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Import of carrier proteins from the cytoplasm into the mitochondrial inner membrane of yeast is mediated
by a distinct system consisting of two soluble 70-kDa protein complexes in the intermembrane space and a
300-kDa complex in the inner membrane, the TIM22 complex. The TIM22 complex contains the peripheral
subunits Tim9p, Tim10p, and Tim12p and the integral membrane subunits Tim22p and Tim54p. We identify
here an additional subunit, an 18-kDa integral membrane protein termed Tim18p. This protein is made as a
21.9-kDa precursor which is imported into mitochondria and processed to its mature form. When mitochondria
are gently solubilized, Tim18p comigrates with the other subunits of the TIM22 complex on nondenaturing gels
and is coimmunoprecipitated with Tim54p and Tim12p. Tim18p does not cofractionate with the TIM23
complex upon immunoprecipitation or nondenaturing gel electrophoresis. Deletion of Tim18p decreases the
growth rate of yeast cells by a factor of two and is synthetically lethal with temperature-sensitive mutations in
Tim9p or Tim10p. It also impairs the import of several precursor proteins into isolated mitochondria, and
lowers the apparent mass of the TIM22 complex. We suggest that Tim18p functions in the assembly and
stabilization of the TIM22 complex but does not directly participate in protein insertion into the inner
membrane.

Most mitochondrial proteins are synthesized in the cytosol
with a cleavable N-terminal presequence that specifies import
into mitochondria via the general protein import pathway (25,
27, 32, 36). This pathway is mediated by cytosolic chaperones,
a hetero-oligomeric TOM complex in the mitochondrial outer
membrane, a Tim17p-Tim23p complex (referred to as the
TIM23 complex) in the inner membrane, an ATP-dependent
import motor associated with the matrix face of the TIM23
complex, and soluble proteins in the matrix involved in the
proteolytic maturation and folding of the imported proteins (9,
11, 27–29).

Over the past few years it has become clear that mitochon-
dria possess an additional pathway which affects import of
hydrophobic inner membrane proteins (17, 22, 27). This path-
way diverges from the general import pathway after the TOM
channel (23). As the hydrophobic precursor exits that channel,
it is met by one of the two soluble 70-kDa protein complexes
that transfer it across the intermembrane space (1, 19, 21, 39).
One of these 70-kDa complexes contains Tim9p and Tim10p,
while the other contains Tim8p and Tim13p (20). Both com-
plexes generally deliver hydrophobic proteins to an inner mem-
brane complex specialized for the insertion of membrane pro-
teins. This insertion complex, referred to as the TIM22
complex, has an apparent mass of 300 kDa and contains the
membrane proteins Tim22p and Tim54p, the peripheral mem-

brane protein Tim12p, and a small proportion of Tim9p and
Tim10p (1, 18, 19, 21, 39). The 70-kDa Tim9p-Tim10p complex
can also deliver some membrane proteins to the TIM23 com-
plex and, possibly, to additional, as-yet-unknown insertion sites
(24).

A typical protein imported by this novel pathway is the
ADP/ATP carrier (AAC), which contains six membrane-span-
ning regions (7, 30). AAC lacks a cleavable N-terminal target-
ing sequence, carrying instead targeting information in discrete
regions throughout the polypeptide chain (7, 30). Yeast has
about three dozen members of the mitochondrial metabolite
carrier family (26). The novel pathway probably imports all of
these, as well as many other integral proteins of the mitochon-
drial inner membrane (4, 16, 24).

Here we describe Tim18p, a novel subunit of the TIM22
complex. We initially identified Tim18p as a protein that co-
immunoprecipitated with Tim54p and then confirmed that it is
indeed a subunit of the TIM22 complex. Tim18p is an integral
inner membrane protein derived from a precursor protein of
21.9 kDa which is processed to its mature form within mito-
chondria. Its deletion decreases the growth rate of yeast by half
and is synthetically lethal with temperature-sensitive (ts) mu-
tations in Tim9p or Tim10p. Mitochondria prepared from a
Tim18-less strain are defective in the import of several precur-
sor proteins, have lowered levels of Tim23p, and contain a
TIM22 complex of smaller apparent size.

MATERIALS AND METHODS

Plasmids and strains. For in vitro transcription and translation, the DNA
fragments encoding Tim23p (15) and Tim54p were subcloned into pGEM3Z
(Promega), the fragment encoding Tim22p was subcloned into pSP64 (Promega,
19), the fragments encoding Tim18p and Coq2p and AAC2 were subcloned into
pSP65. The plasmid carrying TIM17 was kindly provided by Nikolaus Pfanner
(University of Freiburg, Freiburg, Germany).

Standard conditions were used for the growth, manipulation, and transforma-
tion of yeast strains (10, 14). The yeast strain containing a ts Tim10p (tim10-1)
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has been described previously (19, 21). The strain containing a ts Tim9p was
constructed by the same methods as for the tim10-1 strain (19, 21). Single-step
gene-replacement was used to replace the TIM18 gene with the KANR marker in
the diploid yeast strain GA74 (41); after sporulation, haploid segregants carrying
the replacement marker were selected. A gene encoding Tim18p C-terminally
tagged with a hemagglutinin (HA) epitope was constructed by PCR with Pfu
polymerase by using a primer encoding the epitope (CYPYDVPDYASL) and
was then subcloned into the centromeric plasmid pRS306 (URA3 marker) (37).
This recombinant plasmid was transformed in the Dtim18 strain.

For testing synthetic lethal interactions, a tim10-1 strain was used in which
TIM10 had been replaced by HIS3, and the ts tim10-1 allele had been integrated
at the leu2 locus (19, 21); this yielded strain Dtim10::HIS3 tim10-1:LEU2. This
strain was mated to the strain lacking Tim18p (Dtim18::KANR), the resulting
diploid was allowed to sporulate, and the asci were subjected to tetrad analysis.
A tim9-3 strain was used in which TIM9 had been replaced by TRP1 and the ts
tim9-3 allele had been integrated at the leu2 locus; the resulting strain was
Dtim9::TRP1 tim9-3:LEU2. It was mated to the strain lacking Tim18p
(Dtim18::KANR), and the diploid was subjected to tetrad analysis. Viability of
dissected spores was tested at 25°C and auxotrophic markers were screened on
the appropriate media.

Coimmunoprecipitation of Tim18p with Tim54p. Protein A-Sepharose beads
(Pharmacia; 600 mg) were incubated first with bovine serum albumin and then
for 1.5 h with 7.5 ml of anti-Tim54p or anti-Tim44p rabbit sera made up to a final
volume of 15 ml with 50 mM K1-HEPES (pH 7.4). Beads were washed and
incubated with 0.04% glutaraldehyde in 0.1 M sodium phosphate (pH 8.0) for 30
min at room temperature. After further incubation with 0.2 M Tris-Cl (pH 8.5)
for 1.5 h, followed by a wash, the beads were incubated for 3 min with 0.1 M
glycine-HCl (pH 2.5) and then neutralized with 1 M Tris base. Mitochondria (26
mg) from the wild-type yeast strain D273-10B were suspended in 3 ml of 0.6 M
sorbitol–20 mM K1-HEPES (pH 7.4) containing 3.4 mg of bovine serum albumin
per ml and diluted with an equal volume of buffer A (20 mM Na1-HEPES [pH
7.0], 30 mM NaCl, 10% glycerol, 20 mM ZnSO4, 1 mM phenylmethylsulfonyl
fluoride [PMSF], 0.5 mM Na-p-tosyl-L-lysine chloromethyl ketone [TLCK]).
After 15 min on ice, mitochondria were pelleted by centrifugation, resuspended
at 5 mg/ml in buffer A, and preextracted by mixing with 1 volume of 0.9%
n-dodecyl maltoside in buffer A. After 10 min on ice, insoluble material was
pelleted by centrifugation, resuspended in buffer A to 10 mg/ml, and solubilized
with 1 volume of 3% digitonin in buffer A. After 15 min on ice, insoluble matter
was removed by centrifugation (128,000 3 g for 15 min at 2°C), and the super-
natant was loaded onto two 35-ml 15 to 25% linear glycerol gradients in buffer
A and centrifuged in a Beckman TST 28.38 ultracentrifuge rotor at 90,000 3 g
for 16 h at 2°C. Fractions of 1.5 ml were collected, and 10 ml of each was blotted
onto a nitrocellulose sheet, which was then immunoblotted with an antiserum
against Tim54p. Fractions enriched for Tim54p were pooled and used for im-
munoprecipitation.

For immunoprecipitation, the pooled fractions were incubated first with pro-
tein A-Sepharose coupled to anti-Tim44 serum to remove nonspecifically bound
proteins and then with protein A-Sepharose coupled to anti-Tim54p antiserum
for 2.5 h. After incubation, the beads were pelleted and washed briefly with 0.5%
digitonin in buffer A. Washed beads were eluted with 1 ml of 0.5% sodium
dodecyl sulfate (SDS) in 0.1 M glycine-HCl (pH 2.5), and eluates were neutral-
ized and precipitated with 4 volumes of methanol at 220°C overnight. The
precipitated samples were resolved by electrophoresis on a 10% Tris-tricine gel
(35). The gel was stained with Coomassie brilliant blue and, after destaining, the
bands of interest were excised and subjected to in-gel tryptic digestion. Peptides
were identified by electrospray mass spectrometry (6).

Import of radiolabeled proteins into isolated mitochondria. Mitochondria
were purified from lactate-grown yeast cells (13) and assayed for in vitro protein
import as described elsewhere (31). Proteins were synthesized in a rabbit reticu-
locyte lysate in the presence of [35S]methionine after in vitro transcription of the
corresponding gene by SP6 or T7 polymerase. The reticulocyte lysate containing
the radiolabeled precursor was incubated with isolated mitochondria at the
indicated temperatures in import buffer (1 mg of bovine serum albumin per ml,
0.6 M sorbitol, 150 mM KCl, 10 mM MgCl2, 2.5 mM EDTA, 2 mM ATP, 2 mM
NADH, 20 mM K1-HEPES [pH 7.4]). Where indicated, the potential across the
mitochondrial inner membrane was dissipated with 1 mM valinomycin. Nonim-
ported radiolabeled proteins were removed by treatment with 100 mg of trypsin
or 50 mg of proteinase K per ml for 15 to 30 min on ice. Trypsin was inhibited
with 200 mg of soybean trypsin inhibitor per ml, and proteinase K was inhibited
with 1 mM PMSF. To generate mitoplasts, mitochondria in import buffer were
diluted with 9 volumes of 20 mM K1-HEPES (pH 7.4) and incubated at 4°C for
30 min (12). For alkali extraction, mitochondria from an import reaction were
sedimented by centrifugation, resuspended to 0.1 mg/ml in 100 mM Na2CO3, and
incubated for 30 min at 4°C (8). Supernatant and pellet were separated by
centrifugation at 100,000 3 g for 15 min.

Blue native gel electrophoresis. Mitochondria (2.5 mg/ml) were solubilized in
20 mM K1-HEPES (pH 7.4)–50 mM NaCl–10% glycerol–2.5 mM MgCl2–1 mM
EDTA, plus either 0.16% n-dodecyl maltoside or 1% digitonin (Boehringer
Mannheim). After 30 min on ice, insoluble material was removed by centrifu-
gation at 100,000 3 g for 10 min, and the solubilized proteins were analyzed by
blue native gel electrophoresis on a 6 to 16% linear polyacrylamide gradient (5,
21, 33, 34).

Miscellaneous. An 86-residue C-terminal fragment of Tim54p was expressed
in Escherichia coli as a glutathione S-transferase fusion protein and, following
cleavage by thrombin and gel purification, was used to raise monospecific anti-
sera in rabbits by standard procedures. Determining the subcellular localization
of proteins (12) and coimmunoprecipitation assays (21) were done as described
earlier. Mitochondrial membrane potential was determined by the uptake of the
lipophilic cation triphenylmethylphosphonium (TPMP) (2). For this assay, 250
mg of mitochondria were incubated in import buffer lacking bovine serum albu-
min, with 50 nCi of [3H]TPMP per ml and 500 nM unlabeled TPMP for 3 min.
They were then sedimented by centrifugation, and [3H]TPMP in the supernatant
and pellet were quantified by liquid scintillation counting. The membrane po-
tential was estimated from the accumulation ratio, after subtracting TPMP ac-
cumulation measured in a parallel incubation containing 4 mM carbonyl cyanide
p-(trifluoromethoxy)phenylhydrazone (FCCP), and assuming a mitochondrial
volume of 0.7 ml per mg of protein (3). Protein concentration was assayed by the
bicinchoninic acid (BCA) method (Pierce) with bovine serum albumin as the
standard.

Nucleotide sequence accession number. The nucleotide sequence of the TIM18
gene has been submitted to GenBank under accession number BankIt300568
AF200324.

RESULTS

Identification and localization of Tim18p. To identify novel
components of the TIM22 complex, yeast mitochondria were
preextracted with n-dodecyl maltoside and then solubilized
with digitonin. The solubilized proteins were further separated
by centrifugation through a glycerol gradient, and fractions
enriched for Tim54p were immunoprecipitated with monospe-
cific antisera against Tim54p. In addition to Tim10p and
Tim22p, a band of ;18 kDa was seen that was absent from the
control precipitates with nonimmune serum (not shown). Tryp-
tic digestion of this protein band followed by electrospray mass
spectrometry identified two peptides (Fig. 1A, boldface let-
ters), whose sequences corresponded to the open reading
frame (ORF) yOR297c in the yeast genome that encodes a
21.9-kDa polypeptide of unknown function (Fig. 1A). We des-
ignated this ORF TIM18. Its predicted product, Tim18p, has a
predicted cleavage site for mitochondrial processing peptidase
(RXXS/A [40]) between amino acids 42 and 43 (Fig. 1A, ar-
row), and three putative transmembrane regions (Fig. 1B). It
has significant homology to the succinate dehydrogenase mem-
brane anchor subunit (Sdh4p) of yeast mitochondria (39%
identical, 58% similar) and to the putative product of ORF
yLR164w (53% identical, 74% similar).

To determine the intracellular location of Tim18p, we
epitope tagged the protein with an HA tag and expressed it
from a single-copy plasmid in a strain (described below) whose
TIM18 gene had been disrupted. The HA-tagged Tim18p is
functional since its expression ameliorated the growth rate of
the TIM18 deletion strain to wild-type levels. In addition im-
port of Tim23p into mitochondria prepared from the
Tim18pHA-expressing strain was as efficient as import into
wild-type mitochondria in contrast to the much slower rate
observed with the deletion strain (data not shown). Subfrac-
tionation of the transformants followed by immunoblotting
showed that the HA-tagged Tim18p is present in the mito-
chondria together with the mitochondrial proteins Tim54p,
AAC, a-ketoglutarate dehydrogenase (KDH), and cytochrome
b2 (Cyt b2) (Fig. 2A). When the mitochondrial outer mem-
brane was ruptured by osmotic shock, the tagged Tim18p re-
mained associated with the mitoplasts, but its C-terminal HA
tag became susceptible to proteolytic digestion (Fig. 2A). Like
AAC and Tim54p, the tagged Tim18p was not extracted by
alkali (Na2CO2), indicating that it is an integral membrane
protein (Fig. 2A). To confirm that Tim18p is a mitochondrial
protein, radiolabeled Tim18p was incubated with energized
mitochondria. Tim18p was imported rapidly and processed to
its mature form (Fig. 2B). We conclude that Tim18p is an
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integral protein of the mitochondrial inner membrane whose C
terminus is exposed to the intermembrane space.

Tim18p is a subunit of the TIM22 complex. To investigate
the role of Tim18p in mitochondrial function, we disrupted the

TIM18 gene. The resulting Dtim18 strain was viable, but its
growth rate on nonfermentable carbon sources was about half
that of the corresponding wild-type strain (not shown). The
Dtim18 strain had only half as much Tim23p (Fig. 3B) but twice

FIG. 1. Sequence of the TIM18 gene and its product, Tim18p. (A) The DNA sequence of TIM18 (ORF yOR297c) and the deduced amino acid sequence of Tim18p
are shown. The two peptide sequences initially identified by tryptic digestion of the protein followed by electrospray mass spectrometry are in boldface. The three
putative transmembrane segments are underlined, and the predicted mitochondrial peptidase processing site is indicated by an arrow. (B) Hydropathy plot of Tim18p
calculated by using the Kyte-Doolittle algorithm.
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as much Tim12p and Tim10p as the wild-type strain (Fig. 3A).
The levels of Tim54p, Tim22p, Tim44p, AAC, Cyt b2 and porin
were not significantly different from those of the wild-type
strain (Fig. 3A).

As a further test for the function of Tim18p, we looked for
genetic interactions between Tim18p and either Tim10p or
Tim9p. Deletion of Tim18p was synthetically lethal with either
the ts tim10-1 mutation (19) or the ts tim9-3 mutation at 25°C.
Synthetic lethality was shown by the absence of viable haploid
Dtim18 tim10-1 or Dtim18 tim9-3 meiotic segregants from the
appropriate crosses (Table 1). The genetic interaction between
Tim18p and either Tim9p or Tim10p suggests that Tim18p

functions in the mitochondrial import of inner membrane pro-
teins.

To determine whether Tim18p is a subunit of the TIM22
complex, we resolved solubilized mitochondrial proteins by
nondenaturing blue native gel electrophoresis (33, 34) and
probed the gels with monospecific antibodies recognizing
Tim54p, Tim22p, or the HA tag of epitope-tagged Tim18p
(Fig. 4A). In agreement with previous results (19), Tim 54p
and Tim22p comigrated with the 300-kDa TIM22 complex
when mitochondria from wild-type cells were analyzed (WT in
Fig. 4A). With mitochondria from the strain expressing HA-
tagged Tim18p, the tagged Tim18p comigrated with Tim54p
and Tim22p (Tim18pHA in Fig. 4A). Part of the HA-tagged
Tim18p also migrated as a band of ;70 kDa, suggesting that
Tim18p may also be part of a smaller complex (Fig. 4A). With
mitochondria from a strain deleted for Tim18p, Tim54p and
Tim22p comigrated as a diffuse complex of only ;250 kDa
(Dtim18 in Fig. 4A). The apparent size and stability of three
other high-molecular-weight complexes, including F1-ATPase,
the TOM complex, and cytochrome oxidase, remained unal-
tered in these mitochondria (data not shown). This result sug-
gests that Tim18p is a subunit of the TIM22 complex and that

FIG. 2. Tim18p is a mitochondrial inner membrane protein. (A) Mitochon-
dria were isolated from a strain that carries a disrupted TIM18 gene and ex-
presses Tim18pHA on a low-copy plasmid. Mitoplasts were prepared by incu-
bation in 20 mM K1-HEPES (pH 7.4) at 4°C for 30 min in the presence or
absence of proteinase K (100 mg/ml) or Triton X-100 (0.1%) as indicated. Pellet
(P) and supernatant (S) were then separated by centrifugation. Mitochondria
(M) were also extracted with 0.1 M Na2CO3 for 30 min on ice, followed by
centrifugation at 100,000 3 g for 15 min to separate the pellet and supernatant.
Equivalent amounts of protein were analyzed by SDS-PAGE and immunoblot-
ting with rabbit antisera monospecific for Tim54p, ADP/ATP carrier (AAC),
KDH, and Cyt b2. Tim18pHA was probed with a mouse monoclonal antibody
against the HA tag, followed by rabbit anti-mouse immunoglobulin G (IgG). All
blots were decorated with 125I-labeled protein A and autoradiographed. T, un-
treated mitochondria. (B) Radiolabeled Tim18p precursor was synthesized in
vitro and incubated with mitochondria for the indicated times in the absence or
presence of a membrane potential (DC). After import, samples were treated with
proteinase K to remove nonimported precursor and further processed as de-
scribed previously (31). Samples were then analyzed by SDS-PAGE and fluo-
rography. STD, percentage of the total precursor added to the import assay.

FIG. 3. Deletion of Tim18p decreases the steady-state levels of Tim23p. (A)
The mitochondrial levels of Tim54p, Tim22p, Tim12p, Tim10p, Tim44p, AAC,
Cyt b2, and porin are not decreased by deleting Tim18p. Mitochondria (50 and
100 mg of protein, left to right) from wild-type (WT) yeast or yeast lacking
Tim18p (Dtim18) were analyzed by SDS-PAGE and immunoblotting with mono-
specific rabbit antisera against the proteins indicated on the left. Blots were
decorated with 125I-labeled protein A and autoradiographed. (B) The mitochon-
drial levels of Tim23p are decreased by deleting Tim18p. Mitochondria (13 5 30
mg protein) from wild-type (WT) yeast or yeast lacking Tim18p (Dtim18) were
analyzed as in panel A with rabbit antisera monospecific for Tim23p or Tim44p.
The BCA assay confirmed that equal amounts of wild-type and Dtim18 mito-
chondria had been loaded. Intensity: b-particle emissions (103) for Tim23p were
quantified by using a b-imager. The intensities for Tim44p (used as a control)
were identical for wild-type and Dtim18 strains.
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its deletion specifically impairs the assembly or the stability of
this complex.

To obtain additional evidence that the Tim18p is a subunit
of the TIM22 complex, mitochondria containing HA-tagged
Tim18p were solubilized and subjected to immunoprecipita-
tion with antisera monospecific for Tim12p (Fig. 4B). The
immunoprecipitate was then analyzed for Tim12p, Tim54p,
Tim23p, Cyt b2, and the HA tag of Tim18p by SDS-polyacryl-
amide gel-electrophoresis (PAGE) and immunoblotting. HA-
tagged Tim18p coimmunoprecipitated with Tim12p, with all of
Tim22p, and with a portion of Tim54p (Fig. 4B; not shown) but
not with the inner membrane protein Tim23p or the intermem-
brane space protein Cyt b2 (Fig. 4B). Conversely, antisera
against Tim23p or Cyt b2 immunoprecipitated neither the HA-
tagged Tim18p nor Tim12p (not shown). Therefore, Tim18p is
not part of the TIM23 complex. We conclude that Tim18p is a
subunit of the TIM22 complex in the mitochondrial inner
membrane and that it interacts functionally with Tim9p and
Tim10p.

Deletion of Tim18p slows import of several mitochondrial
precursor proteins. As Tim18p is a subunit of the TIM22
complex, its deletion should affect the import of proteins that
require the TIM22 complex for insertion into the mitochon-
drial inner membrane. We therefore compared the rates of
import of several radiolabeled precursor proteins into isolated
mitochondria from wild-type cells and from a strain deleted for
Tim18p (Fig. 5). As expected, Tim18p-less mitochondria im-
ported the inner membrane proteins Tim23p, Tim22p, Tim54p,
and Coq2p two- to threefold more slowly than the correspond-
ing wild-type mitochondria (Fig. 5A to D). To our surprise,
however, they imported Tim17p and AAC at close to normal
rates (not shown) and imported and processed the matrix-
targeted precursors Hsp60 and Su9-DHFR more slowly than
did wild-type mitochondria (Fig. 5E and F).

Since mitochondrial protein import requires a membrane

TABLE 1. Deletion of TIM18 is synthetically lethal with the ts
tim9-3 and tim10-1 mutations

Genotype of haploid progeny
Segregation analysis

Viabilityc Frequencyd

Dtim18 tim9-3a

TIM9 leu2 TIM18 1 0.125
TIM9 tim9-3:LEU2 TIM18 1 0.138
TIM9 leu2 Dtim18::KANR 1 0.129
Dtim9::TRP1 leu2 TIM18 2 0.108
TIM9 tim9-3:LEU2 Dtim18::KANR 1 0.112
Dtim9::TRP1 leu2 Dtim18::KANR 2 0.134
Dtim9::TRP1 tim9-3:LEU2 TIM18 1 0.125
Dtim9::TRP1 tim9-3:LEU2 Dtim18::KANRe 2 0.129

Dtim18 tim10-1b

TIM10 leu2 TIM18 1 0.122
TIM10 tim10-1:LEU2 TIM18 1 0.132
TIM10 leu2 Dtim18::KANR 1 0.112
Dtim10::HIS3 leu2 TIM18 2 0.138
TIM10 tim10-1:LEU2 Dtim18::KANR 1 0.143
Dtim10::HIS3 leu2 Dtim18::KANR 2 0.128
Dtim10::HIS3 tim10-1:LEU2 TIM18 1 0.107
Dtim10::HIS3 tim10-1:LEU2 Dtim18::KANRe 2 0.117

a The diploid strain TIM9/Dtim9::TRP1 TIM18/Dtim18::KANR leu2/tim9-3:LEU2
was sporulated, and the haploid progeny from 58 tetrads was analyzed for viability
and segregation of LEU2, TRP1, and KANR markers. The genotype of the inviable
spores was deduced assuming a 2:2 segregation of auxotrophic markers.

b The diploid strain TIM10/Dtim10::HIS3 TIM18/Dtim18::KANR leu2/tim10-1:
LEU2 was sporulated, and the haploid progeny from 49 tetrads was analyzed for
viability and segregation of LEU2, HIS3, and KANR markers. The genotype of the
inviable spores was deduced assuming a 2:2 segregation of auxotrophic markers.

c Growth on rich glucose medium at room temperature: 1, viable; 2, lethal.
d Expected frequency of independent segregation of each marker is 0.125, P ,

0.01 (x2 test).
e Progeny with this genotype contain only the tim9-3 or tim10-1 allele and the

KANR allele (replacing the TIM18 gene) and were inviable, indicating that
disruption of TIM18 is synthetically lethal with the tim9-3 and tim10-1 ts alleles.

FIG. 4. Tim18p is associated with Tim22p, Tim54p, and Tim12p. (A) Blue native gels (6 to 16%) of mitochondrial proteins from wild type (WT), the strain
expressing Tim18pHA, or the Dtim18 strain were blotted onto polyvinylidene difluoride membranes and immunoblotted with antisera against Tim54p (aTim54),
Tim22p (aTim22), or a mouse monoclonal against the HA tag (aHA). In the aTim22 panel, 13 or 23 amounts of proteins were loaded in the two adjacent Tim18pHA
and Dtim18 lanes, respectively. The bands at ;440 and ;200 kDa (asterisks) in the aTim22p panel are nonspecific cross-reactions (unpublished data). Arrows denote
the apparent sizes of the TIM22 complex in different strains. (B) Mitochondria isolated from the Dtim18 strain expressing Tim18pHA on a low-copy-number plasmid
were solubilized with 0.16% n-dodecyl maltoside and incubated with protein A-Sepharose beads containing immobilized rabbit IgG monospecific for Tim12p (a12).
After a washing, bound proteins (B) were eluted with SDS-containing sample buffer, and proteins remaining in the supernatant (S) were acid precipitated and dissolved
in sample buffer. Both samples, along with solubilized mitochondria (T), were analyzed by SDS-PAGE and immunoblotting with rabbit antisera monospecific for
Tim12p, Tim54p, Tim23p, or Cyt b2 or with a mouse monoclonal antibody against the HA tag (followed by rabbit anti-mouse IgG). Blots were decorated with
125I-labeled protein A and autoradiographed. Tim18p was not coimmunoprecipitated by antisera to Cyt b2 or Tim23p (not shown).
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potential, decreased protein import into Tim18p-less mito-
chondria could reflect an indirect effect resulting from de-
creased mitochondrial energization. We tested this possibility
by measuring the mitochondrial membrane potential; it was
not affected by deletion of Tim18p (wild type, 97.4 6 10 mV;
Dtim18, 109.7 6 12.9 mV; n 5 4 to 6). The lowered import
rates of precursor proteins into mitochondria from the
Tim18p-less strain are thus not caused by an indirect effect of
a lowered potential across the mitochondrial inner membrane.

DISCUSSION

We have identified Tim18p as a new subunit of the TIM22
complex that mediates insertion of hydrophobic proteins into
the mitochondrial inner membrane. This identification rests on
three observations. First, Tim18p is coimmunoprecipitated
with Tim22p, Tim54p, and Tim12p in the presence of nonde-
naturing detergents. Second, it comigrates with Tim22p and
Tim54p as a 300-kDa complex upon blue native gel electro-
phoresis. Third, its deletion affects the apparent size of the
TIM22 complex. Furthermore, Tim18p is not associated with
other components of the mitochondrial protein import ma-
chinery such as the TIM23 complex.

This brings the number of known subunits of the TIM22
complex to six: Tim22p (38), Tim12p and Tim10p (19, 39),
Tim54p (18), Tim9p (1, 20), and Tim18p (this study).

Tim18p not only is physically associated with the TIM22
complex but also is required for the optimal function of that
complex. Deletion of TIM18 is synthetically lethal with ts mu-
tations in either TIM9 or TIM10, whose protein products are
components of both the TIM22 complex and the 70-kDa com-
plex in the soluble intermembrane space (1, 19, 21, 39). Dele-

tion of Tim18p also slows import of several precursor proteins
into isolated mitochondria.

Deletion of Tim18p impairs import of several inner mem-
brane proteins, including Tim22p, Tim54p, and Coq2p by two-
to threefold, yet it does not lower the steady-state levels of
these proteins. The slower import of Tim23p into Tim18p-less
mitochondria agrees with the findings that this import is me-
diated by the TIM22 complex (4, 16) and that Tim18p-less
mitochondria have only half as much Tim23p as do wild-type
mitochondria (Fig. 3B). As Tim23p mediates import of pro-
teins into the matrix, the decreased import and processing of
matrix-targeted precursors into Tim18p-less mitochondria is
thus probably a secondary consequence of the decreased abun-
dance of Tim23p. No such defect has been reported for mu-
tations in other components of the TIM22 complex. However,
it is also possible that deletion of Tim18p affects the activity of
the TIM23 complex by a more direct mechanism. It is puzzling
that deletion of Tim18p affects neither import rates nor steady-
state levels of AAC, even though AAC import requires the
TIM22 complex. Perhaps Tim18p is not essential for the ability
of the TIM22 complex to insert AAC into the mitochondrial
inner membrane.

The precise role of Tim18p in the functioning of the TIM22
complex remains to be established. Tim18p probably does not
bind the imported precursors directly, since we were unable to
cross-link radiolabeled Tim23p to Tim18p in isolated mito-
chondria (not shown). The fact that Tim18p is not essential for
viability, even though its deletion decreases the apparent size
of the TIM22 complex, suggests that Tim18p may be involved
in the assembly or the stabilization of the TIM22 complex
rather than in its function. Further analysis will provide in-
sights into how Tim18p cooperates with the known subunits of

FIG. 5. Import of several mitochondrial precursor proteins is slowed in mitochondria deficient for Tim18p. Radiolabeled protein precursors were synthesized in
vitro and incubated with either wild-type (WT) or Dtim18 mitochondria for the indicated times in the absence or presence of a membrane potential (DC). After import,
samples were treated with trypsin or proteinase K to remove nonimported precursor, followed by treatment with soybean trypsin inhibitor or PMSF. Mitochondria that
had been allowed to import Su9-DHFR were not treated with protease. Samples were processed and analyzed by SDS-PAGE and fluorography. Fluorographs were
scanned by laser densitometry, and the longest time point for import into wild-type mitochondria was set to 100% and used to calculate the relative import (% imp).
These values are given below each lane. p, intact precursor; m, mature (i.e., processed) protein; STD, percentage of the total precursor added to each import assay;
A, Tim23p was imported at 15°C, STD 5 10%; B, Coq2p was imported at 25°C, STD 5 20%; C, Tim22p was imported at 25°C, STD 5 10%; D, Tim54p was imported
at 25°C, STD 5 5%; E, Su9-DHFR was imported at 15°C, STD 5 20%; and F, hsp60 was imported at 20°C, STD 5 20%.
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the TIM22 complex, with perhaps additional, as-yet-unknown
subunits and with the two soluble 70-kDa complexes in the
intermembrane space to insert hydrophobic proteins into the
mitochondrial inner membrane.
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