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Abstract
The intermembrane space of mitochondria contains a dedicated chaperone network—the small translocase of
the inner membrane (TIM) family—for the sorting of hydrophobic precursors. All small TIMs are defined by the
presence of a twin CX3C motif and the monomeric proteins are stabilized by two intramolecular disulfide
bonds formed between the cysteines of these motifs. The conserved cysteine residues within small TIM
members have also been shown to participate in early biogenesis events, with the most N-terminal cysteine
residue important for import and retention within the intermembrane space via the receptor and disulfide
oxidase, Mia40. In this study, we have analyzed the in vivo consequences of improper folding of small TIM
chaperones by generating site-specific cysteine mutants and assessed the fate of the incompletely oxidized
proteins within mitochondria. We show that no individual cysteine residue is required for the function of Tim9 or
Tim10 in yeast and that defective assembly of the small TIMs induces their proteolytic clearance from
mitochondria. We delineate a clearance mechanism for the mutant proteins and their unassembled wild-type
partner protein by the mitochondrial ATP-dependent protease, Yme1 (yeast mitochondrial escape 1).

© 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.
Introduction

In the yeast Saccharomyces cerevisiae, ~1000
precursor proteins need to be imported into
mitochondria and subsequently sorted to the
correct mitochondrial subcompartment: the outer
membrane, intermembrane space (IMS), inner
membrane, and matrix.1–4 A family of small translo-
case of the inner membrane (TIM) chaperones
resides in the IMS of mitochondria and sort
hydrophobic precursors of the outer membrane β-
barrel family and inner membrane carrier family
through this aqueous compartment.2,3,5–7 In yeast,
there are five small TIM members—Tim8, Tim9,
Tim10, Tim12, and Tim13.7 Tim9 partners with
Tim10, while Tim13 partners with Tim8 to form
soluble hexameric chaperone complexes. 8–10

Tim12 is found exclusively at the inner membrane
0022-2836/© 2012 Elsevier Ltd.Open access under CC BY-NC-ND licen
carrier translocase (TIM22 complex),11,12 a ma-
chinery dedicated to the biogenesis of inner
membrane carrier proteins. All small TIM proteins
contain a twin CX3C motif in which two cysteine
residues are separated by three amino acid
residues.7 Despite initial controversy, structural
determination verified that these cysteine residues
form two intramolecular disulfide bonds.8–10,13

Each monomer is composed of a helix–loop–helix
with the dual disulfides bracing the central loop
structure. Monomers assemble with alternating
subunits into the hexameric structure with the
helices involved in substrate contacts.8–10,13

Like most mitochondrial proteins, the small TIMs
need to be imported into mitochondria following
their synthesis in the cytosol. The import of
cysteine-rich IMS proteins is tightly coupled to
their oxidation.5,14–16 IMS precursors translocate
J. Mol. Biol. (2012) 424, 227–239se.
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229Biogenesis of small TIM chaperones
the outer membrane through the translocase of the
outer membrane (TOM) complex and use a specific
redox-driven machinery within the IMS for import
and assembly known as MIA (mitochondrial IMS
import and assembly machinery).2,14,15 The IMS
receptor Mia40 engages incoming precursors via a
transient disulfide bond and, with the help of the
sulfhydryl oxidase Erv1, promotes oxidation and
folding of the incoming protein.17–19 Once oxidized,
the small TIM monomers then form the hexameric
chaperone complexes.
Characterization of small TIM proteins biogenesis

has been largely performed using in vitro assays
with isolated mitochondria. Such studies revealed
that the individual cysteine residues in Tim9 and
Tim10 play an important role in the import and
subsequent assembly of these proteins.20,21 Spe-
cifically, the most N-terminal cysteine was found to
mediate binding of the incoming small TIM
precursor to Mia40, trapping it in the IMS. All
cysteine residues were found to be required for
complete oxidation of the proteins, allowing their
subsequent assembly.20,21 However, studies utiliz-
ing in vivo models to elucidate the mechanisms
that contribute to substrate oxidation in the IMS are
lacking. Furthermore, our understanding of the
mechanisms that come into play when IMS pre-
cursors are improperly oxidized or folded remains
limited. In an effort to expand our understanding on
the oxidation and folding requirements for IMS
proteins in a cellular context, we assessed the
importance of small TIM cysteine residues in vivo.
We show that no individual cysteine residue within
Tim9 and Tim10 is essential for yeast viability and
the presence of a single disulfide bond in either
Tim9 or Tim10 is sufficient for yeast survival.
However, the incompletely oxidized proteins are
present in mitochondria at reduced levels, and this
correlates with a reduction in the steady-state
levels of the corresponding wild-type partner
protein. We show that the improperly folded
unassembled chaperones are targeted for degra-
dation in a process that requires the mitochondrial
IMS-AAA (i-AAA) protease.
Our results describe a novel clearance mechanism

for improperly folded or assembled IMS proteins.
Fig. 1. Tim9 and Tim10 cysteine mutants are viable. (a) Sch
and a ribbon diagram depicting the individual Tim10 subunit
mitochondria were incubated with equivalent amounts of 35S-
mitochondria were isolated and solubilzed in digitonin-containi
yeast cells expressing wild-type or mutant Tim9 (left panel) and
37°C onto non-fermentable (glycerol) media. (d) Mitochondri
panel) and wild-type and Tim10 cysteine mutants (right panel)
the indicated antibodies. (e) Mitochondria isolated from cells
solubilized in digitonin-containing buffer and separated by BN-
by Western blotting using anti-Tim10 (upper panel) or anti-
nonspecific species.
Results

No individual cysteine residue in the Tim9 and
Tim10 dual CX3C motif is required for
yeast viability

The crystal structures of Tim9 and Tim10 revealed
that the first and fourth, and the second and third
cysteine residues form intramolecular disulfide
bonds, stabilizing the monomeric subunits
(Fig. 1a).8,9 Import and assembly of Tim9 and
Tim10 can be visualized using an in vitro assay
where newly translated 35S-labeled Tim9 or Tim10 is
incubated with isolated mitochondria for various
times and then complexes containing radiolabeled
proteins are analyzed by blue native polyacrylamide
gel electrophoresis (BN-PAGE). Imported 35S-
Tim10 shows an engagement with Mia40 at
~130kDa (MIA intermediate), and following oxida-
tion, it assembles into the hexameric complex with
Tim9 (Tim9–Tim10) and also in an assembly
intermediate with Tim12 and Tim10 (Tim10–Tim9–
Tim12) before integrating into the TIM22 complex
(Fig. 1b). Mutation of any cysteine residue within the
dual CX3C motif leads to apparent assembly defects
with stalling at the MIA complex. Furthermore, it has
been shown that the most N-terminal cysteine in
Tim9 or Tim10 is required for docking onto Mia40
and preventing backsliding of the protein out of
mitochondria.20,21 While these in vitro results are
instructive, we chose to study the consequences of
introducing such mutations into Tim9 and Tim10
proteins in vivo, where there is a greater level of
complexity.
As Tim9 and Tim10 are essential for cell viability,

we employed a plasmid shuffling approach. Each
cysteine residue in the CX3C motif of Tim9 and
Tim10 was mutated to serine (generating tim9C35S,
tim9C39S, tim9C55S, and tim9C59S, and tim10C40S,
tim10C44S, tim10C61S, and tim10C65S). Plasmids
encoding the mutant proteins were transformed
into the appropriate deletion strain tim9Δ or tim10Δ
(carrying the wild-type genes on plasmids carrying a
URA3 marker) and subjected to 5-fluoroorotic acid
(5-FOA) for loss of URA3 plasmids and ultimately the
ematic representation of Tim9 and Tim10 cysteine residues
. Cysteines are depicted in yellow. (b) Isolated wild-type
Tim10 and 35S-Tim10 cysteine mutants. Following import,
ng buffer and analyzed by BN-PAGE. (c) Serial dilutions of
wild-type or mutant Tim10 (right panel) grown at 24°C and
a isolated from wild-type and Tim9 cysteine mutants (left
were analyzed by SDS-PAGE and immunodecoration with
expressing Tim10WT, Tim10C40S, and Tim10C44S were

PAGE. Following electrophoresis, samples were analyzed
Tom40 (lower panel) antibodies. The asterisk indicates
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wild-type proteins. All of the individual cysteine
mutants were able to grow on 5-FOA-containing
media (data not shown), suggesting that the mutant
proteins could complement the loss of wild-type
Tim9 or Tim10. Cells were serially diluted and
spotted onto non-fermentable media and growth
was monitored at different temperatures to evaluate
any growth defects as a consequence of mitochon-
drial dysfunction. All mutants grew as efficiently as
the wild-type strain (Fig. 1c). We isolated mitochon-
dria from wild-type and mutant strains and assessed
steady-state levels of mitochondrial proteins by
Western blotting (Fig. 1d). Mitochondrial marker
proteins, including the small TIM substrates Tim22
and Tom40 were largely unaffected when compared
to wild-type mitochondria. However, the levels of the
mutant proteins Tim9C39S, Tim10C44S, and
Tim10C65S were reduced to different degrees. We
addressed whether these mutants can assemble by
looking at a Tim10 mutant showing low steady-state
levels of Tim9 and Tim10 (Tim10C44S) and one
mutant that displays normal levels (Tim10C40S)
using BN-PAGE (Fig. 1e). Interestingly, cells expres-
sing Tim10C40S display normal levels of the Tim9–
Tim10 hexamer, and this correlates with the normal
steady-state levels of these proteins in the mutant
(Fig. 1d, right panel). Conversely for Tim10C44S, we
do not see hexameric assembly, and this correlates
with the reduced steady-state levels of Tim9 and
Tim10 in this mutant (Fig. 1d, right panel). Interest-
ingly, while the levels of the hexameric species
varied, the assembly of the mutant proteins was
retained, or possibly enriched, at the TIM22 complex
(Fig. 1e). Thus, we conclude that no individual
cysteine residue in either Tim9 or Tim10 is essential
for yeast viability. This was surprising given that 35S-
Tim9C35S and 35S-Tim10C40S displayed striking
import and assembly defects when imported into
isolated mitochondria in vitro.20,21

A single disulfide bond in Tim9 and Tim10 is
essential for yeast survival

The viability of the individual cysteine mutants
prompted us to generate double-cysteine mutants in
either Tim9 or Tim10. Three mutants were generat-
ed: one that removed the outer disulfide bond
(tim9C35S/C59S; tim10C40S/C65S), one that removed the
inner disulfide bond (tim9C39S/C55S; tim10C44S/C61S),
and a mutant that would disrupt both disulfide bonds
(tim9C35S/C55S; tim10C40S/C61S). Yeast harboring
Tim9 or Tim10 lacking both disulfide bonds were
not viable (shown for Tim10, Fig. 2a), confirming the
importance of the disulfide brace for the biogenesis
and/or function of the proteins. However, yeast cells
were viable when either the outer or the inner
disulfide bond was lacking (Fig. 2b). Analysis of
liquid cultures revealed a growth defect for cells
expressing the inner disulfide mutants of both Tim9
and Tim10 (tim9C39S/C55S and tim10C44S/C61S) at
37°C (Fig. 2c). We isolated mitochondria from wild-
type yeast and strains expressing the double-
cysteine mutants, and immunoblot analysis revealed
that the steady-state levels of mitochondrial marker
proteins tested, including the small TIM substrates
Tim22, Tom40, and ADP/ATP carrier (AAC), were
not altered (Fig. 2d). However, we noticed a marked
decrease in the steady-state levels of the respective
mutant Tim9 and Tim10 proteins. The reduced levels
may be due to defective import of the mutant or
folding and assembly (or both). However, we also
found that the reduced steady-state levels of the
mutant proteins correlated with a reduction in the
steady-state levels of the corresponding wild-type
partner protein (Fig. 2d). As the wild-type proteins are
not defective in import, it suggests that they are
turned over by a proteolytic machinery.

Tim9–Tim10 chaperone pathways are affected in
disulfide mutants

To determine if there were any functional conse-
quences due to the presence of mutant small TIM
proteins in mitochondria, we assessed the import
and assembly of mitochondrial precursors. For this
analysis, we selected the Tim10 double-cysteine
mutants. We imported the radiolabeled matrix-
targeted pSu9-DHFR (dihydrofolate reductase),
which is not dependent on the small TIMs for its
import and observed no defect in the mutant
mitochondria (Fig. 3a). Given that pSu9-DHFR is
dependent on the membrane potential (Δψ), this
result also indicates that the mitochondrial
membrane potential was not significantly impaired
in these mutant cells. We next looked at the model
small TIM substrate, the inner membrane AAC. 35S-
AAC was imported into mitochondria isolated from
wild-type, tim10C40S/C65S, and tim10C44S/C61S mito-
chondria in the presence or absence of a Δψ (the
insertion of carrier proteins into the inner membrane
is a Δψ-dependent process). Following import, we
treated samples with proteinase K to remove non-
imported precursors. AAC assembly can be moni-
tored by BN-PAGE, since it assembles into a
dimeric species within the inner membrane.22

Assembly of AAC was mildly delayed in
tim10C40S/C65S and blocked in tim10C44S/C61S mito-
chondria when compared to wild type, consistent
with the growth phenotype of these mutants (Fig.
3b, upper panel). Analysis by SDS-PAGE confirmed
that import of AAC into tim10C44S/C61S mitochondria
was reduced (Fig. 3b, lower panel), consistent with
a translocation defect due to impaired function of
the Tim9–Tim10 complex.
The small TIMs are involved in distinct stages in

the biogenesis of carrier proteins; they (i) ratchet the
carrier precursors across the outer membrane at the
TOM complex and (ii) sort the carrier precursors
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Fig. 2. Tim9 and Tim10 require a single disulfide bond to function. (a) Growth of yeast cells expressing Tim10WT,
tim10C40S/C65S, tim10C44S/C61S, and tim10C40S/C61S plated on 5-FOA and grown at 24°C. (b) Cells expressing Tim9WT,
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were retrieved at 6-h intervals and the optical density of the culture was measured at 600nm (error bars represent the
standard error of the mean; n=3). (d) Mitochondria were isolated from strains harboring wild-type and Tim9 (left panel) and
Tim10 (right panel) double-cysteine mutants. Equal amounts of proteins were separated by SDS-PAGE and analyzed with
the indicated antibodies by immunodecoration.
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through the IMS and deliver them to the TIM22
complex.9 To decipher at which stage the Tim10
double-cysteine mutants were affected, we exploited
a construct of AAC fused to DHFR, which can be
arrested in the TOM complex and still make contact
with the Tim9–Tim10 complex in the presence of the
ligand methotrexate.22,23 We incubated 35S-AAC-
DHFR with mitochondria isolated from wild-type,
tim10C40S/C65S, and tim10C44S/C61S mitochondria
and observed reduced arrest of the precursor at
the TOM complex in both tim10C40S/C65S and
tim10C44S/C61S mitochondria (Fig. 3c). These find-
ings indicate that that small TIM mutants cause a
defect in the ratcheting of substrates across the
outer membrane.
The small TIMs also function in the sorting of β-

barrel precursors to the outer membrane.24,25 The β-
barrel import pathway involves (i) translocation
across the outer membrane through the TOM
complex, (ii) sorting through the IMS by the small
TIMs to the outer membrane sorting and assembly
machinery (SAM) complex, and (iii) membrane
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integration. The assembly pathway of the β-barrel
protein Tom40 can be monitored by BN-PAGE and
appears as a series of assembly intermediates,
namely, association with the SAM complex (Inter-
mediate I), integration into the membrane (Interme-
diate II), and final assembly into the mature TOM
complex.26,27

When we performed import of 35S-Tom40 into
isolated wild-type mitochondria, all steps proceeded
as expected (Fig. 3d, lanes 1–3). However, import
of Tom40 into mitochondria from tim10C40S/C65S

or tim10C44S/C61S cells displayed reduced accumu-
lation of the precursor at the SAM complex
(Fig. 3d, compare lanes 4 and 7 with lane 1),
suggesting defects in sorting of precursors from
TOM to SAM.
Since mutations in Tim10 can affect the assembly/

function of either or both the Tim9–Tim10 hexamer
and the TIM22 complex, we examined the assembly
of the small TIM proteins themselves. 35S-Tim9 and
35S-Tim10 were imported into wild-type and Tim10
double-cysteine mutant mitochondria and their as-
sembly was monitored by BN-PAGE (Fig. 4a and b).
Import of 35S-Tim9 revealed a productive MIA
intermediate and assembly into the TIM22 complex
in all mitochondrial samples (Fig. 4a). However, a
lack of assembly into the soluble Tim9–Tim10
complex was apparent in mitochondria isolated
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from tim10C40S/C65S and tim10C44S/C61S strains. This
suggests that the mutant Tim10C40S/C65S or
Tim10C44S/C61S molecules are not capable of as-
sembling with the incoming wild-type Tim9 subunit.
Conversely, imported 35S-Tim10 was capable of
assembling into the Tim9–Tim10 complex and the
Tim9–Tim10–Tim12 assembly intermediate (Fig.
4b). These data suggested a potential defect in the
generation of the soluble Tim9–Tim10 hexamer;
therefore, we examined the steady-state levels of
hexameric complex in Tim10 mutant mitochondria
by BN-PAGE followed by SDS-PAGE in the second
dimension (Fig. 4c). Western analysis with Tim22
antibodies confirmed that the TIM22 complex
was intact in mutant and wild-type mitochondria
(Fig. 4c, lower panels, α-Tim22). Probing with
Tim10 antibodies revealed that Tim10C40S/C65S and
Tim10C44S/C61S were also present at comparable
levels within the TIM22 complex. However, the
hexameric Tim9–Tim10 complex was reduced for
Tim10C40S/C65S relative to wild-type mitochondria or
completely absent for Tim10C44S/C61S (Fig. 4c, upper
panels, α-Tim10). We conclude that the Tim10
(a) (b)
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double-cysteine mutants have defects in their
biogenesis and specific assembly into the soluble
Tim9–Tim10 hexamer, providing an explanation
for the observed growth and import defects in
these strains.

Mutant small TIMs and their hexameric partners
are turned over by the i-AAA protease Yme1

The reduced levels of the cysteine mutants within
mitochondria and their respective partner proteins
(Figs. 2d and 4c) provided us with a tool to explore
the fate of improperly folded and assembled IMS
substrates in vivo. We reasoned that the reduced
steady-state levels of the small TIMs could be due to
either a defect in their import into mitochondria or
regulated proteolytic turnover within mitochondria
due to folding/assembly defects. However, given
that the mutant precursors can form productive
intermediates with Mia40 and can reach mitochon-
dria (Fig. 1b), we reasoned that it is unlikely to be an
import defect.20,21 Therefore, we postulated that the
incomplete oxidation renders the proteins unstable,
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preventing their proper folding and ability to assem-
ble with their partner subunit. This targets both the
mutant and wild-type subunits for proteolytic turn-
over within mitochondria.
Mitochondria possess a proteolytic system that

surveys protein quality control within the organelle.28

The inner membrane of mitochondria harbors two
AAA (ATPases associated with diverse cellular
activities) proteases: the matrix-AAA and i-AAA
proteases, which have their enzymatic and active
sites localized within the matrix and IMS,
respectively.29–31 We decided to test if the i-AAA
protease, which in yeast is composed of Yme1 (yeast
mitochondrial escape 1) subunits, is involved in the
turnover of the mutant small TIM proteins. We
deleted YME1 in cells expressing tim9C39S/C55S or
tim10C44S/C61S and observed restored levels of
mutant Tim9 or Tim10 and wild-type Tim10 and
Tim9, respectively, in the absence of Yme1 (Fig. 5a;
(b)
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left and right panels, compare lanes 2 and 3). We
performed further analysis using the tim9C39S/C55S/
yme1Δ strain and could show that the reintroduction
of wild-type Yme1 into tim9C39S/C55S/yme1Δ reduced
the levels of the mutant Tim9 (Fig. 5b, left panel) and
wild-type Tim10 (Fig. 5b, right panel). It has been
reported that the i-AAA protease can contribute to
protein homeostasis within mitochondria through
proteostasis and also chaperone-like activity.32 To
confirm the exact role of Yme1 in the regulation of the
mutant small TIM proteins, we utilized a Yme1
mutant, Yme1E541Q, which harbors a mutation within
its catalytic domain, thus rendering the proteolytic
function inactive. Upon expression of Yme1E541Q in
the tim9C39S/C55S/yme1Δ background, we observed
stabilization of Tim9C39S/C55S (Fig. 5b, left panel, lane
5) and wild-type Tim10 (Fig. 5b, right panel, lane 5),
confirming that a catalytically active Yme1 is required
for the degradation of mutant small TIMs.
440 134 67 kDa

 BN-PAGE

M
ito

Tim9WT

Tim9WT

TO
M

co
m

pl
ex

440 134 67 kDa

 BN-PAGE

T
IM

22
co

m
pl

ex

T
im

9-
T

im
10M

ito

Tim9WT

Tim9WT

TO
M

co
m

pl
ex

M
on

om
er

T
IM

22
co

m
pl

ex

T
im

9-
T

im
10

M
on

om
er

α
-T

om
40

α
-T

im
10

tim9C39S/C55S/ yme1Δ

tim9C39S/C55S/ yme1Δ

α
-T

om
40

α
-T

im
9

tim9C39S/C55S/ yme1Δ

tim9C39S/C55S/ yme1Δ

me1. (a) Complexes from mitochondria isolated from wild
e1Δ were solubilized in digitonin-containing buffer and
anti-Tim9 antibodies (upper panel) and anti-Tom40 (lower
ctive species. (b) Wild type (Tim9WT) and tim9C39S/C55S/
st dimension and followed by SDS-PAGE in the second
anti-Tom40 and anti-Tim9 antibodies (upper panel) or anti-
and the Tim9–Tim10 hexamer are indicated. Mito denotes



236 Biogenesis of small TIM chaperones
To determine if the small TIMs are prone to
aggregation in the absence of Yme1, we performed
detergent solubility assays. Mitochondria isolated
from wild-type and tim9C39S/C55S/yme1Δ cells were
solubilized in either Triton X-100 (Fig. 5c, left panel)
or digitonin (Fig. 5c, right panel), and the soluble
(supernatant) and insoluble (pellet) fractions were
analyzed by SDS-PAGE and Western blotting.
Tim9C39S/C55S was present in the detergent-soluble
fractions, along with the marker proteins Mia40 and
porin, indicating that the mutant protein does not
aggregate in the absence of Yme1. Having con-
firmed that the reestablished Tim9C39S/C55S was not
prone to aggregation in the absence of Yme1, we
looked for the appearance of a Tim9C39S/C55S–
Tim10 hexamer in these mitochondria by BN-
PAGE. However, the reestablished mutant protein
was not competent for assembly with wild-type
Tim10 (Fig. 6a). Using BN-PAGE followed by SDS-
PAGE in the second dimension also revealed that
the mutant Tim9C39S/C55S was not competent for
assembly with wild-type Tim10, but rather that both
Tim9 (Fig. 6b, upper panel) and Tim10 (Fig. 6b,
lower panel) were stabilized as monomeric units in
the absence of Yme1. We conclude that the
presence of only a single disulfide in Tim9 renders
the protein unstable and targets it, and its unas-
sembled wild-type partner subunit, for degradation
by a mitochondrial clearance system involving the
i-AAA protease.
Discussion

Disulfide bond formation in mitochondria has been
studied intensely in recent years and is linked to the
Mia40-dependent oxidative folding pathway of the
IMS. However, many studies of the MIA pathway
have exploited in vitro systems, and thus, in vivo
correlations of many of these findings have been
lacking. Additionally, we have limited information on
what takes place when there are glitches in the
system leading to improperly oxidized and misfolded
protein species within the IMS. By generating a
series of cysteine mutants of the classical MIA
substrates, the small TIM proteins, we have been
able to explore this premise. Although we found that
only a single disulfide bond in Tim9 or Tim10 is
required for yeast cell viability, we did observe a
growth defect for cells lacking the inner disulfide
bond (tim9C39S/C55S; tim10C44S/C61S).
The inner disulfide mutants displayed severely

reduced levels of the Tim9–Tim10 hexameric as-
sembly in vivo. This observation correlates with in
vitro data suggesting that the inner disulfide bond
has an important role in the stability of the Tim9–
Tim10 hexamer,21 while work with recombinant
cysteine mutants of Tim10 suggested that the
mutants had impaired folding and displayed reduced
solubility and stability, relative to the wild-type
protein.13

Previous in vitro studies have employed radiola-
beled cysteine mutants of Tim9 and Tim10 to dissect
the residues required for docking onto Mia40 and
subsequent release. It was shown that docking onto
Mia40 strictly depends on the first cysteine in both
Tim9 and Tim10. However, mutation of any of the
remaining cysteine residues (C2, C3, C4) did not
impair the interaction with Mia40 but rather perturbed
oxidation and subsequent assembly.20,21 Surpris-
ingly, our in vivo results showed that yeast cells can
overcome the hurdle of not having these cysteine
residues and manage to import these proteins into
mitochondria. This was even the case with loss of
the first cysteine in Tim9 or Tim10, which showed
profound effects when analyzed in vitro;20,21 how-
ever, we could show that Tim10C40S has the
capacity to assemble as efficiently as wild-type
Tim10 in vivo. Previously, it was shown that Mia40
recognizes a MISS/ITS signal adjacent to the most
N-terminal cysteine residue of Tim9–Tim10.33,34 It is
possible that this signal can still be recognized by
Mia40 even without the cysteine residue, thereby
providing sufficient driving force for precursor entry
into mitochondria. Our results led us to question the
reason for discrepancies with the previous in vitro
studies. Previously, the in vitro analysis focused on
using radiolabeled mutant small TIM proteins and
importing them into wild-type mitochondria. Since
these mitochondria contain endogenous wild-type
protein, we suggest that the imported mutants
cannot effectively compete for assembly. It is also
likely that the maturation pathway is also slowed. In
this study, we removed the wild-type subunit from
cells and this has allowed us to demonstrate that the
mutant version has the capacity to overcome the
barriers imposed within an in vitro situation and
function within mitochondria in a cellular context.
The inability of the inner disulfide mutants to

assemble into the hexameric complex seems to
render the monomeric mutant protein and the
respective wild-type partner protein unstable. This
would suggest that these proteins are labile as
individual entities within the IMS, and this mecha-
nism would represent an efficient process to regulate
the turnover of excess, unassembled subunits within
the organelle. This phenomenon has also been
observed in the case of Tim8 and Tim13, where the
lack of one partner protein results in the loss of
another partner at the steady-state level.35,36 The
reduced steady-state levels of the double-cysteine
mutants and some of the single-cysteine mutants
and the respective partner proteins hinted towards
instability due to improper folding, leading to
proteolytic turnover within mitochondria. Upon re-
moval of the i-AAA protease component Yme1, we
could restore the steady-state levels of mutant Tim9
in addition to the wild-type partner protein Tim10.
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Furthermore, we observed accumulation of the pro-
teins in cells bearing an inactive variant Yme1E541Q,
suggesting direct regulation of the mutant and
unassembled small TIM levels by Yme1. The i-AAA
protease is known to mediate proteolysis of unas-
sembled and misfolded inner membrane proteins.37

Recently, the first soluble IMS substrates for this
molecular machine were described.38 Based on our
observations, we can now include misfolded and
unassembled Tim9 and Tim10 as IMS substrates
regulated by the i-AAA protease. Since only a handful
of endogenous Yme1 substrates have been identi-
fied thus far in yeast, this study extends the substrate
spectrum of this vital mitochondrial machine. It waits
to be determined if the wild-type small TIM subunits
are regulated by Yme1, or if another mechanism
exists to regulate their levels.
In summary, this study provides novel insights

into the fate of misfolded/unassembled proteins of
the mitochondrial IMS. Using the classical MIA
substrates, the small TIMs, we have shown that
their inability to fold and consequently assemble
due to incomplete oxidation results in the proteo-
lytic clearance of these proteins from mitochon-
dria. It is important to note that mutation of the
fourth cysteine in the human Tim8 ortholog, DDP1
(deafness dystonia peptide 1), has been linked to
the neurodegenerative disorder Mohr–Tranebjaerg
syndrome.39 Specifically, the DDP1C66W mutant
can no longer assemble with its partner protein,
Tim13; thus, an assembly defect is the molecular
basis for this disease. Our data are in agreement
with these observations and such in vivo analyses
are crucial in order for us to gain a true insight
into the mechanisms governing protein oxidation
and protein homeostasis in mitochondria.
Experimental Procedures

Cloning and construction of yeast strains

Yeast Tim9 and Tim10, including endogenous promoter
and terminator regions, were cloned into the centromeric
plasmids pRS415 (LEU2) and pRS413 (HIS3), respec-
tively. Mutations were introduced by using overlap
polymerase chain reaction using Pfusion™. The desired
plasmids were transformed into tim9Δ (GB090) cells for
Tim9 mutants or tim10Δ (GB100) cells for Tim10 mutants.
Transformants were passaged on minimal SD medium
(+glucose) supplemented with 650mg/L of 5-FOA (Sci-
maR) and grown at 24°C for loss of plasmids containing
the URA3 gene and wild-type Tim9 or Tim10. Viable
strains were subjected to two passages on 5-FOA-
containing media and subsequently passaged on YPG to
assess growth on a non-fermentable carbon source. For
generation of tim9C39S/C55S/yme1Δ or tim10C44S/C61S/
yme1Δ, the complete YME1 open reading frame was
disrupted in tim9C39S/C55S cells by homologous recombi-
nation using the nourseothricin (NAT) cassette. For
complementation analysis, the tim9C39S/C55S/yme1Δ cells
were transformed with plasmids encoding wild-type Yme1
(pRS314-Yme1WT) or an inactive variant Yme1E541Q

(pRS316-Yme1E541Q).

Preparation of yeast whole-cell extracts

Yeast whole-cell extracts were isolated according to
previously published procedures.40 Briefly, 10mg of yeast
cells was lysed by the addition of 0.3M NaOH and 7.4% 2-
mercaptoethanol and incubated on ice for 10min. Protein
was precipitated by trichloroacetic acid (TCA) for 10min on
ice. Samples were centrifuged for 2min at maximum
speed in a bench top refrigerated centrifuge. The resulting
pellets were washed with ice-cold acetone and proteins
were solubilized in Laemmli buffer at 95°C for 5min with
vigorous shaking.

Mitochondrial in vitro import assays

Mitochondria were isolated by differential centrifugation
and stored in SEM buffer (250mM sucrose, 1mM
ethylenediaminetetraacetic acid, and 10mM Mops–KOH,
pH7.2) at −80°C.41 Radiolabeled precursor proteins were
generated by in vitro transcription/translation in the
presence of [35S]methionine/cysteine using rabbit reticu-
locyte lysate (Promega).41 Mitochondria were added to
import buffer [3% (w/v) fatty acid-free bovine serum
albumin, 250mM sucrose, 80mM KCl, 5mM MgCl2,
5mM methionine, 2mM KH2PO4, and 10mM Mops–
KOH, pH7.2] supplemented with an energy-regenerating
system (4mM ATP, 2mM NADH, 100μg/μl creatine
kinase, and 5mM creatine phosphate) and preincubated
at 25°C or 30°C for 2min. The import was initiated by the
addition of precursor containing reticulocyte lysate [5–10%
(v/v) of import reaction]. After the indicated times,
mitochondria were isolated by centrifugation and washed
in SEM buffer. Samples to be analyzed by Tris–N-[2-
hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine polyacryl-
amide gel electrophoresis were solubilized in Laemmli
buffer.

Mitochondrial solubilization assay

Mitochondria isolated from wild-type and tim9C39S/C55S/
yme1Δ yeast cells were solubilized at 1mg/ml in solubi-
lization buffer {20mM 2-[bis(2-hydroxyethyl)amino]-
2-(hydroxymethyl)propane-1,3-diol, pH7,4, 0.1mM ethyle-
nediaminetetraacetic acid, 50mM NaCl, and 10% (w/v)
glycerol} supplemented with 0.5%, 1%, or 1.5% digitonin or
Triton X-100 and complete protease inhibitor cocktail
(Roche). Mitochondria were solubilized on ice for 30min
and subsequently centrifuged at 21,000g for 30min at 4°C.
Solubilized material was transferred to a new tube, and the
soluble supernatant and insoluble pellet fractions were
precipitated with 12.5% TCA.

Blue native polyacrylamide gel electrophoresis

Mitochondrial pellets (50μg of protein) were resus-
pended in 45μl of ice-cold solubilization buffer containing
1% digitonin and were incubated on ice for 10–15min.
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Samples were clarified by centrifugation at 12,000g for
15min at 4°C, and 5μl of sample buffer {5% (w/v)
Coomassie brilliant blue G-250, 100mM 2-[bis(2-hydro-
xyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol,
pH7.0, and 500mM ε-amino-n-carponic acid} was
added to the clarified supernatant. Samples were
separated on a 4–16% polyacrylamide gradient gel at
4°C, and the radiolabeled proteins were detected by
digital autoradiography.
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