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Mitochondrial precursor proteins are synthesized in the cytosol and subsequently imported into mitochondria. The import of
mitochondrial intermembrane space proteins is coupled with their oxidative folding and governed by the mitochondrial inter-
membrane space import and assembly (MIA) pathway. The cytosolic steps that precede mitochondrial import are not well un-
derstood. We identified a role for the ubiquitin-proteasome system in the biogenesis of intermembrane space proteins. Interest-
ingly, the function of the ubiquitin-proteasome system is not restricted to conditions of mitochondrial protein import failure.
The ubiquitin-proteasome system persistently removes a fraction of intermembrane space proteins under physiological condi-
tions, acting as a negative regulator in the biogenesis of this class of proteins. Thus, the ubiquitin-proteasome system plays an
important role in determining the levels of proteins targeted to the intermembrane space of mitochondria.

As many as 800 to 1,000 proteins in a simple eukaryote, Saccha-
romyces cerevisiae, are required for mitochondria to perform

their essential metabolic and regulatory functions in the cell (1–3).
The majority of mitochondrial proteins are synthesized on cyto-
solic ribosomes and targeted to mitochondria. This process in-
volves the main entry gate, formed by the translocase of the outer
mitochondrial membrane (TOM) complex. After passing the
TOM complex, mitochondrial precursor proteins are directed to
their final destinations by specialized translocation machineries
and pathways that drive the import of precursor proteins into the
mitochondrial matrix, inner mitochondrial membrane, outer mi-
tochondrial membrane, and intermembrane space (IMS) of mi-
tochondria (4–7). The proteins that reside in the IMS are critical
for metabolic functions (e.g., energy conversion), mitochondrial
biogenesis (e.g., the transport of lipids and proteins and assembly
of protein membrane complexes), and regulatory processes at the
cellular level (e.g., programmed cell death) (8–12). A large frac-
tion of mitochondrial IMS proteins are imported via the folding-
trap mechanism, executed by the mitochondrial intermembrane
space import and assembly (MIA) pathway (13–16).

Intermembrane space proteins that follow the MIA pathway
are small cysteine-rich proteins that comprise two major families
with characteristic twin cysteine motifs: CX3C (small Tim pro-
teins) (17) and CX9C (12, 18, 19). The mechanism utilized by the
MIA pathway is unique among mitochondrial transport pathways
but also in the context of cellular protein transport machineries
(13–16). The most distinctive feature of the MIA pathway is the
transfer of disulfide bonds into the incoming precursors, leading
to their oxidative folding and to trapping of mature proteins in the
IMS (20–24). The specificity of disulfide transfer and oxidative
folding is maintained by the recognition by Mia40 of the mito-
chondrial IMS sorting signal, called MISS/ITS, in the precursor
proteins (25, 26). Mia40 serves not only as a receptor on the trans
side of the outer mitochondrial membrane but also as an oxi-
doreductase and folding catalyst (24, 27, 28). Mia40 requires the
cooperation of another essential MIA component, the sulfhydryl
oxidase Erv1, which is responsible for the oxidation of Mia40 and
thereby the availability of Mia40 to transfer disulfide bonds to
precursor proteins (20, 29, 30). Erv1 is also needed to maintain the
productivity of disulfide transfer and oxidative folding by acting in

the ternary complex with Mia40 and a precursor protein (31, 32).
Furthermore, the efficiency of this pathway is increased by the
recruitment of Mia40 to the sites of the outer membrane translo-
cation of precursor proteins (33) and by the reducing power of the
glutathione redox buffer, which eliminates unproductive inter-
mediates in thiol-disulfide exchange reactions (28). Altogether,
the events catalyzed by MIA are critical for the mitochondrial
localization of precursor proteins into the IMS of mitochondria
(18, 20, 29, 34–36). In contrast to mitochondrial biogenesis stages,
the fate of IMS proteins following their cytosolic synthesis and
prior to mitochondrial uptake has not yet been studied in detail
and remains poorly understood. A recent study proposed that
IMS precursor proteins are maintained by the cytosolic thiore-
doxin system in an import-competent state in the cytosol (37).

The present study investigated the cytosolic stage of the bio-
genesis of IMS proteins. We identified the ubiquitin-proteasome
system as the machinery responsible for the clearance of mislocal-
ized IMS proteins. Interestingly, the ubiquitin-proteasome system
participates in the biogenesis of IMS proteins under physiological
conditions, thereby regulating the influx of IMS precursor pro-
teins into mitochondria.

MATERIALS AND METHODS
Yeast strains, plasmids, and growth conditions. The Saccharomyces
cerevisiae strains used in the present study are listed in Table 1. For the
inducible expression of tagged MIA substrates, sequences that encoded
Cox12, Cox17, Mic17, and Pet191 were amplified by PCR from yeast
genomic DNA. The resulting DNA fragments were cloned into the pESC-
URA vector (Agilent), in frame with the FLAG tag. This procedure yielded
the pAG1, pAG2, pAG3, and pAG4 plasmids, encoding Pet191, Mic17,
Cox12, and Cox17 fusion proteins, respectively, with a FLAG tag at the C
terminus and expressed under the control of the GAL10 promoter. Yeast
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cells were transformed according to the standard procedure. Strains that
expressed plasmid-borne Mia40core and cytochrome b2-Mia40core were
generated by transforming strain YPH499 with the BG9334 and BG9310
plasmids, respectively (38). In the strain that expressed hMIA40
(yMS555), the MIA40 gene was replaced with the human MIA40 coding
sequence by homologous recombination. The strain that expressed the
plasmid-borne version of b2-hMIA40 was generated by plasmid shuffling
(39). The pYEp96 – 6HIS-Ub plasmid, encoding 6His-tagged ubiquitin
(6His-Ub) under the control of the CUP1 promoter, was also used (40,
41).

Yeast cells were grown on YPD, YPS, or YPG (1% yeast extract, 2%
peptone, and 2% glucose, 2% sucrose, or 3% glycerol, respectively) or on
minimal medium that contained 0.17% yeast nitrogen base (YNB) and
0.5% ammonium sulfate, supplemented with appropriate nutrients and a
carbon source. For the overproduction of 6His-tagged ubiquitin under
the control of the CUP1 promoter, minimal medium was supplemented
with 0.1 mM CuSO4. To induce the GAL10 promoter for the expression of
pAG1, pAG2, pAG3, and pAG4, 2% galactose was used as the sole carbon
source, or 3% glycerol supplemented with 0.2 to 0.5% galactose was used.

Proteasome inhibition. To prepare yeast cells for MG132 (Enzo Life
Sciences) inhibitor treatment, modified YNB minimal medium without
ammonium sulfate but with 0.1% proline and 0.003% sodium dodecyl
sulfate (SDS) was used as described previously (42). Before the addition of
MG132, yeast cells were grown overnight at 19°C to an optical density at
600 nm (OD600) of �1.5. The cells were spun down and resuspended in
fresh medium. The samples were supplemented with either 75 �M
MG132 or a corresponding volume of dimethyl sulfoxide as a solvent.

Cell fractionation. For fractionation, the equivalent of 30 OD600 units
of yeast cells was used. To generate spheroplasts, the cells were incubated
in dithiothreitol (DTT) buffer (100 mM Tris-SO4, pH 9.4, and 10 mM
DTT) for 15 min at 30°C, followed by 30 min of treatment with 0.05 mg
Zymolyase in Zymolyase buffer (1.2 M sorbitol and 20 mM KPi, pH 7.4).
The spheroplasts were lysed in homogenization buffer (0.6 M sorbitol,
10 mM Tris-HCl, pH 7.4, and 2 mM phenylmethylsulfonyl fluoride
[PMSF]), using a glass Potter homogenizer. The extracts were clarified
by centrifugation at 3,000 � g for 5 min at 4°C. Subsequently, a portion
was withdrawn as the total fraction (T), and the remaining solution
was subjected to further centrifugation at 13,000 � g for 5 min at 4°C.
The resulting mitochondrial pellet (P) and postmitochondrial super-
natant (S) fractions, together with the total fraction (T), were sepa-
rated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and an-

alyzed by immunolabeling. For each fraction, an equivalent of 0.8
OD600 unit of cell extract was loaded. Fractions T and S were precipi-
tated with 10% trichloroacetic acid and washed with ice-cold acetone prior
to solubilization in urea sample buffer (6 M urea, 6% SDS, and 125 mM
Tris-HCl, pH 6.8).

Purification of ubiquitinated proteins. Cells that produced FLAG-
tagged MIA substrates and 6His-Ub were grown overnight in selective
minimal medium with 2% galactose and 0.1 mM CuSO4 to mid/late ex-
ponential phase at 28°C. The cells were harvested by centrifugation. Al-
ternatively, during the last 3 h of culture, the cells were additionally treated
with 75 �M MG132 in fresh medium. The protein purification experi-
ments were performed under native or denaturing conditions. For puri-
fication under denaturing conditions, the cells were resuspended in lysis
buffer 1 (6 M guanidine hydrochloride, 100 mM KPi, pH 8.0, 10 mM
Tris-HCl, pH 8.0, 50 mM iodoacetamide, 5 mM imidazole, 0.1% Triton
X-100, 2 mM PMSF, and 75 �M MG132) and disrupted by 10 min of
vortexing with glass beads. The solution was clarified by centrifugation,
and the supernatant was incubated with Ni-nitrilotriacetic acid (Ni-NTA)
agarose (Qiagen) for 2 h. The load and unbound samples were withdrawn
before and after incubation with the resin. The resin was washed once with
lysis buffer 1 and three times with wash buffer 1 (8 M urea, 100 mM KPi,
pH 6.4, and 10 mM Tris-HCl, pH 6.4), for 5 min each time. Bound pro-
teins were eluted with Laemmli buffer containing 100 mM DTT and de-
natured at 65°C for 15 min.

For native purification, the cells were resuspended (15 OD600 units/1
ml) in cold lysis buffer 2 (20 mM Tris-HCl, pH 7.4, 250 mM NaCl, 50 mM
iodoacetamide, and 20 mM imidazole for Ni-NTA) and disrupted by use
of a cell disrupter apparatus (Constant Systems LDT) at a maximum pres-
sure of 31,000 lb/in2 (2.14 � 108 Pa). Immediately after disruption, the
solution was supplemented with 75 �M MG132, 2 mM PMSF, and 0.5%
Triton X-100 and incubated on ice for 20 min for further solubilization.
Unsolubilized material was removed by centrifugation at 20,000 � g for
15 min, and 1.5 ml of the clarified supernatant was incubated with
Ni-NTA or anti-FLAG M2 affinity gel (Sigma-Aldrich) at 4°C for 1 h.
The column was washed three times with wash buffer 2 (20 mM Tris-
HCl, pH 7.4, 250 mM NaCl, and 20 mM imidazole for Ni-NTA).
Proteins bound to the nickel column were eluted by 20 min of incu-
bation with elution buffer 1 (50 mM Tris-HCl, pH 7.4, 250 mM NaCl,
and 400 mM imidazole) at room temperature. Proteins bound to the
anti-FLAG column were eluted with lysis buffer 1. All of the fractions

TABLE 1 Saccharomyces cerevisiae strains used in this study

Strain (lab ID no.) Genotype Reference or source

YPH499 (524) MATa ade2-101 his3-�200 leu2-�1 ura3-52 trp1-�63 lys2-801 69
mia40-3 (178) MATa ade2-101 his3-�200 leu2-�1 ura3-52 trp1-�63 lys2-801 mia40::ADE2

[pFL39-mia40-3]
34

mia40-4 (176) MATa ade2-101 his3-�200 leu2-�1 ura3-52 trp1-�63 lys2-801 mia40::ADE2
[pFL39-mia40-4]

34

erv1-2 (235) MATa ade2-101 his3-�200 leu2-�1 ura3-52 trp1-�63 lys2-801 erv1::ADE2
[pFL39-erv1-2]

29

b2-hMIA40 (357) MATa ade2-101 his3-�200 leu2-�1 ura3-52 trp1-�63 lys2-801 mia40::ADE2
[pGB9348 � pFL39-MIA40P-b2-hMIA40-MIA40T]

39

hMIA40 (555) MATa ade2-101 his3-�200 leu2-�1 ura3-52 trp1-�63 lys2-801
mia40::hMIA40 erv1::ADE2 [pGB9011 � pFL39-ERV1P-ERV1-ERV1T]

39

WCG4a (661) MATa ura3 his3-11,15 leu2-3,112 46
WCG4-11/21a (662) MATa ura3 his3-11,15 leu2-3,112 pre1-1 pre2-1 46
BY4741 (533) MATa his3�1 leu2�0 met15�0 ura3�0 Euroscarf
�yme1 (671) MATa his3�1 leu2�0 met15�0 ura3�0 YPR024w::kanMX4 Euroscarf
�rpn13 (647) MATa his3�1 leu2�0 met15�0 ura3�0 YLR421c::kanMX4 Euroscarf
�irc25 (648) MATa his3�1 leu2�0 met15�0 ura3�0 YLR021w::kanMX4 Euroscarf
�poc4 (651) MATa his3�1 leu2�0 met15�0 ura3�0 YPL144w::kanMX4 Euroscarf
�pre9 (652) MATa his3�1 leu2�0 met15�0 ura3�0 YGR135w::kanMX4 Euroscarf
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were denatured in Laemmli buffer that contained 100 mM DTT at
65°C for 15 min prior to SDS-PAGE.

Isolation of mitochondria and import of radiolabeled precursor
proteins. The [35S]methionine-labeled precursor proteins were synthe-
sized using a TNT quick coupled transcription/translation system (Pro-
mega). Mitochondria were isolated from a wild-type strain grown at 19°C
on YPG medium. A standard protocol was used for the isolation of mito-
chondria by differential centrifugation (43). The concentration of the
resulting crude mitochondrial fraction was adjusted to 10 mg protein/ml
in SM buffer (250 mM sucrose and 10 mM morpholinepropanesulfonic
acid [MOPS]-KOH, pH 7.2). The import of radiolabeled precursors into
isolated yeast mitochondria was performed at 25°C in import buffer (250
mM sucrose, 5 mM MgCl2, 80 mM KCl, 10 mM MOPS-KOH, 5 mM
methionine, 10 mM KH2PO4, pH 7.2, and 3% bovine serum albumin
[BSA]) supplemented with 2 mM ATP and 2 mM NADH. Import reac-
tions were stopped by placing the mixtures on ice and adding VOA mix (1
�M valinomycin, 20 �M oligomycin, and 8 �M antimycin) to dissipate
the inner membrane electrochemical potential. After centrifugation and
washing with SM buffer, the samples were denatured in Laemmli buffer
containing 50 mM DTT and analyzed by SDS-PAGE. To detect [35S]me-
thionine-labeled proteins, digital autoradiography with Storage Phosphor
screens (GE Healthcare) and a PhosphorImager Storm 820 scanner (Am-
ersham Bioscience) was performed.

Protein extracts and Western blotting. Total protein extracts were
prepared by alkaline lysis. The samples were analyzed by reducing SDS-
PAGE followed by Western blotting. All of the antibodies used for protein
detection were raised in rabbits, with the exception of mouse monoclonal
antiubiquitin and anti-FLAG M2 antibodies. Enhanced chemilumines-
cence signals were detected by use of ImageQuant LAS4010 (GE Health-
care) or X-ray films. For densitometry, ImageQuant TL (GE Healthcare)
software was used. The images were processed using Adobe Photoshop
CS4. In some figures, nonrelevant gel parts were excised digitally.

RESULTS
Proteins targeted to the IMS are degraded by the proteasome. A
large body of evidence has demonstrated that a class of IMS pro-
teins does not accumulate in mitochondria in mutants that are
defective in the MIA pathway (18, 29, 34). Thus, we investigated
whether these proteins are present in other cellular compart-
ments. We utilized temperature-sensitive mutants of the two
main components of the MIA pathway, the mia40-4 and erv1-2
strains (32, 34), to determine the steady-state levels of IMS pro-
teins under permissive conditions and after a shift to a higher
temperature to induce an import defect in these strains (Fig. 1A).
We tested IMS proteins belonging to the two known classes of
MIA substrates, i.e., those with the twin CX9C motif (Cox12,
Mic17, and Pet191) and small Tim proteins with the twin CX3C
motif (Tim8, Tim9, Tim10, and Tim13) (12), in the total protein
cellular extracts. Under permissive growth conditions, the pro-
teins were detected in amounts similar to wild-type levels in the
case of the erv1-2 strain or at reduced levels in the case of the
mia40-4 strain, as expected (Fig. 1A, lanes 1 to 3). Under restric-
tive conditions, these proteins did not efficiently accumulate in
mia40-4 and erv1-2 cells compared with wild-type cells (Fig. 1A,
lanes 4 to 6). The control proteins from the cytosol (Pgk1), endo-
plasmic reticulum (ER) (Pdi1), and mitochondria remained un-
changed (Fig. 1A, lanes 7 to 12). These observations raised the
possibility that IMS proteins could be subjected to degradation.

We hypothesized that IMS proteins remained in the cytosol
because of inefficient import in MIA mutant cells and were de-
graded by the ubiquitin-proteasome system, a major protein
clearance machinery in the eukaryotic cytosol (44). We subjected
the well-characterized mia40-3, mia40-4, and erv1-2 MIA mutant

strains (32, 34) to treatment with the MG132 proteasome inhibi-
tor (Fig. 1B). Treatment was efficient, as reflected by the accumu-
lation of ubiquitinated proteins (Fig. 1B, lanes 1 to 8, bottom
panel). Mic17 and Pet191 were indeed partially rescued in the
presence of MG132 in the mia40 and erv1 mutants (Fig. 1B, lanes
1 to 8). The levels of the other proteins from the cytosol, ER, and
various mitochondrial compartments remained largely unaf-
fected (Fig. 1B, lanes 9 to 16). Thus, mitochondrial IMS proteins
appeared to be cleared from the cytosol under conditions of de-
fective protein import.

We noticed that the levels of MIA substrate proteins were also
increased by MG132 treatment of the wild-type strain (Fig. 1B,
lanes 5 and 6). Additionally, the Mia40 protein appeared to be
slightly sensitive to proteasomal inhibition. Mia40 is a CX9C pro-

FIG 1 MIA precursor proteins are degraded upon mitochondrial import re-
striction. (A) Cellular protein levels in wild-type (WT) and mia40-4 and erv1-2
conditional mutant strains grown under permissive (19°C) or restrictive (6 h at
37°C) conditions. (B) Cellular protein levels in wild-type (WT), mia40-3,
mia40-4, and erv1-2 strains grown for 6 h at a restrictive temperature (37°C),
with or without the inhibitor MG132. In both panels, yeast was grown on
glycerol as a carbon source. Protein extracts were analyzed by SDS-PAGE and
Western blotting. ER, endoplasmic reticulum; OM, outer membrane; IMS,
intermembrane space; IM, inner membrane.
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tein that is similar to one class of its substrates. However, Mia40 is
attached to the presequence and transported to the mitochondria
via the presequence translocase TIM23, independent of the MIA
pathway (38). These two facts raised the possibility that the clear-
ance process does not occur only in situations of defective protein
import via the MIA pathway. We assessed this possibility by using
a wild-type strain grown on fermentative carbon sources that re-
sult in slower mitochondrial biogenesis (Fig. 2A). We observed a
substantial increase in the steady-state levels of MIA substrate pro-
teins (Fig. 2A, lanes 1 to 4, and B) after MG132 treatment. Mia40
and Erv1, another component of the MIA pathway and a substrate
of the MIA pathway (16), were moderately increased by MG132
treatment (Fig. 2A, lanes 1 to 4). The efficiency of MG132 treat-
ment was confirmed by the increased levels of ubiquitinated pro-
tein species (Fig. 2A, lanes 1 to 4, bottom panel). Other control
proteins from various cellular compartments were unaffected
(Fig. 2A, lanes 5 to 8).

The possibility exists that MG132 exerts a nonspecific effect on
protein quality control and the clearance system present inside
mitochondria, specifically in the IMS. Thus, we decided to test a
strain with the yme1 deletion (Fig. 2C). The Yme1 protein forms a
core of the i-AAA protease, which is located in the inner mito-
chondrial membrane, with its active site facing the IMS. It is in-
volved in the processing and turnover of proteins localized in the
inner membrane and the IMS (45). We compared the effects of
MG132 in the wild-type and �yme1 strains and concluded that the
effect of MG132 was not mediated by Yme1, because the increases
in the accumulation of IMS proteins with MG132 treatment were
similar in �yme1 and wild-type cells (Fig. 2C, lanes 1 to 4). Addi-
tionally, we also observed moderate increases in the levels of
Tim13 and Erv1 in �yme1 cells compared with the wild-type
strain in the absence of MG132 (Fig. 2C, lane 1 versus lane 2),
indicating an additional level of quality control inside mitochon-
dria that involves Yme1. Notably, Mia40 was less affected in this

FIG 2 MIA precursor proteins are stabilized by proteasome inhibition. (A) The wild-type (WT) strain was grown in minimal medium with either 2% sucrose
(S) or 2% glucose (D) at 19°C, followed by treatment with MG132 for 5 h at 37°C. (B) Relative quantification results for the MIA substrate proteins tested in panel
A. The signal of the wild-type strain was set to 1 for each carbon source. (C) The �yme1 mutant and the corresponding wild-type (WT) strain were grown in
minimal medium with 2% sucrose at 19°C. MG132 treatment occurred for 6 h at 37°C. (A and C) Total protein extracts were analyzed by SDS-PAGE followed
by Western blotting. ER, endoplasmic reticulum; OM, outer membrane; IMS, intermembrane space; IM, inner membrane.
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experiment than in the experiment documented in Fig. 2A. The
variability in the response of Mia40 to proteasomal inhibition is
likely attributable to its intrinsically high import efficiency via the
TIM23 pathway, resulting in shorter exposure to the proteasome
in the cytosol. Importantly, the results of this experiment and
subsequent experiments with the proteasomal mutant strains
(Fig. 3) demonstrated that an increase in MIA pathway compo-
nents was not responsible for the elevation in MIA substrate levels
upon proteasomal inhibition. Altogether, the data indicated that
MG132 inhibited the clearance of IMS precursor proteins prior to
their import into mitochondria.

To further confirm that MG132-sensitive degradation was in-
deed attributable to the proteasome, we examined a strain with
genetically impaired proteasomal function, the pre1-1 pre2-1
strain, in which the two essential subunits are defective (46). We
assessed the levels of the IMS proteins Cox12, Mic17, Pet191,
Tim13, and Erv1 (Fig. 3A). These proteins accumulated more ef-
ficiently in pre1-1 pre2-1 cells than in wild-type cells (Fig. 3A, lanes
1 and 2, and B). As expected, the pre1-1 pre2-1 mutant cells ex-
pressed higher levels of ubiquitinated protein species (Fig. 3A,
lanes 3 and 4). The levels of proteins from the cytosol and mito-
chondria, including Mia40, were unchanged (Fig. 3A, lanes 1, 2, 5,
and 6).

We additionally tested deletion mutants of nonessential pro-
teasome subunits (Rpn13 and Pre9) and proteasome assembly
factors (Irc25 and Poc4) that exhibit proteasomal dysfunction
(47–49) (Fig. 3C). The proteasomal mutant cells expressed in-
creased levels of MIA substrates compared with the wild-type
strain (Fig. 3C, lanes 1 to 5). Control proteins from the cytosol and
mitochondria remained unaffected (Fig. 3C, lanes 6 to 10). Thus,
our experiments demonstrated that the proteins targeted to the
IMS were rescued by defects in the proteasome caused by genetic
changes. These findings excluded the possibility of off-target in-
hibition by MG132. In summary, the proteasome degrades a frac-
tion of MIA-dependent mitochondrial proteins under physiolog-
ical conditions, where the import of proteins is not defective.

Intermembrane space proteins are ubiquitinated prior to
degradation. One step that precedes the degradation of proteins
by the proteasome is ubiquitination (44, 50, 51). We reasoned that
a fraction of IMS proteins should be found in ubiquitinated forms.
The sensitivity of specific antibodies against IMS proteins did not
permit the investigation of a pool of native proteins dispersed in
species of various sizes. Therefore, we constructed fusion proteins
of Pet191, Cox12, Cox17, and Mic17 with a FLAG tag at the C
terminus and placed them under the control of an inducible
GAL10 promoter. All of the fusion proteins were expressed effi-
ciently within a few hours of galactose induction, with Cox17FLAG

being the slowest one (Fig. 4A to D). In the case of Pet191, an
increase in the production of Pet191FLAG was reproducibly ac-
companied by a decrease in the steady-state levels of native Pet191
(Fig. 4A), which was expected if these two proteins utilize com-
mon mitochondrial biogenesis machineries. The expression of the
fusion proteins did not significantly affect the levels of other mi-
tochondrial proteins and cytosolic Pgk1.

To be considered suitable models for our studies, FLAG fu-
sions should have characteristics that are similar to those of na-
tive proteins. First, we examined the subcellular localization of
Pet191FLAG, Cox12FLAG, and Mic17FLAG. They were found in the
mitochondrial fraction (Fig. 4E and F), similar to other mitochon-
drial proteins (e.g., Tom20, Tom40, Tom70, and Cox12), and in

FIG 3 The accumulation of MIA precursor proteins is increased in mu-
tants with reduced proteasome activity. (A) The pre1-1 pre2-1 double pro-
teasome mutant and corresponding wild-type (WT) strain were grown at
19°C. (B) Relative quantification results for selected proteins tested in
panel A. The signal from the WT strain was set to 1 for each protein tested.
(C) The proteasome-deficient �rpn13, �irc25, �poc4, and �pre9 deletion
strains and corresponding wild-type (WT) strain were grown at 19°C. (A
and C) Yeast was grown on glycerol as a carbon source. Total protein
extracts were analyzed by SDS-PAGE followed by Western blotting with
specific antibodies, as indicated. OM, outer membrane; IMS, intermem-
brane space; IM, inner membrane.
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FIG 4 Model FLAG fusion proteins are targeted to mitochondria. Total protein extracts of yeast cells producing Pet191FLAG (A), Cox12FLAG (B), Cox17FLAG (C), or
Mic17FLAG (D) were analyzed after the indicated induction times. The expression of Pet191FLAG, Cox12FLAG, Cox17FLAG, or Mic17FLAG was induced in selective minimal
medium that contained 3% glycerol and 0.5% galactose at 19°C (A, C, and D) or 24°C (B). (E and F) Subcellular localization of Pet191FLAG, Cox12FLAG, and Mic17FLAG.
(E) Cells were grown in minimal medium that contained 3% glycerol with 0.2% galactose at 19°C. (F) Cells were grown in minimal medium that contained 2% galactose
at 19°C. For all panels, the samples were analyzed by SDS-PAGE and Western blotting. T, total; S, postmitochondrial supernatant; P, mitochondrial pellet.
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contrast to cytosolic Pgk1 and Rpl17a. Only in the case of
Pet191FLAG was a considerable pool also present in the cytosolic
fraction, and this was more abundant under fermentative growth
conditions (compare Fig. 4E and F, lanes 4 to 6). Native Pet191
was efficiently localized in the mitochondria (Fig. 4E and F, lanes
1 to 3). Thus, only Pet191FLAG was partially mislocalized to the

cytosol, but Cox12FLAG and Mic17FLAG efficiently accumulated in
the mitochondria.

Second, the fusion proteins should depend on the MIA path-
way. We produced the fusion proteins Cox12FLAG, Cox17FLAG,
and Pet191FLAG in the mia40-4 and erv1-2 mutants and grew the
cells under permissive and restrictive conditions (Fig. 5A to C).

FIG 5 FLAG-tagged MIA substrate proteins respond to oxidative folding restrictions and are stabilized by proteasomal inhibition, mimicking their endogenous
counterparts. (A) Total protein extracts of wild-type (WT), mia40-4, and erv1-2 yeast cells producing Cox12FLAG. Expression was induced in selective minimal
medium with 3% glycerol and 0.5% galactose at 19°C or 37°C for 5 h. (B) Total protein extracts of wild-type (WT), mia40-4, and erv1-2 yeast cells producing
Cox17FLAG. Expression was induced in selective minimal medium with 3% glycerol and 0.5% galactose at 37°C for 5 h. (C) Total protein extracts of wild-type
(WT), mia40-4, and erv1-2 cells producing Pet191FLAG. Expression of Pet191FLAG was induced in selective minimal medium with 3% glycerol and 0.5% galactose
at 19°C or 37°C for 40 min. (D) Cox12FLAG, Cox17FLAG, and Pet191FLAG were induced in minimal medium that contained 2% galactose and subsequently
repressed in minimal medium that contained 2% glucose, with or without MG132 inhibitor, for 4.5 h at 28°C. For all panels, total protein extracts were analyzed
by SDS-PAGE followed by Western blotting with specific antibodies, as indicated.
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The levels of fusion proteins were decreased in the mia40-4 and
erv1-2 mutants, similar to the case for the native Cox12 and
Pet191 proteins (Fig. 5A and B). Other cellular and mitochondrial
marker proteins remained unaffected (Fig. 5A to C).

Third, FLAG fusion proteins should respond to inhibition of
the proteasome. Cox12FLAG, Cox17FLAG, and Pet191FLAG accumu-
lated more efficiently in cells under conditions of proteasome in-
hibition induced by MG132, similar to native Cox12, Mic17, and
ubiquitin-bound protein species, in contrast to cytosolic and mi-
tochondrial marker proteins (Fig. 5D). We concluded that our
FLAG fusions that were derived from MIA substrate proteins be-
haved similarly to native IMS proteins and thus were suitable
models for studying ubiquitination.

To study protein ubiquitination, our model substrates were
coexpressed with 6His-Ub for affinity purification of protein spe-
cies covalently bound to ubiquitin (41). First, we performed pu-
rification using an anti-FLAG column followed by Ni-NTA puri-

fication, thus enriching FLAG-containing proteins followed by
enriching proteins modified with 6His-Ub (Fig. 6A, left panel).
The eluate contained higher-molecular-weight species that were
specifically enriched via double-affinity purification only for the
extracts that contained Pet191FLAG and 6His-Ub, as expected for
Pet191FLAG modified with ubiquitin (Fig. 6A, lanes 7 to 9). We
then addressed the ubiquitination of Pet191FLAG under conditions
of proteasomal inhibition. Total protein extracts from cells that
produced Pet191FLAG or 6His-Ub were subjected to affinity puri-
fication with Ni-NTA to enrich ubiquitinated species (Fig. 6B). In
the eluates, anti-FLAG and anti-Pet191 antibodies detected spe-
cies that represented the model Pet191FLAG protein modified by
one or more ubiquitin molecules (Fig. 6B, lanes 7, 15, and 19). The
species were not found in the eluates derived from the cells that
did not express Pet191FLAG or 6His-Ub (Fig. 6B). Pulldown via
6His-Ub was efficient, as reflected by immunodecoration against
ubiquitin (Fig. 6B, lanes 21 to 28). Thus, under both physiological

FIG 6 Pet191 is ubiquitinated in vivo. Strains that produced Pet191FLAG and/or 6His-tagged ubiquitin (6His-Ub) or were transfected with empty vectors were
subjected to affinity purification from total cell extracts. (A) Affinity purification of Pet191FLAG under native conditions, followed by another affinity purification
of 6His-tagged ubiquitinated proteins under denaturing conditions. The diagram illustrates the experimental design. Loads 1 and 2, 1%; eluate, 100%. (B)
Affinity purification of 6His-tagged ubiquitinated proteins. During the last 3 h of growth, the cells were treated with MG132. Purification was performed under
denaturing conditions. Load for anti-FLAG and anti-Pet191 blots, 1%; load for antiubiquitin blot, 3%; eluate, 100%. For both panels, the samples were analyzed
by reducing SDS-PAGE and immunolabeling. *, nonspecific band.
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conditions and proteasomal inhibition conditions, we detected
Pet191FLAG modified by ubiquitin.

A substantial amount of Pet191FLAG was found in the cytosolic
pool (Fig. 4E and F, lanes 4 to 6), and the mislocalization could
render Pet191FLAG more prone to ubiquitination. In contrast,
other fusion proteins, i.e., Cox12FLAG and Mic17FLAG, were effi-
ciently localized in the mitochondria (Fig. 4E and F, lanes 7 to 12)
and thus only transiently present in the cytosol, a feature typical of
native IMS proteins. Thus, the ubiquitination of Cox12FLAG was
tested under conditions of proteasome inhibition via the affinity
purification of 6His-Ub (Fig. 7A). The FLAG-containing monou-
biquitin species was detected in the eluate fraction (Fig. 7A, lane
8). Additionally, the Cox12-specific antibody allowed the detec-
tion of several other species with multiple ubiquitin moieties at-

tached to Cox12FLAG (Fig. 7A, lanes 16 and 20). The presence of
these species was fully dependent on the presence of Cox12FLAG

and 6His-Ub, confirming that they represented Cox12FLAG bound
to ubiquitin. Antiubiquitin immunodecoration indicated that the
proteins that were bound to 6His-Ub were highly enriched in the
eluate (Fig. 7A, lanes 25 to 28). We also tested Cox17FLAG and
Mic17FLAG for ubiquitination (Fig. 7B). Even in the absence of the
proteasomal inhibitor, we detected higher-molecular-weight species
with at least one ubiquitin molecule attached to the model proteins in
the eluate fractions (Fig. 7B, lanes 6 to 15). Altogether, our model
proteins behaved like the native MIA substrates and underwent co-
valent modification with ubiquitin prior to their degradation.

The proteasome exerts an inhibitory effect on IMS protein
biogenesis. Are the proteins that are rescued from the ubiquitin-

FIG 7 MIA precursor proteins are ubiquitinated in vivo. (A) Strains that produced Cox12FLAG and/or 6His-tagged ubiquitin (6His-Ub) or were transfected with
empty vectors were subjected to affinity purification of 6His-tagged ubiquitinated proteins. During the final 3 h of growth, the cells were treated with MG132.
Purification was performed under denaturing conditions. Load for anti-FLAG and anti-Cox12 blots, 1%; load for antiubiquitin blot, 9%; eluate, 100%. (B)
Strains that produced Cox17FLAG or Mic17FLAG together with 6His-tagged ubiquitin or empty control vectors were subjected to affinity purification of 6His-
tagged ubiquitinated proteins under native conditions. Load and unbound lanes, 7%; eluate, 100%. For both panels, the samples were analyzed by reducing
SDS-PAGE and Western blotting with the indicated antibodies. *, nonspecific bands.
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proteasome system imported into mitochondria to expand the
pool of properly localized and functional mitochondrial IMS pro-
teins? To answer this question, we used a fusion protein that ex-
presses a characteristic of MIA substrates but whose localization in
mitochondria is easy to detect in total protein cellular extracts.
Mia40 is a protein that belongs to the same family of CX9C pro-
teins as its substrate proteins, but in yeast it contains a cleavable
mitochondrial targeting signal for the TIM23 import pathway.
Our data suggested that Mia40, similar to its substrates, could also
be subjected to ubiquitin-proteasome control (Fig. 1B and 2A),
but its intrinsically high mitochondrial import efficiency results in
a small time frame for the ubiquitin-proteasome system to act in
the cytosol. Interestingly, in higher eukaryotes, Mia40 is a sub-
strate of the MIA pathway, in contrast to the case in yeast (38, 39,
52). We used a fusion of human Mia40 (hMIA40) attached to the
bipartite presequence of cytochrome b2. The presequence of cyto-
chrome b2 serves to localize the mature protein in the IMS and is
cleaved by two mitochondrial peptidases: the mitochondrial ma-
trix peptidase MPP, which generates an intermediate form, and
the inner membrane peptidase IMP, which generates a soluble
mature form in the IMS of mitochondria (53). When we imported
b2-hMIA40 into isolated mitochondria, we noticed the formation
of the intermediate form followed by a slower generation of the
mature form (Fig. 8A, lanes 1 to 4). These forms migrated exactly
as the forms observed when b2-hMIA40 was expressed in yeast
(Fig. 8A, lane 5). Thus, we established a model protein that na-
tively utilizes the MIA pathway but whose presence inside mito-
chondria can easily be monitored by the appearance of the pro-
cessed forms in total cellular extracts.

We subjected the strains that expressed hMIA40 and b2-
hMIA40 to treatment with MG132 (Fig. 8B). With hMIA40, we
confirmed that the human protein was indeed subjected to clear-
ance by the proteasome (Fig. 8B, lanes 1 and 2). In the case of
b2-hMIA40, we observed a significant increase in the mitochon-
drion-localized intermediate and mature forms in the presence of
MG132 (Fig. 8B, lanes 3 and 4). These results demonstrated that
inhibition of the proteasome was accompanied by the efficient
import of rescued b2-hMIA40 into mitochondria. We used a sim-
ilar approach to study Mia40core and b2-Mia40core. Mia40core is a
conserved functional domain of yeast Mia40 that lacks a native
presequence of yeast Mia40 and is imported via the MIA pathway,
thus resembling hMIA40 (38). b2-Mia40core was imported into the
mitochondria, and proteolytic cleavage generated species that mi-
grated exactly like the intermediate and mature forms observed
when b2-Mia40core was expressed in yeast (Fig. 8C). The levels of
the intermediate and mature forms of Mia40core and b2-Mia40core

increased upon treatment of the cells with MG132, similar to the
typical MIA substrates (Fig. 8D). Notably, the intermediate forms
of both b2-hMIA40 and b2-Mia40core cannot be released from mi-
tochondria because they are anchored in the inner mitochondrial
membrane (38). Thus, the increases in the levels of intermediate
membrane-bound forms of both b2-hMIA40 and b2-Mia40core

upon proteasomal inhibition led to the conclusion that the pro-
teasome was inhibited during the stage that preceded mitochon-
drial protein import. Thus, inhibition of the proteasome expands
the pool of MIA substrates that can accumulate productively in
mitochondria.

To further validate our findings, we analyzed the levels of na-
tive IMS proteins in mitochondria isolated from the pre1-1 pre2-1
proteasomal mutant strain and its corresponding wild-type strain.

The analysis of the steady-state levels of the proteins confirmed an
increase in the mitochondrial accumulation of the MIA substrates
in the proteasome-deficient mutant, whereas levels of the other
mitochondrial proteins remained unchanged (Fig. 8E). These
findings demonstrated that a defect in proteasomal activity re-
sulted in an increase in the mitochondrial abundance of MIA sub-
strates. In summary, the newly synthesized MIA substrate proteins
were subjected to two processes, namely, mitochondrial protein
import and proteasomal degradation, that act in parallel to regu-
late the levels of mature IMS proteins.

DISCUSSION

Cellular proteins that are misfolded, aggregated, or damaged un-
dergo degradation, and this process is a ubiquitous and essential
element of cellular quality control. Furthermore, protein degra-
dation is used to regulate the half-life and turnover of proteins that
play major roles in regulatory processes in various aspects of cell
function. The degradation of cytosolic proteins and ER proteins
following their retrograde transport to the cytosol is governed by
the ubiquitin-proteasome system (44, 50, 51, 54–59).

The present study identified an unexpected role of cytosolic
degradation in the biogenesis of mitochondrial proteins. We dem-
onstrated that the proteins directed to the mitochondrial IMS are
substrates of ubiquitin-proteasome control in a systemic manner.
This conclusion is based on the following lines of evidence. The
proteins targeted to the mitochondrial IMS were rescued by the
use of the proteasomal inhibitor MG132 and by a defect in pro-
teasomal function that was caused by genetic changes. The latter
observation excludes the possibility that the effect exerted by
MG132 was attributable to off-target inhibition of other proteases
present inside the mitochondria or elsewhere. Proteins that are
selected for proteasomal degradation are marked by the covalent
attachment of ubiquitin, a small and conserved protein modifier.
The attachment of ubiquitin results from a reaction cascade com-
pleted by ubiquitin ligase enzymes that transfer ubiquitin on sub-
strate proteins to build a chain of polyubiquitin (44, 50, 51, 57).
We identified ubiquitinated species of precursor proteins targeted
to the IMS that were present in cells even under conditions where
the proteasome was fully active. Thus, we established a role for the
ubiquitin-proteasome system in the turnover of this class of mi-
tochondrial proteins.

The ubiquitin-proteasome system has been implicated in the
degradation of mature mitochondrial proteins, mainly located in
the outer membrane (45, 60–63). The ubiquitin-proteasome sys-
tem was previously demonstrated to degrade immature cyto-
chrome c and EndoG, two proteins targeted to the IMS (64, 65).
Our study identified the entire class of internal mitochondrial
proteins, the MIA substrates, as being controlled by the ubiquitin-
proteasome system. Interestingly, model MIA substrates that
failed to properly fold and assemble inside mitochondria, such as
Tim9 and Tim10, were degraded by mitochondrial Yme1 (66).
Additionally, the Ups1 and Ups2 proteins were subjected to mi-
tochondrial quality control when they were not assembled with
the partner protein Mdm35 (67). Thus, both cellular compart-
ments, the cytosol and IMS, are equipped with quality control
systems to clear immature IMS proteins.

Importantly, our results demonstrate that IMS proteins are
under persistent control by the ubiquitin-proteasome system un-
der conditions in which the protein import machinery and bio-
genesis pathways are fully active. This could indicate that the mi-
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tochondrial import of MIA substrate proteins is rather slow,
allowing the ubiquitin-proteasome system to compete for these
targets. This interpretation is based on our observation that the
MIA substrate proteins are more accessible to proteasomal activity

when the cells are grown on a fermentative carbon source (i.e.,
under conditions where there is less need for mitochondrial bio-
genesis). Further support comes from the analysis of Mia40. De-
spite being a good substrate for the ubiquitin-proteasome system,

FIG 8 IMS proteins accumulate in mitochondria upon inhibition of proteasome activity. The intermediate and mature forms of radiolabeled b2-hMIA40 (A)
and b2-Mia40core (C) proteins generated during import into the isolated mitochondria were compared with total protein extracts derived from the cells that
expressed b2-hMIA40 and b2-Mia40core. Import was performed in the presence or absence of an inner mitochondrial membrane potential (��), as indicated.
Import reactions and total protein extracts were analyzed by autoradiography (lanes 1 to 4) and immunolabeling with Mia40-specific antibodies (lanes 5). Yeast
strains that produced hMIA40 or b2-hMIA40 (B) or Mia40core or b2-Mia40core (D) were grown for 5 h at 37°C, with or without MG132. (E) Steady-state levels of
proteins in mitochondria isolated from the pre1-1 pre2-1 mutant and corresponding wild-type strain grown in sucrose-containing medium at 19°C. (B, D, and
E) protein extracts were analyzed by SDS-PAGE followed by Western blotting. p, precursor; i, intermediate; m, mature; OM, outer membrane; IMS, intermem-
brane space; IM, inner membrane. *, nonspecific bands.
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Mia40 is degraded less apparently than MIA substrates because in
yeast the mitochondrial targeting signal of Mia40 is likely very
efficient at directing the protein to mitochondria. Indeed, chang-
ing the native signal of Mia40 slows its import and results in im-
proved proteasomal accessibility. Interestingly, inhibition of the
proteasome renders proteins that are efficiently imported into the
IMS. Further research is needed to mechanistically dissect this
stage. The proteasome-rescued proteins could be imported into
mitochondria in ubiquitinated forms. However, based on size re-
strictions imposed by the outer mitochondrial membrane trans-
locase TOM, we favor a scenario that implicates a role for deubiq-
uitinating enzymes in the cytosol (68) in preparing IMS protein
precursors to enter mitochondria.

The ubiquitin-proteasome system acts as negative regulator of
the early cytosolic stages of IMS protein biogenesis. However, a
function of the ubiquitin-proteasome system in maintaining pro-
tein homeostasis under circumstances in which mitochondria
and, specifically, the IMS lose their integrity can be postulated. In
general, the fact that the presence of IMS proteins is tightly con-
trolled by the ubiquitin-proteasome system raises the issues of
whether and how mitochondrial precursor proteins contribute to
cellular proteostasis and its failure under conditions of defective
clearance mechanisms and/or a decrease in mitochondrial protein
import. However, even under physiological conditions, the need
for mitochondrial IMS proteins may vary depending on metabolic
requirements. The mechanism that involves the ubiquitin-protea-
some system provides the means to rapidly adjust mitochondrial
protein biogenesis at the posttranslational stage in response to
various physiological needs.
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