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We report here that blocking the activity of the 26 S pro-
teasome results in drastic changes in the morphology of the
mitochondria and accumulation of intermembrane space
(IMS) proteins. Using endonuclease G (endoG) as a model
IMS protein, we found that accumulation of wild-type but to
a greater extent mutant endoG leads to changes in the mor-
phology of the mitochondria similar to those observed fol-
lowing proteasomal inhibition. Further, we show that wild-
type but to a greater extent mutant endoG is a substrate for
ubiquitination, suggesting the presence of a protein quality
control. Conversely, we also report that wild-type but not
mutant endoG is a substrate for the mitochondrial protease
Omi but only upon inhibition of the proteasome. These find-
ings suggest that although elimination of mutant IMS pro-
teins is strictly dependent on ubiquitination, elimination of
excess or spontaneously misfolded wild-type IMS proteins is
monitored by ubiquitination and as a second checkpoint by
Omi cleavage when the proteasome function is deficient. One
implication of our finding is that in the context of attenuated
proteasomal function, accumulation of IMS proteins would
contribute to the collapse of the mitochondrial network such
as that observed in neurodegenerative diseases. Another
implication is that such collapse could be accelerated either
by mutations in IMS proteins or by mutations in Omi itself.

The elimination of misfolded proteins represents an impor-
tant mechanism for the maintenance of cellular viability. Such
protein quality controls (PQC)4 involve the binding of a chap-
erone to themisfolded protein and its presentation to the ubiq-
uitin-dependent proteasome degradation pathway (1, 2). Link-
age of ubiquitin to a protein is a highly organized process
involving the sequential action of a ubiquitin-activating
enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiq-
uitin-ligase (E3) (3). Most of the regulation of the ubiquitina-
tion pathway occurs at the level of the ubiquitin ligase. This
enzymatic cascade results in the attachment of a polyubiquitin
chain onto specific lysine residues of a substrate. Although sev-
eral types of polyubiquitin chains have now been reported,
chains that are built on lysine 48 of ubiquitin serve as a signal for
degradation by the 26 S proteasome. The 20 S catalytic core of
the proteasome consists of three distinct proteolytic activities
within a cylindrical barrel that is flanked by two 19 S regulatory
caps. The proteasomes are localized both in the nucleus and in
the cytoplasm, where they exist free or in association with
organelles including the endoplasmic reticulum (4, 5).
PQC in the cytoplasm involves chaperones of the heat shock

protein (hsp) family that act in concert with ubiquitin ligases
(2). A similar PQC acting in the nucleus has recently been
reported (6). Ubiquitin-dependent PQC was also found to
monitor the folding of proteins present in the lumen of the
endoplasmic reticulum, a result thatwas at first surprising since
proteins that are translocated across the ER membrane were
thought to be no longer accessible to the cytosolic ubiquitin-
proteasome pathway (1, 7, 8). However, it was subsequently
found that misfolded proteins in the ER lumen are recognized
by luminal chaperones such as BiP and retrotranslocated into
the cytosol for their ubiquitin-dependent degradation (9). Fur-
ther, the formation of the ubiquitin chain appears to be
required for the retrotranslocation process (9, 10), and a frac-
tion of the proteasomes associates with the ER membrane to
degrade these proteins as they emerge (11). The observation
that inhibition of the proteasome activity results in the accu-
mulation of misfolded proteins on the luminal side of the ER
supports this model.
PQC acting in the mitochondria has also been described, but

unlike other PQC, elimination of misfolded proteins from the
mitochondria does not require ubiquitination but rather the
action of the AAA-proteases (12, 13). The mitochondrion is a
complex organelle that contains two membranes, the outer
membrane and the inner membrane. The later forms invagina-
tions called cristae and contains the matrix where mitochon-
drial DNA resides. The space between the inner and outer
membranes is referred to as the intermembrane space (IMS)
and contains several proteins. Most IMS proteins are best
known for their roles in the initiation of apoptosis upon their
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release from the mitochondria and include among others cyto-
chrome c, smac, HtrA2/Omi, and endonuclease-G (endoG).
Recently, the substrates of the AAA-proteases have been

characterized and shown to include soluble proteins from the
matrix and transmembrane proteins from the inner membrane
(14). However, only one protein of the IMS was identified, rais-
ing questions about what regulates the folding quality of these
proteins.
We report here that inhibition of the proteasome leads to the

accumulation of IMS proteins in the mitochondria and that a
ubiquitin-dependent protein quality control limits the import
of mutant IMS proteins. In addition, we found that aberrant
accumulation of mutated IMS proteins promotes the conden-
sation of themitochondria similarly to that observed upon inhi-
bition of the proteasome. Taken together, our results suggest a
novel role of the ubiquitin pathway in the maintenance of the
mitochondria.

EXPERIMENTAL PROCEDURES

Cell Culture, Plasmids, and Transfections—HEK293T were
grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum and antibiotics (Invitrogen). Wild-
type and mutant endonuclease-G were cloned in the
pEGFP-N1plasmid. All transfectionswere performed using the
FuGENETM 6 system, as described by themanufacturer (Roche
Applied Science).
Immunoprecipitation and Immunoblot Analysis—For pro-

tein extractions, cells were washed three times in ice-cold PBS
and lysed in 200 �l of ice-cold lysis buffer (50 mM Tris, pH 7.5,
250mMNaCl, 5mM EDTA, 0.5%Nonidet P-40, 50mMNaF, 0.2
mMNa3VO4, 1 g/ml leupeptin, 1 g/ml pepstatin, 100 g/ml phen-
ylmethylsulfonyl fluoride, 1 mM dithiothreitol). Lysates were
clarified by centrifugation at 13,000 rpm for 20min at 4 °C, and
the protein concentration of the supernatant was assayed using
Bio-Rad protein assay (Bio-Rad). Immunoprecipitations were
performed as described previously (15), and for immunoblot
analysis, proteins were separated by SDS-PAGE electrophore-
sis, transferred to nitrocellulose membrane (PerkinElmer Life
Sciences), and probed with the following antibodies: rabbit
anti-PHB2 (Upstate Biotechnology), mouse anti-FLAG
(Sigma), mouse anti-cytochrome c (BD Biosciences), mouse
anti-tubulin antibody, 12G10 (University of Iowa), mouse
monoclonal anti-Myc antibody 9E10 to detect Myc-ubiquitin,
mouse monoclonal anti-HA 12CA5 to detect HA-ubiquitin,
rabbit anti-endonulceaseG (Calbiochem, PC684), and rabbit
anti-GFP (Santa Cruz Biotechnology, cs-8334). Immunoblots
were developed by ECL (Amersham Biosciences).
Immunofluorescence Staining—HEK293T cells were plated

in 6-well tissue culture plates containing a sterile coverslip at a
density of 2.5 � 105 cells/well and were transfected with GFP-
endoG. Cells were washed three times and fixed in 3.7%
paraformaldehyde-PBS for 15 min at room temperature. The
cells were then permeabilized using PBS containing 0.1%
Triton X-100, 0.5% bovine serum albumin for 5 min at room
temperature. A blocking solution of 2% bovine serum albu-
min, PBS was applied to the cells for 15 min at room tempera-
ture.Mouse anti-endoG (1:200, BD Pharmingen) was used, and
anti-mouse Alexa Fluor 594 or anti-rabbit Alexa Fluor 488

(Molecular probes)was used as secondary antibody at a dilution
of 1/1000 and was incubated for 1 h at room temperature. Fol-
lowing antibody incubations, cells were washed with 1 ml of
0.05% Triton X-100, PBS for 2 min and then rinsed in PBS.
Coverslips were removed from wells and mounted on glass
slides, in Citifluor AF1 (Alltech) mounting solution. Images
were taken on aNikon eclipsemicroscope equippedwith a DIC
L10X and a confocal laser scanningmicroscope (Zeiss LSM510
Meta)and processed using Spot advanced program 3.5.8 (Diag-
nostic Instruments Inc.). All experiments were done at room
temperatures.

RESULTS

Inhibition of the 26 S Proteasome Promotes the Accumulation
of IMS Proteins and Electron-dense Mitochondria—To investi-
gate the potential role of the ubiquitin pathway in the monitor-
ing of IMS proteins, we first inhibited the proteasome using
LLnL and analyzed the effect of such treatment on cytochrome
c by immunofluorescence.We found that the staining intensity
of cytochrome c increased when compared with untreated cells
(supplemental Fig. S1). As LLnL also inhibits the activity of
calpain, the role of the proteasome in this observation was fur-
ther tested using amore specific proteasome inhibitor,MG132.
Treatment with MG132 also led to the accumulation of cyto-
chrome c, and further, led to the clustering of the staining in a
perinuclear location (supplemental Fig. S1). To determine
whether this effect was specific to cytochrome c, immunofluo-
rescence of another intermembrane space protein, namely
endoG, was also performed in the presence or absence of pro-
teasome inhibitors.We found that as it was observedwith cyto-
chrome c, the levels of endoG increased upon treatment with
proteasome inhibitor and further that the staining also dis-
played a clustered pattern (Fig. 1A). The same clustering was
observed using antibody against other IMS proteins, namely
Omi (supplemental Fig. S2), and further, the same observation
was reported by another group using immunofluorescence
against PINK (16); therefore, inhibition of the proteasome leads
to the clustering of all IMS proteins tested.
We next determined the effect of proteasome inhibition on

themitochondria rather than on the staining pattern of individ-
ual IMS proteins using electron microscopy. This analysis
revealed that upon proteasome inhibition, the mitochondria
became filled with electron-dense material when compared
with mitochondria in untreated cells (Fig. 1, B and C). These
results support the notion that upon inhibition of the protea-
some, proteins accumulate in the mitochondria, causing the
opacity, and are consistent with the accumulation of IMS pro-
teins observed by immunofluorescence. Further, these results
raised the possibility that a proteasome-dependent PQC nor-
mally acts to limit the import of excess or misfolded mitochon-
drial proteins. In agreement with this possibility, the accumu-
lation of mitochondrial proteins and the appearance of
electron-densemitochondriawas also reported following treat-
ment with an inhibitor of the chaperone hsp90 (17).
To begin investigating the possibility of a PQC, HEK293T

cells were transfected with wild-type GFP-endonuclease G or a
mutant form of endonuclease G (endoG-N174) in the absence
of proteasome inhibitor. We found that accumulation of wild-
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type endonuclease G led to a normal mitochondrial staining in
78% of the transfected cells (Fig. 1D), whereas in 22% of the
cells, GFP-endoG staining showed a perinuclear clustering sim-
ilar to those observed with endogenous endoG in the presence
of proteasome inhibitor. When mutant endoG was overex-
pressed, the percentage of cells with clustered staining pattern
increased to 58% of cells (Fig. 1D). We then tested the effect of
proteasome inhibitor on the staining pattern of mutant endoG.
We found that upon proteasomal stress, 100% of transfected
cells show GFP-positive clustering with increased staining
intensity (Fig. 1C). The accumulation of mutant endoG in the
mitochondria was confirmed using fractionation of the mito-
chondria and cytosol. As expected, endoG localized to the
mitochondria, and further, treatment with LLnL led to an
increased in the levels of endoG in the mitochondria fraction
but not in the cytosol (supplemental Fig. S3).Wenext tested the
effect of accumulation of mutant endoG on the morphology of
the mitochondria by electronmicroscopy.We found that over-
expression of endoG-N174 also led to the accumulation of elec-
tron-dense mitochondria (Fig. 1E) similar to those observed
upon treatment with proteasome inhibitor (Fig. 1C). However,
the opacity of themitochondria was not as severe as the opacity
observed following proteasome inhibition, suggesting that
although accumulation of IMS proteins such as endoG is likely
to contribute to the appearance of electron dense material,
upon proteasomal stress, stabilization of other proteins also
contribute to this phenotype. In agreementwith this possibility,
inhibition of hsp90 was reported to lead to the accumulation of
mitochondrial proteins from the matrix and inner membrane
(17).
We next determined the effect of expression of endoG-N174

where the mitochondria localization signal was deleted
(endoG-N174�MLS).We found that endoG-N174�MLS local-
ized evenly throughout the cytoplasm and nucleus, and as
expected, did not localize to the mitochondria (supplemental

Fig. S4, a and b). Further, deletion of
themitochondrial signal completely
abolished the ability of endoG-N174
to promote clustering despite the
fact that its expression level was
equal to those of endoG-N174 (sup-
plemental Fig. S4c). This result indi-
cates that overexpression of mutant
endoG does not lead to protein
aggresomes and that import in the
mitochondria is required for the
increased opacity and clustering of
the mitochondria to be observed.
Taken together, these results sug-
gest that the activity of the protea-
some is required to limit the accu-
mulation of proteins in the IMS and
that upon inhibition of the protea-
some, such accumulation contrib-
utes to the collapse of the
mitochondria.
IMS Proteins Are Monitored by a

Ubiquitin-dependent Protein Qual-
ity Control Prior to Their Mitochondrial Import—To further
explore the possibility of a proteasome-dependent PQC for
IMS proteins, we next tested whether wild-type and mutant
endoG are substrates for ubiquitination. We reasoned that if a
PQC is monitoring such proteins, the ubiquitination of mutant
endoG should bemore drastic thanwild-type endoG since such
PQC do not only prevent the presence of excess and unas-
sembled proteins but also promote the selective elimination of
misfolded proteins. We found that although wild-type endoG
was a substrate for ubiquitination, the ubiquitination ofmutant
endoG was drastically increased when compared with wild-
type endoG (Fig. 2A). The same result was obtained with two
additional mutants (supplemental Fig. S5). The increased ubiq-
uitination of mutant versus wild-type version of endoG there-
fore argues that the ubiquitination is not simply due to overex-
pression but rather is consistent with the presence of a PQC of
IMS proteins that selectively target misfolded proteins.
Wenext aimed at addressingwhether the ubiquitination take

place in the cytosol prior to their import in themitochondria, or
as is the case in the endoplasmic reticulum, required import
first and then retrotranslocation and ubiquitination (9, 11). To
distinguish between these two possibilities, the mitochondrial
localization signal (MLS) ofmutant endoGwas deleted, and the
level of its ubiquitination was tested. We found that deletion
of the MLS did not affect the ubiquitination of mutant
endoG (Fig. 2B), suggesting that the ubiquitination does not
require import into the IMS and does not involve retrotrans-
location. Rather, this observation suggests that misfolded
IMS proteins are ubiquitinated and eliminated in the cyto-
plasm prior to their import into the mitochondria. There-
fore, our data suggest that the accumulation of IMS proteins
in the mitochondria following proteasome inhibition is due
to the lack of the elimination of the misfolded IMS proteins
and their import in the mitochondria.

FIGURE 1. Inhibition of the proteasome or accumulation of mutant EndoG promotes mitochondrial con-
densation. A, HEK293T cells were treated with or without the proteasome inhibitor MG132 for 18 h, and the
levels of endogenous endoG was determined by immunofluorescence. B, electron microscopy of the mito-
chondria of untreated HEK293T cells. C, HEK293T cells were treated with MG132 for 18 h, and the mitochondria
were visualized by electron microscopy. The panel on the left shows a wheel-like morphology, whereas the
panel on the right shows dark condensed mitochondria. D, HEK293T cells were transfected with either wild-
type or mutant GFP-endoG for 24 h with and without proteasome inhibitor added for the last 18 h. The
numbers of transfected cells with an even mitochondrial distribution versus a mitochondrial aggregation
pattern were scored. E, HEK293T cells were transfected with mutant endoG for 24 h, and the mitochondria were
visualized by electron microscopy.
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Omi Cleaves endoG Following Proteasome Inhibition—The
analysis of wild-type andmutant endoG revealed that wild-type
but not mutant endoG migrates as a doublet specifically in
response to proteasome inhibition (Fig. 2A), suggesting that
a protease may be activated following proteasome inhibition.
During the course of this study, the mitochondrial protease
Omi, which localized to the intermembrane space along with
endoG, was reported to become activated following phos-
phorylation by PINK kinase in response to a variety of
stresses including proteasome inhibition (18). We therefore
tested whether Omi may be responsible for the cleavage of
endoG following LLnL treatment. We found that transfec-
tion of Omi reduced the level of endoG, suggesting that the
lower band of the doublet represents a partial cleavage prod-
uct that retains the epitope but that Omi is able to degrade
endoG completely (Fig. 2C). The specificity of Omi-medi-
ated cleavage toward wild-type endoG was confirmed using
two additional mutants of endoG. In all mutants tested, no
cleavage was observed when compared with wild-type
endoG (Fig. 2D). This result suggests that although excess or
spontaneously misfolded wild-type endoG may be targeted
for degradation by ubiquitination, when the proteasome
function is inhibited, cleavage by Omi represents a second
checkpoint to limit their accumulation in the mitochondria.
However, elimination of mutant endoG is solely dependent
on the ubiquitin pathway.

DISCUSSION

In this study, we present data
supporting the presence of a PQC
that monitors the folding state of
proteins targeted to the IMS of the
mitochondria. This PQC appears
to act prior to the import into the
IMS based on the observation that
deletion of the mitochondrial tar-
geting signal did not abolish the
ubiquitination of mutant endoG.
One alternative possibility, how-
ever, is that �MLS-endoG-N174
and endoGN-174 mutants are
ubiquitinated by different ubiq-
uitin ligases; �MLS-endoG-N174
is ubiquitinated by one ligase
directly in the cytosol, whereas
endoG-N174 is ubiquitinated by
another ligase that would partici-
pate in its retrotranslocation. In
support of this possibility, during
the course of this work, Margin-
eantu et al. (17) reported that the
OSCP subunit of mitochondrial
F1F0-ATPase is ubiquitinated and
retrotranslocated. Therefore, whether
endoG ubiquitination involves retro-
translocation remains unclear.
The accumulation of mitochon-

drial proteins following inhibition
of the proteasome we describe here is also consistent with the
study by Margineantu et al. (17), which reported similar find-
ings using hsp90 inhibitors. Collectively, the findings reported
here and the study byMargineantu et al. (17) strongly supports
an important role for the ubiquitin pathway in the monitoring
of mitochondrial protein quality.
During the course of this work, another study reported the

activation of Omi following proteasome inhibition (18).
Although several proteins have been reported to be sub-
strates of Omi following its release from the mitochondria
during apoptosis, the mitochondrial substrates of Omi fol-
lowing proteasomal stress remain uncharacterized. We
report here that endoG is a substrate for Omi cleavage fol-
lowing proteasome inhibition. These results not only iden-
tify endoG as substrate for the mitochondrial function of
Omi but also highlight that mutation in endoG render
endoG resistant to such regulation.
These findings have several implications. Since altered func-

tion of the proteasome has been tightly linked to the progres-
sion of several neurodegenerative diseases, the first implication
of our findings is that in the situation where proteasome func-
tion is defective, accumulation of mitochondrial proteins may
cause a collapse of the mitochondrial network. A second impli-
cation is that such a collapse may be accelerated by the acqui-
sition of mutation in IMS proteins such as endoG since such
mutants are more efficient at inducing mitochondrial cluster-

FIGURE 2. Ubiquitin (Ub)-dependent protein quality control and Omi collaborate in the regulation of
endoG. A, HEK293T cells were transfected with the indicated plasmids, and the proteasome inhibitor LLnL
was added 18 h before harvesting. GFP-endoG was immunoprecipitated (IP) using anti-GFP antibody, and
the immunoblot (IB) was developed using anti-Myc to detect ubiquitinated endoG. WT, wild type.
B, HEK293T cells were transfected with the indicated plasmids, and the proteasome inhibitor LLnL was
added 18 h before harvesting. GFP-endoG was immunoprecipitated using anti-GFP antibody, and the
immunoblot was developed using anti-Myc to detect ubiquitinated endoG. C, HEK293T cells were trans-
fected with the indicated plasmids, and the proteasome inhibitor LLnL was added 18 h before harvesting.
The levels of GFP-endoG and Omi were detected by immunoblot using anti-endoG and Omi antibodies,
respectively. D, HEK293T cells were transfected with the indicated plasmids, and the proteasome inhibitor
LLnL was added 18 h before harvesting. The levels of GFP-endoG were detected by immunoblot using
anti-endoG antibody.
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ing and are resistant to the Omi-mediated checkpoint. A third
implication is that mutation in Omi itself, which as been
reported in Parkinson disease, may also contribute to the accel-
erated collapse of themitochondrial network by eliminating the
Omi checkpoint.
Collectively, the picture that emerges from our findings and

that of others is that mitochondrial proteins are regulated by
the ubiquitin-dependent protein quality control, possibly sim-
ilarly to the one acting at the endoplasmic reticulum. Further,
the proteasome also affects the activity of the protease Omi,
which may represent an important second checkpoint to limit
the accumulation of mitochondrial proteins. The observation
that Omi and PINK (16) are both mutated in Parkinson disease
supports this model. Whether other IMS proteins are mutated
in neurodegenerative diseases and whether the combined
defects in proteasome and suchmutations correlate with accel-
erated progression of the disease await further investigations. If
so, our findingsmay help differentiate patients with high risk of
rapid progression from those suffering from a slow and less
aggressive progression.
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