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Regulations of proliferation and quiescence in response to nutri-
tional cues are important for medicine and basic biology. The fission
yeast Schizosaccharomyces pombe serves as a model, owing to the
shift of proliferating cells to the metabolically active quiescence
(designate G0 phase hereafter) by responding to low nitrogen
source. S. pombe G0 phase cells keep alive for months without
growth and division. Nitrogen replenishment reinstates vegetative
proliferation phase (designate VEG). Some 40 genes required for G0
maintenance were identified, but many more remain to be identi-
fied. We here show, using mutants, that the proteasome is required
for maintaining G0 quiescence. Functional outcomes of proteasome
in G0 and VEG phases appear to be distinct. Upon proteasome dys-
function, a number of antioxidant proteins and compounds respon-
sive to ROS (reactive oxygen species) are produced. In addition,
autophagy-mediated destruction of mitochondria occurs, which
suppresses the loss of viability by eliminating ROS-generating mito-
chondria. These defensive responses are found in G0 but not in VEG,
suggesting that the main function of proteasome in G0 phase
homeostasis is to minimize ROS. Proteasome and autophagy are
thus collaborative to support the lifespan of S. pombe G0 phase.
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The transition between cell proliferation andG0/quiescent phase
is finely controlled in response to extracellular conditions, such

as growth factors and nutrient availability (1–3). The regulation of
entry and exit to and from G0 phase is strongly relevant to
tumorigenesis and tissue regeneration. Failure to maintain termi-
nally differentiated cells in the healthy G0 phase may also lead to
diseases such as neurodegeneration. Therefore, regulations of G0
entry, exit, and maintenance are medically important topics.
The fission yeast Schizosaccharomyces pombe has been adopted

as an excellent model organism for cell cycle research and cell
biology, owing to its genetic tractability and similarity to higher
eukaryotic cells. Like mammalian cultured cells, which are intro-
duced toG0 phase by serum starvation (1), proliferating cells of the
fission yeast enter G0 phase in response to low nitrogen (4–6).
Following nitrogen withdrawal from the medium, fission yeast cells
immediately cease cell growth, perform division twice, and arrest in
G0 phase (G0 entry). Arrested G0 cells are metabolically active,
viable for more than 1 month (G0 maintenance), and reinstate
proliferation by nitrogen replenishment (G0 exit). We take
advantage of this feature of fission yeast and adopt this yeast as a
model organism to study the regulatory mechanisms of G0 phase.
Previously, we identified seven genes required for G0 entry and 36
genes for maintenance (5, 6), including regulators of transcription,
chromatin dynamics, vesicle transport, and the actin cytoskeleton.
However, many other factors may remain unidentified.
The ubiquitin/proteasome system, a major proteolytic mecha-

nism in the cell (7), is one possible candidate pathway that may be
essential for G0 phase. The ubiquitin/proteasome system is

involved in cellular essential pathways, such as cell cycle control and
protein quality control. The proteasome is required for M-phase
progression (8), because the proteasome is responsible for the
degradation of themitotic regulators cyclinB and securin (9–13). In
fission yeast, the proteasome is localized to the nucleus, which
guarantees the rapid degradation of Cdc13/cyclin B and Cut2/
securin in the nucleus (14–16). In G0 phase, however, the essential
roles of the proteasome have not been understood well so far. In
this study, we attempt to elucidate essential proteasomal functions
specific toG0phase.We found theproteasomecomplex is exported
from the nucleus to the cytoplasm upon G0 entry. Inactivation of
the proteasome in G0 phase is lethal and leads to the accumulation
of cellular reactive oxygen species (ROS) and massive degradation
of mitochondria by autophagy (mitophagy), which inhibits further
accumulation of ROS. We suggest that the proteasome and selec-
tive mitophagy cooperatively contribute to G0 maintenance via
reducing lethal accumulation of ROS.

Results
Striking alteration of the 26S proteasome localization was
observed during the shift from VEG to G0 phase of S. pombe.
Green fluorescent protein (GFP) tagged to α4 (20S component)
or Pad1/Rpn11 (19S component) was chromosomally integrated
under the native promoter and used to locate the 26S proteasome.
In VEG, the proteasome is enriched in the nucleus and nuclear
envelope (14–16). In G0, nuclear localization signals of α4- and
Pad1-GFP were greatly diminished with the increase of cytoplas-
mic GFP signals, whereas the signal on the nuclear periphery
persisted (Fig. 1A and Fig. S1; G0 and VEG cells are, respectively,
round and rod shaped). The signals were not intrinsic fluo-
rescence, as cells without GFP tagging showed no fluorescence
(Fig. 1A). The proteasome signals remained in the nucleus for 6 h
after the removal of nitrogen (–N), when most cells had finished
the second division and were competent to mate if cells with the
opposite mating type existed. The nuclear proteasome was
diminished at 12 h at the timing of G0 entry (6) (Fig. 1B). The
level of proteasome subunit was unchanged during VEG to G0
transition, whereas the level of Cdc13 mitotic cyclin was greatly
reduced (6) (Fig. 1C). The cytoplasmic α4-GFP signal returned to
the nucleus following treatment with the Crm1/exportin inhibitor
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leptomycin B (LMB) (17) (Fig. 1D), indicating that the protea-
some export to cytoplasm increased at the G0 shift.
To examine whether proteasome-mediated proteolysis existed

in G0 phase, we first isolated the 26S proteasome from both VEG
and G0 extracts and analyzed the compositions by mass spec-
trometry (Fig. S2). Reported subunits and accessory proteins of
the 26S complex (18) were all present in both VEG and G0,
indicating that the regular 26S proteasome existed in G0. Next,
proteolysis and ubiquitination in G0 were examined using mts3-1
(8), a temperature-sensitive mutant of the proteasome subunit
Mts3/Rpn12. Cut8 (a proteasomal localization factor whose
degradation in VEG depends on proteasomal activity) (15, 16)
found to be short-lived in G0 like in VEG phase (Fig. 1E). After
the addition of cycloheximide, a protein synthesis inhibitor, the
level of Cut8 was diminished within 15 min in both VEG and G0
phase in wild type (WT), but not in the mts3-1, suggesting that
Cut8 was actively degraded in a proteasome-dependent manner at
a similar rate in both VEG and G0. Indeed, the level of poly-
ubiquitinated proteins in G0 was already high in mts3-1 at a per-
missive temperature (26 °C), and further increased at the restrictive
temperature (37 °C; Fig. 1F). These findings established that 26S
proteasome-mediated proteolysis was active in G0 phase.
The proteasome was essential for maintenance of the viability

in G0. Themts3-1mutant decreased to 40% viability after 24 h at
37 °C, which further decreased to 0.1% after 72 h at 37 °C in G0
(Fig. 1G). WT sustained high viability (>80%) after 72 h at 37 °C,
and the G0-arrested mts3-1 cells did not lose viability at all for at
least 1 week at 26 °C (Fig. S1). The other proteasome mutant
pad1-932 also lost the viability in G0 at 37 °C (Fig. S1).

Thin-section transmission electron microscopy (TEM) of WT
and mts3-1 (Fig. 1 H–J) revealed abnormalities in cytoplasm and
the nucleus inmts3-1 at 37 °C. First, mitochondria (indicated by m
in WT at 37 °C after 24 h; Fig. 1H) were greatly diminished in
mts3-1. Second, aberrant electron-dense materials (small arrow)
and vesicle-like structures (arrowhead) formed in the mutant
nucleus after 24 h (Fig. 1I) and the nuclear damages further
progressed after 72 h (Fig. 1J). Nuclear chromatin structure
stained by DAPI (Fig. 1J Inset) also became deformed. Unex-
pectedly, the intranuclear vesicle-like structures may be lipid
containing, as they were stained by Nile red that was used to reveal
lipid droplets (storage particles) normally present in cytoplasm
(19) (Fig. S3). A notable mutant phenotype at 26 °C was that
mts3-1 divided only once and arrested after nitrogen withdrawal
(Fig. 1K), whereas WT cells divided twice before arrest (6). The
reason why the second division was omitted inmts3-1 is unknown.
The decrease of mitochondria in G0 proteasome mutant cells

24 h after the shift to 37 °C was verified by MitoTracker Green
stain (20) (Fig. S4). We then made GFP-tagged Sdh2 (succinate
dehydrogenase subunit, amitochondrial protein) integrated at the
C terminus of the chromosomal sdh2+ gene. Resulting Sdh2-GFP
signals expressed under the native promoter in WT and mts3-1
mutant at 26 °C behave like a mitochondria marker, whereas the
GFP signal was greatly diminished in mts3-1 after 24 h at 37 °C
(Fig. 2A and Fig. S4). The protein levels of Sdh2-GFP and Gcv1-
FLAG (mitochondrial glycine decarboxylase, SPAC31G5.14)
detected by immunoblot showed the time course decrease inmts3-
1 at 37 °C after 12 h (Fig. 2B). The decrease of mitochondrial
protein Sdh2-GFP was observed in other proteasome mutants

Fig. 1. Proteasome-enriched cytoplasm is required for the maintenance of G0 cells. (A Upper) Proteasome localization in VEG and G0. α4 subunit and histone
H2A were tagged with green and red fluorescent protein, respectively. G0 cells (A Lower Left, two round cells) and VEG cells (A Upper Right, rod-shaped cell)
were independently prepared and mixed on a glass slide. (Scale bar: 2.5 μm.) (A Lower) negative controls of no-GFP tagged strain. (Scale bar: 5 μm.) (B) Time-
course analysis of proteasome localization after –N. (Vc) Protein amounts in B. α-TUB represents α-tubulin as a loading control. (D) Incubating G0 culture with
250 nM leptomycin B for 8 h induced a change in the proteasome localization from the cytoplasm to the nucleus. (E) The half-life of Cut8, a proteasome
substrate, was examined in both G0 and VEG of WT and mts3-1. Proteins were extracted at the indicated time points after adding cycloheximide (100 μg/mL),
and proteins were detected by immunoblotting. (F) The amount of polyubiquitinated proteins was examined in both WT and mts3-1 mutants in G0. (G) The
change of viabilities of WT and mts3-1 were in G0. (H–J) TEM analysis of G0 cells. (Scale bars: 0.5 μm.) Arrow, an electron-dense deposit; arrowhead, the lipid
droplet in the nucleus; m, a mitochondrion (no mitochondria were visible in I and J; N, nucleus. (Insets) Fluorescent images of chromosomal DNA stained by
DAPI. (Scale bars: 2.5 μm.) (K) mts3-1 mutant cells divided once after –N, whereas WT divided twice.
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(pad1-932, pts1-732 mutated in the β5 subunit, ump1-346, -620
mutated in the 20S assembly factor) (21) (Fig. S4). In VEG phase,
however, the Sdh2-GFP signal did not decrease at all after a
temperature shift to 37 °C, when the mutant ceased dividing
completely, and viability was reduced to 15% (Fig. 2C). Immu-
noblot (Fig. 2D) showed that Sdh2-GFP did not decrease in VEG
even after 24 h at 37 °C (viability decreased to 0%). These findings
established that the marked degradation of mitochondria occur-
red specifically in G0 upon proteasomal inactivation.
To determine whether all principal mitochondrial proteins

disappeared in mts3-1 mutant in G0, comprehensive proteomic
analyses were performed using liquid chromatography-tandem
mass spectrometry (22) (LC-MS/MS; Thermo Fisher LTQ).
Proteins were extracted fromWT andmts3-1 cells at 37 °C for 12 h
inG0 (control extracts made were fromVEG cells cultured for 6 h
at 37 °C). To compare abundance of individual proteins, the
scatter plots were used (Fig. 2E–H). Location of each dot (Fig. 2E
Inset) in the logarithmic x and y axis indicates the protein abun-
dance (22, 23) in the two extracts: when the levels of proteins
between the two samples are identical or similar, the dots are
distributed along the central diagonal line. InWTG0 cells,∼2,000
proteins were detected by LC-MS/MS, in which 256 (light blue
dots) were mitochondrial proteins (a total of 696 mitochondria
proteins among the 5,000 whole proteins reported in the Sanger
Institute GeneDB). In two independently cultured WT G0 cell

extracts (37 °C, 12 h; Fig. 2E), 97% of the 1,917 detected proteins
were located within the boundary of a 4-fold change in the two
samples (indicated by two lines 4.0× and 0.25×). In contrast, 89%
of 2,043 proteins detected fromWT andmts3-1G0 cells (37 °C, 12
h) were within a 4-fold change (Fig. 2F). The abundance of 125
proteins decreased to less than 0.25-fold in mts3-1 (outside of
upper diagonal line), and 60 of them (48%) were mitochondrial
proteins (listed in the green columns of Table S1). The three most
greatly reduced (down to 1–5% in comparison with the levels in
WT G0) proteins, Sdh2, Cyc1 (cytochrome c), and Ilv5 (aceto-
hydroxyacid reductoisomerase), were mitochondrial proteins.
These findings showed that many, but not all, mitochondrial
proteins reduced their levels in mts3-1 G0 phase at 37 °C. No
particular type ofmitochondrial protein was specifically degraded.
The experiment was replicated in VEGphase (Fig. 2G andH). As
expected from cytological results, the proteomic decrease of
mitochondrial proteins was insignificant.
The scatter plot of G0 proteomics data (Fig. 3A) revealed 110

proteins that showed a >4-fold increase in mts3-1 versus WT at
37 °C (Table S2). Among them, the greatest increase (146-fold)
was Hsp16, which belongs to the HSP20/alpha-crystallin heat-
shock protein family. Hsp16 increased not only by the temper-
ature upshift, but also by cadmium, nutrient starvation, and
DNA damage (24). Three others, SPAC11D3.01c (indicated by
1; similar to N. crasssa conidation protein 6) and short-chain

Fig. 2. The number of mitochondria was drastically decreased in proteasome mutants in G0. (A) Mitochondria were visualized in G0 using Sdh2-GFP as a
marker (green). Cell walls were stained by calcofluor (white). (Scale bar: 2 μm.) (B) Mitochondrial protein amounts were decreased in mts3-1 at restrictive
temperature (37 °C) in G0. 24* is the sample extracted from the culture at 26 °C for 24 h. (C) Mitochondria in VEG. (D) Sdh2-GFP levels remained constant at
37 °C in VEG. (E) Scatter plot of emPAI values (protein abundance; see Methods) of proteins detected in two different extracts from WT cells, which were
independently cultured at 37 °C for 12 h in G0. A part of the plot is enlarged in the inset to reveal each protein. Mitochondrial proteins are shown in green
and others in blue. (F) Scatter plot of protein abundance in both WT and mts3-1 cells, which were cultured at 37 °C for 12 h in G0. For both strains, the
experiments were repeated twice and the mean emPAI values were analyzed. The names of the proteins with the lowest levels inmts3-1 are shown. (G and H)
The same experiment as shown in E and F was performed in VEG.
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dehydrogenases SPCC663.06c and SPCC663.08c, that prom-
inently (>20-fold) increased in mts3-1 are known to increase in
the presence of H2O2 (25). SPAC83.17 (4), Multi protein
bridging factor 1 (Mbf1) involved in transcriptional regulation of
many processes, such as lipid metabolism (26), increased 33-fold
in mts3-1 and is responsive to both heat (>5-fold) and cadmium
(∼2.5-fold), like Hsp16. Indeed, many (30%) of the 110 proteins
that increased >4-fold in mts3-1 are responsive to H2O2 and/or
cadmium stress (colored dots; see captions of Fig. 3A). Protea-
some dysfunction seems to activate a number of defensive
functions directly (H2O2 responsive) and indirectly (cadmium
responsive) against oxidative stresses (27).
Toexaminewhethermetabolic compounds against oxidative stress

were produced in G0mts3-1, metabolomic analysis was undertaken
using LC/MS (28). Glutathione (GSH) and ergothioneine, both
authentic antioxidant metabolites (29), were accumulated in G0
mts3-1 (>10-fold; Fig. 3B). Three duplicate experiments produced a
similar increase. GSH and ergothioneine also accumulated in a dif-
ferent proteasome mutant, pts1 -727 (Fig. S5).
H2DCFDA, a chemical compound that produces fluorescence

upon reaction with ROS, was used to stain WT and mts3-1 cells
(30). As seen in Fig. 3C, the fluorescent signals were strong in
mts3-1 G0 phase after 24 h (viability = 36%), whereas WT G0
phase cells showed only weak fluorescence. H2DCFDA signals
began to accumulate in mts3-1 12 h after the temperature upshift
(Fig. S6). At that time point, viability was high (∼80%), so that
fluorescence was not generated by dead cells. In VEG, there
appeared to be no accumulation of ROS in mts3-1 after the
temperature upshift (viability = 15%). The double-stainingmts3-
1 G0 cells with H2DCFDA and MitoTracker showed that the
strong signals of H2DCFDA were located in the mitochondria
and nucleus (Fig. 3D), suggesting that ROS accumulated in the
nucleus and mitochondria in mts3-1 G0.
To explain the above findings, we speculated that ROS was

generated in G0 mts3-1 due to the breakdown of mitochondria,
but the following results suggested that this was not the case.

First, it was found that phenylmethylsulfonyl fluoride (PMSF), a
serine protease inhibitor, when added to the culture, inhibited a
decrease of Sdh2-GFP and Cox2 in G0 mts3-1 (Fig. 4A). PMSF
was reported to inhibit proteolysis in S. pombe vacuoles (31), so
we examined the involvement of autophagy pathway. The double
mutant of mts3-1 and deletion Δatg8 was constructed (Atg8, an
LC3 homolog, is involved in autophagosome formation) (32) and
observed using Sdh2-GFP as the marker of mitochondrial
destruction. In the double-mutant cells at 24 h (37 °C), the level
of Sdh2-GFP did not decrease (Fig. 4B) and the mitochondrial
degradation was virtually absent (Fig. 4C). These findings indi-
cated that mitochondrial degradation in mts3-1 required Atg8. A
surprising outcome was the synthetic lethality of the double
mutant in G0 as shown in Fig. 4D. The viability of the double
mutant sharply decreased after 12 h, and reached 3%, whereas
more than 50% viability was maintained in the single mts3-1.
Corroborating finding was that the accumulation of H2DCFDA
fluorescence was observed already in the double mutant at 6 h,
whereas there was no accumulation in the single mts3-1 at 6 h
(Fig. 4E). After 24 h, fluorescence was much greater in the
double-mutant mts3-1 Δatg8 than in mts3-1. As shown in Fig. 4E
and Fig. S7, H2DCFDA signals were strong along the mito-
chondria in mts3-1 Δatg8, suggesting that autophagy actually
caused the reduction of ROS (perhaps within mitochondria) by
degrading mitochondria that was impaired in G0 phase mts3-1.
In Δatg8 cells, the H2DCFDA fluorescence was not significantly
different from WT after 24 h (Fig. S7). After longer incubation
inG0 (2-3 weeks) at 26 °C, however, the fluorescence was stronger
in Δatg8 cells, accompanied with a viability decrease after 21 days
(Fig. S7). Therefore, autophagy is also required for long-term
survival in G0, though the degree is much less than proteasome
function. This is consistent with the previous report (31).
N-acetyl cysteine (NAC), an antioxidant, was added to the G0

culture to examine the effect on H2DCFDA fluorescence (Fig.
4E). Fluorescence in mts3-1Δatg8 was significantly reduced after
6 h and 24 h. Consistently, the viability of the double mutant with

Fig. 3. ROS accumulated in proteasome mutants in G0. (A) The same experiment as shown in Fig. 2F. Purple, yellow, and pale blue dots represent proteins,
which are transcriptionally induced over 3-fold by H2O2, cadmium (Cd), and both of them, respectively. The proteins with the highest levels in mts3-1 are
indicated by numbers (1∼4; see text). (B) Metabolic analysis revealed glutathione (reduced form; GSH) and ergothioneine in mts3-1 in G0. Chromatogram
patterns of each compound separated by HPLC. Values in red represent the integrated peak area (y axis). See text and Methods. (C) The H2DCFDA signal, an
indicator of ROS, accumulated in mts3-1 cells in G0, but not VEG. The time points shown are 0 h and 24 h after the temperature shift to 37 °C. The viability at
each time point is also presented (%). (Scale bar: 5 μm.) (D) The H2DCFDA (green) signal accumulated in the nucleus (N) and mitochondria (m) inmts3-1 cells 12 h
after the temperature shift. Mitochondria were stained by MitoTracker Orange (red; Invitrogen). (Scale bar: 2 μm.)
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NAC was much higher (83%, 47%, and 39%, respectively, at 20,
24, and 27 h) than the viability of double mutant without NAC
(16%, 3%, and 0.3%, respectively; Fig. 4F). The severe lethality
of the double mutant might thus be due to the abundance of
ROS. Taken together, we concluded that mitochondrial degra-
dation by autophagy is one of many anti-ROS protection events
that occurred after proteasome dysfunction in G0 phase.

Discussion
A principal conclusion in this study is that S. pombe G0 cells
require proteasome function during the maintenance of G0 qui-
escence. This conclusion was obtained using several ts mutants in
the 26S proteasome subunits. Proteasome genes belong to the
group of super housekeeping (6) genes because of their necessity
for both proliferation and quiescence. Note that only 25% of the
essential genes in VEG are also needed for G0 maintenance (6);
many genes essential for proliferation, such as cell division and
DNA replication, are not necessary for G0 maintenance. The
second conclusion is that proteasome functions are quite different
between G0 and VEG phase. This is based on striking defective
phenotypes of proteasome mutants in G0 phase, regarding the
huge increase of oxygen stress-responsive compounds and the
massive decrease of mitochondria that did not occur in VEG
phase. How this difference is explained? The targets of protea-
some may change from VEG to G0 (more cytoplasmic ones in
G0), which may lead to the export of proteasome to cytoplasm in
G0 cells. In carbon-starved cells of the fission yeast, the protea-
some is also exported reversibly to the cytoplasm (33). Necessity of
recycling proteins in G0 (6) may require a number of cytoplasmic
activities for proteasome, whereas in VEG events, such as repli-
cation, rRNA transcription, mitosis, and chromatin dynamics
occur in the nucleus. Actual targets of proteasome inG0 remain to
be clarified, however. In the quiescent/stationary phase of Sac-
charomyces cerevisiae, Aah1p (adenine deaminase) was reported

as a substrate of the proteasome, whereas its proteolysis is not
required for the maintenance of the quiescence (34).
The third, closely related to the second, conclusion of this study

is that proteasome dysfunction in G0 elicits defensive responses,
mainly the production of antioxidant components and the deg-
radation of mitochondria by autophagy. These defensive respon-
ses were not found in VEG cells, suggesting that proteasome
functions in G0 are directly or indirectly involved in minimizing
ROS.We provide evidence that viability loss inG0 is caused by the
accumulation of oxidative stress. In addition, autophagy-mediated
mitochondrial degradation in fact saved proteasome mutant G0
cells. In other words, proteasome collaborates with autophagy in
supporting the longevity of G0 cells. Beside the loss of viability,
physically aberrant structures were observed in G0mts3-1mutant.
Initially observed were the accumulation of electron-dense
materials and the internal vesicles in the nucleus. At this timing,
viability was high, suggesting that an abnormality in nuclear
envelope or nuclear-cytoplasmic shuttling might be initial events
that lead to the accumulation of ROS and mitochondrial dys-
function. Note thatmost ofmitochondrial proteins are encoded by
chromosomal genes. Aberrant mitochondria possibly producing
a bulk of ROS then form, which in turn activate autophagy-
dependent mitochondrial degradation. Our findings are con-
sistent with this hypothesis. Proteasome and autophagy seem
to support life of nondividing G0 phase cells (chronological life-
span). Our metabolomic and proteomic analyses identify anti-
oxidant metabolites (glutathione, ergothioneine) and many ROS-
defensive proteins that increase their levels in mts3-1 G0 cells. In
mammalian neurons, inactivation of the proteasome leads toROS
accumulation, mitochondrial injury, and cell death (35–37), which
are related to neurodegeneration. Injured mitochondria may be
degraded by autophagy (mitophagy). Recent studies suggested
that several proteins are involved in mitophagy, such as Atg32 (in
budding yeast) (38, 39) and Park2 (E3 ligase responsible for Par-
kinson disease) (40, 41). Although neither protein has obvious

Fig. 4. Autophagy is involved in degrading mitochondria to reduce the lethal accumulation of oxidative stress in G0. (A) PMSF (2 mM) inhibited the decrease
of mitochondrial proteins in mts3-1 in G0. (B) Sdh2-GFP signals (green) maintained a tubular structure in the mts3-1Δatg8 double mutant, whereas the signal
was greatly decreased in the mts3-1 mutant. Both cells were cultured in G0 at 37 °C for 24 h. (Scale bar: 2 μm.) (C) The amount of Sdh2-GFP proteins was kept
constant in the mts3-1Δatg8 double mutant. (D) The viabilities of WT (blue), mts3-1 (red), mts3-1Δatg8 (orange), and Δatg8 (green) were examined after the
temperature shift to 37 °C in G0. (E) The accumulation of oxidative stress was examined using H2DCFDA. In themts3-1Δatg8 double mutant, but not inmts3-1,
stronger H2DCFDA signals appeared 6 h after the temperature shift. At 24 h, the signal in the double mutant was still stronger than that in mts3-1. The
addition of 30 mM N-acetyl cysteine (NAC) reduced H2DCFDA signal intensity in the double mutant at 6 and 24 h. (Scale bar: 4 μm.) (F) NAC treatment rescued
the viability of the mts3-1Δatg8 double mutant. Orange solid triangle, culture without NAC; orange empty triangle, culture with NAC.
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homologs in S. pombe, there could be a common mechanism by
which injured mitochondria might be scavenged. Proteasome
inhibitors PS-519 and PS-341 are recently developed therapeutics
used to treat inflammation and cancer, such as multiple myeloma.
The present findings that proteasome dysfunction produces the
autophagy-mediated degradation of mitochondria accompanying a
number of defensive cellular functions against the elevated level of
ROS, which may cause apoptotic removal of the drug-target
mammalian cells, might explain some aspects of these drug effects.

Methods
Strain, Medium, and Culture. S. pombe heterothallic haploids 972h− and 975h+

and their derivatives were used. Complete YE and Edinburgh Minimal Media
2 (EMM2) were used to culture S. pombe (42). For G0 induction, exponentially
growing cells at 26 °C in EMM2 were harvested by vacuum filtration using a
nitrocellulose membrane, washed with EMM2-N (EMM2 without nitrogen
source), suspended in EMM2-N at a concentration of 2 × 106 or 5 × 106 cells/
mL, and incubated for 24 h at 26 °C (4). To examine temperature-sensitive
mutants, G0 cells of each strain were shifted from 26 °C to 37 °C.

Immunochemical Methods. For immunoblot analysis, total proteins were
extracted using the trichloroacetic acid (TCA) method. Identical amounts of
proteins were separated by SDS/PAGE gel and blotted to nitrocellulose mem-
branes. Anti-Cut8, anti-Pad1, anti-Hxk2, anti-Cox2 (a gift fromN. Bonnefoy, Gif-
Sur-Yvette, France), anti-α-tubulin (TAT1; a gift from K. Gull, Oxford, UK),
anti-GFP (Roche), and anti-FLAG (Sigma) antibodies were used as primary

antibodies. Horseradish peroxidase-conjugated secondary antibodies and an
ECL chemiluminescence system (Amersham) were used to amplify signal
expression.

Proteomics and Metabolite Analysis. To identify immunoprecipitated proteins,
we used the procedure reported by Hayashi et al. (22), with some mod-
ifications. For whole-proteome analysis, total proteins were extracted, sep-
arated by SDS/PAGE, in-gel digested, and analyzed with LC-MS/MS. All MS/
MS spectra were searched against an S. pombe nonredundant protein
database with the Mascot program (Matrix Science). The output data from
Mascot was analyzed using in-house software to select reliable peptides and
calculate emPAI values (23). For metabolite analysis, we followed methods
described previously (28). See SI Methods for details.

Microscopy.All imageswere acquired using anAxioPlan 2 (Zeiss) or DeltaVision
(Applied Precision) microscope setup. For mitochondrial staining, Mitotracker
Green FM and MitoTracker Orange (Invitrogen) were used (20). To obtain
mitochondrial images in whole cells, we scanned 21 z-axis sections at a 0.2-μm
interval, and the obtained images were deconvolved and projected on a 2D
plane. For oxidative stress staining via H2DCFDA (Invitrogen), we followed the
method reported (30). For TEM analysis, see SI Methods for details.
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