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The small Tims chaperone hydrophobic precursors across the
mitochondrial intermembrane space. Tim9 and Tim10 form
the soluble TIM10 complex that binds precursors exiting
from the outer membrane. Tim12 functions downstream, as
the only small Tim peripherally attached on the inner mem-
brane. We show that Tim12 has an intrinsic affinity for inner
mitochondrial membrane lipids, in contrast to the other small
Tims. We find that the C-terminal end of Tim12 is essential in
vivo. Its deletion crucially abolishes assembly of Tim12 in com-
plexes with the other Tims. The N-terminal end contains target-
ing information and also mediates direct binding of Tim12 to
the transmembrane segments of the carrier substrates. These
results provide a molecular basis for the concept that the essen-
tial role of Tim12 relies on its unique assembly properties that
allow this subunit to bridge the soluble and membrane-embed-
ded translocases in the carrier import pathway.

The small Tims escort hydrophobic proteins of the mito-
chondrial inner membrane across the intermembrane space
(IMS).* Key to their function is their organization in hetero-
oligomeric complexes. Upon entering the outer membrane
channel, the small Tims are recognized in the IMS by Mia40 (1).
Site-specific oxidation of their cysteines into intramolecular
disulfides releases them in an assembly-competent folded state
that allows formation of specific Tim complexes (2-7).

Tim12 stands out as the only small Tim exclusively located
on the inner membrane (8, 9). It functions after recognition of
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the substrate by the soluble small Tim complexes (8, 9), and it
associates with both the Tim9-Tim10 complex and Tim22 in
the membrane (10). However, the molecular basis of its inter-
actions is still unknown. Here, we show that Tim12 has an
intrinsic affinity for inner mitochondrial membrane lipids,
which are enriched in cardiolipin. Deletion analysis, in vivo
complementation assays, and import assays followed by analysis
of native Tim complexes revealed distinct functional domains in
Tim12: the N-terminal segment contains necessary import infor-
mation but is dispensable for function, whereas the C-terminal
end is essential in vivo, has a determining role in lipid binding and
association with Tim9, and affects the assembly of Tim12 in com-
plexes with other Tims. We show that Tim12 directly binds to
transmembrane segments of its substrates, primarily via its N-ter-
minal domain. As this “substrate sensor” domain of Tim12 over-
laps in substrate binding with that of Tim10 and is dispensable,
whereas on the other hand the Tim12 C-terminal “assembly
domain” is essential, we propose that the key feature of Tim12
function relies on its role as a linker subunit between the soluble
and membrane-embedded translocase complexes.

EXPERIMENTAL PROCEDURES
Cloning of Tim12 Variants

In Vitro Transcription/Translation pSP64 Vector—Wild-
type TIM12 was PCR-amplified with Tim12 (forward BamHI)
and Tim12 (reverse EcoRI) primers from a yeast genomic DNA
and cloned into pSP64 with BamHI-EcoRI. The deletion
mutants were then PCR-amplified as BamHI-EcoRI fragments
and cloned into pSP64.

Bacterial Expression pET28 and pRSET Vectors—Wild-type
TIM12 was PCR-amplified from a yeast genomic DNA and
cloned as an Ndel-EcoRI fragment. The deletion mutants were
extracted from pSP64 and cloned into pET28 (AN17 and AC18)
or pRSETa (AN28 and AC39) by restriction digestion with
BamHI-EcoRI. The extra sequence between the His tag and the
ATG site in pET28 was extracted by digestion with Ndel-
BamHI, and the 5'-overhangs were filled with Klenow and
religated.

Yeast Vector pRS316 for in Vivo Complementation of Tim12
Variants—The Tim12 flanking regions were PCR-amplified
from genomic DNA using Tim12/Prom-5" (forward) and
Tim12/Prom-3'B (reverse) for the promoter (593 bp) and
Tim12/Term-5" (forward) and Tim12/Term-3’ (reverse) for
the terminator (300 bp). The fragments obtained were sub-
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FIGURE 1. Interaction of Tim12 with mitoplasts and liposomes. A, flotation of recombinant Tim12 with
pyruvate kinase (PK)-treated or untreated WT yeast mitoplasts. 10% of the protein used was loaded in the first
lane of each panel (10%). An equal amount of untreated mitoplasts (MP lane) was loaded as the control. The
collected fractions of the gradient, from top to bottom, are shown. Recombinant Tim12 and endogenous
mitochondrial proteins were detected by antibodies as shown. B, flotation of recombinant Tim12 with lipo-
somes (PC alone or a PC/CL mixture; see “Experimental Procedures”). As a control, recombinant Tim9 was used
with PC/CL liposomes. Numbers indicate the collected fractions that were analyzed with antibodies as shown.
C, quantification of Tim12 binding from B. Error bars were derived from three independent experiments (black,

PC/CL mixture; gray, PC alone).

cloned into pGEMTeasy (Promega) or pCR2.1 (Invitrogen).
The promoter was isolated by digestion with HindIII-BamHI
and cloned in front of the TIM 12 open reading frame in pSP64/
TIMI12. The HindIII-EcoRI cassette was then subcloned into
pRS316 to give the pRS316/5'B/TIM12 vector. The terminator
was then cut with EcoRI-Xbal and cloned at the 3’-end of the
open reading frame. This vector, pRS316/5'B/TIM12/3’, was
then used to subclone the deletion mutants by replacing the
TIM12 open reading frame with BamHI-EcoRI. The primers
used for the cloning procedures are shown in supplemental
Table 2.

Protein Purification

Recombinant proteins were expressed in the Escherichia coli
BL21(DE3) strain from pET28a, pRSETa, or pGEX4T-1 con-
structs (see supplemental Table 1). Purification of His,-tagged
or glutathione S-transferase-tagged fusion proteins was per-
formed according to published methods (12, 13).

Yeast Methods

GAL-TIM 12 Strain Generation—The cassette containing the
KANMX selection marker followed by the GALI-10 promoter
was extracted from M4801 by Scal-BamHI digestion and
inserted into the pSP64TIM12prom/Tim12 plasmid, giving rise
to the pSP64Tim12prom/KANMX4/GAL1-10/TIM12 plas-
mid. The whole cassette was amplified using the TIM12 pro-
moter forward and Tim12 reverse primers. The PCR product
was then used to transform the FT5 yeast strain (14) and
selected on YPGal medium for 2 days. The cells were replicated
on YPGal supplemented with 0.2 mg/ml Geneticin (Sigma).
To confirm the genotype of the colonies, genomic DNA was
extracted, and the correct orientation was checked by PCR
using Tim12 reverse EcoRI and KANMX4 reverse primers.
Depletion of Tim12 from the GAL-TIMI12 strain was con-
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Erasiions (5': 593 bp upstream of TIM12) and

terminator (3": 300 bp downstream
of TIM12). The transformed clones
were grown overnight at 30 °C in
minimal medium SC galactose-Ura
and then either shifted to SC glu-
cose-Ura for 36 h at 30 °C or reinoc-
ulated in SC galactose-Ura. Serial
1/10 dilutions of each culture were
made, and 5 ul were dropped on
either SC glucose-Ura or SC galactose-Ura. Plates were then
incubated at 30 °C for 2 days.

Liposome Preparation

Phosphatidylcholine (PC) and cardiolipin (CL) were pur-
chased from Avanti Polar Lipids. 12 mg of lipids (PC or PC/CL
at a 5/1 ratio) in chloroform were dried with nitrogen for 30
min; resuspended in 1 ml of 150 mm NaCl and 50 mm Tris, pH
7.4; and incubated at room temperature for 1 h to obtain mul-
tilayer vesicles. Subsequent cycles of freezing/thawing (10 s in
liquid nitrogen and 50 s in a 50 °C water bath) created single
layer vesicles that were then homogenized by 10 cycles of extru-
sion through 100-nm filters. Liposome concentration was
measured according to Ref. 15.

Flotations of Liposomes

0.5 ug of recombinant protein was incubated with liposomes
(lipid concentration of 5 mg/ml) in 50 ul of 100 mm NaCl and 20
mMm Hepes, pH 7.4 (30 min, 22 °C). The reaction mixture was
diluted with 50 ul of 2.4 M sucrose, 100 mm NaCl, and 20 mm
Hepes, pH 7.4 (final sucrose concentration of 1.2 m). The reac-
tion was overlaid with 100 ul of 0.25 M sucrose. The samples
were centrifuged (100,000 X g, 3 h, 22 °C), and 50-pl fractions
from the top were analyzed by SDS-PAGE and Western blot-
ting (the “pellet” is material left in the tube and solubilized with
SDS sample buffer).

Flotations of Mitoplasts

Mitoplasts derived from swelling of 50 g of WT yeast mito-
chondria (either pretreated with 0.1 mg/ml protease K or left
untreated) were incubated with 0.5 ug of recombinant protein
in 50 ul of 0.25 M SEM buffer (0.25 M sucrose, 1 mm EDTA, and
10 mm Mops, pH 7.4), for 30 min at 22 °C. 130 ul of 2.4 M SEM
buffer were added (final sucrose concentration of 1.8 M), and
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the samples were loaded at the bottom of a sucrose gradient
(500 wl of 1.8 M SEM buffer, 1 ml of 1.6 M SEM butffer, and 500
wl of 0.25 M SEM buffer) and centrifuged (100,000 X g, 4 h,
4.°C). Fractions of 250 ul were collected from the top, precipi-
tated with 10% trichloroacetic acid, and analyzed by SDS-PAGE
and Western blotting.

Peptide Spot Arrays

Peptide spot membranes of SCAAC2 (103 13-mers overlap-
ping by 10 residues) and ScTim9 (38 13-mers overlapping by 11
residues) were purchased from JPT Peptide Technologies.
Screening of peptide spots was performed according to Ref. 16.

Miscellaneous

Purification of mitochondria, in vitro import reactions, and
subsequent analyses by SDS-PAGE and BN-PAGE were per-
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Galactose

FIGURE 2. Deletion analysis and functional domain mapping of Tim12 in vivo. A, sequence alignment of
Saccharomyces cerevisiae Tim9, Tim10, and Tim12. y, yeast. B, graphic representation of the Tim12 deletion
mutants. L, central Tim12 loop. C, in vivo complementation of the different constructs of Tim12 in the GAL-

analyzed by Western blotting using
conditions in which only the exoge-
nous protein (His-tagged Tim12)
could be detected. In these condi-
tions, pure Tim12 floats with mito-
plasts to the top fractions of the gra-
dient (Fig. 1A). Pretreatment of
mitoplasts with pyruvate kinase
(which degrades protein domains
facing the IMS such as Tim23 used
here as a control) did not affect
binding at all, suggesting Tim12
could intrinsically associate with
inner membrane lipids or with a
pyruvate kinase-resistant proteina-
ceous component. We further
tested this by using synthetic lipo-
somes instead of mitoplasts. In the
presence of PC liposomes, Tim12 floated weakly to the top frac-
tions, but this interaction increased significantly when a mix-
ture of PC and CL (a characteristic lipid of the inner membrane)
was used. As a control, Tim9 did not float with liposomes (Fig.
1, B and C). This strongly suggests that Tim12 has an intrinsic
affinity for mitochondrial inner membrane lipids, a property
presumably not shared by any other small Tim.

Functional Domain Mapping of Tim12: The C-terminal Seg-
ment Is Essential in Vivo—A sequence alignment of Tim12 with
Tim9 and Tim10 from yeast shows that Tim12 has a longer
C-terminal region (Fig. 24). Could that be the basis for its
unique properties? To address this, we created appropriate
deletions of Tim12 that were used as a tool to uncover the
precise function of Tim12 in translocase assembly and sub-
strate binding. The deletions we generated for Tim12 (AC39,
AC18, AN17, and AN28) are shown in Fig. 2B.
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We first performed in vivo complementation assays to test
the viability of the different Tim12 deletions by generating a
GAL-TIM1I2 strain with endogenous TIM12 (an essential gene)
under the control of the GALI-10 promoter (Fig. 2C). The
GAL-TIMI2 strain grows well in galactose, but cells died in
glucose after 2 days of repression (Fig. 2C, empty). Growth was
fully restored when the WT TIMI12 gene with the endogenous
TIM12 promoter and terminator was introduced (Fig. 2C,
Timl12). The four deletion mutants revealed striking differ-
ences. The shorter deletions, AN17 and AC18, efficiently
restored growth of the GAL-TIM12 strain on glucose, indicat-
ing that they are fully active. However, deletion of the C-termi-
nal 39 residues (AC39) was lethal. Deletion of the N-terminal 28
residues (AN28) also caused a serious growth defect after
growth for 2 days on glucose, but when the cells were left for
more than 4 days, some surviving colonies could be seen (data
not shown).

The N-terminal End of Tim12 Is Necessary for Import—To
further investigate the molecular basis of the in vivo pheno-
types, all Tim12 versions were tested for import into WT mito-
chondria (Fig. 3A). Interestingly, AN28 showed a clear import
defect, in sharp contrast to all other versions of Tim12 that
could properly cross the outer membrane (M), and localized,
upon swelling, to the mitoplast pellet (P). As AN28 could not
even cross the outer membrane, it must be abrogated at an early
stage of import. Because Mia40 is the crucial import receptor
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FIGURE 3. Import and assembly of Tim12 deletions in mitochondria. A, import into WT mitochondria,
followed by SDS-PAGE and autoradiography. 10% of the radioactive translation mixture was loaded as stand-
ard (10%). After import, the material was divided, with one half solubilized in SDS sample buffer (M) and the
other half subjected to swelling followed by centrifugation to separate the mitoplast pellet (P) from the inter-
membrane space (S). B, import of radioactive Tim12 and AN28Tim12 in WT mitoplasts (10 min, 30 °C) with 10%
standard as in A. To monitor the interaction with Mia40, the import reaction was stopped by adding 20 mm
N-ethylmaleimide and analyzed without (lanes 2 and 5) or with (lanes 3 and 6) B-mercaptoethanol. C, comple-
mentation test of the fusion cytochrome b,-(1-85)/AN28Tim12 (Cyb2(1-85)AN28) in the GAL-TIM12 strain.
D, BN-PAGE of the complex assembly for imported WT Tim12 and mutants. E, BN-PAGE kinetics of imported
radioactive Tim12 and AC39Tim12 in WT or Tim9-ts mitochondria. The last two lanes were in the presence of 20
mm dithiothreitol (DTT). Radioactive bands were detected by autoradiography. M, mitochondria.

proteins to the IMS (18). This
should allow us to overcome the
import defect and test the function-
ality of AN28 in vivo. We found that
such a fusion can be properly
imported in organello (albeit some-
what more slowly than the WT; data
not shown), and it restored growth
of the GAL-TIM 12 strain on glucose
(Fig. 3C). Collectively, these data
suggest that segment 17-28 of the N-terminal end of Tim12
contains necessary targeting information, but the AN28 dele-
tion is not abrogated in an essential function in vivo.

The C-terminal End of Tim12 Has a Crucial Role in Assembly—
To further address the assembly of the other three mutants that
have no apparent import defects, BN-PAGE was used (Fig. 3D).
Imported WT Tim12 associates mainly with a 300- and 70-kDa
complex, in agreement with previous work (10). Strikingly,
AC39 was found essentially unassembled and incapable of
forming either a 70- or 300-kDa complex. On the other hand,
AN17 and ACI18 had some clearly weaker assembly defects,
which are presumably tolerated in vivo, as these mutants are
viable (Fig. 2C). Because the amount of AC39 properly crossing
the outer membrane is similar to WT, AN17, and AC18 (Fig.
3A), AC39 is presumably unaffected at an early stage of import
but rather has a specific assembly defect. We extended the BN-
PAGE analysis by monitoring the kinetics of formation of the
different assembly intermediates (Fig. 3E). WT Tim12 associ-
ates with three major complexes: (i) a 140-kDa complex, which
is dithiothreitol-sensitive (Fig. 3E, compare lanes 6 and 10) and
represents the Miad0-bound intermediate (1); (ii) the 70-kDa
complex, which is dependent on Tim9 and Tim10, as it is com-
pletely absent in Tim9-ts mitochondria (compare lanes 8 and
9); and (iii) the 300-kDa TIM22 complex, which appears signif-
icantly later than the 140- and 70-kDa complexes. As shown in
Fig. 3E (lanes 1-4), AC39 is unaffected in the early steps of
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FIGURE 4. Interactions of Tim12 deletions with lipids and with Tim9. A, flotation of Tim12 deletion mutants
with pyruvate kinase (PK)-treated or untreated WT yeast mitoplasts. The fractions of the gradient, from top to
bottom, are shown in the numbered lanes. B, flotation of Tim12 deletion mutants with PC/CL liposomes. The
fractions of the gradient, from top to bottom, are shown in the numbered lanes. The material left in the tube was
collected with SDS sample buffer and loaded as the pellet (Pel). Recombinant proteins were detected by Western

of the inner membrane, the N-ter-
minal end is dispensable, but the
C-terminal end is crucial, probably
reflecting an interaction of the
C-terminal end with a yet unidenti-
fied pyruvate kinase-resistant pro-
teinaceous component of the
membrane.

The specific interaction recently
observed in vitro between Tim12

blotting with anti-Tim12 antibody. C, binding of Tim12, AN28Tim12, AC39Tim12, and Tim10 on a ScTim9 peptide

array. D, a chart representing the binding capacity of Tim12 and C-terminal deletion mutants on immobilized Tim9
(BlAcore assay). The binding capacity of Tim12 was set to 100. L, central Tim12 loop.

Mia40 interaction in the 140-kDa complex, which is dithiothre-
itol-sensitive (compare lanes 2 and 11). However, formation of
the 70- or 300-kDa complex is completely abolished. This anal-
ysis supports a mechanism whereby Tim12 first assembles in
the 140-kDa complex with Mia40. Oxidation by Mia40 releases
Tim12 in an assembly-competent state, associating probably
with Tim9 and/or Tim10 to a 70-kDa complex first and then to
a 300-kDa complex formed with the other subunits of the
TIM22 complex. Further work is needed to substantiate this
model, but collectively, these data clearly support that the
C-terminal end of Timl2 is a key determinant for Tim12
assembly in vivo.

The C-terminal End Has a Dual Role Mediating Both Protein-
Lipid and Protein-Protein Interactions—Which bimolecular
interaction or interactions are affected by the C-terminal end

JUNE 6, 2008+ VOLUME 283+NUMBER 23

and Tim9 (12) may be important for
the assembly of Tim12 within the
protein complexes of 70 and 300
kDa (Fig. 3, D and E). To investigate a putative effect of the
Tim12 deletions on Tim9 binding, we performed PepSpot
arrays with immobilized Tim9 peptides (Fig. 4C). Tim12 binds
to Tim9 with a similar, albeit somewhat more restricted pattern
than Tim10. AC39 displays a clear defect in binding to Tim9, in
contrast to AN28, which appears unaffected. We confirmed
this defective binding of AC39 with BIAcore analysis using
Tim9 immobilized on the optical chip. Tim12 binding was
reduced by >70% when the C-terminal end 39 amino acids
were missing (AC39), and even AC18 showed a 50% decrease in
binding. These results support a very crucial role of the C-ter-
minal end of Tim12 in binding to both lipids and Tim9.
Tim12 Directly Binds the Transmembrane Segments of Sub-
strates via Its N-terminal Segment—Once assembled properly
in its native complexes, Tim12 mediates carrier insertion into
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Domain-specific Assembly Renders Tim12 Essential

FIGURE 5. Interaction of Tim12 with the substrate SCAAC2 using peptide spot arrays. Binding of recombi-
nant Tim12, AN28Tim12, AC39Tim12, and Tim10 on a SCAAC2 peptide array is shown. The bar charts demon-
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strate the quantified intensity of each spot of the peptide array.
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FIGURE 6. Model scheme for Tim12 biogenesis and function (see “Discussion” for details). red., reduced;

mt, mutant; ox., oxidized.

the membrane. Can Tim12 directly bind the substrate like
Tim10, or is it a mainly structural component like Tim9 (16)?
To address this, PepSpot arrays of the carrier AAC were used
(Fig. 5) (19). WT Tim12 binds to AAC with a preference for the
transmembrane regions (fop), similar to Tim10 binding (bot-
tom). Binding is unaffected in the AN17 and AC18 mutants
(data not shown), only slightly affected in the AC39 deletion,
but strongly decreased in the AN28 deletion (middle). It there-
fore appears that (i) Tim12 directly binds the substrate prefer-
ably on the transmembrane regions and that (ii) its N-terminal
end is important for this interaction.

DISCUSSION

The first novel finding of the present study is the property of
Tim12 to bind lipids. This distinguishes Tim12 from the other
small Tims and is specifically dependent on cardiolipin, which
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the substrates. As the organization
of all small Tims in specific com-
plexes is crucial for their function,
we investigated the Tim12 assembly
mechanism. Deletion analysis of its
structural domains, coupled with in
vivo complementation assays and
analysis of native complexes,
revealed strikingly different proper-
ties of its N- and C-terminal ends.
The N-terminal end contains tar-
geting information but is dispensa-
ble for function, as the cytochrome
b,/AN28 fusion, which bypasses the
import defect of AN28, restores
growth of a GAL-TIMI2 strain. By
contrast, the AC39 deletion is lethal,
arguing for essential functions of
the C-terminal end in vivo. Indeed,
we found that this deletion abro-
gates important molecular interac-
tions in organello and in vitro. First,
assembly of the 70- and 300-kDa complexes (reflecting interac-
tions with small Tims and TIM22 components, respectively) is
essentially abolished. Interestingly, these defects are mani-
fested after the interaction with Mia40, which proceeds nor-
mally. Second, in vitro binding of pure AC39 with lipids and
mitoplasts is affected, indicating that the intrinsic interaction of
the folded Tim12 with the membrane is impaired. Third, the inter-
action with pure Tim?9 is strongly decreased. These data point to a
crucial role of the C-terminal end of Tim12 in assembly.

How is this relevant in terms of binding to the substrate?
Here we have shown that Tim12 binds to transmembrane seg-
ments of AAC and that this interaction is mediated by the
N-terminal end in the same manner as Tim10. These results
identify Tim12 as an additional substrate sensor in the small
Tim family. However, an important difference between Tim10
and Tim12 is that the substrate sensor N-terminal end of
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Tim10 is essential (21), whereas in Tim12 it is dispensable,
probably because of this overlap in binding the same substrate
segments. On the other hand, the C-terminal assembly domain
is indispensable in vivo and ensures the unique role of Tim12 as
a linker subunit in the carrier import pathway.

The model that we propose for the biogenesis and function of
Tim12, based on our findings, is shown in Fig. 6. Tim12 is
imported via the TOM channel in mitochondria in a reduced
state. Mia40 acts as the receptor of Tim12, helping it to fold to
its native state by oxidizing it. Oxidized Tim12 is first integrated
in a 70-kDa complex that contains Tim9 (presumably the
TIM10 complex). This interaction is mediated by the C termi-
nus of Tim12. Subsequently, Tim12 is integrated in a 300-kDa
complex (presumably, the TIM22 complex). Tim12 is a periph-
eral subunit with an intrinsic affinity for inner membrane lipids
from the IMS side, just as shown for Tim44 at the matrix side of the
inner membrane. We propose that Tim12 tethers the TIM10
chaperone of the intermembrane space, close to the TIM22 chan-
nel, to facilitate the transport of the substrate from the chaperone
into the transporting channel, just as Tim44 brings the mutant
Hsp70 chaperone close to the TIM23 channel. This linker function
of Tim12 is what makes it essential for cell viability, rather than its
actual interaction with the substrates, which can be overcome by
the substrate binding capacity of Tim10.
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