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Autophagy is the major degradative process for recycling cytoplasmic constituents and eliminating unnecessary or-
ganelles in eukaryotic cells. Most autophagy-related (Atg) proteins are recruited to the phagophore assembly site (PAS),
a proposed site for vesicle formation during either nonspecific or specific types of autophagy. Therefore, appropriate
recruitment of Atg proteins to this site is critical for their function in autophagy. Atgl1 facilitates PAS recruitment for the
cytoplasm-to-vacuole targeting pathway, which is a specific, autophagy-like process that occurs under vegetative condi-
tions. In contrast, it is not known how Atg proteins are recruited to the PAS, nor which components are involved in PAS
formation under nonspecific autophagy-inducing, starvation conditions. Here, we studied PAS assembly during nonspe-
cific autophagy, using an atg11A mutant background to eliminate the PAS formation that occurs during vegetative growth.
We found that protein complexes containing the Atgl kinase have two roles for PAS formation during nonspecific
autophagy. The Atgl C terminus mediates an interaction with Atgl13 and Atgl7, facilitating a structural role of Atgl that
is needed to efficiently organize an initial step of PAS assembly, whereas Atgl kinase activity affects the dynamics of

protein movement at the PAS involved in Atg protein cycling.

INTRODUCTION

Macroautophagy (hereafter autophagy) is a major degrada-
tive pathway that allows cells to respond to various types of
environmental stress (Klionsky, 2005; Yorimitsu and Klion-
sky, 2007). Autophagy is an evolutionarily conserved path-
way in all eukaryotic cells (Reggiori and Klionsky, 2002).
After certain environmental cues such as nutrient depriva-
tion or hormonal stimuli, cells dynamically sequester por-
tions of the cytoplasm within double-membrane cytosolic
vesicles, called autophagosomes (Klionsky and Ohsumi,
1999; Klionsky and Emr, 2000). The completed vesicles sub-
sequently fuse with lysosomes/vacuoles, allowing the deg-
radation of the sequestered components and the recycling of
the resulting macromolecules. Autophagy has critical roles
in cellular remodeling through degradation, thus acting at
various stages of development (Klionsky, 2004; Levine and
Klionsky, 2004), and it is involved in protection against a
range of diseases such as pathogen infection, tumor forma-
tion and certain types of neurodegeneration (Shintani and
Klionsky, 2004a; Rubinsztein et al., 2005).
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Autophagy is usually considered a nonselective process
for the bulk degradation of cytoplasmic components; how-
ever, there are many types of specific autophagy. For exam-
ple, peroxisomes in methylotrophic yeasts are specifically
degraded when cells are shifted from conditions where
these organelles are required for metabolism to ones where
they are no longer necessary (Dunn ef al., 2005). In addition
to its role in adapting to changing metabolic demands, se-
lective autophagy is involved in removing damaged or-
ganelles such as mitochondria (Kissova et al., 2007; Zhang et
al., 2007). Specific types of autophagy also occur in higher
eukaryotes as seen, for example, with the targeting of patho-
genic microbes (Birmingham and Brumell, 2006; Colombo et
al., 2006; Talloczy et al., 2006; Vergne et al., 2006; Webster,
2006; Yoshimori, 2006). A particularly unique case of selec-
tive autophagy is the cytoplasm-to-vacuole targeting (Cvt)
pathway, which is a biosynthetic autophagy-like pathway
that occurs in growing conditions in yeast (Yorimitsu and
Klionsky, 2005b; Farre et al., 2007). The precursor form of the
vacuolar hydrolase aminopeptidase I (Apel), and a-manno-
sidase, are recognized and sequestered within double-mem-
brane vesicles and transported into the vacuole through this
alternative targeting route that overlaps extensively with
bulk autophagy (Klionsky et al., 1992; Hutchins and Klion-
sky, 2001). There are clear morphological and mechanistic
differences between the Cvt pathway and autophagy, even
though both share most of the autophagy-related (Atg) pro-
teins, the machinery that drives these processes. One of the
key proteins required for both pathways, the serine-threo-
nine kinase Atg1, plays a critical role in autophagy induction
and is regulated by Tor-dependent signaling (Kamada ef al.,
2000). Recently, it was reported that the Atgl-interacting
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partners Atgl3 and Atgl7 participate in regulating the con-
version between the Cvt pathway and autophagy through
modulating the autophagic response (Kamada et al., 2000;
Cheong et al., 2005; Kabeya et al., 2005).

The phagophore assembly site (also called the preauto-
phagosomal structure; PAS) is thought to be an organizing
center for formation of the sequestering vesicles, autopha-
gosomes and Cvt vesicles, which form during bulk and
specific autophagy, respectively. Although the PAS is pre-
sumed to play a prominent role in these processes, the
nature of this structure is poorly understood. For example,
through elegant circular reasoning the site where most Atg
proteins reside is defined as the PAS, and the PAS is defined
in part as the site where most Atg proteins reside. The crux
of this logic is that the PAS is primarily detected through
fluorescence microscopy as a perivacuolar punctum in yeast
cells expressing fluorophore-tagged Atg proteins. Even though
this site is poorly defined, the correct PAS targeting of Atg
proteins seems to be required for their function (Suzuki et al.,
2001; Kim et al., 2002; Nice ef al., 2002). Although the role of
the PAS is not fully understood, one model is that this site
serves to facilitate the nucleation and/or expansion of the
phagophore, the precursor to the autophagosome, through
the recruitment of Atg proteins (Mizushima et al., 2001;
Suzuki and Ohsumi, 2007). Accordingly, to understand the
initial steps of sequestering vesicle formation, it is important
to understand how Atg proteins are recruited to the PAS,
which proteins interact at this site, and how they function.

Recently, we reported that Cvt cargo complexes, com-
posed of the cargo protein precursor Apel (prApel), the
receptor Atgl9 and the adaptor Atgll, have a critical role in
PAS organization under vegetative conditions (Shintani and
Klionsky, 2004b). In contrast, PAS assembly in the absence of
these proteins occurs normally during starvation, which
suggests that Cvt cargo complexes are most likely involved
in the formation of a Cvt-specific PAS, but they are not
needed for PAS formation during nonspecific autophagy.
These results raise questions about targeting of Atg proteins
to the PAS during specific and nonspecific types of autoph-
agy, and in particular about the mechanism of Atg protein
recruitment under autophagy-inducing conditions. In this
study, we examined the role of proteins that comprise the
Atgl kinase complex in PAS assembly. Our results suggest
that Atgl, Atgl3, and Atgl7 have a critical role in PAS
organization during nonspecific autophagy and that the in-
teraction among these proteins is essential for PAS recruit-
ment of Atg proteins.

MATERIALS AND METHODS
Media

Yeast were grown in YPD medium (1% yeast extract, 2% peptone, and 2%
glucose) or synthetic minimal medium (SMD; 0.67% yeast nitrogen base, 2%
glucose, and auxotrophic amino acids and vitamins as required). Starvation
medium was SD-N (0.17% yeast nitrogen base without ammonium sulfate or
amino acids, containing 2% glucose).

Strains and Plasmids

The Saccharontyces cerevisiae strains used in this study are listed in Table 1.
Tagging of proteins by the integration of modified genes at the corresponding
chromosomal loci, and gene deletions were performed by a polymerase chain
reaction (PCR)-based procedure (Longtine et al., 1998). For gene disruption,
the entire coding region was replaced with the Escherichia coli kan®, Schizosac-
charomyces pombe HIS5, Kluyveromyces lactis URA3, Saccharomyces kluyoveri
HIS3, or S. cerevisite TRP1, LEU2, or URA3 gene by using PCR primers
containing ~40 bases of identity to the regions flanking the open reading
frame. Western blotting, PCR, or both verified putative gene knockout and
tagged strains. The functionality of tagged constructs was confirmed by
examining the processing of prApel, green fluorescent protein (GFP)-Atg8, or
both.
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The pRS316 GFP-APGI plasmid was a kind gift from Dr. Yoshinori Ohsumi
(National Institute for Basic Biology, Okazaki, Japan). A plasmid expressing
GFP-Atg8 [pGFP-Aut7(416)] was described previously (Huang et al., 2000). To
integrate GFP-Atg8, we used a pRS306-based plasmid containing the GFP-
ATG8 gene with the endogenous ATGS promoter (Suzuki et al., 2001); inte-
gration was done at the URA3 locus. For constructing an ATG17-3xGFP
plasmid containing three tandem copies of the gene encoding GFP, the
full-length ATG17 gene was PCR amplified and ligated into the Clal-Agel
sites of pRS306-3xGFP, which was described previously (Rossanese et al.,
2001). The resulting plasmid was used for yeast transformation to integrate
ATG17-3xGFP at the ATG17 chromosomal locus. The atg1¥5*A and atgI™M1024
mutants were described previously (Abeliovich et al., 2003; Kamada ef al.,
2000). The plasmid containing the double point mutation, atg1<54AM1024 yag
generated by PCR-based site-directed mutagenesis. DNA sequencing was
used to verify the mutation.

For yeast two-hybrid screening, we used an N-terminally truncated version
of Atgl, lacking a kinase domain (Atg1AN), that was introduced into the yeast
two-hybrid bait vector pGBDU-C1 by using BamHI and Sall sites, as de-
scribed previously (Yorimitsu and Klionsky, 2005a). The C-terminal deletion
mutant (AC20) of this version of Atgl was generated by PCR and cloned into
pGBDU-C1 by using the same restriction enzyme sites. The pGBDU-C1
plasmids expressing point mutants that substituted alanine for tyrosine and
arginine at positions 878 and 885, respectively (AtglY878AR885A) and gluta-
mate for arginine and lysine at positions 885 and 892, respectively
(Atg1R88SEKS92E) were generated by PCR-based site-directed mutagenesis
using the pGBD-AtglAN construct. Full-length Atgl3 (pAD-Atgl3), de-
scribed previously (Scott et al., 2000), was used as prey. Each set of bait and
prey plasmids were transformed into strain PJ69-4A, and interactions were
assayed by streaking transformants on SD plates lacking adenine, and exam-
ining growth.

To generate mutant versions of native Atgl, we started with the wild-type
ATGI gene containing its endogenous promoter and terminator that was
cloned into pRS315 [pATG1(315); Abeliovich ef al., 2003], in which an Nhel
site was introduced after the stop codon. The Atgl1AC20, AtglY878ARSS5A and
Atg1RB8SEKS2E mytations were each cloned from the pPGBDU-C1 vector con-
taining these respective mutants, into pATG1(315) as SphI-Nhel fragments.
The mutations were verified by DNA sequencing. These constructs were used
for the Pho8A60 alkaline phosphatase assay and the fluorescence and electron
microscopy analyses.

For protein A (PA) affinity isolation, the Atgl open reading frame with a
BamHI site engineered just after the ATG start codon, was amplified by PCR
and cloned as a Spel-Sall fragment into the pCu416 vector (Labbe and Thiele,
1999). A PA tag on a BamHI fragment from plasmid pTS480 was used to
create an N-terminal PA-tagged version of this construct, and the function-
ality was determined by monitoring prApel maturation in an atgIA strain
expressing this protein. DNA fragments containing the Atg1AC20 deletion or
point mutations were excised as Sphl-Sall fragments from the pGBDU-C1
vector, and they were used to replace the wild-type Atgl sequence in the
PA-tagged construct after digestion with the same set of enzymes.

Full-length ATG13, containing its endogenous promoter and terminator
sequences, was cloned into pRS315 (Kamada et al., 2000). An AvrlII site was
introduced by site-directed mutagenesis, immediately after the start codon of
ATGI13. DNA containing three tandem copies of the hemagglutinin (HA)
coding sequence was amplified from 3HA-Apgl2 (a kind gift from Dr.
Noboru Mizushima, Tokyo Medical and Dental University) by primers con-
taining an Xbal site and ligated into the Avrll site to create an N-terminal
fusion of 3xHA with Atg13. Western blotting and PCR were used for verify-
ing this construct, and the functionality was assayed by examining prApel
maturation. HA-tagged Atgl1 has been described previously (Yorimitsu and
Klionsky, 2005a).

Protein A Affinity Isolation

Cells were grown in 50 ml of SMD lacking the appropriate auxotrophic amino
acids to ODgyo = 0.6. Rapamycin (0.2 ug/ml; Fermentek, Jerusalem, Israel)
was added, and cells were cultured for an additional 2 h. PA-affinity isolation
was performed as described previously (He et al., 2006), with only one
exception: the cell extracts were incubated with immunoglobulin (Ig)G-
Sepharose beads for 2 h at 4°C. The eluates were resolved by 6% SDS-
polyacrylamide gel electrophoresis (PAGE), transferred to Immobilon poly-
vinylidene difluoride (IPVH00010; Millipore, Billerica, MA) and immunoblotted
with monoclonal anti-HA antibody (Santa Cruz Biotechnology, CA).

Enzyme Assays

The alkaline phosphatase assay using Pho8A60, and an in vitro phosphory-
lation assay using HA-tagged Atgl were performed as described previously
(Kamada et al., 1995; Noda et al., 1995). B-Galactosidase assays with AD-Atg13
and BD-Atgl variants in strain PJ69-4A were performed as described previ-
ously (Rose et al., 1990).

Microscopy

For fluorescence microscopy, cells were grown to mid-log phase in YPD or
SMD medium lacking the appropriate auxotrophic amino acids to maintain
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Table 1. Yeast strains used in this study

Strain Genotype Reference
AHY001 SEY6210 atg11A:: HIS5 S.p. Kim et al., 2001b
BY4742 MATa his3A leu2A lys2A ura3A ResGen/Invitrogen
CWY233 SEY6210 atg13A:KAN This study
CWY235 AHYO001 atg13A::KAN Yorimitsu and Klionsky, 2005a
CWY239 SEY6210 atg17A:KAN Cheong et al., 2005
FRY143 SEY6210 vps4A::TRP1 pep4A::LEU2 Cheong et al., 2005
HCY31 FRY143 atg17A::Kan This study
HCY37 FRY143 atg11A:: HIS3 S.k. This study
HCY38 HCY31 atgl1A:: HIS3 S.k. This study
HCY66 CWY239 atg11A:: LEU2 This study
HCY76 SEY6210 vps4A::TRP1 pep4A:Kan
atg1A::URA3 This study
HCY114 SEY6210 GFP-ATG8::URA3 This study
HCY116 TYY158 GFP-ATGS8::URA3 This study
HCY118 SEY6210 ATG17-3GFP::URA3 This study
HCY119 TYY158 ATG17-3GFP::URA3 This study
HCY131 AHY001 ATG16-GFP::TRP1 This study
HCY132 CWY233 ATG16-GFP::TRP1 This study
HCY133 HCY66 ATG16-GFP::TRP1 This study
HCY134 CWY235 ATG16-GFP::TRP1 This study
HCY135 TYY158 ATG16-GFP::TRP1 This study
HCY136 SEY6210 ATG14-GFP::HIS5 This study
HCY137 WHY001 ATG14-GFP::TRP1 This study
HCY138 CWY233 ATG14-GFP:: HIS5 This study
HCY139 CWY239 ATG14-GFP::TRP1 This study
HCY140 AHY001 ATG14-GFP::TRP1 This study
HCY141 HCY66 ATG14-GFP::-TRP1 This study
HCY142 CWY235 ATG14-GFP::TRP1 This study
HCY143 TYY158 ATG14-GFP::TRP1 This study
KTY148 SEY6210 ATG14-GFP::TRP1 This study
KTY149 atg1A:: URA3 ATG16-GFP::TRP1 This study
KTY161 atg17A:LEU2 ATG16-GFP::TRP1 This study
PJ69-4A MATa trp1-A901 leu2-3,112 ura3-52 his3-A200 James et al., 1996
gal4A gal80A LYS2::GAL1-HIS3 GAL2-ADE2
met2::GAL7-lacZ
SEY6210 MATa leu2-3,112 ura3-52 his3-200 trp1-901 lys2-801 suc2-9 GAL Robinson et al., 1988
TYY158 AHY001 atgIA:KAN This study
UNY1 YTS159 atg1A:HIS5 S.p. This study
UNY3 TN121 atgIA This study
UNY27 CWY233 atg1A::HIS5 S.p. This study
WHY001 SEY6210 atg1A::HIS5 S.p. Shintani et al., 2002
YTS157 SEY6210 atg1A::HIS5 S.p. atg11A::LEU2 Yorimitsu and Klionsky, 2005a
YTS159 BY4742 pho8::pho8A60 phol3::Kan This study

plasmids. For starvation, cells were shifted to SD-N medium for 2 h. The cells
were viewed using a DeltaVision Spectris (Applied Precision, Issaquah, WA)
microscope fitted with differential interference contrast (DIC) optics and an
Olympus camera IX-HLSH100 with softWoRx software. For image quantifi-
cation of fluorescence intensity, a stack of 12 z-sections at intervals of 0.5 um
was collected, which completely covered the whole cell along the z-axis. The
stack of 12 z-sections was then projected into a two-dimensional image by
softWoRx software. A circle was drawn around the PAS dot and the intensity
within this area was measured. An area of the same size encompassing the
adjacent cytosol was subtracted as background. For the time-lapse experi-
ment, cells were immobilized on SD-N medium containing 2% agar on
concavity slides (Fisher Scientific) and pictures were taken every minute.

Electron microscopy was performed as described previously (Kaiser and
Schekman, 1990). To quantify size, the diameter of autophagic bodies with
clear membrane boundaries was measured.

RESULTS

Atg17 Is Important for PAS Organization under
Starvation Conditions

Atgl7 and Atgll were identified as interacting proteins of
Atgl, which are required for either nonspecific autophagy or
the specific Cvt pathway, respectively (Kamada et al., 2000;
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Kim et al., 2001b). Atgl1 plays a role in cargo packaging and
transport in the Cvt pathway, but it is not required for
nonspecific autophagy (Shintani et al., 2002; Yorimitsu and
Klionsky, 2005a). Conversely, Atgl7 is not needed for the
Cvt pathway, but it modulates the magnitude of the auto-
phagic response; the atg17A mutant has fewer, and smaller,
autophagosomes (Cheong et al., 2005; Kabeya et al., 2005).
Except for this role, however, the physiological function of
Atg17 in autophagy is not understood.

Recently, we reported that the Cvt-specific proteins Atgl1
and Atgl9 (the prApel receptor), along with the prApel
cargo protein, recruit Atg proteins to the PAS to facilitate
Cvt vesicle formation (Shintani and Klionsky, 2004). In con-
trast, these proteins are not needed for PAS formation dur-
ing starvation conditions, which suggests that other proteins
are involved in PAS formation during nonspecific autoph-
agy. Accordingly, we hypothesized that one of the autoph-
agy-specific Atg proteins has a similar role to Atgll in PAS
formation under starvation conditions. Atgl7 is one prom-
ising candidate because of the unique autophagy-specific
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phenotype of the null mutant. In addition, some Atg pro-
teins do not display a normal PAS localization in the absence
of Atgl7 under starvation conditions; for example, GFP-
Atg13 does not localize at the PAS in the atg17A strain (our
unpublished data; Suzuki et al., 2007). Accordingly, we de-
cided to examine the role of Atgl7 in PAS formation during
nonspecific autophagy.

We first used GFP-tagged Atgl and Atg8 as independent
PAS markers and examined PAS formation under rich and
starvation conditions. Cells expressing GFP-Atg8 or GFP-
Atgl were grown to mid-log phase and imaged by fluores-
cence microscopy. In wild-type cells, both Atg proteins usu-
ally displayed a prominent punctate signal and also a more
faint cytosolic diffuse pattern (Figure 1). The punctate struc-
ture was located in a perivacuolar region and represents the
phagophore assembly site (Suzuki et al., 2001; Kim et al.,
2002). Approximately 30—-40% of the cells contained a GFP-

A SMD
GFP-Atg8

GFP-Atg8

WT

atglIA

atgl7A

argl IA B8
atgl7A

B GFP-Atgl GFP-Atgl
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atglIA

atgl7A

.‘ hl(
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atgl7A

Figure 1. Atgl7 is important for PAS organization under starva-
tion conditions. Wild-type (SEY6210), atglIA (AHY001), atgl7A
(CWY239), and atg11A atg17A (HCY66) strains expressing GFP-Atg8
or GFP-Atgl from centromeric plasmids were grown in SMD lack-
ing auxotrophic amino acids and shifted to SD-N for 2 h before
microscopy. The cells were examined by fluorescence microscopy as
described in Materials and Methods.
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Atg8 or GFP-Atgl punctate signal in vegetative (SMD me-
dium) conditions. Under starvation conditions (SD-N me-
dium), we could usually detect more than one punctum for
GFP-Atgl, and many of the GFP-Atg8 cells displayed some
level of vacuolar fluorescence, reflecting autophagic delivery
of this chimera that remains associated with the completed
autophagosome (Kim et al., 2001a). More than 50% of the
cells still had clear punctate signals corresponding to the
PAS in starvation conditions (Figure 1).

The atg17A mutant showed comparable fluorescence pat-
terns to the wild type, even under starvation conditions
(Figure 1); this is particularly evident for GFP-Atg8. In con-
trast, the atg11A mutant showed primarily a diffuse fluores-
cent signal of GFP-Atg8 and GFP-Atgl in the cytosol rather
than a punctate signal at the PAS under vegetative condi-
tions, in agreement with previous data (Shintani and Klion-
sky, 2004b); however, this mutant showed a normal punc-
tate signal for both marker proteins during starvation
(Figure 1). This result suggested that Atgll plays a role in
recruiting Atg8 and Atgl to the PAS only for the Cvt path-
way; however, the Atgll-dependent PAS that forms during
vegetative growth may persist in the cell after the induction
of autophagy, complicating the analysis of the afg17A mu-
tant. Thus, to examine the role of Atgl7 in PAS formation
during nonspecific autophagy, we used an atgl11A mutant
background. We performed a similar fluorescence micros-
copy analysis by observing GFP-Atg8 or GFP-Atgl in an
atg11A atg17A double mutant. The double mutant showed a
diffuse fluorescent signal of GFP-Atg8 and GFP-Atgl in the
cytosol under both growing and starvation conditions (Fig-
ure 1), suggesting that Atgl7 has an important role in PAS
formation during nonspecific autophagy.

Next, to test whether the defect in PAS recruitment of
Atgl and Atg8, and potentially other Atg proteins, in the
atg11A atgl17A strain affects autophagosome formation, we
carried out a morphological examination by electron micros-
copy. One of the unique features of Cvt vesicles and auto-
phagosomes is the presence of double membranes; after
fusion of the autophagosome outer membrane with the vac-
uole, single-membrane autophagic bodies are released into
the vacuole lumen (Takeshige et al., 1992). The autophagic
bodies are subsequently degraded in a Pep4-dependent
manner; pep4A mutants accumulate autophagic bodies,
which can be observed by electron microscopy. Addition-
ally, we deleted the VPS4 gene to eliminate the vesicles
derived from the multivesicular body pathway (Reggiori et
al., 2004). Cells in the pep4A vps4A background were grown
in YPD, shifted to SD-N for 4 h to induce autophagy and
observed by electron microscopy, as described in Materials
and Methods.

The wild-type (pep4A vps4A) vacuole was filled with a
large number of autophagic bodies that accumulated after
starvation (Figure 2). In contrast, the atg17A strain accumu-
lated a reduced number and size of autophagic bodies in
agreement with our previous results (Cheong et al., 2005).
We then focused on two strains, atg11A and atg11A atg17A,
which showed vegetative-specific or complete (i.e., includ-
ing starvation conditions) defects in PAS formation (Figure
1). Under starvation conditions, the atg11A vacuole accumu-
lated a comparable number and size of autophagic bodies as
seen in the wild type. In contrast, the atg11A atg17A strain
essentially did not contain any detectable autophagic bodies,
having at most <5% the number seen in the atg11A mutant
(Figure 2). This result indicates that PAS formation in auto-
phagy conditions is closely linked to normal autophago-
some formation. Furthermore, Atgl7 plays an important
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A pep4A vps4A

SD-N

SD-N| i

0

Number of
autophagic bodies/vacuole
2]

WT  atgl7A atglIA atglIA

atgl7A
Figure 2. The atg11A atgl7A double mutant is defective for auto-
phagosome formation. (A) The wild-type (FRY143; pep4A ups4A),
atg17A (HCY31; pep4A vpsdA), atg11A (HCY37; pep4A vps4A), and
atg11A atg17A (HCY38; pep4A vps4A) strains were grown to mid-log
stage in YPD and transferred to SD-N medium for 4 h. Cells were fixed
with permanganate and examined by electron microscopy as described in
Materials and Methods. (B) Quantification of autophagic body accu-
mulation. 50 sections for each strain were scored for autophagic
body accumulation.

role in the PAS localization of Atg proteins, which presum-
ably facilitates assembly of the autophagosome.

Atgl and Atg13 Are Also Required for PAS Recruitment of
Atg Proteins under Starvation Conditions

To confirm that the defect in PAS recruitment in the atg11A
atg17A background was due to loss of Atgl7 function, we
transformed this strain with plasmids expressing Atgl7 or
Atgl7<?%R; the mutation of cysteine to arginine at position 24
of Atgl7 causes a loss of interaction with Atgl and Atgl3
(Kabeya et al., 2005). The presence of wild-type Atgl7 re-
stored the ability of the atg11A atg17A cells to assemble a
PAS in starvation conditions, based on the recruitment of
GFP-tagged Atgl or Atg8 (our unpublished data). In con-
trast, Atgl7<?*R did not complement the defect in PAS as-
sembly (our unpublished data). Atgl7 is part of a complex
that includes the Atgl kinase and other interacting proteins,
including Atgl3 (Kamada et al., 2000; Nice ef al., 2002).
Accordingly, we investigated whether Atgl and/or Atgl3
have a role in PAS assembly during nonspecific autophagy
similar to Atgl7. To address this question, we first carried
out the fluorescence microscopy analysis using PAS markers
in atg11A atg13A or atglA atgl1A mutants.

Similar to the results with the atg11A atgl7A strain, the
PAS localization of Atg8 or Atgl was defective in the atg11A
atg13A double mutant under starvation conditions, whereas
PAS localization of these proteins was essentially normal in
the atg13A single-deletion strain, presumably due to the
presence of the Atgll-dependent PAS formed during vege-
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Figure 3. Atgl3 and Atgl are required for PAS recruitment of Atg
proteins under starvation conditions. Localization of GFP-Atg8 (A)
or GFP-Atgl (B) in atg11A (AHY001), atg13A (CWY233), atglA
atgl11A (TYY158), and atg11A atg13A (CWY235) strains, and GFP-
Atgl7 (C) in the atglA atg11A (TYY158) strain was examined by
fluorescence microscopy as described in Figure 1.

tative growth (Figures 3 and 4, A and B). Similarly, the atg1A
atg11A mutant showed a diffuse fluorescent signal of GFP-
Atg8 in the cytosol (Figures 3A and 4A); we could not use
the GFP-Atgl marker in this strain, because the hybrid pro-
tein expressed from the plasmid complemented the chromo-
somal deletion of ATG1 (our unpublished data). Therefore,
we examined Atgl7-GFP as another PAS marker in the
atg1A atg11A double mutant strain. In both vegetative and
starvation conditions, the Atgl7-GFP signal was diffuse in
the cytosol (Figure 3C). Overall, these results suggest that
Atgl and its modulators, Atgl3 and Atgl?7, have essential
roles in PAS formation during nonspecific autophagy.
Even though Atg8 is frequently used as a representative
marker for the PAS, most of the Atg proteins are also re-
cruited to this site. Therefore, we extended our analysis by
examining additional proteins that are parts of functional
groups acting at different stages of autophagy. GFP-Atg8 is
a ubiquitin-like protein and its localization represents the
functionality of Atg3, Atg4 and Atg7, which are all required
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Figure 4. Atgl and its modulators Atgl3 and Atgl7 are required
for the PAS recruitment of various Atg proteins under starvation
conditions. The localization of Atg proteins was examined by fluo-
rescence microscopy as described in Figure 1. The number of cells
that contained PAS puncta was quantified for GFP-Atg8 (A), GFP-
Atgl (B), Atgl4-GFP (C), and Atgl6-GFP (D), after shifting to SD-N
for 2 h. Approximately 150-250 cells for each strain were analyzed
for scoring the percentage of cells with fluorescent PAS puncta. ND,
not determined.

for the proper posttranslational processing of Atg8. Simi-
larly, Atgl localization in part reflects the proteins that are
part of the Atgl kinase complex, including Atg13 and Atg17.
We next examined the localization of Atgl4 and Atgl6 un-
der starvation conditions. Atgl4 is part of the phosphatidyl-
inositol 3-kinase complex I, which functions along with
Atg6/Vps30, Vpsl5 and Vps34 in autophagy (Kihara et al.,
2001). Atglé is involved in the Atgl2—Atg5 conjugation
system, which is required for autophagosome formation
(Kuma et al., 2002). Both Atgl4-GFP and Atgl6-GFP dis-
played reduced punctate signals compared with Atg8-GFP;
under vegetative conditions, only ~20-30% of the cells
showed weak PAS puncta (our unpublished data). In both
cases, the signals were stronger under starvation conditions
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and localization at the PAS was evident in the single dele-
tion strains (Figure 4, C and D). When we examined local-
ization in the atg11A atg17A, atg11A atg13A, or atglA atg11A
double mutants under starvation conditions, we observed a
clear reduction in PAS puncta and a concomitant increase in
the diffuse cytosolic staining (Figure 4, C and D) similar to
the results with Atg8-GFP and GFP-Atgl (Figure 4, A and
B). Together, these results further suggest that Atgl and its
modulators, Atgl3 and Atgl7, are required in PAS organi-
zation during nonspecific autophagy.

Atgl Kinase Activity Is Not Necessary for PAS
Recruitment of Atg Proteins but Is Needed for Their
Normal Localization

Atg13 and Atgl7 modulate Atgl kinase activity (Kamada ef
al., 2000), but the role of Atgl kinase activity is not clear in
either autophagy or the Cvt pathway (Nair and Klionsky,
2005). Conflicting reports suggest that higher kinase activity
plays a more important role in autophagy (Kamada et al.,
2000) or the Cvt pathway (Abeliovich et al., 2003; Nair and
Klionsky, 2005). To examine the potential role of Atgl kinase
activity in PAS formation, we decided to use a mutant form
of Atgl with reduced kinase activity, which combined two
previously characterized mutant alleles. The Atg1¥5*4 mu-
tant has an alteration in the kinase active site, but still
displays a low level of function based on the Pho8A60 assay
(Kamada et al., 2000; Figure 5A). When combined with a
mutation of methionine to alanine at position 102, the
AtglKe4AMI0ZA double mutant displays a level of autoph-
agic activity similar to an atgIA strain (Figure 5A). To con-
firm that the loss of autophagic activity corresponded with a
reduction in kinase activity we used an in vitro kinase assay.

A 120

. OYPD
E AIOO 1

g & 501

25

S E

gz 60

o ©

SEY

2<

= 201

0 B
WT Vector Atgl AtglK AtglkM
atglA
B Atgl  AtglK AtglKM

P-MBP

HA-Atg] | -y < S—

Figure 5. Atgl kinase activity is required for autophagy. (A) Atgl
mutants are defective for autophagy. The alkaline phosphatase ac-
tivity from Pho8A60, a marker for nonspecific autophagy, was mon-
itored to determine the level of autophagy activity. The wild-type
(YTS159) and atglA (UNY1) strains harboring plasmids expressing
Atgl, Atg1®¥4 (AtglK), Atg1KSHAMIRA (Atg1KM) or empty vector
(pRS415) were grown in SMD lacking auxotrophic amino acids and
shifted to SD-N for 4 h. Samples were collected and protein extracts
assayed for alkaline phosphatase activity as described in Materials
and Methods. The results represent the mean and SD of three exper-
iments. (B) Atgl mutants are defective for kinase activity. The atgIA
mutant (WHY001) cells expressing HA-Atg1, HA-Atg1¥54, or HA-
Atg1i5aAMINA were treated with 0.2 pg/ml rapamycin for 2 h. The
extract of each mutant was immunoprecipitated with anti-HA an-
tibody, and then immunocomplexes were assayed for Atgl kinase
activity as described in Materials and Methods.
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Cells expressing HA-tagged Atgl, Atg1¥>*4, and Atg]<>+AM102A
were treated with 0.2 pg/ml rapamyecin for 1.5 h. A protein
extract from each mutant was subjected to immunoprecipi-
tation with anti-HA antibody under native conditions, and
then the immunocomplex was analyzed for in vitro kinase
activity by using myelin basic protein as a substrate (Ka-
mada et al., 1995). Compared with the wild-type Atgl con-
trol, the Atgl®**A and Atgl<S#AMIOZA mutants showed
nearly a complete loss of in vitro kinase activity (Figure 5B).
The Pho8A60, but not the kinase assay, revealed a difference
in the activity of the two Atgl mutants; we suspect this
reflects the nature of the assays, as the Pho8A60 assay is
more quantitative.

To extend our examination of the effect of Atgl kinase
activity on autophagy, we again decided to perform an
electron microscopy analysis to obtain morphological data.
Cells harboring the atg1A pep4A vps4A mutations were trans-
formed with plasmids expressing Atgl, Atgl®%*4, or
Atg1K54AMI02A "Each strain was grown to mid-log stage in
selective media, shifted to SD-N for 4 h to induce autophagy,
and examined by electron microscopy, as described in Ma-
terials and Methods. The cells harboring wild-type Atgl
showed extensive accumulation of autophagic bodies within
the vacuole after starvation, whereas cells transformed with
an empty vector displayed an essentially empty vacuole due
to the deletion of ATGI (Figure 6). In the cells harboring the
Atgl kinase mutants, the overall accumulation of autoph-
agic bodies was drastically reduced compared with the wild
type. In agreement with the results from the Pho8A60 assay,
a small number of autophagic bodies with reduced size were
detected in cells expressing the Atg1¥>*A mutation, whereas
almost no autophagic bodies were found in cells expressing
Atg1R54AMIOZA Overall, these results suggest that Atgl ki-
nase activity has an essential role in autophagy, although
higher levels of kinase activity are needed for the Cvt path-
way (Abeliovich et al., 2003).

Having established the phenotype of the Atgl kinase mu-
tants, we could now ask the question of whether Atgl kinase
activity is involved in the initiation of autophagy, and in
particular in the assembly of the PAS and/or recruitment of
Atg proteins. We used the atgl1A atgl11A strain with GFP-
Atg8 or Atgl7-GFP integrated at their respective chromo-
somal loci, and expressing Atgl or Atgl¥<>#AMIO2A from a
plasmid, and performed a fluorescence microscopy analysis.
As we showed in Figure 2, GFP-Atg8 or Atgl7-GFP showed
a diffuse cytosolic signal in the atg1A atg11A double mutant
strain under starvation conditions (Figure 7A, vector). Wild-
type Atgl fully complemented the PAS localization defect of
GFP-Atg8 or Atgl7-GFP in this strain (Figure 7A). The same
cells harboring a plasmid expressing Atgl<54AM1024 3]0
showed a strong punctum corresponding to GFP-Atg8 or
Atg17-GFP at the PAS (Figure 7A). These data suggest that
Atgl kinase activity is not absolutely required for the PAS
recruitment of Atg8 or Atgl7 in starvation conditions that
induce nonspecific autophagy.

The localization pattern of these two proteins, however,
was not exactly the same as that seen in the presence of
wild-type Atgl. GFP-Atg8 and Atgl7-GFP displayed only
strong punctate dots essentially without cytosolic staining in
the strains expressing Atgl***AMI1024 yhereas these pro-
teins had weaker PAS signals and obvious cytosolic diffuse
signals in the presence of wild-type Atgl (Figure 7A). These
results suggested that Atgl kinase activity is required for
normal localization of Atg8 or Atgl?7, rather than assembly
of the PAS. To explore this further we decided to perform
quantitative fluorescence microscopy to carefully examine
the effect of Atgl kinase activity on PAS formation under
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Figure 6. Atgl kinase activity is required for autophagosome for-
mation. (A) Atgl mutants are defective for autophagic body accu-
mulation. The atg1A (HCY76; pep4A vps4A) strains harboring plas-
mids expressing Atgl, Atgl1*>*4 (AtglX), AtglKoeAMIZA (Atg]kM)
or the empty vector (pRS415) were grown in selective medium and
shifted to SD-N for 4 h. Cells were fixed with permanganate and
examined by electron microscopy as described in Materials and
Methods. (B) Quantification of autophagic body accumulation. Fifty
sections for each strain were scored for autophagic body accumu-
lation in the vacuole.

conditions of nonspecific autophagy. The atgIA atgl1A
strains with GFP-Atg8 or Atgl7-GFP integrated at the chro-
mosomal loci, and harboring plasmids expressing Atgl or
Atg1K54AMI02A were prepared as described above, and the
fluorescence intensity of each chimeric protein at the PAS
was quantified as described in Materials and Methods. The
relative fluorescence intensity of GFP-Atg8 at the PAS in the
Atg]1KSAMIOZA gtrain was ~2 times higher than in cells
containing wild-type Atgl (Figure 7B). Similarly, Atg17-GFP
also showed a substantially stronger PAS intensity in the
strain expressing Atgl<54AMI02A peing ~1.5 times that of
the wild type.

To demonstrate that the accumulation of Atgl7 or Atg8 at
the PAS in the presence of Atgl mutants is not due to a
chronic defect associated with the Atgl kinase mutation
itself, we took advantage of a temperature-sensitive allele of
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Figure 7. Atgl kinase activity is not essential for PAS
localization of Atg8 and Atgl7, but it is required for
normal localization of these proteins under starvation
conditions. (A) Cells from the atglA atg11A strain ex-
pressing GFP-Atg8 (HCY116) and Atgl7-3xGFP
(HCY119) from the respective chromosomal loci were
transformed with plasmids encoding Atgl, empty vec-
tor, or AtglKS4AMI02A The cells were grown in SMD
and shifted to SD-N for 2 h before fluorescence micros-
copy, which was performed as described in Materials
and Methods. (B) For quantification of fluorescence in-
tensity at the PAS, 30 individual cells for each strain in
A were observed by fluorescence microscopy. The rel-
ative percentage of fluorescence intensity was calcu-
lated as described in Materials and Methods and normal-
ized to the value for wild-type Atgl cells, which were
set at 100%. Error bars indicate the SD of three inde-
pendent experiments. (C) Redistribution of Atg8 from
the PAS is affected by Atgl kinase activity under star-
vation conditions. The atg1A atgl1A strain expressing
GFP-Atg8 from the chromosomal locus (HCY116) was
cotransformed with plasmids encoding ATGI* and
AtglKS4AMI0ZA or ATGI* and empty vector. The cells
were grown in SMD medium at 24°C and transferred to
SD-N for 1 h before the temperature shift. For inactiva-
tion of Atgl®, cells were shifted to 37°C for 2 h, and
then shifted back to 24°C for 2 h. The cells were exam-
ined by fluorescence microscopy as described in Mate-
rials and Methods. (D) For quantification of fluorescence
intensity at the PAS, 30 individual cells from each strain
in C were observed by fluorescence microscopy. The
relative percentage of fluorescence intensity was calcu-
lated and normalized based on the value for GFP-Atg8
in cells expressing Atgl®™ and the empty vector, which
was set at 100% at the permissive temperature. Error
bars indicate the SD of three independent experiments.
(E) Quantification of the number of cells that contained
GFP-Atg8 puncta as a PAS marker from C. Approxi-
mately 150-200 cells for each strain were analyzed for
scoring the percentage of cells containing fluorescent
dots.

B

o

35

PAS fluorescence
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Atgl (Atgl®™) (Suzuki et al., 2001) to generate the equivalent
of a conditional Atgl kinase mutation. We cotransformed
plasmids expressing Atgl's and Atgl<S*AMIOZA nto the
atglA atgl1A strain that expressed either GFP-Atg8 or
Atg17-GFP integrated at their respective chromosomal loci.
As a control, we used an empty vector instead of the plas-
mid expressing Atgl®54AMI02A FEirst, we analyzed GFP-
Atg8 processing to monitor the rate of Atgl® inactivation
under starvation conditions. GFP-Atg8 is delivered to the
vacuole inside the autophagic body and after lysis in the
vacuole lumen the Atg8 portion of the chimera is degraded,
whereas GFP is relatively stable; the appearance of free GFP
can then be used to monitor autophagy (Cheong ef al., 2005).
Cells expressing only Atgl® in the atg1A atg11A background
were grown in SMD at 24°C and transferred to SD-N for 1 h
before the temperature shift. The accumulation of free GFP
resulting from autophagy-dependent cleavage of GFP-Atg8
was significantly reduced within 2 h, which suggested inac-
tivation of Atgl occurred within this time frame after the
temperature shift to 37°C (our unpublished data). Next, we
used this conditional Atgl®* background to examine how the
Atg]K54AMI02A kinase mutant affected the dynamics of GFP-
Atg8 association/dissociation with the PAS.
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In vegetative conditions, GFP-Atg8 showed a diffuse cy-
tosolic signal in the atg1A atg11A double mutant at either
24°C or 37°C due to the absence of Atgll (our unpublished
data). Under starvation conditions GFP-Atg8 displayed a
clear signal at the PAS in addition to an obvious cytosolic
diffuse pattern in strains coexpressing Atg1's and Atg]<5+AM102A
or Atgl® and empty vector at 24°C (Figure 7C). This pattern
was essentially the same as that of the wild-type strain, but
distinct from the Atgl1*54AM102A4 mytant with regard to the
level of cytosolic staining (Figure 7A), suggesting that the
Atgl®™ protein at the permissive temperature complemented
the atg1A mutation and was dominant to the Atg1K54AM1024
phenotype. After a shift to the nonpermissive temperature of
37°C, GFP-Atg8 was restricted to the PAS without cytosolic
staining within 2 h, only in the presence of Atg]1®54AMI1024,
In contrast, the strain expressing Atgl's alone, displayed an
increase in the diffuse cytosolic signal and a decrease in the
PAS puncta when Atgl was inactivated. Therefore, the
AtglKS4AMI0ZA phenotype that resulted rapidly after the
Atgl®™ mutant was inactivated was the accumulation of a
strong GFP-Atg8 signal at the PAS. When the cells were
shifted back to the permissive temperature, GFP-Atg8 in
both strains regained the dual PAS and cytosolic localization
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originally seen, indicating that the accumulation at the PAS
was not a terminal phenotype (Figure 7C).

Quantification of the data indicated that the relative fluo-
rescence intensity of GFP-Atg8 at the PAS was ~2.5 times
higher at the nonpermissive relative to the permissive tem-
perature for the Atg1¥54AM102A strain (Figure 7D). Similarly,
Atgl7-GFP also showed a stronger PAS intensity in the
strain expressing Atgl<S#AMI02A gt the nonpermissive tem-
perature, increasing ~1.5-fold (our unpublished results). In
addition we counted the number of cells containing a GFP-
Atg8 PAS dot in these conditions to examine whether Atgl
kinase activity affected the total number of PAS that were
assembled (Figure 7E). The number of GFP-Atg8 puncta in
the strain expressing Atgl<54AM102A vwags comparable with
that of the wild-type Atgl strain at both permissive and
nonpermissive conditions. In contrast, the atgIA atg11A mu-
tant expressing Atgl' alone showed a clear decrease in the
number of PAS dots at the nonpermissive temperature,
whereas the intensity of GFP-Atg8 at the few detectable PAS
was unaffected (the latter presumably correspond to PAS
sites that have not yet disassembled). These results support
the idea that autophagy-specific PAS recruitment is a dy-
namic process depending on the Atgl protein and that there
may be two separable Atgl-dependent functions; recruit-
ment of Atg proteins needed for assembly of the PAS (and
ultimately for autophagosome formation), and subsequent
dissociation from this site, steps that are independent of and
dependent on Atgl kinase activity, respectively. Although
Atgl kinase activity is not needed for PAS recruitment of the
Atg proteins that we analyzed, in the absence of normal
kinase activity the Atg proteins are not able to undergo
normal dissociation from this site, which presumably re-
flects a defect in function that translates into a reduced
ability to form autophagosomes.

During this quantitative analysis, we noticed that the
GFP-Atg8 puncta displayed a variable intensity, increasing
and decreasing over time. To examine this dynamic effect
carefully, we performed time-lapse fluorescence microscopy
as described in Materials and Methods. As shown in Figure
7A, GFP-Atg8 in the atgIA atgl1A strain expressing Atgl
displayed normal recruitment at the PAS upon the shift to
starvation conditions. The GFP-Atg8 fluorescence reached a
peak at ~4 min, followed by a loss of signal after 7 min
(Figure 8). In contrast, the same strain harboring the plasmid
expressing Atgl<o+AMI02A showed a strong punctate signal
of GFP-Atg8 without any substantial change in the fluores-
cence pattern at the PAS over the 7-min time course (Figure
8). These results support the hypothesis that Atgl kinase
activity affects the dynamics of Atg8 retention at, or disso-
ciation from, the PAS.

The Interaction of Atgl with Atg13 Is Important for
Autophagy

Atgl interacts with the Cvt-specific protein Atgll, and with
Atg13 and Atgl7 (Kamada et al., 2000; Yorimitsu and Klion-

atglA atgl IA GFP-Atg8
Time (min):

Atgl
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sky, 2005a). Because of our results with the Atgl kinase
mutants, we decided to examine whether the interaction
between Atgl and Atgl3 is necessary for initial PAS forma-
tion under conditions of nonspecific autophagy. Previous
data suggest that the C terminus of Atgl may have a role in
formation of a complex with its interacting partners (Abe-
liovich et al., 2003). Based on this information, we decided to
investigate whether C-terminally truncated mutants of Atgl
lost their ability to interact with either of its known-binding
partners, Atgll or Atgl3, by a yeast two-hybrid analysis.
Accordingly, we generated a series of C-terminally trun-
cated Atgl fragments by incrementally deleting 20 amino
acids. It was necessary to carry out this analysis with an
Atgl construct lacking the kinase domain, which otherwise
results in autoactivation in this assay (our unpublished
data). Two-hybrid analysis with cells containing plasmids
expressing Atgl3 and an Atgl fragment lacking only the
C-terminal 20 amino acids in addition to the absence of the
N-terminal kinase domain (AtglAC20) completely lost the ability
to grow on selective plates lacking adenine, whereas a mu-
tant lacking only the Atgl kinase domain (AtglAN) dis-
played clear growth (Figure 9A).

We then measured B-galactosidase activity to quantita-
tively evaluate the strength of these interactions (Rose ef al.,
1990). The AtglAN construct in the presence of Atgl3 gen-
erated ~60 U of B-galactosidase activity, whereas the
Atgl1AC20 protein exhibited only background levels of ac-
tivity (Figure 9A). We decided to extend our analysis by
isolating point mutations within the C-terminal domain of
Atgl that disrupt interaction with Atg13. This region of Atgl
is highly conserved among the Atgl homologues of different
Saccharomyces species. We carried out site specific mutagen-
esis and generated two sets of mutants within this region; in
the first, the tyrosine and arginine residues at positions 878
and 885, respectively, were substituted with alanine
(Y878A,R885A), and in the second, an arginine residue at
position 885 and lysine at position 892, were substituted
with glutamic acid (R885E,K892E) (Figure 9A). Both pairs of
mutations resulted in a loss of Atgl-Atgl3 interaction based
on the yeast two-hybrid assay (Figure 9A). To confirm that
these Atgl point mutants were defective in interacting with
Atgl3, we examined the interaction between these two pro-
teins under physiological conditions.

Cells that contain protein-A tagged wild-type Atgl or
mutant Atgl derivatives, and Atgl3 tagged with the HA
epitope, were treated with rapamycin to induce autophagy
and examined by affinity isolation as described in Materials
and Methods. The wild-type and mutant protein A-tagged
Atgl were isolated with IgG-Sepharose and the presence of
HA-Atgl13 was analyzed by western blot. HA-Atg13 was
coisolated with wild-type Atgl (Figure 9B). By comparison,
the amount of HA-Atg13 coisolated with the Atgl mutants
was substantially reduced; the point mutants showed essen-
tially an equivalent loss of interaction with Atgl3 as seen
with the AC20 truncation. As a control, we examined a strain

Figure 8. Atgl kinase activity is important for Atg8 dy-
namics during starvation. Cells from the atgIA atgl1A
strain expressing GFP-Atg8 (HCY116) were transformed
with plasmids encoding Atgl and Atg1<>*AMI02A (Atg]KM),
The cells were grown in SMD medium and shifted to
SD-N for 2 h before fluorescence microscopy. For time-
lapse experiments, the cells were immobilized on SD-N
medium containing 2% agar on concavity slides as de-
scribed in Materials and Methods, and pictures were
taken every minute. Images are shown over the 7-min
time course.
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Figure 9. The interaction between Atgl and A

Atgl3 is important for autophagy. (A) Muta- Atgl3 f3-gal activity
tions in the C terminus of Atgl disrupt its 897 interaction nmoles/min/mg
interaction with Atgl3 based on a yeast two- AtglAN + 604

hybrid assay. PJ69-4A cells expressing Atgl3 AtglA20C - 14+0.9
(AD-Atg13) and either Atgl lacking the N- Atg I RSSSEKS92E EE _ 12+2
terminal kinase domain (BD-Atg1AN), Atg1AN

deleted for the C-terminal 2% amino gacids Atgl YSTSA.RSSSA A4 B 122
(BD-Atg1AC20), AtglAN with substitutions of Vector - 12

R885E and K892E (BD-Atg1R8FKS2E) Atg]AN B

with substitutions of Y878A and R885A (BD- HA-Atgl] or

Atg1YS7BARSSSA) o1 the BD-empty vector were HA-Agl3: — + + + + - + * + +
grown for 5 d on plates lacking adenine. PA-Atgl: WT —~ WT  AC20 RK YR WT ~ WT ~ AC20 RK YR
Growth or lack of growth on these plates was

scored as + or —, respectively. The strength of PA-Atgl —| - -_ _ A - ‘ .’
the interaction for each set of proteins was HA-Atg13 . — "
quantified by measuring p-galactosidase ac- = oo D e W &

tivity from three independent experiments. (B C
and C) Atgl C-terminal mutants are defective
for interacting with Atg13 but not Atgll. The
B, atg1A atg13A (UNY27) or C, atglA atg11A

HA-Atgl1 -]

dadalf® (et

| S ——

Total lysate; Blot: HA Affinity isolate; IP: PA-Atgl, Blot: HA

(YTS157) cells were transformed with a plas- PA-Atg] -
mid expressing 3xHA-Atg13 under the con-

trol of its endogenous promoter or 3xHA-

Atgl11 under the control of the CUP1 promoter D 160

as indicated, and CUPI promoter-driven pro-
tein A (PA)-tagged fusions of either wild-type
Atgl (WT), AtglAC20 (AC20), Atg]R88SEKSIE
(RK), or AtglYS78ARSSA (YR). As negative
controls UNY27 and YTS157 cells were trans-
formed with a plasmid expressing CUP1 pro-
moter-driven wild-type PA-Atgl and an
empty pRS315 or pRS414 plasmid, respec-
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late. (D) The Atgl C-terminal mutants are de-
fective in autophagy. The Pho8A60 assay was
used to monitor autophagy activity for the
atg1A (UNY3) strain expressing the indicated
wild-type Atgl, empty vector (pRS315), or
Atgl mutant plasmids expressing Atgl under
the control of the endogenous promoter, as
described in Materials and Methods. Alkaline

phosphatase activity was monitored from
protein extracts prepared from cells grown in
SMD or after a 4 h shift to SD-N. The results

Atgl
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represent the mean and SD of three independent experiments. (E) The AtglAC20 mutant is defective in forming autophagosomes (detected
as autophagic bodies), whereas small autophagosomes are formed in cells expressing C-terminal point mutants. An atg1A pep4A vps4A strain
(HCY76) was transformed individually with empty vector, or plasmids expressing wild-type Atgl or the indicated Atgl mutant. Cells were
grown to mid-log phase in SMD medium, shifted to SD-N medium to induce starvation, fixed with potassium permanganate, and examined
by electron microscopy as described in Materials and Methods. No autophagic bodies were detected in cells transformed with the empty vector.
(F) Quantification of the diameters of the autophagic bodies was carried out from 50 sections for each strain. Essentially no autophagic bodies

were detected in the strain expressing Atg1AC20.

expressing PA-Atgl without HA-Atg13 and were not able to
detect any coisolating bands. These results indicate that the
mutations at the C terminus of Atgl caused a substantial
reduction in the ability of this protein to interact with Atgl3.
We also examined the ability of the different Atgl proteins to
interact with Atgll. Under starvation conditions, wild-type
Atgl and all of the Atgl C-terminal mutants interacted
strongly with Atgl1 (Figure 9C). Thus, the extreme C termi-
nus of Atgl is important for forming a complex with Atgl13,
but apparently not with Atgll. Recently, it was reported
that the interaction between Atgl7 and Atgl is mediated
through Atg13 (Cheong ef al., 2005; Kabeya et al., 2005); thus,
it is possible that these Atgl mutants might also show al-
tered interactions with Atgl7.
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The function of Atgl is required for both autophagy and
the Cvt pathway. In contrast, the function of Atgl3 seems to
be more significant for autophagy rather than the Cvt path-
way; an atgl13A mutant exhibits a partial maturation of
prApel, but it is completely blocked in autophagy (Abeliov-
ich et al., 2003; Kamada et al., 2000). To determine the phys-
iological function of disrupting the Atgl-Atgl3 interaction,
we tested whether the Atgl mutants were capable of prApel
maturation via the Cvt pathway and/or autophagic activity.
Under vegetative conditions, prApel maturation was com-
pletely blocked in the Atg1AC20 mutant, indicating a defect
in the Cvt pathway (our unpublished data). Conversely, an
atg1A strain harboring each of the point mutants, Atg]Y878A/R885A
and Atg]RESSEKERE exhibited wild-type prApel maturation pat-
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terns (our unpublished data). Thus, in contrast to an atg13A
mutant, which only partially affects the Cvt pathway, the
Atgl1AC20 mutant shows a complete block in the Cvt path-
way. Because the AtglAC20 mutant shows a greater Cvt
defect compared with an atg13A mutant, we conclude that
the last 20 amino acids are not merely important for inter-
acting with Atgl3 but also are required for other Atgl-
specific functions.

We quantitatively monitored bulk autophagy by measur-
ing the activity of a nonspecific autophagy marker, Pho8A60,
which encodes an altered form of alkaline phosphatase;
Pho8A60 remains in the cytosol and can only be delivered to
the vacuole via autophagy (Noda et al., 1995; Klionsky et al.,
2007). In the vacuole, Pho8A60 is processed to its mature,
active form. Thus, measuring Pho8A60 activity under star-
vation conditions provides a quantitative analysis of auto-
phagy. The alkaline phosphatase activity was measured in
atg1A cells transformed with a plasmid expressing wild-type
Atgl, an empty vector, AtglAC20, AtglY878ARSSSA = op
Atg]1RB8SEKE2E 4 vegetative and starvation conditions (Fig-
ure 9D). The atgIA cells transformed with an empty vector
were defective in bulk autophagy, and showed only a basal
level of Pho8A60 activity after 4 h starvation. In contrast, the
Pho8A60 activity in atglA cells expressing wild-type Atgl
increased after starvation, indicating that the wild-type Atgl
protein complemented the autophagy defect in atg1A cells.
The AtglAC20 mutant was completely blocked for bulk
autophagy, displaying a level of activity after starvation that
was essentially the same as cells transformed with an empty
vector. The atgIA cells expressing the AtglR88SEKS92E and
Atg]Y878ARESA mutations exhibited ~35 and 30%, respec-
tively, of the Pho8A60 activity seen with wild-type cells,
indicating a substantial defect in bulk autophagy. Together,
these results show that the C terminus of Atgl is essential for
both the Cvt and autophagy pathways. Furthermore, the
reduced autophagic capacity in strains harboring each set of
point mutants indicates that the interaction between Atgl
and Atgl3 that is mediated through the Atgl C terminus is
important for efficient nonspecific autophagy.

We decided to complete our analysis of the Atgl mutants
by examining their effect on autophagosome formation. De-
letion of Atgl7 results in cells with fewer and smaller auto-
phagosomes (Cheong et al., 2005). Therefore, we examined
the morphology of autophagosomes produced in cells ex-
pressing either the Atg1AC20, Atg]1Y878AREEA or Atg]RESSEKSS2E
mutants by electron microscopy. We transformed atgIA
pep4A vps4A mutant cells with plasmids expressing wild-
type or mutant Atgl. The transformants were grown in
selective media, shifted to SD-N for 4 h to induce autophagy,
fixed with potassium permanganate, and embedded in
Spurr’s resin as described in Materials and Methods. Similar to
the results shown in Figure 6, after 4-h starvation, cells
expressing wild-type Atgl showed an accumulation of
~10-14 autophagic bodies within the vacuole (Figure 9E).
Consistent with the basal level of pho8A60 activity seen in
cells expressing Atg1AC20, most cells harboring this mutant
version of Atgl exhibited an empty vacuole, whereas a few
cells exhibited vacuoles with a very small number of auto-
phagic bodies (Figure 9E). Also in agreement with the re-
duced bulk autophagy seen in cells expressing the Atgl
point mutants, electron microscopy analysis revealed that
the AtglYS78ARESSA or Atg]RESSEKSZE mutants produced
smaller autophagic bodies (i.e., having a reduced diameter),
with presumably reduced autophagic capacity compared
with those in the wild-type strain (Figure 9, E and F). How-
ever, the total number of autophagic bodies produced in
cells expressing these Atgl point mutants (12.87 + 4.83 for
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Atgl1Y878ARESA and 11.23 * 4.04 for AtglRESSEKS2E) yag
not significantly different from the wild type (12.28 * 3.63).
Together, these data suggest that the interaction between
Atgl and Atgl3 regulates the size of the autophagosomes
(and the resulting autophagic bodies), and thereby the op-
timal magnitude of the autophagic response.

The Interaction of Atgl with Atg13-Atg17 Is Needed for
Starvation-induced PAS Organization

Finally, we used the various Atgl C-terminal mutants to
examine the effect of the loss of interaction between Atgl
and Atgl13-Atgl7 on PAS formation. GFP-Atg8 and Atgl7-
GFP were monitored in the atgIA atg11A strain expressing
Atgl, AtglAC20, Atgl¥878ARSESA or Atg]RESSEKS2E nder
starvation conditions, wild-type Atgl complemented the
PAS localization defect of GFP-Atg8 and Atgl7-GFP in this
strain, and once again we detected puncta at the PAS and
weak cytosolic signals (Figure 10, A and B). GFP-Atg8 also
displayed some level of vacuolar fluorescence under these
conditions. In contrast, the AtglAC20 or AtglY878AR885A
mutants showed only a diffuse cytosolic fluorescent signal
for GFP-Atg8 and Atgl7-GFP, with no evidence for PAS
recruitment (Figure 10, A and B). The AtglR885EK892E my-
tant in this strain occasionally showed weak puncta for both
chimeras but the predominant pattern was a diffuse cytoso-
lic signal. To quantify the results for PAS recruitment of
GFP-Atg8 and Atgl7-GFP, we counted the number of cells
containing a PAS dot in the strains that harbored the various
Atgl mutants (Figure 10C). The atg1A atg11A strain express-
ing AtglAC20, AtglY878ARSESA or Atg]R88SEKSZE showed a
significant reduction in the number of GFP-Atg8 and Atgl7-
GFP dots at the PAS compared with the same strains ex-
pressing wild-type Atgl. These results support the hypoth-
esis that the interaction among Atg1, Atgl3, and Atgl7 plays
an important role in PAS assembly/organization for non-
specific autophagy, a function that is distinct from Atgl
kinase activity.

DISCUSSION

One of the major unresolved issues in the autophagy field
concerns the nature of the phagophore assembly site. Al-
though this site is thought to play a critical role in autopha-
gosome formation, and it is the site where the majority of
Atg proteins reside at least transiently, little is known about
PAS assembly or the recruitment process. Previously, we
showed that Atgll plays an important role in formation of
the PAS under vegetative conditions (Shintani and Klionsky,
2004b). Accordingly, we propose that Atgll is one of the
first factors to target to the PAS and that it is required for the
subsequent recruitment of additional Atg proteins. How-
ever, under starvation conditions, PAS assembly is appar-
ently normal in the absence of Atgl1, which is a Cvt-specific
Atg protein. Therefore, we hypothesized that an additional
component(s) would play a similar role to Atgll under
starvation conditions.

Atg17 is characterized as a protein that is only needed for
nonspecific autophagy, and it thus seemed like a reasonable
candidate for playing an equivalent role to Atgll under
starvation conditions. We examined the role of Atgl7 in
strains deleted for ATGI1 to eliminate the PAS that would
otherwise form under vegetative conditions. The atgI1A
atg17A double mutant displayed a strong block in PAS for-
mation in starvation conditions based on the localization of
GFP-Atg8 and GFP-Atgl (Figure 1), supporting this hypoth-
esis. Similarly, the double mutant showed a much greater
defect in autophagosome/autophagic body formation com-
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Figure 10. The interaction of Atgl with Atgl3 is re-
quired for PAS formation under starvation conditions.
Cells from the atg1A atg11A strain expressing GFP-Atg8
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2 h before fluorescence microscopy, which was carried
out as described in Materials and Methods. (C) Quantifi-
cation of the number of cells that contained GFP-Atg8 or
Atgl7-GFP puncta as a PAS marker from A and B.
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pared with the atg17A mutant (Figure 2). Thus, Atgll is
sufficient in the absence of Atgl7 for dictating PAS assembly
in vegetative conditions, whereas Atgl7 is necessary for
allowing assembly in starvation conditions; the absence of
both proteins prevents PAS recruitment of GFP-Atg8, GFP-
Atgl, and other Atg marker proteins including Atgl4 and
Atgl6 under either condition.

During the course of our analysis, a report was published
suggesting that Atgll and Atgl?7 are the two initial factors
that establish the assembly sequence for Atg proteins at the
PAS (Suzuki et al., 2007). Atgl7 is proposed to act as a
scaffold for recruiting other Atg proteins, similar to the
function we proposed for Atgll (Yorimitsu and Klionsky,
2005a; He et al., 2006). However, in our present analysis, we
found that PAS assembly under starvation conditions re-
quires more than Atgl7; cells deleted for ATG11 and either
ATGI1 or ATG13 displayed essentially the same phenotype as
the atg11A atg17A double mutant (Figure 3). The analysis by
Suzuki et al., 2007) relied primarily on an examination of
strains disrupted for individual ATG genes in the presence
of rapamycin, whereas the present analysis includes double
deletion strains, and autophagy was induced by starvation.
Both studies note the role of Atgl7 as a scaffold that func-
tions during autophagy-inducing conditions in a similar
manner to that of Atgll during vegetative growth. How-
ever, single deletions of ATG1, ATG13, or ATG17 did not
result in defective PAS localization phenotypes, especially
for GFP-Atgl or GFP-Atg8 (Figure 4). Thus, the role of Atgl
and Atg13 was not examined in the previous analysis, which
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only noted the effect of the atg11A atg17A double mutant
(Suzuki et al., 2007).

Atgl, Atgl3, and Atgl7 associate with each other regard-
less of Atgl kinase activity, and the affinity of these interac-
tions seems to increase upon starvation (Kamada et al., 2000;
Kabeya et al., 2005). Accordingly we examined whether the
interaction among Atgl, Atgl3, and Atgl7 affects PAS for-
mation under starvation conditions. We mapped an interac-
tion site for Atgl3 in the Atgl C terminus (Figure 9). Dele-
tion of the C-terminal 20 amino acids, or point mutations
within this region strongly, but not completely, abolished
interaction with Atg13; thus, there may be additional sites in
Atgl that mediate this interaction. Similar to the results with
the atg1A and atg13A strains, we found that Atgl mutants
that are defective in their interaction with Atg13 also display
defects in PAS assembly/recruitment of Atg proteins under
starvation conditions in the atg11A background (Figure 10).

Atgl3 and Atgl?7 are key modulators of Atgl kinase ac-
tivity, although the function of the latter is not yet clear. In
a previous analysis (Abeliovich et al., 2003), we reported that
Atgl kinase activity is more important for the Cvt pathway
and, based on analysis of the Atgl***A mutant, that it was
not needed for autophagy. It is now apparent that this
conclusion is partially incorrect in that kinase activity is
needed for both autophagy and the Cvt pathway. Part of the
reason for this discrepancy is that the Atgl***4 mutant is
clearly not completely lacking kinase activity (Kamada et al.,
2000; Figure 6). Therefore, we decided to examine the
Atg1K54AMI02A Linase mutant, which displays a greater de-

679



H. Cheong et al.

fect in kinase-related function than the previously described
Atgl1¥5*A mutant. Surprisingly, we found that Atgl kinase
activity was not essential for PAS recruitment of GFP-Atg8
or Atgl7-GFP (Figure 7). Rather, mutants that were defec-
tive in Atgl kinase activity accumulated higher levels of
PAS marker proteins. Therefore, kinase activity seems to
play a role in disassembly of the PAS or the dissociation
kinetics of Atg proteins, which may be part of the autopha-
gosome formation cycle (Figures 7 and 8). In addition, our
electron microscopy results revealed a significant reduction
in the size and number of autophagosomes/autophagic bod-
ies in cells that expressed the Atgl***4 mutant, which is
partly defective for kinase activity (Figure 6). Thus, Atgl
kinase activity may affect the rate of autophagosome-expan-
sion and formation, although we cannot conclude at this
time that the defect in autophagosome formation is due to
the block in Atg8 or Atgl7 release from the PAS. Because
they did not detect a requirement for Atg1 in the initial steps
of PAS assembly, the study by Suzuki et al. (2007), did not
examine the role of Atgl kinase activity.

Significantly, the results with the Atgl kinase mutants
contrast with those of the Atgl C-terminal mutants, even
though loss of interaction with Atgl3 in the latter should
also reduce kinase activity. Nonetheless, Atgl mutants that
are not able to interact with Atg13, similar to strains deleted
for ATG1, ATG13, or ATG17 lose the ability to efficiently
assemble the PAS under starvation conditions, whereas the
Atgl kinase mutants can assemble a PAS, but they are
defective in the kinetics of Atg protein dissociation and
display reduced autophagosome formation. These results
suggest that Atgl has a nonkinase, perhaps structural, role
in PAS assembly that is mediated though its C terminus, and
that it apparently involves interactions with its binding part-
ners. Furthermore, this function is epistatic to the Atgl
kinase function with regard to PAS assembly. Additional
work will be necessary to determine the mechanism of Atgl
action during PAS assembly and autophagosome formation,
but these studies suggest that one possibility involves
changes in Atgl conformation that are mediated via its
interactions in the Atgl-Atgl3-Atgl7 complex.
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