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Autophagy is an intracellular trafficking pathway seques-
tering cytoplasm and delivering excess and damaged cargo
to the vacuole for degradation. The Atgl/ULK1 Kinase is
an essential component of the core autophagy machinery
possibly activated by binding to Atgl3 upon starvation.
Indeed, we found that Atgl3 directly binds Atgl, and
specific Atgl3 mutations abolishing this interaction inter-
fere with Atgl function in vivo. Surprisingly, Atgl3 bind-
ing to Atgl is constitutive and not altered by nutrient
conditions or treatment with the Target of rapamycin
complex 1 (TORC1)-inhibitor rapamycin. We identify
Atg8 as a novel regulator of Atgl/ULK1, which directly
binds Atgl/ULK1 in a LC3-interaction region (LIR)-depen-
dent manner. Molecular analysis revealed that Atgl3 and
Atg8 cooperate at different steps to regulate Atgl function.
Atg8 targets Atgl/ULK1 to autophagosomes, where it may
promote autophagosome maturation and/or fusion with
vacuoles/lysosomes. Moreover, Atg8 binding triggers
vacuolar degradation of the Atgl-Atgl3 complex in
yeast, thereby coupling Atgl activity to autophagic flux.
Together, these findings define a conserved step in auto-
phagy regulation in yeast and mammals and expand the
known functions of LIR-dependent Atg8 targets to include
spatial regulation of the Atgl/ULK1 kinase.
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Introduction

Autophagy is an important cellular mechanism to eliminate
excess or damaged proteins, protein complexes and orga-
nelles. This conserved process serves to ensure cellular
homeostasis, and plays crucial roles during nutrient starva-
tion and the cellular response to stress conditions, as well as
in embryonic development and the defense against several
human pathogens. Not surprisingly, defects in autophagy
pathways have been associated with numerous human
pathologies, including infectious diseases, neurodegenerative
disorders and cancer. Despite these fundamental functions,
the regulation and coordination of the steps required for
cargo selection and transport to the cellular degradation site
remain poorly understood.

Autophagy involves the engulfment of cargo by double-
membraned autophagosomes, which then fuse with the
lysosome/vacuole, where their content is degraded. Both
non-selective ‘bulk’ (macro)autophagy and selective auto-
phagy of specific proteins or organelles have been described
(Kraft et al, 2009, 2010). In addition, yeast cells use the
related cytoplasm-to-vacuole targeting (Cvt) pathway to
fulfill a biosynthetic function by selectively delivering to the
vacuole three of its resident enzymes, aminopeptidase 1
(Apel), a-mannosidase (Ams1) and aspartyl aminopeptidase
(Aped) (Harding et al, 1995; Hutchins and Klionsky, 2001;
Yuga et al, 2011). Genetic analysis in yeast has identified over
35 mostly conserved components that are required for
different steps of autophagy called Atgl to Atg36 (Suzuki
and Ohsumi, 2007; Motley et al, 2012). Although most of these
components are common to autophagy and the Cvt pathway,
autophagy- and Cvt-specific genes also exist (Inoue and
Klionsky, 2010).

The cellular signals that induce or restrict autophagy, and
the mechanisms that spatially and temporally act to ensure
cargo selection remain poorly understood. Atgl is a con-
served serine-threonine kinase that is required for both
selective and bulk autophagy pathways, and epistasis analy-
sis revealed that Atgl functions upstream of cargo selection
and autophagosome formation. Atgl assembles into a large
complex composed of several proteins including Atgl3 (Scott
et al, 2000). Atgl activity is regulated by the Target of
rapamycin (TOR) kinase, which regulates cell growth and
autophagy as part of the TOR complex 1 (TORC1) in response
to the nutrient availability (Chan et al, 2009; Hosokawa et al,
2009a; Kamada et al, 2009). Both Atgl and Atgl3 are highly
phosphorylated under nutrient-rich conditions, and Atgl3
phosphorylation is partly mediated by TORC1 (Kamada
et al, 2009). Atgl3 is rapidly dephosphorylated upon
starvation in both yeast and mammalian cells (Scott et al,
2000; Hosokawa et al, 2009b; Yeh et al, 2010), which might be
part of the regulatory mechanism for autophagy induction. In
yeast, Atgl3 phosphorylation is thought to reduce its binding
affinity for Atgl, which in turn prevents Atgl kinase
activity under nutrient-rich conditions. In contrast, in flies
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and mammals, Atgl/ULK1 and Atgl3 constitutively bind to
each other, implying that Atgl regulation may predominantly
be mediated by phosphorylation rather than by complex
formation (Hara et al, 2008; Chan et al, 2009).

The ubiquitin-like protein Atg8 recently emerged as a
critical component that plays a dual role in autophagy regula-
tion. On the one hand, Atg8 is conjugated to phosphatidyl-
ethanolamine (PE) and recruited to nascent autophagosomes,
where it promotes autophagosome expansion (Mizushima
et al, 1998; Ichimura et al, 2000) and appears to trigger
fusion of autophagosomal membranes (Nakatogawa et al,
2007). On the other hand, a critical role of Atg8 in cargo
selection has recently been discovered, where Atg8 binds to a
family of cargo-recruiting receptors thereby directing them to
autophagosomes. For example, Apel interacts with the Cvt-
specific cargo receptor Atgl9, which also binds to Atg8
(reviewed in Xie and Klionsky, 2007). Likewise, Ams1 binds
to the adaptor Atg34, which through a separate domain also
interacts with Atg8 (Watanabe et al, 2010).

Whereas yeast express a single Atg8 protein, mammals
encode at least eight different isoforms, which are grouped
into two families: three MAP1 light chain 3 proteins (LC3A
(two splice variants), B and C) and four y-aminobutyrate
receptor-associated protein (GABARAP) and GABARAP-like
proteins (ATG8L/GEC-1/GABARAPL1, GATE-16/GABARAPL2
and GABARAPL3) (Xin et al, 2001; He et al, 2003). Although
LC3 is believed to be the main Atg8 protein involved
in starvation-induced autophagy (Kabeya et al, 2004),
GABARAP, GABARAPL2 and GABARAPLI1 are indispensable
for autophagy function (Weidberg et al, 2010). In mammals,
several adaptors that bind to Atg8 family proteins and to
specific cargo have been described (Kraft et al, 2010). These
include p62 and Nbrl, which are involved in the autophagic
degradation of ubiquitinated aggregates (Pankiv et al, 2007;
Kirkin et al, 2009). Both proteins bind LC3 through
a conserved hydrophobic WXXL/I motif called the

LC3-interaction region (LIR), and a similar motif (AIM for
Atg8-interacting motif) has been identified in yeast Atgl9 and
Atg34 for their interaction with Atg8 (Noda et al, 2010; Suzuki
et al, 2010). Supported by a comprehensive LC3-interaction
network (Behrends et al, 2010), the available data suggest
that a large number of LIR domain-containing proteins
may function as receptors, which specifically interact with
different cargo and promote their engulfment into
autophagosomes.

We were interested in how selective autophagy pathways
are regulated, and thus investigate the mechanism of Atgl
activation. Here, we identified specific mutations in the
positive regulator Atgl3 that abolished its interaction with
Atgl. Surprisingly, while the interaction of Atgl3 and Atgl
was important for full kinase activity, it was neither essential
for autophagy induction nor regulated by nutrient starvation,
implying that additional regulators of Atgl exist. Indeed, we
found that Atgl interacts with Atg8 in a LIR-dependent
manner and travels with autophagosomes to the vacuole,
leading to downregulation of the Atgl complex. This inter-
action is conserved and maintained in mammals as we show
that ULK1 interacts with LC3 and GABARAP family members.
Importantly, in vivo analysis revealed that Atgl3 and Atg8
cooperate at different steps to regulate Atgl function in
autophagy and the Cvt pathway. Together, these findings
define new steps in autophagy regulation and expand the
known functions of Atg8-interacting proteins to include
spatial regulation of the Atgl kinase complex in yeast and
mammals.

Results

Binding of Atg13 promotes Atg1 kinase activity, but is
not regulated by nutrient starvation

Available evidence suggests that Atgl is activated by its
binding partner Atgl3, and this interaction is thought to be

Figure 1 Atgl3 binding to Atgl promotes Cvt and autophagy function, but is not regulated by starvation conditions. (A) Schematic
representation of budding yeast Atgl3 and alignment of the Atgl-binding region with homologues from different yeast species. The residues
required for Atgl binding are marked with a grey box. Circled ‘P’ mark known phosphorylation sites on Atgl3. N: amino-terminus; C: carboxy-
terminus. (B) A fragment encompassing amino acids 432-520 of Atgl3 (wt) or the corresponding FV mutant (FV) was expressed in E. coli and
incubated in excess with an immobilized GST-tagged fragment of Atgl (amino acids 501-897) purified from E. coli (GST-Atgl). Input (5.5%)
and bound proteins were analysed by coomassie blue staining, which stains proteins proportional to their size. The size of marker proteins (in
kDa) is indicated on the left. (C) ATGI-TAP atgl3A cells containing endogenously GFP-tagged Atgl7, Atg29 or Vac8 and wild-type (wt) or the
Atgl3 FV-mutant (F468A; V469A) were grown to mid log phase. Atgl was immunoprecipitated and its association with Atgl3 and the GFP-
tagged proteins was analysed by immunoblotting. Extract inputs are shown in Supplementary Figure S1B. (D) atgIA and atglAatgl3A cells
expressing HA-tagged Atgl and wild-type (wt) cells containing an empty plasmid were grown to mid log phase (rich), and then treated with
rapamycin (rapa) or starved for 4h in SD-N medium (starv). Atgl was immunoprecipitated and its association with Atgl3 analysed by
immunoblotting. Note that phosphorylated Atgl3 isolated from cells grown in rich medium migrates slightly slower on SDS-PAGE, and the
extent corresponds to the shift typically observed under our gel conditions. (E) Yeast cells containing endogenously tagged Atgl-TAP with and
without endogenously tagged Atgl3-GFP, or conversely cells containing endogenously tagged Atgl3-TAP and Atgl-GFP expressed from a
centromeric plasmid were grown to mid log phase (rich) and treated with rapamycin (rapa) or starved for 4 h in SD-N medium (starv). Atgl-
TAP and Atgl3-TAP were affinity purified and their association with GFP-tagged proteins was analysed by western blotting. (F) Histone3-HA
tagged Atgl was expressed together with wild-type (wt) or the Atgl3-FV mutant fused to Suv methylase (Suv) in atglAatgl3A cells, or for
control together with Pbs2-Suv in atglA cells. Logarithmically growing cultures were treated with rapamycin (rapa) for 0 or 120 min, and
methylation was monitored by preparing cell extracts and western blotting with an anti-trimethylation-specific antibody. Note that Suv-, GFP-
or TAP-tagged Atgl3 are fully functional, however, do not show the characteristic phosphorylation-induced reduced mobility observed with the
untagged protein under our gel conditions. (G) atglAatgl3A cells containing TAP-tagged wild-type Atgl (wt) or the Atgl kinase-dead (kd)
K54A mutant and wild-type Atgl3, the Atgl13-FV mutant or an empty plasmid were grown to mid log phase. Atgl was immunoprecipitated and
its autophosphorylation activity was measured by autoradiography in vitro. (H) pho8A60phol3Aatg13A cells expressing wild-type Atgl3 (wt),
the Atgl3-FV mutant (FV) or an empty plasmid were grown to mid log phase and starved for 4 h in SD-N medium. Pho8A60-specific alkaline
phosphatase (ALP) activity (nmol/min/mg) was measured in three independent experiments as described in ‘Materials and methods’, and
plotted as relative ALP activity with standard deviation (s.d.) compared to the wild-type controls. (I) atgl3A cells expressing GFP-Atg8 and
containing wild-type Atgl3, the Atgl3-FV mutant or an empty plasmid were grown to mid log phase with and without starvation for 4h in
SD-N. Processing of endogenous Apel and cleavage of GFP-Atg8 was analysed by western blotting, and quantified by calculating the ratio
of cleaved versus uncleaved Apel or GFP-Atg8, respectively. The asterisk marks a non-specific band detected by the Atgl3 antibody.
Figure source data can be found with the Supplementary data.
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regulated by nutrient availability (Kamada et al, 2000). To
examine the functional significance of the Atgl-Atgl3 inter-
action, we analysed the Atgl-binding region in Atgl3 with the
aim to identify mutations that specifically abolish Atgl bind-
ing. Previous work identified that residues 432-520 in yeast
Atgl3 are involved in Atgl binding (Kamada et al, 2000),
and sequence alignments showed several highly conserved
residues in this region (Figure 1A). Indeed, mutational
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analysis followed by a yeast two-hybrid interaction study
revealed that mutations of phenylalanine 468 and valine 469
to alanine residues (Atgl3-FV) abolished Atgl3 binding to
Atgl, whereas mutation of F468 alone had a partial effect
(Supplementary Figure S1A). Other mutations in the Atgl
binding domain had no impact on the interaction of Atgl
with Atgl3, suggesting that the interaction is specifically
mediated by F468 and V469 (Supplementary Figure S1A).
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This interaction is direct as Atgl and the binding domain
of Atgl3 purified from E. coli bind to each other in vitro
in an F468- and V469-dependent manner with almost 1:1
stoichiometry (Figure 1B).

Co-immunoprecipitation experiments confirmed that Atgl3-
FV was unable to bind Atgl (Figure 1C). Interestingly, its
association with Atgll, Atgl7 and Atg29 was also abolished,
while the interaction with Vac8, a putative complex member,
was only slightly reduced (Figure 1C; Supplementary Figure
S1B). We concluded that F468 and V469 are required for the
ability of Atgl3 to directly interact with Atgl and stabilize the
Atgl kinase complex.

To compare the interaction of Atgl with Atgl3 under
autophagic and non-autophagic conditions, we purified HA-
or TAP-tagged Atgl from yeast before and after rapamycin
treatment as well as upon nitrogen starvation, and monitored
co-precipitation of Atgl3 by western blotting and silver
staining (Figure 1D and E; Supplementary Figure S1C and D).
As expected, Atgl3 readily co-precipitated with Atgl, but
this interaction did not change under different growth condi-
tions, irrespective whether the affinity-purified complex was
eluted from the beads with sample buffer or TEV protease
cleavage (Supplementary Figure S1D). Similar results were
obtained when conversely Atgl3-TAP was purified and ana-
lysed for Atgl binding (Figure 1E, right panel). Importantly,
expression of all fusion proteins rescued the Cvt and auto-
phagy defects of the corresponding deletion strains, excluding
the possibility that the tags interfere with their function
(Supplementary Figure S1E). Moreover, the stable Atgl-
Atgl3 interaction was not caused by artificial binding during
extract preparation, as post-growth mixing of differentially
tagged Atgl and Atgl3 cultures did not result in co-precipita-
tion of the two proteins (Supplementary Figure S1F). Finally,
floatation experiments revealed that the majority of Atgl was
not lipid associated after extract preparation, implying that
the interaction was not indirectly caused by association with
vesicles under these conditions (Supplementary Figure S1G).

To analyse the regulation of the Atgl-Atgl3 interaction
in vivo, we used a novel interaction assay in yeast
(Zuzuarregui et al, 2012). This in vivo protein-proximity
assay is based on fusing a histone lysine methyltransferase
domain to the bait protein and its substrate, histone H3, to
the prey protein. Upon binding, the prey is stably methylated
in vivo, which can subsequently be detected by cell lysis
and immunoblotting using methylation-specific antibodies.
Importantly, this assay confirmed that the Atgl-Atgl3 inter-
action is mediated by F468 and V469 in Atgl3, and the
complex is stable in different growth conditions in vivo
(Figure 1F). Taken together, these results suggest that Atgl
and Atgl3 constitutively interact in vivo, irrespective of
nutrient availability.

To examine the impact of Atg13-FV on Atgl kinase activity,
we immunoprecipitated TAP-tagged wild-type (wt) and mu-
tant Atgl complexes and monitored Atgl autophosphoryla-
tion using in vitro kinase assays in the presence of radioactive
v-3P-ATP (Figure 1G). As expected, Atgl activity was abol-
ished when analysing a kinase-dead Atgl mutant (Atgl-kd)
(Kamada et al, 2000). Interestingly, the Atgl3-FV mutant
resulted in a similar loss of Atgl autophosphorylation as in
atgl3A cells, demonstrating that Atgl3 binding to Atgl
indeed promotes its kinase activation (Figure 1G). To probe
the functional relevance of Atgl3 binding to Atgl, we
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compared autophagic activity in wild-type and Atgl3-FV
mutant cells. First, we performed pho8A60 assays (Noda
et al, 1995; Klionsky et al, 2007), which quantify the
activity of the amino-terminally truncated alkaline phos-
phatase Pho8 (Pho8A60) that is activated in the vacuole
after its delivery by autophagy. As expected, Pho8AG6O
activity in wild-type cells was increased after 4 h of nitrogen
starvation, while no such activity was measured in atgl3A
cells. Interestingly, Pho8A60 activity increased by <10%
in atgl3-fv mutant cells, indicating that Atgl3 binding to
Atgl is required in vivo for efficient autophagy (Figure 1H;
Supplementary Figure S2C).

To corroborate these results, we examined Cvt activity by
measuring Apel processing in nutrient-rich conditions
(Klionsky et al, 1992), and followed the transport of GFP-
Atg8 into the vacuole upon starvation. Due to the high
stability of the GFP fold, the GFP moiety remains stable
after cleavage in the vacuole and can be monitored as free
GFP by western blotting (Meiling-Wesse et al, 2002).
Surprisingly, whereas deletion of Atgl3 resulted in an
almost complete loss of Atg8 cleavage and Cvt activity, the
Atgl13-FV mutant only showed a partial reduction, although
the mutant and wild-type proteins were expressed at
comparable levels (Figure 1I; Supplementary Figure S2C).
Other mutations in the Atgl binding domain did not alter Cvt
activity (Supplementary Figure S2A), implying that the defect
in the Cvt pathway and autophagic activity is caused by loss
of Atgl3 binding rather than indirect defects caused by
protein misfolding. Consistent with this notion, the partial
loss of Cvt and autophagic activity was not due to misloca-
lization of the Atgl3-FV mutant, as Atgl3-FV was recruited to
the PAS (Supplementary Figure S2B). A stronger defect in the
pho8A60 assay compared to Apel and GFP-Atg8 processing
has previously been observed, and might reflect a defect
in autophagosome capacity (Cheong et al, 2005). Taken
together, we conclude that Atgl3 binding to Atgl is
important for efficient Cvt pathway and autophagy
function, however, Atgl3 might have an additional role in
autophagy progression that is independent of Atgl binding.
Importantly, these data further imply that Atgl requires
additional activator(s) in vivo.

Atg1/ULK1 binds to Atg8 in an LIR-dependent manner
As recent work identified the mammalian Atgl homologue
ULK1 as a possible interactor of Atg8/LC3 (Behrends et al,
2010), we hypothesized that Atg8 may be involved in Atgl
regulation. A thorough bioinformatic analysis identified
a conserved phenylalanine/tyrosine-X-X-valine (F/YXXV)
sequence present in both ULK1 and ULK2 as well as yeast
Atgl (Figure 2A), which fulfills the criteria for a functional
LIR motif. To investigate if yeast Atgl indeed binds to Atg8
through this putative LIR motif, we performed in vitro inter-
action studies. As shown in Figure 2B, Atgl strongly bound to
Atg8 but not to ubiquitin. Importantly, mutation of valine 432
and glutamate 433 (Atgl-VE) or glutamate 428, phenylala-
nine 429 and glutamate 433 (Atgl-EYE) in the predicted LIR
motif of Atgl completely abolished this binding, suggesting
that the interaction of Atgl with Atg8 is mediated in a LIR-
dependent manner. This interaction is independent of Atgl3,
as binding of Atgl to Atg8 persisted in cells lacking Atgl3
(Figure 2C). Moreover, as expected from the non-overlapping
binding sites (Figure 2A), the Atgl-LIR mutants efficiently

©2012 European Molecular Biology Organization
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Figure 2 Atgl binds Atg8 in a LIR-dependent manner. (A) Schematic representation of budding yeast Atgl and sequence alignment of its
putative LIR motif with Atgl homologues from various species. Conserved residues of the predicted LIR motif are indicated with grey boxes,
residues targeted by mutagenesis are marked with asterisks (*). The Atgl kinase domain is underlined and the Atgl3-binding region is shaded
in black. Circled ‘P’ mark known phosphorylation sites on Atgl. N: amino-terminus; C: carboxy-terminus. (B) GST-Atg8 or GST-Ubiquitin (Ub)
was purified from E. coli and bound to GSH beads. Wild-type Atgl-TAP or the VE and EYE mutants were purified from yeast, incubated with the
immobilized GST proteins and bound proteins analysed by western blotting. (C) GST-Atg8 and GST-Ubiquitin were immobilized as described in
(B), and probed for their ability to bind Atgl-TAP isolated from wild-type or atgl3A cells. (D) atglAatgl3A cells expressing as indicated wild-
type Atgl-TAP or the VE or EYE mutants, and wild-type Atgl3 or the Atgl3-FV mutant were grown to mid log phase. Atgl was
immunoprecipitated and its association with Atgl3 was determined by western blotting. (E) GST, GST-LC3B, GST-GATE16 and GST-
GABARAP were purified from E. coli and bound to beads. HEK293 cell lysates prepared from cells expressing wild-type (wt) HA-ULK1 or
the DFP mutant were incubated with the beads, and bound proteins analysed by western blotting. (F) HEK293 cells were co-transfected with
GFP or GFP-GABARAP along with either wild-type HA-ULK1 or the DFP mutant. GFP and GFP-GABARAP were immobilized on GFP-Trap resin
and HA-ULK1 binding was analysed by western blotting. Figure source data can be found with the Supplementary data.

bound Atgl3, implying that the LIR motif in Atgl is not DFP mutant. GFP and GFP-GABARAP were immobilized on
required for binding to Atgl3 (Figure 2D; Supplementary GFP-Trap resin, and binding proteins were analysed by im-
Figure S3A). munoblotting. Consistent with our previous observations,
Interestingly, the region encompassing the conserved LIR both endogenous and HA-tagged ULK1 bound to GFP-
motif in human ULK1 was previously shown to bind GABARAP in vivo, and this interaction required a functional
GABARAP, GATE-16, and weakly to LC3 (Okazaki et al, LIR motif in ULK1 (Figure 2F; Supplementary Figure S3B).
2000). To corroborate these results, we mutated aspartate Together, these data identify Atgl/ULK1 as a conserved
356, phenylalanine 357 and proline 361 in the predicted LIR Atg8 interactor, which directly binds to Atg8 in yeast and
motif of ULK1 to alanine (DFP) and tested if wild-type or the mammals.
ULK1-DFP mutant could bind the Atg8 homologues LC3B,
GATE-16 and GABARAP immobilized on beads. ULK1 was The interaction of Atg8 with Atg1 is functionally
efficiently retained on GABARAP- and GATE16-coated beads, relevant in vivo
and also bound to LC3, though to a lower extent. These To test whether the interaction of Atgl with Atg8 is important
interactions were substantially reduced in the DFP mutant for its function in vivo, we compared the activity of wild-type
(Figure 2E), implying that they are mediated by this con- and Atgl mutant cells in the Cvt pathway and autophagy.
served LIR motif. To investigate this interaction in vivo, Interestingly, cells expressing Atgl-EYE or Atgl-VE were
HEK293 cells were co-transfected with GFP or GFP- partially defective for Cvt activity, although both mutant
GABARAP together with either wild-type HA-ULK1 or the proteins were expressed at comparable levels to wild-type

©2012 European Molecular Biology Organization The EMBO Journal VOL 31 | NO 182012 3695
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Atgl. Quantification revealed that vacuolar processing of
Apel at steady state was reduced by ~60% (Figure 3A;
Supplementary Figure S3C). Using the pho8A60 assay,
atgl-EYE and atgl-VE mutant cells showed little Pho8A60
activity after 4 h starvation compared to wild-type controls
(Figure 3B; Supplementary Figure S2C), indicating that the
LIR motif in Atgl is required for both Cvt pathway and
autophagy function.

In contrast, no obvious defects were observed when analysing
autophagy by monitoring GFP-Atg8 cleavage or Apel proces-
sing upon nutrient starvation (Figure 3C; Supplementary
Figure S3C and D), indicating that Atg8 binding to Atgl
may affect later steps in autophagy (Cheong et al, 2005).
Indeed, fluorescence microscopy revealed that the Cvt defect
of the Atgl-EYE and Atgl-VE mutants was not caused by a
defect in their recruitment to the PAS, which occurs in an
Atg8-independent manner (Figure 3D). Moreover, interfering

with binding of Atgl to Atg8 did not alter its kinase activity
in vitro (Figure 3E). Thus, although the interaction of Atgl
and Atg8 is functionally important in vivo, Atg8 binding is not
required for kinase activity or PAS localization of Atgl.

To examine whether the Atgl-LIR and Atgl3-FV mutants
affect the same or different aspects of Atgl function, we
analysed the double mutants for defects in autophagic path-
ways. Interestingly, whereas the Atgl and Atgl3 single mu-
tants showed a partial reduction in Cvt activity (Figures 11
and 3A), the double mutant was almost completely impaired
in Apel processing (Figure 3A). Likewise, although Atgl-LIR
mutants did not show obvious defects in GFP-Atg8 proces-
sing (Figure 3C), the double mutants with Atg13-FV resulted
in a strong autophagy defect (Figure 3C). Together, these data
demonstrate that Atg8 and Atgl3 mutually act on Atgl to
regulate its function in vivo, possibly at different steps of the
autophagy pathway.
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Figure 3 The LIR domain in Atgl is functionally important in vivo. (A) atglAatgl3A cells containing an empty control plasmid, wild-type or
the indicated Atgl mutants, and Atgl3 wild-type, the Atgl3-FV mutant or an empty plasmid were grown to mid log phase. Processing of
endogenous Apel was analysed by western blotting, and quantified as described in the legend of Figure 11. Expression of the different proteins
was controlled by immunoblotting with antibodies against Atgl or Atgl3. The asterisk marks a non-specific band detected by the Atgl3
antibody. (B) pho8A60phol3AatgIA cells expressing wild-type (wt), kinase-dead (kd), Atgl-VE (VE) or -EYE (EYE) mutants or an empty
plasmid were grown to mid log phase and starved for 4 h in SD-N medium. Pho8A60-specific alkaline phosphatase (ALP) activity (nmol/min/
mg) was measured in three independent experiments as described in ‘Materials and methods’, and plotted as relative ALP activity with
standard deviation (s.d.) compared to the wild-type controls. (C) Cells as in (A) expressing GFP-Atg8 were grown to mid log phase with
starvation for 4 h in SD-N medium. The processing of GFP-Atg8 was analysed and quantified as in Figure 11. (D) Exponentially growing atglA
and atglAatg8A strains expressing the PAS marker Apel-RFP and either GFP-tagged wild-type Atgl or the Atgl-VE mutant were examined by
fluorescence microscopy. Bar=5um. (E) atgIA cells containing TAP-tagged wild-type or the indicated Atgl-mutants were grown to mid log
phase. Atgl was immunoprecipitated and its in vitro autophosphorylation activity was measured by autoradiography. The kinase-dead (kd)
Atgl-mutant K54A serves as a negative control. Figure source data can be found with the Supplementary data.
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Atg1/ULK1 associates with autophagosomes in an
LIR-dependent manner
To test whether Atg8 may recruit Atgl/ULK1 to auto-
phagosomes, we first separated yeast cell lysates into
cytoplasmic (supernatant) and membrane (pellet) fractions,
and analysed the presence of Atgl by immunoblotting.
To enrich for autophagosomes, we used starved ypt7A
cells, which are defective for efficient fusion of autophago-
somes with the vacuolar membrane. Interestingly, Atgl was
enriched in Triton X-100-sensitive membrane fractions,
together with the endosomal membrane protein Pepl2,
indicating that Atgl associates with membranes (Figure 4A;
Supplementary Figure S3E). Membrane-associated Atgl was
resistant to proteolytic cleavage by proteinase K, indicating
that part of Atgl may be protected in completed autophago-
somes (Supplementary Figure S3E). Importantly, membrane
association of Atgl depended on a functional LIR motif, as
the Atgl-VE mutant showed a decreased fractionation with
membranes (Figure 4B). Together, this biochemical analysis
suggests that binding of Atgl to Atg8 recruits Atgl to mem-
branes, which most likely represent autophagosomes.

To substantiate these data, we next asked whether ULK1
binding to autophagosomes is dependent on the LIR motif
in mammalian cells. Indeed, upon amino-acid starvation,
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HA-tagged ULK1 expressed in HEK293 cells at low levels
was found on punctate structures identified by labelling
with WIPI2, the mammalian homologue of the PI3P-binding
protein Atgl8 (Polson et al, 2010), and GFP-GABARAP or
GFP-LC3 (Figure 4C; Supplementary Figure S3F). These
structures most likely represent autophagosomes, but may
also include phagophores and omegasomes. The number of
ULK1-positive structures was significantly reduced in the DFP
mutant of ULKI1, suggesting that efficient recruitment of
ULK]1 to autophagosomes requires its interaction with mam-
malian Atg8 (Figure 4D and E). Interestingly, the total num-
ber of WIPI2 spots was increased after expression of the
ULK1-DFP mutant (Figure 4E), implying that the WIPI2-
positive autophagosomes or autophagosome precursors
were stalled at an early stage during autophagy. Together,
these results demonstrate that Atg8 recruits Atgl/ULK1 to
autophagosome-like structures in yeast and mammals, which
appears to be functionally important for autophagosome
formation and/or maturation.

Autophagy induces vacuolar degradation of the
Atg1-Atg13 complex

While analysing the levels of yeast Atgl during nutrient
limiting conditions, we observed that its level decreased

GFP-GABARAP

HA-ULK1

80

60 % [

Punctae/cell

wt DFP

Figure 4 Atgl/ULK1 localize to autophagosomes in yeast and mammals. (A) Exponentially growing ypt7A cells were starved in SD-N medium
for 4 h, lysed and the extract separated into a cytoplasmic (S) and a 5000 g membrane pellet fraction. The pellet was treated with (+ ) or without
(—) TX-100, centrifuged and the supernatant (S) and pellet (P) fractions analysed by western blotting with anti-Atgl, anti-Pep12 and anti-Pgk1
antibodies. (B) Exponentially growing ypt7AatgIA cells expressing wild-type Atgl or the Atgl-VE mutant protein were starved in SD-N for 4 h,
lysed and the extract separated into cytoplasmic (S) and membrane (P) fractions. The fractions were analysed by western blotting with anti-Atgl,
anti-Pgkl and anti-Apel antibodies, and the ratio of Atgl to Apel in the pellet fractions was quantified and indicated as a ratio compared to wild-
type cells. (C) HEK293 cells were co-transfected with GFP-GABARAP and HA-ULK1, starved for 2 h, and subsequently immunostained for HA
(red) and WIPI2 (white). The arrows mark putative autophagosomes that stain positive for all three markers. Bar = 10 um. (D) HEK293 cells
stably expressing GFP-LC3 were transfected with wild-type HA-ULK1 or the DFP mutant, and immunostained for HA and WIPI2 after 2h
starvation. HA-ULK1 and WIPI2 spot numbers were counted using Imaris software in over 70 cells (from one out of two experiments) and plotted
as the ratio of ULK1 to WIPI2 puncta. ***Indicates a statistically significant P-value of <0.0001. One of the two independent experiments is
shown. (E) Quantification of HA-ULK1 and WIPI2 spot numbers in HEK293 cells expressing wild-type HA-ULK1 or the DFP mutant. Cells were
treated as above, and the spot number counted using Imaris software. A representative immunofluorescence image is shown in Supplementary
Figure S3F. *** and * indicate P-values of <0.0001 or 0.0158, respectively. Figure source data can be found with the Supplementary data.
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upon starvation. This decrease required vacuolar proteases,
as Atgl was stabilized in pep4A cells defective for vacuolar
degradation (data not shown). To analyse Atgl degradation in
more detail, we followed Atgl-GFP levels during starvation
by western blotting. Interestingly, upon starvation yeast
Atgl-GFP was transported to the vacuole releasing free GFP,
representing proteolytic digestion of this protein in the
vacuole similar to that of GFP-Atg8 (Figure 5A and B;
Supplementary Figure S3G). This transport depends on
Atgl kinase activity, and on a functional autophagy pathway,
as the kinase-dead Atgl-T226A mutant as well as wild-type
Atgl in atg8A cells failed to be degraded in the vacuole
(Figure 5A; Supplementary Figure S3G). Moreover, even
though autophagic transport of GFP-Atg8 to the vacuole is
still functional in atgl-VE mutant cells, the Atgl-VE mutant
protein was not transported to the vacuole upon starvation
(Figure 5B). To corroborate these data, we used time-lapse
microscopy to follow the selective transport of YFP-Atgl in
cells lacking the major vacuolar protease Pep4. Vacuolar
translocation was quantified by comparing the ratio of cyto-
plasmic to vacuolar YFP-Atgl after induction of autophagy by
nitrogen starvation. Indeed, YFP-Atgl strongly accumulated
in the vacuole upon starvation in a time-dependent manner
(Figure 5C; Supplementary Figure S3H). In contrast, even
after 13 h of nitrogen deprivation, hardly any vacuolar en-
richment was observed when analysing the YFP-Atgl-VE
mutant, demonstrating that Atg8 binding is required for
selective transport of Atgl to the vacuole.
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Vacuolar accumulation of Atg1

Similarly, Atgl3 levels were also decreased in starved cells,
suggesting that Atgl and its activator Atgl3 travel with
autophagosomes (Figure S5SD). Interestingly, the vacuolar
turnover of Atgl3 also depends on the interaction between
Atgl and Atg8, as a significant decrease in Atgl3-GFP proces-
sing was observed when the protein was expressed in the
atgl-VE mutant (Figure SD, left panel). Even in a situation
where autophagy is functional, the Atgl3-FV mutant protein
showed slower degradation (Figure 5D, right panel), confirm-
ing that the interaction of Atgl with Atgl3 is required for this
process.

Taken together, these results suggest that the Atgl-Atgl3
kinase complex associates with autophagosomes in a selec-
tive and Atg8-dependent manner, resulting in its transport to
and degradation in the vacuole.

Discussion

Here, we analysed the regulation of the Atgl-Atgl3 complex
in autophagy. Surprisingly, while Atgl3 promotes Atgl kinase
activity, this interaction is neither regulated by starvation
conditions nor essential for autophagy induction. However,
Atgl3 cooperates with Atg8 to regulate Atgl function in vivo.
Atg8 directly binds Atgl through a conserved LIR motif, and
this interaction targets the Atgl-Atgl3 complex to autopha-
gosomes and ultimately results in its vacuolar degradation.
Together, these results revealed a conserved mechanism for
targeting Atgl/ULK1 to autophagosomes, and may suggest a
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Figure 5 Atgl travels with autophagosomes to the vacuole during starvation. (A) atglA cells containing either wild-type Atgl or the kinase-
dead Atgl-T226A mutant tagged with GFP were grown to mid log phase followed by starvation for 24h in SD-N. Samples were taken at
indicated time points and GFP cleavage was analysed by western blotting. Processing of endogenous Apel under starvation conditions
monitors the autophagic flux. (B) atglA cells containing either GFP-tagged wild-type Atgl or the Atgl-VE mutant were grown and analysed as
in (A). (C) atglApep4A cells containing YFP-tagged wild-type Atgl or the Atgl-VE mutant were grown to log phase and starved in SD-N. Cells
were monitored by time-lapse microscopy and the vacuolar accumulation of Atgl was quantified as described in ‘Materials and methods’. Data
are plotted as the mean £ s.e.m. from at least 90 quantified cells. Additional images are shown in Supplementary Figure S3H. Bar =5 pm.
(D) atglAatgl3A cells expressing GFP-tagged wild-type Atgl3, and either wild-type Atgl or the Atgl-VE mutant (left panel) and wild-type cells
containing Atgl3-GFP and either wild-type Atgl3 or Atgl3-FV were grown to mid log phase followed by starvation for 6 h in SD-N media. GFP
cleavage was analysed by western blotting. Figure source data can be found with the Supplementary data.
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Figure 6 Model for the cooperation of Atgl3 and Atg8 on Atgl
regulation. Atgl3 constitutively binds Atgl. Upon starvation, Atgl
is activated by autophosphorylation and in turn phosphorylates
Atgl3, which further increases its kinase activity. Atgl binds to
Atg8 via its LIR motif, which triggers its removal from the PAS
and mediates its association with autophagosomes. Atgl on auto-
phagosomes may phosphorylate unknown substrates involved
in autophagosome maturation. After autophagosomal fusion, the
Atgl-Atgl3 complex is degraded in the vacuole/lysosome, thereby
limiting autophagic flux during starvation.

novel function to balance autophagic flux during limiting
nutrient conditions (Figure 6).

Atg13 promotes Atg1 activity, but forms a stable

complex with Atg1 regardless of the nutrient conditions
While Atgl is required for autophagy induction from yeast to
mammals, different activation mechanisms have been pro-
posed. Our biochemical and mutational analysis in yeast
confirmed that the interaction of Atgl3 and Atgl is direct
and promotes Atgl kinase activity in vivo. The autophagy
defects of Atgl3 mutants unable to interact with Atgl are
however less pronounced when compared to cells deleted for
Atgl3, indicating that Atgl3 may have functions outside of
the Atgl complex. In yeast, Atgl3 promotes autophosphor-
ylation and dimerization of Atgl (Yeh et al, 2011), and
TORC1-mediated phosphorylation of Atgl3 is thought to
prevent its interaction with Atgl. In contrast, fly and
mammalian Atgl3 constitutively bind to the Atgl
homologues dAtgl and ULKI, respectively, suggesting that
in these organisms the complex is activated by other means
such as phosphorylation or the association of additional
factors (Hara et al, 2008; Chan et al, 2009; Alers et al,
2011). Surprisingly, we did not detect any significant
difference in the ability of yeast Atgl3 to bind to the Atgl
complex by comparing the complex formation in cells grown
under rich or nitrogen-starved conditions, or after inhibition
of the TOR kinase by rapamycin. Consistent with this notion,
the size of the Atgl complex does not change with its
activation status, as the kinase-inactive Atgl-T226AS230A
shows a similar sedimentation behaviour in sucrose
gradients as the wild-type Atgl complex (Kijanska et al,
2010). Finally, Atgl3 mutants unable to interact with Atgl
exhibit a Cvt defect, implying that the association of Atgl3
and Atgl is functionally important under conditions where
TORCI1 is active. Together, these results strongly suggest that
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like in other organisms, activation of the yeast Atgl kinase is
not mediated by regulated binding of Atgl3. While it remains
to be determined whether proteins other than Atgl3 join
the complex in a nutrient-dependent manner, regulated
phosphorylation of Atgl on conserved residues in its
activation loop is essential for Atgl activity in vitro and
in vivo (Kijanska et al, 2010; Yeh et al, 2010). Likewise, the
activation loop is phosphorylated in mammalian ULK1, and
phosphorylation of this site is required for its activation
(Bach et al, 2011). Interestingly, further sites in mammalian
ULK1 are phosphorylated by AMP-activated protein kinase
(AMPK), suggesting that glucose starvation also activates
autophagy through phosphorylation (Egan et al, 2011).
Similarly, PKA-dependent phosphorylation and activation of
yeast Atgl has been observed (Stephan et al, 2009). Finally,
the phosphorylation status of Atgl3 is regulated by TORCI,
suggesting that these sites are relevant for its nutrient-
dependent regulation in vivo. Taken together, these results
suggest that like in higher eukaryotes, activation of yeast
Atgl requires phosphorylation of Atgl and most likely Atgl3,
but is not regulated by binding of Atgl and Atgl3.

Atg8 recruits Atg1/ULK1 to autophagosomes and
promotes Atg1 degradation in the vacuole

Interestingly, our results demonstrate that Atg8 directly inter-
acts with Atgl through a conserved LIR motif, which is not
required for Atgl3 binding. Mutations that specifically abol-
ish Atg8 binding decrease the ability of Atgl to promote
progression of the Cvt pathway, and sensitize cells for
autophagy defects, implying that Atgl3 and Atg8 indepen-
dently promote Atgl function in vivo. In contrast to Atgl3,
Atg8 binding is dispensable for Atgl kinase activity, implying
that binding of Atgl to Atg8 and Atgl3 may affect different
aspects of Atgl function, and most likely at different steps of
the pathway. The LIR motif of yeast Atgl is conserved in
human ULK1, where it mediates binding to the Atg8-like
proteins GABARAP and GATE-16, which are known to regu-
late later steps in autophagosome formation (Weidberg et al,
2010). It has previously been observed that ULK1 associates
with membranes (Chan et al, 2009), and our results indicate
that the recruitment of ULK1 to autophagosome-like
structures is dependent, at least in part, on its interaction
with GABARAP/GATE16. While the precise molecular
mechanism leading to accumulation of WIPI2 punctae in
ULK1-DFP expressing cells remains to be determined, it
may reflect a requirement for ULK1 in the function of
GABARAP/GATE16 during late stages of autophagy
(Weidberg et al, 2010). Likewise, binding of Atg8 to Atgl is
required for its recruitment to membranes and vacuolar
degradation in yeast, and the Atgl-Atgl3 complex has also
been visualized on autophagosomes in plants (Suttangkakul
et al, 2011). These results suggest that Atgl/ULK1 may play a
conserved role in cargo engulfment or autophagosome
formation, or their maturation and delivery to the vacuole.
For example, Atgl/ULK1 may phosphorylate and thereby
activate factors involved in closure of autophagosomes or
vacuolar fusion. Interestingly, yeast Atgl mutants unable to
bind Atg8 exhibit defects in the Cvt pathway, but did not
significantly affect autophagy progression when measured
with the GFP-Atg8 cleavage assay. Because Cvt vesicles are
generally smaller than autophagosomes, it is possible that
higher local Atgl activity is needed at late steps, and thus
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autophagy defects of the Atgl-LIR mutants become only
apparent when the pathway is already sensitized. This view
is consistent with Atgl mutants with reduced kinase activity,
which affect the Cvt pathway with minimal defects in
autophagy. Alternatively, the Atg8-Atgl complex may speci-
fically be important for selective autophagy pathways that
require special mechanisms to select and engulf different
cargo. It is possible that these special steps may require
localized Atgl/ULK1 activity, which is dispensable for
starvation-induced bulk autophagy.

Irrespective of the precise molecular function, our results
demonstrate that Atgl-Atgl3 complexes tethered to auto-
phagosomes are subsequently degraded in the vacuole.
Interestingly, this Atg8-dependent degradation mechanism
efficiently downregulates activated Atgl-Atgl3 complexes,
and may thus prevent excessive autophagic degradation by
coupling autophagy flux to the availability of amino acids and
energy required to newly synthesize Atgl and Atgl3. Since
starvation-regulated signalling pathways such as TORC1 not
only induce autophagy but also inhibit protein translation,
these mechanisms are expected to cooperate to adjust auto-
phagy flux to the physiological needs. Such a negative feed-
back loop has previously been proposed based on genetic
experiments in flies, where TORC1 activates the Atgl kinase,
which in turn feeds back on TORC1 to fine-tune the activity of
the pathway (Chang and Neufeld, 2009).

Atg8 plays multiple roles in autophagy by interacting
with different effectors involved in regulating the basic
machinery and cargo adaptors

Atg8-family members are essential components of the auto-
phagy machinery, which are activated by the covalent attach-
ment of a PE moiety that anchors the proteins to phagophore
and autophagosome membrane. Recent results revealed that
Atg8-like proteins regulate several steps in selective and non-
selective autophagy pathways. For example, yeast Atg8 and
its mammalian LC3 homologues are involved in elongating
the phagophore membrane required to ultimately engulf the
cargo. Furthermore, the GABARAP/GATE-16 subfamily mem-
bers are essential for autophagosome closure (Weidberg et al,
2010). Finally, the conjugation of yeast Atg8 to PE is required
for the hemifusion of membranes in yeast (Nakatogawa et al,
2007), and Atg8-like proteins may directly promote expansion
and fusion of autophagosomes through their amino-terminal
domains (Weidberg et al, 2011).

On the other hand, specific binding partners of Atg8/LC3
have recently been identified, which interact through defined
LIR motifs on the target proteins and a LIR-interacting surface
on Atg8/LC3. In some cases, these LIR domain-containing
proteins function as specificity adaptors for the selective
degradation of certain cargo by autophagy. For example, the
LC3-adaptor p62 is not required for general autophagy, but
targets ubiquitinated protein aggregates for lysosomal
destruction. Likewise, NDP52 and optineurin link LC3 to
intracellular pathogens, thereby selectively removing them
from the cell by autophagy (Thurston et al, 2009; Wild et al,
2011). Thus, these results suggest that LC3 plays a direct role
in the selection and engulfment of specific cargo for
autophagy, and many LIR-containing proteins are thought to
function in this process. However, LIR-dependent interactions
of Atg8 with autophagy core proteins that may serve a
regulatory function have also been reported. Both Atg3 in
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yeast and Atg4B in mammals interact with Atg8/LC3 (Satoo
et al, 2009; Yamaguchi et al, 2010), and binding of Atg8 to the
LIR motif of Atg3 is required for its efficient lipidation in the
Cvt pathway. Similarly, our results expand the known
functions of Atg8 and strengthen the notion that Atg8-
interacting targets may not only serve as receptors for cargo
recruitment but also directly regulate multiple components of
the general autophagy machinery. It will thus be important to
carefully analyse LIR-containing proteins whether they affect
general processes or are specifically implicated in vacuolar/
lysosomal degradation in selective autophagy pathways.

Materials and methods

Yeast strains, growth conditions and antibodies

Yeast strains are listed in Supplementary Table S1. Yeast cells were
grown in synthetic medium (SD: 0.17% yeast nitrogen base, 0.5%
ammonium sulphate, 2% glucose, amino acids as required). For
starvation induction, cells of 0.5-0.8 ODgy were washed and
resuspended in starvation medium (SD-N: 0.17% yeast nitrogen
base without amino acids, 2% glucose) for 4h, unless stated
otherwise.

The following antibodies were used in this study: mouse mono-
clonal anti-GFP antibody (Roche), rabbit polyclonal PAP antibody
(Sigma), rabbit polyclonal anti-TAP (Open Biosystems), mouse
monoclonal anti-GST antibody (Sigma), mouse anti-Pep12 antibody
(Molecular Probes), rabbit polyclonal anti-HA antibody (Sigma), rat
anti-HA (Roche), rabbit polyclonal anti-Caveolinl antibody (Santa
Cruz), mouse anti-trimethylation-specific antibody (Zuzuarregui
et al, 2012) and mouse anti-WIPI2 (Polson et al, 2010). The rabbit
polyclonal anti-Apel, anti-Atgl and anti-Atgl3 antibodies were
kindly provided by D Klionsky, University of Michigan, and the
rabbit polyclonal anti-Calnexin antibody was a generous gift from A
Helenius, ETH Zurich.

Plasmid construction and two-hybrid analysis

Plasmids are listed in Supplementary Table S2. Site-directed muta-
genesis was performed by QuikChange mutagenesis (Stratagene),
and verified by sequencing. ATG13 with its endogenous promoter
and terminator (698 and 371 bases, respectively) was amplified
from genomic DNA and ligated into the pRS316 vector (Sikorski and
Hieter, 1989) using the Xbal and HindllI restriction sites. TAP and
GFP fusions of ATGI were generated by ligating PCR-amplified TAP
and GFP tags via Pstl-Sall to the C-terminus of ATGI expressed
under its endogenous promoter (726 bases), cloned into pRS315.
The pRS313-GFP-Atg8 plasmid was constructed by subcloning from
PRS316-GFP-Atg8 plasmid via Xhol-Sacl sites. Yeast two-hybrid
experiments were performed as described (Kijanska et al, 2010).
ATG13, ATGI and the indicated mutants were subcloned into the
yeast two-hybrid vectors pGAD and pLEX, respectively.

Yeast cell extract preparation, immunoprecipitations, and the
pho8A60 assay

Protein extraction with TCA and immunoblotting was carried out as
described previously (Kijanska et al, 2010). To prepare extract under
non-denaturing conditions, cells were grown in selective medium to
ODgp of 0.5-0.8, harvested by centrifugation and washed in PBS
with 2% glucose. Cells were then resuspended in a pellet volume of
lysis buffer (PBS, 10% glycerol, 0.5% Tween-20, 1 mM NaF, 1 mM
PMSF, 1 mM Na3VOy, protease inhibitor cocktail; Roche) and frozen
in droplets in liquid nitrogen. After cell disruption with a freezer
mill (6770, Spex, USA), extracts were cleared by centrifugation at
5000¢g for Smin, followed by two centrifugations at 10000g for
15min. Note that in contrast to spheroplasting, freezer milling
disrupts organelle-enclosed proteins.

HA immunoprecipitations were carried out as described
(Kijanska et al, 2010). For protein A immunoprecipitations, Dyna
epoxy magnetic beads (Invitrogen) were coupled with rabbit IgG
according to manufacturer’s protocol and used instead of HA
agarose.

The pho8A60 assay was performed as described (Klionsky, 2007).
To ensure the linear range of the enzymatic reaction, the assay was
performed with two different sample concentrations.
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Cell fractionation and proteinase protection assay

Yeast cells starved for 4 h in SD-N were washed and incubated with
2-OD/ml DTT buffer (10 mM DTT, 10 mM Tris pH 9.4; 15 min, 30°C),
resuspended in 10-OD/ml SP buffer (1 M sorbitol, 20 mM PIPES pH
6.8) and spheroplasted by Zymolyase-20T (MP Biomedicals) treat-
ment. Spheroplasts were collected by centrifugation (2000g for
5Smin) and gently lysed with osmotic lysis buffer (200 mM sorbitol,
20mM PIPES pH 6.8, 5mM MgCl,, ‘input’) to preserve organelle-
enclosed particles. After two 500 g centrifugation steps to remove
unbroken cells, the resulting total lysate (‘T’) was further separated
into a 5000g supernatant (‘S’) and a pellet fraction (‘P’). The
efficiency of fractionation and distribution of Atgl was determined
by immunoblot analysis using anti-Pgkl, anti-Apel and anti-Atgl
antibodies. Membrane association of Atgl was controlled by treat-
ing the pellet fraction for 30 min with 0.2 % Triton X-100 in the
presence of the complete protease inhibitor cocktail (Roche) and
0.1 mM PMSEF, followed by a 5000 g centrifugation step to separate
the supernatant (‘S’) and insoluble pellet fractions. For proteinase
protection assays, the 5000 g pellet was resuspended in osmotic
lysis buffer with or without proteinase K (50 pg/ml, AppliChem)
and 0.2% Triton X-100. After 30 min incubation on ice, samples
were precipitated with TCA and analysed by western blotting with
anti-Apel, anti-Atgl and anti-Pep12 (Molecular Probes) antibodies.

Kinase assays

In all, 10 mg of cleared yeast extract was incubated with 50 ul IgG-
coupled magnetic beads (Dynabeads, Invitrogen) for 1h at 4°C,
with rotation. The beads were washed 4 x in IP buffer (100 mM
Tris-HCl pH 7.5, 300 mM NaCl, 10 mM EDTA, 10 mM EGTA, 1% NP-
40, 10mM NazVO,, 10mM NaF, 1 mM PMSF, protease inhibitor
cocktail; Roche), and twice in kinase buffer (25 mM MOPS pH 7.5,
1mM EGTA, 10 mM Na3VO,, 15 mM MgCl,). Kinase reactions were
performed in a total volume of 11 pl containing 10 uCi yATP for
20min at 30°C. Reactions were stopped with 10l urea loading
buffer and analysed by SDS-PAGE and phosphor-imaging.

Floatation analysis

Floatation in sucrose gradients was performed according to
Lingwood and Simons, (2007). In brief, cleared yeast or HeLa cell
extracts were adjusted to 40% sucrose and layered under a 5-35%
sucrose gradient in TNE (50mM Tris-HCI pH 7.4, 150 mM NacCl,
2mM EDTA, protease inhibitor cocktail; Roche). The gradients were
centrifuged at 200000g for 18h in a SWA41 rotor in a Beckman
Coulter Optima TLX ultracentrifuge. In all, 1ml fractions were
collected and precipitated with TCA. Note that the bottom 4-5
fractions contain soluble proteins as calnexin, whereas lipid-asso-
ciated complexes float in higher fractions (caveolin).

Atg8-binding assay and co-immunoprecipitation experiments
TAP-tagged proteins were immunoprecipitated overnight at 4°C
from yeast cell extracts prepared under native conditions using
IgG-coupled sepharose beads (GE Healthcare), washed and then
cleaved with TEV protease for 3-6h at 4°C or 2 h at 16°C. The TEV
eluates were incubated with 3-4 pg of GST-Atg8 or GST-ubiquitin
purified from E. coli. Bound proteins were analysed with rabbit
polyclonal anti-TAP (Thermo Scientific) and mouse monoclonal
anti-GST antibody (Sigma) antibodies. For co-immunoprecipitation
experiments, 20mg of cleared yeast extract was incubated with
30ul anti-HA agarose beads (Sigma) or magnetic Dynabeads
(Invitrogen) coupled to rabbit IgG on a rotating wheel for 1h at
4°C. The beads were washed 6 x in lysis buffer and bound proteins
eluted with 70 ul urea loading buffer.

Purification of mammalian Atg8 proteins and mammalian
binding assays

GST, GST-LC3B, GST-GABARAP or GST-GATE-16 proteins were
purified from E. coli on a Glutathione Sepharose 4B resin. In all,
33 ng of each protein was bound to Glutathione Sepharose 4B beads
in PBS containing protease inhibitors (Roche). Cell lysates prepared
from HEK293 cells transfected with HA-ULK1 wild-type or HA-ULK1
containing mutations D356A, F357A, P361A in TNTE buffer (20 mM
Tris pH 7.4, 150 mM NaCl, 5mM EDTA, 0.3% Triton X-100) supple-
mented with Complete protease inhibitor cocktail were incubated
with the GST-protein bound beads for 2h followed by extensive
washing in TNTE. Bound protein was eluted with 2 x sample buffer
and analysed by SDS-PAGE and western blotting.
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Co-immunoprecipitation of mammalian proteins

HEK293 cells were transfected using lipofectamine 2000
(Invitrogen) with GFP-GABARAP, or co-transfected with GFP-
GABARAP and either wild-type HA-ULK1 or the DFP mutant.
As a negative control, cells were transfected as above using GFP
instead of GFP-GABARAP. The following day cells were washed
once with cold PBS and lysed in TNTE buffer (20 mM Tris pH 7.4,
150 mM NaCl, 5mM EDTA, 0.3% Triton X-100) supplemented with
Complete protease inhibitor cocktail. GFP-GABARAP and GFP pro-
teins were immune-precipitated by incubating with GFP-Trap beads
(ChromoTek) for 1h at 4°C, followed by two washing steps with
TNTE and an additional wash with 50 mM Tris 7.4. Beads were then
added with 30l of 2 x sample buffer (125mM Tris 6.8, 6% SDS,
20% glycerol, 6.66% B-mercaptoethanol, 0.2% bromophenol blue)
and boiled at 100°C for 10 min. Binding of endogenous ULK1 or
overexpressed HA-ULK1 was analysed by western blot using rabbit
anti-ULK1 (Santa Cruz) or mouse anti-HA (Covance), respectively.

Purification and in vitro binding assays of Atg1 and Atg13
fragments

Amino acids 501-897 of Atgl and amino acids 432-520 of either
wild-type or the Atgl3-FV mutant were cloned into pGEX4T1
resulting in N-terminal GST fusion proteins. Proteins were purified
from E. coli on Glutathione Sepharose 4B resin, and the Atgl3
proteins cleaved with thrombin in 1 x PBS pH 7.4. An excess of
cleaved Atgl3 was incubated in the presence of 4 mM pefabloc with
GST-Atgl immobilized on Glutathione Sepharose 4B beads. After
extensive washing, bound proteins were eluted with sample buffer
and analysed by SDS-PAGE and coomassie staining. The ratio of
Atgl3 bound to GST-Atgl was quantified using ImageJ software
and normalized by the size of the respective proteins. The ratio
quantified from the coomassie stained gel of Atgl3 to GST-Atgl was
0.11, whereas the size ratio is 0.13. Therefore, the binding ratio is
roughly 1:1.

In vivo methylation-interaction assay

Atgl was C-terminally tagged with Histone3-HA and the C-terminus
of wild-type and the Atgl3-FV mutant with the Suv methylase
domain. Both proteins were expressed from their endogenous
promoters on a CEN plasmid in an atglAatgl3A yeast strain and
tested for functionality by analysing Apel processing. The M-track
methylation assay was performed as described (Zuzuarregui et al,
2012).

Immunofluorescence

HEK293 cells stably expressing GFP-LC3 were generated as pre-
viously described (Kochl et al, 2006), grown on coverslips and
transfected with wild-type HA-ULK1 or the DFP mutant using the
Fugene transfection reagent (Promega). To analyse co-localization
of HA-ULK1 with GFP-GABARAP, HEK293 cells were co-transfected
with GFP-GABARAP and HA-ULK1 using the same method.
Autophagy was induced the next day by incubating the cells for
2h in Earls Balanced Saline Solution (EBSS). Cells were then fixed
in 4% paraformaldehyde, quenched with 50 mM NH,4CI for 10 min
and permeabilized with 0.2% Triton X-100 for 3 min. Blocking was
done in 5% BSA for 1h, followed by 1 h incubation with rat anti-HA
(Roche #11867423001) and mouse anti-WIPI2 (Polson et al, 2010)
antibodies, three times washing in PBS and incubation with
secondary antibodies (Goat anti-Rat 555, Donkey anti-Mouse 647;
Invitrogen) for 1h. Cells were then washed three times with PBS
and mounted on glass slides using mowiol (Calbiochem). Images
were acquired with an LSM 510 laser scanning confocal microscope
equipped with a x 63 oil immersion objective (Carl Zeiss
Microlmaging Inc). Quantifications of HA-ULK1 and WIPI2 spots
were done with blinded samples using the spot function in the
Imaris image analysis software, keeping the same threshold for all
analysed cells.

Protein localization in yeast and quantitative live-cell imaging
Yeast cells expressing fluorescently tagged proteins were grown in
liquid media to ODggy of 0.6-0.8, and starved for 4h in SD-N.
Images were acquired with required excitation and emission filters
(GFP excitation: 470+40nm, GFP emission: 525+ 50nm, RFP
excitation: 572 + 35 nm, RFP emission: 632 + 60 nm, YFP excitation:
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500+20nm, YFP emission: 535#30nm). Quantitative live-cell
imaging of starved cells was performed in a microfluidic cell culture
chamber (Y4, CellASIC Corp, USA) coupled to an automated con-
troller (ONIX, CellASIC Corp), allowing rapid SD to SD-N media
exchange. Cells in exponential phase were loaded into the micro-
fluidic chamber (height =4-5um), maintained in a fixed position
(Lee et al, 2008) and followed by fluorescence microscopy during
the N-starvation. Images of yeast cells in the microfluidic chamber
were acquired on an inverted fluorescence microscope (Eclipse Ti,
Nikon Instruments) using an oil immersion objective lens (CFI Plan
Apo 60 x, Nikon) in a temperature incubator set at 30°C. The
hardware-based focusing system (Perfect Focus System (PFS),
Nikon Instruments) stably maintained the focus during the whole
experiment. Images were automatically analysed with MATLAB
routines, using cell segmentation based on defocused and focused
transmission images to define the cell boundary (Gordon et al,
2007). Standard deviation (s.d.) of normalized average intensity in
of YFP in single cells was assessed to quantify vacuolar
accumulation of Atgl, and normalized by comparing the initial
value of each cell.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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