membrane import complex.

In this report, we have focused on the interaction between
Tim23p and Tim17p, but preliminary data indicate that other
members of the inner membrane import complex have yet to
be identified and characterized. In one previous study, the
authors used coimmunoprecipitation to isolate a complex con-
taining Tim23p, Tim17p, and two proteins of 14 and 33 kDa
(3). In another study, the authors identified a different complex
containing Tim23p, Tim17p, and two proteins of 55 and 20
kDa (4). In this study, we showed that Tim17-HA can be
cross-linked to Tim23p. In addition, Tim17-HA is present in
three cross-linked products of approximately 29, 45, and 75
kDa. It has recently been shown that Tim23p can dimerize with
itself and that the inner membrane potential is required for
this dimerization (2). In contrast, we found similar amounts of
all five cross-links to Tim17-HA in the presence or absence of
membrane potential (38a). We did find, however, that both the
Tim17p-Tim23p cross-link and the 75-kDa cross-link were sig-
nificantly decreased in mitochondria isolated from cells that
overproduced Tim23Cp (54a). Our cross-linking results thus
may indicate that there are new members of the inner mem-
brane import complex that interact directly with Tim17p. The
45- and 75-kDa cross-linked products appear to contain
Tim17-HA along with proteins of approximately 25 and 55
kDa, respectively. Further experiments are needed to deter-
mine if these cross-linked proteins represent new members of
the TIM complex.
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