Phosphorylation of Serine 114 on Atg32
mediates mitophagy
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ABSTRACT Mitophagy, which selectively degrades mitochondria via autophagy, has a sig-
nificant role in mitochondrial quality control. When mitophagy is induced in yeast, mitochon-
drial residential protein Atg32 binds Atg11, an adaptor protein for selective types of au-
tophagy, and it is recruited into the vacuole along with mitochondria. The Atg11-Atg32
interaction is believed to be the initial molecular step in which the autophagic machinery
recognizes mitochondria as a cargo, although how this interaction is mediated is poorly un-
derstood. Therefore, we studied the Atg11-Atg32 interaction in detail. We found that the
C-terminus region of Atg11, which included the fourth coiled-coil domain, interacted with the
N-terminus region of Atg32 (residues 100-120). When mitophagy was induced, Ser-114 and
Ser-119 on Atg32 were phosphorylated, and then the phosphorylation of Atg32, especially
phosphorylation of Ser-114 on Atg32, mediated the Atg11-Atg32 interaction and mitophagy.
These findings suggest that cells can regulate the amount of mitochondria, or select specific
mitochondria (damaged or aged) that are degraded by mitophagy, by controlling the activity
and/or localization of the kinase that phosphorylates Atg32. We also found that Hog1 and
Pbs2, which are involved in the osmoregulatory signal transduction cascade, are related to
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Atg32 phosphorylation and mitophagy.

INTRODUCTION

The mitochondrion is an organelle that produces energy through
the use of an electron transport chain and oxidative phosphoryla-
tion. On the other hand, mitochondria are the major source of
cellular reactive oxygen species (ROS), which cause oxidative
damage to mitochondrial DNA, protein, and lipids, and the ac-
cumulation of this damage is related to many disorders, such as
neurodegenerative diseases, diabetes mellitus, cancer, and aging
(Wallace, 2005). Accordingly, appropriate quality control of mito-
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chondria is important to maintain proper cellular homeostasis.
Mitochondria have several maintenance systems, including a pro-
tein degradation system (Rep and Grivell, 1996; Friguet et al.,
2008; Voos, 2009), DNA repair enzymes (Larsson and Clayton,
1995; Bogenhagen, 1999), and phospholipid hydroperoxide glu-
tathione peroxidase (Arai et al., 1999). In addition to these mito-
chondrial maintenance systems, recent studies from yeast to
mammals suggest that mitochondria autophagy (mitophagy) is
one of the primary systems that maintains mitochondrial quality
by eliminating dysfunctional mitochondria (Elmore et al., 2001;
Rodriguez-Enriquez et al., 2004; Priault et al., 2005; Nowikovsky
et al., 2007; Narendra et al., 2008; Narendra and Youle, 2011;
Twig et al., 2008), although the molecular process of mitophagy is
still poorly understood.

Macroautophagy (bulk autophagy) is a nonspecific degrada-
tion process of cytoplasmic components that is highly con-
served among eukaryotes. After certain cellular stresses, such
as nutrient starvation, cytosolic double-membrane vesicles
emerge and sequester cytoplasmic proteins and organelles as
cargoes, and then the vesicles deliver those cargoes into the
lysosome/vacuole (Nakatogawa et al., 2009; Yang and Klionsky,
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2010). In contrast to macroautophagy, selective autophagy tar-
gets a specific cellular component as a cargo (Johansen and
Lamark, 2011). Selective autophagy in yeast includes the cyto-
plasm-to-vacuole targeting (Cvt) pathway, pexophagy, and mi-
tophagy. The Cvt pathway is an autophagy-like process that
delivers the Cvt complex (aminopeptidase | [Apel] and
o-mannosidase complex) and Ape4 from the cytoplasm to vac-
uoles without delivering any additional known cargo to the
vacuoles (Klionsky and Emr, 2000; Yorimitsu and Klionsky, 2005;
Yuga et al., 2011), whereas pexophagy and mitophagy are the
selective degradation of peroxisomes and mitochondria, re-
spectively, via autophagy (Lemasters, 2005; Oku and Sakai,
2010). Studies on Saccharomyces cerevisiae and other fungi
have identified 35 autophagy-related (ATG) genes. Most of the
ATG genes are required for both macroautophagy and selective
autophagy, whereas some ATG genes, such as ATG11, ATG19,
Pichia pastoris ATG30 (PpATG30), and ATG32, play a role only
in selective autophagy. Atg19 is a receptor protein for the Cvt
pathway, which binds the Cvt complex and then interacts with
Atg11, an adaptor protein for selective autophagy. Atg11 re-
cruits the Cvt complex to the preautophagosomal structure/
phagophore assembly site (PAS), where sequestering cytosolic
vesicles are generated (Shintani et al., 2002). PpAtg30 is also a
receptor protein for pexophagy, which localizes to peroxisomes,
and is bound by PpAtg11, allowing recruitment of the peroxi-
somes to the PAS (Farre et al., 2008). Similarly, during mi-
tophagy, Atg11 interacts with the mitochondrial residential re-
ceptor Atg32 and recruits mitochondria to the PAS (Kanki et al.,
2009c; Okamoto et al., 2009b). Thus, selective autophagy
strictly recognizes and degrades the cargo through the cargo-
specific receptor and Atg11 interaction. However, it is poorly
understood how the receptor-Atg11 interaction, especially the
Atg32-Atg11 interaction, is regulated.

Recent studies in mammals revealed that mitophagy is inevita-
bly involved in cellular physiology and disease. For example, dur-
ing erythroid cell maturation, mitochondria are eliminated by mi-
tochondrial outer membrane protein Nix-related mitophagy
(Schweers et al., 2007; Sandoval et al., 2008). Similarly, during
adipose tissue differentiation, mitochondria are eliminated by au-
tophagy (Goldman et al., 2010). Loss-of-function mutations of the
PARK2 and PARK6 genes, which encode Parkin and PINK1, re-
spectively, cause early-onset Parkinson disease. PINK1 can stably
localize on the outer membrane of the impaired mitochondria
and recruit Parkin from the cytosol to the mitochondria. Parkin
accumulated on mitochondria ubiquitinates mitochondrial pro-
teins and induces mitophagy to degrade impaired mitochondria
(Narendra et al., 2008, 2010; Narendra and Youle, 2011). Despite
the important role of mitophagy in cellular physiology and dis-
ease, the molecular mechanism and regulation of mitophagy are
unknown.

To determine the molecular mechanism and the regulation of
mitophagy, we studied the Atg11-Atg32 interaction in detail. We
found that the C-terminus region of Atg11, which includes the
fourth coiled-coil domain of the protein, interacts with the N-ter-
minus region, especially residues of 100-120, of Atg32. We fur-
ther found that when mitophagy is induced, Ser-114 and Ser-119
on Atg32 are phosphorylated by Ser/Thr protein kinase. The phos-
phorylation of Atg32, especially phosphorylation of Ser-114 on
Atg32, is required for Atg11-Atg32 interaction and mitophagy.
These findings suggest that mitophagy induction is strictly regu-
lated by controlling the phosphorylation level of Ser-114 on
Atg32.
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RESULTS

The C-terminus region of Atg11 interacts with the
N-terminus region (51-150) of Atg32

When autophagy selects mitochondria as a cargo, Atg11 interacts
with a mitochondrial outer membrane localizing receptor Atg32
and recruits mitochondria to the PAS (Kanki et al., 2009¢; Okamoto
et al., 2009b). Because it has been reported that the C-terminus
region of Atg11, including the fourth coiled-coil domain (CC4), in-
teracts with the Cvt pathway receptor Atg19 (Yorimitsu and Klion-
sky, 2005), we speculated that the same region of Atg11 interacts
with Atg32. To examine this possibility, we prepared a yeast
two-hybrid construct to express Atg11 mutants fused with the
Gal4 DNA-binding domain (BD-Atg11), activation domain-fused
Atg32 (AD-Atg32), and activation domain-fused Atg19 (AD-
Atg19). As previously reported, the cells expressing AD-Atg19 and
BD-Atg11_CC4 (C-terminus region of Atg11 including CC4) grew
on the selective plates, while the cells expressing AD-Atg19 and
BD-Atg11_ACC4 (N-terminus region of Atg11 lacking CC4) did
not grow on selective plates (Figure 1A; Yorimitsu and Klionsky,
2005). Similarly, the cells expressing AD-Atg32 and BD-Atg11_
CC4, but not BD-Atg11_ACC4, grew on selective plates, suggest-
ing that only the C-terminus region of Atg11 interacts with Atg32
(Figure 1A). To further examine the interaction between truncated
Atg11 and Atg32, we expressed the constructs with hemagglutinin
(HA)-tagged Atg11_CC4 or HA-tagged Atg11_ACC4 with protein
A (PA)-tagged Atg32 and performed a protein A affinity pull-down
assay with immunoglobulin G (IgG)-Sepharose. As we previously
reported, PA-Atg32 coprecipitated a substantial amount of HA-
Atg11_wild type (WT; Kanki et al., 2009c; Figure 1B). PA-Atg32
also coprecipitated HA-Atg11_CC4 but not HA-Atg11_ACC4
(Figure 1B), suggesting that only the C-terminus region of Atg11
interacts with Atg32.

To identify the residues of Atg32 that interact with Atg11, we
prepared yeast two-hybrid constructs to express the N-terminus—
and/or C-terminus—truncated form of Atg32. As shown in Figure 1C,
the cells expressing BD-Atg11 and AD-Atg32 mutants including
amino acid residues 51-150 (Atg32_WT, 1-200, 1-150, 51-200, 51-
150, and 51-529) grew on the selective plates. On the other hand,
the cells expressing BD-Atg11 and the AD-Atg32 mutant lacking
amino acid residues 51-150 (Atg32_151-529) or the AD-Atg32 mu-
tant lacking 75 amino acids in the N-terminus (Atg32_76-529) did
not grow on the selective plates (Figure 1C). These findings suggest
that the N-terminus region of Atg32, especially amino acid residues
51-150, is important for the interaction with Atg11 (Figure 1D).

Atg32 is phosphorylated when mitophagy is induced

Mitophagy is induced when cells are cultured in lactate medium
(YPL) and then shifted to nitrogen starvation medium supplemented
with glucose (SD-N), or when cells are cultured in YPL for more than
2 d (allowing growth to the postlogarithmic phase; Kanki and Klion-
sky, 2008). We found that the molecular mass of Atg32 was changed
when mitophagy was induced by nitrogen starvation (Figure 2A) or
by allowing cellular growth to the postlogarithmic phase (unpub-
lished data). In WT cells, the molecular mass of Atg32 was de-
creased by 2 h of nitrogen starvation; Atg32 was degraded follow-
ing nitrogen starvation (Figure 2A, WT). In atg11A or atg1A cells,
Atg32 was not degraded by nitrogen starvation (Figure 2A, atg11A;
Supplemental Figure S1A), suggesting that Atg32 is degraded by
mitophagy during nitrogen starvation. In atg?1A cells, the molecu-
lar mass of Atg32 was decreased once (at 2 h) and then increased
(at 4 and 6 h) during nitrogen starvation (Figure 2A, atg11A). To
determine whether these molecular mass shifts were due to Atg32
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FIGURE 1: The N-terminus region (51-150) of Atg32 interacts with the C-terminus region of
Atg11. (A) Yeast two-hybrid analysis between Atg19 and Atg11 mutants, and between Atg32
and Atg11 mutants. The PJ69-4A strain was transformed with pGAD and pGBD plasmid, which
can express the indicated proteins. Cells were grown on +Ade or —~Ade plates at 30°C for 4 d.

(B) The C-terminus region of Atg11 associated with Atg32 during nitrogen starvation. The
atg11A atg32A strains expressing PA-tagged Atg32 or PA only and the indicated HA-tagged
Atg11 mutants under the control of the CUPT promoter were grown in SMD medium until the
mid-log phase and then starved in SD-N for 1 h. PA-Atg32 was precipitated using IgG-Sepharose
from cell lysates. Top two, an immunoblot of total-cell lysates. Bottom two, the IgG precipitates,
which were probed with anti-HA and anti-PA antibodies. (C) Yeast two-hybrid analysis between
Atg11 and the indicated Atg32 mutants (left). Each bar indicates expressed Atg32 mutants
(right). Red bars indicate yeast two-hybrid positive and the gray bars indicate yeast two-hybrid
negative. (D) Schematic drawing of Atg11 and Atg32. Atg11 is predicted to have a fourth coiled-
coil domain (CC1-CC4). Atg32 has a TMD. The domain of Atg32 required for Atg11 interaction
as determined by yeast two-hybrid study is highlighted in red.

phosphorylation, cellular protein extracts were treated with A pro-
tein phosphatase (A PPase) and the Atg32 molecular mass was ob-
served. The molecular mass of Atg32 was decreased by A PPase
treatment before and after 6 h of nitrogen starvation (Figure 2B).

3208 | Y. Aokietal.

Therefore we concluded that Atg32 is phos-
phorylated even in growing conditions in
YPL medium, and after nitrogen starvation,
Atg32 is dephosphorylated once and then
is phosphorylated on two or three residues,
depending on the nitrogen starvation pe-
riod (Figure 2A, schematic model).

Phosphorylation of Ser-114 and
Ser-119 on Atg32

To determine the phosphorylated residues
in Atg32, we created Atg32 single—amino
acid mutant expression vectors in which a
Ser or Thr residue was altered to Ala (all cre-
ated mutants are summarized in Supple-
mental Figure S1B), and those mutants were
expressed in ATG32 and ATG1T1 double-
deletion cells (atg32A atgT11A cells), and
Atg32 phosphorylation was observed dur-
ing nitrogen starvation. We found that
Atg32 with a mutation of Ser-114 to Ala or
Ser-119 to Ala (Atg325114A and Atg325'1%4,
respectively) was not efficiently phosphory-
lated during nitrogen starvation (Figure 2C).
Almost complete phosphorylation of
Atg32519 and partial Atg325"'* phospho-
rylation were inhibited at 1 h of nitrogen
starvation compared with WT Atg32
(Atg32"T; Figure 2C, SD-N, 1 h). At 6 h of
nitrogen starvation, Atg325""%A phosphory-
lation was dramatically decreased compared
with that of WT, although some phosphory-
lation remained (Figure 2C and Supplemen-
tal Figure S1C). Atg325'"*A was phosphory-
lated to nearly identical levels as those of
Atg32VT (Figure 2C and Supplemental
Figure S1C). If both Ser-114 and Ser-119
were altered to Ala (Atg3251144S1194) phos-
phorylation was almost completely inhib-
ited, suggesting that phosphorylation ob-
served in Atg32%1"9A at 6 h of nitrogen
starvation is due to the phosphorylation of
Ser-114 (Figure 2C and Supplemental
Figure S1C). From these findings, we con-
cluded that both Ser-114 and Ser-119 are
phosphorylated by induction of mitophagy,
although Ser-119 is more efficiently phos-
phorylated than Ser-114.

Phosphorylation of Atg32, especially
phosphorylation of Ser-114 on Atg32,
is critically important for mitophagy
and for the Atg11-Atg32 interaction

If phosphorylation of Atg32 is necessary for
mitophagy, we hypothesized that phospho-
rylation-deficient Atg32 mutants (Atg32°114A,
Atg3251"94 and Atg325M4AS1194) are not
functional for mitophagy. To observe mi-

tophagy, we relied on the Om45-green fluorescent protein (GFP)
processing assay, which can monitor mitophagy levels semiquantita-
tively (Kanki et al., 2009a). Om45 is a mitochondrial outer mem-
brane protein. We found that Om45 tagged with GFP (Om45-GFP)
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FIGURE 2: Phosphorylation of Atg32, especially phosphorylation of Ser-114 on Atg32, is
essential for mitophagy. (A) WT or atg11A strains were cultured in YPL medium until the mid-log
growth phase (indicated as b) and then shifted to SD-N medium for 0, 2, and 6 h. The amount
and the modification of endogenous Atg32 were observed by immunoblotting with anti-Atg32
and anti-Por1 (loading control) antibodies. The variation in molecular weight of Atg32 in the
atg11A strain is shown as a schematic model. The asterisk indicates a nonspecific band. (B) The
atg11A strain was cultured in YPL medium until the mid-log growth phase (before SD-N) and
then shifted to SD-N for 6 h. Cell lysates were treated with or without A PPase at 30°C for 1 h.
The molecular weight change was observed by immunoblotting with anti-Atg32 antibody.

(C) The atg32A atg11A double-knockout strain transformed with vectors expressing the
indicated ATG32 mutants were cultured in YPL medium until the mid-log growth phase and
then shifted to SD-N medium for 0, 1, and 6 h. The modification of Atg32 mutants was
monitored by immunoblotting with anti-Atg32 and anti-Pgk1 (loading control) antibodies. The
asterisks indicate a long exposure. (D) Strains of atg32A expressing Om45-GFP were
transformed with the indicated Atg32 mutant-expressing vectors. Cells were cultured in SML
medium until the mid-log growth phase and then shifted to SD-N for 6 h. GFP processing was
monitored by immunoblotting with anti-GFP and anti-Pgk1 (loading control) antibodies.

was localized on the mitochondrial outer membrane and accumu-
lated in vacuoles when mitophagy was induced. Om45-GFP that
was accumulated in the vacuoles was degraded; however, the GFP
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was relatively stable within vacuoles and was
often released as an intact protein. The level
of mitophagy can be semiquantitatively
monitored by measuring the amount of GFP
processed from Om45-GFP using immuno-
blotting (Kanki and Klionsky, 2008; Kanki
et al, 2009a). We expressed Atg32"T,
Atg325114A, Atg325119A, and Atg325114A/s119A
in atg32A cells expressing Om45-GFP and
induced mitophagy by nitrogen starvation
or by allowing cellular growth to the post-
logarithmic phase. Then we observed mi-
tophagy using the Om45-GFP processing
assay. When mitophagy was induced by ni-
trogen starvation, cells expressing Atg32"T
showed substantial levels of GFP process-
ing, whereas cells expressing Atg32511%A
showed ~60% of GFP processing compared
with WT. Cells expressing Atg325'%A or
Atg32514ST19A did not show GFP process-
ing (Figure 2D), suggesting that the S119A
mutation partially affects the function of
Atg32 for mitophagy and that the ST114A
mutation completely abolishes the function
of Atg32. A similar result was observed if mi-
tophagy was induced by allowing cellular
growth up to the postlogarithmic phase
(Supplemental Figure S2A). To exclude the
possibility that the dysfunction of Atg325114A
is due to mislocalization of this protein, we
expressed GFP-Atg32"Tand GFP-Atg325114A
in the atg32A cells and observed Atg32
localization. As shown in Supplemental
Figure S3, both GFP-Atg32"T and GFP-
Atg3251"%Awere colocalized with MitoTracker
Red, a probe for mitochondria, suggesting
that S114A mutation does not affect Atg32
localization.

To distinguish whether dysfunction of
Atg325"1%A is due to the critical structural
change of Atg32 or inability of Ser-114
phosphorylation, we constructed other
Atg32 mutant expression vectors such as
mutations of Ser-114 to Asn, Gly, Thr,
Tyr, Asp, or Glu (Atg325114N, Atg3251146,
Atg325114T,  Atg32511%, Atg3251140, or
Atg3251"4E, respectively) and expressed
these mutants in atg32A cells expressing
Om45-GFP. Then we observed mitophagy.
Because alternation of Ser to Asp or Glu
can sometimes mimic the phosphorylated
form of the protein, we expected that
Atg325114D or Atg32514E might play a role
in mitophagy, but both of these Atg32-
mutant-expressing cells, as well as
Atg325114N_ Atg325114C. and Atg325114Y.
expressing cells, did not show mitophagy
(Figure 2D). Of interest, Atg325""4T, which
has the potential to be phosphorylated

by Ser/Thr protein kinase, could induce mitophagy (Figure 2D),
suggesting that phosphorylation of amino acid residue 114 of
Atg32 is essential for mitophagy.
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FIGURE 3: Phosphorylation of Ser-114 on Atg32 is critically important for the Atg11-Atg32
interaction. (A, B) Yeast two-hybrid analysis between Atg11 and the indicated Atg32 mutants.
(C) The atg11A atg32A strains expressing PA-tagged Atg32"T, PA-tagged Atg3251"%A, or
PA-tagged Atg325'"%T and HA-tagged Atg11 under the control of the CUP1 promoter were
grown in SMD medium until the mid-log phase and then starved in SD-N for 1 h. PA-Atg32 was
precipitated using IgG-Sepharose from cell lysates. Top two, an immunoblot of total-cell lysates.
Bottom two, the IgG precipitates, which were probed with anti-HA and anti-PA antibodies.

Ser and Thr residues are clustered between Ser-114 and Ser-119
(Supplemental Figure S1B, green square). We further determined
whether these Ser or Thr residues have an important role in mi-
tophagy. We expressed Atg32°1"%4, Atg32511¢4, Atg32P'"7A, and
Atg32T"8 in atg32A cells expressing Om45-GFP and observed mi-
tophagy. All of those Atg32-mutant-expressing cells, however,
showed a similar level of mitophagy with that of Atg32"T-expressing
cells (Supplemental Figure S2B).

Because phosphorylation of Ser-114 of Atg32 is necessary for
mitophagy and because Ser-114 is within the Atg11 interaction re-
gion of Atg32 (Figure 1D, residues 51-150), we speculated that
phosphorylation of Ser-114 might be necessary for the Atg11-Atg32
interaction. To examine this possibility, we prepared yeast two-hy-
brid constructs to express Atg32 phosphorylation-site mutants (AD-
Atg325119A, AD-Atg325"19%, AD-Atg32514T, and AD-Atg325114A/51194).
As expected, the cells expressing AD-Atg3251"4A or AD-Atg325114#/
S119 and BD-Atg11 did not grow, whereas AD-Atg32"T, AD-
Atg3251194 or AD-Atg325'"T and BD-Atg11 did grow on selective
plates (Figure 3A), suggesting that phosphorylation of Atg32-
Ser-114 or Atg32-Thr114 is important for the Atg11-Atg32 interac-
tion. We further studied the importance of the Ser-114 residue on
the Atg11-Atg32 interaction. As shown in Figure 1C, the N-termi-
nus 150 amino acids of Atg32 (Atg32_1-150) interacted with Atg11.
We additionally prepared yeast two-hybrid Atg32 constructs to
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BD-
Atgl1(WT)
+Ade

express N-terminus Atg32 including Ser-
AD- 114 (Atg32_1-120, 1-130, 1-140, and 1-150)

tg32 or N-terminus Atg32 excluding Ser-114
-Ade ~ (Atg32_1-100 and 1-110). As expected, the
1-100  cells expressing AD-Atg32 including Ser-
114 (Atg32_1-120, 1-130, 1-140, and 1-150)
and BD-Atg11 grew on the selective plates,
whereas AD-Atg32 excluding Ser-114
(Atg32_1-100 and 1-110) and BD-Atg11 did
not grow on the selective plates (Figure 3B).
This finding further supports the idea that
phosphorylation of Ser-114 on Atg32 is im-
portant for the Atg11-Atg32 interaction.

To confirm the importance of Atg32-
Ser-114 phosphorylation on the Atg32-
Atg11 interaction, we expressed HA-tagged
Atg11 and PA-tagged Atg32°"%A or PA-
tagged Atg32%1"%T and performed a protein
A affinity pull-down assay. PA-Atg325114A
coprecipitated HA-Atg11 to a negligible ex-
tent compared with PA-Atg32"T (Figure 3C).
As expected, PA-Atg325"'*T could copre-
cipitate HA-Atg11, although the amount of
HA-Atg11 coprecipitated with PA-Atg325114T
was smaller than that with PA-Atg32"T
(Figure 3C). This finding further supports
the idea that phosphorylation of Ser-114 (or
Thr-114) in Atg32 is physiologically impor-
tant for the Atg11-Atg32 interaction.

When mitophagy is induced, Atg11 in-
teracts with Atg32 and recruits mitochondria
to the PAS, which is formed on the vacuolar
rim. We previously reported that GFP-
Atg32VT formed cytosolic GFP puncta at
the PAS in an Atg11-dependent manner in
the atg1A strain during nitrogen starvation
(Kanki et al., 2009c). Because phosphoryla-
tion of Ser-114 in Atg32 is important for the
Atg11-Atg32 interaction, GFP-Atg3251"%A or GFP-Atg3251144/5119A
should not form GFP puncta at the PAS. To test this possibility, we
expressed GFP-Atg32"T, GFP-Atg325""%A, and GFP-Atg325114A/5119%A
in the atgTA and atg32A double-knockout strain and ob-
served GFP puncta formation during nitrogen starvation. It was
difficult to detect cytosolic GFP puncta in GFP-Atg3251"%A- or GFP-
Atg325M4ST198 expressing cells (only 4.5 and 2.0% of cells had
puncta on the vacuolar rim during starvation, respectively), whereas
cells expressing GFP-Atg32"T showed cytosolic GFP puncta on the
vascular rim (36.6% of the cells had puncta on the vacuolar rim;
Supplemental Figure S4). This finding also supports the idea that
Ser-114 in Atg32 is important for mitophagy.

1-110
1-120
1-130
1-140
1-150

Phosphorylation of Ser-114 or Ser-119 on Atg32

is not required for Atg32-Atg8 interaction

It was reported that Atg32 interacts with Atg8 through the WQAI
motif on Atg32 and that the Atg32-Atg8 interaction also plays role
in mitophagy (Okamoto et al., 2009b). Because phosphorylation of
Ser-114 on Atg32 is required for mitophagy, we speculated that this
phosphorylation might affect Atg32-Atg8 interaction. We examined
this possibility by yeast two-hybrid analysis. As shown in Supple-
mental Figure S5A, cells expressing BD-Atg8 and AD-Atg32 mu-
tants (Atg325'11%A, Atg32511%A, and Atg325114A5T194) a5 well as AD-
Atg32VT, grew on the selective plates. This finding suggests that
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phosphorylation of Ser-114 or Ser-119 on Atg32 is not required for
Atg32-Atg8 interaction.

Phosphorylation of Atg32 is partially affected by the carbon
source in the starvation medium

Mitophagy is induced by nitrogen starvation after preculturing yeast
in nonfermentable medium. However, the level of mitophagy induc-
tion varies depending on the carbon source supplemented in star-
vation medium. Mitophagy is efficiently induced by nitrogen starva-
tion in SD-N, whereas mitophagy occurs at a very low level in
starvation medium with lactate (SL-N; Kanki and Klionsky, 2008).
We speculated that the carbon source that supplements the starva-
tion medium might affect the phosphorylation of Atg32, and as a
result, the level of mitophagy induction might vary. To examine this
possibility, we observed the phosphorylation of Atg32 in SD-N or
SL-N medium after preculturing yeast in SML. As we previously re-
ported, mitophagy occurred at a very low level when mitophagy
was induced by SL-N compared with induction by SD-N (Supple-
mental Figure S5B; Kanki and Klionsky, 2008). Although the phos-
phorylation of Atg32 was similar after 6 h of nitrogen starvation in
both SD-N and SL-N, phosphorylation after 1 h of starvation was
very low in SL-N medium compared with that in SD-N (Supplemen-
tal Figure S5C). Therefore we concluded that the carbon source
supplemented in the starvation medium affects the phosphorylation
of Atg32 during starvation in the early period and that the difference
in phosphorylation of Atg32, in part, affects the level of mitophagy
induced by the starvation medium supplemented with a different
carbon source.

Deletion of HOG1 or PBS2 affects both Atg32
phosphorylation and mitophagy

To identify kinases that phosphorylate Atg32 when mitophagy is in-
duced, we investigated kinase or kinase cofactors encoding gene-
deleted yeast strains and observed Atg32 phosphorylation when
mitophagy was induced by nitrogen starvation. We found two ki-
nases, Hog1 and Pbs2, related to Atg32 phosphorylation. Hog1 is a
mitogen-activated protein kinase (MAPK), and Pbs2 is a mitogen-
activated protein kinase kinase (MAPKK), and they are involved in
the osmoregulatory signal transduction cascade (HOG signaling
pathway), which affects gene expression by regulating osmorespon-
sive transcription factors (Westfall et al., 2004). In both HOG - and
PBS2-deleted cells (hog 1A and pbs2A cells, respectively), phospho-
rylation of Atg32 was severely but not completely inhibited when
mitophagy was induced by nitrogen starvation (Figure 4A and Sup-
plemental Figure S6A). Because phosphorylation of Atg32 is re-
quired for mitophagy, we speculated that mitophagy might be de-
fective in hog1A and pbs2A cells. To test this possibility, we
monitored mitophagy using the Om45-GFP processing assay and
found that mitophagy was also severely defective in these cells
(Figure 4B).

We further observed macroautophagy, the Cvt pathway, and
pexophagy in hog 1A and pbs2A cells. To observe macroautophagy,
we used a Pho8A6&0 activity assay (Noda et al., 1995). Pho8A&0 is a
truncated form of the vacuolar alkaline phosphatase. Deletion of the
native signal sequence causes the precursor protein to remain in the
cytosol, and it is only delivered to the vacuole by an autophagic
mechanism. On delivery, the C-terminal propeptide is removed, re-
sulting in activation of the zymogen, which can be measured enzy-
matically. We found that both hog 1A and pbs2A cells, as well as WT
cells, showed a similar increase in Pho8A60-dependent alkaline
phosphatase activity following nitrogen starvation (Figure 4C). Con-
sistent with previous reports that nitrogen starvation-induced mac-
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roautophagy is normal in the HOG1 deleted strain under normo-
osmotic culture conditions (Prick et al., 2006), our finding suggests
that macroautophagy is not defective in the hogTA and pbs2A
strains. This finding excludes the possibility that inhibition of mi-
tophagy in hog1A and pbs2A cells is due to dysfunction of au-
tophagic machinery. To observe the Cvt pathway, we investigated
processing of the precursor from Apel (preApel) under steady-
state conditions. As shown in Figure 4D, preApel in hogTA and
pbs2A cells was processed to comparable levels with those in WT
cells, suggesting that the Cvt pathway is normal in hog 1A and pbs2A
cells. Finally, we used GFP processing from peroxisomal protein
Pex14 tagged with GFP (Pex14-GFP) to observe pexophagy
(Reggiori et al., 2005). As shown in Figure 4E, pexophagy was se-
verely defective in both hog 1A and pbs2A cells. These findings sug-
gest that the HOG signaling pathway is not related to the autophagic
process but is related to regulation of organelle specific selective
autophagy.

Because Hog1 is a kinase, we expected that Hog1 might directly
phosphorylate Atg32. To observe this possibility, we challenged
with an in vitro Hog1 kinase assay. Purified Hog1 was activated by a
purified constitutive active Pbs2-EE mutant, and then purified Sko1
(N-terminus 214 amino acids; positive control) (Proft et al., 2001) or
purified Atg32 (N-terminus 250 amino acids) and [y-32P]JATP were
mixed and incubated in vitro. As shown in Figure 4F, Sko1 was phos-
phorylated by Hog1, whereas Atg32 was not phosphorylated at all.
This finding suggests that Atg32 is not directly phosphorylated by
Hog1.

We then decided to determine whether components upstream
of the HOG signaling pathway are required for mitophagy. Upstream
of the HOG signaling pathway, there are two osmosensor com-
plexes, Sho1-Msb2 and SIn1-Ypd1-Ssk1, and a layer of three MAP-
KKKs (Ssk2, Ssk22, and Ste11), which are responsible for activation
of Pbs2 (Clotet and Posas, 2007). We expressed Om45-GFP in
shoTA, steT1A, ssk1A, msb2A, ssk2A, and ssk22A cells and observed
mitophagy. As shown in Supplemental Figure S6B, none of those
mutants affected mitophagy, suggesting that, in the HOG signaling
pathway, only Pbs2 and Hog1 are related to mitophagy. This result
is consistent with the finding that hyperosmotic stress alone is not
sufficient to induce mitophagy (Supplemental Figure S7A).

Finally, we observed whether Hog1 is activated under mitophagy-
inducing conditions (Supplemental Figure S7B). As previously re-
ported, Hog1 is phosphorylated (activated) by hyperosmotic stress
(YPD + NaCl). Hog1 is also phosphorylated by nitrogen starvation
(SD-N) but not by rapamycin (Rap) treatment (YPD + Rap). Of inter-
est, Hog1 was strongly phosphorylated at the early log phase in YPL
medium (preculture in YPL). During mitophagy, the phosphorylation
of Hog1 was decreased but remained to some extent (SD-N). Sur-
prisingly, when mitophagy was induced by rapamycin, the phospho-
rylation of Hog1 almost completely disappeared (YPL + Rap). These
findings are consistent with the finding that Hog1 does not phos-
phorylate Atg32 directly and suggest that Hog1 is not the sole fac-
tor for Atg32 phosphorylation and mitophagy.

The N-terminus region of Atg32, especially the amino acids

51-100 of Atg32, contributes to stable expression of Atg32
but does not play a role in mitophagy

As shown in Figure 1C, when the first 50 amino acids in the N-termi-
nus of Atg32 were deleted (51-529), this mutant could interact with
Atg11 by yeast two-hybrid assay, whereas deletion of 75 amino ac-
ids in the N-terminus of Atg32 (76-529) could not. Therefore, we
decided to address the function of the N-terminus region of Atg32.
We first expressed N-terminus 50, 100, or 150 amino acid-deleted
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FIGURE 4: Deletion of HOG1 or PBS2 affects both Atg32 phosphorylation and mitophagy. (A) WT, atg1A, and atg32A
strains and hog1A/ atg1A and pbs2A/atg1A double-knockout strains were cultured in YPL medium until the mid-log
growth phase and then shifted to SD-N medium for 0, 1, and 6 h. Phosphorylation on endogenous Atg32 was
monitored by immunoblotting with anti-Atg32 and anti-Pgk1 (loading control) antibodies. (B) Strains deleted for the
indicated genes and expressing Om45-GFP were cultured in YPL medium until the mid-log growth phase and then
shifted to SD-N for 4 and 6 h. GFP processing was monitored by immunoblotting with anti-GFP antibody. (C) The WT
(TKMY236), hog1A (TKYM248), pbs2A (TKYM249), and atg1A (TKYM256) strains were grown in YPD medium and shifted
to SD-N for 3 and 6 h. Samples were collected and protein extracts assayed for Pho8A60 activity. (D) WT, atg1A, hog1A,
and pbs2A strains were cultured in YPD medium and analyzed for prApe1 maturation by immunoblotting with anti-Ape1
antiserum. (E) Strains deleted for the indicated genes and expressing Pex14-GFP were cultured with oleic acid-
containing medium for 19 h and then shifted to SD-N for the indicated times and monitored for GFP processing by
immunoblotting. (F) In vitro phosphorylation of Sko1(1-214) and Atg32(1-250) by Hog1. Recombinant GST-Sko1(1-214)
or GST-Atg32(1-250) was phosphorylated by activated recombinant GST-Hog1 in the presence of [y-*?P]ATP. The labeled
proteins were resolved by SDS-PAGE, and an autoradiograph image (top) and Coomassie Brilliant Blue-stained image
(bottom) of the gel were taken. The asterisks indicate GST-Sko1 degradation product or nonspecific bands.
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Atg32 mutants (Atg32_51-529, 101-529, or 151-529) in atg32A cells
expressing Om45-GFP and observed mitophagy during nitrogen
starvation. Atg32_51-529—-expressing cells showed comparable lev-
els of GFP processing with those of Atg32_WT (Supplemental
Figure S8A), suggesting that Atg32_51-529 is functional. Atg32_101-
529-expressing cells showed a small amount of GFP processing,
whereas Atg32_151-529-expressing cells completely lost GFP pro-
cessing (Supplemental Figure S8A), suggesting that Atg32_101-529
can still slightly function. We also observed the expression levels of
those Atg32 mutants and found that Atg32_101-529 was barely ex-
pressed compared with Atg32_WT or Atg32_51-529 (Supplemental
Figure S8B). Therefore, we speculate that the N-terminus region of
Atg32 might be required for stable expression of Atg32. To test this
possibility, we additionally expressed N-terminus 69, 71, 73, or 75
amino acid-deleted Atg32 mutants (Atg32_70-529, 72-529, 74-529,
or 76-529) in atg32A cells. Depending on the length deleted, the
expression level of the Atg32 mutant was decreased, and when 75
amino acids were deleted in the N-terminus (Atg32_76-529), the
expression level decreased to the same level of Atg32_101-529
(Supplemental Figure S8B). We then examined the function of these
Atg32 mutants for mitophagy using the Om45-GFP processing as-
say. In response to the reduction of Atg32 mutant expression levels,
GFP processing was decreased (compared with results shown in
Supplemental Figures S8B and S8C), suggesting that the Atg32 mu-
tant expression level, but not the length of N-terminus residues de-
leted, affects the level of mitophagy. To determine whether
Atg32_76-529 or Atg32_101-529 is functional if the expression level
is maintained, we expressed these mutants under the CUP1T pro-
moter, which can express genes more strongly than the Atg32 en-
dogenous promoter. Under the CUPT promoter, Atg32_76-529 and
Atg32_101-529 expressed comparable levels with those of full-
length Atg32 expressed under the endogenous promoter (Supple-
mental Figure S9A). Cells expressing a substantial amount of
Atg32_76-529 or Atg32_101-529 showed a similar level of mi-
tophagy to that of full-length-Atg32-expressing cells (Supplemental
Figure S9B). In addition, we constructed Atg32 lacking the amino
acids 51-75 (Atg32_A51-75). Atg32_A51-75 was expressed at simi-
lar levels to those of full-length Atg32 (Supplemental Figure S9C),
and cells expressing Atg32_A51-75 showed similar levels of mi-
tophagy to those of full-length-Atg32—-expressing cells (Supplemen-
tal Figure S9D). From these findings, we concluded that the N-ter-
minus region of Atg32, especially the amino acids 51-100 of Atg32,
contributes to stable expression of Atg32 but does not play a role in
mitophagy.

The C-terminus region of Atg32, which is located in the
inter membrane space, does not play a significant role

in mitophagy

Atg32 is a single-span mitochondrial outer membrane protein with
its N- and C-terminal domains oriented toward the cytoplasm and
the intermembrane space, respectively. The transmembrane do-
main (TMD) is predicted to be from Ser-389 to Val-411 (Figure 1D).
As shown in the preceding section, the N-terminus part of Atg32
interacts with Atg11, and this is essential for mitophagy. We next
decided to address the role of the C-terminus region of Atg32 in
mitophagy. We created a 100-amino acid deletion of the C-termi-
nus of Atg32 that maintained the whole TMD (Atg32_AC100), a
120-amino acid deletion of the C-terminus of Atg32 that lacked
part of the TMD (Atg32_AC120), and a 141-amino acid deletion of
the C-terminus of Atg32 that completely lacked the TMD
(Atg32_AC141). To observe mitophagy, we expressed those mu-
tants in atg32A cells expressing Om45-GFP and induced mitophagy

Volume 22 September 1, 2011

Om45-GFP, atg32A

A pRS416-ATG32
SML to Empty WT _ ACI00 ACI20 _ACI4L |

SD-N(t): "0 6 0 6 0 6 0 6 0 6 8%
Om45-GFP —| 58

46

30

GFP —| — -_— 25

ngl—l -———-——-———-'-*

Om45-GFP, atg32A
B pRS416-47G32

MitoTracker Overlay

@

GFP-Atg32_WT

GFP-Atg32_AC100

GFP-Atg32_ACl141

FIGURE 5: Characterization of the C-terminus region of Atg32.

(A) Strains of atg32A expressing Om45-GFP were transformed with
the indicated Atg32 mutant-expressing vectors. Cells were cultured
in SML medium until the mid-log growth phase and then shifted to
SD-N for 6 h. GFP processing was monitored by immunoblotting with
anti-GFP and anti-Pgk1 (loading control) antibodies. (B) The same cells
shown in A were cultured in SML medium until the mid-log growth
phase. The expression level of Atg32 was observed by
immunoblotting with anti-Atg32 and anti-Pgk1 (loading control)
antibodies. (C) The wild-type strain transformed with a plasmid
expressing the indicated GFP-tagged Atg32 mutants under the
control of the CUPT promoter was cultured in SMD medium until the
mid-log growth phase. Cells were labeled with the mitochondrial
marker MitoTracker Red and analyzed by fluorescence microscopy.

by nitrogen starvation. Surprisingly, cells expressing Atg32_AC100
showed comparable levels of mitophagy to those of full-length
Atg32, whereas cells expressing Atg32_AC120 or Atg32_AC141
showed a complete inhibition of mitophagy (Figure 5A). We then
examined the expression level of Atg32 mutants. Both Atg32_AC100
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and Atg32_AC141 were expressed to the same levels as those with
full-length  Atg32, but Atg32_AC120 was barely expressed
(Figure 5B). We further observed mitochondrial localization of those
Atg32 mutants by tagging GFP on its N-terminus. Similar to full-
length Atg32, Atg32_AC100 was localized in the mitochondria, but,
as expected, Atg32_AC141, which completely lacked TMD, was not
localized in mitochondria (Figure 5C). From these findings, we con-
cluded that the C-terminus region of Atg32 does not play a signifi-
cant role in mitophagy, whereas the TMD is essential for Atg32 lo-
calization in mitochondria.

DISCUSSION

Mitochondria are organelles that supply energy to the cell. How-
ever, these organelles are also the major source of cellular ROS.
Therefore quality control of mitochondria is important to maintain
cellular homeostasis. Selective elimination of mitochondria via au-
tophagy is believed to be a primary mechanism for mitochondrial
quality control. Accordingly, it is important to understand the mo-
lecular mechanism of mitophagy and its regulation. Recent studies
in yeast identified several mitophagy-related genes and showed
that when autophagy selects mitochondria as a cargo, mitochon-
drial receptor protein Atg32 is recognized and bound by adaptor
protein Atg11. Atg11 then recruits mitochondria to the PAS, where
there is autophagosome uptake in the mitochondria (Kanki and
Klionsky, 2009, 2010; Kanki et al., 2009b, 2009c, 2010, 2011;
Okamoto et al., 2009a, 2009b). The Atg11-Atg32 interaction is be-
lieved to be the initial molecular process of mitophagy. It is unknown
how the Atg11-Atg32 interaction is mediated or what signaling
regulates it. In this study, we found that the C-terminus region of
Atg11 (Atg11_CC4) interacts with the N-terminus region of Atg32
when mitophagy is induced. We also found that Atg32 is phospho-
rylated mainly on Ser-114 and Ser-119 following mitophagy induc-
tion and that the phosphorylation, especially phosphorylation of Ser-
114, is necessary for the Atg11-Atg32 interaction and for mitophagy.
We attempted to identify the factors that regulate Atg32 phospho-
rylation, and we found that Hog1 and Pbs2 were related to Atg32
phosphorylation. Hog1 is a MAPK and Pbs2 is a MAPKK, and both
are involved in the HOG signaling pathway. Based on the findings
that Hog1 does not phosphorylate Atg32 directly (Figure 4F), is not
always activated under mitophagy-inducing conditions (Supplemen-
tal Figure S7B), and regulates the expression of ~600 genes (O'Rourke
and Herskowitz, 2004), we speculate that Hog1 is one of the factors
that affects an unidentified primary mitophagy signaling pathway or
affects unidentified kinase(s) that directly phosphorylate Atg32.

This study found that Atg32 was phosphorylated even when cells
were cultured in the growing phase (Figure 2, A and B). This uniden-
tified phosphorylation site was dephosphorylated within 30 min by
nitrogen starvation (unpublished data). This site phosphorylated in
the growing phase is different from Ser-114 and Ser-119 because
even Atg325114V5119A showed phosphorylation in the growing phase
(Figure 2C). Until the current study, the physiological significance of
this Atg32 phosphorylation and dephosphorylation on mitophagy
was not well understood.

After nitrogen starvation, Atg32 was transiently dephosphory-
lated as discussed earlier and then phosphorylated on the residues
of Ser-114 and Ser-119 (Figure 2, A and C). Although Ser-119 was
more efficiently phosphorylated than Ser-114, phosphorylation of
Ser-114 was strongly related to mitophagy (Figure 2D). Even if Ser-
114 was altered to Thr, the Atg32 mutant (Atg32°'4T) was still func-
tional for mitophagy, whereas the change of Ser-114 to Tyr com-
pletely disabled Atg32 function (Figure 2D). These findings strongly
support our conclusion that a Ser/Thr—specific protein kinase phos-
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phorylates Atg32 and that phosphorylation of the amino acid resi-
due 114 of Atg32 is required for mitophagy.

Contrary to our expectation, neither Atg325'1%P nor Atg3251"4E
was functional for mitophagy (Figure 2D). The substitution Ser to
Asp or Glu is commonly used to mimic the phosphorylation status of
protein. However, there is no guarantee that an acidic amino acid
substitution will replicate the effect of phosphorylation since a phos-
phate group is considerably larger and carries twice the negative
charge of a carboxylate (Cribbs and Strack, 2009). This might be the
reason why neither Atg325"1%P nor Atg325""4E was functional.

Mitophagy is inhibited even under strong macroautophagy-in-
ducing nitrogen starvation conditions if the nitrogen starvation me-
dium contains nonfermentable carbon as the sole carbon source in
which mitochondria are essential for energy production (Kanki and
Klionsky, 2008). We in addition found that the phosphorylation of
Atg32 was affected by the carbon source supplemented in the star-
vation medium. These findings suggest that mitophagy is strictly
regulated under an unidentified mitophagy-related signaling path-
way. Phosphorylation of Ser-114 in Atg32 is likely to be the terminal
reaction of this signaling pathway because phosphorylation of Atg32
directly mediates the Atg11-Atg32 interaction, which is the initial
physical molecular step delivering mitochondria to vacuoles. The
phosphorylation level of Ser-114 in Atg32 may be a rate-limiting
factor of mitophagy.

Because Atg32 is evenly spread in the mitochondria (Kanki et al.,
2009c; Okamoto et al., 2009b) and because mitochondria carrying
phosphorylated Ser-114 in Atg32 are destined to be degraded, it is
reasonable that the phosphorylation level of Ser-114 can be re-
stricted to maintain a proper mitochondrial volume. In fact, we
found that when mitophagy was induced by nitrogen starvation for
6 h, both degraded mitochondria and Ser-114 phosphorylation
were consistently low (Figure 2D, SD-N 0 h compared with the 6 h
Om45-GFP signal).

The current model for mitophagy is summarized in Figure 6.
When mitophagy is induced, Ser-114 and Ser-119 on Atg32 are
phosphorylated. The phosphorylation of Atg32, especially the
phosphorylation of Ser-114, mediates the Atg11-Atg32 interaction.
Atg11 recruits mitochondria to the PAS, where the autophagosome
is generated to enclose the mitochondria. The kinase that directly
phosphorylates Atg32 has not been identified yet (Figure 6,
kinase X). The mitophagy signaling pathway that connects mi-
tophagy-inducing stimuli derived from mitochondria and/or the cel-
lular environment to kinase Xis still unclear. It is possible that several
factors related to the mitophagy signaling pathway, such as Hog!
and Pbs2, are involved.

The requirement of Atg32 phosphorylation for mitophagy is
similar to pexophagy in Pichia pastoris because phosphorylation of
PpAtg30, a receptor protein for pexophagy, is required for
PpAtg30-PpAtg11 interaction and pexophagy (Farre et al., 2008).
Recently, it was reported that the MAPK SIt2 and upstream MAPK
cascade are necessary for pexophagy in Saccharomyces cerevisiae
(Manjithaya et al., 2010). In the present study, we found that an-
other MAPK, Hog1, and the upstream Pbs2 were required for mi-
tophagy. Our study also showed that Hog1 was required for pex-
ophagy (Figure 4F), whereas another study reported that it was not
required for pexophagy (Manjithaya et al., 2010). Although further
studies are required to determine this issue, these findings suggest
that there is an interaction between the MAPK cascade and selec-
tive autophagy in yeast.

We also studied the role of the first 100 amino acids of the
N-terminus and C-terminus of Atg32 on mitophagy. Deletion of
100 amino acids in the C-terminus of Atg32, in which almost all of
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FIGURE 6: Model of mitophagy in yeast. The initial trigger-inducing mitophagy comes from
mitochondria (such as mitochondrial damage) and/or the cellular environment (such as dramatic
nutrient change and oxidative stresses). The initial trigger is through an unidentified mitophagy
signaling pathway and it reaches kinase X, which is believed to be a Ser/Thr-specific protein
kinase. This kinase phosphorylates Ser-114 and Ser-119 on Atg32. Phosphorylation of Atg32,
especially phosphorylation of Ser-114, mediates the Atg11-Atg32 interaction. Atg11 recruits
mitochondria to the PAS, where the autophagosome is generated to enclose the mitochondria.
Hog1 and Pbs2 affect the mitophagy signaling pathway or affect kinase X.

the intermembrane space domain of Atg32 was deleted, resulted in
mitophagy still being functional, suggesting that the C-terminus re-
gion of Atg32 does not play a role in mitophagy (at least under our
mitophagy-inducing condition). On the other hand, we found that
the N-terminus region of Atg32 was required for stable expression
of Atg32, but it was not required for mitophagy. When more than
50 amino acids in the N-terminus of Atg32 were deleted, the ex-
pression level of Atg32 was decreased, depending on the length of
the deleted residues (Supplemental Figure S8B). In response to the
reduction of Atg32 mutant expression, induction of mitophagy was
also decreased in parallel. This finding is consistent with previous
reports that N-acetylcysteine, a scavenger of free radicals, sup-
presses the expression level of Atg32 (Okamoto et al., 2009b) and
mitophagy (Deffieu et al., 2009). Atg32 lacking 100 amino acids in
the N-terminus could induce mitophagy comparable with that in WT
Atg32 if this mutant was expressed to the same level as that of en-
dogenous WT Atg32 (Supplemental Figure S9, A and B), suggesting
that the first 100 amino acids in the N-terminus of Atg32 are not
involved in the molecular process of mitophagy. Because the Atg11-
Atg32 interaction is essential for mitophagy, these 100 amino acids
in the N-terminus of Atg32 can be excluded as the Atg11-interact-
ing domain. Together with the yeast two-hybrid result that 120
amino acids in the N-terminus of Atg32 are sufficient to bind Atg11
(Figure 3B), this suggests that the Atg11 interaction region of Atg32
can be narrowed down as being amino acid residues 100-120.

MATERIALS AND METHODS

Strains and media

The yeast strains used in this study are listed in Supplemental Table
S1. Yeast cells were grown in rich medium (YPD: 1% yeast extract,
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2% peptone, and 2% glucose), lactate me-
dium (YPL: 1% yeast extract, 2% peptone,
and 2% lactate), synthetic minimal medium
with glucose (SMD: 0.67% yeast nitrogen
base, 2% glucose, and amino acids), or syn-
thetic minimal medium with lactate (SML:
0.67% yeast nitrogen base, 2% lactate, and
amino acids). Nitrogen starvation experi-
ments were performed in synthetic minimal
medium lacking nitrogen (SD-N: 0.17%
yeast nitrogen base without amino acids
and ammonium sulfate and 2% glucose; or
SL-N: 0.17% yeast nitrogen base without
amino acids and ammonium sulfate and 2%
lactate).

Plasmids

The plasmids for expression of PA-tagged
Atg32 (WT), GFP-tagged Atg32 (WT), and
HA-tagged Atg11 mutants under the con-
trol of the CUP1 promoter, the plasmids for
expression of Atg32 (WT) under the endog-
enous promoter (pRS416—Atg32WT), and
yeast two-hybrid plasmid pGBDU-Atg11
mutants, pGAD-Atg19 and pGAD-Atg32
(WT), were described previously (Yorimitsu
and Klionsky, 2005; Kanki et al., 2009¢). The
plasmids expressing Atg32 with Ser or Thr
mutation were generated using the
QuikChange Site-Directed Mutagenesis Kit
(Agilent Technologies, Santa Clara, CA)
based on WT Atg32 expression plasmids.
For the yeast two-hybrid vector pGAD-Atg32 mutants, a DNA frag-
ment encoding N-terminus— or C-terminus—deleted ATG32 was
PCR amplified with Bglll and Sall restriction sites from yeast ge-
nomic DNA and ligated into the BamHI and Sall sites of pGAD-C1
(James et al., 1996). For the N-terminus—deleted Atg32 expression
vectors under the control of the endogenous Atg32 promoter, a
DNA fragment encoding N-terminus—-deleted ATG32 was PCR am-
plified with the Atg32 promoter sequence from yeast genomic
DNA and cotransfected with pRS416-Atg32'VT plasmid digested by
BamHl and Aflll in yeast (SEY6210) to allow recombination between
the PCR fragment and digested plasmid. The objective plasmids
were purified from the colonies grown on Ura (-) plates. For the
C-terminus—deleted Atg32 expression vectors under the endoge-
nous Atg32 promoter, a DNA fragment encoding promoter- and
C-terminus—deleted ATG32 was PCR amplified with Spel and Sall
restriction sites from yeast genomic DNA and ligated into the Spel
and Sall sites of the pRS416-CYC1tm vector (pRS416 vector with
CYC1 terminator). For the GFP-tagged C-terminus—deleted Atg32
expression vectors under the control of the CUP1 promoter, a DNA
fragment encoding C-terminus—deleted ATG32 was PCR amplified
with EcoRl and Sall restriction sites from yeast genomic DNA and
ligated into the EcoRl and Sall sites of pCuGFP(416) (Kim et al.,
2001).

Antibodies

Anti-Atg32 antibody was produced by immunizing rabbits with the
recombinant GST-tagged N-terminus (the first 400 amino acids) of
Atg32 and affinity purifying the serum with recombinant His-tagged
N-terminus (the first 250 amino acids) of Atg32-conjugated Sephar-
ose. The affinity-purified anti-Atg32 antibody does not react with
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the His-tagged N-terminus (the first 150 amino acids) of Atg32, sug-
gesting that this antibody reacts with residues 151-250. Anti-Apel
antiserum was a gift from Daniel J. Klionsky (University of Michigan,
Ann Arbor, Ml). Anti-HA antibody (Sigma-Aldrich, St. Louis, MO),
anti-Por1 antibody (Invitrogen Molecular Probes, Eugene, OR), anti-
Pgk1 antibody (Nordic Immunological Laboratories, Tilburg, Neth-
erlands), anti-protein A antibody (GeneTex, Irvine, CA), anti-Hog1
antibody (Santa Cruz Biotechnology, Santa Cruz, CA), anti-phos-
phorylated Hog1 antibody (Cell Signaling Technology, Beverly, MA),
and anti-GFP antibody (Takara Bio, Otsu, Japan) were used for im-
munoblotting.

Assays for mitophagy, macroautophagy, the Cvt pathway,
and pexophagy

For monitoring mitophagy, the Om45-GFP processing assay was
carried out as described previously (Kanki et al., 2009a). For moni-
toring macroautophagy, the alkaline phosphatase activity of
Pho8A60 was measured as described previously (Noda et al., 1995).
For monitoring the Cvt pathway, cells were cultured in YPD medium
up to the mid-log growth phase. The maturation of preApel was
observed by immunoblotting with anti-Apel antiserum. For monitor-
ing pexophagy, the Pex14-GFP processing assay was carried out as
described previously (Reggiori et al., 2005).

Protein A affinity pull-down assay

Cells expressing HA-tagged Atg11 (WT or mutants) and PA-tagged
Atg32 (WT or mutants) were cultured in SMD medium until the mid-
log growth phase and then shifted to SD-N for 1 h. Cells were col-
lected and lysed with glass beads in IP buffer (50 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES], pH 7.4,
150 mM KCI, 1 mM EDTA, 0.5% Triton X-100, 1 mM phenylmethyl-
sulfonyl fluoride [PMSF], and proteinase inhibitors), and they were
centrifuged at 10,000 x g for 10 min at 4°C. The supernatant was
mixed with IgG—Sepharose at 4°C for 12 h. The Sepharose was
washed by ice-cold wash buffer (50 mM HEPES, pH 7.4, 500 mM
NaCl, 1 mM EDTA, 0.5% Triton X-100, and 0.1% SDS) five times,
and the sample was eluted by SDS-PAGE loading buffer. The elu-
tion samples were observed by immunoblotting with anti-HA and
anti—protein A antibodies.

A Protein phosphatase treatment

The atg11A strain was cultured in YPL medium until the mid-log
phase and then shifted to SD-N for 6 h. Cells were collected and
lysed with glass beads in phosphatase buffer (supplied with A pro-
tein phosphatase) with 1 mM PMSF and protease inhibitors. After
centrifugation at 10,000 x g for 10 min, the supernatant was incu-
bated with A protein phosphatase (New England Biolabs, Ipswich,
MA) for 1 h at 30°C.

Fluorescence microscopy

Cells expressing GFP-tagged Atg32 mutants were grown in SMD
medium until the mid-log growth phase. To label mitochondria,
cells were incubated with 1 pM of MitoTracker Red (Invitrogen)
at 30°C for 30 min. After cells were washed with SMD medium,
fluorescence signals were visualized on a BZ-9000 fluorescence
microscope (Keyence, Osaka, Japan). To observe cytosolic GFP
puncta formation, cells were incubated with 20 pg/ml N-(3-
triethylammoniumpropyl)-4-(p-diethylaminophenylhexatrienyl)
pyridinium dibromide (FM 4-64; Biotium, Hayward, CA) at 30°C
for 30 min. After being washed with sterilized water, the cells were
incubated in SD-N for 2 h. The fluorescence signals were visualized on
the A1R confocal laser microscope system (Nikon, Tokyo, Japan).
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In vitro kinase assay

For the in vitro kinase assay, we used a method described previously
(Bilsland-Marchesan et al., 2000; Proft et al., 2001). N-terminus GST-
tagged Hog1, Pbs2-EE (Ser-514 to Glu and Thr-518 to Glu mutant),
Sko1 (N-terminus 214 amino acids), and Atg32 (N-terminus 250
amino acids) expression vectors were constructed using pGEX-4T-1
(GE Healthcare, Chalfont St. Giles, United Kingdom) and were ex-
pressed in Escherichia coli BL21(DE3). Expressed proteins were pu-
rified using Glutathione Sepharose 4B (GE Healthcare). One micro-
gram of recombinant GST-Hog1 was activated by phosphorylation
using 0.5 pg of GST-Pbs2-EE in the presence of kinase buffer
(50 mM Tris-HCI, pH 7.5, 10 mM MgCl,, and 2 mM dithiothreitol)
and 20 uM ATP. After 20 min at 30°C, 2.5 pg of GST-Sko1 or GST-
Atg32 was added to the previous mixture together with [y-32PJATP
(0.2 pCi/pl). The mixture was then incubated for 20 min at 30°C. The
labeled proteins were resolved by SDS-PAGE. The gel was stained
with Coomassie Brilliant Blue, and the gel images were visualized by
BAS-2500 autoradiography (Fujifilm, Tokyo, Japan).
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