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Mitophagy in Yeast Occurs through a Selective Mechanism™
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The regulation of mitochondrial degradation through auto-
phagy is expected to be a tightly controlled process, considering
the significant role of this organelle in many processes ranging
from energy production to cell death. However, very little is
known about the specific nature of the degradation process. We
developed a new method to detect mitochondrial autophagy
(mitophagy) by fusing the green fluorescent protein at the C
terminus of two endogenous mitochondrial proteins and moni-
tored vacuolar release of green fluorescent protein. Using this
method, we screened several atg mutants and found that
ATG11, a gene that is essential only for selective autophagy, is
also essential for mitophagy. In addition, we found that mitoph-
agy is blocked even under severe starvation conditions, if the
carbon source makes mitochondria essential for metabolism.
These findings suggest that the degradation of mitochondriais a
tightly regulated process and that these organelles are largely
protected from nonspecific autophagic degradation.

The mitochondrion is an organelle that carries out a number
of important metabolic processes such as fatty acid oxidation,
the Krebs cycle, and oxidative phosphorylation. Mitochondria
also have a key role in the regulation of apoptosis (1). Mitochon-
drial oxidative phosphorylation supplies a large amount of
energy that contributes to a range of cellular activities. How-
ever, this organelle is also the major source of cellular reactive
oxygen species that cause damage to mitochondrial lipid, DNA,
and proteins, and the accumulation of this damage is related to
aging, cancer, and neurodegenerative diseases (2). Thus, quality
control of mitochondria is important to maintain cellular
homeostasis. In fact, mitochondria have some of their own
quality control systems including a protein degradation system
(3), DNA repair enzymes (4, 5), and phospholipid hydroperox-
ide glutathione peroxidase (6). In addition, it has long been
assumed that autophagy is the pathway for mitochondrial recy-
cling, and various theories suggest that a specific targeting of
damaged mitochondria to vacuoles or lysosomes occurs by
autophagy (7), although there is little direct experimental evi-
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dence for selective recognition of mitochondria. Very recently,
several studies suggest that selective mitochondrial degrada-
tion via autophagy (mitophagy) might play an important role
for mitochondrial quality control (8 —12).

Macroautophagy is the bulk degradation of cytoplasmic
components that allows cells to respond to various types of
stress and to adapt to changing nutrient conditions (13, 14).
After certain environmental cues such as nutrient deprivation
or hormonal stimuli, cells dynamically sequester portions of the
cytoplasm within double-membrane cytosolic vesicles, called
autophagosomes, and the completed vesicles subsequently fuse
with lysosomes/vacuoles (15, 16). There are a number of selec-
tive autophagy pathways that appear to target specific cellular
components, and the cytoplasm to vacuole targeting (Cvt)*
pathway and pexophagy are well understood examples. The Cvt
pathway is an autophagy-like process that encompasses the bio-
synthetic routes of two known proteins, aminopeptidase I
(Apel) and a-mannosidase, without delivering any additional
known cargo to the vacuole (16, 17). Pexophagy is the selective
degradation of peroxisomes via autophagy that occurs particu-
larly when cells are shifted from conditions where these
organelles are required for metabolism to ones where they are
no longer necessary (18). There are several lines of evidence
from yeast to mammal that suggest that mitophagy is another
type of selective autophagy. In mammalian cells, the mitochon-
drial permeability transition induces mitochondrial degrada-
tion (19, 20), and daughter mitochondria with reduced mem-
brane potential after a fission event are more likely to be
targeted by autophagy (11). In yeast, alterations of F F,-ATPase
biogenesis in a conditional mutant triggers autophagy (9).
Moreover, Aupl and Uthl, both mitochondrial proteins, have
been shown to be essential in inducing mitophagy (21-23).

The molecular breakthroughs in autophagy including the
identification of the molecular components of the Cvt pathway
and pexophagy have taken place during only the past decade.
The start of the molecular realm of autophagy began with the
identification of autophagy-related (ATG) genes by genetic
screening in yeast (24, 25). To date, 31 ATG genes have been
identified, and the biological properties of some Atg proteins
have been characterized. Compared with autophagy, the
genetic and molecular mechanisms of mitophagy are still
poorly understood. This is in part due to the absence of a sen-
sitive and convenient method for mitophagy induction and
detection. For example, Tal et al. (21) culture cells for more
than 3 days to induce mitophagy, and Kissova et al., (23) use

2 The abbreviations used are: Cvt, cytoplasm to vacuole targeting; GFP, green
fluorescent protein; HA, hemagglutinin; PAS, phagophore assembly site.
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TABLE 1
Yeast strains used in this study

Strain Genotype Source
BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0 Invitrogen
CWY239  SEY6210 atgl7A:KAN Ref. 39
D3Y108 SEY6210 atg24A::HIS3 S.k. Ref. 38
D3Y109 SEY6210 atg20A::HIS3 S.k. Ref. 38
FRY112 SEY6210 atg8A::HIS5 S.p. This study
HAY456  SEY6210 atg9A::HISS S.p. Ref. 52
HCY109  SEY6210 atg29A:KAN This study
HCY111  SEY6210 atg31A::HISS S.p. This study
SEY6210  MATa his3-A200 leu2-3,112 lys2-801 Ref. 53

trp1-A901 ura3-52 suc2-A9 GAL
SSY31 SEY6210 atgl9A:: HIS5 S.p. Ref. 42
TKYM22  SEY6210 OM45-GFP::TRP1 This study
TKYM29  SEY6210 pep4A::LEU2, OM45-GFP::TRP1 This study
TKYM50  SEY6210 IDHI-GFP:KAN This study
TKYM58  TN124 OM45-GFP:: TRP1 This study
TKYM81  SEY6210 pep4A::LEU2, IDH-GFP::TRP1 This study
TN124 MATa leu2-3,112 ura3-52 trpl pho8:pho8A60 Ref. 27
phol3A:LEU2

WHY1 SEY6210 atglA:HIS5 S.p. Ref. 36
YTS147 SEY6210 atgl IA:LEU2 This study

electron microscopy to detect the presence of mitochondria in
the vacuole.

In this study, we established a sensitive and convenient
method to monitor mitophagy. Using this method, we screened
several atg mutants and found that ATG11, a gene that is essen-
tial for only selective autophagy, is also essential for mitophagy.
In addition, we found that mitophagy is blocked even under
severe starvation conditions, if the carbon source makes mito-
chondria essential for metabolism. These findings suggest that
the degradation of mitochondria is a tightly regulated process
and that these organelles may be protected from nonspecific
autophagic degradation.

EXPERIMENTAL PROCEDURES

Strains and Media—The yeast strains used in this study are
listed in Table 1. Yeast cells were grown in rich medium (YPD;
1% yeast extract, 2% peptone, 2% glucose), lactate medium
(YPL; 1% yeast extract, 2% peptone, 2% lactate), synthetic min-
imal medium with glucose (0.67% yeast nitrogen base, 2% glu-
cose, amino acids, and vitamins), synthetic minimal medium
with galactose (0.67% yeast nitrogen base, 2% galactose, amino
acids, and vitamins), or synthetic minimal medium with lactate
(SML; 0.67% yeast nitrogen base, 2% lactate, amino acids, and
vitamins). Starvation experiments were performed in synthetic
minimal medium lacking nitrogen (SD-N; 0.17% yeast nitrogen
base without amino acids, 2% glucose; or SL-N, 0.17% yeast
nitrogen base without amino acids, 2% lactate).

PCR-based integration of a DNA fragment encoding green
fluorescent protein (GFP) at the 3’ end of OM45, IDH1, and
PEX14 generated cells expressing chromosomally tagged
Om45-GFP, 1dh1-GFP, and Pex14-GFP, respectively, for the
mitophagy and pexophagy assays (26).

Plasmids and Antibodies—A  doxycycline-regulated
Mdm38-HA expression strain was generated by PCR amplifi-
cation of the MDM38 gene with an HA tag from yeast genomic
DNA using the following primers: 5-MDM38 —1M-BamH1, 5'-
ATATGGATCCATGTTGAATTTCGCATCAAGAGCG-3';
3-MDM38-HAstop-Pstl, 5'-ATATCTGCAGCTAAGCATA-
GTCAGGCACATCATAGGGGTAATCTTTCTTAATGAC-
AAAAGTCTTCGC-3'. The BamHI-Pstl fragment was
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FIGURE 1. Monitoring mitophagy using C-terminal GFP-tagged mito-
chondrial protein processing during amino acid starvation. Wild-type
(WT), atg1A, or pep4A strains expressing Om45-GFP (A) or Idh1-GFP (B) were
cultured in YPL medium to mid-log growth phase and then shifted to SD-N
medium for 0, 4 and 6 h. GFP processing was monitored by immunoblotting
with anti-GFP and anti-Pgk1 (loading control) antibody or antiserum, respec-
tively. The positions of molecular mass markers are indicated on the right.

inserted into the respective site of the vector pCM189, yielding
pTet-MDM38HA. The plasmid to express Myc-tagged Atgll
(pMyc-Atgl1) has been described previously (17). Monoclonal
anti-GFP antibody clone 7.1 and 13.1 mixture (Roche Applied
Science), monoclonal anti-YFP antibody clone JL8 (Clontech,
Mountain View, CA), and anti-Pgkl antibody (a generous gift
from Dr. Jeremy Thorner (University of California, Berkeley))
were used for immunoblotting.

Fluorescence Microscopy—Cells expressing fusion proteins
with fluorescent tags were grown in YPL medium for the indi-
cated times, and then cells were washed in SML medium before
observation. Fluorescence signals were visualized on a wide
field fluorescence inverted microscope (Olympus IX-70;
Mellville, NY) equipped with a 100X oil NA 1.4 objective lens
and fluorescein isothiocyanate filters. The images were cap-
tured by a Photometrix CoolSnap HQ camera (Photometrics,
Tucson, AZ).

Mitophagy Assays—For Assay 1, cells grown in YPD medium
to mid-log phase were shifted to YPL medium (starting from
Agoo = 0.1) for 12 h. For starvation, the cells were washed in
water two times and cultured in SD-N. The cells were collected
at 0,4, and 6 h, and the cell lysates equivalent to Ay, = 0.1 unit
of cells were subjected to immunoblot analysis. For Assay 2,
cells grown in YPD medium to mid-log phase were shifted to
YPL medium (starting from Ay, = 0.1). After 12 = 2 h (day 1),
36 = 5h (day 2), and 60 = 5 h (day 3), the cells were collected
and used for immunoblotting and fluorescence microscopy
analysis.
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trast, strains deleted for ATGI,
encoding a protein kinase essential
for macroautophagy, or PEP4, one
of the main vacuolar hydrolases, did
not show GFP processing, suggest-
ing that the appearance of free GFP
was autophagy- and vacuole-
dependent (Fig. 1).
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FIGURE 2. Monitoring mitophagy using C-terminal GFP-tagged mitochondrial protein processing at
post-log phase. Wild-type (WT), atg 1A, and pep4A strains expressing Om45-GFP or Idh1-GFP were cultured in
YPL medium for 1-3 days. The localization of GFP was visualized by fluorescence microscopy at day 2 (A), and
GFP processing was monitored by immunoblotting with anti-GFP and anti-Pgk1 (loading control) antibody
and antiserum, respectively, at the indicated days in the strains expressing Om45-GFP (B) or [dh1-GFP (C). DIC,

differential interference contrast.

Assays for Autophagy and Pexophagy—For monitoring bulk
autophagy, the alkaline phosphatase activity of Pho8A60 and
processing of GFP-Atg8 were carried out as described previ-
ously (27, 28). Pex14-GFP processing to monitor pexophagy
has been described previously (29, 30).

RESULTS

Monitoring Mitophagy Using C-terminal GFP-tagged Mito-
chondrial Protein Processing and Fluorescence Microscopy—To
establish a method to induce and detect mitophagy in yeast, we
took advantage of the observation that GFP present in fusion
constructs is relatively stable within the vacuole lumen and is
often released as an intact protein after delivery to the vacuole
(28). Therefore, we tagged the C terminus of several different
mitochondrial proteins with GFP and monitored mitophagy by
examining the localization and degradation of the chimera,
with the concomitant release of free GFP, in the vacuole under
several culture conditions. When cells were grown in medium
with 2% lactate as the sole carbon source (YPL) for more than
12 h and then shifted to SD-N medium, two of the GFP-tagged
mitochondrial proteins, the mitochondrial outer membrane
protein Om45 and the matrix protein Idh1, showed GFP proc-
essing to an extent that depended on the duration of nitrogen
starvation (Fig. 1, WT). This processing was not dependent on
mitochondrial endogenous proteinases (such as Lon or Clpl),
because both a mitochondrial outer membrane and matrix pro-
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tion of PEP4 blocked GFP process-
ing (Fig. 2, B and C) but showed
vacuolar dotted fluorescence likely
corresponding to autophagic bodies
containing mitochondria as a cargo
(Fig. 24, bottom panels). These find-
ings reconfirmed that processing of GFP-tagged mitochondrial
proteins is autophagy-dependent and suggests that we are
monitoring actual mitophagy. The time course of cell growth
and mitophagy in lactate medium revealed that mitophagy was
induced when cells reached post-log to stationary phase growth
(data not shown).

Previous studies have examined mitochondrial degradation
induced by the doxycycline-regulated shut-off of the MDM38
gene (10) or by impairing the bioenergetic status and the biogene-
sis of mitochondria using mutants defective in assembly or stabil-
ity of the F,F,-ATPase (9). We used an identical doxycycline-reg-
ulated MDAM38 strain and separately used the mitochondrial
complex V (ATP synthase) inhibitor oligomycin to determine
whether our system relying on cleavage of OM45-GFP replicated
these results. We found that free GFP was detected in either case,
although the amount of processed GFP was extremely low com-
pared with the mitophagy induction shown above (supplemental
Fig. S1A and S2). Therefore, we repeated the analysis with oligo-
mycin examining the effect over time and found that there was an
increase in mitophagy that corresponded to the exposure time to
the drug (supplemental Fig. S1B). These results fit with the previ-
ous findings that interference with the function of the F,F;-
ATPase induces mitophagy (9).

Mitophagy Is Regulated Independent from Macroautophagy—
Having developed a system that can be used to monitor mito-
phagy, we next wanted to address the question of whether this
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FIGURE 3. Macroautophagy occurs independent of mitophagy. Wild-type
(WT) cells expressing Idh1-GFP (A) or GFP-Atg8 (B) were cultured in YPL
medium for 12 h and then starved in SD-N or SL-N for up to 6 h. The cells were
collected at the indicated time points, and cell lysates equivalent to Agy, = 0.1
unit of cells were subjected to immunoblot analysis with anti-GFP and anti-
Pgk1 (loading control) antibody or antiserum, respectively. C, the Pho8A60
strain (TN124) expressing Om45-GFP was cultured in YPL medium for 12 h
and starved in SD-N or SL-N for 6 h. Cell lysates equivalent to Ago, = 0.1 unit of
cells were subjected to immunoblot analysis as above. D, cell lysates equiva-
lentto Agy = 2 units of cells were analyzed by the Pho8A60 activity assay. The
Pho8A60 activity of wild-type cells starved in SD-N was set to 100%. The
values represent the mean and standard deviation from three independent
experiments. The Pho8A60 activity of the atglA strain cultured in YPL is
shown to indicate the background activity of this assay.

process can occur in a selective manner. When cells are cul-
tured with a nonfermentable carbon source, a situation where
cells require mitochondrial oxidative phosphorylation for cell
growth, the number of mitochondria and the mass amount of
mitochondrial proteins are increased (31-33). If the medium is
shifted to a fermentable carbon source, the level of mitochon-
dria is eventually decreased. To determine whether the reduc-
tion of mitochondria is caused by mitophagy, wild-type cells
expressing Om45-GFP were grown in YPL medium to mid-log
phase and shifted to glucose medium (YPD) for 6 h, and mito-
phagy was monitored by GFP processing. Under these condi-
tions, however, mitophagy was barely detected (data not
shown). On the other hand, if we shifted the cells to SD-N
medium, we detected a substantial level of free GFP (Fig. 3A). In
contrast, when cells cultured in YPL were shifted to nitrogen
starvation medium supplemented with lactate (SL-N) instead
of glucose, mitophagy occurred at a very low level (Fig. 3A4).
These results suggest that detectable levels of mitophagy were
not induced simply by shifting to a fermentable carbon source
(YPD) or by shifting to starvation conditions in the presence of
anonfermentable carbon source (SL-N). To determine whether
the lack of GFP processing reflected a block in mitophagy or a
general block in macroautophagy, we next examined a marker
for the latter process. Atg8 is one of two Atg proteins that
remain associated with the completed autophagosome. There-
fore, processing of GFP-Atg8 can be used to monitor nonspe-
cific autophagy (34). We expressed GFP-Atg8 in the same cell
background and monitored GFP-Atg8 processing after shifting
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FIGURE 4. Screening atg mutants for potential mitophagy defects during
starvation. Strains deleted for the indicated ATG genes and expressing
Om45-GFP were screened for potential mitophagy activity using the method
demonstrated in Fig. 1. The atg mutant strains in A are either defective in all
types of autophagy (atg8A and atg9A) or are defective in the Cvt pathway.
The atg mutant strains in B are defective for all types of autophagy (atg7A) or
are defective in nonspecific macroautophagy, but are normal for the Cvt
pathway. The relative amount of processed GFP was calculated. The values
represent the means and standard deviation from three independent exper-
iments. WT, wild type.

to SD-N or SL-N. In this case, the amount of processed GFP was
almost the same in both conditions, indicating that SL-N
medium still induced a starvation response (Fig. 3B).

To measure autophagic activity quantitatively, we used an
additional assay. Pho8A60 is a truncated form of the vacuolar
membrane enzyme alkaline phosphatase, which is normally
delivered to this organelle through a portion of the secretory
pathway. Pho8A60 lacks the N-terminal transmembrane
domain that serves as an internal uncleaved signal sequence,
and the altered protein remains in the cytosol; it is only deliv-
ered to the vacuole by autophagy, which results in cleavage of
the C-terminal propeptide and enzyme activation. Thus, this
assay monitors nonspecific autophagy (27, 35). We
expressed Om45-GFP in the Pho8A60 strain and then mon-
itored mitophagy and autophagic activity. As before, mito-
phagy was barely induced after cells were shifted to SL-N
compared with SD-N. On the other hand, autophagic activ-
ity based on Pho8A60 activity was almost the same in both
conditions (Fig. 3, C and D).

Screening atg Mutants for Potential Mitophagy Defects—Cur-
rently, 31 genes are denoted as autophagy-related (ATG). We
examined the mitophagy capacity of the atg mutants during
starvation. ATG genes that are essential for both specific and
nonspecific autophagy such as ATG8 and ATG9 were also
essential for mitophagy (Fig. 44 and supplemental Fig. S3), in
agreement with previous reports (12, 21, 23). Atgl9 functions
as a receptor for precursor Apel (prApel) and is specific for the
Cvt pathway (36), and the absence of Atg19 did not affect mito-
phagy. In contrast, the atgl 1A mutant was completely blocked
for the degradation of mitochondria (Fig. 44 and supplemental
Fig. S3). Atgll appears to function as an adaptor or scaffold
protein and is needed for both the Cvt pathway and pexophagy
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FIGURE 5. Screening atg mutants for mitophagy defects during post-log phase growth. Strains deleted for
the indicated ATG genes and expressing Om45-GFP were cultured in YPL medium for 2 days. A, cells were
collected at the indicated days and monitored for GFP processing by immunoblotting. The relative amount of
processed GFP was calculated. The values represent the means and standard deviation from three indepen-
dent experiments. B, the indicated strains cultured in YPL for 2 days were observed by fluorescence micros-
copy. The phenotype of the atg8A strain was essentially identical to that of atg9A, and that of atg20A was
essentially identical to that of atg24A. DIC, differential interference contrast. WT, wild type.

but not for nonspecific autophagy
(37). The block in mitophagy seen in
the atglIA strain was rescued by
expressing Myc-tagged Atgl1 (data
not shown), indicating that the
defect was due to the absence of this
protein.

To determine whether this block
was specific to the atgl IA strain, we
next examined other afg mutant
strains that are defective for selec-
tive autophagy but that have little or
no effect on bulk autophagy. The
atg20A and atg24A strains both
showed a strong block in mitoph-
agy, although not as severe as that
seen with atglIA (Fig. 4A). Essen-
tially the same results were obtained
at the post-logarithmic phase in lac-
tate medium (Fig. 5). Because the
atgl 1A, atg20A, and atg24A strains
displayed substantial blocks in
mitophagy but are essentially nor-
mal for macroautophagy (37, 38),
these findings suggest that mitoph-
agy is a selective process. The
atgl7A, atg29A, and atg31A strains
are normal for the Cvt pathway and
display substantial but not complete
blocks in autophagy (30, 39, 40).
These strains also showed signifi-
cant blocks in mitophagy that varied
depending on the culture condi-
tions (Figs. 4B and 5).

Relationship between Selective
Autophagy and ATG Genes—Mito-
phagy is a selective type of organelle
degradation, whereas the Cvt path-
way is a biosynthetic route for the
delivery of resident vacuolar hydro-
lases. Even though the Cvt pathway
uses most of the same autophagic
machinery as nonspecific autoph-
agy, we decided to examine another
type of selective organelle degrada-
tion, pexophagy. Accordingly, we
tagged various afg mutant strains
with Pex14-GFP. Pex14 is a peroxi-
somal membrane protein, and proc-
essing of Pex14-GFP can be used to
monitor autophagic degradation of
peroxisomes (41). Pexophagy has
been analyzed in some of the atg
mutants (29, 30, 37-39, 42, 43) but
not in the atg29A or atg3IA strains.
Using wild-type and atg mutant
strains, peroxisome biogenesis was
induced in medium supplemented
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with 0.1% oleic acid instead of glucose, and the cells were then
shifted to glucose-containing starvation medium (SD-N) to
induce pexophagy. After 2 and 4 h, Pex14-GFP processing was
monitored by immunoblotting. The wild-type strain displayed
clear processing of Pex14-GFP, which reflected pexophagy (Fig.
6). In contrast, the atgl IA, atg20A, and atg24A mutants that are
defective in selective autophagy (i.e. the Cvt pathway; Fig. 6C)
displayed severe blocks in pexophagy, as previously reported
(37, 38). The atgl 7A and atg29A mutants, which are essentially
normal for the Cvt pathway (Fig. 6C) showed partial blocks in
pexophagy, whereas atg31A cells displayed a more severe block
(Fig. 6B).
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FIGURE 6. Analysis of pexophagy and the Cvt pathway. Wild-type (WT) and
atg11A, atg20A, and atg24A (A) or atg17A, atg29A, and atg31A (B) strains
expressing Pex14-GFP were cultured with oleic acid-containing medium for
19 h, then shifted to SD-N for the indicated times, and monitored for GFP
processing by immunoblotting. The asterisks indicate nonspecific bands. The
relative amount of processed GFP was calculated. The values represent the
means and standard deviation from three independent experiments. C, each
mutant was cultured in YPD medium and analyzed for prApe1 maturation by
immunoblotting to monitor the Cvt pathway during vegetative growth. The
positions of precursor and mature Ape1 are indicated.
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TABLE 2
Defects in selective versus nonselective autophagy
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Table 2 summarizes the relationship between selective and
nonselective autophagy and the ATG genes. ATG1, ATGS, and
ATGY (and most of the ATG genes) are essential for all types of
autophagy. Mutants in the corresponding genes display defects
in both selective and nonselective autophagic processes. In con-
trast, ATG11, ATG20,and ATG24 are linked only with selective
autophagy and are essentially normal for bulk autophagy; Atg19
is areceptor for prApel and is only blocked in the Cvt pathway.
On the other hand, ATG17, ATG29, and ATG31 showed a dif-
ferent pattern of autophagy blockage; strains deleted for these
genes were defective for macroautophagy, pexophagy, and
mitophagy, but not the Cvt pathway. These results are consist-
ent with recent reports showing that these latter three proteins
form part of a complex that functions in the early stages of
phagophore assembly site (PAS) formation (44, 45). This result
also suggests that although the Cvt pathway, pexophagy, and
mitophagy are all selective types of autophagy, there are some
differences between the Cvt pathway and organelle-specific
types of autophagy with regard to the requirement for particu-
lar ATG genes.

DISCUSSION

The Case for Selective Mitophagy—The presence of mito-
chondria within an autophagosome was first reported by Clark
(46) in mammalian cells and by Takeshige et al. (47) in yeast.
Since then, it is thought that mitochondria are nonselectively
engulfed by autophagosomes as a part of the cytoplasm during
macroautopahgy. Recently, however, it has been suggested that
engulfment of mitochondria also occurs through a selective
process (22, 23, 48, 49). This idea of selective degradation is
supported by the following: 1) the mitochondrial permeability
transition or reduced mitochondrial membrane potential
induces mitochondrial degradation in mammalian cells (11, 19,
20); 2) in yeast, alterations of FF;-ATPase biogenesis in a con-
ditional mutant trigger mitophagy (9); and 3) Mdm38 protein
depletion causes loss of mitochondrial K¥/H™" exchange activ-
ity and induces mitophagy (10).

In this study, we established a sensitive and convenient
method to monitor mitophagy (Figs. 1 and 2). The screening of
several atg mutants revealed that the ATGI11, ATG20, and
ATG24 genes, which are essential only for selective-autophagy,
are also essential for mitophagy (Figs. 4 and 5). In addition, we
demonstrated that mitophagy is induced when the carbon
source makes mitochondria nonessential but blocked when the
function of these organelles is needed for metabolism of a par-

The number of plus signs is meant to indicate the approximate severity of the defect. —, no defect.

Macroautophagy ~ Cvt pathway = Pexophagy = Mitophagy
Gene defect defect defect defect Source
Mutants blocked in all pathways ATG1 +++ +++ +++ +++ Refs. 27, 29, and 54
ATGS8 +++ +++ +++ +++ Refs. 29, 55, and 56
ATGY +++ +++ +++ +++ Refs. 43 and 57
Mutants blocked in the Cvt pathway and pexophagy =~ ATGI1I — +++ +++ +++ Ref. 37
ATG20 — +++ ++ ++ Ref. 38
ATG24 — +++ ++ ++ Ref. 38
Mutants blocked in nonselective autophagy ATG17 ++ — ++ +++ Ref. 39
ATG29 +++ — ++ +++ Ref. 40
ATG31 +++ — +++ ++ Ref. 44
Mutants blocked in the Cvt pathway only ATG19 — +++ — — Ref. 42

NOVEMBER 21, 2008« VOLUME 283 +-NUMBER 47

JOURNAL OF BIOLOGICAL CHEMISTRY 32391



Regulation of Mitophagy

ticular carbon source, suggesting that mitophagy is controlled
separately from bulk macroautophagy. These findings suggest
that mitophagy is one type of selective autophagy, controlled by
the same Atg components as other autophagic processes, but
that it may be regulated by a unique set of conditions.

Mitophagy requires certain ATG genes suchas ATG1,ATGS,
and ATGY, similar to other types of nonselective and selective
autophagy (12, 21, 23) (Table 2). In addition, as noted above,
ATGI11, ATG20, and ATG24, which are essential for the Cvt
pathway and pexophagy but not macroautophagy, are also
essential for mitophagy (Figs. 4—6). These data strongly sup-
port the idea that mitophagy is a selective form of autophagy.
The function of Atgll has been well characterized in the Cvt
pathway and pexophagy. In the Cvt pathway, Atgl9 forms a
complex with the Cvt pathway cargo prApel and a-mannosi-
dase. The prApel-Atgl9-a-mannosidase complex is then tar-
geted to the PAS by Atgl1 via the Atgl9-Atgll interaction (17,
36, 42). In the same way, Atg30 makes a complex with the per-
oxisomal proteins Pex3 and Pex14, and then the peroxisome is
targeted to the PAS via the Atg30-Atgll interaction (50). In
both cases, Atgl9 or Atg30 work as a receptor to recognize
specific cargo, and Atgl1 functions to recruit the selected cargo
to the PAS, the place of cargo engulfment by the autophago-
some. From this point of view, Atg11 may recruit mitochondria
to the PAS via binding with an unidentified receptor protein
that can recognize mitochondria, although the recognition
system may be more complicated compared with other selec-
tive types of autophagy because it may be able to distinguish
damaged and intact mitochondria (11, 48).

ATG17 is essential for pexophagy but is not required for the
Cvt pathway (39). Thus, the importance of ATGI7 for selective
autophagy had been unclear. Three ATG genes have been
reported that are not required for the Cvt pathway but are
essential for macroautophagy (ATG17, ATG29, and ATG31).
Our analysis indicated that ATG29 and ATG31 are essential for
pexophagy similar to ATG17 (Fig. 6). In addition, we found that
these three proteins are required for mitophagy. These findings
allow us to speculate that among selective types of autophagy,
there are mutants that fall into two categories, those that affect
the biosynthetic Cvt pathway and organelle degradation but not
bulk macroautophagy, and those that are normal for the Cvt
pathway, but block organelle degradation and nonspecific auto-
phagy. In addition, Atgl9 and Atg30 comprise a third class of
proteins that encompass specific cargo receptors.

Mitophagy Is Regulated by Nutrient Conditions—Mitophagy
was induced when cells were cultured with lactate as a sole
carbon source (YPL) and then shifted to amino acid starvation
medium supplemented with glucose; however, mitochondrial
degradation was blocked when lactate was the sole carbon
source (Fig. 3, A and C). Under both conditions, macroautoph-
agy was strongly activated (Fig. 3, Band D). This finding further
supports the idea that mitochondria are selectively degraded.

The amount of mitochondria within the cell is regulated by
its biosynthesis, segregation during cell division, and degrada-
tion. Mitophagy may contribute not only to eliminate damaged
mitochondria (9—-11) but also to regulate the amount of mito-
chondria. During the mid-log growth phase, even if cells are
shifted from YPL to glucose medium (YPD), mitophagy is
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barely detected. This may be because the amount of mitochon-
dria is decreased by segregation into daughter cells. In contrast,
under nitrogen starvation conditions in the presence of glucose,
we could detect mitophagy. In this case, mitochondrial segre-
gation is probably blocked by cell cycle arrest, and some
amount of mitochondria that are not needed for fermentative
growth may be degraded by mitophagy. This idea can explain
the induction of mitophagy that occurs at the post-log to sta-
tionary phase in lactate medium. In the stationary phase, the
cell energy requirement is reduced, and accordingly the
requirement for mitochondpria is decreased. Because mitochon-
drial segregation is also stopped at this growth phase, mitoph-
agy can be induced to adapt the cell to these conditions and
reduce the amount of mitochondria.

Autophagy is the process by which cells recycle cytoplasm
and dispose of excess or defective organelles. Thus, autophagy
is related with many cellular phenomena and also many dis-
eases (51). Mitophagy, a part of selective autophagy, may play
an important role in maintaining mitochondrial function and
integrity. Recent data suggest that a deficiency in mitophagy
causes the accumulation of damaged mitochondria and an
increase in oxidative damage (12). Thus, mitophagy may be
important in preventing certain diseases. Clearly there needs to
be a greater understanding of the molecular mechanisms and
regulatory pathways that control this process.
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