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Autophagy-related Protein 32 Acts as Autophagic Degron
and Directly Initiates Mitophagy™
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Background: Atg32 is a transmembrane protein essential for mitochondria autophagy in yeast.
Results: Atg32 harbors a module that is crucial for interactions with Atg8 and Atgll, and can even promote other organelle

autophagy.

Conclusion: Atg32 acts as a direct initiator at early stages of mitochondria autophagy.
Significance: This might be a common molecular feature in mitochondria autophagy conserved from yeast to humans.

Autophagy-related degradation selective for mitochondria
(mitophagy) is an evolutionarily conserved process that is
thought to be critical for mitochondrial quality and quantity
control. In budding yeast, autophagy-related protein 32 (Atg32)
is inserted into the outer membrane of mitochondria with its N-
and C-terminal domains exposed to the cytosol and mitochon-
drial intermembrane space, respectively, and plays an essential
role in mitophagy. Atg32 interacts with Atg8, a ubiquitin-like
protein localized to the autophagosome, and Atgll, a scaffold
protein required for selective autophagy-related pathways,
although the significance of these interactions remains elusive.
In addition, whether Atg32 is the sole protein necessary and
sufficient for initiation of autophagosome formation has not
been addressed. Here we show that the Atg32 IMS domain is
dispensable for mitophagy. Notably, when anchored to peroxi-
somes, the Atg32 cytosol domain promoted autophagy-depen-
dent peroxisome degradation, suggesting that Atg32 contains a
module compatible for other organelle autophagy. X-ray crys-
tallography reveals that the Atg32 Atg8 family-interacting motif
peptide binds Atg8 in a conserved manner. Mutations in this
binding interface impair association of Atg32 with the free form
of Atg8 and mitophagy. Moreover, Atg32 variants, which do not
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stably interact with Atgl1l, are strongly defective in mitochon-
drial degradation. Finally, we demonstrate that Atg32 forms a
complex with Atg8 and Atgl1 prior to and independent of iso-
lation membrane generation and subsequent autophagosome
formation. Taken together, our data implicate Atg32 as a bipar-
tite platform recruiting Atg8 and Atgll to the mitochondrial
surface and forming an initiator complex crucial for mitophagy.

Selective degradation of excess or damaged mitochondria
relies on autophagy-related transport pathways (1, 2). This
process, called mitophagy, has been conserved during evolution
and is thought to be relevant to cellular homeostasis and differ-
entiation (3, 4). One of the critical points in mitophagy is how
the autophagy machinery targets to mitochondria to specifi-
cally sequester the energy-converting organelles. Recent stud-
ies reveal key proteins that localize to the mitochondrial surface
and establish the selectivity of mitochondrial degradation in
yeast and mammals (5-7). In principle, it has so far been
hypothesized that those key molecules directly or indirectly
participate in recruiting core Atg proteins required for genera-
tion of isolation membranes and subsequent formation of
autophagosomes.

Autophagy-dependent transport of mitochondria to lytic
compartments takes place in different cell types under various
physiological conditions. In the budding yeast Saccharomyces
cerevisiae, mitophagy is facilitated during respiratory growth in
medium containing glycerol or lactate, a non-fermentable car-
bon source that is utilized for mitochondrial ATP production
(8—10). Under this condition, Atg32 plays a specific and essen-
tial role in mitophagy (10, 11). The Atg32 protein levels in glyc-
erol-grown cells are increased 10- to 20-fold compared with
log-phase cells grown in medium containing glucose, a fer-
mentable carbon source that is exploited for glycolytic ATP
production but does not facilitate degradation of mitochondria
(10). Newly synthesized Atg32 is inserted into the outer mem-
brane of mitochondria with its N- and C-terminal domains
exposed to the cytosol and mitochondrial intermembrane
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space (IMS)?, respectively (10, 11). Atg32 interacts with Atg8, a
ubiquitin-like protein conjugated to the lipid phosphatidyle-
thanolamine (PE) and localized to the autophagosome (12), and
Atgll, a scaffolding protein required for selective autophagy-
related pathways that mediates core Atg protein assembly (13).
It has not yet been shown whether these interactions are func-
tionally significant and, if so, at which stage during mitophagy
Atg32 forms a complex with Atg8 and Atgl1. In addition, Uthl,
Aupl, and Atg33 are mitochondrial proteins that have been
suggested to be involved in mitophagy (8, 14, 15). Whether
Atg32-mediated degradation process needs these proteins
remains unclear. Alternatively, it is also possible that Atg32 is
the sole protein necessary and sufficient for specifying
autophagic degradation to mitochondria.

In this study, we demonstrate that the Atg32 cytosol domain
is fully capable of targeting the core autophagy machinery to
mitochondria. Interactions of Atg32 with Atg8 and Atgll are
important for this process and occur at early stages of
mitophagy in a manner independent of isolation membrane
generation. On the basis of our findings, we propose that Atg32
acts as an autophagic degron (polypeptide sequence specific for
autophagy-dependent degradation) and directly initiates
assembly of core Atg proteins on the mitochondrial surface.

EXPERIMENTAL PROCEDURES

Strains and Growth Conditions—Yeast strains and plasmids
used in this study are listed in supplemental Tables S1 and S2,
respectively. Standard genetic and molecular biology methods
were used for S. cerevisiae and Escherichia coli strains. Yeast
cells were grown at 30 °C in YPD (1% yeast extract, 2% peptone,
2% dextrose), synthetic medium (0.17% yeast nitrogen base
without amino acids and ammonium sulfate, 0.5% ammonium
sulfate) containing 2% dextrose or 0.1% dextrose plus 3% glyc-
erol and synthetic medium with 0.5% casamino acids contain-
ing 2% dextrose or 0.1% dextrose plus 3% glycerol, supple-
mented with necessary amino acids and nucleotides. For
mitophagy induction, cells grown to mid-log phase in synthetic
medium containing 2% dextrose or synthetic medium with
0.5% casamino acids containing 2% dextrose were incubated in
synthetic medium containing 0.1% dextrose plus 3% glycerol or
synthetic medium with 0.5% casamino acid containing 0.1%
dextrose plus 3% glycerol.

Immunoblot Analysis—Western blotting, and immunodeco-
ration were performed as described previously (10).

Quantification of Mitophagy—Cells expressing mitochon-
drial matrix-targeted DHFR-mCherry were grown, and col-
lected at the 3 days point. Whole cell extracts were prepared,
and analyzed by SDS-PAGE and Western blotting. After immu-
nodecoration with the anti-RFP antibodies, and treatment with
enhanced chemiluminescence reagents, proteins were detected
using a luminescent image analyzer (LAS-4000 mini; GE
Healthcare). The signal value of free mCherry in wild-type cells
was set to 100%. Data represent the averages of three experi-

3 The abbreviations used are: IMS, intermembrane space; PE, phosphatidyle-
thanolamine; AIM, Atg8 family-interacting motif; TM, transmembrane; Cvt,
cytoplasm-to-vacuole targeting.
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ments, with bars indicating standard deviations. Quantification
was performed using ImageQuant TL (GE Healthcare).

Coimmunoprecipitation—Immunoprecipitation was per-
formed as described previously (10).

X-ray Crystallography—Atg8"~''® recombinant protein
was prepared as described previously (16). Atg32AIM peptide
(Ser-Trp-Gln-Ala-Ile-Gln, corresponding to the residues
85-90 of Atg32) was purchased from Sigma. Crystals of the
Atg8-Atg32AIM complex were obtained by the sitting drop
vapor diffusion method at 20 °C. 0.5 ul of protein solution con-
sisting of 14 mg/ml Atg8 and 1 mg/ml Atg32AIM was mixed
with an equal volume of reservoir solution consisting of 2.4 M
ammonium sulfate and 0.1 M sodium acetate (pH 4.8) and was
equilibrated against the reservoir solution by vapor diffusion.
Crystals belong to the cubic space group 123, with unit-cell
dimension of a = 104.84 A. For data collection, crystals were
soaked into the reservoir solution supplemented with 25% glyc-
erol, flash-cooled, and kept in a stream of nitrogen gas at
—178 °C during data collection. Diffraction data were collected
on the Area Detector Systems Corporation Quantum 315 char-
ge-coupled device detector using beamline BL41XU, SPring8,
Japan, at a wavelength of 1.00 A. Diffraction data were pro-
cessed using the HKL2000 program suite (17). Molecular
replacement was performed using the Crystallography and
NMR System program (18). The crystal structure of Atg8 com-
plexed with an Atgl9-derived peptide (16) (PDB code 2ZPN)
was used as a search model. Manual building and modification
was performed with the molecular modeling program Crystal-
lographic Object-Oriented Toolkit (19), followed by iterative
rounds of refinement using CNS.

Microscopy—Live cell imaging was performed as described
previously (10).

RESULTS

The Atg32 IMS Domain Is Dispensable for Mitophagy—
Atg32 is predicted to consist of three major modules: an N-ter-
minal cytosol domain (amino acid residues 1-388), a trans-
membrane (TM) domain (389 -411), and a C-terminal IMS
domain (412-529) (Fig. 1A4). To investigate the functional rele-
vance of the TM and IMS domains, we constructed GFP- or
HA-tagged versions of two variants, Atg32(1-388) lacking the
TM and IMS domains, and Atg32(1-388)-TA consisting of the
cytosol domain and mitochondrial tail-anchor (TA™*)
domain derived from an authentic outer membrane protein
(Fig. 1A). When the GFP-tagged variants were expressed under
the endogenous promoter, both full-length Atg32 and
Atg32(1-388)-TA™!*°localized to mitochondria (supplemental
Fig. S1A). In contrast, Atg32(1-388) dispersed in the cytosol
and nucleus. Hence, an exogenous tail anchor can specifically
address the Atg32 cytosol domain to the surface of
mitochondria.

Next, we examined the expression of Atg32(1-388)-HA and
Atg32(1-388)-TA™'*-HA under the endogenous promoter
and found their robust induction during respiratory growth
(supplemental Fig. S1B). Degradation of mitochondria was
then monitored using mito-DHFR-mCherry, a reporter local-
ized in the mitochondrial matrix. Upon mitophagy, this fusion
protein is transported and processed to generate free mCherry
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FIGURE 1. Atg32 contains a domain compatible for degradation of peroxisomes. A, schematic representation of the domain structures of Atg32 (FL) and
its truncated variants. (1-388) lacks the transmembrane and IMS domains, and (1-388) -TA™"° consists of the cytosolic domain and a tail-anchor derived from
Gem1, a mitochondrial outer membrane protein (39). B, cells expressing the wild-type or truncated variants of HA-tagged Atg32 (FL-HA, (1-388)-HA, or
(1-388)-TA™"™°-HA) were grown in glycerol medium, collected at the indicated time points, and subjected to Western blotting. All strains are atg32-null
derivatives expressing a mitochondrial matrix-localized DHFR-mCherry. The arrow depicts free mCherry generated by mitophagy. Pgk1 was monitored as a
loading control. C, cells containing or lacking Atg1 (ATGT or atg1A) were transformed with a low-copy, empty plasmid (none) or the one that encodes
(1-388)-TMP**°-HA, an Atg32 cytosol domain anchored to the peroxisome via a TM domain derived from Pex15, a peroxisomal membrane protein (40).
(1-388)-TMP**°-HA was expressed under the ATG32 promoter. All strains are atg32-null derivatives expressing both Pot1-GFP (peroxisomal marker) and
Vph1-mCherry (vacuolar marker). Cells were grown in glycerol medium for 48 h and analyzed by fluorescence microscopy. Scale bar = 2 um.

ATG1
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in the vacuole. We found that cells expressing Atg32(1-388)-
TA™*-HA displayed degradation of mitochondria at levels
equivalent to the full-length Atg32-HA (Fig. 1B). As expected,
mitophagy was almost completely blocked in cells expressing
Atg32(1-388)-HA. Together, these data indicate that the Atg32
cytosol domain must be anchored to the surface of mitochon-
dria to promote mitophagy. The TM domain, which can be
replaced by other membrane anchors, is unlikely to harbor any
specific activities for Atg32 function. Likewise, the IMS domain
is fully dispensable for mitophagy.
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Pexophagy by the Peroxisome-anchored Atg32 Cytosol
Domain—Although previous findings suggest that Atg32 is of
central importance for mitophagy in yeast (10, 11), it still
remains conceivable that other mitochondrial protein(s) might
also be required for the Atg32-mediated degradation process.
To test this possibility, we attempted to insert the Atg32 cytosol
domain to the surface of peroxisomes via a TM domain derived
from an authentic peroxisomal protein (TMP®°) and ask
whether this chimeric construct can promote pexophagy (per-
oxisome autophagy). When expressed under the ATG32 pro-

JOURNAL OF BIOLOGICAL CHEMISTRY 10633



Landmark Protein for Mitochondria Autophagy

Atg32 AIM peptide

FIGURE 2. Crystal structure of the Atg8-Atg32(SWQAIQ)®°~°° peptide complex. A, Atg8 (« helices in red, B sheets in blue) and the Atg32 peptide (yellow) are
shown in ribbon models. B, Atg8 and the Atg32(SWQAIQ)®°~%° peptide are shown in ribbon and stick models, respectively. C, close-up view of the Atg8-
Atg32(SWQAIQ)®>~*°interface indicating amino acids of Atg8 (black) and Atg32 (green). D, Atg8 and the Atg32(SWQAIQ)®>~*° peptide are shown in surface and
stick models, respectively. The surface is colored according to the electrostatic potential (blue, positive; red, negative).

moter, Atg32(1-388)-TMP“*°-HA was strongly induced during
respiratory growth (supplemental Fig. S1C). For pexophagy
assays, fluorescence microscopy was performed to observe cells
expressing both Pot1-GFP, a marker localized in the peroxi-
somal matrix, and Vphl-mCherry, a marker inserted into the
vacuolar membrane (Fig. 1C). Without Atg32(1-388)-TMP*°-
HA, Pot1-GFP barely targeted to vacuoles. Remarkably, Pot1-
GEFP colocalized to Vph1-mCherry in cells expressing Atg32(1—
388)-TMP*°-HA, which absolutely depended on Atgl, a
protein kinase essential for all autophagy-related processes
(20). These results indicate that the peroxisome-anchored ver-
sion of the Atg32 cytosol domain can recruit core Atg proteins
required for autophagosome formation to peroxisomes and
facilitate pexophagy. It should be noted that in wild-type cells
pexophagy was not stimulated under this growth condition
(glycerol medium). Thus, it seems likely that the Atg32 cytosol
domain contains a degron-like module capable of promoting
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other organelle autophagy and that Atg32 is the sole mitochon-
drial protein necessary and sufficient to directly mediate
mitophagy.

The Atg32 AIM Peptide Binds Atg8 in Vitro—The 43-kDa
N-terminal cytosol domain of Atg32 contains an AIM, whose
consensus tetrapeptide sequence is W/YXXI/L/V, conserved
among proteins that interact with the Atg8 family members
(21). The Atg32 AIM consists of WQAI®*®~5% and Atg324°44,
avariant containing alanine substitutions for Trp-86 and Ile-89,
exhibits a weak defect in mitophagy (10). To verify that this
motif directly contributes to Atg8 interaction, we determined
the crystal structure of the Atg8-Atg32(SWQAIQ)®*~° peptide
complex (Fig. 2, A-D, and supplemental Table S3 and Fig. S2A).
Similar to the AIM sequence of Atgl9 and Atg3 in yeast and
p62, NIX, and AtgdB in mammals (16, 22-25), the
Atg32(SWQAIQ)®*>~*° peptide adopts an extended B confor-
mation in parallel with the Atg8 B2 (Fig. 2, A and B). The side-
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FIGURE 3. Atg32-Atg8 interaction contributes to efficient mitophagy. A, coimmunoprecipitation assays for cells expressing the indicated variants of Atg8
and Atg32 grown in glycerol medium for 30 h. All strains are vacuolar protease-deficient, atg8- and atg32-double null derivatives. Mitochondria-enriched
fractions were obtained from whole cell homogenates (WCH), solubilized, and subjected to immunoprecipitation using anti-HA antibody-conjugated agarose.
The WCH fractions and eluted immunoprecipitates (IP) were analyzed by Western blotting. B, cells expressing the wild-type or mutants of Atg8 (WT or
P52A/R67A) and Atg32 (WT or AQAA) were grown in glycerol medium, collected at the indicated time points, and subjected to Western blotting. All strains are
atg8-and atg32-double-null derivatives expressing a mitochondrial matrix-localized DHFR-mCherry. The arrow depicts free mCherry generated by mitophagy.
Pgk1 was monitored as a loading control. C, the amounts of free mCherry generated in cells expressing the indicated variants of Atg32 and Atg8 at the 3-day
time point were analyzed as in B and quantified in three experiments. The signal intensity value of free mCherry in cells expressing wild-type Atg32-HA and

Atg8 was set to 100%. Data represent the averages of the all experiments, with bars indicating mean = S.D.

chains of both W86 and 189 are bound deeply into the hydro-
phobic pockets of Atg8 (Fig. 2, C and D). We conclude that
Atg32 physically associates with Atg8 in a fashion conserved
during evolution.

Mutations in the Atg32-Atg8 Interface Affect Mitophagy—
Despite the fact that Atg32*?** cannot bind Atg8 in yeast two-
hybrid systems (10), we found an Atg324*4-Atg8 interaction,
yet at a reduced level compared with the wild-type protein, in
coimmunoprecipitation assays (supplemental Fig. S2B). It is
plausible that other protein-protein interfaces could contribute
to the interaction between Atg32 and Atg8 in vivo. To clarify
the effect of Atg32-Atg8 binding impairment on mitophagy, we
sought to introduce mutations into the Atg32 AIM-binding
interface of Atg8. Double alanine substitutions for Pro-52 and
Arg-67 of Atg8 (Fig. 2C) (16) partially compromised the cyto-
plasm-to-vacuole targeting (Cvt) pathway (26), an autophagy-
related process selective for vacuolar proteins such as Apel
(supplemental Fig. S2C), but did not alter non-selective
autophagy during starvation (supplemental Fig. S2D). We then
performed coimmunoprecipitation assays for cells expressing
Atg32**AHA and Atg8"°*A/R¢7A. As shown in Fig. 34,
Atg32-HA coprecipitated with both free and PE-conjugated
forms of Atg8. Free Atg8 is pooled in the cytosol and serves as a
precursor for lipidation. Atg8-PE is present in various intracel-
lular membranes, enriched in autophagosomal structures, and
essential for all autophagy-related processes (1, 2). The free
form of Atg8"*A/R¢7A was hardly coprecipitated with
Atg32AAHA (Fig. 3A). The coprecipitation of Atg8">>A/R67A.
PE with Atg32444-HA was as efficient as that of Atg8-PE
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with Atg32-HA, raising the possibility that PE-conjugation
could affect the affinity of Atg8 for Atg32. As expected, Atgll
was coprecipitated with both Atg32-HA and Atg324?*4-HA in
the presence of Atg8 and Atg8">>A/R7A respectively.

We next monitored mitophagy in cells expressing both
Atg32444 and  Atg8"°*A/R7A ysing mito-DHFR-mCherry
(Fig. 3, B and C). As reported previously (10), cells expressing
Atg324 % and Atg8 displayed only a weak defect in mitophagy
(88% of the wild-type levels). When cells expressing both
Atg3244 and Atg8Po?A/R67A were grown under respiration
conditions, mitophagy was modestly decreased (60% of the
wild-type levels). Thus, mutations on Atg32 and Atg8 com-
bined in trans cause synthetic defects in mitochondrial degra-
dation. Together, these results are consistent with the notion
that the interaction between Atg32 and Atg8 is crucial for
mitophagy and that the free form of Atg8 can bind Atg32 on the
surface of mitochondria prior to its PE conjugation and mem-
brane anchoring to autophagosomes.

Atg32 Recruits Atgl1 to the Surface of Mitochondria—Atgl1
is a scaffolding protein crucial for selective autophagy-related
processes including mitophagy, pexophagy, and the Cvt path-
way that acts as an adapter between cargo (or cargo receptor)
and core Atg protein assemblies (10, 11, 13). Orthologs of this
key protein have been identified in yeast and filamentous fungi
but not other higher eukaryotes. Another factor serving similar
scaffolding function in yeast is Atgl7, a protein specific for star-
vation-induced autophagy, whose functional counterparts have
been suggested in mammals (27-29). Notably, these two pro-
teins share functional redundancy in pexophagy and the Cvt
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pathway. Cells lacking Atg11 still exhibit degradation of peroxi-
somes and transport of Apel to the vacuole in an Atgl7-depen-
dent manner (10, 30, 31). By contrast, Atgl1 is absolutely essen-
tial for mitophagy under both respiration and starvation
conditions (9, 10). Thus, it is conceivable that Atgl1 targets to
mitochondria via its physical interaction with Atg32, which is
indispensable for formation of autophagosomes on mitochon-
dria. Consistent with this hypothesis, we found using fluores-
cence microscopy that, during respiratory growth, a fraction of
GFP-tagged Atgll expressed under the endogenous promoter
localized to mitochondria as discrete foci in a fashion depend-
ent on Atg32 (supplemental Fig. S3, A and B).

Atg32 Mutants Defective in Atgl 1 Interaction and Mitophagy—
To address whether the Atg32-Atgl1 interaction is functionally
relevant to mitophagy, we sought to map a region in the Atg32
amino acid sequence that is critical for Atgl1 binding in yeast
two-hybrid systems. Our truncation analysis indicated the
100-150 amino acid residues of Atg32 as an Atgl1 interaction
domain (supplemental Fig. S3C). Strikingly, this portion con-
tains an SSD/EXSEE/DE motif conserved among yeast Atg32
homologs, whereas the flanking regions of this sequence vary
substantially (Fig. 44). In addition, Atgl9 and Atg34, cargo
receptors for the Cvt pathway in yeast (32, 33), have the pu-
tative Atgll-interaction motifs DDSSIIST?*#¥73% and
DESSIMST?8°738 respectively, somewhat resembling the
Atg32 SSDTSEEE''*~'?? sequence. We thus introduced alanine
substitutions into the octapeptide motif, generating two
variants, Atg32AAATA and Atg32AAA, for the residues
SSDTS''*~!'? and EEE'?°~'??, respectively. When expressed
under the endogenous promoter, Atg32*44TA-HA, and
Atg32***.HA were robustly induced during respiratory
growth, as seen in the wild-type protein (supplemental Fig.
S3D).

We then performed coimmunoprecipitation assays for cells
expressing Atg32°**-HA or Atg32***TA.HA (Fig. 4B).
Remarkably, the coprecipitation efficiency of Atgll-
Atg32444 HA and Atgll-Atg32**4TAHA was reduced to
10-20% compared with that of Atgl1-Atg32-HA. On the other
hand, these alanine substitutions did not affect coprecipitation
with Atg8. These results suggest that the SSD/EXSEE/DE motif
of Atg32 is specifically crucial for Atgll interaction.

Given the fact that Atgll bridges between cargo (or cargo
receptor) and core Atg proteins, we assumed that mutations in
the SSD/EXSEE/DE motif of Atg32 severely impair degradation
of mitochondria. Indeed, cells expressing Atg32*** or
Atg3224ATA displayed a strong defect in mitophagy (38 and
20%, respectively, of the wild-type levels) (Fig. 4, C and D).
Hence, Atg32-Atgll interaction is a primarily crucial step to
accelerate degradation of mitochondria.

Atg32 Is a Phosphoprotein—During the course of this study,
we noticed that multiple protein bands of Atg32 appeared dur-
ing respiratory growth (supplemental Fig. S44). Those patterns
were markedly detected in the absence of vacuolar protease
activities and diminished with protein phosphatase treatment
in vitro (supplemental Fig. S4B), indicating that Atg32 is phos-
phorylated and transported to the vacuole. A recent study has
also described similar results, suggesting that phosphorylation
is a regulatory step crucial for Atg32 function and mitophagy
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FIGURE 4. Atg32-Atg11 interaction is crucial for mitochondria
autophagy. A, an amino acid sequence alignment of the regions containing
putative Atg8- and Atg11-binding domains from yeast Atg32 homologs. Sc,
S. cerevisiae; Ag, Ashbya gossypii; KI, Kluyveromyces lactis; Cg, Candida glabrata.
B, coimmunoprecipitation assays for cells expressing untagged and
HA-tag ged variants of Atg32 (WT), Atg32*** (AAA) for EEE™°~'?2 or
Atg32°7ATA (AAATA) for SSDTS''>~'"° grown in glycerol medium for 30 h. All
strains are vacuolar protease-deficient, atg32-null derivatives. Mitochondria-
enriched fractions were obtained from whole cell homogenates (WCH), solu-
bilized, and subjected to immunoprecipitation using anti-HA antibody-con-
jugated agarose. The WCH fractions and eluted immunoprecipitates (/P) were
analyzed by Western blotting. C, cells expressing the wild-type or mutants of
HA-tagged Atg32 (WT-HA, AQAA-HA, AAA-HA, or AAATA-HA) were grown in
glycerol medium, collected at the indicated time points, and subjected to
Western blotting. All strains are atg32-null derivatives expressing a mitochon-
drial matrix-localized DHFR-mCherry. The arrow depicts free mCherry gener-
ated by mitophagy. Pgk1 was monitored as a loading control. D, the amounts
of free mCherry generated in cells expressing the indicated variants of Atg32
at the 3-day time point were analyzed as in C and quantified in three experi-
ments. The signal intensity value of free mCherry in cells expressing wild-type
Atg32-HA was set to 100%. Data represent the averages of the all experi-
ments, with bars indicating mean = S.D.

(34). On the basis of our finding that Atg32 variants defective in
Atgll interaction are barely phosphorylated during respiratory
growth (supplemental Fig. S3D), it is possible that the interac-
tion with Atgl1 may be a prerequisite step for Atg32 phospho-
rylation. Alternatively, this posttranslational modification may
be critical for Atg32 to interact with Atgll. Notably, the two
upper bands of Atg32-HA are hardly seen in the absence of
Atgl or Atgl1 (supplemental Fig. S4C). In addition, these puta-
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IP: anti-HA WCH
32 32-HA 32 32-HA
WTWT 17 2 3 8 9 11 14 WTWT 1 2 3 8 9 11 14
Atg32-HA
__ free form
Atg8 ~ PE-conjugated form
Atg11
Pgk1

FIGURE 5. Atg32-Atg8 and -Atg11 interactions occur before isolation membrane generation. Coimmunoprecipitation assays for autophagy-com-
petent (WT) and atg1~14 null mutant (TA~74A) cells expressing Atg32 (32) or Atg32-HA (32-HA) grown in glycerol medium for 30 h. All strains are
vacuolar protease-deficient, atg32-null derivatives. Mitochondria-enriched fractions were obtained from whole cell homogenates (WCH), solubilized,
and subjected to immunoprecipitation using anti-HA antibody-conjugated agarose. The WCH fractions and eluted immunoprecipitates (IP) were

analyzed by Western blotting.

tive phosphorylated bands of Atg32-HA were not detected in
cells expressing Atg1P?'!4, a kinase-dead mutant (35) (supple-
mental Fig. S4D). These findings, together with the previous
report that Atgl1 interacts with Atgl (13), raise the possibility
that Atgl directly or indirectly phosphorylates Atg32 via inter-
action with Atgll.

Atg32 Interacts with Atg8 and Atgll at Early Stages of
Mitophagy—To test whether Atg32 interacts with Atg8 and
Atgll in a manner independent of the downstream events of
mitophagy, we performed coimmunoprecipitation assays for
cells lacking each of core Atg proteins (Fig. 5). As reported
previously (10), Atg32-HA expressed under the endogenous
promoter coprecipitated with the chromosomally encoded
Atg8 and Atgll. Although the coprecipitation efficiencies var-
ied among wild-type and mutant cells, the interactions of Atg8
and Atgll with Atg32-HA were seen in the autophagy-defi-
cient cells. We also found that, in addition to the PE-conjugated
form, the free form of Atg8 was coprecipitated with Atg32-HA
(Fig. 5, lane 2), but the coprecipitation efficiency was lower than
that of Atg8-PE (5-10%). Moreover, an interaction between
Atg32-HA and free Atg8 was slightly detected in cells lacking
Atg3, an enzyme that catalyzes conjugation of Atg8 to PE (Fig.
5,lane 5), indicating that membrane anchoring via PE phospho-
lipids is not essential for Atg8 to interact with Atg32. Strikingly,
the Atgll-Atg32-HA coprecipitation in the absence of Atgl
was 4- to 8-fold more efficient than that in the presence of this
protein kinase (Fig. 5, lane 3). The reason for this alteration is
not entirely clear. However, it is possible that loss of Atgl halts
mitochondrial sequestration, leading to accumulation of
Atgll. In agreement with this idea, a previous study has
reported that Atgl1 oligomerization is enhanced in the absence
of Atgl kinase activity (36).

Together, our results suggest that Atg32-Atg8 and -Atgll
interactions are early steps linked to, but separable from, isola-
tion membrane generation and subsequent autophagosome
formation.

DISCUSSION

Our data implicate the mitophagy protein Atg32 as a
membrane-anchored degradation landmark that directly
recruits Atg8 and Atgll to the surface of mitochondria.
These initial interactions act in parallel but overlapping and
are most likely to be prerequisite for the activation of subse-
quent steps in mitophagy. We do not exclude the possibility
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that some or all of the other core Atg proteins might loosely
and/or dynamically associate with the Atg32-Atg8-Atgll
ternary complex, forming an multimeric protein assembly
similar to the pre-autophagosomal structure, which is com-
prised of core Atg proteins, a putative center for autophago-
some formation (37).

The Atg32 cytosol domain contains conserved binding
motifs for Atg8 and Atgll and harbors activities necessary and
sufficient for degradation of mitochondria. Our microscopic
observations that the peroxisome-anchored Atg32 cytosol
domain can act as an autophagic degron and mediate
pexophagy raises the possibility that faithful mitochondrial tar-
geting of this degradation landmark is crucial for protection of
other organelles against deregulated turnover and that the TM
and IMS domains could serve as a membrane anchor specific to
mitochondria.

Several lines of evidence support the idea that Atg32 forms
an initiator complex with Atg8 and Atgl1 and localizes as dis-
crete foci on the mitochondrial surface. First, when tagged with
GFP, Atg8 and Atgl1 exhibit dot-like patterns along with mito-
chondria (10) (supplemental Fig. S3A). Second, Atg32-GFP
expressed under the endogenous promoter distributed
throughout mitochondria with one to three brighter spots (sup-
plemental Fig. S5). Third, formation of these mitochondria-
specific puncta does not occur in cells grown in glucose media,
even with Atg32 overexpression (10). Fourth, Atg32-Atg8 and
-Atgll interactions do not require other core Atg proteins,
indicating that it takes place independently of later steps of
mitophagy.

It has recently been reported that two MAPK signaling
pathways are involved in mitophagy and that the Atg32 ser-
ine 114 residue is critical for Atgl1 interaction (34, 38). The
phosphorylation of Atg30, a pexophagy receptor, is also crit-
ical for recruiting Atgl1 to peroxisomes (30), supporting the
idea that this posttranslational modification is a common
regulatory mechanism for selective organelle autophagy.
Identification of Atg32 phosphorylation site(s) relevant to its
function, and protein kinase(s) and phosphatase(s) directly
responsible for its posttranslational modification is a pri-
mary issue to be explored. In addition, future studies will be
needed to address the issue of how the selectivity and effi-
ciency of Atg32-mediated mitophagy are regulated in
response to cellular needs.
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