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Summary
Autophagy is a conserved degradative transport pathway. It is characterized by the formation of double-membrane autophagosomes at
the phagophore assembly site (PAS). Atg18 is essential for autophagy but also for vacuole homeostasis and probably endosomal
functions. This protein is basically a b-propeller, formed by seven WD40 repeats, that contains a conserved FRRG motif that binds to

phosphoinositides and promotes Atg18 recruitment to the PAS, endosomes and vacuoles. However, it is unknown how Atg18
association with these organelles is regulated, as the phosphoinositides bound by this protein are present on the surface of all of them.
We have investigated Atg18 recruitment to the PAS and found that Atg18 binds to Atg2 through a specific stretch of amino acids in the

b-propeller on the opposite surface to the FRRG motif. As in the absence of the FRRG sequence, the inability of Atg18 to interact with
Atg2 impairs its association with the PAS, causing an autophagy block. Our data provide a model whereby the Atg18 b-propeller
provides organelle specificity by binding to two determinants on the target membrane.
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Introduction
Eukaryotes utilize two catabolic pathways to dispose unwanted

cellular components: The ubiquitin-proteasome pathway and

autophagy. The proteasome is exclusively involved in protein

degradation while autophagy permits the elimination of large

protein complexes and entire organelles or microorganisms,

allowing the turnover of all cellular components (Nakatogawa

et al., 2009; Ravid and Hochstrasser, 2008). Autophagy is

characterized by the formation of double-membrane vesicles

called autophagosomes, which sequester and deliver cytoplasmic

structures into the mammalian lysosomes or the yeast and plant

vacuoles (Klionsky, 2007). The resulting degradation products

are transported back in the cytoplasm and used for either the

synthesis of new macromolecules or as an energy source.

Induction of autophagy often occurs during stress conditions

such as starvation but this pathway also plays a key role in

numerous physiological and pathological situations including

development and tissue remodelling, ageing, immunity,

neurodegeneration and cancer (Mizushima et al., 2008).

Sixteen autophagy-related (Atg) proteins compose the

conserved core machinery essential for double-membrane

vesicle formation. In yeast, these Atg proteins are recruited to a

single perivacuolar site, called the phagophore assembly site or

pre-autophagosomal structure (PAS) (Suzuki et al., 2007), which

appears to be present in mammals as well (Itakura and

Mizushima, 2010). According to the current model, Atg

proteins first mediate the biogenesis of a small cup-shaped

cisterna known as the phagophore or isolation membrane, and

then its expansion into an autophagosome through the acquisition

of additional lipid bilayers (Nakatogawa et al., 2009). An

important event during autophagosome biogenesis is the

generation of phosphatidylinositol-3-phosphate (PtdIns3P) at

the PAS by the autophagy-specific phosphatidylinositol-3

kinase complex I (Kihara et al., 2001). Although it has been

shown that PtdIns3P is a key regulator of autophagy, the precise

function of this lipid is poorly understood (Kihara et al., 2001).

One hypothesis is that PtdIns3P is necessary for the recruitment

of a subset of the Atg proteins.

One of these proteins is yeast Atg18, which is part of the core

machinery and is essential for autophagy (Barth et al., 2001; Guan

et al., 2001). The main structural feature of Atg18 is that its seven

WD40 repeats, which are stretches of ,40 amino acids ending

with the residues tryptophan and aspartate, fold into a seven-

bladed b-propeller (Barth et al., 2001; Dove et al., 2004). Its

predicted structure is very similar to the recently published crystal

structure of Kluyveromyces lactis Hsv2, a homolog of Atg18

(Baskaran et al., 2012; Krick et al., 2012; Watanabe et al., 2012).

WD40 domain-containing proteins often act as scaffolds, which

promote and/or coordinate the assembly of protein complexes by

creating a stable platform for simultaneous and reversible protein-

protein interactions (Chen et al., 2004; Paoli, 2001; Smith et al.,

1999). Atg18 is also able to bind both PtdIns3P and

phosphatidylinositol-3,5-biphosphate [PtdIns(3,5)P2] through a

conserved phenylalanine-arginine-arginine-glycine (FRRG) motif
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within its b-propeller (Dove et al., 2004; Krick et al., 2006).

Interaction of Atg18 with these phosphoinositides is essential for

its localization to the PAS, endosomes and vacuole (Krick et al.,

2008; Krick et al., 2006; Nair et al., 2010; Obara et al., 2008b;

Strømhaug et al., 2004). While nothing is known about the role of

Atg18 at the endosomes, this protein is part of a large complex at

the vacuolar membrane that regulates PtdIns(3,5)P2 levels (Efe

et al., 2007; Jin et al., 2008; Michell and Dove, 2009). The

localization of Atg18 to the PAS also depends upon Atg2 and vice

versa (Guan et al., 2001; Obara et al., 2008b; Suzuki et al., 2007),

and it has been proposed that these two proteins constitutively

form a complex (Obara et al., 2008b). The Atg18 ability to interact

with Atg2 does not depend on its PtdIns3P-binding capacity,

whereas the binding of Atg18 to PtdIns3P seems necessary for the

appropriate targeting of the Atg18-Atg2 complex to the PAS

(Obara et al., 2008b). The presence of Atg18 on three different

localizations probably requires a tight control of its recruitment

and function. The molecular principles of this regulation are

unknown.

In order to understand Atg18 regulation in autophagy and gain

insights into the principles controlling the different cellular

functions of this protein, we have studied how Atg18 is recruited

to the PAS. We have identified the Atg2-binding site of Atg18

and discovered that this sequence is located in a stretch of amino

acids connecting b-sheets between WD repeats 2 and 3 of the b-

propeller. We have also found that PtdIns3P and Atg2 are the two

determinants that mediate the specific recruitment of Atg18 to the

PAS. In absence of one of these interactions, Atg18 remains

cytosolic and autophagosome biogenesis is blocked at an early

stage.

Results
Identification of the Atg2-binding site of Atg18

Atg18 is a 500 amino acids protein that contains seven WD40

repeats, which are predicted to fold into a seven-bladed b-

propeller (Dove et al., 2004) (Fig. 1A). Previous studies have

indicated that Atg18 requires Atg2 for its recruitment to the PAS,

and that these two proteins are able to form a complex of

,500 kDa (Obara et al., 2008b). To study how the function of

Atg18 is regulated at the PAS, we decided to identify the Atg2-

binding region in Atg18. We thus first tested the ability of Atg18

to interact with Atg2 using the yeast two-hybrid (Y2H) assay. As

shown in Fig. 1A, no growth was observed in cells harboring an

empty vector or exclusively expressing Atg2. In contrast, cells

carrying Atg2 and Atg18 were able to grow, confirming that

Atg18 interacts with Atg2 (Fig. 1A).

Crystallographic studies of other WD40 domain-containing

proteins have previously shown that the amino acids from the

loops that interconnect the blades of the b-propeller are often at the

interacting face between the protein and its binding partners (Paoli,

2001). To determine whether the loops within the Atg18 b-

propeller mediate the interaction to Atg2, we decided to create

point mutant versions of Atg18 modifying the six loops and tested

them by Y2H. Since protein-protein interactions often occur

through charged or polar amino acids, all these types of amino

acids present in the six loops were replaced by alanines (Fig. 1B).

Fig. 1. Identification of the Atg2-interaction region in Atg18. (A) Atg18,

which comprises seven WD-40 domains, is able to interact with Atg2 by the

Y2H assay. Atg2 and Atg18 were fused to the activation domain (AD) and/

or the DNA-binding domain (BD) of the transcription factor Gal4. Plasmids

were transformed into the PJ69-4A strain and colonies were spotted on

medium lacking uracil, tryptophan and histidine. Growth on these plates

indicates that the tested proteins interact. The empty pGAD-C1 plasmid was

used as a control. (B) Overview of the amino acid sequence of Atg18. The

seven b-sheets forming the blades of Atg18 b-propeller are underlined and

the loops connecting them are indicated with boxes. Charged and polar

amino acids present in each loop that were substituted with alanines are

indicated in bold. (C) Mutations in a single loop do not disrupt the binding

between Atg2 and Atg18. AD fusions of the different Atg18 mutants were

tested for their ability to interact with the BD-Atg2 chimera using the Y2H

assay as in A. (D) Loops 1 and 2 of Atg18 are essential for binding with

Atg2. Combinations of several mutated Atg18 loops were cloned in the

pGAD-C1 vector and tested for interaction with BD-Atg2 as in A.

Journal of Cell Science 126 (2)594
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When the six loops were individually mutated, the association

between Atg18 and Atg2 was not affected (Fig. 1C). Importantly,

the mutation of the two arginines in loop 5 that play a critical role

in the binding of Atg18 to specific phosphoinositides (Dove et al.,

2004) also did not interfere with the Atg18-Atg2 interaction

(Fig. 1C). During the realization of our study, three different

crystallographic studies have revealed the structure of K. lactis

Hsv2 (Baskaran et al., 2012; Krick et al., 2012; Watanabe et al.,

2012). These works have uncovered the presence of a large loop

connecting the last two b-strands of blade 6, which was lacking in

our initial structural model of Atg18. As a result, our predicted

location of loop 6 was incorrect and thus the mutated residues are

located in the sixth blade.

There are numerous documented cases, where WD40 domain-

containing proteins associate with their binding partners through

amino acid residues present in different parts of the b-propeller

(Chen et al., 2004; Cheng et al., 2004; Paoli, 2001; Pashkova et al.,

2010). Accordingly, we constructed a number of Atg18 mutants

that combine several loop mutants and tested their ability to bind

Atg2. We found that the binding of Atg18 to Atg2 was perturbed

when loops 1 and 2 were simultaneously mutated (Fig. 1D),

indicating that that the charged amino acids in these sequences

could mediate the interaction between the two proteins.

Loop 2 of the Atg18 b-propeller is essential for the

interaction between Atg2 and Atg18

To verify the results obtained with the Y2H assay in the

appropriate physiological context, we performed a Protein A

(PA) affinity isolation. We first generated a plasmid expressing a

functional 136myc-tagged Atg18 fusion protein under the control

of the endogenous promoter (supplementary material Fig. S1),

before inserting the different loop mutations. To test the binding

capacity of the resulting chimera, the plasmids were transformed

into either the atg18D strain, in which Atg2 was endogenously

tagged with PA or just the atg18D knockout, which served as

negative control. Analysis of the cell extracts confirmed that all

the Atg18 point mutants have similar expression levels as the

wild type protein, showing that the mutant proteins are not

degraded due to a potential misfolding (Fig. 2A). Mutations in

loop 1 led to the appearance of an additional lower molecular

mass Atg18 band and the cause of this phenotype is currently

under investigation. In accordance with the Y2H results and

previous work (Obara et al., 2008b), we were able to co-isolate

wild type Atg18 and Atg2-PA confirming the interaction between

these two proteins (Fig. 2A). No wild type Atg18-136myc was

detected in the affinity eluate, when the pull-down was performed

using the negative control (Fig. 2A, lane 7). Atg18(L1) and

Atg18(L5) were also co-isolated with Atg2-PA in comparable

amounts to wild type Atg18. Crucially, almost no Atg18(L2) and

Atg18(L1,2) were detected after pull-down with Atg2-PA,

showing that these two mutant proteins are unable to interact

with Atg2. These data show the key role played by the amino

acids in loop 2 of the Atg18 b-propeller in binding Atg2.

To show that the mutated amino acids in loops 1 and 2 do not

affect the folding of the Atg18 b-propeller, we determined the lipid-

binding capacity of each Atg18 loop mutant by conducting a

phospholipid-binding assay. Native cell extracts from strains

overexpressing the myc-tagged ATG18 loop mutants were

incubated on phospholipid strips and proteins detected by western

blotting. We found that the Atg18(L1), Atg18(L2) and Atg18(L1,2)

Fig. 2. Amino acids in loop2 of the Atg18 b-

propeller are essential for the Atg2-Atg18

interaction in vivo. (A) The identified Atg18

loop 2 and 1,2 mutants do not bind to Atg2.

Cell lysates from the atg18D (JGY3) and

atg18D ATG2-PA (FRY387) strains

transformed with plasmids expressing

136myc-tagged Atg18 loop mutants were

subjected to pull-down experiments. Affinity

isolates were resolved by SDS-PAGE and

analyzed by western blotting. On each lane of

the SDS-PAGE gel, 1% of cell lysate or 20%

of the affinity isolate was loaded. Although

there is a small amount of Atg18(L1) in the

affinity eluate of the negative control (lane 8),

this fusion protein is highly enriched in the

sample containing Atg2-PA (lane 3),

indicating that it still binds to Atg2-PA.

(B) Atg2-binding mutants of Atg18 still bind

phosphoinositides. To determine the

phosphoinositide-binding capacity of the

various Atg18 constructs, the atg18D strain

transformed with plasmids expressing the

136myc-tagged Atg18 loop mutants under the

control of the GAL1 promoter were grown on

galactose overnight to induce protein

overexpression (,70 fold, not shown) before

incubating native cell extracts on phospholipid

strips. The lipids present on the membranes

are indicated next to the panels.
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mutants were able to bind PtdIns(3,5)P2 to the same extent as wild
type Atg18 (Fig. 2B). Consistently with previous data (Dove et al.,

2004; Krick et al., 2006), the Atg18(L5) mutant carrying the
mutated FRRG motif did not bind phosphoinositides (Fig. 2B).
Dove and co-workers have reported that recombinant Atg18
predominately binds PtdIns(3,5)P2 but also PtdIns3P with a much

lower affinity (Dove et al., 2004). In agreement with this
observation, we also found that in our experimental set-up, the
binding of the Atg18 variants to PtdIns(3,5)P2 is favored while what

associated to PtdIns3P is below detection levels. These data show
that mutations in the Atg2-binding domain do not affect the
phosphoinositide binding capacity of Atg18, and consequently the

b-propeller is correctly folded.

Atg2 binding to Atg18 is essential for bulk and selective
types of autophagy

To investigate the relevance of the interaction between Atg18 and
Atg2 in autophagy, we generated plasmids expressing the untagged
Atg18(L1), Atg18(L2), Atg18(L1,2) and Atg18(L5) mutants under

the control of the endogenous promoter. These constructs were co-
transformed with a plasmid carrying the GFP-Atg8 fusion protein
into atg18D mutant cells to perform the GFP-Atg8 processing

assay. This is a well-established method to monitor bulk autophagy
in yeast by measuring the accumulation of free GFP in the vacuole
over time (Cheong and Klionsky, 2008). When this assay was
performed in wild type cells, a band of 25 kDa corresponding to

free GFP appeared under starvation conditions indicating normal
autophagy (Fig. 3A). In contrast, no GFP-Atg8 cleavage was
observed in the atg18D mutant due to the complete block of

autophagy (Barth et al., 2001; Guan et al., 2001). As shown in
Fig. 3A, wild type Atg18 and Atg18(L1) were able to complement
this defect, indicating that loop 1 is not required for bulk autophagy.

In contrast, a complete block of the pathway was observed when
this mutation was combined with that in loop 2. The relevance of
loop 2 in autophagy was also underscored by the analysis of

Atg18(L2), which showed a severe defect in the progression of
autophagy (Fig. 3A). Comparable results were obtained when we
examined the effects of the loop mutations on a selective type of
autophagy, the biosynthetic cytosol-to-vacuole targeting (Cvt)

pathway (Lynch-Day and Klionsky, 2010) (supplementary
material Fig. S2). Based on these results and the one obtained
with the pull-down experiment, we decided to focus on the

Atg18(L2) mutant rather than on Atg18(L1,2) to study the role of
the binding between Atg18 and Atg2 in autophagy because it
appears to be specific for this interaction.

Next, we explored whether Atg18 loop 2 was also important
for the function of this protein at the vacuole by analyzing the
morphology of this organelle upon osmotic stress. As reported
atg18D cells transformed with an empty plasmid displayed

enlarged single-lobed vacuoles compared to cells transformed
with a plasmid expressing Atg18 used as the wild type control
(Fig. 3B) (Dove et al., 2004; Krick et al., 2008). As expected

cells expressing the phosphoinositides-binding mutant Atg18(L5)
also displayed enlarged vacuoles. In contrast, the morphology of
the vacuoles in the strain carrying the Atg18(L2) construct was

almost identical to that of the wild type. Based on this result, we
concluded that the mutations in the loop 2 of Atg18 do not impair
the vacuolar function of this protein and thus this loop very likely

only mediates interaction with Atg2. At present, we cannot
exclude, however, that the Atg18 function on endosomes is not
affected.

Atg18 binding to Atg2 is essential for autophagosome

biogenesis

To unveil the step of autophagosome biogenesis in which the

interaction between Atg18 and Atg2 is required, we scrutinized

the formation of the PAS by fluorescence microscopy using CFP-

tagged Atg8 as a protein marker for this structure (Suzuki et al.,

2001). The atg18D strains carrying both genomically integrated

CFP-Atg8 and 136myc-tagged wild type Atg18, Atg18(L2) or

Atg18(L5) were assessed in both growing and starvation

conditions to determine whether the PAS is formed. In

accordance with the literature (Suzuki et al., 2007), the

recruitment of CFP-Atg8 to this structure seen as a

perivacuolar puncta was not affected by the deletion of ATG18

in the presence or absence of nutrients (Fig. 4A). CFP-Atg8 also

localized to the PAS in cells expressing wild type Atg18 or the

loop mutants in all growing conditions (Fig. 4A). In nutrient-rich

conditions no significant differences were detected between the

different strains upon quantification of the number of cells

displaying a CFP-Atg8-positive punctate structure (Fig. 4B).

Under autophagy conditions, in contrast, expression of the loop

Fig. 3. Atg18-Atg2 interaction is essential for autophagy. (A) Mutations in

the Atg18 loops 1, 2 and 5 cause an autophagy impairment. Wild type

(SEY6210) and atg18D (JGY3) cells carrying both the pCuGFPATG8414

construct and one of the plasmids expressing the untagged Atg18 loop mutants

were grown in rich medium and transferred to starvation medium to induce

autophagy. Cell aliquots were taken at 0, 1, 2 and 4 h, before analyzing the cell

extracts by western blotting. The detected bands were quantified using the

Odyssey software and the percentages of GFP-Atg8 were plotted in a graph.

Data represent the average of three experiments6s.e.m. (B) Mutations in Atg18

loop2 do not affect the function of Atg18 at the vacuole. The atg18D (atg18D)

cells carrying an empty vector (pRS415) or one of the plasmids expressing

untagged wild type Atg18, Atg18(L2) or Atg18(L5) were grown in rich

medium to an early log phase and labeled with FM4-64 to visualize the vacuole.

Representative fields are shown. Scale bars: 5 mm.

Journal of Cell Science 126 (2)596
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mutants led to a clear increase in the number of CFP-Atg8-

positive cells compared to wild type Atg18 (Fig. 4B). A similar

result was also obtained in the atg18D knockout. Analysis of cells

expressing the Atg18(L2) or the Atg18(L5) mutant at an

ultrastructural level by electron microscopy furthermore

revealed that no autophagosomal structures/autophagosomes are

being formed in these cells (supplementary material Fig. S3).

This result indicates that although the interaction between Atg18

and Atg2 is not required for the PAS formation, it is essential at

an early stage of autophagosome biogenesis.

Atg2 is recruited to the PAS independently from Atg18

Next, we asked whether the interaction between Atg2 and Atg18

is required for Atg2 recruitment to the PAS as proposed (Obara

et al., 2008b; Suzuki et al., 2007). We examined the subcellular

distribution of Atg2-GFP in presence of wild type Atg18 or the

different loop mutants. As shown in Fig. 5 and as expected

(Shintani et al., 2001; Suzuki et al., 2007), Atg2-GFP localized to

a single perivacuolar puncta representing the PAS in cells

expressing wild type Atg18 in presence and absence of nitrogen.

It has been shown that this distribution depends on Atg18 (Obara

et al., 2008b; Suzuki et al., 2007). Unexpectedly, we detected

Atg2-GFP at the PAS in the atg18D knockout but also in the

atg18D strain expressing Atg18(L2) (Fig. 5), indicating that Atg2

recruitment to this site can also occur independently from its

interaction with Atg18. While a minor decrease in the number of

Atg2-GFP positive structures was observed in cells expressing

Atg18(L5), a substantial amount of protein was still found at the

PAS. Quantification of the Atg2-GFP fluorescence signal

intensity revealed no significant differences in the amount of

this chimera localizing to the PAS between the atg18D knockout

or the atg18D strain expressing wild type Atg18, Atg18(L2) or

Fig. 4. The Atg2-Atg18 interaction is unnecessary for PAS formation.

(A) PAS formation was assessed using CFP-tagged Atg8. The atg18D strain

with the integrated CFP-Atg8 fusion and carrying no construct (ERY068),

136myc-tagged ATG18 (ERY070) or one of the 136myc-tagged ATG18 loop

mutants (ERY072 and ERY074) were grown in rich medium before being

nitrogen starved for 3 h to induce autophagy. Cells were imaged by

fluorescence microscopy before and after nitrogen starvation. For clarity, the

cyan-blue fluorescence signal was converted into yellow. DIC, differential

interference contrast. Scale bars: 5 mm. (B) Quantification of the percentage

of cells with a single CFP-Atg8-positive punctum presented in A. Data

represent the average of two independent experiments6s.e.m., and asterisks

indicate a significant difference compared with the wild type (WT) (two-

tailed t-test: P,0.05).

Fig. 5. Atg2 association with the PAS does not require Atg18 and/or

Atg21. (A) Atg2 is recruited in an Atg18- and Atg21-independent manner to

the PAS. The atg18D strain expressing endogenous Atg2-GFP and carrying

either no other constructs (ERY087), integrated 136myc-tagged ATG18

(ERY094) or a 136myc-tagged ATG18 loop mutant (ERY095 and ERY097),

or the atg18D atg21D strain expressing only endogenous Atg2-GFP

(ERY103), were processed as in Fig. 4A. (B) Quantification of the percentage

of cells with a single Atg2-GFP-positive dot presented in A. The data

represent the average of two experiments6s.e.m.

Atg18 regulation in autophagy 597
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Atg18(L5) (not shown) further supporting the notion that Atg2

association with the PAS does not require Atg18.

Atg18 and Atg21 share a high degree of sequence homology
and they are partially redundant in nutrient-rich conditions (Nair
et al., 2010). Although Atg21 has a function in Atg8 association

with the PAS rather than recruiting Atg2 to the same location
(Meiling-Wesse et al., 2004; Strømhaug et al., 2004), we
examined whether the Atg2-GFP localization observed in our

atg18D background was due to Atg21 presence. As shown in
Fig. 5, Atg2-GFP localization was not altered upon deletion of
ATG21 in the atg18D knockout strain in nutrient-rich and

starvation conditions, indicating that Atg2 recruitment to the PAS
can also occur in absence of Atg18 and Atg21.

Binding to Atg2 is essential for Atg18 recruitment to the
PAS

We subsequently explored whether Atg18 binding to Atg2 is
required for its association to the PAS. As Atg18 localizes to the
PAS, endosomes and the vacuole, we labeled the PAS with the

mCherry-V5 (mCheV5)-Atg8 chimera to specifically investigate
the subpopulation of this protein at this structure. The atg18D
strains carrying both genomically integrated mCheV5-Atg8 and

GFP-tagged versions of Atg18 or the different loop mutants were
imaged before and after nitrogen starvation (Fig. 6;
supplementary material Fig. S4). Consistent with previous

results (Guan et al., 2001; Krick et al., 2008; Obara et al.,
2008b), Atg18-GFP was found at the vacuolar membrane and
punctuate structures, one of them colocalizing with mCheV5-

Atg8 (Fig. 6A). Wild type Atg18-GFP and mCheV5-Atg8 were
colocalizing in 50–60% of the cells in both growing and
starvation conditions (Fig. 6B). This colocalization was almost
completely abolished in cells expressing Atg18(L2)-GFP or

Atg18 (L5)-GFP to the same extent as in the atg2D mutant
(Fig. 6B). These data show that the interaction between Atg18
and Atg2 is required for the recruitment of Atg18 to the PAS.

They also confirm that Atg18 binding to the PtdIns3P is crucial
for Atg18 association with this structure (Krick et al., 2006; Nair
et al., 2010; Obara et al., 2008b).

To determine whether Atg18 binding to Atg2 and

phosphoinositides is required for the specific formation of the
Atg2-Atg18 complex on the PAS membranes, we turn to the
bimolecular fluorescence complementation (BiFC) approach

(Sung and Huh, 2007). This assay allows studying protein-
protein interactions in vivo, and is based on the formation of a
fluorescent complex by the C- and N-terminal fragments of Venus,

a variant of the yellow fluorescent protein, which are fused to two
proteins of interest. An interaction between the two proteins of
interest brings them together leading to the reconstitution of the
fluorescent protein Venus, which can be visualized by

fluorescence microscopy. We created strains expressing solely or
in combination Atg2 and Atg18 endogenously tagged with the N-
terminal fragment of Venus (VN) and the C-terminal fragment of

Venus (VC), respectively. After confirming that the fusion proteins
are functional (supplementary material Fig. S5), cells were imaged
before and after nitrogen starvation. In both the wild type strain

and cells expressing only one of the fusion proteins, no
fluorescence signal was detected (Fig. 7A, not shown). In the
strain carrying both Atg2-VN and Atg18-VC, in contrast, a strong

BiFC signal concentrating to a single perivacuolar punctuate
structure was observed in presence and absence of nitrogen. Atg2
accumulates at the PAS in atg3D cells but not in atg13D mutant

(Suzuki et al., 2007). When we repeated the experiment in these

mutant backgrounds, we observed an increase in the percentage of

cells positive for the perivacuolar punctuate BiFC signal in atg3D
cells, and a complete loss in the atg13D strain demonstrating that

the visualized puncta are PAS (Fig. 7A,B). The same experiment

was also performed with the Atg2-binding mutants Atg18(L2) and

Atg18(L5) fused to the VC tag. The frequency of cells displaying

the BiFC signal was dramatically reduced in cells expressing Atg2-

VN and these two chimeras (Fig. 7C,D). This result shows that the

interaction between Atg2 and Atg18 at the PAS requires the

specific targeting of Atg18 to this site, which is mediated through

the dual recognition of Atg2 and PtdIns3P. In agreement with this

hypothesis, when we preformed the BiFC assay for Atg2-VN and

Atg18-VC in atg14D cells (Kihara et al., 2001), which do not

generate PtdIns3P at the PAS, the BiFC signal was strongly

reduced, especially in starvation conditions (Fig. 7C,D).

To confirm that Atg2 and Atg18 predominantly interact at the

PAS and their binding requires the generation of PtdIns3P at this

location, we performed an in vivo pull-down experiment in the

atg14D background where both Atg2 and Atg18 are cytoplasmic

(Shintani et al., 2001). As shown in Fig. 7E and in accordance with

our previous results, we were able to co-isolate Atg2-PA and

Fig. 6. Atg18 binding to Atg2 is essential for its recruitment to the PAS.

(A) Atg2-binding mutants of Atg18 do not localize to the PAS. The atg18D

strain carrying the mCheV5-Atg8 fusion and genomically integrated GFP-

tagged ATG18 (ERY090) or the GFP-tagged ATG18 loop mutants 2 or 5

(ERY091 and ERY093), and the atg18D atg2D strain carrying GFP-tagged

ATG18 (ERY102) were analyzed as in Fig. 4A. White arrows indicate

colocalization of the fluorescence signals. (B) Quantification of the

percentage of cells with colocalizing puncta presented in A and

supplementary material Fig. S3. All data represent the average of two

independent experiments6s.e.m. Asterisks indicate a significant difference

compared with the wild type (WT) (two-tailed t-test: P,0.05).
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Atg18 but not Atg18(L2) in wild type cells (Fig. 7E, lanes 2 and 3).

In contrast, in the atg14D knockout almost no wild type Atg18 was

detected after pull-down (Fig. 7E, lanes 4 and 5). The data confirm

our observation that the binding between Atg2 and Atg18

principally occurs at the PAS and requires the generation of

PtDIns3P.

Cells expressing either Atg18(L2) or Atg18(L5) are still able

to sustain minimal levels of autophagy (Fig. 3) and based on our

data this could be due to the fact that these two Atg18 mutants are

still capable of binding one of the determinants present at the

PAS. To prove this hypothesis, we combined the mutations in

loop 2 with those of loop 5, creating an Atg18 mutant unable to

bind both Atg2 and PtdIns3P, and assessed autophagy in atg18D
cells expressing this construct. As shown in supplementary

material Fig. S6, this strain displayed a complete autophagy

block. We conclude that the b-propeller plays a key role in

mediating the specific association of Atg18 to the PAS by

binding two determinants on this structure, PtsIns3P and Atg2.

Discussion
The main conclusion of our work is that Atg18 b-propeller has a

phosphoinositide-binding site that is combined with an organelle-

specific binding site, which results in a multiplied affinity

allowing the specific recruitment of Atg18 to either the PAS and

possibly endosomes and the vacuole. Our findings thus highlight

a novel way for localizing multi-purpose adaptor proteins onto

different membranes by utilizing the versatile nature of the b-

propeller as a platform.

The b-propeller of Atg18 mediates its interaction with Atg2

Atg18 localizes to the PAS, vacuole and endosomes (Dove et al.,

2004; Guan et al., 2001; Krick et al., 2008) and consequently the

recruitment of this protein to these organelles has to be tightly

regulated to correctly carry out its function. Atg18 association to

membranes depends on the presence of either PtdIns3P and/or

PtdIns(3,5)P2. These phosphoinositides are enriched at the PAS,

vacuole and endosomes (Gillooly et al., 2000; Obara et al.,

Fig. 7. Atg2-Atg18 association at the PAS depends on

both the Atg2- and phosphoinositide-binding motifs of

Atg18. (A) Atg2-Atg18 interaction at the PAS was

visualized using the BiFC system. Wild type (WT), atg3D

or atg13D cells expressing endogenous Atg2-VN and/or

Atg18-VC (ERY117, ERY118 and ERY119) were grown

in rich medium before being nitrogen starved for 3 h.

Fluorescence images were taken before and after nitrogen

starvation. Arrows highlight the BiFC signals. DIC,

differential interference contrast. Scale bars: 5 mm.

(B) Quantification of the percentage of cells analyzed in A

that are positive for a perivacuolar BiFC punctum. The

data represent the average of two experiments6s.e.m., and

asterisks indicate a significant difference compared with

the WT (two-tailed t-test: P,0.05). (C) Wild type cells or

atg14D cells expressing endogenous Atg2-VN and Atg18-

VC, Atg18(L2)-VC or Atg18(L5)-VC (ERY132, ERY133,

ERY137 and ERY146) were analysed as in A.

(D) Quantification of the percentage of cells positive for a

single perivacuolar BiFC punctum analyzed in C and

carried out as in B. (E) The Atg18-Atg2 interaction is

severely impaired when these two proteins cannot be

recruited to the PAS. Cell lysates from atg18D (JGY3),

atg18D ATG2-PA (FRY387) and atg18D atg14D ATG2-PA

(ERY145) strains transformed with plasmids expressing

136myc-tagged wild type Atg18 or Atg18(L2) were

subjected to pull-down experiments as in Fig. 2A.
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2008a), implying that the temporal and spatial regulation of

Atg18 localization must depend at least on one other organelle-

specific factor.

The computational prediction of the Atg18 structure indicates

that this protein folds into a seven-bladed b-propeller, each

propeller unit composed of four-stranded antiparallel b-sheets,

which are interconnected through six loops (Fig. 8A). During the

submission and revision of the present paper, three reports

describing the structure of Hsv2, a yeast homologue of Atg18

(see below), have been published and confirm this prediction

(Baskaran et al., 2012; Krick et al., 2012; Watanabe et al., 2012).

Loop 5 contains the FRRG motif that based on the Hsv2 model

participates most probably in two different binding pockets that

bind the phosphorylated lipid headgroups on the target membrane

(Baskaran et al., 2012; Dove et al., 2004; Krick et al., 2006). Our

data now reveal that one or more amino acids situated in loop 2

mediate Atg18 interaction with Atg2, a conclusion also reached

by one of the recent structural works (Watanabe et al., 2012).

Both loop 2 and 5 are positioned on the top of the b-propeller and

protrude from its surface but they are on opposite sides of the

barrel (Fig. 8A) (Baskaran et al., 2012; Krick et al., 2012;

Watanabe et al., 2012). With loop 5 docking the barrel on

membrane horizontally, loop 2 will be exposed towards the

cytoplasm (Baskaran et al., 2012). It is thus very well possible

that Atg18 b-propeller has the ability to simultaneously bind a

phosphoinositide and Atg2, supporting the notion that it could act

as a scaffold for the assembly of protein-lipid complexes. While

to the best of our knowledge this is the first report of a b-

propeller mediating the formation of protein-lipid complexes,

other WD40 domain-containing proteins use the loops exposed

on the top surface of their b-propeller to interact with multiple

binding partners at the same time. For example, Ski8 plays an

essential role in the assembly of a multi-protein complex, which

also comprises Ski2 and Ski3, involved in the exosome-

dependent mRNA decay, but also in the meiotic recombination

by interacting with Spo11. The residues presents in the loops

Fig. 8. Model for Atg18 b-propeller

function in autophagy. (A) Putative

structure of the Atg18 b-propeller generated

with PyMol software. On the left, a cartoon

view of the predicted structure of the Atg18

b-propeller from the top and side is shown.

The blades are colored in yellow, loop 1 in

marine blue, loop 2 in dark blue and loop 5

in red. In the middle, the molecular surface

of the Atg18 b-propeller is presented with

the same colors. On the right, the b-propeller

is displayed in line view with the mutated

residues in loops 2 and 5 highlighted in red.

The FRRG sequence is located in loop 5,

whereas the residues important for Atg2

binding are situated in loop 2. (B) Alignment

of the amino acid sequence around loop 2 of

the b-propeller of Atg18, Atg21 and Hsv2.

Part of the amino acid sequences of Atg18,

Atg21 and Hsv2 from S. cerevisiae were

aligned using ClustalW2 software. Blades 2

and 3 of the Atg18 b-propeller are

underlined and highlighted in grey. Loop 2 is

bordered by a box and the mutated residues

are in bold. (C) Alignment of the amino acid

sequence around loop 2 of the b-propeller of

Atg18 and WIPI4 from various organisms.

The amino acid sequences of Atg18, EPG-6

from C. elegans, and WIPI4 from H.

sapiens, M. musculus and D. rerio, have

been aligned and presented as in B.

(D) Model for Atg18 recruitment to the PAS.

At an early stage of PAS formation, PtdIns is

converted into PtdIns3P by the PtdIns 3-

kinase complex I. This lipid is essential for

the subsequent association of Atg2 to this

structure. Presence of PtdIns3P and Atg2 on

the autophagosomal membrane triggers the

recruitment of Atg18 through its b-propeller.

It is presently unclear whether these events

occur on the phagophore or on another

precursor membrane.
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exposed on the top surface of Ski8 b-propeller were found to be

important for all these different interactions (Cheng et al., 2004).

Our pull-down experiments show that the residues in loop 2 are

predominantly mediating the binding of Atg18 to Atg2. A couple

of evidences, however, indicate that specific residues in loop 1

could also be involved in the association between these two

proteins. First, the interaction between Atg18 and Atg2 detected

using the Y2H assay, where proteins are highly overexpressed,

could only be abolished when the mutations in loops 1 and 2 were

combined. Second, while the Atg18(L2) mutant is still able to

sustain minimal levels of autophagy, the Atg18(L1,2) mutant

displays a complete block of this pathway. Loop 1, however,

appears to have no major roles in Atg18 binding to both Atg2 and

phosphoinositides. Because of its proximity to loop 2 (Fig. 8A),

we cannot exclude that few of the amino acids in loop 1

participate in the binding to Atg2. Alternatively, loop 1 could be

used to regulate the Atg18-Atg2 interaction or other functions of

Atg18. This hypothesis is evoked by the observation that the

mutations in loop1 lead to the appearance of a lower molecular

form of Atg18 (Fig. 2A), indicating that this protein undergoes a

post-translational modification. The nature of this post-

translational modification is currently under investigation.

Comparison of the amino acid sequence of loop 2 of the Atg18

b-propeller with the same region of Atg21 and Hsv2, two yeast

proteins highly homologous to Atg18 that also bind

phosphoinositides (Krick et al., 2006; Strømhaug et al., 2004),

shows almost no conservation (Fig. 8B). In agreement with this

observation, we have not been able to detect an interaction

between Atg2 and Atg21 or Hsv2 (not shown). Atg18 is

evolutionary related to the mammalian WD40 repeat protein

Interacting with PhosphoInositides (WIPI) protein family, which

compromises four proteins: WIPI1, WIPI2, WIPI3 and WIPI4

(Jeffries et al., 2004; Proikas-Cezanne et al., 2004). All WIPI

proteins are suggested to also fold into a seven-bladed b-

propeller with an open-velcro configuration, harbouring critical

arginine residues for specific phosphoinositide binding (Proikas-

Cezanne et al., 2007; Proikas-Cezanne et al., 2004). WIPI1,

WIPI2 and WIPI4 have been implicated in autophagy (Lu et al.,

2011; Polson et al., 2010; Proikas-Cezanne and Robenek, 2011;

Proikas-Cezanne et al., 2004), inciting a debate about which one

of them is the functional Atg18 ortholog. Recently, two

mammalian Atg2 homologs, Atg2A and Atg2B, have been

identified and both are required for autophagy (Velikkakath et al.,

2012). Interestingly, human WIPI4 interacts with Atg2A and

Atg2B as well as C. elegans EPG-6/WIPI4 with ATG-2

(Behrends et al., 2010; Lu et al., 2011). These observations

suggest that WIPI4/EPG-6 and yeast Atg18 overlap in their role

in autophagy by carrying out the functional interconnections with

Atg2. The amino acid sequence alignment of loop 2 of the Atg18

b-propeller with that of various WIPI4 proteins from different

species supports this idea, because several amino acids are well

conserved except for C. elegans EPG-6 (Fig. 8C). The ATG-2-

binding site of EPG-6 has been mapped to the fifth and sixth

blades of the EPG-6 b-propeller, and this could explain the lack

of amino acid conservation in loop 2 of EPG-6 b-propeller (Lu

et al., 2011). This binding region, however, was identified by

sequential deletion of the blades and therefore it cannot be

excluded that this type of approach leads to a complete disruption

of the b-propeller structure making the interpretation of the result

difficult.

Mechanism of Atg18 recruitment to the PAS

Similarly to the Atg18 mutant unable to bind phosphoinositides,
the one blocking the interaction between Atg18 and Atg2, i.e.

Atg18(L2), severely impairs the progression of non-selective and
selective autophagy by affecting autophagosome biogenesis at an
early stage. These defects are caused by the inability of these two

mutant proteins to be recruited to the PAS. The two binding
capacities of Atg18 b-propeller, however, appear to not be
reciprocally regulated but rather independent. That is, mutation

of the FRRG motif within loop 5 does not affect the interaction
between Atg18 and Atg2, and conversely the Atg2-binding
mutant of Atg18 is capable of binding phosphoinositides. The

fact that cells expressing either Atg18(L2) or Atg18(L5) are still
able to sustain minimal levels of autophagy supports this notion
as Atg18 is still capable of binding one of the determinants
present at the PAS. Indeed, when we combined the two sets of

mutations, creating an Atg18 mutant unable to bind both Atg2
and PtdIns3P, we observed a complete autophagy block.

Based on our observations, we propose the following model

for Atg18 recruitment to the PAS (Fig. 8D). Upon induction of a
double-membrane vesicle formation, one of the first events
during the organisation of the PAS is the association of the

phosphatidylinositol-3 kinase complex I to it (Suzuki et al.,
2007), which presumably starts synthesizing PtdIns3P. As
reported (Shintani et al., 2001; Suzuki et al., 2007), the
phosphatidylinositol-3 kinase complex I and/or PtdIns3P are

required for Atg2 recruitment to the PAS. So far, we have not
been able to determine whether Atg2 binds PtdIns3P. Therefore,
we do not know whether this protein directly or indirectly

interacts with this lipid to associate with the PAS. Nevertheless,
the simultaneous presence of PtdIns3P and Atg2 at this location
allows the Atg18 b-propeller to bind to this structure with high

affinity, and subsequently forms the Atg18-Atg2 complex. Our
fluorescence microscopy data support this model, because they
show that Atg2 can be recruited to the PAS independently from

Atg18. Furthermore, the BiFC experiments indicate that the
Atg2-Atg18 interaction occurs at this site.

Our results are in part contradictory with the published
literature, which indicate that Atg18 and Atg2 form a

cytoplasmic complex that is recruited as a unit to the PAS and
Atg2 fails to associate with this structure in absence of ATG18

(Obara et al., 2008b; Suzuki et al., 2007). While we observed that

Atg18 recruitment to the PAS requires Atg2 as reported (Obara
et al., 2008b; Suzuki et al., 2007), in our hands Atg2 localizes to
the PAS independently from Atg18. The fact that Atg2 was not

detected at the PAS in previous studies (Guan et al., 2001; Suzuki
et al., 2007) could be due to a difference in the microscope
sensitivity or strain background. Nonetheless, we also found that
Atg2 association with the PAS requires Atg1, Atg9 and Atg14

[not shown (Shintani et al., 2001; Suzuki et al., 2007; Wang et al.,
2001)]. The assumption that Atg2 and Atg18 form a cytoplasmic
complex is based on data showing that upon gel filtration of

solubilized cell extracts, Atg2 is not detected as a monomer but
rather in a complex of ,500 kDa, and part of Atg18 is in the
same fraction (Obara et al., 2008b). We fractionated proteins and

protein complexes present in solubilized cell extracts from a wild
type strain expressing endogenously PA-tagged Atg2 on a
continuous 10–50% glycerol gradient (supplementary material

Fig. S7A,B). We did not observe an evident difference in the
distribution of Atg2 over the gradient in presence or absence of
Atg18. Interestingly, the fact that most of Atg2 and Atg18
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appeared to be not associated, i.e. not cofractionating on the

gradient, supports our model where these two proteins

preferentially bind each other at the PAS. To substantiate this

observation, we also overexpressed Atg2 with or without Atg18.

Overexpression of both proteins resulted in very similar

fractionation profiles as with the endogenous proteins

(supplementary material Fig. S7C,D). The absence of Atg18

did not influence the fractionation profile of overexpressed Atg2,

indicating that the apparent high molecular mass of Atg2 is due to

some structural characteristics of this protein and/or self-

interaction. While we cannot exclude that Atg2 and Atg18 can

also form a cytoplasmic complex under certain circumstances, we

currently ascribe the observed differences to a more sensitive

strain background or experimental conditions. Alternatively, a

yet unidentified factor, which depends on Atg18, mediates the

functional Atg2-Atg18 interaction and this is reflected by our

experimental setup at least in some circumstances.

Alternative models describing the Atg18 recruitment to the

PAS can also be contemplated. Therefore, additional studies are

necessary to fully understand the regulation of this event and the

unique property of the Atg18 b-propeller to form lipid-protein

complexes. This information will also be crucial to understand

the function of Atg18 in autophagy.

Materials and Methods
Strains and media

The S. cerevisiae strains used in this study are listed in supplementary material
Table S1. For gene disruptions, coding regions were replaced with genes
expressing auxotrophic markers using PCR primers containing ,60 bases of
identity to the regions flanking the open reading frame. Gene knockouts were

verified by examining prApe1 processing by western blot analysis using a
polyclonal antibody against Ape1 (Mari et al., 2010) and/or PCR analysis of the
deleted gene locus.

Chromosomal tagging of the ATG2 gene at the 39 end was done by PCR-based

integration of the PA or the GFP tag using pFA6a-PA-TRP1 and pFa6a-
GFP(S65T)-TRP1 as template plasmids, respectively (Longtine et al., 1998). For
construction of the strain expressing Atg2 under the control of the GAL1 promoter,
the ATG2 gene was chromosomally tagged at the 59 end with the GAL1 promoter
and the HA tag by PCR-based integration using the pFA6a-HIS3MX6-PGAL1-
3HA plasmid as a template (Longtine et al., 1998). Chromosomal taggings were
verified by western blot analysis using antibodies against goat IgG for the

detection of PA (Invitrogen Life Science, Carlsbad, CA), or monoclonal antibodies
recognizing either GFP (Roche, Basel, Switzerland) and HA (Covance, Princeton,
NJ).

For the BiFC assay, the ATG2 and ATG18 genes were chromosomally tagged at
the 39 end by PCR-based integration of the VN or VC fragments using pFA6a-VN-

HIS3MX6 or pFa6a-VC-TRP1 as template plasmids (Sung and Huh, 2007).
Correct integration of the tags was verified by PCR.

Yeast cells were grown in rich (YPD; 1% yeast extract, 2% peptone, 2%
glucose) or synthetic minimal media (SM; 0.67% yeast nitrogen base, amino acids
and vitamins as needed) containing 2% glucose. Starvation experiments were

conducted in synthetic media lacking nitrogen (SD-N; 0.17% yeast nitrogen base
without amino acids, 2% glucose). For galactose-induced overexpression of
proteins, cells were grown overnight in SM medium containing 2% glucose,
diluted and regrown to an exponential phase in SM medium containing 2%
raffinose. Protein overexpression was then induced by transferring cells in SM
medium containing 2% galactose overnight.

Plasmids

For the construction of the Y2H plasmids, DNA fragments encoding ATG2 and
ATG18 were generated by PCR using S. cerevisiae genomic DNA as a template
and cloned as a XmaI-SalI and EcoRI-SalI fragment, respectively, into both
pGAD-C1 and pGBDU-C1 vectors (James et al., 1996). The C-terminal truncation
of ATG18 (1–377) was generated by PCR using the same 59 primer as for the
cloning of the full-length gene and a 39 primer for the specific site of truncation,
which introduced a stop codon followed by a SalI restriction site. The point

mutations in ATG18 designed to create the loop mutants were introduced by PCR
using unique restriction sites in close proximity of the nucleotide stretch coding for
each loop. Combinations of Atg18 loop mutants were made by PCR by combining
primers used to create the different loop mutants and already constructed Atg18

loop mutant plasmids as templates. The correct introduction of the point mutations
was verified by DNA sequencing.

Plasmids expressing untagged Atg18 loop mutants under the control of the
endogenous promoter of Atg18 were constructed by PCR using the Y2H plasmids
of the different loop mutants as templates and cloned as NheI-NdeI fragments into
the pCvt18(415) plasmid, which carries the wild type ATG18 gene (Guan et al.,
2001).

The promAtg18GFP416 plasmid was generated by amplifying the promoter
(700 bp) and the ATG18 gene from genomic DNA by PCR and cloning it as an
XhoI-BclI fragment in a pRS416 vector (Sikorski and Hieter, 1989) digested with
XhoI-BamHI and containing a (gly-Ala)3-linker and GFP, which were inserted as a
BamHI-SacII fragment at the 39 end of the gene. The GFP-fusion proteins of the
Atg18 loop mutants were then generated by PCR using the Y2H plasmids of the
different loop mutants as templates and cloned as Tth111I-BsiWI fragments into
the Atg18-GFP plasmid. To create the plasmids expressing the different ATG18
mutants tagged with 136myc, the GFP gene was replaced with the sequence
coding for the 136myc tag followed by the ADH1 terminator obtained by PCR
from the pFA6a-136myc plasmid (Longtine et al., 1998). To create the vectors
integrating the various Atg18-GFP and Atg18-136myc constructs into the genome,
the backbone of the expression plasmids was replaced with that of the pRS405
vector (Sikorski and Hieter, 1989) using XhoI and SacI. Correct integration of the
different constructs was verified by western blot analysis using polyclonal
antibodies against myc (Santa Cruz Biotechnology, Santa Cruz, CA) or
monoclonal antibodies against GFP. Plasmids expressing the different ATG18

loop mutants under the control of the GAL1 promoter were generated by PCR
amplification of the sequences coding for the different Atg18 loop mutants, plus
the 136myc tag and the ADH1 terminator from the plasmids described above. The
PCR fragments were cloned into the pRS416 vector (Sikorski and Hieter, 1989)
using HindIII and KpnI before inserting the GAL1 promoter using XhoI and
HindIII.

The pCuGFPATG8414 and pCuGFPATG8416 plasmids expressing GFP-Atg8
under the control of the CUP1 promoter have been described elsewhere (Kim et al.,
2002). To create the integrative pCFPATG8406 plasmid that leads to the
expression of the CFP-Atg8 fusion protein from the authentic ATG8 promoter, the
backbone of the pRS314 ECFP-AUT7 plasmid (Suzuki et al., 2001) was
exchanged for that of the pRS406 vector (Sikorski and Hieter, 1989) using XhoI
and SacII. The integrative pCumCheV5ATG8406 plasmid, which expresses
mCherry-V5-Atg8 from the CUP1 promoter, was generated by replacing the
vector backbone of the pCumCheV5ATG8415 plasmid (Mari et al., 2010) with
that of the pRS406 vector using KpnI and SacI.

To create the promAtg18VC405, promAtg18(L2)VC405 and
promAtg18(L5)VC405 plasmids, the VC fragment was amplified by PCR using
the pFa6a-VC-TRP1 plasmid as a template and used to replace the myc tag coding
sequence in the integrative plasmids expressing wild type Atg18-136myc,
Atg18(L2)-136myc and Atg18(L5)-136myc using PacI and SacI. Correct
integration of the constructs into yeast was then verified by PCR analysis.

Yeast two-hybrid assay
The plasmids pGAD-C1 and pGBDU-C1 containing ATG2 and ATG18 or its
mutated and truncated forms were transformed into the PJ69-4A test strain and
grown on 2% glucose-containing SM medium lacking leucine and uracil (James
et al., 1996). Colonies were then spotted on 2% glucose-containing SM medium
lacking histidine, leucine and uracil.

Fluorescence microscopy

Cells were grown in YPD medium or nitrogen starved in SD-N medium for 3 h.
Vacuoles were stained with the FM4-64 dye (Invitrogen Life Science) as
previously described (Vida and Emr, 1995). Fluorescence signals were captured
with a DeltaVision RT fluorescence microscope (Applied Precision, Issaquah,
WA) equipped with a CoolSNAP HQ camera (Photometrix, Tucson, AZ). Images
were generated by collecting a stack of 18 pictures with focal planes 0.20 mm
apart, and by successively deconvolving and analyzing them with the SoftWoRx
software (Applied Precision). A single focal plane is shown at each time. The
percentage of cells positive for a CFP-Atg8, Atg2-GFP or BiFC-positive puncta
was determined by analysing at least 100 cells from two independent experiments.
To determine the degree of colocalization between the fusion proteins Atg18-GFP
and mCheV5-Atg8, the number of mCheV5-Atg8 puncta positive for the Atg18-
GFP signal was counted in at least 100 cells from two independent experiments.

Phospholipid-binding assay

Phospholipid-binding assays with native cell extracts has previously been
described (Proikas-Cezanne et al., 2007) and adapted to yeast as follows. Native
yeast cell extracts were generated from 200 OD600 equivalents of frozen yeast cells
by vortexing them three times for 30 s in the binding buffer [750 mM
aminocaproic acid, 50 mM Bis-Tris, 0.5 mM EDTA, pH 7.0, supplemented with
protease and phosphatase inhibitor cocktails (Roche)] in presence of glass beads.
The soluble fraction was obtained by removing the glass beads and cell debris
through centrifugation at 14,000 rpm for 15 min at 4 C̊. Before use, the
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membrane-immobilized phospholipids (Echelon Biosciences, Salt-Lake City, UT)
were rinsed first in TBS buffer (Tris-buffered saline, 20 mM Tris-HC1, 0.15 M
sodium chloride, pH 7.5) and then in 0.1% Tween 20 in TBS buffer before
blocking them in 0.1% Tween 20/3% BSA in TBS buffer for 1 h at room
temperature. Membranes were subsequently incubated with cell extracts at 4 C̊ for
2 days before detecting bound proteins by western blotting using anti-myc
antibodies.

Continuous 10–15% glycerol gradients

A total of 100 OD600 equivalents of exponentially growing cells were collected and
resuspended in 300 ml of lysis buffer. Cells were broken using glass beads and
vortexing, and centrifuged at 13,000 rpm for 10 min at 4 C̊. The resulting cell
extract was subjected to high-speed centrifugation at 45,000 rpm for 1 h at 4 C̊,
before being separated on a continuous 10–15% glycerol gradient by
centrifugation at 33,000 rpm for 18 h. Fractions (861 ml) were collected and
precipitated using trichloroacetic acid. Proteins were resolved by SDS-PAGE and
analyzed by western blotting using antibodies against myc and goat IgG.
Molecular mass protein standards were used to calibrate the gradient (GE
Healthcare).

Miscellaneous procedures

The protein extraction, PA affinity purifications, western blot analyses and the
GFP-Atg8 processing assay were carried out as previously described (Cheong and
Klionsky, 2008; Reggiori et al., 2003). Detection and quantification of western
blotting were performed using an Odyssey system (Li-Cor Biosciences, Lincoln,
NE). Processing of the electron microscopy samples and the counting of
autophagic bodies has already been illustrated (van der Vaart et al., 2010).

Acknowledgements
We thank Daniel Klionsky for reagents and Janice Griffith for
technical assistance.

Funding
This work was supported by the Netherlands Organization for Health
Research and Development (ZonMW) VIDI [grant number
917.76.329], Chemical Sciences (CW) ECHO [grant number
700.59.003] and the Earth and Life Sciences (ALW) Open
Program [grant number 821.02.017] (all to F.R.); and Deutsche
Forschungsgemeinschaft (DFG)-Netherlands Organisation for
Scientific Research (NWO) cooperation [grant number DN82-303/
UN111/7-1 to F.R. and C.U.]. T.P.-C. is supported by the DFG SFB
773 (A3).

Supplementary material available online at

http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.115725/-/DC1

References
Barth, H., Meiling-Wesse, K., Epple, U. D. and Thumm, M. (2001). Autophagy and

the cytoplasm to vacuole targeting pathway both require Aut10p. FEBS Lett. 508, 23-
28.

Baskaran, S., Ragusa, M. J., Boura, E. and Hurley, J. H. (2012). Two-site recognition
of phosphatidylinositol 3-phosphate by PROPPINs in autophagy. Mol. Cell 47, 339-
348.

Behrends, C., Sowa, M. E., Gygi, S. P. and Harper, J. W. (2010). Network
organization of the human autophagy system. Nature 466, 68-76.

Chen, S., Spiegelberg, B. D., Lin, F., Dell, E. J. and Hamm, H. E. (2004). Interaction
of Gbetagamma with RACK1 and other WD40 repeat proteins. J. Mol. Cell. Cardiol.

37, 399-406.

Cheng, Z., Liu, Y., Wang, C., Parker, R. and Song, H. (2004). Crystal structure of
Ski8p, a WD-repeat protein with dual roles in mRNA metabolism and meiotic
recombination. Protein Sci. 13, 2673-2684.

Cheong, H. and Klionsky, D. J. (2008). Biochemical methods to monitor autophagy-
related processes in yeast. Methods Enzymol. 451, 1-26.

Dove, S. K., Piper, R. C., McEwen, R. K., Yu, J. W., King, M. C., Hughes, D. C.,
Thuring, J., Holmes, A. B., Cooke, F. T., Michell, R. H. et al. (2004). Svp1p
defines a family of phosphatidylinositol 3,5-bisphosphate effectors. EMBO J. 23,
1922-1933.

Efe, J. A., Botelho, R. J. and Emr, S. D. (2007). Atg18 regulates organelle morphology
and Fab1 kinase activity independent of its membrane recruitment by phosphatidy-
linositol 3,5-bisphosphate. Mol. Biol. Cell 18, 4232-4244.

Gillooly, D. J., Morrow, I. C., Lindsay, M., Gould, R., Bryant, N. J., Gaullier, J. M.,
Parton, R. G. and Stenmark, H. (2000). Localization of phosphatidylinositol 3-
phosphate in yeast and mammalian cells. EMBO J. 19, 4577-4588.

Guan, J., Stromhaug, P. E., George, M. D., Habibzadegah-Tari, P., Bevan, A., Dunn,

W. A., Jr and Klionsky, D. J. (2001). Cvt18/Gsa12 is required for cytoplasm-to-vacuole

transport, pexophagy, and autophagy in Saccharomyces cerevisiae and Pichia pastoris.
Mol. Biol. Cell 12, 3821-3838.

Itakura, E. and Mizushima, N. (2010). Characterization of autophagosome formation
site by a hierarchical analysis of mammalian Atg proteins. Autophagy 6, 764-776.

James, P., Halladay, J. and Craig, E. A. (1996). Genomic libraries and a host strain
designed for highly efficient two-hybrid selection in yeast. Genetics 144, 1425-1436.

Jeffries, T. R., Dove, S. K., Michell, R. H. and Parker, P. J. (2004). PtdIns-specific
MPR pathway association of a novel WD40 repeat protein, WIPI49. Mol. Biol. Cell

15, 2652-2663.

Jin, N., Chow, C. Y., Liu, L., Zolov, S. N., Bronson, R., Davisson, M., Petersen, J. L.,

Zhang, Y., Park, S., Duex, J. E. et al. (2008). VAC14 nucleates a protein complex
essential for the acute interconversion of PI3P and PI(3,5)P(2) in yeast and mouse.

EMBO J. 27, 3221-3234.

Kihara, A., Noda, T., Ishihara, N. and Ohsumi, Y. (2001). Two distinct Vps34
phosphatidylinositol 3-kinase complexes function in autophagy and carboxypeptidase
Y sorting in Saccharomyces cerevisiae. J. Cell Biol. 152, 519-530.

Kim, J., Huang, W. P., Stromhaug, P. E. and Klionsky, D. J. (2002). Convergence of
multiple autophagy and cytoplasm to vacuole targeting components to a perivacuolar
membrane compartment prior to de novo vesicle formation. J. Biol. Chem. 277, 763-
773.

Klionsky, D. J. (2007). Autophagy: from phenomenology to molecular understanding in
less than a decade. Nat. Rev. Mol. Cell Biol. 8, 931-937.

Krick, R., Tolstrup, J., Appelles, A., Henke, S. and Thumm, M. (2006). The
relevance of the phosphatidylinositolphosphat-binding motif FRRGT of Atg18 and
Atg21 for the Cvt pathway and autophagy. FEBS Lett. 580, 4632-4638.

Krick, R., Henke, S., Tolstrup, J. and Thumm, M. (2008). Dissecting the localization

and function of Atg18, Atg21 and Ygr223c. Autophagy 4, 896-910.

Krick, R., Busse, R. A., Scacioc, A., Stephan, M., Janshoff, A., Thumm, M. and

Kühnel, K. (2012). Structural and functional characterization of the two
phosphoinositide binding sites of PROPPINs, a b-propeller protein family. Proc.

Natl. Acad. Sci. USA 109, E2042-E2049.

Longtine, M. S., McKenzie, A., 3rd, Demarini, D. J., Shah, N. G., Wach, A.,

Brachat, A., Philippsen, P. and Pringle, J. R. (1998). Additional modules for
versatile and economical PCR-based gene deletion and modification in
Saccharomyces cerevisiae. Yeast 14, 953-961.

Lu, Q., Yang, P., Huang, X., Hu, W., Guo, B., Wu, F., Lin, L., Kovács, A. L., Yu, L.
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Tooze, S. A. (2010). Mammalian Atg18 (WIPI2) localizes to omegasome-anchored
phagophores and positively regulates LC3 lipidation. Autophagy 6, 506-522.

Proikas-Cezanne, T. and Robenek, H. (2011). Freeze-fracture replica immunolabelling
reveals human WIPI-1 and WIPI-2 as membrane proteins of autophagosomes. J. Cell.

Mol. Med. 15, 2007-2010.

Proikas-Cezanne, T., Waddell, S., Gaugel, A., Frickey, T., Lupas, A. and Nordheim,

A. (2004). WIPI-1alpha (WIPI49), a member of the novel 7-bladed WIPI protein
family, is aberrantly expressed in human cancer and is linked to starvation-induced
autophagy. Oncogene 23, 9314-9325.

Proikas-Cezanne, T., Ruckerbauer, S., Stierhof, Y. D., Berg, C. and Nordheim, A.

(2007). Human WIPI-1 puncta-formation: a novel assay to assess mammalian
autophagy. FEBS Lett. 581, 3396-3404.

Ravid, T. and Hochstrasser, M. (2008). Diversity of degradation signals in the
ubiquitin-proteasome system. Nat. Rev. Mol. Cell Biol. 9, 679-690.

Atg18 regulation in autophagy 603

http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.115725/-/DC1
http://dx.doi.org/10.1016/S0014-5793(01)03016-2
http://dx.doi.org/10.1016/S0014-5793(01)03016-2
http://dx.doi.org/10.1016/S0014-5793(01)03016-2
http://dx.doi.org/10.1038/nature09204
http://dx.doi.org/10.1038/nature09204
http://dx.doi.org/10.1016/j.yjmcc.2004.04.019
http://dx.doi.org/10.1016/j.yjmcc.2004.04.019
http://dx.doi.org/10.1016/j.yjmcc.2004.04.019
http://dx.doi.org/10.1110/ps.04856504
http://dx.doi.org/10.1110/ps.04856504
http://dx.doi.org/10.1110/ps.04856504
http://dx.doi.org/10.1016/S0076-6879(08)03201-1
http://dx.doi.org/10.1016/S0076-6879(08)03201-1
http://dx.doi.org/10.1038/sj.emboj.7600203
http://dx.doi.org/10.1038/sj.emboj.7600203
http://dx.doi.org/10.1038/sj.emboj.7600203
http://dx.doi.org/10.1038/sj.emboj.7600203
http://dx.doi.org/10.1091/mbc.E07-04-0301
http://dx.doi.org/10.1091/mbc.E07-04-0301
http://dx.doi.org/10.1091/mbc.E07-04-0301
http://dx.doi.org/10.1093/emboj/19.17.4577
http://dx.doi.org/10.1093/emboj/19.17.4577
http://dx.doi.org/10.1093/emboj/19.17.4577
http://dx.doi.org/10.4161/auto.6.6.12709
http://dx.doi.org/10.4161/auto.6.6.12709
http://dx.doi.org/10.1091/mbc.E03-10-0732
http://dx.doi.org/10.1091/mbc.E03-10-0732
http://dx.doi.org/10.1091/mbc.E03-10-0732
http://dx.doi.org/10.1038/emboj.2008.248
http://dx.doi.org/10.1038/emboj.2008.248
http://dx.doi.org/10.1038/emboj.2008.248
http://dx.doi.org/10.1038/emboj.2008.248
http://dx.doi.org/10.1083/jcb.152.3.519
http://dx.doi.org/10.1083/jcb.152.3.519
http://dx.doi.org/10.1083/jcb.152.3.519
http://dx.doi.org/10.1074/jbc.M109134200
http://dx.doi.org/10.1074/jbc.M109134200
http://dx.doi.org/10.1074/jbc.M109134200
http://dx.doi.org/10.1074/jbc.M109134200
http://dx.doi.org/10.1038/nrm2245
http://dx.doi.org/10.1038/nrm2245
http://dx.doi.org/10.1016/j.febslet.2006.07.041
http://dx.doi.org/10.1016/j.febslet.2006.07.041
http://dx.doi.org/10.1016/j.febslet.2006.07.041
http://dx.doi.org/10.1073/pnas.1205128109
http://dx.doi.org/10.1073/pnas.1205128109
http://dx.doi.org/10.1073/pnas.1205128109
http://dx.doi.org/10.1073/pnas.1205128109
http://dx.doi.org/10.1002/(SICI)1097-0061(199807)14:10<953::AID-YEA293>3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1097-0061(199807)14:10<953::AID-YEA293>3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1097-0061(199807)14:10<953::AID-YEA293>3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1097-0061(199807)14:10<953::AID-YEA293>3.0.CO;2-U
http://dx.doi.org/10.1016/j.devcel.2011.06.024
http://dx.doi.org/10.1016/j.devcel.2011.06.024
http://dx.doi.org/10.1016/j.devcel.2011.06.024
http://dx.doi.org/10.1016/j.febslet.2010.02.013
http://dx.doi.org/10.1016/j.febslet.2010.02.013
http://dx.doi.org/10.1083/jcb.200912089
http://dx.doi.org/10.1083/jcb.200912089
http://dx.doi.org/10.1083/jcb.200912089
http://dx.doi.org/10.1074/jbc.M401066200
http://dx.doi.org/10.1074/jbc.M401066200
http://dx.doi.org/10.1074/jbc.M401066200
http://dx.doi.org/10.1038/emboj.2008.270
http://dx.doi.org/10.1038/emboj.2008.270
http://dx.doi.org/10.1038/nature06639
http://dx.doi.org/10.1038/nature06639
http://dx.doi.org/10.1074/jbc.M109.080374
http://dx.doi.org/10.1074/jbc.M109.080374
http://dx.doi.org/10.1074/jbc.M109.080374
http://dx.doi.org/10.1038/nrm2708
http://dx.doi.org/10.1038/nrm2708
http://dx.doi.org/10.1038/nrm2708
http://dx.doi.org/10.1111/j.1365-2443.2008.01188.x
http://dx.doi.org/10.1111/j.1365-2443.2008.01188.x
http://dx.doi.org/10.1111/j.1365-2443.2008.01188.x
http://dx.doi.org/10.1074/jbc.M803180200
http://dx.doi.org/10.1074/jbc.M803180200
http://dx.doi.org/10.1074/jbc.M803180200
http://dx.doi.org/10.1016/S0079-6107(01)00007-4
http://dx.doi.org/10.1016/S0079-6107(01)00007-4
http://dx.doi.org/10.1016/j.molcel.2010.10.018
http://dx.doi.org/10.1016/j.molcel.2010.10.018
http://dx.doi.org/10.1016/j.molcel.2010.10.018
http://dx.doi.org/10.4161/auto.6.4.11863
http://dx.doi.org/10.4161/auto.6.4.11863
http://dx.doi.org/10.4161/auto.6.4.11863
http://dx.doi.org/10.1111/j.1582-4934.2011.01339.x
http://dx.doi.org/10.1111/j.1582-4934.2011.01339.x
http://dx.doi.org/10.1111/j.1582-4934.2011.01339.x
http://dx.doi.org/10.1038/sj.onc.1208331
http://dx.doi.org/10.1038/sj.onc.1208331
http://dx.doi.org/10.1038/sj.onc.1208331
http://dx.doi.org/10.1038/sj.onc.1208331
http://dx.doi.org/10.1016/j.febslet.2007.06.040
http://dx.doi.org/10.1016/j.febslet.2007.06.040
http://dx.doi.org/10.1016/j.febslet.2007.06.040
http://dx.doi.org/10.1038/nrm2468
http://dx.doi.org/10.1038/nrm2468


J
o
u
rn

a
l
o
f

C
e
ll

S
c
ie

n
c
e

Reggiori, F., Wang, C. W., Stromhaug, P. E., Shintani, T. and Klionsky, D. J.

(2003). Vps51 is part of the yeast Vps fifty-three tethering complex essential for

retrograde traffic from the early endosome and Cvt vesicle completion. J. Biol. Chem.

278, 5009-5020.

Shintani, T., Suzuki, K., Kamada, Y., Noda, T. and Ohsumi, Y. (2001). Apg2p

functions in autophagosome formation on the perivacuolar structure. J. Biol. Chem.

276, 30452-30460.

Sikorski, R. S. and Hieter, P. (1989). A system of shuttle vectors and yeast host strains

designed for efficient manipulation of DNA in Saccharomyces cerevisiae. Genetics

122, 19-27.

Smith, T. F., Gaitatzes, C., Saxena, K. and Neer, E. J. (1999). The WD repeat: a

common architecture for diverse functions. Trends Biochem. Sci. 24, 181-185.

Strømhaug, P. E., Reggiori, F., Guan, J., Wang, C. W. and Klionsky, D. J. (2004).

Atg21 is a phosphoinositide binding protein required for efficient lipidation and

localization of Atg8 during uptake of aminopeptidase I by selective autophagy. Mol.

Biol. Cell 15, 3553-3566.

Sung, M. K. and Huh, W. K. (2007). Bimolecular fluorescence complementation

analysis system for in vivo detection of protein-protein interaction in Saccharomyces

cerevisiae. Yeast 24, 767-775.

Suzuki, K., Kirisako, T., Kamada, Y., Mizushima, N., Noda, T. and Ohsumi, Y.
(2001). The pre-autophagosomal structure organized by concerted functions of APG

genes is essential for autophagosome formation. EMBO J. 20, 5971-5981.
Suzuki, K., Kubota, Y., Sekito, T. and Ohsumi, Y. (2007). Hierarchy of Atg proteins

in pre-autophagosomal structure organization. Genes Cells 12, 209-218.
van der Vaart, A., Griffith, J. and Reggiori, F. (2010). Exit from the Golgi is required

for the expansion of the autophagosomal phagophore in yeast Saccharomyces
cerevisiae. Mol. Biol. Cell 21, 2270-2284.

Velikkakath, A. K., Nishimura, T., Oita, E., Ishihara, N. and Mizushima, N. (2012).
Mammalian Atg2 proteins are essential for autophagosome formation and important
for regulation of size and distribution of lipid droplets. Mol. Biol. Cell 23, 896-909.

Vida, T. A. and Emr, S. D. (1995). A new vital stain for visualizing vacuolar membrane
dynamics and endocytosis in yeast. J. Cell Biol. 128, 779-792.

Wang, C.-W., Kim, J., Huang, W. P., Abeliovich, H., Stromhaug, P. E., Dunn,

W. A., Jr and Klionsky, D. J. (2001). Apg2 is a novel protein required for the
cytoplasm to vacuole targeting, autophagy, and pexophagy pathways. J. Biol. Chem.

276, 30442-30451.
Watanabe, Y., Kobayashi, T., Yamamoto, H., Hoshida, H., Akada, R., Inagaki, F.,

Ohsumi, Y. and Noda, N. N. (2012). Structure-based analyses reveal distinct binding
sites for Atg2 and phosphoinositides in Atg18. J. Biol. Chem. 287, 31681-31690.

Journal of Cell Science 126 (2)604

http://dx.doi.org/10.1074/jbc.M210436200
http://dx.doi.org/10.1074/jbc.M210436200
http://dx.doi.org/10.1074/jbc.M210436200
http://dx.doi.org/10.1074/jbc.M210436200
http://dx.doi.org/10.1074/jbc.M102346200
http://dx.doi.org/10.1074/jbc.M102346200
http://dx.doi.org/10.1074/jbc.M102346200
http://dx.doi.org/10.1016/S0968-0004(99)01384-5
http://dx.doi.org/10.1016/S0968-0004(99)01384-5
http://dx.doi.org/10.1091/mbc.E04-02-0147
http://dx.doi.org/10.1091/mbc.E04-02-0147
http://dx.doi.org/10.1091/mbc.E04-02-0147
http://dx.doi.org/10.1091/mbc.E04-02-0147
http://dx.doi.org/10.1002/yea.1504
http://dx.doi.org/10.1002/yea.1504
http://dx.doi.org/10.1002/yea.1504
http://dx.doi.org/10.1093/emboj/20.21.5971
http://dx.doi.org/10.1093/emboj/20.21.5971
http://dx.doi.org/10.1093/emboj/20.21.5971
http://dx.doi.org/10.1111/j.1365-2443.2007.01050.x
http://dx.doi.org/10.1111/j.1365-2443.2007.01050.x
http://dx.doi.org/10.1091/mbc.E09-04-0345
http://dx.doi.org/10.1091/mbc.E09-04-0345
http://dx.doi.org/10.1091/mbc.E09-04-0345
http://dx.doi.org/10.1091/mbc.E11-09-0785
http://dx.doi.org/10.1091/mbc.E11-09-0785
http://dx.doi.org/10.1091/mbc.E11-09-0785
http://dx.doi.org/10.1083/jcb.128.5.779
http://dx.doi.org/10.1083/jcb.128.5.779
http://dx.doi.org/10.1074/jbc.M102342200
http://dx.doi.org/10.1074/jbc.M102342200
http://dx.doi.org/10.1074/jbc.M102342200
http://dx.doi.org/10.1074/jbc.M102342200
http://dx.doi.org/10.1074/jbc.M112.397570
http://dx.doi.org/10.1074/jbc.M112.397570
http://dx.doi.org/10.1074/jbc.M112.397570

	Fig 1
	Fig 2
	Fig 3
	Fig 4
	Fig 5
	Fig 6
	Fig 7
	Fig 8
	Ref 1
	Ref 2
	Ref 3
	Ref 4
	Ref 5
	Ref 6
	Ref 7
	Ref 8
	Ref 9
	Ref 10
	Ref 11
	Ref 12
	Ref 13
	Ref 14
	Ref 15
	Ref 16
	Ref 17
	Ref 18
	Ref 19
	Ref 20
	Ref 21
	Ref 22
	Ref 23
	Ref 24
	Ref 25
	Ref 26
	Ref 27
	Ref 28
	Ref 29
	Ref 30
	Ref 31
	Ref 32
	Ref 33
	Ref 34
	Ref 35
	Ref 36
	Ref 37
	Ref 38
	Ref 39
	Ref 40
	Ref 41
	Ref 42
	Ref 43
	Ref 44
	Ref 45
	Ref 46
	Ref 47
	Ref 48
	Ref 49
	Ref 50
	Ref 51


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 30%)
  /CalRGBProfile (None)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed false
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /FRA <>
    /JPN <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Settings for the Rampage workflow.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


