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Aim and scope of the thesis 

Autophagy is a major cellular catabolic process essential to maintain 

cell homeostasis. It participates in the elimination of excess or damaged 

cell components and invading pathogens, but also in the recycling of 

cellular content during nutrient deprivation. Depending on the targeted 

material selected to be degraded, autophagy can be either a non-

selective or a selective process. The induction of autophagy leads to the 

formation of an initial cistern, the phagophore, at a site known as the 

phagophore assembly site (PAS), which expands sequestering the 

cellular content. When the phagophore seals, a double membrane 

vesicle termed the autophagosome, is generated. Upon the fusion of the 

outer membrane of this large vesicle with the vacuole/lysosome, the 

cargo is released into the lumen of this organelle where it is degraded 

by hydrolytic enzymes. The resulting metabolites are reused either for 

synthesis of new macromolecules or as an energy source. The molecular 

machinery mediating the formation of autophagosomes is composed by 

the so-called autophagy-related (ATG) proteins, which have been 

identified mostly with genetic screens in yeast. In the last two decades, 

a continuously growing number of studies has led to many advances on 

our knowledge about autophagy, the origin of the autophagosomal 

membranes, the mechanism of autophagosome formation and fusion, 

the signalling cascades regulating autophagy and the physiological 

roles of this pathway. As in many other fields, however, multiple 

aspects of autophagy are awaiting to be completely clarified. 

Autophagy plays an important role in numerous human disorders, 

mainly functioning as a protective mechanism, and therefore there is an 

enormous interest in exhaustively understanding this process in order 

to be able to manipulate it for the benefit of the human health. The goal 

of this thesis is to contribute with new knowledge that integrated with 

the previous or future studies, will help to better decipher the autophagy 

process, specifically its regulation.  

I begin this thesis by providing an overview on our current knowledge 

about the autophagy, covering diverse aspects of this pathway. In 

particular, I describe the overall mechanism of autophagy, why yeast 

has been a key model for the study of autophagy, the molecular 
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machinery involved in this process, the main regulatory signalling 

pathways and some of the physiological functions of autophagy 

(Chapter 1).  

The autophagosome is not originated through budding from a pre-

existing organelle, but it appears to be formed de novo. The origin of 

the lipid bilayers that constitute the autophagosome, however, is still 

one of the main enigmas in the field of autophagy. In Chapter 2 we 

provide an overview on this topic, based on the results obtained by 

different studies, which highlight possible autophagosome membrane 

sources. 

Atg4 is a cysteine protease that cleaves Atg8 post-transcriptionally. 

This primed version of Atg8 subsequently gets conjugated with the 

phosphatidylethanolamine (PE) present in the membranes at the PAS 

upon autophagy induction. There, Atg8 plays a crucial role in the 

autophagosome formation. Atg4 is also responsible for the 

deconjugation of Atg8-PE and consequent release of Atg8 from the 

surface of complete autophagosomes. The main aim of this thesis was 

to investigate how autophagy process is regulated specifically by Atg4 

activity through Atg8-PE deconjugation from the autophagosome 

(Chapters 3 and 4). In Chapter 3, we explore the molecular 

mechanisms mediating Atg4 recruitment to the PAS, which we show to 

be essential for its Atg8-PE deconjugation activity. We also 

demonstrate that Atg4 association to the PAS is mediated by its direct 

binding to Atg8-PE through a domain that we called APEAR. In 

Chapter 4, we identified an upstream factor that regulates Atg4 activity 

and prevents Atg8-PE cleavage. We found that Atg1 phosphorylates 

Atg4 S307, a modification that inhibits its catalytic activity during the 

autophagosome formation and impedes a constitutive removal of Atg8 

from autophagosomal membranes. The findings described in Chapters 

3 and 4 were essential to understand Atg4 regulation mechanisms, and 

how this regulation plays a crucial role in the autophagosome 

biogenesis.  

Atg9, another Atg protein essential for autophagy, was shown to shuttle 

between its cytoplasmic clusters of membranes and the PAS. Some 

factors have been linked to this Atg9 trafficking, but the role of all the 
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components of the core Atg proteins was not systematically assessed 

yet. In Chapter 5, we performed a fluorescence microscopy-based 

screen in yeast where we analysed the distribution of Atg9-GFP in 

absence of each one of the core Atg proteins under selective or non-

selective autophagy conditions. We discovered that additional Atg 

proteins participate in the trafficking of Atg9, most of them under a 

specific type of autophagy. Our results open the door to new and 

promising investigations, to better understand the roles of Atg9 in 

autophagy. 

Autophagy is part of a complex and integrated response of the cells to 

stress conditions such as nutrient deprivation. When nutrients are 

scarce, cells optimize their energy consumption by reorganizing their 

metabolism and their energy storage. In Chapter 6, in collaboration 

with Siniossoglou group, we investigated the mechanism involved in 

the switch from phospholipids and membrane biogenesis, to lipid 

storage in lipid droplets (LDs) under nutrient depletion conditions. We 

revealed that the yeast phosphatase Pah1 plays a central role in this 

process. Nutrient-depletion induces Pah1 translocation to the nuclear 

membranes where it is involved in channelling cell lipids from 

phospholipid biosynthesis and membrane biogenesis to their storage 

into LDs.  

Autophagy and LDs have been tightly associated, LDs have been shown 

to be degraded via autophagy through lipophagy and LDs have also 

been implicated in the autophagosome biogenesis. Therefore, a more 

in-depth knowledge about LDs biogenesis could potentially contribute 

to a better understanding of autophagosome biogenesis itself. Lipid 

homeostasis appears to be compromised in several pathologies 

including Alzheimer’s disease (AD). In AD patients, the specific 

phosphatidylcholine species belonging to platelet activating factor 

family, PC(O-16:0/2:0), is particularly elevated. The increased levels 

of this lipid have been shown to disturb the cell lipid metabolism with 

toxic consequences for neurons. In Chapter 7, we participated to a 

study of the Baetz group, where we investigated the signalling pathways 

that mediate the toxic effects of PC(O-16:0/2:0) in yeast, to gain 

insights into what happens in neurons. We found that elevated levels of 
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PC(O-16:0/2:0) promote accumulation of PtdIns(4,5)P2 at the plasma 

membrane, which in turn cause an inhibition of TORC2 signalling. We 

further showed that the effect of PC(O-16:0/2:0) on PtdIns(4,5)P2 

distribution are in part linked to changes in long chain bases and 

ceramides biosynthesis. These lipid and signalling alterations may 

explain the toxicity associated with AD and become potential 

therapeutic targets to modulate AD pathology progression. 

In Chapter 8 I summarize the most relevant outcomes of this thesis and 

discuss future research perspectives. 
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1. Macroautophagy  

1.1 The processes of macroautophagy 

Cellular and organismal homeostasis is maintained through the balance 

between the synthesis and degradation of the cellular components, 

including proteins, nucleic acids, lipids…. While the ubiquitin-

proteasome pathway mainly mediates the exclusive degradation of 

proteins, autophagic processes allow the turnover of practically all 

cellular constituents. Autophagy is thus one of the major catabolic 

pathways in eukaryotes and cells make use of autophagy to adapt to 

environmental stresses and maintain their homeostasis. Three major 

types of autophagy have been described: macroautophagy, 

microautophagy and chaperone-mediated autophagy (CMA). The next 

chapters will describe in detail macroautophagy, also referred hereafter 

simply as autophagy.  

The hallmark of autophagy is autophagosomes. Induction of autophagy 

leads to the de novo generation of a cup-shaped membrane called 

isolation membrane (IM) or phagophore. In yeast the IM is formed at a 

perivacuolar subcellular location called the phagophore assembly site 

or preautophagosomal structure (PAS). The origin of the 

avutophagosomal membranes is still a matter of debate and it will be 

discussed in detail in chapter 1. Cytoplasmic content targeted to 

degradation such as organelles or proteinaceous aggregates are 

enwrapped by the elongating IM, which eventually seals at its 

extremities, leading to the formation of a double-membrane 

autophagosome that contains the cargo (Figure 1). Subsequently, the 

outer membrane of the autophagosome fuses with the lysosome (in 

mammals) or the vacuole (in plants and in yeast) leading to the release 

of the cargo in the interior of these organelles, where it is turned over 

by resident hydrolases (Figure 1). The metabolites resulting from the 

degradation of the autophagosomal cargoes are then exported into the 

cytoplasm to be reused by the cell. 

Autophagy has been known for years as a process of bulk degradation 

of cytoplasmic components, but recent evidences have revealed that 

autophagosomes can selectively sequester and turnover specific 

intracellular structures or invading microbes. Numerous organelles can 
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be selectively degraded through autophagy, including the endoplasmic 

reticulum (ER), mitochondria, peroxisomes, lipid droplets, nucleus, 

pathogens, cytoplasmic aggregates, ribosomes and lysosomes through 

pathways defined as reticulopagy or ERphagy, mitophagy, pexophagy, 

lipophagy, nucleophagy, aggrephagy, ribophagy and lysosomes, 

respectively1,2. 

 

 

Figure 1. Schematic representation of the mechanism of autophagosome 

formation (in yeast). Under autophagy induction conditions, a cup-shaped 

membrane called isolation membrane or phagophores is formed in the 

cytoplasm. The phagophore elongates and during this expansion it sequesters 

cytoplasmic material including organelles and protein aggregates. The 

expanded phagophore seals leading to the formation of a double membrane 

vesicle known as the autophagosome. The autophagosome then fuses with the 

outer vacuolar membrane releasing its cargo into the vacuolar lumen where it 

is degraded by resident hydrolases. The hydrolysis products, i.e. amino acids, 

sugars, lipids, nucleotides…, are transported into the cytoplasm where they 

are used as new building blocks for macromolecules or as a source of energy. 

 

 

1.2 Yeast as a model for the study of the mechanism of autophagy 

The term autophagy was first used more than 50 years ago to define a 

process that delivers cell cytoplasmic components and organelles into 

the lysosome for degradation3,4. The molecular principles underlying 

this pathway, however, remained mysterious for a long time. In the 

1990’s, the existence of autophagy in the budding yeast Saccharomyces 

cerevisiae was demonstrated exploiting vacuolar proteases-deficient 

cells5. In particular, large vesicles containing cytoplasmic material, 

named autophagic bodies, were detected accumulating in the vacuole 

of these yeast strains upon nutrient starvation5. Based on this discovery, 

Tsukada and co-workers performed a genetic screen aimed to isolate 

mutants that were defective for starvation-induced autophagy6. Almost 

AutophagosomePhagophore

Elongation Completion

Vacuole

Fusion and Degradation
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in parallel, genetic screens performed in yeast by others laboratories 

identified the same and additional genes involved in autophagy, which 

collectively were later called autophagy-related (ATG) 7–10. As the ATG 

genes are highly conserved among eukaryotes and yeast can be easily 

genetically manipulated, this organism became an important model 

system to investigate the regulation, the mechanism and the functions 

of autophagy in eukaryotes.  

Another major experimental advantage of yeast is that it possesses a 

biosynthetic selective type of autophagy called the cytosol-to-vacuole 

targeting (Cvt) pathway, which has enormously facilitated the study of 

this and other selective forms of autophagy. The Cvt pathway operates 

under nutrient-rich, growing conditions and mediates the transport into 

the vacuole of oligomers, also known as the Ape1 complex, formed by 

the vacuolar hydrolases aminopeptidase 1 (Ape1), aminopeptidase 4 

(Ape4) and α-mannosidase (Ams1), and the Ty1 transposome2,11. 

 

1.3 The autophagy machinery  

From all the 41 ATG genes identified so far in yeast, 16 of them 

compose the conserved core machinery that mediates the 

autophagosome formation in all the different types of non-selective and 

selective autophagy, 2,12. Most of these Atg proteins are cytoplasmic 

and associate together at the PAS upon autophagy induction through 

what appears to be an hierarchical mechanism12,13. Although the exact 

molecular function of this machinery in the formation, elongation and 

fusion of the autophagosome is far from being clarified, these genes 

have been classified into five main functional groups mostly based on 

physical interactions: (1) the Atg1/ULK kinase complex, (2) the 

phosphatidylinositol 3-kinase (PI3K) complex, (3) the Atg9 trafficking 

system and (4-5) the Atg12 and Atg8 ubiquitin-like conjugation 

systems (Figure 2). 
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Figure 2. Representation of the core Atg protein functional groups. These 

groups have been classified through physical and genetic interactions as: (1) 

the Atg1/ULK kinase complex, (2) the phosphatidylinositol 3-kinase (PI3K) 

complex, (3) the Atg9 trafficking system and (4-5) the Atg12 and Atg8 

ubiquitin-like conjugation  

systems. 

 

1.3.a. Atg1/ULK1 kinase complex  

Atg1/ULK1 is a serine/threonine protein kinase, which has a key role 

in the regulation of autophagy induction14. In yeast, it is part of the 

Atg1/ULK complex, which consists of two sub-complexes: the 

constitutive Atg17-Atg31-Atg29 sub-complex and Atg1-Atg13 sub-

complex, which is formed upon starvation and binds Atg17-Atg31-

Atg29 through Atg13 leading to the activation of the Atg1 kinase 

activity (Figure 3)15,16. Atg1 and mammalian Unc51-like kinase1 

(ULK1) possess a serine-threonine kinase and two microtubule 

interacting and transport (MIT) domains at N-terminus and C-terminus, 

respectively, which are domains conserved among eukaryotes17. The 

MIT domains mediate Atg1/ULK1 interaction with Atg13 and 

membranes18–20.  In presence of nutrients, the target of rapamycin 
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complex 1 (TORC1) phosphphorylates Atg13 keeping this protein apart 

from Atg120,21. Under starvation conditions, inactivation of TORC1 

leads to the dephosphorylation of Atg13 promoting its association with 

Atg1 and Atg17 (Figure 3). A model for the activation of the 

Atg1/ULK complex has been proposed. That is, Atg17, which has a 

crescent-like shape, in its trimeric complex Atg17-Atg31-Atg29 

complex dimerizes at the PAS, and this promote the recruitment to this 

location of the Atg1-Atg13 dimer. The formation of a decameric 

complex22 induces in turn Atg1 kinase activity and the subsequent 

recruitment of the rest Atg proteins to the PAS, which are necessary for 

the formation of an autophagosome23. 

Atg11, a coiled-coil protein, is required for the selective recruitment of 

cargo proteins to autophagosomes, as e.g. the Ape1 complex, 

mitochondria, peroxisomes, ER and nucleus but it is not required for 

non-selective bulk autophagy24–28. The study of the Cvt pathway has 

provided insights into how Atg11 could coordinate cargo selection and 

autophagosome formation through the modulation of the Atg1/ULK 

complex. Binding of the Ape1 complex to the specific autophagy 

receptor Atg19, promotes the subsequent interaction of Atg19 C-

terminus with Atg11, which in turn binds to Atg1 and Atg1729–31. 

Atg11-Atg1 interaction is essential to activate Atg1 kinase activity, 

which triggers the formation of an autophagosome around the 

cargo32,33. 

In mammals, ULK1 or ULK2, two redundant Atg1 homologues, 

interact with mATG13 and focal adhesion kinase family-interacting 

protein of 200 kDa (FIP200), which are the counterparts of Atg13 and 

Atg17, respectively. The mammalian ULK complex also includes the 

non-conserved component Atg101 but no homolog proteins of Atg29 

and Atg3119,23,34–39.  

Atg1 and ULK1 interact also with Atg8/LC3 through a LC3-interacting 

region (LIR) motif40–42. In yeast, this binding seems to promote the 

vacuolar degradation of Atg1-Atg13 complex, which could work as a 

feedback regulatory step of autophagy40. Similarly, it was also shown 

that ATG13 and FIP200 interact with LC3 in mammals reinforcing this 

notion42. 
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1.3.b. Phosphatidylinositol 3-kinase complex 

PI3K phosphorylate the 3-hydroxyl group of the inositol ring from three 

species of phosphatidylinositol (PtdIns) lipid substrates: PtdIns, PtdIns-

4-phosphate and PtdIns-4,5-bisphosphate43.  

The generated 3-phospho-inositides promote the recruitment of diverse 

effector proteins that bind these lipids through specific 

phosphoinositide-binding motifs, e.g. the pleckstrin homology (PH) 

domain, the phox homology (PX) domain and the FYVE domain44. The 

coordinated activity with 3-phosphoinositide phosphatases and the low 

phosphoinositide-binding affinity of these domains permit highly 

reversible effector localization and cellular responses45. These 3-

phosphoinositides can be localized to diverse cellular membranes and 

their phosphorylation status can be rapidly reversed, making them key 

regulators of diverse processes at intracellular membranes, including 

signaling cascades and intracellular membrane trafficking events46,47. 

 

Figure 3. The Atg1/ULK1 kinase complex and its regulation in response to 

amino acid levels. Target of rapamycin complex 1 (TORC1) is active under 

nutrient rich conditions, phosphorylating Atg13 and keeping Atg13 

disassociated from the Atg1 kinase. Upon amino acid deprivation (or rapamycin 

treament), TORC1 is inactivated and Atg13 is concomitantly dephosphorylated. 

Dephosphorylated Atg13 binds Atg1 and the formed dimer interacts with the 

Atg17, Atg29 and Atg31 trimer present at the PAS, leading to the formation of 

the Atg1 complex and activating the kinase activity of Atg1. Atg1 activity is 

thought to be at the core of autophagosome formation in response to stimuli. 
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All PI3K bear a PI3K signature motif, composed of a C2 domain, 

important for the interaction with membranes, a helical domain and the 

catalytic kinase domain44. The PI3K family is subdivided into three 

classes, i.e. class I, II and III, based on the conserved domains outside 

the signature motif, the association with regulatory subunits, and their 

preferred lipid substrate48. Each class has multiple cellular roles through 

the regulation of distinct phosphoinositide pools. Class I PI3K mainly 

produce PtdIns-3,4,5-triphosphate and indirectly PtdIns-3,4-

biphosphate, class II generates PtdIns-3,4-biphosphate and PtdIns-3-

phosphate (PtdIns-3-P), and class III exclusively forms PtdIns-3-P. A 

single orthologue of each class can be found in Caenorhabditis elegans 

and Drosophila melanogaster, while yeast contains only one class III 

PI3K44,45,49. 

Class III PI3K are conserved among all eukaryotes and has a unique 

member, the vacuolar protein sorting 34 (Vps34), which in mammals is 

also known as PIK3C350. Vps34 forms different protein complexes 

involved in the synthesis of PtdIns-3-P pools at distinct intracellular 

membranes 50. In yeast, Vps34 is part of at least two distinct complexes, 

i.e. complex I and II, which have different subcellular localizations and 

functions (Figure 4)48. Complex I PI3K is assembled at the PAS, where 

it synthesizes PtdIns-3-P, which is essential for the initiation and 

progression of autophagosome biogenesis, while complex II PI3K is 

present on endosomes and it is involved in membrane trafficking to and 

from these organelles48. Complex I is composed by the Vps34/hVPS34, 

Vps15/p150, Atg6/BECLIN1, Atg14/ATG14L/BARKOR and 

Atg38/NRBF2, while complex II is formed by Vps34/hVPS34, 

Vps15/p150, Atg6/BECLIN1 and Vps38/UVRAG (Figure 4)48,51,52. 

PtdIns-3-P has been shown to be required for autophagy in all 

organisms. Autophagy is completely blocked in yeast lacking Vps34, 

as well as in cells expressing a Vps34 kinase-dead mutant53,54. Similar 

results have been obtained in Drosophila55. Autophagy was also 

blocked when inhibiting the Vps34 kinase activity in different 

mammalian cell types treated with Vps34 inhibitors such as 

wortmannin and 3-methyladenine54,56,57. 
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The work of Axe and collaborators has allowed a better understanding 

on how PtdIns-3-P is involved in the formation of the autophagosomes 

in mammals58. They showed that the formation of ER derived omega-

like structures, which they termed omegasomes, establishes a platform 

for the biogenesis of the mammalian phagophores. PtdIns-3-P, together 

with ULK1, are required for the formation of the omegasome, and 

PtdIns-3-P-enriched membranes subsequently promote the recruitment 

of WIPI2 and DFCP1, and later the ATG12-ATG5-ATG16 complex 

and LC3-PE to further expand the IM into autophagosomes43,58,59. The 

distribution of PtdIns-3-P in the yeast and mammal autophagosome was 

shown to be different, with a mainly luminal distribution in yeast and 

an exclusive cytoplasmic one in mammals. These could be due to partial 

differences in the autophagy mechanism among these organisms60. 

Recently, it was shown that myotubularin (MTMR) phosphatases, 

which convert PtdIns-3-P back to PtdIns, are also important for 

autophagy progression. Both Jumpy/MTMR14 and MTMR3 were 

shown to negatively regulate autophagy at early stages61,62. Ymr1, the 

only yeast MTMR phosphatase, is also essential for normal progression 

of autophagy and mechanistically, it appears to promote the 

dissociation of the Atg machinery from complete autophagosomes63. 

Similarly, Wu and colleagues showed that myotubularin MTM-3 is a 

positive regulator of C. elegans autophagy, promoting autophagosome 

maturation64. The difference in the role of MTMR phosphatases in 

mammals and yeast autophagy could reflect a difference between 

species or simply highlight a possible dual role of phosphatases at 

different steps of the autophagy process64. 

 

1.3.c. The Atg9 recycling system 

Atg9 is the only integral membrane protein within the core Atg 

machinery and possesses six conserved transmembrane domains with 

the two termini oriented cytosolically65–68.It also presents a conserved 

motif required for Atg9 self-interaction69. In yeast, Atg9 is recruited 

at the PAS at early stages of autophagosome formation70,71. Atg9 

localizes at the PAS and IM as well as in dispersed cytosolic structures, 

which are derived from the Golgi and the endosomal system72–74 
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These cytoplasmic pools appear to be clusters of single membrane, 

highly mobile, Atg9-positive vesicles with a diameter of 30-60 nm and 

tubules. During starvation they assemble at the PAS to be incorporated 

into the autophagosomal outer membrane, possibly contributing as one 

of the membrane sources for the biogenesis and expansion of the 

phagophore71,73. It is still unclear, however, whether Atg9 cycles to and 

from the PAS continuously during the formation of an autophagosome 

or whether Atg9 is only transported to the PAS at its formation and 

retrieved at the completion of the autophagosome. ATG9A is the 

mammalian homologue of Atg968 ATG9A-positive membranes interact 

dynamically with autophagosomal intermediates but they do not 

become integral part of them75, which could indicate that this protein 

has partial divergent roles in the autophagy within species. 

It has been suggested that Atg23 and Atg27, two yeast-specific Atg9 

binding partners, function in similar way as Atg11 (see below) in 

targeting Atg9 peripheral structures to the PAS (Figure 5)76–78. Recent 

work, however, has revealed that they might have a role in the 

formation of the cytoplasmic Atg9-positive structures as less of these 

 

Figure 4. PI3K complexes I 

and II. The two complexes are 

constituted by 3 common 

subunits, i.e. Vps34, Atg6 (also 

known as Vps30) and Vps15, 

and the Atg14 and Vps38, 

which are specific for complex 

I and II, respectively. The PI3K 

complexes catalyse the 

formation of PI3P, which 

recruits its downstream factors 

that have binding domain for 

this lipid. Complex I localizes 

to autophagosomes while 

Complex II localizes to the 

endosomes and the vacuole. 
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structures are observed when ATG23 or/and ATG27 are deleted71,79. 

Atg23 and Atg27 are essential for the Cvt pathway and partially 

involved in autophagy, and are in complex with Atg9 and they traffic 

together with this protein76–78. As Atg9 is mislocalized to the vacuolar 

lumen upon deletion of ATG2771, the current idea is that Atg23 and 

Atg27 promote the appropriate Atg9 sorting from the Golgi, possibly 

into specialized subdomains, to generate the peripheral Atg9-positive 

structures79. 

Atg11 has been shown to be a downstream effector of yeast homolog 

of Rab1 Rab GTPase (Ypt1). The interaction of these two proteins is 

required for the assembly of the PAS during the Cvt pathway80. 

Interestingly, the Ypt1 GTPase together with its GEF Trs85, a specific 

subunit of the autophagy-specific transport protein particle III 

(TRAPPIII) complex, and Atg11, interact on Atg9-containing 

membranes and at the PAS80. Thus, Ypt1 appears to be specifically 

activated by TRAPPIII recruiting Atg11 to target the Atg9-containing 

membranes to the PAS and possibly promote their homo- and/or 

heterotypic fusion80–83. Wang and colleagues also showed that 

TRAPPIII binds Atg17 recruiting and activating Ypt1, which in turn 

participates in the association of Atg1 to Atg9-positive vesicles, and the 

formed Atg17-Atg31-Atg29/Atg1-Atg13 complex dimer could be a 

central player in the tethering of Atg9 vesicles with each other or with 

other membranes84. In this context, it has been shown that under 

autophagy induction conditions, Atg17 binds Atg9, and mediates its 

transport to the PAS, in an Atg11 independent manner possibly 

substituting this latter85. Moreover, the dimerized Atg17-Atg31-

Atg29/Atg1-Atg13 pentameric complex binds to Atg9-positive vesicles 

and mediates their tethering86. Simultaneously, Atg1, through its C-

terminal EAT domain, senses and binds to highly curved membranes 

and through its dimerization, it also tethers vesicles18. Other possible 

tethering events could be involved in the Atg9 recruitment to the PAS, 

namely the ones involving the Atg1 complex through the 

Hop1/Rev7/Mad2 (HORMA) domain in its N terminus of Atg1387. 

Atg9 is retrieved from the autophagosomal membranes just before or 

after the fusion of the autophagosomes with vacuoles71,72,88,89. Although 
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the specific time point of Atg9 retrieval from the PAS/IM still has to be 

clarified, some factors that could play a role in this event have been 

described. The Atg1 and PI3K complexes have been shown that could 

be involved in the recycling of Atg9 from the PAS/IM to its peripheral 

pool (Figure 5)68,72. Moreover, two other core Atg proteins and Atg9 

binding partners, i.e. Atg2 and Atg18, appear to also be relevant for 

Atg9 recycling (Figure 5)72. In the absence of any of these factors, Atg9 

accumulates at the PAS in any growing condition. 

Rieter and colleagues showed Atg2 to be recruited to the PAS 

independently from Atg18, proposing Atg2 to bind firstly to the PAS 

and Atg18 being subsequently recruited through the interaction with 

both Atg2 and PtdIns-3-P90. Indeed, Atg2 binds directly Atg9 and its 

recruitment to the PAS depends on Atg9 and the PtdIns-3-P generated 

by the PI3K complex70,91,92. Later, Papinski and colleagues revealed 

that the Atg1 complex role in the trafficking of Atg9 is probably due to 

Atg18 recruitment mediated through Atg9 phosphorylation by Atg193. 

This phosphorylation, however, is not involved in Atg9 movement, but 

still, the requirement of Atg1 kinase activity is indicating that Atg1 

phosphorylation of other factors may indirectly influence Atg9 

trafficking71,94. Interestingly, a more precise localization of Atg proteins 

on yeast growing phagophore, has shown that Atg2 and Atg18, as well 

as Atg9, concentrate at the extremities of this structure and therefore 

they might interact there95,96. Therefore, Atg2 and Atg18 may mediate 

the recycling of Atg9 from these regions of the phagophore, or possibly 

promoting Atg9-containing membranes to tether in these regions to 

promote autophagosome formation.  

 

1.3.d. The Atg8 and Atg12 ubiquitin-like conjugation systems 

The elongation of the phagophore and the completion/sealing of the 

autophagosome rely on the function of two ubiquitin-like conjugation 

systems centered on the ubiquitin-like Atg8 and Atg12. In the first 

system, yeast Atg12 is covalently conjugated to Atg5 through the 

activity of Atg7 and Atg10, an E1- and an E2-like enzyme, 

respectively97–99. The Atg12-Atg5 complex subsequently associates 

with Atg16 forming a large oligomer that localizes to nascent 

autophagosomes via Atg16100,101. The ATG12-ATG5-ATG16L1/Atg5-



  Chapter 1 

25 

Atg12-Atg16 complex is recruited to autophagosomal membranes in 

mammals through the binding of ATG16L1 to WD-40 repeat protein 

interacting with phosphoinositides 2 (WIPI2b), one of the Atg18 

homologues, and in Saccharomyces pombe via the interaction of Atg5 

with Atg18102,103. 

In yeast, the second ubiquitin-like protein required for autophagosome 

elongation and closure is Atg8. Atg8 is post-translationally processed 

by the cysteine protease Atg4, which cleaves its C-terminal arginine 

exposing a glycine residue (Figure 6)97,104. Through an ubiquitination-

like reaction mediated by Atg7 and the specific E2-like enzyme Atg3, 

which also acts as a ligase105, Atg8 is covalently conjugated via its C-

terminal glycine to the amino group of phosphatidylethanolamine (PE) 

present in the growing autophagosomal membranes (Figure 6)106,107. 

This latter step requires the Atg12-Atg5-Atg16 complex, which 

stimulates Atg3 activity promoting the transfer of Atg8 to its substrate 

PE (Figure 6)108. Upon autophagosome completion, Atg4 reverts Atg8 

conjugation by cleaving it from the PE anchor on the autophagosome 

outer membrane (Figure 6)104. This recycled Atg8 can be used again in 

the formation of new autophagosomes104. Atg8 association with 

autophagosomal membranes plays an important role in autophagosome 

expansion, as the amount of Atg8 influences the size of the 

autophagosome, possibly by mediating tethering and fusion of 

membranes104,107,109–112. Kaufmann and colleagues showed that Atg12-

Atg5-Atg16 complex associated with Atg8-PE can form a scaffold in 

membranes in vitro, a notion that reinforces the importance of Atg8 

lipidation in the formation of autophagosomes113. 

In mammalian cells, there are several Atg8 homologues, which are 

divided in two subfamilies: the microtubule-associated protein 1 light 

chain 3 (LC3) and γ-aminobutyric-acid-type-A-receptor-associated 

protein (GABARAP)114,115. In human, there are 3 members of the 

GABARAP subfamily, i.e. GABARAP, GABARAPL1 and 

GABARAPL2 or Golgi-associated ATPase enhancer of 16 kDa 

(GATE16); and 3 of the LC3 subfamily, i.e. LC3A, LC3B and LC3C116–

118. Kabeya and colleagues were the first to characterize the role of LC3 

in mammalian autophagy110. They showed that similarly to yeast Atg8, 
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LC3, GABARAP-L1 and GATE16 get conjugated to PE and through 

this mechanism they become associated with autophagosomal 

membranes110. Additionally, LC3B and GATE16 were also shown to 

promote tethering and fusion of membranes in vitro119. Importantly, 

Weidberg and colleagues performed RNAi experiments and depleted 

each member of human ATG8/LC3 family and demonstrated that each 

one of them regulates a different step of autophagosome formation. 

That is, LC3 proteins control the elongation step of the IM, whereas 

GABARAP and GABARAPL2 are implicated in the later steps of 

autophagosome formation, i.e. sealing or fusion119,120. Another study, 

however, showed that the conjugation systems are essential for 

autophagosome closure and for the degradation of the inner 

autophagosomal membrane, and less important for the elongation and 

the autophagosome-lysosome fusion121. Also challenging the previous 

studies, a simultaneous knockout of all the LC3 and GABARAP 

proteins in HeLa cells did not abolish the formation of autophagosomes, 

although those were smaller and were forming at a slower rate120.  

 

1.4 The fusion machinery of autophagy 

As previously described, yeast autophagosomes fuse with vacuole 

while in mammalian autophagosomes fuse first with endosomes, 

forming the amphisomes, and then fuse with lysosomes, to generate 

autolysosomes122. Intracellular membrane trafficking requires three 

main groups of proteins: the Rab GTPases, membrane-tethering 

complexes and the soluble N-ethylmaleimide sensitive factor 

attachment protein receptors (SNAREs).  

Rab GTPases, can recruit different effector proteins, e.g. cargo adaptors 

to form transport vesicles, motor proteins to move vesicles to their 

target membrane, and tethering proteins that recruit fusion machinery 

(SNAREs) to mediate membrane fusion123,124. The presence of different 

Rab proteins provides identity to membranes. Rab GTPases are 

activated by GEFs (specific guanine nucleotide exchange factors), 

which load GTP on specific Rab proteins. Once bound to GTP, Rab 

GTPases change conformation and bind their effector proteins. Rab 

GTPases inactivation is achieved by GAPs (specific GTPase-activating 
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proteins), which stimulate the hydrolyzis of the bound GTP into GDP, 

and release the effector protein from the Rab GTPases125.  

Figure 5. Representation of Atg9 cycling system. Atg9 is localized to the 

phagophore and to cytosolic membranous structures derived from the Golgi 

and the endosomal system. This integral protein is transported to the 

phagophore through a mechanism involving Atg23, Atg27 and Atg11 and 

Atg17. In contrast, Atg9 retrieval from the phagophore depends on the Atg1-

Atg13 complex, Atg2, Atg18, and the PI3K complex I. 

Some Rab proteins have been linked to the autophagy process. RAB7 

is essential for the late endosome trafficking and fusion with lysosome, 

is also important for the fusion between autophagosomes and 

lysosomes126,127. Inhibition of RAB7 recruitment to mature 

autophagosomes inhibits their fusion with endosomes without affecting 

endocytosis, highlighting RAB7 role in the autophagosome fusion step 

with endosomes128. Furthermore the deletion of the guanosine exchange 

factor complex of Ccz1 and Mon1, which recruits Rab7 to PtdIns-3-P-

positive autophagosomes in Drosophila fat cells, impairs the 

autophagosome-lysosome fusion129. RAB33b, a Rab protein localized 

at the Golgi complex, was also shown to be involved in both the 

formation of autophagosomes via interaction with ATG16 and the 

regulation of the fusion step130. 

In mammalian cells more than 60 SNARES are responsible for the 

membrane fusion specificity. Based on their function, SNAREs are 

divided into v-SNAREs, which are associated with the donor vesicles, 

Atg9-containing

 membranes

Atg1

Atg23

Atg11

Atg
27

Atg13

P
I3

K

Atg9

Phagophore

Atg2

Atg17

P

P

PtInds3PPtInds



Chapter 1   

28 

and t-SNAREs, which are associated with the target compartment130. 

Alternatively, based on their structure, SNAREs are subdivided into Q-

SNAREs, which have a glutanime residue as the central amino acid in 

the SNARE motif, and R-SNAREs, which have an arginine amino acid 

residue in the same motif130. Based on the amino acid sequence of the 

SNARE domains, Q-SNAREs are further classified into Qa-, Qb- and 

Qc-SNAREs130. These SNAREs form a four-helix bundle (Qa- Qb- Qc- 

and R-SNAREs) that promotes the approaching and fusion of the two 

adjacent membranes130. 

Upon autophagosome completion, the Qa-SNARE syntaxin 17 

(STX17) is redistributed from cytoplasm onto these vesicles to mediate 

their fusion of autophagosome with the lysosome130. This fusion event 

requires STX17 binding with its partners Qbc-SNARE SNAP29 and 

lysosomal R-SNARE VAMP8130. In yeast, the Q-SNARES are Vam3, 

Vti1 and Vam7, and the R-SNARE is Ykt6, and all are required for the 

autophagosome-vacuole fusion131. Futhermore, Vam7 interaction with 

Atg17-Atg31-Atg29 trimer triggers this fusion process131.  

Tethering factors bridge membranes and stimulate the formation of 

SNARE complexes. The tethering complex Homotypic fusion and 

protein sorting (HOPS), a conserved protein complex, consists of 

vacuolar protein sorting 11 (Vps11), Vps16, Vps18, Vps33, Vps39, and 

Vps41132. This complex functions as tethering factor to promote 

autophagosome-lysosome fusion through interaction of some of its 

subunits with the STX17132. RAB7 recruits its effectors such as 

PLEKHM1 and RILP, which recruit the HOPS complex via interactions 

with VPS39 and VPS41, respectively, to promote the fusion event133. 

Similar to what happens in mammals, yeast Ypt7, the counter part of 

RAB7 in this organism, also recruits HOPS but it appears to take place 

through direct binding to Vp39 and Vps41134,135.  

In C. elegans, Ectopic P granules protein 5 (EPG5) was found to be a 

tethering factor and RAB7 effector that determines the specificity of the 

fusion between the autophagosomes and lysosomes136,137. RAB7 and 

late endosomal/lysosomal R-SNARE VAMP7/VAMP8 interact and 

recruit EPG5 to the late endosomes/lysosomes. EPG5 binds 

simultaneously LGG-1, one of the Atg8 homologs in C. elegans, and 
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the complex STX17-SNAP29 on the autophagosomes. STX17-

SNAP29-VAMP8 trans-SNARE complexes is facilitated and stabilized 

by EPG5, which may in this way promote the autophagosome-lysosome 

fusion137. Similarly, ATG14L binds the STX17-SNAP29 complex on 

autophagosomes and promotes the fusion of autophagosomes with 

lysosomes mediated by STX17-SNAP29-VAMP8, therefore being 

considered also a tethering factor138. Phosphoinositides appear to also 

play a role in the autophagosome-lysosome fusion. As previously 

discussed, PtdIns-3-P clearance from the completed autophagosome by 

Ymr1 phosphatase is essential for the dissociation of Atg proteins from 

the autophagosome membrane making the autophagosome competent 

to fuse with the vacuole63. 

Other studies have shown that correct levels of PtdIns-4-P on 

autophagosomal membranes, and PtdIns-3-P and PtdIns-3,5-

biphosphate on lysosomal membranes, play a crucial role in the fusion 

of autophagosomes with lysosomes139–141. 

 

  Figure 6. Schematic representation of the Atg8 and Atg12 ubiquitin-like 

conjugation systems. The Atg8 conjugation system involves the initial 

cleavage of Atg8 C-terminal arginine by Atg4, to exposing a glycine residue. 

Atg8 is then activated by the E1 enzyme Atg7 and transferred to the E2 enzyme 

Atg3, before to be finally conjugated with phosphatitylethanolamine (PE). 

Atg8 is recycled from membranes by the Atg4 cleavage of the amide bond 

between Atg8 and PE. The conjugation system of Atg12 involves Atg12 

conjugation to Atg5, through the E1 enzyme Atg7 and the E2 enzyme Atg10. 

The dimer Atg12-Atg5 subsequently interacts with Atg16 forming an 

oligomer that works as an E3 enzyme for the conjugation Atg8-PE. 
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1.5. Atg8/LC3 proteins and the autophagy receptors 

Atg8/LC3 proteins are conjugated to PE not only at the surface of 

autophagosomes, but also in the inner lipid bilayer composing these 

vesicles109,112. This latter Atg8/LC3 pool is responsible for both direct 

and indirect, i.e. via autophagy receptors, selection of the cargo to be 

degraded in the vacuole/lysosome lumen during selective types of 

autophagy. All autophagy receptors recognize features or specific 

modifications on the targeted intracellular structures, and possess an 

Atg8/LC3-interacting motif (AIM) or LC3-interacting region (LIR) 

motif to bind Atg8/LC3 proteins142,143. 

The first autophagy receptor to be characterized has been Atg19. This 

yeast protein binds to Atg8 and the Ape1 complex, targeting this latter 

to the vacuole during the Cvt pathway31,144,145. Likewise, the Atg32 and 

Atg30 transmembrane autophagy receptors are required for yeast 

mitophagy and pexophagy, respectively, as they permit the selective 

sequestration of mitochondria and peroxisomes by the 

phagophore25,26,146,147. In mammals, FUNDC1 is a functional 

counterpart of Atg32 in hypoxia-induced mitophagy148. 

p62 is a mammalian autophagy receptor with a broader cargo spectrum. 

In fact, p62 is able to bind to ubiquitinated proteins, protein complexes, 

organelles (mitochondria and peroxisomes) and bacteria via its 

ubiquitin-binding domain. As the rest of the autophagy receptors, it also 

directly interacts with LC3 and permits to trigger the formation of the 

autophagosome around the targeted cargo149–152. Additional ubiquitin-

binding autophagy receptors, in part redundant with p62, mediate the 

recruitment of other substrates of autophagic degradation by interacting 

with Atg8/LC3 proteins. For example, the neighbor of BRCA1 gene 1 

(NBR1), similarly to p62, binds different Atg8/LC3 homologues and 

cargoes such as ubiquitinated mitochondria and aggregates to promote 

mitophagy and aggrephagy153,154. The nuclear dot protein 52 kDa 

(NDP52) binds LC3C and ubiquitin coated Salmonella Typhimurium to 

protect cells from and eliminate the bacteria through xenophagy155. 

OPTINEURIN (OPTN1), in contrast, binds exclusively ubiquitin 

chains and ATG8/LC3 proteins promoting selective autophagy of 

ubiquitin-coated Salmonella enterica156. Depending on their substrate, 
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these ubiquitin-binding autophagy receptors can act independently or 

cooperatively, this latter to probably have a modular system that allow 

having multiple recognition systems to guarantee the rapid and correct 

degradation of potentially cell toxic substrates.  

 

2. Regulation of autophagy  

Autophagy, similarly to other essential cellular processes, needs to be 

tightly regulated to ensure that its activity is stimulated at the correct 

time and towards the precise substrate(s). Numerous studies have 

helped to understand different mechanisms of autophagy regulation, but 

this topic is far from being completely understood as a multitude of 

signals, including those regulating cell fate, differentiation and 

metabolism, modulate this pathway. Here, I will briefly focus on the 

currently best characterized signaling pathways controlling autophagy.  

Atg1/ULK1 complex, as previously described (see section 1.3.a), plays 

a central role in the induction of the autophagosome formation, and 

phosphorylation of this complex often leads to the inhibition of Atg1 

kinase activity and concomitant inhibition of autophagy. Not 

surprisingly, the Atg1/ULK1 complex is an important regulatory hub of 

autophagy. TORC1, as previously described, directly phosphorylates 

Atg13/ATG13 and Atg1/ULK1/ULK2, and in doing so modulates 

autophagy in response to changes in nutrient availability, growth 

factors, energy and stress, in all eukaryotes (Figure 7)157,158.  

In mammal cells, low cellular ATP levels are sensed by the 5’-

adenosine monophosphate-activated protein kinase (AMPK), which 

phosphorylates and activates the activating tuberous sclerosis 2 protein 

(TSC2), leading to the suppression of TORC1 pathway159. In parallel, 

AMPK phosphorylates ULK1 leading to autophagy induction and as a 

result, those two modifications lead to an autophagy induction (Figure 

7)158. Extracellular insulin and insulin-like growth factors, equally, 

regulate TORC1 through the activation of the PI3K/Akt signaling 

pathway. Insulin binding to its receptor triggers the recruitment of class 

I PI3K, which converts PtdIns-4,5-biphosphate into PtdIns-3,4,5-

trisphosphate on the inner side of the plasma membrane, leading to the 

Akt activation by phosphoinositide-dependent protein kinase 1 
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(PDK1)160. Activated Akt phosphorylates TCS2 inhibiting the 

formation of the TCS2-TCS1 complex and increasing the levels of the 

GTP-bound form of the small GTPase Rheb. Rheb binds then directly 

and activates TORC1 to negatively regulate autophagy (Figure 7)160–

162. Ras/PKA signaling is also an essential mechanism to regulate 

cellular responses to nutrient levels, and its activation is needed to 

maintain autophagy inactive in growing cells. Upon inhibition of the 

PKA pathway, Stephan and colleagues observed an induction of the 

autophagy process in yeast and revealed that PKA and TORC1 both 

modulate the Atg1 complex activity by phosphorylation of Atg13 at 

different sites (Figure 7)163.  

Some studies have shown that specific signaling pathways regulating 

autophagy modulate PI3K activity. Under normal growth conditions, 

for example, the PI3K complex formation and its kinase activity are 

inhibited through the interaction of the antiapototic protein BCL2 with 

BECLIN1, leading to the down-regulation of autophagy164. Under 

starvation conditions, however, Jun N-terminal protein kinase 1 

(JNK1), a stress-activated signaling molecule, phosphorylates BCL2 

and this modification disrupts its interaction with BECLIN1, leading to 

autophagy induction (Figure 7)165.  

Multiple signaling molecules such as eIF2α and GCN2166, calcium, 

GTPases and ceramides167 are also involved in the regulation of 

autophagy, and some of them are tissue-specific. Some published 

reviews describe these molecules and their signaling pathways, and 

provide information about the different mechanisms for autophagy 

modulation126,160,168,169. 

 

3. The physiological roles of autophagy  

Autophagy, in yeast, represents mainly a survival mechanism under 

starvation conditions to supply nutrients and energy to the cell. This is 

also in part true for high eukaryotes as mice deficient for Atg5 die 

within 1 day after birth. These animals have reduced plasma and 

tissues amino acid concentrations and energy depletion, suggesting 

that provision of amino acids by autophagic degradation is essential 

for the maintenance of energy homeostasis required to survive 
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through early neonatal starvation period170. Similar results were also 

obtained with Atg7-deficient mice171. In higher eukaryotes, however, 

autophagy carries out numerous other physiological functions, which 

often are tissue-specific. In this chapter, I will highlight few of them. 

 

3.1. Autophagy in cell differentiation and development 

During cell differentiation and development, autophagy allows the cell 

to face a demand for rapid change of its cytoplasmic content and the 

importance of this function have been unveiled because autophagy- 

defective organisms exhibit abnormal differentiation and/or 

development172.  

In C. elegans, for example, BECLIN1 and Atg8 homologues have been 

shown to be crucial for normal dauer morphogenesis and life-span 

extension173,174. Furthermore, BECLIN1 disruption in mice led to early 

embryonic lethality, reinforcing autophagy implication in early 

development in mammals175,176. Similarly, silencing of D. 

melanogaster Atg8 homologue DrAut1 disenabled autophagy 

induction in the fat cells before the pupariation, and is associated with 

lethality during metamorphosis177.  

During erythrocytes differentiation, the precursor cells, the 

reticulocytes, undergo organelle degradation, and a couple of studies 

have demonstrated that elimination of mitochondria partially depends 

on autophagy178,179. On this line, ulk1-/- mice display both reduced 

clearance of mitochondria and RNA-bound ribosomes and increase 

levels of reticulocytes during erythrocyte differentiation. Similarly, the 

atg7-/- erythrocytes present an accumulation of damaged mitochondria 

leading to mitochondria loss and severe anemia181.  
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Autophagy has also been shown to participate to lymphocytes 

differentiation. Haematopoietic cell-specific atg7-/- knockout mice have 

a significant low levels of B and T cells in the peripheral blood, with an 

accumulation of mitochondria in T cells, while T cell-specific atg5-/- 

and atg7-/- knockout mice have lower number of peripheral T cells, 

which also display an accumulation of mitochondria and higher 

apoptosis181–183.  

Figure 7. Schematic representation of the some of the main signaling 

cascades regulating autophagy. Autophagy can be induced by deprivation 

of nutrients, hormones and/or energy, and by other signaling cascades as 

JNK1 integrating other cues. In response to low ATP levels, AMPK stimulates 

autophagy by activating ULK1 directly or through phosphorylation of TCS2. 

Nutrient-rich conditions are sensed by Ras/PKA signalling, which leads to an 

inhibitory phosphorylation of Atg13. The PI3K/Akt signalling cascade 

negatively regulates autophagy in response to insulin and growth factors. 

Upon starvation, JNK1 phosphorylates BCL2 disrupting its interaction with 

BECLIN1, which triggers the induction of autophagy. 
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During adipogenesis, autophagy contributes to intracellular 

remodelling of preadipocytes. Absence of Atg5 in MEFs delayed or 

suppressed adipocytes differentiation, while knockdown of ATG7 or 

ATG5 in 3T3-L1 preadipocytes inhibited the lipid droplet formation 

while also decreasing the levels of adipocyte differentiation 

factors184,185. Likewise, LC3 silencing in different mammalian cell lines 

impaired the formation of lipid droplets186. Finally, atg7-/- knockout 

mice present smaller adipocytes that accumulate mitochondria185. 

 

3.2. Autophagy as an anti-aging mechanism 

Autophagy link with life-span extension has been principally evidenced 

in studies with C. elegans. Inhibition of insulin pathway and dietary 

restriction increase autophagic activity and simultaneously extends 

adult lifespan in C. elegans, while ATG genes are essential for this 

extension process173,187–189. Furthermore, caloric restriction was 

demonstrated to reduce the aging effects also in different organisms 

including in aged humans with improved verbal memory190,191.  

Daf-2, an insulin-like tyrosine kinase receptor mutant, has a significant 

life-span extension in comparison to the wild type worm. Interestingly, 

silencing of BECLIN1 (Bec-1) in daf-2 mutants reduced this 

extension192. Loss-of-function mutations of Atg1 (Unc-51), Atg7, 

Atg18 and Bec-1, shortened the nematode life span173,187. These 

mutants also revealed aging signs as well as decline of cellular integrity 

of the muscle, tissue deterioration, locomotion defects and enlargement 

of germ cells earlier than in wild type animals187. Inhibition of TORC1 

signalling, which lead to a stimulation of autophagy, also prolonged 

lifespan in different organisms from yeast to nematodes, flies and 

mice193.  

Simultaneously, autophagy inhibition or impairment, triggers the 

appearance of age associated phenomena such as accumulation of 

ubiquitinated proteins, peroxisomes, damaged mitochondria, ER stress 

and the onset of pathologies (neurodegeneration, hepatic carcinoma, 

adenocarcinomas, lymphomas) in different organisms190. This also 

underlines that aging is associated with a defect cell quality control190.  
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The expression of Atg proteins has been reported to decrease in aged 

tissues, which leads to the concomitant reduction of autophagy flux. For 

example ATG5, ATG7 and BECLIN1 are downregulated in ageing 

human brains, and ULK1, BECLIN1 and LC3 levels are down during 

osteoarthritis190.  

 

3.3. Autophagy and cell growth control 

Autophagy, under the control of TORC1 signaling, regulates cell 

growth in response to different signals like amino acid levels, growth 

factors and energy levels, to guarantee cell growth is adequate in each 

environmental conditions194. Under favorable energy and nutrient 

conditions, TORC1 signaling induces cell growth, partially by 

suppressing autophagy, but also through the activation of its critical 

downstream effectors that stimulate ribosome production and protein 

translation195. On the other hand, during suboptimal conditions (e.g. cell 

stress, restraint of nutrients, lower energy status), cell growth needs to 

be arrested or slowed down to promote cell survival194. Under amino 

acid deprivation, TORC1 activity is inhibited, which results in 

autophagy induction (see section 2)194. During cellular low energy 

status, i.e. low ATP levels, the AMPK pathway is activated, which in 

turn inactivates TORC1 and consequently induces autophagy (see 

section 2)194. Autophagy, by turning over cell components, will produce 

metabolites that will be consumed to generate and reestablish cell 

energy levels. The importance of autophagy role in cell growth control 

is also particularly evidenced as dysregulations of this pathway is linked 

to tumorigenesis. Diverse studies pointed to BECLIN1 being a tumor 

suppressor gene as the loss of a single allele is found in 40-75% of 

human prostate, breast and ovarian cancers196–198. The absence of 

BECLIN1, in particular, causes DNA damage and genomic instability 

leading to increased tumor susceptibility199,200. In support to this notion, 

it has been shown that BECLIN1 is capable to inhibit tumorigenesis in 

breast carcinoma and CaSki cervical cancer cells by regulating growth 

factor receptor signaling196,201,202. Other autophagy proteins such as 

ATG4C203, Bax-interacting factor-1 (Bif1)204, ultraviolet radiation 
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resistance associated gene (UVRAG)205, ATG5 and ATG7206 have also 

been shown to act as tumor suppressors. 

It remains to be clarified the mechanisms through which autophagy 

constraints cell growth. It is thought that autophagy bulk degradation is 

the main mechanism to reduce cellular mass, but evidences indicate that 

its selective degradation may play a role in this, at least partially. In 

mammals, p62 was shown to participate in TORC1 activation, 

something that is abolished in p62-depleted cells and causing a decrease 

in cell growth207. In yeast, autophagy rapidly and selectively degrades 

ribosomes, which are required for cell growth, to promote cell survival 

during starvation208.  

 

3.4. Autophagy and immunity 

A multitude of studies have shown that autophagy is one of the most 

ancient innate immune cell responses against pathogens, including 

bacteria, protozoan and viruses.  

The growth of a subset of Salmonella typhimurium is favoured in the 

cytosol of atg5-/- cells209. In neurons, autophagy provides a defence 

against Sindbis virus infection; in fact Atg5-knockdown leads to delay 

of viral protein clearance and increased neuron cell death upon the virus 

infection210. Several autophagy receptors such as p62/SQSTM1, 

NDP52, NBR1 and OPTN are implicated in the process of targeting 

pathogens to the autophagosomes by recognizing ubiquitinated proteins 

at their surface. p62, for example, was shown to participate in the 

degradation of Salmonella typhimurium, L. monocytogenes, Shigella 

flexineri, and the Sindbis virus. S. typhimurium autophagic degradation 

is also mediated by NDP52 and OPTN211. 

Pattern recognition receptor (PRRs), such as Toll-like receptors 

(TLRs), are activated by pathogen-associated molecular patterns 

(PAMPs) and cellular stress signals called danger-associated molecular 

patterns (DAMPs), allowing recognition of specific pathogens or stress 

conditions associated with infection212. Autophagy is involved in the 

so-called topological inversion mechanism or cross-presentation, where 

it engulfs and delivers cytosolic PAMPs to endosomal PRRs and to 

major histocompatibility complex class II (MHC II) compartments for 
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antigen recognition212. This function of autophagy is important for 

PRRs activation, T helper activation and for the presentation of self-

derived antigens by MHC II complexes in the thyme. In line with this, 

thymus-specific atg5-/- deficient mice display autoreactive T cell 

infiltration, inflammation in multiple organs and autoimmune colitis, 

underlying the importance of autophagy in the MHC II antigen 

presentation213,214.   

While the Th1 cytokine interferon-γ  (IFN-γ) induces autophagy, 

interleukin-4 (IL-4) and interleukin-13 (IL-13) produced by Th2 helper 

cells and thus also defined as Th2 cytokines, antagonize the autophagic 

control of intracellular M. tuberculosis215. This demonstrates that 

autophagy is an effector of Th1/Th2 polarization212. PRRs recognize 

PAMPs and induce various pro-inflammatory cytokines such as 

interleukin-1β (IL-1β) and interleukin 18 (IL-18). Pro-inflammatory 

response is suppressed by autophagy, as atg16L1-/- and atg7-/- knockout 

macrophages show enhanced secretion of IL-1β and IL-18 due to 

accumulation of damaged mitochondria and release of mitochondrial 

DNA into the cytosol211. In contrast, starvation-induced autophagy 

promotes IL-1β secretion. Thus, autophagy suppresses pro-

inflammatory signalling during basal conditions, but it upregulates this 

signalling during stress conditions211.  

 

3.5 Autophagy and pathologies 

The accumulation of damaged and/or dysfunctional cell structures can 

be cytotoxic, therefore the role of autophagy housekeeping/quality 

control is crucial to prevent the development of different human 

disorders216. In fact, defects in the autophagy have been associated with 

multiple diseases, including cancer, neurodegenerative, heart and liver 

disorders217. In this chapter, I will exclusively focus on 

neurodegeneration, cardiomyopathies and liver diseases to provide an 

example of the beneficial role of autophagy in preventing severe 

pathologies. 

BECLIN1 levels have been found to be lower in Alzheimer’s disease 

patients and reduction of this protein leads to accumulation of β-

amyloid and neurodegeneration in mice218. Together with the ubiquitin-
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proteasome system, autophagy has also been shown to be important for 

clearance of α-synuclein, which accumulates in Lewy body inclusions 

in neurons, of Parkinson’s disease patients219–223. Huntingtons’s disease 

is characterized by the accumulation of mutated huntingtin, which 

forms inclusion bodies in brain tissues. It has been revealed that 

autophagy participates in the degradation of these aggregates224,225. In 

2004, Ravikumar and colleagues showed that the aggregates formed by 

mutated huntingtin can sequester mTOR, inducing autophagy to 

degrade them and reducing their toxicity226. 

Few studies have also revealed that autophagy has an important 

protective role against cardiomyopathies. Depletion of Atg5 or Atg7 in 

mice led to the development of cardiac hypertrophy with accumulation 

of abnormal mitochondria and sarcomere structures in 

cardiomyocytes227,228. During ischemia/reperfusion (I/R) injury, 

cardiomyocytes undergo programmed cell death, and autophagosome 

formation and lysosomal degradation is impaired229. Autophagy 

enhancement by BECLIN1 overexpression in cardiac HL-1 cells 

(model for I/R injury to the heart), was able to reduce apoptosis 

activation, highlighting the possibility that autophagy is an important 

defence against I/R injury229. The protective role of autophagy in 

cardiomyocytes has also been demonstrated with lysosome-associated 

membrane protein 2-/- (lamp2-/-)-deficient mice, which exhibit severe 

accumulation of autophagic vacuoles and impaired autophagic 

degradation, which lead to cardiomyopathy230,231. Altogether, it appears 

that constitutive autophagy in cardiomyocytes is crucial for protein 

quality control and maintenance of cellular structure and function, as 

the accumulation of abnormal structures, especially mitochondria, is 

linked to dysfunction. 

Livers from atg7-/- knockout mice display an accumulation of 

ubiquitinated protein aggregates, deformed mitochondria and the 

presence of aberrant structures in the hepatocytes216. Hepatocytes from 

those animals also shown an impairment in peroxisome clearance232. 

Autophagy role in the hepatocytes quality control has also been shown 

in benign liver carcinomas formed in Atg5-deleted mice and in liver-

specific atg7-/-  knockout233.Mallory-Denk bodies (MDB), which are 
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composed by abnormally phosphorylated, ubiquitinated, and cross-

linked keratins and non-keratin components, are found in hepatocytes 

of many human liver disorders, as well as in neurodegenerative and 

muscle diseases. Interestingly, it has been revealed that autophagy 

participates in the elimination of MDB234. Chronic alcohol 

consumption leads to an inhibition of autophagy in the liver, suggesting 

that this pathway is a protective process against liver alcoholic diseases. 

Autophagosome formation augmented in an acute mouse model of 

binge alcohol consumption, which was shown to promote damaged 

mitochondria and lipid droplets removal235. In vitro, autophagy 

inhibition increases alcohol damage in hepatocytes, while in vivo, the 

induction of autophagy reduces alcohol-induced lipid accumulation, 

and autophagy inhibition aggravated steatosis. Autophagy, therefore, 

protects the liver from alcohol-induced injuries211,235.  
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Abstract  

Autophagy is a catabolic intracellular process highly conserved among 

eukaryotes. During this process cytoplasmic material and organelles are 

surrounded and enclosed by double-membranes, forming vesicles 

called autophagosomes. Fusion of the autophagosomes with the 

lysosome/vacuole permits to expose the inner membrane compartment 

to lytic enzymes allowing the degradation of the engulfed cellular 

components. Autophagy has been shown to be an essential process for 

the cell survival in a multitude of situations. At a basal level, this 

catabolic pathway allows the removal of protein aggregates and/or 

damaged organelles to preserve the cell homeostasis. Under diverse 

pathological and physiological situations, the cell responds by 

increasing the levels of autophagy activity to cope with developmental 

adaptations or stresses. As a result, autophagy onset is observed in 

numerous diseases including neurodegenerative disorders, cancer, and 

myopathies. The cellular roles of autophagy as well as the function of 

the autophagy related (Atg) proteins have been extensively studied in 

the last decade and significant advances have been achieved. However, 

a multitude of questions still have to be answered before understanding 

the regulation and mechanism of autophagy in its full complexity. One 

of the enigmas in the field of autophagy is the origin of the lipid bilayers 

composing autophagosomes. While a considerable effort has been 

invested in solving this question during the past years, a consensus has 

not been reached yet. In this chapter, we discuss the studies, large part 

performed in yeast and mammalian cells, which propose several 

organelles of the eukaryotic cell including the endoplasmic reticulum 

(ER), Golgi, mitochondria, endosomes, and plasma membrane, as the 

source of autophagosomal membranes. 

 

Introduction 

Autophagy is a highly conserved catabolic process essential to maintain 

cell and tissue homeostasis. In most of the situations, it plays a pro-

survival role and is induced in response to both external and 

intracellular cues, including amino acid deprivation, growth factor 

withdrawal, low cellular energy levels, ER stress, hypoxia, oxidative 
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stress, infections, and organelle damage1–4. Autophagy has been 

considered for a long time a nonselective process for bulk degradation 

of either long-lived proteins or cytoplasmic components to both recycle 

building blocks and help restoring the cellular energy balance during 

nutrient deprivation. Recent evidences, however, have revealed the 

existence of numerous types of selective autophagy used to specifically 

eliminate unwanted structures, including organelles and invading 

microorganisms. As a result, under specific conditions, 

autophagosomes can exclusively sequester and turn over protein 

inclusions caused by aggregate-prone or misfolded proteins (a process 

named aggrephagy), peroxisomes (pexophagy), mitochondria 

(mitophagy), ER (reticulophagy), ribosomes (ribophagy), secretory 

granules (zymophagy), and pathogens (xenophagy)5. 

 

The Autophagosomes 

Autophagy is characterized by the formation of cytoplasmic double-

membrane vesicles called autophagosomes with a diameter between 

300 and 900 nm6 (Figure 1). These carriers arise from a membranous 

cistern able to sequester cytoplasmic components while expanding. 

Complete autophagosomes subsequently fuse with lysosomes or plant 

and yeast vacuoles. In mammalian cells, this event is preceded by fusion 

with vesicles of the endocytic pathway and endosomes to form 

amphisomes7. During the fusion of autophagosomes with the 

lysosomes/vacuoles, the outer lipid bilayer of these carriers becomes 

part of the lysosome limiting membrane while the internal vesicles and 

their contents are exposed to lysosomal hydrolases and degraded. The 

metabolites resulting from this catabolic process are then recycled back 

to the cytoplasm by transporters present on the lysosomal membrane. 

 

The Autophagosomal Precursor Structures 

At the early stages of autophagosome formation, a portion of the 

cytoplasm is surrounded by a flat membrane sheet, which elongates by 

acquiring extra lipids and seals to sequester the cargo targeted for 

degradation (Figure 1)8. This cistern has been called phagophore or 

isolation membrane. Phagophores appear to be formed to a particular 
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location known as the phagophore assembly site or pre-autophagosomal 

structure (PAS) (Figure 1). Most of the studies on the PAS have been 

done in the yeast Saccharomyces cerevisiae , where this structure is 

always found in proximity to the vacuole9. The PAS is very likely an 

organizational site where probably a membrane acts at the very 

beginning as a docking platform for the hierarchical assembly of the 

Atg proteins10,11, the factors specifically involved in autophagosome 

biogenesis. Although recent studies in mammalian cells have indicated 

that a similar structure is present in high eukaryotes12, it remains largely 

unclear how the phagophores are generated. Two alternative 

mechanisms have been considered: The phagophore may be derived 

from a pre-existing membrane (maturation model), or assembled from 

membranous constituents at the site of genesis (assembly model)13. 

Although autophagy is highly conserved from yeast to mammals, there 

are some differences regarding the PAS. In yeast, only one PAS per cell 

is formed upon autophagy induction and consequently autophagosomes 

arise one after the other. In mammalian cells and in most of the other 

eukaryotic organisms, multiple PAS and thus autophagosomes are 

simultaneously generated throughout the cytoplasm before being 

transported via microtubule-associated motor proteins to the 

perinuclear region, where lysosomes are concentrating14. The reasons 

of this difference remain unknown. 

 

The Key Actors: The Atg Proteins 

The breakthrough discovery in the field of autophagy came with the 

isolation of the strains with a defect in this pathway in the yeast S. 

cerevisiae and Pichia pastoris15. The cloning of the mutated genes led 

to the identification of the autophagy-related (ATG) genes. Crucially, 

these genes were highly conserved from yeast to mammals, and this 

finding has provided the molecular tool to investigate autophagy in all 

eukaryotic organisms15. Within all the genes that have been shown to 

be involved in the autophagy, 16 of them are part of what is considered 

to be the minimal core machinery required to mediate the formation of 

a double-membrane vesicle15. Almost all of these core Atg proteins are 

cytoplasmic and associate to autophagosomal membranes upon 
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autophagy induction. This event appears to occur in a hierarchical 

manner leading to the organization and formation of the PAS16,17. 

Although the precise molecular role of the Atg proteins in rearranging, 

fusing and expanding autophagosomal membranes remains largely 

mysterious, they have been classified into five functional groups: (1) 

The Atg1/Ulk kinase complex, (2) the Atg9 cycling system, (3) the 

autophagy-specific phosphatidylinositol 3-kinase (PtdIns-3-K) 

complex I, and (4 and 5) the Atg12 and Atg8/LC3 conjugation systems 

(see Chap. 2 of this book for details). While the current model is that 

there is a direct sequential order in the assembly and interaction of these 

functional groups at the PAS, recent evidences indicates that some of 

them could independently associate with this specialized site18. 

 

Where Are Autophagosomes Originating From? 

The Challenge in Solving the Enigma of the Origin of the 

Autophagosomal Membranes 

Despite the advances in understanding the molecular mechanisms of 

autophagy, the origin of the membranes composing autophagosomes 

remains largely mysterious. Since the late 1950s, when morphologists 

working in mammalian cells first recognized autophagosomes as a 

unique compartment related to lysosomes and de Duve coined the term 

autophagy, there have not been specific molecular markers to study 

autophagosome biogenesis until the 1990s, when genetic screens in 

yeast led to the isolation of the ATG genes. Pioneering studies using 

standard biochemical techniques such as subcellular fractionation did 

not allow the identification of the membrane source because 

autophagosomes contents reflect the composition of the cytoplasm, 

making difficult the enrichment of a specific marker protein. 

Additionally, phagophores as well as autophagosomes have a relatively 

protein-poor membrane, which makes difficult to detect marker 

proteins of other cellular compartments and thus determine their 

origin19,20. While some studies have localized marker proteins of 

compartments such as the ER, Golgi, or mitochondria, to the isolation 

membrane and/or autophagosomes using these approaches, others 

failed to detect them21. Another approach used to identify the source of 
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the autophagosomal membranes has been the attempt to localize 

autophagosome protein markers to a specific subcellular compartment. 

Identification of the Atg proteins raised expectations. Most Atg 

proteins, however, are only transiently associated with the phagophores 

and/or autophagosomes, and do not localize to other cellular 

compartments. Because of their immersion into lipid bilayers, 

transmembrane proteins are an optimal tool to follow membrane 

dynamics. To date, only two integral membrane proteins essential for 

autophagy, Vacuole Membrane Protein 1 (VMP1) and Atg9, have been 

identified and while Atg9 is present in all eukaryotes, VMP1 is only 

found in high eukaryotes, from worms to mammals22. The study of both 

of them, however, has presented some challenges (Sects. 2.2 and 2.4). 

All these practical difficulties made and make the determination of the 

origin of the autophagosomal membranes an extremely challenging 

task. Nonetheless, the biogenesis of autophagosomes as well as the 

molecular function of the Atg proteins, some of which are probably 

involved in the delivery and assembly of the lipid bilayers composing 

autophagosomes, remains a fundamental knowledge to be understood. 

Key proteins acting at the first stages of autophagosome formation are 

involved in several physiological and pathophysiological processes. As 

a result, the Atg proteins are the principal candidates for the 

development of new therapies based on the modulation of autophagy. 

Thus during the last decade, an important effort has been made to try to 

find the origin of the lipid bilayers composing autophagosomes using 

advanced technologies like live-cell imaging and electron 

tomography8,23. Here we review the past and the more recent 

experimental evidences that have led to the implication of various 

subcellular organelles as the potential source of autophagosomal 

membranes (Figure 1). 

 

The Endoplasmic Reticulum 

One of the first experimental evidences connecting the ER and 

autophagosomes was provided by the laboratory of Bill Dunn in 1990. 

Using morphological techniques combined with immunological 

reactions, the presence of organelle-specific proteins was explored on 
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Figure 1. Schematic representation of the proposed membrane sources 

for autophagosome biogenesis. All the organelles that have been implicated 

in providing membranes to one or more autophagosomal intermediates, i.e., 

phagophore or expanding phagophore, are represented in this draw. 

Continuous arrows highlight the existence of experimental data supporting 

the notion of a contribution of lipid bilayers whereas dashed arrows indicate 

a postulated or still to be firmly demonstrated involvement. 
 

the limiting membranes of nascent or newly formed autophagosomes in 

amino acid-starved rat livers24. Protein markers of the rough ER were 

detected on these intermediates while those of the Golgi, plasma 

membrane, and endosomes were absent. Other studies where rat liver 

membranes were fractionated showed that the fractions enriched in 

autophagosomal membranes contained marker proteins of the ER but 

not of the Golgi25–27. This notion was later indirectly supported by the 

observation that yeast mutants with a defect in COPII-mediated 

transport out of the ER display an impairment in autophagy28, 

something also supported by studies in infected cells. Specifically, the 

Listeria monocytogenes - containing compartment present in the 
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cytoplasm of infected macrophages, which appears to have an 

autophagosomal origin, is positive for the rough ER marker protein 

disulphide isomerase (PDI)29. Moreover, the expression of poliovirus 

proteins in COS-1 cells induced the formation of double-membrane 

vesicles from the ER that morphologically resemble autophagosomes30. 

The study of Double FYVE domain-Containing Protein 1 (DFCP1), a 

PtsIns3-P binding protein, provided the first convincing evidences that 

ER could be the source for autophagosomal membranes. DFCP1 

localizes to the ER and Golgi in fed cells and upon amino acid 

deprivation, it translocates to cytosolic punctate structures, which are 

LC3- and ATG5-positive31. This redistribution requires direct PtdIns-

3-P recognition as well as proteins such as BECLIN 1 and PI3KC3 

composing the autophagy-specific PtdIns-3-K complex responsible for 

PtdIns-3-P production. Importantly, live-cell imaging studies have 

shown that these punctate structures, formed 30 min after autophagy 

induction, are ring-shape membranous protrusions surrounding the 

autophagosomal marker protein LC3. Because they are frequently seen 

in association with the underlying ER assuming an Ω-like 

conformation, the authors named them omegasomes. Live-cell imaging 

experiments revealed the intimate connection between omegasomes 

and nascent autophagosomes31. At the early stages of the formation of 

an autophagosome, a small amount of DFCP1 concentrates at the edge 

of an ER strand. As the DFCP1-positive region gets enlarged, LC3 

begins to accumulate in very close proximity to it. Subsequently, the 

omegasome extends and fully encircles the LC3-positive central 

precursor structure before the LC3-positive autophagosome exits the 

omegasome and all the DFCP1 is reabsorbed into the ER. Recently, 

more ATG proteins have been localized to the omegasomes32,33. 

Together, all these data point to the omegasomes being the site where 

at least a subset of PAS and phagophores are formed (Figure 2). Two 

electron tomography-based studies have reinforced the idea that the 

omegasomes are specialized ER domains where autophagosomes are 

generated. In a first work, the three-dimensional reconstructions of 

areas with nascent autophagosomes have uncovered that the ER cisterns 

are positioned in parallel to the phagophores, inside and outside34 
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(Figure 2). In addition, these tridimensional projections have revealed 

that the ER cisterns in the interior of the phagophore extend into the 

cytoplasm through the open end of the phagophore. In addition, they 

have also shown that the ER and the phagophore membranes are 

connected by narrow points of contacts suggesting the possibility that 

there is a lipid transfer between these two organelles34. A second 

investigation using the same ultrastructural approach and taking 

advantage of an inactive mutant of ATG4B, which causes the 

accumulation of phagophores, reached the same conclusions35. The 

authors also showed that the connections between the ER and the 

phagophore disappear when this later structure becomes an 

autophagosome. Finally, immuno-electron microscopy analysis 

demonstrated that these associations between the ER and nascent 

autophagosomes are omegasomes because positive for DFCP135. All 

these evidences indicating that the ER could be the principal origin of 

the autophagosomal membranes have also been highlighted by a study 

about ATG14, the autophagy-specific subunit of the PtdIns-3-K 

complex I36,37. While PtdIns-3-P is thought to be restricted to endocytic 

compartments and being absent in the ER38, omegasomes are PtdIns3P-

enriched membranes31. The work of Yoshimori and colleagues 

demonstrated that ATG14, a protein essential for omegasome 

formation, is the molecular connection between PtdIns3P and the ER. 

ATG14 exhibits both a punctate pattern and ER localization. The 

ATG14 puncta colocalize with marker proteins of the autophagosomal 

membranes, including DFCP1, indicating that those are 

autophagosomal intermediates. The formation of the ATG14-positive 

puncta is induced under autophagy conditions supporting a notion 

where ATG14, which constitutively resides in the ER, concentrates to 

specific sites on this organelle from which the 

phagophores/omegasomes will emerge. In agreement with this model, 

ATG14 knockdown impaired the formation of the DFCP1-positive 

omegasomes. Furthermore, ATG14 is essential for the recruitment of 

the PtdIns-3-K complex I to the ER, a crucial event for autophagosome 

formation either in basal or starvation conditions. Conversely, 

overexpression of ATG14 increases the amount of PtdIns3P positive 
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puncta while the overexpression of a mutant form unable to localize to 

the ER does not32. ATG14 thus appears to provide the landmark for the 

recruitment of the PtsIns-3-K complex I and the local production of 

PtdIns-3-P essential for the recruitment of its effectors that lead to 

subsequent events required to form autophagosomes from the ER. On 

the same line, VMP1, a transmembrane protein only present in high 

eukaryotes and also essential for autophagosome biogenesis39, can be 

found in the ER under certain circumstances40 and it co-localizes with 

ULK1 and ATG14 upon autophagy induction16. 

 

Mitochondria 

In a recent study, the group of Lippincott-Schwartz has provided 

evidences for a possible direct link between mitochondria and 

autophagosomes biogenesis under starvation conditions in mammalian 

cells41. They found colocalization between a fluorescence chimera 

targeted to the outer mitochondrial membrane and the autophagosomal 

protein markers LC3 and ATG5. Moreover, electron micrographs 

showing an association between mitochondria and autophagosomes, 

and fluorescence photobleaching techniques to study the dynamics 

distribution of fluorescence reporter proteins between these two 

organelles, revealed a membrane continuity between mitochondria and 

nascent autophagosomes42. As a result, it was proposed that these 

structural connections are key in the transfer of lipids required to 

support the phagophore expansion. Conjugation of LC3 to PE is 

essential in the process leading to the biogenesis of an 

autophagosome43,44 and mitochondria are one of the main locations 

where PEis synthesized via phosphatidylserine (PS) decarboxylation45. 

PS is principally synthesized in the mitochondria associated 

microdomains (MAMs), the interaction sites between the ER and 

mitochondria46. The rate-limiting step in the conversion of PS into PE 

is the transport of newly synthesized PS to mitochondria.  
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Although the mechanism of this lipid translocation remains unknown, 

it is very likely to occur through the MAMs45. In yeast, components of 

these ER-mitochondria interaction sites, also known as the ER-

Mitochondria Encounter Structures (ERMES), are functionally 

connected to phospholipid biosynthesis47. It has been found that one 

protein involved in the regulation of mitochondrial dynamics, 

 

Figure 2. The putative mechanism for omegasome biogenesis. (a) 

Omegasome formation. Upon autophagy induction, one of the events 

occurring is the association of the PtdIns-3-K complex (composed by Beclin 

1, Atg14L, hVps15 and hVps34) with membranes of the rough ER very likely 

through Atg14L. At this location, this complex generates PtdIns-3-P, a 

phosphoinositide that plays a key role in triggering the recruitment of several 

additional Atg proteins, including DFCP1 and the members of the WIPI 

protein family, which directly bind to this lipid. (b) Autophagosome 

biogenesis from omegasomes. At the omegasome, the phagophore is derived 

from the ER (step 1) and subsequently extends in between two ER cisterns 

by probably acquiring extra lipids through contact sites with the ER (step 2). 

The fusion of the two extremities of the expanding phagophore leads to its 

detachment from the ER and formation of an autophagosome (step 3). 

Adapted from Tooze and Yoshimori (2010). 

Autophagosome

ER

STEP 1

Phagophore biogenesis

STEP 3

Phagophore closure

STEP 2

Phagophore elongation

Beclin 1

Atg14L

Vps15

ER

Phagophore

D
F

C
P

1
PtdIns3K

Vps34

WIPI

Atg proteins

ribosome

PtdIns3P



Chapter 2   

68 

Mitofusin 2 (MFN2) is also mediating the tethering between 

mammalian ER and mitochondria but it remains unknown whether this 

protein is part of the ERMES48. Nevertheless, cells where MFN2 has 

been depleted display a severe defect in autophagosome formation 

supporting a model where mitochondria may provide at least part of the 

autophagosomal lipids42. 

 

The Golgi Complex 

When analyzing the morphology and formation of the protein granules 

in the fat body cells of the butterfly Calpodes ethlius, Locke and Collins 

observed isolation membranes derived from the Golgi surrounding the 

protein granules targeted to degradation, which were finally leading to 

the formation of autophagosome-like compartments49. Later, the 

concept of the Golgi contributing to autophagy was reinforced by 

ultrastructural studies showing that the growing extremities of the 

phagophore and a section of the complete autophagosome can be 

decorated with lectins that recognize glycans exclusively present in 

post-Golgi membranes50. More recently, various molecular components 

of the Golgi have been linked to the process of autophagy further 

supporting the notion that this organelle could be involved in supplying 

at least part of the membranes composing autophagosomes. The late 

compartments of the Golgi system have been linked to autophagosome 

biogenesis in various ways. In yeast, the late Golgi guanosine exchange 

factor (GEF) Sec7 and its downstream Arf GTPases are indispensable 

for autophagy51,52. Inactivation of Sec7 does not impair the formation 

of the PAS and phagophore but rather the expansion of this precursor 

structure suggesting a role of the Golgi in providing lipid bilayers 

required for the completion of autophagosomes51. Another yeast GEF 

protein, Sec2, and its effector, the Rab GTPase Sec4, which are 

associated with secretory vesicles generated from the Golgi, are also 

essential for autophagy53. The authors of this later work hypothesized 

that some components at the trans -Golgi network (TGN) such as Sec2 

and Sec4 could redirect the membrane flow from the secretory pathway 

to the autophagosome biogenesis during autophagy-inducing 

conditions53. While under normal growth conditions, the small GTPase 
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RAB33B is present in the cis -Golgi and functions in the Golgi-to-ER 

retrograde transport, starvation conditions trigger its recruitment to 

LC3- and ATG16L1-positive autophagosomal membranes where it is 

in association with the ATG12-ATG5-ATG16L1 complex through 

direct binding to ATG16L154. This interaction appears to be involved 

in modulating the fusion of autophagosomes with lysosomes, and it also 

requires the activity of OATL1, a Rab GTPase-activating protein 

(GAP) specific for RAB33B, to be recruited to autophagosomal 

membranes via the binding to LC3. It remains to be established whether 

RAB33B modulates the assembly of Golgi-derived membranes with the 

autophagosomal ones. RAB24 localizes to the ER, cis-Golgi and the 

ER-Golgi intermediate compartment in presence of nutrients but when 

those are removed, it relocalizes to autophagosomes labelled with both 

LC3 and the dye monodansylcadaverine55. Further studies will be 

necessary to precisely define the role of this component and allow to 

uncover whether it is related with the Golgi membranes transport to 

form the autophagosome. In this situation as well, it is unclear whether 

the change in RAB24 subcellular distribution reflects a variation in the 

direction of the membrane flux through or from the Golgi. Finally, it 

has recently been discovered that the Golgi transmembrane protein Ema 

and the peripheral membrane protein Lva are associated with 

autophagosomes generated in response to starvation in Drosophila fat 

body cells56. In absence of Ema, autophagosome are still formed but 

their size is strongly reduced suggesting that Golgi membranes are 

necessary for the phagophore elongation in this tissue56. Indirectly, the 

Golgi is certainly involved in supplying at least part of the lipid bilayers 

composing autophagosomes. The Atg9-positive membranes are playing 

a pivotal role in the formation of the PAS10,11,57,58 and because these 

structures cycle to and from this site59, it has been also hypothesized 

that the Atg9-containing membranes could relevantly contribute to the 

autophagosome biogenesis. While this could be true in high eukaryotes 

because ATG9 dynamically associate and dissociate from the sites 

where autophagosomes are formed58, in yeast it appears that the initial 

pool of Atg9 forming the PAS is retrieved only when autophagosomes 

are completed10. Importantly, the Atg9-containing membranes are 
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derived from the Golgi in yeast10,11,60 and part of them are associated 

with the TGN in mammals58,61. Thus, it cannot be excluded that some 

of the Golgi proteins that have been implicated in autophagosome 

biogenesis mediate the delivery of Atg9-containing membranes to the 

nascent autophagosomes. For example, Ypt1 and its autophagy-specific 

GEFs, i.e., the TRAPIII complex, are thought to be involved in the 

tethering of the Atg9 containing structures with the PAS, as Ypt1 was 

shown to colocalize with Atg9-containing membranes and the ATG9 

deletion decreases the colocalization degree between Trs85 and Ypt162. 

Another observation supporting this notion was the impairment of Atg9 

containing membranes anterograde movement to the PAS, in yeast, in 

sec2 and sec4 mutants53. Finally Bif-1, a protein interacting with Beclin 

1 and essential for autophagy63, appears to regulate Atg9 trafficking by 

mediating the fission of Golgi membranes during autophagy63. 

 

The Endosomes 

The fusion of early endosomes with early autophagosomal 

intermediates was firstly observed in the 1990s in exocrine pancreas 

cells64. Later this event was shown to take place at different stages of 

the endocytic and autophagic pathways, but it occurs predominately 

with initial autophagosomal structures at least in hepatocytes65. 

Recently, Longatti and colleagues have found that ULK1 localizes to 

recycling endosomes positive for both RAB11, a Rab GTPase essential 

for the regulation of the recycling of the endocytosed proteins, and the 

transferrin receptor (TfnR). Additionally they showed that RAB11 and 

TBC1D14, which acts as a RAB11 effector, direct the recycling 

endosomes to merge with nascent autophagosomes labeled with LC366. 

Interestingly, ATG9 is also found in the recycling endosomes, where it 

interacts with the TfnR66. Together, these data indicate that the 

recycling endosomes play a key role in the early events of the PAS 

and/or phagophore formation. RAB5, a small GTPase that acts on the 

regulation of the early endocytic pathway in mammalian cells, is an 

activator of PI3KC3 by being part of the complex that comprises 

PI3KC3 and BECLIN 1 that localizes to ATG5-positive 

autophagosomal precursors. The important role of this protein is also 
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elicited by the fact that inhibition of RAB5 activity results in both a 

decrease in the formation of LC3-positive autophagosome and a 

concomitant accumulation of ATG5-positive autophagosomal 

precursors, supporting the idea that early endosomal functions may be 

connected with the biogenesis of autophagosomes67.  

 

The Plasma Membrane 

The plasma membrane (PM) has recently been shown to contribute to 

the formation of early autophagosomal intermediates. In particular, 

ATG16L1 was shown to be present in vesicles derived from the PM, 

positive for other early autophagosomal marker proteins such as ATG5 

and ATG12, and therefore considered to represent autophagosomal 

precursor structures. These vesicles are formed by clathrin coat-

mediated endocytosis through a process that requires the small G 

protein ARF6 and the local generation of phosphatidylinositol-4,5-

biphosphate, and they mature into autophagosomes through a 

mechanism that remains to be characterized68,69. Interestingly, the same 

laboratory has also revealed that these ATG16L1-postive vesicles must 

undergo SNARE-mediated homotypic fusion to generate what appears 

to be a successive autophagosomal precursor of larger size70. The 

authors hypothesized that the PM contribution to the autophagosome 

biogenesis may be crucial especially during high autophagy activity, 

because the PM surface could represent an important reservoir to avoid 

interfering with processes carried out by other potential membrane 

source compartments. 

 

How to Rationalize All the Findings 

In this chapter we have reviewed the different hypothetical origin of the 

lipid bilayers composing autophagosomes. While a lot of effort has 

been invested in solving this central question in the field of autophagy, 

the fact that several organelles have been implicated in being the source 

of the autophagosomal membranes has create somehow confusion. Are 

all these observation in contradiction? Obviously, all the studies 

supporting that a specific organelle provides the membranes necessary 

for the formation of the autophagosomes have to be the subject of 
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additional examinations, but it could also be possible that there are in 

fact multiple origins. One potential scenario could be that organelles 

such as the plasma membrane, the endosomes, and the Golgi (or Golgi 

derived Atg9-containing membranes) all provide membranes to form 

the initial PAS and/or phagophore whereas other organelles like the ER 

and the mitochondria provides the extra lipids necessary to expand the 

phagophore into an autophagosome. This notion is supported by the 

observation that at least in certain situations, clusters of Atg proteins 

are independently recruited and assembled to the site where the PAS 

and/or an early autophagosomal precursor structure will be 

formed18,71,72. Another possibility could be that the membrane source 

could vary depending on the cellular cue or stress inducing autophagy73. 

The observed differences could also reflect tissue- and organism-

specific diversities. On this line, cells could also draw from one or more 

additional membrane reservoirs when there is need to sustain an intense 

autophagy activity or generate autophagosomes of huge dimensions 

like during the invasion of specific bacteria such as Streptococcus 

aureus74. Finally, the functional connections between autophagosomes 

and a specific organelle could also be dictated by the type of selective 

autophagy that is triggered. For example, one would imagine that the 

cell is not using membranes from damaged organelles that have to be 

turned over by autophagy. The mystery of the origin of the 

autophagosomal membranes has intrigued researchers working in the 

field of autophagy for decades. The recent data have revealed the 

complexity of this issue in its entirety and highlighted the necessity of 

additional investigations. These future studies will also be pivotal in 

helping us understanding better the regulation and mechanism 

underlying autophagosome biogenesis. 
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Abstract 

Deconjugation of the Atg8/LC3 protein family members from 

phosphatidylethanolamine (PE) by Atg4 proteases is essential for 

autophagy progression, but how this event is regulated remains to be 

understood. Here, we show that yeast Atg4 is recruited onto 

autophagosomal membranes by direct binding to Atg8 via two 

evolutionarily conserved Atg8 recognition sites, a classical LC3-

interacting region (LIR) at the C-terminus of the protein and a novel 

motif at the N-terminus. Although both sites are important for Atg4–

Atg8 interaction in vivo, only the new N-terminal motif, close to the 

catalytic center, plays a key role in Atg4 recruitment to autophagosomal 

membranes and specific Atg8 deconjugation. We thus propose a model 

where Atg4 activity on autophagosomal membranes depends on the 

cooperative action of at least two sites within Atg4, in which one 

functions as a constitutive Atg8 binding module, while the other has a 

preference toward PE-bound Atg8. 

 

Introduction 

Autophagy is a highly conserved catabolic process that under stress 

conditions, such as nutrient starvation, allows the cell to degrade part 

of its content in a regulated manner in order to maintain cell 

homeostasis1. It also allows the turnover of a large number of unwanted 

structures including defective proteins, dysfunctional organelles, and 

invading pathogens2. As a result, impairments or defects in autophagy 

lead to different human diseases and disorders such as cancer and 

neurodegenerative disorders3,4. 

Autophagy is characterized by the sequestration of structures targeted 

for destruction into autophagosomes, which fuse with 

lysosomes/vacuoles to expose their cargo to the degradative activity of 

the hydrolases present in their lumen5,6. Autophagosomes are formed 

by nucleation and subsequent expansion of a cistern known as the 

phagophore or isolation membrane. This event takes place at the so-

called phagophore assembly site or pre-autophagosomal structure 

(PAS), as the result of the orchestrated action of the Atg proteins5,6. 
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One central component of the conserved core Atg machinery is the 

Atg8/LC3 ubiquitin-like protein family with the sole yeast member 

Atg8 and seven mammalian orthologues7. These molecules have an 

important role in the phagophore expansion and closure8–11. Atg8/LC3 

associates to the outer and inner membrane of the phagophore12. On the 

outer surface, Atg8/LC3 proteins appear to form a coat around the 

autophagosome13. Within the inner surface, they play an important role 

in selecting cargoes targeted for degradation by binding them through 

specific receptors14. The association of Atg8/LC3 proteins to 

autophagosomal membranes depends on their conjugation with 

phosphatidylethanolamine (PE), a molecular process that was initially 

and thoroughly characterized in yeast15. The formation of Atg8-PE 

requires the constitutive post-translational priming of Atg8, which 

involves its C-terminal processing by the Atg4 protease to expose a 

glycine residue16,17. Upon autophagy induction, the sequential action of 

the E1-like enzyme Atg7 and the E2-like enzyme Atg3 together with 

the Atg12–Atg5–Atg16 complex catalyzes the formation of an amide 

bond between the carboxyl group of the exposed glycine in Atg8 and 

the amino group of PE18,19. Once the autophagosome is completed, the 

Atg machinery, including Atg8, is released from its surface and 

recycled. As for the priming event, deconjugation of Atg8 from PE also 

relies on the catalytic activity of Atg413,17. Atg4 also releases error-

prone conjugated Atg8 from various cellular membranes, which was 

shown to be essential for normal autophagy progression in yeast20,21. 

Similarly, human ATG4B and ATG4D activities are important for 

autophagosome fusion with degradative compartments in human 

erythroblasts during differentiation22. Moreover, overexpression of 

human ATG4B reduces autophagy levels23,24. Altogether, these 

observations suggest that the regulation of Atg4 activity is likely to be 

an essential step for the control of autophagy, but the mechanism 

underlying this event is far from being understood. 

Members of the Atg4 protein family have been exclusively detected in 

the cytoplasm, with the exception of yeast Atg4, which also localizes to 

the nucleus under autophagy-inducing conditions21,25,26. Surprisingly, 

Atg4 proteins have not been detected on forming and/or complete 
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autophagosomes. As a result, the observed localization of Atg4 and its 

action on other cellular membranes has led to the hypothesis that the 

Atg8-PE pool on forming autophagosomes is maintained by either an 

unbalanced Atg8-PE conjugation/deconjugation kinetics and/or the 

presence of factor protecting Atg8-PE from Atg4 activity20,21. In this 

study, we demonstrate that yeast Atg4 can be recruited to 

autophagosomal membranes during autophagy. This is mediated by its 

binding to Atg8 via conserved Atg8 recognition sites, which in turn play 

a role in the efficient deconjugation and release of Atg8 from lipid 

bilayers. Our results thus reveal the existence of a mechanism that 

regulates the association of Atg4 onto autophagosomal membranes that 

is essential for normal autophagy progression. 

 

Results 

Atg4 associates with the PAS In order to better understand how Atg4 is 

regulated, we analyzed its subcellular localization. Under autophagy-

inducing conditions, endogenous Atg4-GFP was mainly found in the 

cytoplasm and in the nucleus, but also rarely in punctate structures 

corresponding to the PAS highlighted with the specific marker proteins 

RFP-Ape1 and mCherry-Atg8 (Figure 1A–C). This observation is 

largely in agreement with a previous report21, in which it was concluded 

that Atg4 can act on all intracellular membranes because of its dispersed 

localization.  The sporadic localization of Atg4 at the PAS, however, 

could also be explained by this being a transient event that takes place 

at a precise time interval during autophagosome biogenesis. Indeed, 

timelapse live-cell imaging showed that Atg4-GFP is always recruited 

when or after the formation of mCherry-Atg8-positive PAS, and leaves 

this structure before its disappearance, what is probably when the fusion 

of the complete autophagosome with the vacuole happens (Figure EV1 

and Movie EV1). In order to modulate such dynamic association and 

possibly detect a more pronounced population of Atg4 at the PAS, we 

decided to inspect the localization of this protease in cells lacking Atg1, 

one of the core Atg proteins to stall autophagosome formation at an 

early step27. As shown in Figure 1A–C, Atg4-GFP puncta formation 

and its colocalization with the PAS marker proteins RFP-Ape1 and 
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mCherry-Atg8 significantly increased in atg1Δ cells. Altogether, these 

results show that Atg4 is recruited to the PAS. 

 

Atg8 is required for Atg4 association with the PAS 

To determine how the recruitment of Atg4 to the PAS is mediated, we 

investigated the localization of this protein in cells lacking various Atg 

proteins belonging to different functional clusters. In absence of 

components that are part of the Atg1 complex (Atg13), the Atg9 

trafficking system (Atg2, Atg9, and Atg18) and the 

phosphatidylinositol 3-kinase complex (Atg6 and Atg14), Atg4-GFP 

was detected in single puncta but the percentage of cells displaying this 

profile varied between the different knockout strains (Figures EV2A 

and B). In contrast, no Atg4-GFP-positive punctate structures were 

observed and Atg4 was exclusively nuclear and cytoplasmic, when 

proteins of the two ubiquitin-like conjugation systems (Atg7, Atg8, 

Atg10, Atg12, and Atg16) that link Atg8 to PE were knocked out 

(Figure 1D). This result indicates that Atg8-PE is very likely the factor 

involved in Atg4 recruitment to the PAS. To further confirm that this is 

indeed the case, we deleted components of the two ubiquitin-like 

conjugation systems (i.e., Atg3, Atg7, Atg8, Atg10, Atg12, and Atg16) 

in the atg1Δ strain, in which we had observed the most pronounced 

association of Atg4 to the PAS (Figure 1A–C). In the resulting double 

knockout strains, Atg4-GFP was not distributed in punctate structures, 

but instead it was exclusively cytosolic and nuclear (Figure EV2C), 

reinforcing the notion of a key role of Atg8-PE in Atg4 recruitment to 

the PAS.  

 

Atg4 contains several putative LIR motifs 

Since Atg8 appeared to be responsible for the Atg4 association with the 

PAS, we investigated whether this event requires binding between these 

two proteins. It has been reported that recombinant Atg4 and Atg8 bind 

directly in vitro28. To determine whether this interaction also takes place 

in vivo, as shown for ATG4B in mammalian cells24, TAP-tagged Atg4 

was used to immunoprecipitate GFP-Atg8 from cell lysates. 
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Figure 1. Atg4 localizes to the PAS during autophagy. A) Subcellular distribution 

of Atg4-GFP under autophagy-inducing conditions in WT and atg1Δ strains 

expressing the PAS marker proteins RFP-Ape1 (SAY071 and SAY020) and 

mCherry-Atg8 (MNY006 and SAY010 transformed with pCumCherryV5Atg8). DIC, 

differential interference contrast. Scale bars, 5 µm. B) Percentage of cells in which 

Atg4-GFP is observed in a punctate structure in the experiments depicted in panel 

(A). Data represent the average of three independent experiments ± standard deviation 

(SD). C) Percentage of Atg4 puncta co-localizing with the PAS marker proteins Atg8 

and Ape1 in the experiments shown in panel (A). Data represent the average of three 

independent experiments ± SD. D) Localization of Atg4-GFP in WT (MNY006), 

atg1Δ (SAY10), atg7Δ (SAY014), atg8Δ (SAY015), atg10Δ (SAY059), atg12Δ 
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(SAY029), and atg16Δ (SAY064) mutant strains, under starvation. Cells were 

analyzed by fluorescence microscopy as in panel (A). DIC, differential interference 

contrast. Scale bars, 5 µm. 

 

As shown in Figure 2A, Atg4-TAP was able to specifically pull down 

Atg8, showing that these two proteins interact in vivo as well. Most 

proteins known to bind Atg8 possess a so-called LC3-interacting region 

(LIR) or Atg8-interacting motif characterized by a consensus amino 

acid sequence W/F/Y-x-x-L/I/V (where x is any amino acid), which is 

often preceded by negatively charged amino acids14,29. Scrutiny of the 

amino acid sequence of Saccharomyces cerevisiae Atg4 revealed the 

presence of four putative LIR (pLIR) motifs, two of which are 

evolutionarily conserved, amino acids 102–105 (pLIR2) and 424–427 

(pLIR4), and two being yeast-specific, amino acids 36–39 (pLIR1) and 

446–449 (pLIR3) (Figures EV3A and B). To determine which of these 

sequences might be a functional LIR motif essential for Atg4 

recruitment to the PAS, we changed the key amino acids at position 1 

and 4 (i.e., W/F/Y and L/I/V) of each putative LIR motif into alanines 

creating four Atg4 point mutants, namely Atg4pLIR1, Atg4pLIR2, 

Atg4pLIR3, and Atg4pLIR4. We then expressed the 13xmyc-tagged Atg4 

pLIR mutants in an atg4Δ strain carrying GFP-Atg8ΔR, a form of Atg8 

already primed to exclude potential influences of a non-identical first 

cleavage by the Atg4 variants, before generating cell extracts and 

immunoprecipitating GFP-Atg8. As shown in Figures 2B and C, GFP-

Atg8ΔR specifically pulled down wild-type (WT) Atg4-13xmyc and 

Atg4pLIR3-13xmyc under starvation conditions. This co-isolation, 

however, was strongly impaired in cells expressing Atg4pLIR2-13xmyc 

but also in those carrying AtgpLIR1-13xmyc and Atg4pLIR4-13xmyc, 

indicating that the mutated domains in these constructs play a role in 

the interaction between Atg4 and Atg8 in vivo. 

 

The pLIR2 motif in Atg4 is essential for autophagy 

We next investigated whether the mutations in the putative LIR motifs, 

causing the observed reduction in Atg8 association with Atg4, have any 

effect on autophagy. Therefore, the 13xmyc-tagged Atg4 pLIR variants 

were expressed in cells lacking the endogenous ATG4 gene before 
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measuring both the cytoplasm-to-vacuole targeting (Cvt) pathway 

progression, by assessment of Ape1 maturation30, and autophagy, using 

the Pho8Δ60 assay31. Although cells expressing Atg4pLIR1, Atg4pLIR3, 

and Atg4pLIR4 did not display an evident defect in neither the Cvt 

pathway nor bulk autophagy, the strain carrying the Atg4pLIR2 mutant 

revealed an impairment in both pathways (Figures 2D–F and EV4). As 

a positive control, we used the catalytically inactive protease-dead Atg4 

(Atg4PD) mutant in which the key cysteine in the active site is mutated 

into a serine, making Atg4 unable to process Atg817. Importantly, 

Western blot analysis of protein extracts with an anti-myc antibody 

showed that cellular levels of Atg4pLIR2 were identical to those of WT 

Atg4 demonstrating that the defects of Atg4pLIR2-expressing cells were 

not due to a protein instability caused by the introduced mutations 

(Figures 2D and EV4A). We concluded that the conserved region of 

Atg4 comprised between amino acids 102 and 105 plays an important 

role in autophagy. 

 

The Atg4 pLIR2 plays a major role in Atg8-PE deconjugation 

Next, we explored whether the autophagy defect in cells expressing 

Atg4pLIR2 is caused by an impairment of either Atg4 dependent 

proteolytic priming of Atg8 in the cytosol or the deconjugation of Atg8-

PE from autophagosomal membranes. First, we assessed the initial 

post-translational C-terminal cleavage of Atg8 by Atg4 using the Atg8-

GFP chimera16 under autophagy-inducing conditions. As expected, 

Atg8-GFP was effectively processed in atg4Δ cells expressing WT 

Atg4 whereas it remained intact in those carrying Atg4PD (Figures 3A 

and B). Importantly, all the Atg4 mutant proteins had normal 

proteolytic cleavage of Atg8-GFP except Atg4pLIR2, which displayed a 

very slight defect. 

Subsequently, we specifically analyzed the Atg8-PE deconjugating 

activity of the different Atg4 mutants in vivo by examining the 

distribution of GFP-Atg8ΔR in an atg4Δ background20,21. As reported, 

PE-anchored GFP-Atg8 failed to be released from the surface of 

autophagosomes before fusion with the vacuole in atg4Δ cells carrying 

either an empty vector or Atg4PD, and thus, the fluorescence signal 
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mainly localized to the vacuolar limiting membrane (Figures 3C and 

D) 20,21. Complementation of the atg4Δ mutant with Atg4, Atg4pLIR1, 

Atg4pLIR3, or Atg4pLIR4 led to normal GFP-Atg8 recycling and delivery 

into the vacuolar lumen20,21. Crucially, Atg4pLIR2-expressing atg4Δ 

cells showed a GFP-Atg8ΔR distribution pattern identical to the one of 

the strain carrying either an empty plasmid or Atg4PD, revealing a defect 

of Atg4pLIR2 in cleaving Atg8 from its PE anchor (Figures 3C and D). 

The fluorescence microscopy observations were confirmed by Western 

blot analysis after separation of free Atg8 from its PE-conjugated form 

in either Atg8 or Atg8ΔR expressing cells, which revealed a marked 

accumulation of Atg8-PE in atg4Δ cells expressing Atg4pLIR2 (Figure 

3E). We wondered whether the impairment of recycling Atg8 from its 

lipid bound form seen in the pLIR2 mutant variant is a result of its 

inefficient recruitment to the PAS. GFP-tagged Atg4, Atg4pLIR1, 

Atg4pLIR2, Atg4pLIR3, and Atg4pLIR4 were expressed in an atg1Δ mutant 

background, where endogenous Atg4-GFP was shown to be enriched at 

the PAS (Figure 1, Atg4pLIR1, Atg4pLIR2, Atg4pLIR3, and Atg4pLIR4 were 

expressed in an atg1Δ mutant background, where endogenous Atg4-

GFP was shown to be enriched at the PAS (Figure 1). The recruitment 

of Atg4pLIR2-GFP to the PAS was significantly reduced compared to 

WT Atg4-GFP and the other analyzed fluorescent chimeras (Figures 

4A–C). This reduction was very similar to the one observed in the 

Atg4PD-GFP strain, where the defect in Atg8 conjugation to PE does 

not allow Atg4 association with the PAS (Figures 4A–C). We 

concluded from these results that the conserved sequence within Atg4 

between positions 102 and 105 is important for the Atg4 recruitment to 

autophagosomal membranes and subsequent Atg8-PE deconjugation. 
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Figure 2. Atg4 LIR motif at amino acid position F102 to I105 is essential for 

autophagy. A) Atg4-TAP atg8Δ (yMS69) or atg8Δ (yCK765) strains carrying an 

empty plasmid (pRS416) or one expressing GFP-Atg8 (pCK15) were grown to a log 

phase and exposed to 220 nM rapamycin for 1 h before preparing cell extracts. Atg4-

TAP was subsequently immunoprecipitated using IgG magnetic beads. Finally, 

immunoprecipitates were 88nalysed by Western blot for GFP and protein A. B) The 

atg4Δ (SAY084) or the atg4Δ (JAY151) strains carrying the integrative GFP-ATG8ΔR 

plasmid were transformed with the centromeric plasmids expressing either Atg4-

13xmyc, Atg4pLIR1-13xmyc, Atg4pLIR2-13xmyc, Atg4pLIR3-13xmyc, or Atg4pLIR4-

13xmyc. The strains were exponentially grown before being nitrogen starved in SD-N 

medium for 1 h. Cell lysates were then subjected to pull-down experiments using GFP-

trap agarose beads. Isolated proteins, 1% of cell lysate (input) or 50% of the pull-down 

material (IP: GFP), were resolved by SDS–PAGE and analyzed by Western blot using 
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Impairment of Atg8 deconjugation is reflected in autophagosome 

size 

Next, we assessed the consequence of the observed defects caused by 

the Atg4 mutant variants on autophagosome biogenesis. Hence, we 

examined the accumulation of autophagic bodies (AB) in cells lacking 

the major vacuolar protease Pep4 by electron microscopy32. The 

atg4Δpep4Δ strain expressing Atg4pLIR2 exhibited a severe decrease in 

the number of AB in comparison to WT Atg4 and was similar to the 

one observed in the strains carrying Atg4PD or an empty vector (Figures 

5A and B). Moreover, the average diameter of the AB observed in the 

Atg4pLIR2 mutant was smaller than in atg4Δ cells expressing Atg4, 

Atg4pLIR1, Atg4pLIR3 and Atg4pLIR4 (Figure 5C). This result shows that 

the failure of the Atg4pLIR2 mutant in recycling Atg8 from Atg8-PE 

leads to a defect in autophagosome biogenesis. 

 

 

 

either anti-myc or anti-GFP antibodies. A schematic view of the distribution of the 

putative LIR motif (blue), that is, LIR1 (L1), LIR2 (L2), LIR3 (L3), and LIR4 (L4), 

and the catalytic site (red) over within Atg4 is presented on the bottom of the panel. C) 

Quantification of the experiments shown in panel (B). Values are relative to WT Atg4 

and represent the average of three independent experiments ± SD. Significant 

differences (P < 0.05) between cells expressing WT Atg4 were calculated using the 

paired two-tailed Student’s t-test, and they are indicated with the # symbol. D) The 

atg4Δ (SAY084) mutant was transformed with integrative vectors expressing 13xmyc-

tagged Atg4 (SAY173) or its mutant versions (Atg4PD, SAY174; Atg4pLIR1, SAY175; 

Atg4pLIR2, SAY176; Atg4pLIR3, SAY177; and Atg4pLIR4, SAY178). The resulting strains 

were grown to a log phase in SMD medium before being nitrogen starved in SD-N 

medium for 3 h. Proteins were precipitated with 10% trichloroacetic acid (TCA) and 

analyzed by Western blot using the anti-myc, anti-Ape1, and anti-Pgk1 antibodies 

(loading control). E) The percentages of prApe1 and mApe1 in the experiment shown 

in panel (D) were quantified, and values were plotted. Data represent the average of 

five independent experiments ± SD. F) The experiment described in panel (D) was 

repeated with the SAY130 strain (Pho8Δ60 pho13Δ atg4Δ) carrying an empty pRS416 

vector (atg4Δ) or plasmids expressing Atg4, Atg4PD, Atg4pLIR1, Atg4pLIR2, Atg4pLIR3, 

and Atg4pLIR4. Pho8Δ60 activity was subsequently measured before (SMD) or after 

(SD-N) the nitrogen starvation and expressed in arbitrary units (a.u.). Data represent 

the average of three independent experiments ± SD. Significant differences (P < 0.05) 

between cells expressing WT Atg4 were calculated using the paired two-tailed 

Student’s t-test, and they are indicated with the # symbol. 



Chapter 3   

90 

The pLIR2 motif is a novel Atg8 recognition site specific for 

membrane bound Atg8 

Even though several mutations within Atg4 cause a decreased 

association between Atg4 and Atg8, our results indicated that only 

mutation of the pLIR2 amino acid sequence has a negative impact on 

autophagy mainly due to an impairment of Atg8-PE deconjugation. We 

therefore reasoned that the area around pLIR2 could be important to 

specifically recognize conjugated Atg8 as a substrate. To confirm our 

hypothesis, we repeated the immunoprecipitation experiment with 

GFP-Atg8ΔR but in atg4Δatg3Δ cells in which Atg8 cannot be 

conjugated to PE due to the lack of the E2-like conjugation enzyme 

Atg3. Our results revealed that Atg4pLIR2 has no Atg8 binding defect in 

this strain background anymore and behaves like WT Atg4, while 

Atg4pLIR1 and Atg4pLIR4 still displayed a decrease in Atg8 association 

with various extents (Figures 5D and 6A). To acquire additional 

insights into the pLIR2 binding mode, we analyzed the interaction 

between Atg4pLIR2 and GST-ATG8 in vitro.  

In this experimental setup, Atg8 is present in its non-lipidated form. As 

a control, we used Atg4pLIR4 since it is the only other evolutionarily 

conserved motif in Atg4 and very recent work has shown that this area 

is a LIR motif important for efficient cleavage of LC3/GABARAP 

proteins by ATG4B33. As shown in Figure 5E, in vitro translated and 

radiolabeled Atg4 and Atg4pLIR2 specifically bound to Atg8, while 

Atg4pLIR4 lost its association with Atg8 almost completely. Based on 

these experiments and our in vivo data, we concluded that Atg4 pLIR4 

is a bona fide LIR motif that constitutively binds Atg8. Therefore, we 

named it cLIR (C-terminal LIR). In contrast, pLIR2 is a novel Atg8 

recognition site with a specificity for Atg8-PE rather than non-lipidated 

Atg8. We thus renamed it ATG8-PE association region (APEAR). 
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Figure 3. Atg4 pLIR2 motif is essential for Atg8-PE deconjugation. A) The 

atg4D Atg8-GFP mutant (SAY113) was transformed with integration vectors 

expressing 13xmyc-tagged Atg4 (SAY173) or its mutant variants (Atg4PD, 

SAY174; Atg4pLIR1, SAY175; Atg4pLIR2, SAY176; Atg4pLIR3, SAY177; and 

Atg4pLIR4, SAY178). Proteins were TCA-precipitated and analyzed by Western blot 

using the anti-GFP antibody. B) The percentages of Atg8-GFP processed in the 

experiment shown in panel (A) were quantified and values were plotted. Data 

represent the average of three independent experiments ± SD. C) The atg4Δ strain 

carrying the integration plasmid pCuGFPAtg8ΔR(305) (JSY151) and an empty 

vector (atg4Δ) or plasmids expressing 13xmyc-tagged Atg4 variants (Atg4, 

Atg4PD, Atg4pLIR1, Atg4pLIR2, Atg4pLIR3, and Atg4pLIR4) were grown in SMD, labeled 

with the vacuole-specific dye CMAC, nitrogen starved in SD-N for 3 h, and 

imaged. DIC, differential interference contrast. Scale bars, 5 µm. D) Quantification 

of GFP-Atg8 distribution in cells imaged in panel (C): vacuole lumen, vacuole rim, 

or both localizations (lumen + rim). Data represent the average of three independent 

experiments ± SD. E) The atg4Δ (SAY084, top) and atg4Δatg8Δ ATG8ΔR 
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(RHY012, bottom) mutants were transformed with an empty vector or plasmids 

expressing the 13xmyc-tagged Atg4 variants (Atg4, Atg4PD, Atg4pLIR1, Atg4pLIR2, 

Atg4pLIR3, and Atg4pLIR4), and the resulting strains were grown to a log phase in 

SMD medium before being nitrogen starved in SD-N medium for 3 h. Proteins 

were precipitated with TCA and analyzed by Western blot using the anti-Atg8 and 

anti-Pgk1 antibodies. 

 

 
Figure 4. Atg4pLIR2 mutant recruitment to the PAS is reduced. A) The atg1Δ 

cells expressing integrated RFP-Ape1 and Atg4-GFP (SAY136) Atg4PD-GFP 
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(SAY137), Atg4pLIR1-GFP (RHY016), Atg4pLIR2-GFP (SAY139), Atg4pLIR3-GFP 

(RHY017), or Atg4pLIR4-GFP (RHY018) were grown in YPD to an early log phase 

and then starved for 3 h in SD-N medium before imaging. Scale bars, 5 µm. B) 

Percentage of cells in which Atg4-GFP is observed in a punctate structure in the 

experiments depicted in panel (A). Data represent the average of three independent 

experiments ± SD. Significant differences (P < 0.05) between the Atg4 mutants and 

the WT were calculated using the paired two-tailed Student’s t-test, and they are 

indicated with the symbol #. C) Percentage of Atg4 puncta co-localizing with the 

PAS marker proteins Ape1 in panel (A). Data represent the average of three 

independent experiments ± SD. 

 

APEAR and cLIR are cooperative Atg8 binding sites 

Next, we wondered whether the two evolutionarily conserved 

APEAR and cLIR motifs in Atg4 function together. To investigate 

their impact on Atg8 binding, we revisited the association between 

Atg4 and Atg8 when both sites are mutated. As depicted in Figure 

6B, the double mutant of Atg4, that is, Atg4APEAR,cLIR, reduces the 

interaction between the two proteins further compared to the single 

mutants, which suggests that APEAR and cLIR bind cooperatively. 

This notion was also supported by the fact that the strain carrying 

Atg4APEAR,cLIR displayed a defect in the Cvt pathway much more 

pronounced than the one observed for the single mutants (Figure 6C 

vs. Figure 2D and E). We further found that autophagy is similarly 

blocked in the double Atg4APEAR,cLIR mutant as in Atg4PD and 

Atg4APEAR (Figure 6D). 

When we examined the priming of Atg8 using Atg8-GFP, the double 

Atg4 mutant showed an enhanced impairment in cleaving GFP from 

Atg8 than the single Atg4 mutants (Figure 7A). Furthermore, 

deconjugation of Atg8-PE from the autophagosomal membrane also 

proved to be almost completely abolished in an atg4Δ strain carrying 

the Atg4APEAR,cLIR mutant when analyzing the cellular distribution of 

GFP-Atg8ΔR by fluorescence microscopy and Atg8-PE levels by 

Western blot (Figure 7B–D). Finally, we tested the ability of the 

different Atg4 mutants to deconjugate Atg8-PE in vitro. Atg4 and 

Atg4cLIR were deconjugating Atg8-PE on liposomes with very similar 

kinetics (Figure 7E). In contrast, Atg4APEAR and Atg4APEAR,cLIR 

displayed a complete defect in releasing Atg8 from its lipid anchor. 

From these results, we draw the conclusion that Atg4APEAR and 
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Atg4cLIR associate with Atg8 cooperatively and that both sites are 

important for Atg4 function. 

 

Discussion 

Atg8-PE deconjugation by Atg4 on autophagosomal membranes, but 

also other organelles, is critical for autophagy progression because it 

allows reusing Atg8 for autophagosome biogenesis11,20,21,34. Our 

study is in line with these findings and confirms the relevance of 

Atg8-PE deconjugation in autophagy. Additionally, it reveals that 

Atg4 can associate with autophagosomal membranes and that this 

recruitment is essential for Atg8-PE deconjugation at this location. 

Our data further suggest that an evolutionarily conserved amino acid 

motif plays an important role in Atg4 recognition of Atg8-PE and we 

have named it APEAR (Atg8-PE association region). We further 

define another conserved Atg8 recognition site at the C-terminus of 

Atg4, that is, cLIR, which, also in accordance with a recent 

publication33, is a LIR motif. Together with APEAR, cLIR is relevant 

for Atg4 function. The predicted protein structure of yeast Atg4 

shows that APEAR is in close proximity to the catalytic site (Figure 

8A) and hence could negatively affect its conformation. However, 

Western blot analysis shows that Atg4APEAR is stable. Moreover, we 

can conclude that the active site of the Atg4APEAR variant is still 

functional since priming of newly synthesized Atg8 is largely 

unaffected in cells expressing this mutant protein (Figures 2B and D, 

and 3A and B). Instead, the proteolytic defect appears to be specific 

for Atg8-PE. This notion is supported by our finding that the 

interaction between Atg8 and Atg4APEAR is only impaired when Atg8 

is conjugated to PE (in the cells employed for the pull-down 

experiment shown in Figure 2B, Atg8 is mainly lipidated, Figure 

3E) and explains why no binding defect is detected in our in vivo and 

in vitro binding experiments with non-lipidated Atg8 (Figures 2B 

and C, 5D and E, and 6A). In contrast, mutation of the C-terminal 

Atg4 cLIR impairs Atg8-Atg4 interaction both in our in vitro and in 

vivo analyses. Very recent work has shown that a C-terminal LIR 

motif in human ATG4B, which may functionally correspond to cLIR, 
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is important for binding and efficient cleavage of LC3/GABARAP 

proteins33. Our data are consistent with this report but also shows that 

cLIR is not key in Atg8-PE deconjugation neither in vivo nor in vitro 

(Figures 3C–E and 7E), but it is rather a constitutive Atg8-binding 

site that appears to indistinctively participate to both Atg8 priming 

and Atg8-PE deconjugation. 

cLIR relevance, however, surfaces in combination with other Atg4 

mutations and redundancies with other sites in promoting Atg8-Atg4 

interaction might be possible, such as the catalytic site or pLIR1. 

During the revision of this manuscript, a structural study describing 

the mechanism of Legionella RavZ-mediated LC3-PE C-terminal 

processing was published35. One of the hypotheses of the authors is 

that the N-terminal and C-terminal LIR motifs of RavZ are essential 

to bind the substrate simultaneously and open the catalytic groove to 

allow the access to the bond that has to be cleaved. Thus, the non-

conserved pLIR1, which plays a role in the in vivo interaction 

between Atg4 and Atg8 (Figure 2B), could functionally correspond 

to the N-terminal LIR in RavZ and/or in human ATG4B, which 

together with the catalytic site is required for the proteolytic priming 

of LC335–37. Future investigations are needed to determine whether 

pLIR1 is indeed a LIR motif and whether it has any functional 

relationship with APEAR and/or cLIR. Based on our data on the two 

evolutionarily conserved Atg8 recognition sites APEAR and cLIR, 

we propose the following model for the timely regulation of Atg8-PE 

deconjugation by Atg4 (Figure 8B).  

During autophagosome biogenesis, the LIR-binding pocket in Atg8 

is shielded to prevent premature interaction between Atg4 and Atg8, 

which is in agreement with the observation that Atg4 is rarely 

detected at the PAS (Figures 1 and EV1). The formation of the 

autophagosomes in tight contact with cargoes, which is guaranteed 

by a LIR-mediated interaction between Atg8-PE and the autophagy 

receptors14,29,38, could sterically and/or competitively impede Atg4 

binding to the inner autophagosomal pool of Atg8-PE. The outer 

pool, in contrast, would be protected by the LIR-mediated association 

with components of the autophagy machinery such as the Atg3 and 
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the Atg12-Atg5-Atg16 complex that are on the surface of nascent 

autophagosomes13,39. 

In addition or alternatively, post-translational modifications like 

oxidoreduction40,41 or phosphorylation could contribute to modulate 

Atg4 activity and/or eventually its interaction with Atg8-PE. The 

existence of one or more other mechanisms that protect the Atg8-PE 

pool at the PAS from Atg4 proteolytic activity20,21 cannot be excluded 

and the accumulation of lipidated Atg8 at the PAS in knockout strains 

such as atg1Δ, where also Atg4 is present at this location suggests 

this scenario (Figures 1A–C and EV2A and B)42. 

Thus, different recognition determinants for Atg8 processing could 

be dictated by either post-translational modifications or differences 

in structural conformations acquired by Atg8 before and after 

conjugation to PE. For example, Atg8-PE appears to form 

multimers8,13, and this could influence the type of Atg4-Atg8 

interaction. Finally, once an autophagosome is completed, we 

propose that the release of the Atg machinery free the LIR-binding 

pocket of Atg8 allowing Atg4 to interact via its cLIR (Figure 8B). 

Subsequent positioning of Atg4 APEAR, which we hypothesize is 

involved in the specific recognition of the C-terminal part of PE-

conjugated Atg8, as also suggested by Atg4 structural modeling 

(Figure 8A), will permit proteolytic processing. 

Altogether, our investigations have revealed the existence of a 

regulated recruitment of Atg4 onto autophagosomal membranes to 

deconjugate Atg8-PE. Future studies are necessary to further dissect 

the function of all identified motifs and to understand how the 

deconjugation activity of Atg4 is timely orchestrated with the rest of 

the mechanisms that lead to the biogenesis of autophagosomes. 
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Figure 5. The pLIR2 sequence is new motif involved in the specific recognition 

of Atg8-PE. A) The atg4Δ pep4Δ strain transformed with integration plasmids 

expressing Atg4 (SAY144), Atg4PD (SAY145), Atg4pLIR1 (SAY146), Atg4pLIR2 

(SAY147), Atg4pLIR3 (RHY009), and Atg4pLIR4 (RHY010) or an empty plasmid 

(JSY163) was grown and starved as in Fig 1D before being processed for EM. 

Autophagic bodies (AB) are highlighted in the EM micrographs with asterisks. CW, 
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cell wall; LD, lipid droplet; M, mitochondria; N, nucleus; PM, plasma membrane; 

V, vacuole. Scale bars, 1 µm. B) Quantification of the autophagic bodies. Average 

number of autophagic bodies (AB) per 50 vacuole sections ± SD. Significant 

differences (P < 0.05) between the Atg4 mutants and the WT were calculated using 

the paired two-tailed Student’s t-test, and they are indicated with the symbol #. C) 

Quantification of the diameter of the AB. Average diameter of the AB in 50 vacuole 

sections ± SD. Significant differences (P < 0.05) between the various Atg4 mutants 

and the WT were calculated using the paired two-tailed Student’s t-test, and they are 

indicated with the symbol #. D) The atg4Δ atg3Δ (FKY428) or the atg4Δ atg3Δ 

(FKY437) strains carrying the integrative GFP-ATG8DR plasmid were transformed 

with the centromeric plasmids expressing either Atg4-13xmyc, Atg4pLIR1-13xmyc, 

Atg4pLIR2-13xmyc, Atg4pLIR3-13xmyc, or and Atg4pLIR4-13xmyc. Strains were 

processed for pull-down experiments as in Fig 2B. Quantification is shown in Fig 

6A. E) Atg4, Atg4pLIR2, and Atg4pLIR4 were translated and radiolabeled in vitro as 

described in the Materials and Methods section before pull-down (PD) with GST or 

GST-Atg8 immobilized on glutathione-beads. Beads were successively washed, and 

the eluted material was resolved by SDS–PAGE. Atg4 was visualized by 

autoradiographs, while GST and GST-Atg8 amounts were assessed by Coomassie 

brilliant blue staining of the SDS–PAGE gel. The graph is the quantification of three 

independent experiments ± SD, where the binding of Atg4 is set as 100%. 

 

 
Figure 6. The double Atg4APEAR,cLIR mutant leads to enhanced in vivo defects 

compared to the single APEAR and cLIR mutants. A) Quantification of the 

experiments shown in Fig 5D. Values are relative to WT Atg4 and represent the 

average of three independent experiments ± SD. Significant differences (P < 0.05) 

between cells expressing WT Atg4 were calculated using the paired two-tailed 

Student’s t-test, and they are indicated with the # symbol. B) The atg4Δ (JSY151) 

strains carrying the integrative GFP-ATG8ΔR plasmid were transformed with the 

centromeric plasmids expressing either Atg4-13xmyc, Atg4APEAR-13xmyc, 

Atg4cLIR-13xmyc, or Atg4APEAR,cLIR-13xmyc. Pulldown experiments were carried 

out as in Fig 2B. 2% of cell lysate (input) or 50% of the pull-down material (IP: 

GFP) were resolved by SDS–PAGE and analyzed by Western blot using either anti-

myc or anti-GFP antibodies. C) The atg4Δ (SAY084) mutant was transformed with 

plasmids expressing 13xmyc-tagged Atg4, Atg4PD, and Atg4APEAR,cLIR before being 

grown to a log phase in SMD medium. Proteins were precipitated with TCA and 

subsequently analyzed by Western blot using the anti-Ape1 and anti-Pgk1 antibodies 

(loading control). D) The SAY130 strain (Pho8Δ60 pho13Δ atg4Δ) carrying 

plasmids expressing Atg4, Atg4PD, Atg4APEAR, Atg4cLIR, and Atg4APEAR,cLIR was 

analyzed as in Fig 2E. Data represent the average of three independent experiments 

± SD. Significant differences (P < 0.05) between cells expressing WT Atg4 were 

calculated using the paired two-tailed Student’s t-test, and they are indicated with 

the # symbol. 
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Figure 7. Atg4APEAR,cLIR displays similar Atg8-PE deconjugation defect as 

Atg4APEAR. A) The atg4Δ Atg8-GFP mutant (SAY113) was transformed with an 

empty vector or plasmids expressing 13xmyc-tagged Atg4, Atg4LIR2, Atg4LIR4, and 

Atg4APEAR,cLIR. Proteins from exponentially growing cells were TCA-precipitated 

and analyzed by Western blot using the anti-GFP antibody. B) The atg4Δ strain 

carrying the integration plasmid pCuGFPAtg8ΔR(305) (JSY151) and a plasmid 

expressing 13xmyc-tagged Atg4, Atg4PD, or Atg4APEAR,cLIR was processed and 

analyzed as in Fig 3C. DIC, differential interference contrast. Scale bars, 5 µm. C) 

Quantification of GFP-Atg8 distribution in cells imaged in (B): vacuole lumen, 
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Figure 8. Models for the structure of yeast Atg4 catalytic site and for Atg4 

deconjugation activity on autophagosomal membranes. A) Three-dimensional 

model predicting yeast Atg4 structure generated using the RaptorX online program 

vacuole rim, or both localizations (lumen + rim). Error bars represent the SD of 

three independent experiments. D) The atg4Δ (SAY084) and atg4Δ ATG8ΔR 

(RHY012) mutants were transformed with plasmids expressing 13xmyc-tagged 

Atg4, Atg4PD, and Atg4APEAR,cLIR, and the resulting strains were processed as in Fig 

3E. E) Recombinant GST-tagged Atg4, Atg4APEAR, Atg4cLIR, and Atg4APEAR,cLIR 

were added to Atg8-PE-containing liposomes, and their deconjugation activity was 

assessed over time as described in the Materials and Methods section. 
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(http://raptorx.uchicago.edu/StructurePrediction/predict/)55, which covered Atg4 

sequence from aa 1–403 leaving C-terminal region with 91 aa unpredicted. The 

catalytic site (C147) of Atg4 is highlighted in red while APEAR is colored in 

purple. The last eight C-terminal amino acids of LC3B, in white, were positioned 

into the catalytic site as shown for ATG4B36. B) After proteolytic priming, the C-

terminal glycine of Atg8 gets activated via the ubiquitin-like conjugation system 

and linked through an amide bond to the PE present on autophagosomal 

membranes. Atg8-PE is involved in autophagosome biogenesis at the PAS (dotted 

arrow). At this location, Atg8-PE also associates with various proteins (gray 

clouds), such as cargo receptors, by binding their LIR motifs through a defined 

structural pocket (yellow). Atg4 binding to Atg8-PE has to be controlled to avoid 

premature deconjugation. Occupation of the LIR motif-binding pocket by other 

factors and/or other regulatory mechanisms such as post-translational 

modifications (depicted with a question mark) could inhibit Atg4 action on 

autophagosomal membranes. As soon as the autophagosome is completed, the Atg 

machinery, including the shielding factors, is released allowing Atg4 access to 

autophagosomal membranes. This latter event involves both Atg4 binding to Atg8 

via cLIR (blue circle) and association of the APEAR motif (purple circle) possibly 

with the C-terminal region of Atg8-PE, which allows the correct positioning of the 

C terminus into the catalytic site (red triangle) of Atg4. 

 

Materials and Methods 

Yeast strains and media 

The S. cerevisiae strains used in this study are listed in Table EV1. 

Genes were knocked out by homologous recombination using PCR 

fragments amplified with primers containing 60 bases identical to the 

flanking regions of the gene open reading frames43,44 and were replaced 

with URA3 or LEU2 from K. lactis, TRP1 from S. cerevisiae, HIS5 

from S. pombe, kanamycin-resistance gene (kanMX), or hygromycin-

resistance gene (hphNT1). ATG4 was tagged on its chromosomal locus 

by integration of GFP at the 3’ end. The PCR product used for the 

integration was obtained by PCR amplification of the GFP ORF and the 

TRP1 marker using pFA6a-GFP(S65T)-TRP1 as template plasmid43. 

The expression of tagged Atg4-GFP and Atg4-13xmyc was analyzed 

by light microscopy and Western blot using an anti-GFP and anti-myc 

antibodies, and Ape1 processing was used to test the functionality of 

the protein fusion. Gene disruptions were confirmed by PCR and Ape1 

processing analysis. Cells were grown in rich medium (YPD: 1% yeast 

extract, 2% peptone, and 2% glucose) or synthetic minimal medium 

(SMD: 0.67% yeast nitrogen base, 2% glucose, and amino acids and 

vitamins as needed). To induce autophagy, cells were grown to a 
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logarithmic (log) phase in YPD or SMD medium and then transferred 

into a medium lacking nitrogen (SD-N; 0.17% yeast nitrogen base 

without amino acids and ammonium sulfate, and 2% glucose) for 3 h. 

 

Plasmids 

The pATG4GFP(416) was created by PCR amplification of the ATG4 

promoter and the ATG4-GFP fusion from the genome of the MNY006 

strain. Used primers contained overhanging ends generating XhoI and 

SacI restriction sites in order to clone the PCR fragment into the 

pRS416 vector45. The pATG413xmyc(416) plasmid was obtained with 

the one for the 13xmyc tag obtained from pFA6a13xmycTRP1 

plasmid43 using PacI and SacI. The pRS416 backbone of 

pATG4GFP(416) was then replaced with the one from pRS40645, using 

KpnI and SacI, in order to create pATG4GFP(406) and all other 

integrative ATG4 constructs, that is, pLIR1 (Y36A, L39A), 

pLIR2/APEAR (F102A, I105A), pLIR3 (F446A, I449A), and 

pLIR4/cLIR (Y424A, I427A). The protease-dead (C147S), that is, 

Atg4PD, and LIR mutant versions of Atg4 were created in the 

pATG413xmyc(416) and pATG4GFP(406) constructs using the site-

directed mutagenesis kit (Stratagene). The introduced mutations were 

verified by DNA sequencing. These plasmids were also used as 

templates to amplify by PCR the ATG4 promoter and the sequence 

coding for the various Atg4 forms, form, and clone them back in the 

same vectors as KpnI PacI fragments. This approach was taken to 

generate plasmids expressing untagged versions the different Atg4 

constructs under the control of the authentic promoter. 

To generate the pCuGFPATG8ΔR(305) and pCuATG8GFP(403) 

plasmids, we replaced the vector backbone of the pCuGFPATG8ΔR 

(406)20 and pAUT7GFP(416) plasmids16 with the one from pRS305 and 

pRS403 vectors45, respectively, using SacI and XhoI. 

The promATG8ΔR(404) integration plasmid was created by PCR 

amplification of ATG8ΔR and 470 bp of ATG8 promoter from genomic 

DNA and clone it as a KpnI/AscI fragment upstream of the ADH1 

promoter in a pRS404 vector. ATG4 was subcloned into the pENTR3C 

vector before generating the Atg4pLIR2, Atg4pLIR4 and Atg4pLIR2, 4 
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mutants using the Quik-Change site-directed mutagenesis kit (Agilent 

Technologies, 210515). pDONR201-ATG8 (Harvard PlasmID 

Repository, ScCD00011665) and the pENTR-based Atg constructs 

were subsequently inserted into the Gateway destination vectors 

pDEST15 (Thermo Fisher Scientific) and pDESTmyc (mammalian 

expression of N-terminal myc-tagged proteins), respectively, to create 

the pDESTmyc-Atg4, pDESTmyc-Atg4pLIR2, pDESTmyc-Atg4pLIR4, 

and pDESTmyc-Atg4pLIR2,4 plasmids. Plasmids 

pCumCherryV5ATG8(415), pCK15 (centromeric plasmid carrying 

GFP-Atg8 under control of the authentic promoter), and pPS128 (for 

the integration of RFP-APE1 in the LEU2 locus) have been described 

elsewhere42,46,47. 

 

Antibodies and reagents 

Western blot membranes were probed with monoclonal anti-GFP 

(Roche, cat# 11814460001) and anti-myc (Santa Cruz, cat# sc-40) 

antibodies, or anti-Ape146 and anti-Pgk1 antisera48. The anti-Atg8 

antiserum was generated by immunization of New Zealand White 

rabbits by injection of recombinant Atg8 obtained from Escherichia 

coli (New England Peptides). Secondary antibodies were Alexa-680 

conjugated antirabbit or anti-mouse IgG (Life Technologies). 

 

Fluorescence microscopy 

Fluorescence signals were visualized with a DeltaVision RT 

fluorescence microscope (Applied Precision) equipped with a 

CoolSNAP HQ camera (Photometrix). Images were generated by 

collecting a stack of 20 pictures with focal planes 0.20 lm apart to cover 

the entire volume of a yeast cell and subsequently deconvolved using 

the SoftWoRx software (Applied Precision). Where indicated, the 

CellTrackerTM Blue 7-amino-4-chloromethylcoumarin (CMAC) dye 

(Invitrogen) was used to specifically stain the vacuolar lumen. A single 

focal plane is shown at each time point. The number of Atg4-GFP- and 

GFP-Atg8ΔR-positive puncta per cell was counted in 50 cells from at 

least two independent experiments. For time-lapse imaging 

experiments, cells nitrogen starved in SDN medium and stained with 
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CMAC for 10 min were imaged every 1 min, collecting a Z-stack of six 

pictures with focal planes 0.30 µm apart. Images were deconvolved and 

mounted into movies before measuring the life of mCherry-Atg8 and 

Atg4-GFP puncta using the SoftWoRx software. The time point at 

which mCherry-Atg8 appeared as a punctate structure was considered 

as time 0. Because of the variation in the life of mCherry-Atg8-positive 

puncta between cells, that is, 5–8 min as previously documented49, the 

autophagosome cycle duration was normalized from 0 to 1. Atg4-GFP 

puncta appearance was normalized identically, and the graph shows the 

relative period of time where Atg4-GFP colocalizes with mCherry-

Atg8. 

 

Immunoprecipitations 

Yeast cell cultures were grown to a log phase in SMD medium and then 

for 5 h in YPD medium before adding 220 nM of rapamycin. Cells were 

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) supplemented with 1 mM NaF, 1 mM PMSF, 

1 mM Na3VO4 and the complete protease inhibitors (Roche) and frozen 

in droplets in liquid nitrogen. After cell disruption with a cryomill 

(6770, Spex SamplePrep), extracts were cleared by centrifugation twice 

at 13,000 g for 10 min. For protein A immunoprecipitations (Figure 

2A), Dyna epoxy magnetic beads (Invitrogen) were coupled with rabbit 

IgG according to manufacturer’s protocol. Approximately 200 mg of 

cleared yeast extracts was incubated with 5 µl coupled IgG beads for 1 

h at 4°C. The beads were washed three times in lysis buffer and 

resuspended in 15 µl urea loading buffer. Alternatively (Figure 2E), 

equivalents of 100 OD600 of growing cells were transferred into SD-N 

medium for 1 h, harvested by centrifugation, and resuspended in 500 µl 

of lysis buffer (45 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 

10% glycerol, 0.5% Tween-20) supplemented with 10 mM NaF, 1 mM 

Na3VO4, 10 mM b-glycerophosphate, 1 mM PMSF, and Complete 

protease inhibitors (Roche). Cells were lysed by vortexing at 4°C for 5 

min in presence of glass beads, and lysates were subsequently cleared 

by centrifugation at 15,000 g for 5 min at 4°C. The supernatants were 
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incubated with 25 µl of pre-washed GFP-Trap agarose beads 

(ChromoTek) on a rotating wheel for 1.5 h at 4°C. Beads were then 

washed three times with 500 µl of lysis buffer without supplements and 

immunoisolates were resuspended in loading buffer by boiling. 

Samples were then analyzed by SDS–PAGE followed by Western blot. 

 

Electron microscopy 

Cells were processed for EM as described previously50. To determine 

the number of AB per vacuole and their diameter, three different grids 

with sections obtained from the same preparation were analyzed. In 

each grid, AB number and diameter were determined from 60 cells with 

vacuoles. Diameter was calculated from the AB area, measured using 

ImageJ software (https://imagej.nih.gov/ij/). Error bars represent the 

standard deviation from the values of the three grids. 

 

GST pull-down experiments 

GST-Atg8 was expressed in Escherichia coli BL21 (DE3) and affinity 

purified on glutathione-Sepharose 4 Fast Flow beads (GE Healthcare, 

17513201) followed by washing with NET-N buffer (100 mM NaCl, 1 

mM EDTA, 0.5% Nonidet P-40, 50 mM Tris–HCl pH 8) supplemented 

with the Complete EDTA-free protease inhibitors (Roche). GST pull-

down assays were performed with [35S]-labeled myc-tagged Atg4 

constructs co-transcribed/translated using the TnT Coupled 

Reticulocyte Lysate System (Promega, L4610) as described 

previously51, using pDESTmyc-Atg4, pDESTmyc-Atg4pLIR2, 

pDESTmyc-Atg4pLIR4, and pDESTmyc-Atg4pLIR2,4 plasmids as 

templates. For quantifications, gels were vacuum dried and [35S]-

labeled proteins detected on a Fujifilm bioimaging analyzer BAS-5000 

(Fujifilm, Tokyo, Japan). 

 

In vitro deconjugation of Atg8 

The proteins used for deconjugation assay (Atg3, Atg7, Atg8ΔR, and 

Atg12–Atg5) were purified as described52, and GST-Atg4, GST-

Atg4APEAR, GST-Atg4cLIR, and GST-Atg4APEAR,cLIR were also purified 

as described52, with the exception that the fusion proteins were not 
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cleaved with thrombin but eluted using a buffer containing 20 mM 

glutathione. The in vitro conjugation was conducted also as described52, 

with the following modification. 

The deconjugation reactions were carried out with 10 nM of GSTAtg4 

(or its mutant versions) in 137 mM NaCl, 25 mM HEPES, 2.7 mM KCl, 

1 mM DTT for the indicated time points, and the proteins were 

separated on 13.5% polyacrylamide gels containing 4.8 M urea. 

 

Miscellaneous reagents and procedures 

The alkaline phosphatase activity, Ape1 maturation, and GFP-Atg8 

processing were measured as previously described53. Protein isolation 

and Western blot analyses were conducted as explained54. Detection of 

proteins by Western blot was done using an Odyssey system (LiCor 

Biosciences) and quantifications with the ImageJ software. 
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Supplementary figures 

Table EV1. S. cerevisiae strains used in this study 

Strain Genotype Origin 

BY4741 MATα his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Euroscarf 

FKY428 SEY6210 atg4Δ::TRP1 atg3Δ::HspMX1 This study 

FKY437 SEY6210 atg4Δ::TRP1 atg3Δ::HspMX1 CUP1-GFP-

ATG8ΔR::LEU2 

This study 

JSY151 SEY6210 atg4Δ::TRP1 CUP1-GFP-ATG8ΔR::LEU2 48 

JSY163 SEY6210 atg4Δ::TRP1 pep4Δ::LEU2 pRS406::URA3 48 

RGY287 SEY6210 ATG4-GFP::NatMX atg8Δ::kanMX  CUP1-

mCheV5-ATG8::URA3 

This study 

MNY006 SEY6210 ATG4-GFP::TRP1 This study 

RHY009 SEY6210 atg4Δ::TRP1 pep4Δ::LEU2 ATG4pLIR3-

GFP::URA3 

This study 

RHY010 SEY6210 atg4Δ::TRP1 pep4Δ::LEU2 ATG4pLIR4-

GFP::URA3 

This study 

RHY012 SEY6210 atg4Δ::LEU2 atg8Δ::HIS5 ATG8ΔR::TRP1 This study 

RHY016 SEY6210 atg4Δ::TRP1 atg1Δ::HIS5 RFP-APE1::LEU2 

ATGpLIR1-GFP::URA3 

This study 

RHY017 SEY6210 atg4Δ::TRP1 atg1Δ::HIS5 RFP-APE1::LEU2 

ATGpLIR3-GFP::URA3 

This study 

RHY018 SEY6210 atg4Δ::TRP1 atg1Δ::HIS5 RFP-APE1::LEU2 

ATG4pLIR4-GFP::URA3 

This study 

SAY010 SEY6210 ATG4-GFP::TRP1 atg1Δ::URA3 This study 

SAY013 SEY6210 ATG4-GFP::TRP1 atg6Δ::HIS5 This study 

SAY014 SEY6210 ATG4-GFP::TRP1 atg7Δ::HIS5 This study 

SAY015 SEY6210 ATG4-GFP::TRP1 atg8Δ::HIS5 This study 

SAY016 SEY6210 ATG4-GFP::TRP1 atg9Δ::URA3 This study 

SAY017 SEY6210 ATG4-GFP::TRP1 atg18Δ::HIS5 This study 

SAY020 SEY6210 ATG4-GFP::TRP1 atg1Δ::URA3 RFP-

APE1::LEU2 
This study 

SAY029 SEY6210 ATG4-GFP::TRP1 atg12Δ::HIS5 RFP-

APE1::LEU2 
This study 

SAY030 SEY6210 ATG4-GFP::TRP1 atg13Δ::HIS5 RFP-

APE1::LEU2 
This study 

SAY031 SEY6210 ATG4-GFP::TRP1 atg1Δ::URA3 atg3Δ::HIS5 

RFP-APE1::LEU2 
This study 
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SAY032 SEY6210 ATG4-GFP::TRP1 atg1Δ::URA3 atg7Δ::HIS5 

RFP-APE1::LEU2 
This study 

SAY033 SEY6210 ATG4-GFP::TRP1 atg1Δ::URA3 

atg8Δ::HIS5RFP-APE1::LEU2 
This study 

SAY035 SEY6210 ATG4-GFP::TRP1 atg1Δ::URA3 atg10Δ::HIS5 

RFP-APE1::LEU2 
This study 

SAY059 SEY6210 ATG4-GFP::TRP1 atg10Δ::HIS5 RFP-

APE1::LEU2 
This study 

SAY064 SEY6210 ATG4-GFP::TRP1 atg16Δ::HIS5 RFP-

APE1::LEU2 
This study 

SAY071 SEY6210 ATG4-GFP::TRP1 RFP-APE1::LEU2 This study 

SAY084 SEY6210 atg4Δ::TRP1 This study 

SAY109 SEY6210 ATG4-GFP::TRP1 atg2Δ::HIS5 This study 

SAY110 SEY6210 ATG4-GFP::TRP1 atg14Δ::HIS5 This study 

SAY114 SEY6210 atg4Δ::TRP1 Atg8-GFP::HIS5 This study 

SAY130 BY4742 pho13Δ::KAN pho8::PHO8Δ6 atg4Δ::HIS5 This study 

SAY134 BY4742 pho13Δ::KAN pho8::PHO8Δ60 atg4Δ::HIS5 This study 

SAY135 SEY6210 ATG4-GFP::TRP1 atg1Δ::URA3 atg16Δ::HIS5 This study 

SAY136 SEY6210 atg4Δ::TRP1 atg1Δ::HIS5 RFP-APE1::LEU2 

ATG4-GFP::URA3 
This study 

SAY137 SEY6210 atg4Δ::TRP1 atg1Δ::HIS5 RFP-APE1::LEU2 

ATG4PD-GFP::URA3 
This study 

SAY139 SEY6210 atg4Δ::TRP1 atg1Δ::HIS5 RFP-APE1::LEU2 

ATG4pLIR2-GFP::URA3 
This study 

SAY144 SEY6210 atg4Δ::TRP1 pep4Δ::LEU2 ATG4-GFP::URA3 This study 

SAY145 SEY6210 atg4Δ::TRP1 pep4Δ::LEU2 ATG4PD-GFP::URA3 This study 

SAY146 SEY6210 atg4Δ::TRP1 pep4Δ::LEU2 ATG4pLIR1-

GFP::URA3 
This study 

SAY147 SEY6210 atg4Δ::TRP1 pep4Δ::LEU2 ATG4pLIR2-

GFP::URA3 
This study 

SAY173 SEY6210 atg4Δ::TRP1 ATG8-GFP::HIS5 ATG4-

13xMYC::URA3 
This study 

SAY174 SEY6210 atg4Δ::TRP1 ATG8-GFP::HIS5 ATG4PD-

13xMYC::URA3 
This study 

SAY175 SEY6210 atg4Δ::TRP1 ATG8-GFP::HIS5 ATG4pLIR1-

13xMYC::URA3 

This study 

SAY176 SEY6210 atg4Δ::TRP1 ATG8-GFP::HIS5 ATG4pLIR2-

13xMYC::URA3 

This study 
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SAY177 SEY6210 atg4Δ::TRP1 ATG8-GFP::HIS5 ATG4pLIR3-

13xMYC::URA3 

This study 

SAY178 SEY6210 atg4Δ::TRP1 ATG8-GFP::HIS5 ATG4pLIR4-

13xMYC::URA3 

This study 

yMS69 BY4741 ATG4-TAP::HIS3 atg8∆::kanMX 
This study 

yCK765 BY4741 (MATα) atg8∆::kanMX 
This study 
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Figure EV1. Analysis of Atg4 association with the PAS by time‐lapse live‐cell 

imaging. Cells expressing Atg4‐GFP and mCherry‐V5‐Atg8 (RGY287) were 

starved in SD‐N medium for 30 min and incubated with CMAC for 10 min, before 

being examined by time‐lapse fluorescence microscopy. PAS were considered 

mCherry‐Atg8‐positive puncta adjacent to the vacuole, stained with CMAC. Images 

of the same cells were collected every 1 min for 15 min. For the complete movie, 

see the supplemental data (Movie EV1). Scale bar, 2 μm. Experiments as in panel 

(A) were quantified by normalizing the autophagosome cycle, defined as the interval 

of time form the appearance until disappearance of mCherry‐Atg8 puncta49, to 1 and 

integrating Atg4‐GFP recruitment to the PAS overtime. Data are from four 

independent experiments where the PAS remained in the imaged focal planes over 

the course of the entire filming. 
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Figure EV2.Atg4 association with the PAS does not require components of the 

Atg1 complex, Atg9 cycling system and PI3K complex. A) Fluorescence 

microscopy images showing the subcellular localization of Atg4‐GFP in atg13∆ 

(SAY030), atg2∆ (SAY109), atg9∆ (SAY016), atg18∆ (SAY017), atg6∆ 

(SAY013), and atg14∆ (SAY110) strains analyzed as in Figure 1. White arrows 

highlight Atg4‐GFP puncta. DIC, differential interference contrast. Scale bars, 5 μm. 
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B) Percentage of cells, in the experiments shown in panel (A), that display an Atg4‐

GFP punctate structure. Data represent the average of three independent experiments 

± SD. C) Subcellular localization of Atg4‐GFP in double knockout cells lacking 

Atg1 and components of the conjugation systems leading to the formation of Atg8‐

PE: atg7∆ (SAY032), atg3∆ (SAY031), atg8∆ (SAY033), atg10∆ (SAY035), 

atg12∆ (SAY134), and atg16∆ (SAY135). Cells were grown and imaged as in 

Figure 1. DIC, differential interference contrast. Scale bars, 5 μm. 
 

 

Figure EV3. Putative LIR (pLIR) motifs in S. cerevisiae Atg4 and their 

conservation among eukaryotes. A) Saccharomyces cerevisiae Atg4 amino acid 

sequence. The catalytic site (C147, D322, and H324) is highlighted in red, while the 

putative LIR motifs are indicated in blue. B) The amino acid sequence of the regions 

flanking the two conserved pLIR motifs of S. cerevisiae Atg4 (in blue), that is, F102 

to I105 (pLIR2) and Y424 to I427 (pLIR4), were aligned with that of homologous 

proteins from different species using the Kalign alignment tool 

(http://www.ebi.ac.uk/Tools/msa/kalign/). UniprotKB accession numbers are C. 
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albicans Atg4 (Q59UG3), A. nidulans Atg4 (Q5B7L0), S. cerevisiae Atg4 

(P53867), K. lactis Atg4 (Q6CQ60), C. elegans Atg4.1 (Q9NA30), C. 

elegansAtg4.2 (Q9U1N6), D. melanogaster Atg4 (M9PBM3), D. rerio Atg4B 

(Q6DG88), M. musculus ATG4A (Q8C9S8), M. musculus ATG4B (Q8BGE6), M. 

musculusATG4C (Q811C2), M. musculus ATG4D (Q8BGV9), H. sapiens ATG4A 

(Q8WYN0), H. sapiens ATG4B (Q9Y4P1), H. sapiens ATG4C (Q96DT6), and H. 

sapiensATG4D (Q86TL0). The asterisk indicates conservation of the residue while 

two dots designate similarity 

 

. 

Figure EV4. Atg4 LIR2 motif is essential for the Cvt pathway. A) The strains 

described in Fig 2C were grown to an exponential log phase before proteins were 

precipitated with TCA and analyzed by Western blotting with anti‐myc, anti‐Ape1, 

and anti‐Pgk1 antibodies. B) The percentage of prApe1 and mApe1 in the 

experiment shown in panel (A) were quantified, and values were plotted. Data 

represent the average of five independent experiments ± SD. 
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Abstract 

The biogenesis of autophagosomes depends on the conjugation of 

Atg8-like proteins with phosphatidylethanolamine. Atg8 processing by 

the cysteine protease Atg4 is required for its covalent linkage to 

phosphatidylethanolamine, but it is also necessary for Atg8 

deconjugation from this lipid to release it from membranes. How these 

two cleavage steps are coordinated is unknown. Here we show that 

phosphorylation by Atg1 inhibits Atg4 function, an event that appears 

to exclusively occur at the site of autophagosome biogenesis. These 

results are consistent with a model where the Atg8-

phosphatidylethanolamine pool essential for autophagosome formation 

is protected at least in part by Atg4 phosphorylation by Atg1 while 

newly synthesized cytoplasmic Atg8 remains susceptible to constitutive 

Atg4 processing. 

 

Introduction 

Macroautophagy (hereafter autophagy) is highly conserved among 

eukaryotes, and it is crucial for the maintenance of cellular homeostasis 

in response to cellular and environmental stresses. This pathway is also 

essential for a multitude of physiological processes, such as cell 

differentiation and defense against pathogens, and it is associated with 

the pathophysiology of several diseases, including cancer and 

neurodegeneration1. During autophagy, double-membrane vesicles 

called autophagosomes sequester cytoplasmic components and target 

them to lysosomes/vacuoles for degradation. The resulting metabolites 

are subsequently recycled back to the cytoplasm and reused for the 

synthesis of new macromolecules or as a source of energy2. In yeast, 

the orchestrated action of the autophagy-related (Atg) proteins at the 

phagophore assembly site or pre-autophagosomal structure (PAS) 

mediates the formation, expansion and sealing of a cistern, known as 

the phagophore or isolation membrane, to create an autophagosome2. 

The kinase activity of the Atg1 complex, composed by the Atg1 kinase, 

Atg13, Atg17, Atg29, and Atg31, is a key regulator of this process3. 

Previous studies suggest that sealed autophagosomes cannot fuse with 

lysosomes/vacuoles until the Atg proteins get dissociated from 
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autophagosomal membranes4, which partially depends on 

phosphatidylinositol-3-phosphate (PI3P) turnover5,6. The Ymr1 

phosphatase is pivotal in PI3P clearance on autophagosomes, which 

otherwise accumulate in the cytoplasm in its absence5. Although PI3P 

turnover could be sufficient to release PI3P-binding proteins, such as 

Atg18 and Atg217, an additional mechanism is required for the 

dissociation of proteins such as Atg8 that are covalently conjugated to 

membranes. In yeast, Atg4 constitutively cleaves the C-terminal 

arginine of Atg88–10, allowing Atg8 conjugation to the 

phosphatidylethanolamine (PE) in autophagosomal membranes2. Once 

conjugated to PE, Atg8 is involved in cargo selection and thought to 

contribute to the expansion and closure of phagophores, possibly by 

forming a vesicle coat11–13. Atg4 also deconjugates Atg8 from PE upon 

autophagosome completion9,14. The release from its PE anchor is 

essential not only for Atg8 recycling but also, analogously to PI3P 

turnover, to allow the fusion of autophagosomes with vacuoles9,15,16. 

How Atg8–PE cleavage by Atg4 is timely and spatially regulated, 

however, is still mysterious. In this study, we describe a novel 

regulatory mechanism, in which the Atg1 kinase specifically inhibits 

the deconjugating activity of Atg4 at the PAS, possibly contributing to 

the protection of the Atg8–PE pool necessary for autophagosome 

biogenesis. 

 

Results 

Atg1 phosphorylates Atg4 and inhibits autophagy. In our search for 

regulators of Atg4 activity, we made the assumption that this factor 

should possess two main characteristics, i.e., to be a protein present on 

autophagosomal membranes and be able to reversibly modify its 

substrates. The Atg1 kinase fits with this profile, because it dynamically 

localizes to the PAS17, and it has been shown that its phosphorylations 

can be antagonized by phosphatases18. Interestingly, the sequence 

analysis of Atg4 revealed that it contains at least seven putative Atg1 

phosphorylation consensus sites (Supplementary Figure 1a)19. We 

therefore decided to explore whether Atg4 is a substrate of Atg1. 

Purified Atg1 complexes containing either Atg1 or kinase-dead 
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Atg1(Atg1D211A) were incubated with [32P]-ATP and recombinant 

GST-Atg4, GST or the GST-tagged C-terminus of Atg19 

(Atg19Cterm), a positive control for Atg1 phosphorylation20. The wild-

type (WT) Atg1 complex, but not the one containing Atg1D211A, 

phosphorylated Atg4 and Atg19Cterm but not GST alone, indicating 

that Atg4 could indeed be a substrate of Atg1 kinase (Figure 1a and 

Supplementary Figure 6a). To identify the residues involved in 

autophagy regulation, we individually mutated the putative phospho-

acceptor serines in the different Atg1 phosphorylation consensus sites 

to alanine or aspartate to generate non-phosphorylable or phospho-

mimicking forms of Atg4, respectively. The resulting Atg4 variants 

were expressed in an atg4Δ strain carrying Pho8Δ60 and autophagy 

progression was determined enzymatically21. Only cells expressing 

Atg4S307D exhibited an autophagy block identical to the one in the atg4Δ 

mutant carrying an empty vector (Figure 1b). Interestingly, the non-

phosphorylable version of the same serine, i.e., Atg4S307A, could not 

completely bypass the autophagy impairment in atg4Δ cells (Figure 

1b). These phenotypes were not due to an effect of those mutations on 

the protein structure because introduction of a cysteine at the same 

position, did not impact autophagy (Supplementary Figure 1b). 

Protein mass spectrometry analysis of Atg4V297R, Q314K-GFP isolated 

from WT cells revealed that the peptide containing serine 307 (S307) is 

indeed phosphorylated in vivo (Supplementary Figure 2a and 

Supplementary Table 2). Atg4V297R, Q314K is a version of Atg4 where 

two extra trypsin cleavage sites were introduced to obtain peptides 

containing the region of interest detectable by protein mass 

spectrometry (Supplementary Figure 2b and 7b). Because of the very 

low abundance of the phospho-peptide of interest and the presence of 3 

consecutive serines, however, we could not assign with certitude a 

phosphorylation to S307. To precisely determine the residue modified 

by Atg1, we performed an in vitro kinase phosphorylation assay. We 

confirmed that a peptide containing the Atg1 phosphorylation 

consensus region around serine 307 (WT) was phosphorylated by Atg1 

like the positive control peptide, i.e., GDS (Figure 1c and 

Supplementary Figure 6b). As expected, the mutant peptides S307A 
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and AAA were not phosphorylated (Figure 1c and Supplementary 

Figure 6b). We concluded that the S307 residue can be modified by 

Atg1.To further assess the role of S307 in autophagy, we examined by 

electron microscopy the presence of autophagic bodies (AB) in cells 

lacking the major vacuolar protease Pep421. The atg4Δ pep4Δ strain 

expressing Atg4S307D exhibited the same severe decrease in the number 

of AB as the one carrying protease-dead Atg4 (Atg4PD)10 or an empty 

vector (atg4Δ pep4Δ) (Figure 1d and Supplementary Figure 3a). The 

very few AB observed in the vacuole lumen of this mutant have a 

strongly reduced size (Figure 1d, e). In contrast, the strain expressing 

Atg4S307A displayed the same number of AB as the control, i.e. cells 

carrying Atg4 (Figure 1d, e). Interestingly, the average diameter of the 

AB in this mutant was smaller than in the control (Figure 1f), also 

explaining its slightly lower autophagy activity (Figure 1b) and 

impaired aminopeptidase 1 (Ape1) maturation (Supplementary Figure 

3b)22. The similarity in phenotype shared by Atg4S307D and Atg4PD 

prompted us to analyze the proteolytic activity of the Atg4S307D and 

Atg4S307A mutants. First, we assessed the post-translational C-terminal 

cleavage of Atg8 by Atg4 using the Atg8-GFP chimera8. This analysis 

revealed that the Atg4S307D mutant is proteolytically inactive similarly 

to Atg4PD (Figure 2a and Supplementary Figure 7a). Atg4S307A, in 

contrast, behaved as WT Atg4 and normally cleaved Atg8-GFP (Figure 

2a and Supplementary Figure7a). Expression of GFP-Atg8ΔR in an 

atg4Δ background allows the conjugation of Atg8 to PE independently 

of Atg4, permitting to specifically analyze the deconjugating capacity 

of Atg415. As reported, PE-anchored GFP-Atg8 failed to be released 

from the surface of autophagosomes in atg4Δ cells carrying either an 

empty vector or Atg4PD, and thus the fluorescence signal was mainly 

detected on the vacuolar limiting membrane highlighted with the 

specific vacuolar membrane dye FM4-64 (Figure 2b, c) 15. 
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Figure 1. Atg1 phosphorylation of Atg4 inhibits autophagy. (a) GST, GST-

Atg19Cterm and GST-Atg4 were expressed in E. coli, immobilized on beads and in 

vitro phosphorylated with soluble Atg1-TAP and Atg1D211A-TAP complexes. The 

phosphorylation of the substrates was analyzed by autoradiography while their 

amounts were assessed by Coomassie brilliant blue staining of SDS-PAGE gels. (b) 

The atg4Δ (SAY130) strain carrying an empty pRS416 vector (atg4Δ) or plasmids 

expressing different Atg4 variants (Atg4, Atg4S307A, Atg4S307D, Atg4S354A or 

Atg4S354D) was grown in SMD or nitrogen starved (SD-N) for 3 h before measuring 

Pho8Δ60 activity in cell lysates. The symbol * indicates statistical significance 

(p<0.01) with the cells carrying Atg4 was calculated with the paired two-tailed 

Student’s t’test and a.u. stands for arbitrary units. (c) GST fusions of the indicated 

peptides (right panel) were expressed in E.coli and analyzed as in (a). The amino 

acid in position 307 is in bold and mutated amino acids are in red. (d) The atg4Δ 

pep4Δ strain transformed with integration plasmids expressing Atg4-GFP 



  Chapter 4 

127 

(SAY144), Atg4S307A-GFP (JSY164) or Atg4S307D-GFP (JSY165) was grown in YPD 

to an early log phase and then nitrogen starved in SD-N for 3 h before processing 

the samples for EM. Autophagic bodies (AB) are highlighted in the EM micrographs 

with asterisks. CW, cell wall; ER, endoplasmic reticulum; LD, Lipid droplet; M, 

mitochondrion; N, nucleus; PM, plasma membrane; V, vacuole. Scale bar, 1 µm. (e) 

Quantification of the average number of AB per vacuole section in the samples of 

(d). Significant differences (p<0,0001) between the various Atg4 mutants and the 

WT are indicated with the symbol * and were calculated with the paired two-tailed 

Student’s t’test. (f) Determination of the average diameter of the AB in WT, 

Atg4S307A and Atg4S307D samples of (d) (n=50). Significant differences (p<0.01) with 

the WT are indicated with the symbol * and were calculated with the paired two-

tailed Student’s t’test 

 

Complementation of the atg4Δ mutant with WT Atg4 led to normal 

Atg8 recycling and delivery of autophagosomes into the vacuolar lumen 

(Figure 2b, c)15. The same was observed in cells expressing Atg4S307A 

indicating that GFP-Atg8–PE was normally processed upon 

autophagosome completion. In contrast, the GFP signal was mainly 

localized to the vacuolar rim in cells harbouring Atg4S307D, revealing 

that this mutant is unable to recycle GFP-Atg8–PE, as observed in the 

Atg4PD mutant (Figure 2b, c).The fluorescence microscopy 

observations about the distribution of the GFP signal were confirmed 

by western blot analysis, in which higher amounts of free GFP were 

observed in WT Atg4 and Atg4S307A strains, in which GFP signal was 

localized inside the vacuole, indicating normal autophagy flux 

(Supplementary Figure 3b, c). To acquire more information about the 

dynamics of autophagosomes in presence of the different Atg4 variants, 

the same strains, which express GFP-Atg8ΔR and thus allow to bypass 

the post-translational C-terminal cleavage defect of cells expressing 

Atg4S307D (Figure 2a), were examined by time-lapse microscopy. As 

shown in Supplementary Figure 4 and Supplementary Movie 1, 

strain carrying WT Atg4 was slightly longer than the one reported, i.e., 

11.73±0.96 min vs. 5–8 min23, probably because cells  expressing the 

same GFP-Atg8ΔR construct generate bigger autophagosomes15. 4 and 

Supplementary Movie 2). These alterations possibly lead to a 

reduction in the autophagic flux providing a possible explanation for its 

slightly lower autophagic activity (Figure 1b) and impaired Ape1 

maturation (Supplementary Figure 3b) of the Atg4S307A strains. The 

autophagosome life time in the Atg4S307D mutant (8.59±2.14 min) did 
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not significantly differ from that in the WT (Supplementary Fig.4 and 

Supplementary Movie 3).  

Figure 2. Atg4 phosphorylation on serine 307 blocks Atg4 function. (a) The atg4Δ 

cells carrying the integration plasmid pCuATG8GFP(403) (SAY114) and an empty 

vector (atg4Δ) or plasmids expressing the indicated 13xmyc-tagged Atg4 variants 

were grown in SMD and nitrogen starved in SD-N medium for 3 h. Proteins were 

precipitated with TCA and analyzed by western blot. (b) The atg4Δ strain carrying the 

integra tion plasmid pCuGFPAtg8ΔR(305) (JSY151) or plasmids expressing the 

indicated 13xmyc-tagged Atg4 variants were grown in SMD, nitrogen starved in SD-

N for 3 h, labeled with the vacuole-specific dye FM 4-64 and imaged. DIC, differential 

interference contrast. Scale bar, 5 µm. Fluorescence intensity plots of representative 

vacuoles are shown (indicated by white lines). (c) Quantification of GFP-Atg8∆R 

distribution on vacuole, i.e. rim versus lumen, in cells imaged in (a) was performed as 

described in Methods. Results are mean ± SD (n=50). (d) Atg8ΔR was conjugated to 

SUVs via the addition of Atg7, Atg3, Atg12—Atg5, MgCl2 and ATP. Deconjugation 

was initiated by the addition of WT Atg4 or the indicated mutants. Samples were 

collected after 5, 10, 30 and 60 min, and separated on a 11% SDS gel supplemented 

with 4.5 M urea. The graph on the right shows the quantification of 3 independent 

experiments. 
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However, the strongly reduced size of these carriers (Figure 1d, e) 

implies that the time of autophagosome formation in Atg4S307D 

expressing cells is a fraction of the one in the WT strain resulting in a 

marked reduction of the fusion events. To further demonstrate that 

phosphorylation of S307 modulates Atg4-mediated deconjugation of 

Atg8 from PE, we examined the functionality of the different Atg4 

mutants in vitro. Atg8–PE was completely deconjugated from small 

unilamellar vesicles (SUVs) 10 min after the addition of Atg4 (Figure 

2d). The deconjugation of Atg8 from PE by Atg4S307A was slightly 

delayed compared to WT Atg4. In agreement with the in vivo assay, 

Atg4S307D displayed a very severe defect in Atg8–PE processing 

(Figure 2d). 

Atg4 phosphorylation affects its interaction with Atg8 

Atg1 phosphorylation at S307 could inhibit Atg4 functionality by either 

allosterically altering the catalytic site or by interfering with the 

substrate binding. We first tested the Atg4–Atg8 interaction using the 

yeast two-hybrid (Y2H) assay. As shown in Figure 3a, cells 

exclusively expressing Atg8 did not grow on selective medium whereas 

those expressing both Atg4 and Atg8 displayed cell growth, confirming 

the interaction between these two proteins (Figure 3a)24. Noteworthy, 

the interaction of Atg4S307A and Atg4PD with Atg8 was stronger than the 

one detected between Atg4 and Atg8. In contrast, cells carrying 

Atg4S307D and Atg8 did not grow on the selective medium implying that 

this Atg4 mutant is unable to interact with Atg8 (Figure 3a). The Y2H 

assay, however, cannot distinguish between Atg4 interaction with Atg8 

or Atg8–PE. To overcome this limitation and test the binding of Atg4 

variants to Atg8–PE, we performed a pull-down experiment in cells 

expressing GFP-Atg8ΔR. In line with the Y2H results, Atg4PD and 

Atg4S307A interaction with Atg8–PE was considerably stronger than the 

one observed with WT Atg4 (Figure 3b and Supplementary Figure 

8). Atg4S307D showed scarce binding to Atg8–PE indicating that this 

mutant lost almost completely its ability to interact with both Atg8 and 

Atg8–PE (Figure 3b and Supplementary Figure 8). Taken together, 

these data suggest that phosphorylation at S307 modulates the binding 

of Atg4 to Atg8. 
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Atg1 and Atg4 interact on autophagosomal membranes 

Atg4 phosphorylation at S307 blocks Atg8 proteolytic processing and 

recycling. Hence, Atg4 must be spatially regulated to allow the initial 

cleavage of Atg8 essential for its conjugation to PE and also avoid a 

premature Atg8–PE deconjugation until autophagosome biogenesis is 

completed. With Atg1 being a key regulator at the PAS and Atg4 one 

of its substrates (Figure 1a, c), their interaction on autophagosomal 

membranes would provide a local regulation of Atg4 function.  

To address this notion, we performed a bimolecular fluorescence 

complementation (BiFC) assay25. In strains expressing only the N (VN) 

or the C-terminal (VC) fragment of Venus fused with Atg1 and Atg4, 

respectively, no fluorescence signal was detected (Supplementary 

Figure 3d). BiFC signal was also absent in the strain carrying both 

Atg4–VC and Atg1–VN (Figure 4a), probably due to the transient 

location of Atg proteins at the PAS. In agreement with this, a 

perivacuolar punctuate BiFC signal became evident in an atg2Δ mutant 

in which Atg1 associates more pronouncedly to the PAS17. These BiFC 

puncta co-localized with mCherryV5-Atg8, supporting that Atg4 

interacts with Atg1 at this specific location (Figure 4a). Additional 

deletion of ATG13 in this background prevents recruitment of Atg1 to 

the PAS17 and led to the disappearance of BiFC signals confirming that 

the interaction between Atg1 and Atg4 specifically takes place on 

autophagosomal membranes (Figure 4a). 

 

Figure 3. The phosphorylation state of S307 modulates Atg4 interaction with 

Atg8. (a) Atg4 and Atg8 were fused to the activation domain (AD) and/or the DNA-

binding domain (BD) of Gal4, respectively. Plasmids were transformed into the PJ69-

4A strain and colonies were spotted on medium lacking leucine and uracil (control 

plate) or leucine, uracil and adenine (test plate). Growth on the test plate indicates 

interaction. The control was cells expressing BD-Atg8 alone. (b) Phosphorylation of 

S307 blocks the interaction of Atg4 with conjugated Atg8. The atg4Δ (SAY084) 

mutant transformed with WT Atg4-13xmyc and the atg4Δ strain with stably 

integrated pCuGFPAtg8ΔR (305) (JSY151) carrying a plasmid expressing the 

13xmyc-tagged WT or the indicated Atg4 variants, were exponentially grown and 

nitrogen starved in SD-N for 1 h. Cell lysates were subjected to pull-down 

experiments using GFP-trap sepharose beads. Isolated proteins, 4% of cell lysate 
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(input) or 100% of the pull-down material (IP), were resolved by SDS-PAGE and 

analyzed by western blot using anti-myc and anti-Atg8 antibodies. 

 

Discussion 

The recruitment of Atg proteins to the PAS and their dissociation from 

the surface of complete autophagosomes must be subjected to spatial 

and temporal regulation to avoid the formation of aberrant intermediate 

structures. It has been shown that Atg4 constitutively deconjugates 

Atg8 from PE on all membranes except the PAS, suggesting the 

existence of regulatory elements protecting Atg8–PE from cleavage by 

Atg4 at this site9. Here, we found that active Atg1 inhibits Atg4 action 

at the PAS. In contrast to the rest of the Atg proteins17, Atg4 does not 

localize at this location suggesting that it only very transiently 

associates with it9. As a result, a possible mechanistic model is that 
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Atg1 prevents Atg4 interaction with its substrate at the PAS, i.e., Atg8–

PE. This transient inhibition could be one of the mechanisms that allow 

the synthesis and the maintenance of the Atg8–PE pool required for the 

formation of an autophagosome. At the completion of an 

autophagosome, inactivation of Atg1 would permit Atg4 to act on the 

Atg8–PE on autophagosomal membranes (Figure 4b)11,13,15. This 

hypothetical model is indirectly supported by the observation that the 

human homologue of Atg13, very likely in complex with Atg1/ULK1, 

is one of the first Atg proteins dissociating from autophagosomes when 

those separate from omegasomes, a step that possibly takes place at 

their sealing26. Atg1 directly inhibits Atg4 protease activity through 

phosphorylation of S307. The lack of interaction between Atg4S307D and 

Atg8 (Figure 3) indicates that this modification affects Atg4 binding to 

its substrate rather than negatively regulating its proteolytic activity by 

altering the catalytic site. This is indirectly supported by the observation 

that catalytically dead Atg4PD binds Atg8 (Figure 3). Nonetheless, 

based on the predicted Atg4 structure (Supplementary Figure 5a), 

S307 is close to amino acids D322 and H324, which correspond to 

D278 and H280 in ATG4B’s catalytic site27. In particular, S307 faces 

H324 and when phosphorylated, its interaction with the positively 

charged H324 could induce a conformational change that alters the 

predicted Atg8-binding region (Supplementary Figure 5a). The 

interaction between phosphorylated S307 and H324, however, could 

also lead to a closure of the catalytic pocket. 

Our multiple approaches to quantify the degree of phosphorylation of 

S307 in vivo have been unsuccessful probably due to the very low 

amounts of this modification, which make it not always detectable. This 

suggests that only a very small subpopulation of S307 is modified 

and/or is a very transient phosphorylation of S307. One possibility is 

that Atg4 approaching the Atg8–PE on autophagosomal membranes 

gets phosphorylated and, it is rapidly dephosphorylated after immediate 

release into the cytoplasm. Another possible scenario emerges from few 

recent publications. A structural study describing the mechanism of 

Legionella RavZ-mediated LC3–PE C-terminal processing reached the 

conclusion that the N-terminal and C-terminal LIR motifs in RavZ are 
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essential to bind the substrate simultaneously and open the catalytic 

groove to allow the access to the bond that has to be cleaved28. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Atg1 and Atg4 interact at the PAS. (a) Atg1-Atg4 interaction at the PAS 

was visualized by BiFC. WT (JSY185), atg2Δ (JSY190) and atg2Δ atg13Δ (JSY215) 

cells expressing both endogenous Atg1-VN and Atg4-VC, and carrying a 

pCumCherryV5ATG8 plasmid were grown in SMD before being nitrogen starved in 

SD-N medium for 1 h. Fluorescence images were taken before and after nitrogen 

starvation. DIC, differential interference contrast. Scale bar, 5µm. (b) Mechanistic 

model for the regulation of Atg4 during autophagy. Newly synthesized Atg8 is 

constitutively processed by the cysteine protease Atg4 in the cytoplasm, where it is 

not inhibited by Atg1. After the cleavage of the C-terminal arginine, a glycine residue 

is exposed allowing Atg8 to be conjugated to the PE on autophagosomal membranes 
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at the PAS. During the phagophore expansion, the Atg4 adjacent or coming in 

proximity of autophagosomal membranes, is locally inhibited by the action of the 

Atg1 kinase complex Upon autophagosome completion, the release of Atg1 form 

autophagosomal membranes and/or its local inactivation allows Atg4 to act on Atg8-

PE and release Atg8 from the PE anchor. This molecular mechanism, possibly 

together with other unknown regulatory events, would drive the dissociation of other 

Atg proteins from the surface of autophagosomes allowing their subsequent fusion 

with vacuoles. 
 

LIR motifs, plus a newly identified domain, are important for the 

recognition and deconjugation of lapidated Atg8/LC3 proteins by Atg4 

proteases in yeast and mammals29,30. It is thus plausible that regulation 

of LIR motif-mediated recruitment to autophagosomal membrane is the 

major mechanism for Atg8–PE processing, and Atg1 kinase inhibition 

represents an extra control mechanism. This latter would operate when 

the catalytic groove opens and therefore S307 could be of easily access 

for Atg1. Alignment of the amino acid sequence of Atg4 protein family 

members from different organisms shows that Atg4 proteins have either 

a serine or an alanine in the position corresponding to that of yeast S307 

(Supplementary Figure 5b). The phylogenetic analysis reveals an 

evolutionary relation within Atg4 proteins with serines and within those 

with alanines (Supplementary Figure 5c). The higher Atg8–PE 

deconjugating activity of the Atg4 isoforms with an alanine compared 

to those with a serine31,32 suggests that they might be modulated by a 

different and very likely, less stringent mechanism. Human ATG4B is 

also inhibited by ULK1 (the mammalian homologue of Atg1) through 

phosphorylation at S31633. The corresponding serine in yeast, i.e., 

S354, however, shows no major defect in autophagy progression when 

mutated to aspartate or alanine (Figure 1b). Interestingly, the residue 

equivalent to S307 of yeast Atg4 is substituted by an alanine in ATG4B 

(Supplementary Figure 5b). Altogether these observations reveal that 

although phosphorylation by Atg1 homologues is an evolutionary 

conserved mechanism to negatively regulate Atg4, different serine 

residues are used. Future studies are needed to decipher the significance 

of this difference. 
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Methods 

 

Plasmids 

The pATG4GFP(416) plasmid was generated by PCR amplification of 

ATG4 promoter and the ATG4-GFP fusion from the MNY006 strain 

genome, and its subsequent cloning into the pRS416 vector33 as a 

KpnI/AscI fragment. The pATG413xmyc(416) plasmid was obtained 

by replacing GFP in pATG4GFP(416) with the sequence for the 

13xmyc tag from the pFA6a13xmycTRP1 plasmid34 using PacI and 

AscI. Protease-dead (C147S), the cysteine mutant (S307C) and 

phospho-mutant versions of Atg4 were created by inserting nucleotide 

changes in the pATG4GFP(416) and pATG413xmyc(416) plasmids 

using the site-direct mutagenesis kit (Stratagene, LaJolla, CA). The 

correct introduction of the point mutations was verified by DNA 

sequencing. The pRS416 plasmid backbone was replaced with the one 

of the pRS40633 using KpnI and SacI, to create the vectors integrating 

the various ATG4-GFP constructs into the genome. The integrative 

vectors expressing untagged Atg4, Atg4S307A and Atg4S307D under the 

control of their own promotor (i.e pATG4(406), pATG4S307A(406) and 

pATG4S307D(406) were obtained by cloning PCR products from the 

appropriate template plasmids as KpnI-AscI fragments into 

pATG4GFP(406), a strategy that allows to remove GFP. The 

pTEFATG4V297R, Q314K-GFP(416) plasmid was generated by triple 

ligation into the pRS416 vector digested with KpnI and XmaI, of a 

fragments carrying the TEF1 promoter (digested with KpnI and PacI) 

and the Atg4V297R,Q314K ORF (digested with PacI and XmaI). The 

sequence coding for Atg4V297R,Q314K was obtained beforehand by site-

directed mutagenesis of the pATG4GFP(416) construct. These two-

point mutations, which do not affect the functionality of Atg4 

(Supplementary Fig. 2b), were introduced to add new trypsination sites 

in order to generate a peptide of the region of interest detectable by 

protein mass spectrometry analysis. The pCuGFPATG8ΔR(305) and 

pCuATG8GFP(403) plasmids were generated by replacing the vector 

backbone of the pCuGFPATG8ΔR(406)15 and pAUT7GFP(416) 
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plasmid8 with the one from the pRS305 and pRS403 vectors33, 

respectively, using SacI and XhoI. The yeast two-hybrid plasmids were 

created by amplifying the ORF of ATG4 and its variants by PCR from 

the pATG413xmyc plasmids described above, and cloning them as a 

XmaI/SalI fragment into the pGAD-C1 vector35. The pGBDU-Atg8 

plasmid was described elsewhere36. To create the plasmids expressing 

GST-tagged Atg4 peptides, complementary primers encoding for the 

peptides and containing the overhanging ends generating EcoRI and 

XhoI restriction sites, were annealed together to create the insert and 

cloned into pGEX4T3 vector as EcoRI/XhoI fragments.  The 

pCumCherryV5ATG8 construct has been described elsewhere37. 

 

Yeast strains 

The S. cerevisiae strains used in this study are listed in Supplementary 

Table 1. For gene disruptions, the coding regions were replaced with K. 

lactis URA3 or LEU2, the S. cerevisiae TRP1, the S. pombe HIS5 or the 

K. pneumoniae hphNT1gene by homologous recombination using PCR 

products generated with primers containing 60 bases of identity to the 

regions flanking the open reading frames34,38,39. Chromosomal tagging 

of the ATG1 or ATG4 genes at the 3’end was done by PCR-based 

integration of the N- or the C-terminus of the Venus tag using pFA6a-

VN-His3MX6 and pFA6a-VC-TRP1 as template plasmids, 

respectively25. PCR verification, western blotting using antibodies 

recognizing the tags and analysis of Ape1 processing were used to 

confirm all deletions and integrations as well as the functionality of all 

the protein fusions. 

 

Media 

Yeast cells were grown in rich (YPD; 1% yeast extract, 2% peptone, 

and 2% glucose) or synthetic minimal (SMD; 0.67% yeast nitrogen 

base, 2% glucose, and amino acids and vitamins as needed) medium. 

Autophagy was induced by transferring cells into a nitrogen starvation 

medium (SD-N; 0.17% yeast nitrogen base without amino acids and 

ammonium sulfate, and 2% glucose) during 1 and 3 h.  
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Antibodies and reagents 

Primary antibodies or sera for protein or tag detection were: anti-GFP 

antibody (Roche, cat# 11814460001, 1:3,000 dilution), anti-myc 

antibody (Santa Cruz, cat# sc-40, 1:10,000 dilution), anti-Ape1 

antibody (1:3,000 dilution)37 and anti-Atg8 (1:5,000 dilution)30. The 

anti-Pgk1 antiserum was generated by immunization of New Zealand 

White rabbits with the CLKYFGKALENPTR peptide (New England 

Peptides) and used at a 1:1,000 dilution. Alexa-680 conjugated anti-

rabbit or mouse IgG antibodies were used as secondary antibodies (Life 

technologies, 1:5,000 dilution).  

 

Fluorescence microscopy  

Fluorescence signals were visualized with a DeltaVision RT 

fluorescence microscope (Applied Precision) equipped with a 

CoolSNAP HQ camera (Photometrix). Images were generated by 

collecting a stack of 20 pictures with focal planes 0.2 μm apart in order 

to cover the entire volume of a yeast cell and by successively 

deconvolving them using the SoftWoRx software (Applied Precision). 

A single focal plane is shown at each time point. The FM 4-64 dye 

(Invitrogen) was used to specifically stain the vacuolar rim40. The GFP 

intensity in vacuolar rim or lumen was determine as an average of the 

intensity of several points in each region by using the multi-point tool 

in ImageJ. For time-lapse imaging experiments, cells nitrogen starved 

in SD-N medium and stained with the CellTracker™ Blue 7-amino-4-

chloromethylcoumarin (CMAC) dye (Invitrogen) for 30 min, were 

imaged every 30 s, collecting a Z-stack of 6 pictures with focal planes 

0.30 μm apart. Images were deconvolved and mounted into movies 

before measuring the life of GFP-Atg8∆R using the SoftWoRx 

software. The time point at which GFP-Atg8∆R appeared as a punctuate 

structure was considered as time 0 min. 2D projections of Z-stack 

images were employed to quantify the relative intensity of GFP-

Atg8∆R-positive structures as previously described23 and setting to 1 

the relative intensity of cells expressing WT Atg4.  
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Yeast two-hybrid assay 

The plasmids pGBDU-C1 and pGAD-C1 carrying ATG8 and ATG4 or 

its mutated forms, respectively, were transformed into the PJ69-4A test 

strain and grown on SMD medium lacking leucine and uracil35. 

Colonies were then spotted on SMD medium lacking leucine and uracil 

(control plate) or leucine, uracil and adenine (test plate). 

 

Immunoprecipitations 

The equivalent of 100 OD600 growing cells was transferred to SD-N 

medium for 1 h, harvested by centrifugation and resuspended in 1 ml of 

lysis buffer (45 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 10% 

glycerol, 0.5% Tween-20) supplemented with 1 mM PMSF, Complete 

protease inhibitors (Roche), 10 mM β-glycerophosphate, 50 mM NaF 

and 1 mM Na3VO4. After addition of glass beads, cells were lysed by 

vortexing at 4˚C for 15 min and lysates cleared by centrifugation at 

15,000 g for 5 min at 4˚C. The supernatant was incubated with 25 µl of 

pre-washed GFP-trap sepharose beads (ChromoTek) on a rotating 

wheel for 1.5 h at 4˚C. Beads were finally washed 3 times in 1 ml of 

lysis buffer, resuspended in loading buffer and analyzed by SDS-PAGE 

followed by western blot.  

 

Electron microscopy 

Fifteen OD600 unit equivalents of cells were resuspended in 1 ml of 

freshly prepared ice-cold 1.5% KMnO4 (Sigma) and transferred into a 

1.5 ml microfuge tube. After topping up the tube with 0.5 ml of the 

same solution to exclude air, samples were mixed on a rotatory wheel 

for 30 min at 4˚C. This operation was repeated once more before 

washing the pellets five times with 1 ml of distilled water. Cells were 

then dehydrated in increasing amounts of acetone (10, 30, 50, 70, 90, 

95 and three times 100%) by incubation on a rotatory wheel for at least 

20 min at room temperature, at each step. After centrifugation, pellets 

were resuspended in 33% Spurr’s resin in acetone and mixed on the 

same device for 1 h at room temperature. This operation was repeated 

twice overnight and successively during all day in 100% Spurr’s resin. 
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The Spurr’s resin mixture was prepared by mixing 10 g of 4-

vinylcyclohexene dioxide (or ERL4206), 4 g of epichlorohydrin-

polyglycol epoxy (DER) resin 736, 26 g of (2-nonen-1-yl)succinic 

anhydride (NSA) and 0.4 g of N,Ndiethylethanolamine (all from 

Sigma). Incubating the preparations overnight at 70˚C polymerized the 

Spurr’s resin. Section of about 65–80 nm were then cut using an 

Ultracut E ultramicrotome (Leica Microsystems) and transferred on 

Formvar carbon-coated copper grids. Sections where then stained first 

with 6% uranyl acetate for 30 min at room temperature and then with a 

lead-citrate solution (80 mM lead nitrate, 120 mM sodium citrate, pH 

12) for 2 min before being viewed41. To determine the number of AB 

per vacuole and their diameter, 3 different grids with sections obtained 

from the same preparation were evaluated. For every grid, the number 

and diameter of AB in 50 cells with apparent vacuoles was determined. 

Error bars represent the standard deviation from the counting of the 3 

grids. 

 

Protein expression and purification 

Atg3, Atg4, Atg4 mutants, Atg7, Atg8 and the Atg12–Atg5 complex 

were expressed and purified E. coli Rosetta pLySS cells as described. 

Full length Atg3 and Atg19Cterm were expressed as N-terminal GST 

fusion proteins from pGEX4T142. Cells were grown at 37˚C to an OD600 

of 0.8, induced with 50 μM isopropyl β-D-1-thiogalactopyranoside 

(IPTG) and grown for a further 16 h at 18°C. Cells were pelleted and 

resuspended in a buffer containing 50 mM HEPES, pH 7.5, 300 mM 

NaCl, 2 mM MgCl2, 1 mM DTT and Complete protease inhibitors 

(Roche) and DNAse I (Sigma). Cells were lysed by freeze thawing and 

the lysate was centrifuged at 40,000 rpm (Beckman Ti45 rotor) for 40 

min at 4˚C. The supernatant was incubated with glutathione-beads (GE 

Healthcare) for 2h at 4˚C. Beads were washed 5 times with 50 mM 

HEPES, pH 7.5, 300 mM NaCl and 1 mM DTT, followed by 2 washes 

with 50 mM HEPES, pH 7.5, 1000 mM NaCl, 1mM DTT and two 

washes with 50 mM HEPES, pH 7.5, 300 mM NaCl and 1 mM DTT. 

The proteins were cleaved off from the GST tag by incubation with 

thrombin protease (Serva) overnight at 4˚C. The supernatant containing 
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the cleaved off Atg3 and Atg19Cterm were diluted to reach a final salt 

concentration of 150 mM NaCl and further purified using a 16/60 Q-

Sepharose column. The protein was eluted on a gradient ranging from 

150 mM-1 M NaCl. Fractions containing Atg3 and Atg19Cterm were 

pooled, concentrated and run on a 16/60 S75 size exclusion column in 

50 mM HEPES, pH 7.5, 150mM NaCl and 1 mM DTT. Full length 

Atg7 was expressed as an N-terminal 6xhistidine-tagged protein from 

pOPTHrsTEV42. Cells were grown at 37°C to an OD600 of 0.8, induced 

with 50 μM IPTG and grown for a further 16 h at 18˚C. Cells were 

pelleted and resuspended in a buffer containing 50 mM HEPES, pH 7.5, 

300 mM NaCl, 10 mM imidazole, 1 mM MgCl2, 2 mM β-

mercaptoethanol, Complete protease inhibitors (Roche) and DNAse I 

(Sigma). Cells were lysed by freeze thawing and the lysate was 

centrifuged at 40,000 rpm (Beckman Ti45 rotor) for 40 min at 4˚C. The 

supernatant was incubated with nickel beads (5 Prime) for 2 h at 4°C. 

Beads were washed with 50 mM HEPES, pH 7.5, 300 mM NaCl, 10 

mM imidazole and 2 mM β-mercaptoethanol, and the 6xhistidine-tag 

was cleaved off with TEV protease at room temperature. The Atg7 

protein was diluted to reach a final salt concentration of 150 mM and 

further purified on 16/60 Q-Sepharose column. The protein was eluted 

using a gradient reaching from 150 mM-1 M NaCl. Fractions containing 

Atg7 were pooled, concentrated and run on a 16/60 S200 size exclusion 

column in 50mM HEPES pH 7.5, 150mM NaCl and 1 mM DTT. Atg8 

lacking the C-terminal arginine (R117, Atg8∆R) was expressed as N-

terminal 6xhistidine-tagged protein from pOPC-His-TEV-Atg842. Cells 

were grown at 37˚C to an OD600 of 0.8, induced with 500 μM IPTG and 

grown for a further 3 h at 37˚C. Cells were pelleted and resuspended in 

a buffer containing 50 mM HEPES, pH 7.5, 300mM NaCl, 10 mM 

imidazole, 1 mM MgCl2, 2 mM β−mercaptoethanol, Complete protease 

inhibitors (Roche) and DNAse I (Sigma). Cells were lysed by freeze 

thawing and the lysate was centrifuged at 40,000 rpm (Beckman Ti45 

rotor) for 40 min at 4˚C. The supernatant was incubated with nickel 

beads (5 Prime) for 2h at 4˚C. Beads were washed with 50 mM HEPES, 

pH 7.5, 300 mM NaCl, 10 mM imidazole and 2 mM 

β−mercaptoethanol, and the 10xhistidine-tag was cleaved off for 
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several hours with TEV protease at room temperature. The Atg8 protein 

was diluted to reach final salt concentration of 150 mM and the protein 

was further purified on 16/60 SP-Sepharose column. The protein was 

eluted using a gradient reaching from 150-1000 mM NaCl. Fractions 

containing Atg8 were pooled, concentrated and run on a 16/60 

Superdex S75 size exclusion column in 50 mM HEPES pH 7.5, 150 

mM NaCl and 1mM DTT. The Atg5-Atg12 conjugate was produced by 

co-expression of 6xhistidine-tagged Atg5, Atg12, Atg10 and Atg742. 

Cells were grown at 37˚C to an OD600 of 0.8, induced with 1mM IPTG 

and grown for another 4 h at 37°C. Harvested cells were resuspended 

in the resuspension buffer (300 mM NaCl, 5 0mM HEPES, pH 7.5, 10 

mM imidazole, 2.5 mM Pefablock (Roth), 1 mM MgCl2, 2 mM β-

mercaptoethanol and and DNAse I (Sigma), and disrupted by freeze-

thaw method and sonication. The cleared lysate was applied to a 

HisTrap column (GE Healthcare) and the proteins were eluted by a step-

wise imidazole gradient. The Atg5-Atg12 the eluate was concentrated 

using Amicon Ultra centrifugal filter (MW cut-off 30 kDa) and further 

purified using a 16/60 S200 size exclusion column (GE Healthcare). 

The protein complex was eluted from the column with 150 mM NaCl, 

50 mM HEPES, pH 7.5 and 1 mM DTT. Atg4 and its mutant versions 

were expressed as an N-terminal GST fusion protein. Cells were grown 

at 37˚C until an OD600 of 0.8. Protein expression was induced by 

addition of IPTG to a final concentration of 0.1 mM and the protein was 

expressed at 18˚C overnight. The cell pellets were resuspended in 50 

mM HEPES/KOH, pH 7.5, 300 mM NaCl, 1 mM DTT, 1 mM MgCl2, 

DNase I, Complete protease inhibitors (Roche) and PEFABLOC. Cells 

were lysed by freezing in liquid nitrogen and thawing, followed by brief 

sonication. The lysate was cleared by centrifugation at 200,000 g for 40 

min at 4˚C and the supernatant was incubated with equilibrated 

glutathione beads (GE Healthcare) for 2 h at 4˚C. The beads were 

washed 5 times with 50 mM HEPES/KOH, pH 7.5, 300 mM NaCl, 1 

mM DTT, 2 times with 50 mM HEPES, pH 7.5, 700 mM NaCl, 1 mM 

DTT and finally 2 times with 50 mM HEPES, pH 7.5, 300 mM NaCl, 

1 mM DTT. The protein was eluted with 50 mM HEPES, pH 7.5, 300 

mM NaCl and 1mM DTT supplemented with 20 mM L-glutathione and 
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cleaved with thrombin. The cleaved protein was run on a Superdex 200 

16/600 column (GE Healthcare) and the peak fractions containing Atg4 

were pooled, concentrated and flash frozen in liquid nitrogen. 

 

Preparation of small unilamellar vesicles (SUVs) 

SUVs used for the conjugation and deconjugation assays were 

composed of 65% DOPC, 30% DOPE and 5% PI (all purchased from 

Avanti Polar Lipids). 100 μl of the lipid stock (10 mg/ml) were 

transferred into a glass vial and dried under an argon stream. The dried 

lipids were dried additionally for 1 h in a desiccator. Subsequently, the 

dried lipids were subsequently incubated with SUV buffer (25 mM 

HEPES, pH 7.5, 137 mM NaCl, 2.7 mM KCl, 1 mM DTT) for 15 min. 

The lipids were resuspended by tapping and gently sonicated for 2 min 

in a water bath sonicator. The resuspended SUVs were then extruded 

21 times through a 0.4 μm membrane followed by extrusion through a 

0.1 μm membrane (Whatman Nucleopore, St. Louis, MO) using the 

Mini Extruder (Avanti Polar Lipids). The final SUVs suspension has a 

concentration of 1 mg lipids/ml buffer. 

 

Atg8 conjugation and deconjugation assay using SUVs 

The conjugation and deconjugation reactions were performed at 30˚C 

and all buffers, solutions and the SUVs with the exception of the 

proteins were pre-warmed to this temperature. Atg3 and Atg7 were used 

at a final concentration of 1 µM, whereas Atg12–Atg5 and Atg8∆R 

were used at a final concentration of 0.5 µM and 5 µM, respectively. 

ATP was added to a final concentration of 50 µM while MgCl2 was 

used at 1 mM. Conjugation reactions were stopped by the addition of 

1000 units of calf intestinal phosphatase (New England Biolabs). For 

the deconjugation reaction, Atg4 was used at a final concentration of 25 

nM. The reactions were then stopped by the addition of SDS-PAGE 

loading buffer and samples separated on 11% SDS- PAGE gels 

containing 4.5 M urea in the separating part. 

 

Protein mass spectrometry analysis 
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700 ml of late stationary grown atg4Δ cells (SAY084) transformed with 

the pTEFATG4V297R, Q314K-GFP(416) plasmid and nitrogen starved in 

SD-N medium for 1 h were lysed by cryogenic grinding in 45 mM 

HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% 

Tween-20 supplemented with 1 mM PMSF, Complete protease 

inhibitors (Roche), 10 mM β-glycerophosphate, 10 mM NaF and 1 mM 

Na3VO4 buffer. Lysates were then cleared by centrifugation and 

incubated with 100 µl GFP-sepharose beads. Immuno-isolated 

Atg4V297R, Q314K-GFP was eluted in sample buffer and separated by 

SDS-PAGE before cutting the gel band containing the fusion protein. 

After in-gel trypsination, the resulting peptides were separated and 

analyzed by liquid chromatography-mass spectrometry (LC-MS) on a 

Q-Exactive plus MS instrument with an Ultimate 3000 nano RSLC LC 

system (Thermo). Peptides were fragmented by collision-induced 

dissociation, and the resulting peptide MS/MS spectra were used for 

identification of proteins and modifications, performed with the 

PEAKS software version 7.5 (Bioinformatics Solutions). 

 

In vitro Atg1 phosphorylation  

Atg1-TAP and Atg1D211A-TAP, and the associated proteins, were 

immunoisolated from yeast grown in 2 l of YPD medium to an OD600 of 

2 and treated with 220 nM rapamycin for 1 h, harvested by 

centrifugation, and washed in PBS, 2% glucose. Cells were then 

resuspended in the lysis buffer (PBS, 10% glycerol, 0.5% Tween-20, 

1 mM NaF, 1 mM phenylmethylsulfonylfluoride, 1 mM Na3VO4, 

20 mM β-glycerophosphate, protease inhibitor cocktail (Roche)) and 

frozen in droplets in liquid nitrogen. After cell disruption with a freezer 

mill (6770; SPEX), the extract was thawed in lysis buffer and cleared 

by centrifugation. The cleared extracts were then incubated with 160 μl 

of IgG-coupled magnetic beads (Dynabeads, Invitrogen) for 1 h at 4°C 

with rotation. The beads were washed six times for 5–10 min in lysis 

buffer with rotation and cleaved in lysis buffer containing 0.5 mM DTT 

and the TEV protease for 1 h at 16°C with slow shaking. The 

immunoisolated Atg1-TAP and Atg1D211A-TAP, and the associated 

proteins, were incubated in the phosphorylation mixture (10 μCi γATP, 
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25 mM MOPS pH 7.5, 1 mM EGTA, 10 mM Na3VO4, 15 mM MgCl2 

total volume of 11 μl) with 2 µg of soluble GST, GST-Atg19Cterm or 

GST-Atg4, purified from E. coli20. After 20 min of incubation at 30˚C, 

the Atg1 bound beads were removed and the supernatant was assessed 

for radioactivity incorporation by phospho-imaging. GST-fused 

peptides were immobilized on GST beads and TEV eluted soluble Atg1 

complexes were used for the in vitro phosphorylation reaction as 

described above. 

 

Pho8Δ60 assay  

As previously described21, 5 OD600 equivalents of cells were lysed in 

400 μl of ice-cold lysis buffer (20 mM PIPES, pH 6.8, 0.5% Triton X-

100, 50 mM KCl, 100 mM potassium acetate, 10 mM MgCl2, 10 μM 

ZnSO4, 2 mM PMSF) by vortexing in presence of 100 µl of glass beads 

(0.4-0.6 mm in diameter) for 3–5 min at 4˚C. Lysates were centrifuged 

at 13,000 g for 5 min at 4˚C. Then 100 μl of supernatant were mixed 

with 400 µl of ALP reaction buffer (250 mM Tris-HCl, pH 8.5, 0.4% 

Triton X-100, 10 mM MgCl2, 10 μM ZnSO4, 1.25 mM p-nitrophenyl 

phosphate) pre-warmed at 37˚C. Samples were incubated at 37˚C for 

20 min before adding 500 μl of 1 M glycine, pH 11.0. After centrifuge 

at 13,000 g for 2 min, the absorbance of the supernatant was measured 

at 400 nm. Enzymatic activity was calculated with the following 

formula 1000 x OD400/ [time x protein concentration in µg/ml] and 

expressed in arbitrary units. 

 

Western blot analyses 

Western blot analyses were conducted as previously described21. 

Briefly, 2.5 OD600 equivalents of cells were collected by centrifugation 

at 13,000 g for 1 min and resuspended in 400 µl of ice-cold 10% 

trichloroacetic acid (TCA). After having left them on ice for at least 30 

min, mixtures were centrifuged at 13,000 g for 5 min at 4°C and the 

protein pellets were resuspended in 1 ml of ice-cold acetone by 

sonication. Samples were subsequently put at -20°C for at least 20 min 

before to be centrifuged at 13,000 g for 5 min at 4°C. Pellets were dried, 

resuspended in 80-100 µl of 1x Laemmli sample buffer (50 mM Tris-
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HCl, pH 6.8, 2% SDS, 10% glycerol, 1% β-mercaptoethanol) and 

boiled before to be loaded on SDS-PAGE gels. Protein were finally 

transferred on PVDF membranes and detected using an Odyssey system 

(Li Cor Biosciences) and ImageJ software was used for processing of 

images and band quantification.  

 

Statistical analyses 

Statistical analyses were done using the paired two-tailed Student’s t-

test.  
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Supplementary Figure 1. Atg4 and amino acid sequence. (a) Atg4 contains 7 

potential Atg1 phosphorylation sites. Saccharomyces cerevisiae Atg4 amino acid 

sequence. The potential phospho-acceptor serines in the Atg1 potential 

phosphorylation sites are in blue, S307 is in green and the residues that are putatively 

part of the catalytic site are in red. (b) The atg4Δ (SAY130) strain carrying a plasmid 

expressing Atg4, Atg4PD or Atg4S307C was grown in SMD or nitrogen starved (SD-

N) for 3 h before measuring Pho8Δ60 activity in cell lysates. Pho8Δ60 activity was 

expressed in and a.u. stands for arbitrary units and relative to the control SMD 

conditions. Error bars represent the SD of 5 independent experiments. The symbol * 

indicates statistical significance (p<0.001) with the cells carrying Atg4 and was 

calculated with the paired two-tailed Student’s t-test. 
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Supplementary Figure 2. Atg4 phosphorylation analysis in vivo. (a) 

Atg4V297R,Q314KGFP was purified and processed for protein mass spectrometry as 

described in Methods. Extracted ion chromatogram of the phosphorylated 

GIAGGRPSSSLYFFGYK peptide is presented. Proposed structures of the fragment 

ions are indicated with numbered letter. The detailed data are in Supplementary Table 

2. (b) Normal progression of autophagy in cells overexpressing Atg4V297R,Q314K -GFP 

was assessed by monitoring maturation of precursor Ape1 (prApe1) into Ape1 by 

western blot. The atg4 strain transformed with an empty verctor (pRS416, atg4), 

pTEFATG4-GFP(416) or pTEFAtg4V297R,Q314K-GFP(416), was grown to an 

exponential phase before precipitating proteins with trichloroacetic acid and separate 

them by SDS-PAGE. Western blot membranes were probed with anti-Ape1 

antibodies. 
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 Supplementary Figure 3. Control experiments for electron microscopy, GFP-

Atg8ΔR distribution analyses and BiFC assay. (a) The atg4Δ pep4Δ strain 

transformed with an empty plasmid (JSY163) or expressing Atg4PD-GFP 

(SAY145) was processed for electron microscopy as in Fig. 1d. CW, cell wall; ER, 

endoplasmic reticulum; LD, Lipid droplet; M, mitochondrion; N, nucleus; PM, 

plasma membrane; V, vacuole. Scale bar, 1 µm. (b) TCA precipitated proteins from 

the cells analyzed in Fig. 2b were examined by western blot. (c) Quantification of 

the amounts of GFP-Atg8ΔR and GFP in the western blot shown in (b). Error bars 
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represent the SD of 3 independent experiments. (d) Control experiments for the 

BiFC assay. WT cells expressing endogenous Atg1-VN (JSY181) or Atg4-VC 

(JSY184) and carrying the pCumCherryV5ATG8(416) plasmid were processed as 

in Fig. 4a. DIC, differential interference contrast. Scale bar, 5 µm. 
 

 

 

Supplementary Figure 4. Time-lapse imaging of GFP-Atg8ΔR-positive 

autophagosomes in presence of Atg4, Atg4S307D and Atg4S307A. (a) Cells 

expressing GFP-Atg8R and Atg4 (RGS306), Atg4S307D (RSY298) or Atg4S307A 

(RGS297) were grown in YPD medium at 30˚C to a logarithmic phase before being 

after nitrogen starved in SD-N medium for 30 min. Cells were also incubated with 

the CMAC dye to label the vacuole, 10 min before being analysed by live-cell 

imaging as described in Methods with picture collected every 30 s. A representative 

event for each strain is shown in Supplementary Movies 1, 2 and 3. The single focal 

plane frames from these videos collected at the intervals of 4 min, are shown in the 

panel. Scale bar: 2 µm. (b) Quantification of GFP-Atg8R-positive puncta 

lifetimes imaged in (a). Autophagosome formation time was define and measured 

from the appearance until disappearance of GFP-Atg8R punctum over-time. Error 

bars indicate the SD of three independent experiments and in each experiment, 25 

cells where the PAS was monitored continuously in the same confocal planes were 
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analyzed. Significant differences (p<0.01) between the various Atg4 mutants and 

the WT are indicated with the symbol *. (c) Fluorescence intensity quantification 

of GFP-Atg8R punctate structures in the strains examined in (a). The average 

intensity of cells expressing WT Atg4 was set to 1 as relative reference. Error bars 

indicate the SD of three independent experiments. Significant differences (p<0.01) 

between the various Atg4 mutants and the WT are indicated with the symbol * and 

were calculated with the paired two-tailed Student’s t-test. 

 

 

Supplementary Figure 5. Predicted three-dimensional model of yeast Atg4 

structure and conservation of S307 among eukaryotes. (a) Three-dimensional 

model predicting yeast Atg4 structure generated from the crystal structure of 

human ATG4B using the software at http://robetta.bakerlab.org/ (left) and an 

enlargement of the inset highlighting the region around S307 (right). The putative 

catalytic site (C147, D322 and H324) of Atg4 is highlighted in red. The putative 
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regulatory loop is colored in green and conserved residues forming part of the 

predicted Atg8 interaction region are in light blue and orange. (b) Alignment of 

multiple amino acid sequences of Atg4 from different species was performed using 

the Clustal Omega software (http://www.ebi.ac.uk/Tools/msa/clustalo/). The 

residues in the equivalent position to the S307 of yeast Atg4 are highlighted by a 

red square. UniprotKB accession numbers are: C. albicans Atg4 (Q59UG3), A. 

nidulans Atg4 (Q5B7L0), S. cerevisiae Atg4 (P53867), K. lactis Atg4 (Q6CQ60), 

C. elegans Atg4.1a (Q9N30), C. elegans Atg4.1b (K8ESC5), C. elegans Atg4.2 

(Q9U1N6), D. melanogaster Atg4 (M9PBM3), D. rerio Atg4B (Q6DG88), M. 

musculus ATG4A (Q8C9S8), M. musculus ATG4B (Q8BGE6), M. musculus 

ATG4C (Q811C2), M. musculus ATG4D (Q8BGV9), H. sapiens ATG4A 

(Q8WYN0), H. sapiens ATG4B (Q9Y4P1), H. sapiens ATG4C (Q96DT6) and H. 

sapiens ATG4D (Q86TL0). (c) Cladogram showing the phylogenetic relation 

among the Atg4 proteins from different eukaryotes obtained using the Clustal 

Omega software (http://www.ebi.ac.uk/Tools/msa/clustalo/). On the right of the 

figure it is indicated which Atg4 homologues have a serine (Ser) or an alanine (Ala) 

residue in the equivalent position to the S307 of yeast Atg4. 
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Supplementary Figure 6. Original 

material. (a) Autoradiography and 

scan used to generate Figure 1a. (b) 

Autoradiography and scan used to 

generate Figure 1c. 

 

 

 

 
Supplementary Figure 7. Original 

material. (a) Scans of the western blots 

used to generate Figure 2a. (b) Scan of 

the western blots used to generate 

Supplementary Figure 2b. 

Supplementary Figure 8. 

Original material. Scans 

of the western blots used to 

generate Figure 3b. 
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Supplementary Table 1. Yeast strains used in this work 

Name Genotype Origin 

JSY151 
SEY6210 atg4Δ::TRP1 CUP1pr-GFP-

ATG8ΔR::LEU2 

This study 

JSY163 SEY6210 atg4Δ::TRP1 pep4Δ::LEU2 pRS::URA3 This study 

JSY164 
SEY6210 atg4Δ::TRP1 pep4Δ::LEU2 ATG4S307A-

GFP::URA3 

This study 

JSY165 
SEY6210 atg4Δ::TRP1 pep4Δ::LEU2 ATG4S307D-

GFP::URA3 

This study 

JSY181 SEY6210 ATG1-VN::HIS3 This study 

JSY184 SEY6210 ATG4-VC::TRP1 This study 

JSY185 SEY6210 ATG1-VN::HIS3 ATG4-VC::TRP1 This study 

JSY190 
SEY6210 atg2Δ::hphNTI ATG1-VN::HIS3 ATG4-

VC::TRP1  

This study 

JSY215 
SEY6210 atg2Δ::hphNTI atg13::LEU2 ATG1-

VN::HIS3 ATG4-VC::TRP1 

This study 

MNY006 SEY6210 ATG4-GFP::TRP1 This study 

PJ69-4A 

MATα leu2-3,112 trp1-901 ura3-52 his3-200 gal4 

gal80 LYS2::GAL1-HIS3 GAL2-ADE2 

met2::GAL7-lacZ 

35 

RGS297 
SEY6210 atg4Δ::TRP1 CUP1pr-GFP-

ATG8ΔR::LEU2 pATG4S307A::URA3 

This study 

 

RGS298 
SEY6210 atg4Δ::TRP1 CUP1pr-GFP-

ATG8ΔR::LEU2 pATG4S307D::URA3 
This study 

RGS306 
SEY6210 atg4Δ::TRP1 CUP1pr-GFP-

ATG8ΔR::LEU2 pATG4::URA3 
This study 

SAY084 SEY6210 atg4Δ::TRP1 This study 

SAY114 SEY6210 atg4Δ::TRP1 CUP1-ATG8-GFP::HIS3 This study 

SAY130 YTS159 atg4Δ::HIS5 S.p This study 

SAY144 
SEY6210 atg4Δ::TRP1 pep4Δ::LEU2 ATG4-

GFP::URA3 
This study 

SAY145 
SEY6210 atg4Δ::TRP1 pep4Δ::LEU2 ATG4PD-

GFP::URA3 
This study 

SEY6210 
MATα ura3-52 leu2-3,112 his3-Δ200 trp1-Δ901 

lys2-801 suc2- Δmel GAL 
43 

YTS159 
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 pho13Δ::KAN 

pho8::PHO8Δ60 
44 
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Supplementary Table 2. Fragments of the phosphopeptide containing 

S307 
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Abstract 

Atg9 is a highly conserved transmembrane protein essential for all types 

of macroautophagy (hereafter autophagy). In yeast, Atg9-containing 

vesicles are derived from the Golgi and shuttle between cytoplasmic 

pools and the site where autophagosomes are formed. This dynamic 

behaviour has led to propose that Atg9 may be an important regulator 

of autophagosome biogenesis. Some of the other key factors of 

autophagy, the autophagy-related (Atg) proteins, have been associated 

to Atg9 trafficking, but most of them remain to be investigated. Here 

we screened for the involvement of the Atg core machinery in Atg9 

transport to and from the PAS during both the cytosol-to-vacuole 

targeting pathway, a selective type of autophagy, and bulk autophagy. 

Within this screen, we were able to confirm some of the previous 

findings but also unveil some new putative Atg proteins mediating a 

determined step in Atg9 trafficking under specific growth conditions.  

 

Keywords 

Atg9, Atg protein, phagophore assembly site, trafficking, autophagy, 

Cvt pathway 

 

Introduction 

Autophagy is a conserved and essential cellular process involved in the 

turnover of unwanted cellular components and invading pathogens. The 

hallmark of this pathway is the sequestration of the structures targeted 

to degradation, by double-membrane vesicles called autophagosomes1. 

Autophagy operates at basal level under growing conditions to maintain 

cell homeostasis, but it can also be induced by stress conditions such as 

nutrient starvation to rapidly supply energy to the cell through the bulk 

degradation of the cellular components, including cytoplasm and 

organelles. In addition to bulk non-selective autophagy, cells possess 

selective types of autophagy where specific structures are exclusively 

sequestered into autophagosomes1. The first selective type of 

autophagy to be discovered and one of the best-characterized ones, is 

the yeast cytosol-to-vacuole targeting (Cvt) pathway. This transport 
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route delivers large oligomers mainly formed by the vacuolar hydrolase 

aminopeptidase 1 into vacuoles2,3. 

In yeast, autophagosomes are formed perivacuolarly at a specific site 

called the pre-autophagosomal structure or phagophore-assembly site 

(PAS). At this location, it is believed that an initial membrane cistern, 

named the phagophore or isolation membrane, is generated and 

elongates around the cellular components targeted for degradation to 

finally close into an autophagosome1,4. Complete autophagosomes 

subsequently fuse with the vacuole releasing their content in the lumen 

of this organelle, where it is degraded by resident hydrolases1. The 

molecular machinery mediating autophagy is composed by the so-

called autophagy-related (Atg) proteins, and numerous of them have 

been uncovered with genetic screens in yeast Saccharomyces 

cerevisiae. The biogenesis of autophagosomes is orchestrated through 

the action of a highly conserved core machinery, subdivided into five 

functional groups of Atg proteins: the Atg1 kinase complex, the 

autophagy-specific phosphatidylinositol 3-kinase (PI3K) complex, the 

Atg9 trafficking system, and the Atg8- and Atg12-ubiquitin 

conjugation systems5. 

Atg9 is an integral protein with six conserved transmembrane domains 

essential for both autophagy and the Cvt pathway5–8. In all organisms, 

Atg9 appear to principally localize to the trans-Golgi network (TGN) 

and endosomes, although it has also been detected at the plasma 

membrane and in vicinity of mitochondria9–11. Atg9 buds off from the 

Golgi to form cytoplasmic Atg9-containing membranes, which 

comprise highly and low mobile 30-60 nm vesicles8,11,12. Atg9 cycles 

between this location and the PAS13, and because of this dynamics, it 

has been proposed that Atg9 contributes as one of the membrane 

sources for the formation of the phagophore and possibly its 

elongation12,14. In yeast, an average of three Atg9-containing vesicles 

reaches the PAS and very likely participates to the formation of the 

phagophore through homo- and heterotypic fusion events12,14–16. As 

Atg9 is detected on the external membrane of complete 

autophagosomes12,17, this implies that it is probably retrieved during the 

fusion of these large vesicles with the vacuole or shortly afterwards as 
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it is not detected on the vacuole limiting membrane. In mammalian 

cells, in contrast, ATG9A-containing vesicles interact with but do not 

become incorporated into the autophagosomal membranes, and 

therefore it seems that ATG9A may be principally involved in the 

regulation of the phagophore expansion18. 

Trafficking of Atg9 has mainly studied in yeast. In this organism, the 

movement of Atg9 towards the PAS is mediated by different members 

of the autophagy core machinery: Atg11, Atg17, Atg23, Atg2712,13,19–

24. Atg23 and Atg27, which do not have mammalian homologues, very 

likely form a complex with Atg925. Atg23 and Atg27 thus display an 

identical similar distribution throughout the cytoplasm and to the PAS 

like Atg9, and their localization is mediated by Atg913,26,27. Both 

proteins are required for the Cvt pathway and efficient autophagy, and 

for Atg9 transport under both situations26,27. More recently, evidences 

have been provided showing that Atg23 and Atg27 might participate in 

the biogenesis of Atg9-containing vesicles12. Atg27 is additionally 

involved in retaining Atg9 in the correct compartments as in its absence, 

Atg9 gets mislocalized and degraded in the vacuole22. Atg11 binds Atg9 

directly, mediating its anterograde transport to the PAS in an actin-

dependent manner during Cvt pathway19,23. Atg11 functions as a link 

between the Cvt complex and the components that will promote the 

assembly of PAS, through a direct interaction with Atg19 (which 

interacts with Atg8) and Atg128. As Atg11 is involved in all the 

selective types of autophagy in yeast, including mitophagy and 

pexophagy, it is likely that this protein plays a key role is orchestrating 

the organization of the PAS in these contexts as well. Atg11 still plays 

a partial role in the Atg9 recruitment to the PAS under nutrient 

starvation conditions, but not essential to promote bulk autophagy23. 

Under those conditions, the function of Atg11 in Atg9 transport to the 

PAS appears to be taken over by Atg1720. 

The Atg9-containing membranes retrieval from the PAS to their 

cytoplasmic pool requires the subunit of the Atg1, Atg13, the PI3K 

complex and the Atg9 binding partners Atg2 and Atg18. Omission of 

one of these proteins restricts Atg9 to the PAS during both Cvt pathway 

and Autophagy13,29. Atg1 and Atg13 compose the Atg1 kinase complex, 
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which is involved in autophagosome biogenesis and mediate autophagy 

initiation in response to nutrient deprivation30. Known Atg1 complex 

interactors such as Atg11 and Atg17, however, appear to not be 

implicated in Atg9 retrograde trafficking13. The PI3K complex is 

responsible for the synthesis of phosphatidylinositol-3-phosphate on 

autophagosomal membranes and it is also involved in the Atg9 retrieval 

from the PAS13,31. Atg9 is still partially retrieved from the PAS in cells 

lacking Atg14, the specific subunit of the autophagy-specific PI3K 

complex, possibly due to the mobilization to the PAS of 

phosphatidylinositol-3-phosphate synthesized by the endosome-

specific PI3K complex13. Atg2 and Atg18 are two interacting proteins 

that can associate to Atg9 and in their absence Atg9 concentrates to the 

PAS13,32. Interestingly, Atg2 and Atg18 recruitment to the PAS depends 

on the Atg1-Atg13 and the PI3K complex, mechanistically linking all 

the factors that have been so far connected to Atg9 retrieval from the 

PAS32–34. 

In mammalian cells, ATG9A is distributed between the TGN and 

endosomes8. During starvation ATG9A redistributes from the TGN 

towards a peripheral pool with an increased co-localization with 

autophagosomes through a mechanism that depends on the Atg1 

homologue ULK1, ATG13 and the activity of the PI3K complex8,35. 

The transport to autophagosomal membranes appears to principally 

occur at the recycling endosomes, where SNX18 recruits DYNAMIN2 

to induce budding of ATG9A-positive membranes. In parallel, a 

TBC1D14-TRAPPII-like complex facilitates the trafficking of ATG9A 

from the recycling endosomes to Golgi, to maintain the ATG9A pool 

necessary for autophagy36,37. 

As an essential Atg protein regulating selective and non-selective types 

of autophagy, it is crucial to better understand Atg9 trafficking to gain 

better insights into its molecular function. In order to investigate 

whether other Atg proteins play a role in yeast Atg9 trafficking, we 

performed an imaging-based screen to identify new factors within the 

Atg machinery core machinery involved in the transport of Atg9 to and 

from the PAS. We identified different new putative factors involved in 
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this aspect of autophagy, which may operate under specific growing 

conditions.  

 

Results 

Identification of Atg proteins involved in Atg9 transport to the PAS 

In order to investigate whether other members of the Atg machinery are 

involved in the movement of Atg9-containing membranes towards the 

PAS, we took advantage of the transport of Atg9 after knockout of 

ATG1 (TAKA) assay38. Atg1 is involved in the retrieval movement of 

Atg9 to its cytoplasmic pools and deletion of this protein causes Atg9 

to accumulate and be restricted to the PAS13. Knockout of a gene in an 

atg1∆ mutant background that results in the same phenotype as the 

original atg1∆ strain, i.e. a single perivacuolar Atg9-positive punctum, 

indicates that the ablated gene is not involved in the anterograde 

movement of Atg9 to the PAS. In contrast, Atg9 distribution in multiple 

cytoplasmic puncta in such double mutant shows that the deleted gene 

is involved in the re-localization of Atg9 from its cytoplasmic pools to 

the PAS. 

 

Figure 1. Atg9-GFP subcellular distribution under growing and nitrogen 

starvation conditions. Wild type (WT) and atg1Δ strains expressing Atg9-GFP 

(KTY097 and SAY001) were grown to an exponential growing phase in SMD 

medium before to be nitrogen starved in SD-N medium for 3 h. Cells were imaged 

before and after starvation. DIC, differential image contrast. Scale bar, 5 µm. 

 

Growing conditions Starvation

Atg9-GFP DIC Atg9-GFP DIC

WT

atg1∆
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We examined Atg9 subcellular distribution in strains expressing 

endogenous Atg9-GFP lacking both ATG1 and the gene under analysis. 

Cells were imaged by fluorescence microscopy in both rich growing 

conditions and nitrogen starvation to determine the different 

requirements for Atg9 transport to the PAS during selective and non-

 

Figure 2. The role of Atg1 kinase complex subunits in the Atg9-GFP transport 

to the PAS using the TAKA assay. Subcellular distribution of Atg9-GFP in absence 

of both Atg1 and a subunit of the Atg1 kinase complex: Atg11 (SAY051), Atg13 

(SAY053), Atg17 (SAY056), Atg29 (SAY057) and Atg31 (SAY058). DIC, 

differential image contrast. Scale bar, 5 µm. 
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selective types of autophagy, respectively. As expected13, we observed 

Atg9-GFP distributed in several cytoplasmic puncta in the wild type 

(WT) strain and in a single perivacuolar dot in the atg1∆ background, 

during both the Cvt pathway, which operates under growing conditions 

in SMD medium and bulk autophagy triggered by nitrogen depletion in 

SD-N medium (Figure 1). Under, normal growing conditions and 

starvation, the deletion of genes of the Atg1 kinase complex like 

ATG13, ATG17, ATG29 and ATG31, did not alter the concentrated Atg9 

localization observed in the atg1Δ strain, except for the atg11∆ 

knockout (Figure 2). 

In this background, Atg9-GFP had a similar subcellular localization as 

in the WT strain, i.e. it was distributed in several cytoplasmic puncta, 

in presence or absence of nitrogen, showing that this protein appears to 

be important for Atg9 trafficking during both selective and non-

selective autophagy (Figure 2). The absence of two of the subunits of 

the PI3K complex, i.e. Atg6 or Atg14, did not affected Atg9 transport 

to the PAS in both tested conditions (Figure 3). Furthermore, we also 

found that deletion of ATG2 and ATG18 did not alter the accumulation 

of Atg9 in the atg1Δ background under conditions inducing selective 

 

 

Figure 3. Analysis of PI3K complex I components function in the Atg9-GFP 

transport to the PAS using the TAKA assay. Atg9-GFP localization in knockout 

strains for Atg1 and two of the subunits of the PI3K complex: Atg6 (SAY005) and 

Atg14 (SAY054). DIC, differential image contrast. Scale bar, 5 µm. 

 

atg1∆

atg6∆

atg1∆

atg14∆

Growing conditions Starvation

Atg9-GFP DIC Atg9-GFP DIC
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and non-selective autophagy (Figure 4). The knock-out of most of the 

elements of the Atg8- and Atg12- conjugation systems, i.e. ATG3, 

ATG4, ATG5, ATG7, ATG8, ATG10 or ATG16 in the atg1∆ deletant led 

to an Atg9 atg1Δ-like phenotype showing that those genes are not 

required for Atg9 anterograde transport (Figure 5). Simultaneous 

deletion of Atg1 and Atg12 under autophagy inducing conditions, 

however, resulted in Atg9 distribution in several puncta indicating that 

Atg12 may be involved in the transport of this protein under nitrogen 

deprivation (Figure 5). 

 

Figure 4. Participation of Atg9 cycling proteins in the anterograde Atg9-GFP 

transport to the PAS using the TAKA assay. Subcellular distribution of Atg9-GFP 

in absence of both Atg1 and the proteins involved in Atg9 cycling: Atg2 (SAY003), 

Atg18 (SAY009). DIC, differential image contrast. Scale bar, 5 µm. 

 

Altogether, our data confirmed that Atg11 is involved in the Atg9 

anterograde transport to the PAS and revealed that Atg12 could also 

have a similar function under autophagy-inducing conditions. 

 

Identification of the Atg proteins mediating Atg9 retrieval from the 

PAS 

To screen for the Atg proteins that could be involved in the recycling 

of Atg9 from the PAS back to its peripheral locations, we analyzed the 

subcellular distribution of endogenous Atg9-GFP in cells lacking each 

one Atg genes. 

Growing conditions Starvation

Atg9-GFP DIC Atg9-GFP DIC

atg1∆

atg2∆

atg1∆

atg18∆
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Figure 5. Contribution of Atg8- or Atg12-conjugation system in the Atg9-GFP 

recruitment to the PAS using the TAKA assay. Subcellular distribution of Atg9-

GFP in absence of both Atg1 and each one of the components of the conjugation 

system: Atg3 (SAY004), Atg4 (SAY050), Atg5, Atg7 (SAY006), Atg8 (SAY007), 

Atg10 (SAY008), Atg12 (SAY052) and Atg16 (SAY055). DIC, differential image 

contrast. Scale bar, 5 µm. 
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Once more, the fluorescence microscopy analyses were performed 

under conditions where the Cvt pathway and bulk autophagy operate. 

A deletion resulting in the same phenotype as atg1∆, a single Atg9-

GFP-positive punctum per cell (Figure 1), indicates the possible 

involvement of that protein in the retrograde transport of Atg913. 

Contrarily, a gene deletion that produces an Atg9 cytoplasmic 

Figure 6. Involvement of Atg1 kinase complex subunits in Atg9 retrieval from 

the PAS. Atg9-GFP subcellular distribution in absence of each one of the core 

components of the Atg1 kinase complex subunits: Atg11 (SAY042), Atg13 

(SAY044), Atg17 (SAY047), Atg29 (SAY048) and Atg31 (SAY049). DIC, 

differential image contrast. Scale bar, 5 µm. 
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distribution in different puncta, does not indicate a functional 

association of that protein with Atg9 recycling from the PAS. We 

observed that the deletion of Atg1 kinase complex gene, ATG13, 

triggered the accumulation of Atg9 in one cell punctum, similarly to the 

ATG1 deletion, under selective and non-selective autophagy conditions. 

An analogous phenotype was observed upon the deletion of other 

members of the Atg1 kinase complex as Atg17, Atg29 (during Cvt 

pathway) and Atg31. On the other hand, atg11∆ knockout strain 

presented a WT-like distribution of Atg9 in cell growing conditions 

(Figure 6). 

 

 

In the absence of Atg14, Atg9 was limited to one fluorescent punctum 

during the Cvt pathway while during autophagy-inducing conditions 

this protein had an intermediate distribution phenotype, with the 

majority of Atg9 localized in one or two puncta (Figure 7). Deletion of 

ATG6, in contrast, displayed an Atg9 localization pattern like the WT 

during both Cvt pathway and autophagy (Figure 7). When analysing 

deletions of components of the Atg9 cycling system, we observed that 

Figure 7. Examination of PI3K complex I subunits role during Atg9 recycling 

from the PAS. The Atg9-GFP localization was performed in strains lacking two of 

the components of the PI3K complex: Atg6 (SAY122) and Atg14 (SAY045). DIC, 

differential image contrast. Scale bar, 5 µm. 
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the knockout of ATG2, exclusively during autophagy, but not of Atg18, 

was constraining Atg9 to a single punctum per cell (Figure 8). 

Under Cvt pathway conditions, atg5∆ and atg7∆ cells displayed a 

phenotype identical to the one of the atg1Δ mutant, which in the case 

of the atg5∆ deletant was also observed during bulk autophagy. The 

absence of the other members of the Atg8- and Atg12- conjugation 

systems, contrarily, did not affect the WT distribution of Atg9-GFP 

except the deletion of ATG4, ATG10 or ATG16, which during Cvt 

pathway, led to an intermediate phenotype, where most of the cells 

exhibited one or two Atg9-GFP puncta per cell (Figure 8). Altogether, 

our results highlight the possible involvement of Atg5 and Atg7, but 

possibly also some of the other components of the two autophagy-

specific ubiquitin-like conjugation systems, in Atg9 recycling from the 

PAS under selective type of autophagy. 

Figure 8. The role of the members of the Atg9 cycling system in Atg9 movement 

from the PAS. Subcellular distribution of Atg9-GFP in absence of the factors 

involved in its cycling: Atg2 (SAY118), Atg18 (FRY469). DIC, differential image 

contrast. Scale bar, 5 µm. 
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Discussion 

In both yeast and mammals, Atg9 shuttles between its cytoplasmic 

vesicle pool and the PAS to promote autophagosome biogenesis and 

different Atg proteins are mediating this trafficking. In our work, we 

have applied a systematic approach to analyse the involvement of each 

core Atg protein in this aspect of autophagy. We identified factors 

possibly involved in the Atg9 transport to and from the PAS. Although 

some of them were already known, others have never been linked 

before to this function (Figure 10). 

 

Atg proteins involved in the Atg9 anterograde transport to the PAS 

Different studies have shown that Atg11 plays an essential role in Atg9 

movement to the PAS during both the Cvt pathway and 

autophagy19,24,32. In our study, we have confirmed that Atg11 functions 

in Atg9 trafficking to the PAS in both conditions (Figure 10). Atg13 

has been described to be involved in the anterograde Atg9 transport 

during autophagy23. However, our work showed no role of Atg13 in the 

anterograde movement of Atg9 to the PAS in agreement with another 

work13. Although Atg17 was previously shown to be a factor essential 

for Atg9 anterograde movement to the PAS during both Cvt pathway 

and autophagy32, we did not 

observe this involvement. This apparent discrepancy could be due to 

the different strategy used by the authors, which localized Atg9-GFP in 

a strain lacking simultaneously Atg2, Atg11 and Atg17. As Atg11 is 

involved in the anterograde Atg9 movement, the triple knockout strain 

is expected to display a block in Atg9 transport to the PAS. We present 

evidences for a possible role of Atg12 in Atg9 anterograde transport 

during autophagy (Figure 10). This function of Atg12 is very likely 

independent from its role that ultimately leads to Atg8 conjugation onto 

the autophagosomal membranes, as the knockout of any other 

component of the Atg12- or Atg8-conjugation system appears to not 

affect Atg9 localization. The role of Atg12 in Atg9 trafficking may 

depend on an interaction between these two proteins. Direct binding 

between Atg9 and Atg12 has not been reported to date, but a genetic 

screen on yeast lifespan revealed a possible functional interaction 
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between these two proteins39. Moreover, a high-throughput screen 

aimed at identifying yeast protein complexes has revealed a possible 

interaction between Atg12 and Atg11, which in turn physically interact 

with Atg940. 

 

Atg proteins involved in the Atg9 retrograde transport from the 

PAS 

Different studies have shown that Atg1 participates in Atg9 retrograde 

transport from the PAS during both selective and non-selective 

autophagy13,19,25,32, something that we also observed. Our results are in 

agreement with the previous findings that showed an Atg13 role in Atg9 

recycling for the PAS during the Cvt pathway (Figure 10)13. Here, we 

highlight a similar function of Atg13 under nitrogen starvation 

conditions as well. The Atg13-Atg9 complex mediates Atg9 

anterograde transport during autophagy23, but the possible involvement 

of this interaction in Atg9 recycling has not been explored. Here we 

also demonstrated that two other subunits of the Atg1 complex, i.e. 

Atg29 and Atg31, play a relevant role in Atg9 recycling from the PAS. 

Atg29 appears to have a function exclusively during the Cvt pathway, 

while Atg31 seems to be important under all tested conditions (Figure 

10). As previously reported, Atg17 is not required for Atg9 retrieval 

form the PAS13. Therefore, Atg29 and Atg31 are involved in Atg9 

trafficking independently of the Atg17-Atg29-Atg31 complex. 

However, the lack of any of these proteins could have different 

consequences in the initial PAS organization, making the results 

complex in their interpretation. Our results confirm that Atg9 retrograde 

transport requires Atg14 during Cvt pathway13 and suggest a possible 

involvement of this protein also during autophagy (Figure 10). Atg14 

physically interacts with Atg941 and this interaction could mediate Atg9 

transport from the PAS. 

Surprisingly, Atg6, another subunit of the PI3K complex I, does not 

appear to be relevant for Atg9 trafficking and consequently Atg9 

retrieval may be Atg14-dependent and not requiring PI3K as previously 

thought.  Atg2 was shown to participate in the retrograde transport of 

Atg9 during the Cvt pathway13,32. We confirmed this result and showed 
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that this involvement also holds true during autophagy-inducing 

conditions. The binding of Atg9 to Atg2 is probably essential on this 

trafficking process42,43, and Atg1-dependent recruitment of Atg2 to the 

PAS was proposed as a possible explanation for Atg9 to be restricted to 

the PAS upon deletion of ATG113,19. 

On the other hand, Atg18 was shown to participate in Atg9 recycling 

towards the cytoplasmic pool during autophagy13, but we could not 

confirm this observation in our study. 

There are conflicting results regarding Atg18 role in Atg2 recruitment 

to the PAS33,44,45 and therefore a more in-depth analysis would be 

important to determine Atg18 importance in the Atg9 trafficking in 

connection with Atg2. 

In our screen, we found that some elements of the Atg8- and Atg12-

conjugation systems, namely Atg5 and Atg7, are participating in the 

Atg9 retrograde trafficking, during autophagy and Cvt pathway, 

respectively (Figure 10).  

Contrary to the members of the other Atg functional groups, the absence 

of Atg5, Atg7 or any of the elements of Atg8- and Atg12-conjugation 

system, do not influence Atg2 recruitment to the PAS33, suggesting that 

Atg5 and Atg7, like Atg2, could be the direct regulators of Atg9 

retrograde trafficking. Moreover, Atg5 and Atg7 impede Atg8 to be 

recruited to the PAS33, but ATG8 deletion does not interfere with Atg9 

trafficking. Therefore, it is likely that Atg5 and Atg7 carry out a 

function in Atg9 recycling that is independent from their role in Atg8 

conjugation. Taken in account our results, it is important to study the 

possibility of a physical interaction between Atg9, and Atg5 and Atg7. 

Although the Cvt pathway and autophagy share most of the Atg 

machinery involved in the Atg9 trafficking, some of the examined 

proteins appear to be specifically required for Atg9 movement during 

specific conditions. For example, Atg12 is required for Atg9 

anterograde transport during autophagy. Moreover, Atg7 and Atg5 play 

a relevant function in Atg9 retrograde traffic during the Cvt pathway 

and autophagy, respectively (Figure 10). 
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Figure 9. Contribution of the Atg8- or Atg12-conjugation system elements in 

Atg9 retrieval from the PAS. Imaging of cells lacking the components of the Atg8- 

or Atg12-conjugation system: Atg3 (SAY067), Atg4 (SAY002), Atg5 (SAY120), 

Atg7 (SAY124), Atg8 (SAY125), Atg10 (SAY127), Atg12 (SAY043) and Atg16 

(SAY046). DIC, differential image contrast. Scale bar, 5 µm. 
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Transcriptional regulation or post-translation modifications could 

influence the participation of each of these proteins in each autophagic 

process and explain the observed differences. One possible scenario 

could be that the proteins involved in either Cvt pathway or autophagy, 

provide the necessary specificities for Atg9 trafficking and 

consequently reflect on the individual properties of each pathway. For 

example, larger double-membrane vesicles are formed upon autophagy 

induction compared to those generated under nutrient rich conditions 

during the Cvt pathway, and ATG8 gene upregulation has been linked 

to this increase in size46,47. On the other hand, the rate of 

autophagosome formation appears to be linked to Atg9 expression 

levels and this is thought to be associated with the possible involvement 

of Atg9 in the curvature and closure of the phagophore14,48. The Atg 

proteins mediating Atg9 trafficking could for instance fine-tune Atg9 

transport to and from the PAS, to modulate the formation of double-

membrane vesicles of diverse size, with different cargo specificity. The 

further investigation of each one of these components will help to 

decipher how Atg9 controls the Cvt pathway and autophagy. 

 

Figure 10. Model for Atg9 trafficking in yeast. During the Cvt pathway, Atg9 

movement to the PAS requires Atg11. Atg9 recycling from the PAS involves Atg1, 

Atg2, Atg7, Atg13, Atg14, Atg29 and Atg31. Upon induction of bulk autophagy by 
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Materials and Methods 

Yeast strains 

The S. cerevisiae strains used in this study are listed in Table 1. Genes 

were knocked-out by homologous recombination using PCR fragments 

amplified with primers containing 60 bases identical to the flanking 

regions of the gene open reading frames49,50, and were replaced with 

URA3 or LEU2 from K. lactis, TRP1 from S. cerevisiae or HIS5 from 

S. pombe. ATG9 was tagged on its chromosomal locus by integration of 

GFP at the 3’end. The PCR product used for the integration was 

obtained by PCR amplification of the GFP and the TRP1 marker 

sequences using pFA6a-GFP(S65T)-TRP1 as template plasmid49. The 

expression of tagged Atg9-GFP was analysed by light microscopy. 

Gene disruptions were confirmed by PCR analysis. 

 

Media 

Cells were grown in rich medium (YPD; 1% yeast extract, 2% peptone, 

and 2% glucose) or synthetic minimal medium (SMD; 0.67% yeast 

nitrogen base, 2% glucose, and amino acids and vitamins as needed). 

To induce autophagy, cells were grown to a logarithmic (log) phase in 

YPD or SMD medium, and then transferred into a medium lacking 

nitrogen (SD-N; 0.17% yeast nitrogen base without amino acids and 

ammonium sulfate, and 2% glucose) for 3 h. 

 

Fluorescence microscopy 

Fluorescence signals were visualized with a DeltaVision RT 

fluorescence microscope (Applied Precision) equipped with a 

CoolSNAP HQ camera (Photometrix). Images were generated by 

collecting a stack of 20 pictures with focal planes 0.20 μm apart to 

cover the entire volume of a yeast cell and subsequently deconvolved 

using the SoftWoRx software (Applied Precision). 

 

nitrogen starvation, Atg9 anterograde trafficking to the PAS depends on Atg11, 

Atg12, while its retrograde transport depends on Atg1, Atg2, Atg5, Atg13 and Atg31. 

Newly identified Atg proteins involved in the Atg9 trafficking are indicated with the 

symbol 
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Supplementary Table 1. Yeast strains used in this work 

Name Genotype Origin 

FRY469 SEY6210 ATG9-GFP::TRP1 atg18Δ::HIS5 This study 

KYT97 SEY6210 ATG9-GFP::TRP1 47 

QYY030 
SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 

atg5Δ::HIS5 
This study 

SAY001 SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 This study 

SAY002 SEY6210 ATG9-GFP::TRP1 atg4Δ::URA3 This study 

SAY003 
SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 

atg2Δ::HIS5 
This study 

SAY004 
SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 

atg3Δ::HIS5 
This study 

SAY005 
SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 

atg6Δ::HIS5 
This study 

SAY006 
SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 

atg7Δ::HIS5 
This study 

SAY007 
SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 

atg8Δ::HIS5 
This study 

SAY008 
SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 

atg10Δ::HIS5 
This study 

SAY009 
SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 

atg18Δ::HIS5 
This study 

SAY042 SEY6210 ATG9-GFP::TRP1 atg11Δ::HIS5 This study 

SAY043 SEY6210 ATG9-GFP::TRP1 atg12Δ::HIS5 This study 

SAY044 SEY6210 ATG9-GFP::TRP1 atg13Δ::HIS5 This study 

SAY045 SEY6210 ATG9-GFP::TRP1 atg14Δ::HIS5 This study 

SAY046 SEY6210 ATG9-GFP::TRP1 atg16Δ::HIS5 This study 

SAY047 SEY6210 ATG9-GFP::TRP1 atg17Δ::HIS5 This study 

SAY048 SEY6210 ATG9-GFP::TRP1 atg29Δ::HIS5 This study 

SAY049 SEY6210 ATG9-GFP::TRP1 atg31Δ::HIS5 This study 

SAY050 
SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 

atg4Δ::HIS5 
This study 
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SAY051 
SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 

atg11Δ::HIS5 
This study 

SAY052 
SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 

atg12Δ::HIS5 
This study 

SAY053 
SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 

atg13Δ::HIS5 
This study 

SAY054 
SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 

atg14Δ::HIS5 
This study 

SAY055 
SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 

atg16Δ::HIS5 
This study 

SAY056 
SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 

atg17Δ::HIS5 
This study 

SAY057 
SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 

atg29Δ::HIS5 
This study 

SAY058 
SEY6210 ATG9-GFP::TRP1 atg1Δ::URA3 

atg31Δ::HIS5 
This study 

SAY067 SEY6210 ATG9-GFP::TRP1 atg3Δ::HIS5 This study 

SAY118 SEY6210 ATG9-GFP::TRP1 atg2Δ::HIS5 This study 

SAY120 SEY6210 ATG9-GFP::TRP1 atg5Δ::HIS5 This study 

SAY122 SEY6210 ATG9-GFP::TRP1 atg6Δ::HIS5 This study 

SAY124 SEY6210 ATG9-GFP::TRP1 atg7Δ::HIS5 This study 

SAY125 SEY6210 ATG9-GFP::TRP1 atg8Δ::HIS5 This study 

SAY127 SEY6210 ATG9-GFP::TRP1 atg10Δ::HIS5 This study 

SEY6210 
MATα ura3-52 leu2-3,112 his3-Δ200 trp1-

Δ901 lys2-801 suc2-Δ9 mel GAL 
51 
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Abstract 

Partitioning of lipid precursors between membranes and storage is 

crucial for cell growth, and its disruption underlies pathologies such as 

cancer, obesity, and type 2 diabetes. However, the mechanisms and 

signals that regulate this process are largely unknown. In yeast, lipid 

precursors are mainly used for phospholipid synthesis in nutrient-rich 

conditions in order to sustain rapid proliferation but are redirected to 

triacylglycerol (TAG) stored in lipid droplets during starvation. Here 

we investigate how cells reprogram lipid metabolism in the 

endoplasmic reticulum. We show that the conserved phosphatidate 

(PA) phosphatase Pah1, which generates diacylglycerol from PA, 

targets a nuclear membrane subdomain that is in contact with growing 

lipid droplets and mediates TAG synthesis. We find that cytosol 

acidification activates the master regulator of Pah1, the Nem1-Spo7 

complex, thus linking Pah1 activity to cellular metabolic status. In the 

absence of TAG storage capacity, Pah1 still binds the nuclear 

membrane, but lipid precursors are redirected toward phospholipids, re-

sulting in nuclear deformation and a proliferation of endoplasmic 

reticulum membrane. We propose that, in response to growth signals, 

activation of Pah1 at the nuclear envelope acts as a switch to control the 

balance between membrane biogenesis and lipid storage. 

 

Introduction 

Cell growth and proliferation require phospholipids, the major building 

blocks of membranes, and survival during nutritional deprivation 

depends on energy stored in the form of triacylglycerols (TAGs). 

Because phospholipids and TAG share common precursors, cells must 

spatially and temporarily control the flow of lipids toward growth or 

storage in a nutrient-dependent manner. The mechanisms responsible 

for this coordination within the endoplasmic membrane (ER) network, 

where lipid synthesis takes place, are poorly understood. Such 

mechanisms are crucial for proper growth control and metabolic 

homeostasis in healthy individuals, and their disruption underpins the 

development of cancer, type 2 diabetes, and obesity. TAGs, together 

with esterified sterols, are deposited in ubiquitous organelles - lipid 
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droplets1 (LDs). During LD biogenesis, cells coordinate synthesis of 

TAG from glycerol and fatty acids through a series of acylation steps, 

with the expansion of the emerging LD from the ER membrane. 

Phosphatidate (PA), a key intermediate in the pathway (Figure 1A), is 

dephosphorylated to diacylglycerol (DAG) by Mg2+-dependent PA 

phosphatases2 (PAPs). Subsequent fatty acid acylation of DAG by 

acyltransferases (DGATs) generates TAG3. Because the size and 

number of LDs vary widely between cell types and growth stage, 

homeostatic mechanisms coordinating LD biogenesis with nutritional 

or developmental status must be in place, but these are largely 

unknown. PA is also a central precursor for the synthesis of 

phospholipids. Therefore, the PAP reaction is a key branching step that 

commits glycerol backbones and fatty acids for TAG synthesis. 

Budding yeast expresses one PAP enzyme that is essential for TAG 

synthesis, Pah14, whereas mammals express three PAPs, lipins 1-35,6. 

Rodent models of lipin 1 deficiency display a lipodystrophic phenotype, 

characterized by significant reduction in fat mass and lack of adipocyte 

differentiation7. Of note, unlike other enzymes of the TAG biosynthetic 

pathway, Pah1 and lipins lack transmembrane domains and therefore 

must first translocate onto membranes in order to generate DAG. This 

step is inhibited by multisite phosphorylation, mediated by Pho85, 

Cdc28, and protein kinase A in yeast8,9 and target of rapamycin (TOR) 

and mitotic kinases in mammals10–12. Dephosphorylation of Pah1 is 

catalyzed by the highly conserved transmembrane Nem1-Spo7 

complex13,14 and is required for Pah1 membrane recruitment and 

activation8,15,16. Of interest, in addition to their TAG storage defects, 

pah1Δ mutants display a reciprocal increase in membrane biogenesis at 

the ER that results in a striking expansion of the nuclear membrane, 

suggesting that Pah1 regulation may be also important for nuclear 

envelope remodeling14,17. Similar nuclear defects were described in 

fission yeast cells lacking the Pah1 orthologue Ned118, whereas a role 

for lipins in nuclear envelope dynamics and nuclear morphology has 

been also established in worms and mammals19–22. Despite the progress 

on the protein factors that regulate Pah1, the physiological signals that 

drive this enzyme to its membrane-bound form and the identity of the 
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ER compartment(s) where it is activated have remained elusive. Given 

the critical position of Pah1 in lipid synthesis, in this study, we set out 

to test the hypothesis that growth and nutrient signals during starvation 

control Pah1 targeting to membranes and determine the site where 

Pah1-mediated lipid partitioning takes place. 

 

Results 

Nutritional control of Pah1 targeting mediates LD biogenesis at a 

nuclear membrane subdomain 

To test whether Pah1 activation on membranes drives lipid flux toward 

storage, we first examined targeting of Pah1 in time-course experiments 

during growth in glucose. Pah1-green fluorescent protein (GFP) 

detection has been hindered by its low expression levels and protein 

instability due to proteasome-mediated degradation of the activated 

enzyme23. This prompted us to use a Pah1-GFP fusion carrying the 

D398A D400A mutations within its DXDX(T/V) catalytic motif 

(hereafter referred to as Pah1*-GFP). This mutant binds membranes 

without dephosphorylating PA16 and is more stable than the wild-type 

enzyme23. To avoid the severe effects of loss of Pah1 activity in cell 

morphology and growth, all experiments using Pah1*-GFP described 

here were performed in cells expressing the endogenous Pah1. During 

exponential phase and the presence of ample glucose, Pah1*-GFP 

exhibits a diffuse cytoplasmic distribution (98 ± 1% cells), consistent 

with continued phospholipid production for sustaining biomass 

accumulation. After the deceleration of growth due to glucose 

exhaustion at the diauxic shift (post-diauxic shift [PDS]) phase (see 

growth curve in Figure 1B), Pah1*-GFP targeted transiently the 

nuclear membrane domain that contacts the vacuole (nuclear vacuole 

junction [NVJ]; Figure 1, C–E). Subsequently, Pah1*-GFP 

concentrated to two nuclear membrane puncta flanking the NVJ that 

were in contact with LDs (Figures 1, C and D; Supplemental Figure 

S1). We observed that Pah1*-GFP was in contact with the DAG 

acyltransferase Dga1 but did not entirely colocalize with it 

(Supplemental Figure S2). During the NVJ-to-LD transition, we 

noticed a discontinuous thread of Pah1*-GFP labeling that connected 
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with adjoining LD-associated pools, suggesting that the NVJ pool of 

Pah1 gradually concentrates in the proximity of LDs (Figure 1C, 

arrowheads). Of importance, the most significant increase of neutral 

lipids coincides with the translocation of Pah1*-GFP to the nuclear 

membrane-LD interface (Figure 1, B and C). This suggests that a 

nutrient-sensing signal targets Pah1 to the nuclear membrane, ensuring 

that lipid intermediates are diverted from phospholipid synthesis into 

storage lipids. Of interest, murine lipin 2-GFP showed a similar growth-

dependent targeting to the nuclear membrane-LD interface when 

expressed in pah1Δ cells (Figure 1F). The NVJ is established by the 

physical interaction of Nvj1 (on the perinuclear ER) and Vac824 (on the 

vacuolar membrane). The only known function of the NVJ is in the 

piemeal microautophagy of the nucleus (PMN), where nonessential 

portions of the nucleus and nuclear membrane are degraded. Evidence 

for a lipid-remodeling event during PMN is provided by the presence 

of other lipid metabolic enzymes at the NVJ25 and the fact that a liquid 

disordered microdomain reporter, Vph1-mCherry, is excluded from the 

NVJ during PMN26,27. We find that Pah1*-GFP recruitment to the NVJ 

coincides with the exclusion of Vph1-mCherry in the PDS phase 

(Supplemental Figure S3). Therefore, Pah1 might have a role in lipid 

remodeling in order to promote PMN. To determine the role of NVJ in 

the recruitment of Pah1 to the nuclear envelope, we imaged Pah1*-GFP 

in the nvj1Δ mutant. We found that when Pah1*-GFP localizes to the 

NVJ in wild-type cells (4 < OD600 < 6), it maintains a diffuse soluble 

distribution in nvj1Δ cells. However, at later stages (6 < OD600 < 8), 

Pah1*-GFP still localized to a punctum onto the nuclear membrane in 

88 ± 3% of the nvj1Δ cells (Figure 1G). Moreover, at this stage, neutral 

lipid or TAG levels did not decrease in nvj1Δ (Supplemental Figure 

S4). 
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Figure 1. Nutrient-dependent targeting of Pah1 to a subdomain of the nuclear 

envelope. (A) Schematic of the main lipid biosynthetic pathways that control 

membrane growth vs. storage. Dashed arrows indicate pathways that channel DAG to 

phospholipids. The Kennedy pathway directly channels DAG to phospholipids 

(bottom dashed arrow). (B) Left, growth curve of the cells imaged in C. Optical 

density (OD600) at which growth deceleration and the transitions in Pah1*-GFP 

targeting take place. Right, neutral lipid levels during growth. Cells were labeled with 

BODIPY 493/503, and fluorescence was quantified as described in Material and 

Methods. Data are representative of four independent repeats. (C) Wild-type cells 
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Thus the targeting of Pah1 to the nuclear membrane and its function in 

TAG storage do not require the NVJ. Because Pah1*-GFP targets the 

nuclear membrane at the diauxic shift, we tested whether glucose 

regulates this translocation. Indeed, acute glucose starvation of 

exponentially growing cells targets Pah1*-GFP to the NVJ (40 ± 7%). 

In addition, in 24 ± 6% cells, Pah1*-GFP associates with punctuate 

structures, approximately half of which (44 ± 8%) are in contact with 

LDs (Figure 2A). Thus, in addition to LDs, Pah1*-GFP may associate 

with other organelles under these conditions. In many glucose-starved 

cells, Pah1*-GFP also targets the autophagosome (Supplemental 

Figure S5), suggesting a distinct role for Pah1 in macroautophagy, as 

recently shown for its mammalian orthologue, lipin-128. Of importance, 

after glucose starvation, wild-type Pah1-GFP expressed at endogenous 

levels showed a similar targeting as Pah1*-GFP (Figure 2B). 

Consistent with the increased instability of the catalytically active Pah1, 

fewer cells with membrane-bound Pah1-GFP could be detected (11 ± 

7%), and their fluorescence signal was lower than that of Pah1*-GFP. 

As expected, no membrane-bound Pah1-GFP was detected in 

exponential phase (unpublished data). Thus wild-type Pah1-GFP 

behaves similarly to Pah1*-GFP in response to glucose depletion and 

targets the NVJ, LDs, and additional foci. 

expressing the indicated fusion proteins and labeled with MDH to visualize LDs were 

grown from exponential phase (Exp) to the indicated densities and imaged live. 

Arrowheads point to intermediates where Pah1*-GFP is both on NVJ and LD. Arrows 

point to Pah1*-GFP on the nuclear membrane flanking the NVJ at later stages. The 

star indicates the vacuole, identified by its autofluorescence. (D) Quantification of the 

Pah1*-GFP relocalization shown in C. Two hundred cells from three independent 

experiments were scored. (E) Colocalization of Pah1*-GFP with Nvj1-mCherry 

during the exit from exponential growth. Wild-type cells (RS453) expressing a 

chromosomally integrated Nvj1-mCherry and Pah1*-GFP were grown as in B and C 

and imaged at an OD600 of 4.1. The outline of the cell is depicted, and the position of 

the vacuole (vac) indicated. (F) Lipin 2 targets the nuclear membrane–associated LD 

pool. pah1∆cells expressing lipin2-GFP and the indicated reporters were grown to the 

post–diauxic shift (PDS) phase and imaged by epifluorescence microscopy using a 

Zeiss Axioplan microscope. (G) Targeting of Pah1*-GFP to the nuclear envelope in 

the nvj1Δ mutant. Cells expressing the indicated fusion proteins were grown to an 

OD600 of 7.2 and imaged as in C. Scale bar, 5 μm (C, E–G). 
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Figure 2. Pah1*-GFP and Pah1-GFP membrane targeting during glucose 

starvation. (A) Wild-type cells expressing the indicated fusion proteins and growing 

in the exponential phase were transferred to medium lacking glucose for 1 h and 

imaged with a Zeiss Axioplan epifluorescence microscope. (B) Top, pah1Δ cells 

expressing PAH1-GFP from a centromeric plasmid and SEC63-mCherry and growing 

in the exponential phase were transferred to medium lacking glucose for 30 min and 

imaged as in A. Cells were stained with MDH to label LDs. Bottom, wild-type cells 

expressing chromosomally integrated PAH1-GFP and NUP84-mCherry were 

subjected to glucose starvation as described. Arrows point to Pah1-GFP puncta in the 

proximity of LDs; arrowheads point to Pah1-GFP associated with the NVJ. Scale bar, 
5μm. 

 

Metabolic activation of Nem1-Spo7 triggers Pah1*-GFP 

recruitment to the nuclear membrane 

Next, we investigated the mechanism of Pah1 translocation to the 

nuclear membrane in response to nutrient starvation and growth phase. 

Because phosphorylation inhibits Pah1 membrane binding8,16 and 

Pho85-Pho80 and protein kinase A (PKA), which phosphorylate 

Pah19,29, are controlled by nutrients, we asked whether inactivation of 

these kinases could target Pah1 to the nuclear membrane in glucose-

replete medium. In pho85Δ or in cells in which PKA activity was 

chemically inhibited, Pah1*-GFP remained soluble in the cytosol 

during exponential phase (Figure 3, A and C). Msn2-mCherry 

translocated into the nucleus under these conditions, confirming the loss 

of PKA activity upon chemical inhibition (Figure 3B). Similarly, 

Pah1*-GFP targeting was not compromised in the PDS phase (Figure 

3C) in cells lacking SNF1, which encodes the yeast AMP-activated 

serine/threonine protein kinase and plays a major role in glucose 

derepression30. Therefore Pah1*-GFP targeting does not require the 

glucose repression machinery. Because the inhibition of nutrient-
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activated kinases involved in Pah1 regulation fails to trigger its 

recruitment under progrowth conditions, we asked whether Pah1 

dephosphorylation, which is catalyzed by the conserved Nem1-Spo7 

complex14, could be the limiting step for recruitment. Of interest, 

Nem1-Spo7 exhibits optimal activity toward recombinant Pah1 at 

acidic pH, which is unusual for an ER enzyme with a cytosolic 

substrate31. Because a decrease in glucose levels is accompanied by 

acidification of the cytosol, reaching pH 5.0 at the PDS phase32 , we 

asked whether pH-dependent Pah1 dephosphorylation governs its 

targeting to the nuclear membrane at the PDS phase. 

 

Figure 3. Role of Pho85, PKA, or Snf1 in the targeting of Pah1 to the nuclear 

envelope and LDs during the PDS phase. (A) Wild-type (WT) cells (W303) or 

PKA-deficient cells carrying mutations in the ATP-binding pockets of the three 

catalytic subunits of PKA (TPK1M164G TPK2M147G TPK3M165G; tpk1/2/3) that 

make them sensitive to 1-NM-PP1 were transformed with the indicated reporter 

constructs. 1-NM-PP1 is a cell-permeable ATP-analogue that inhibits only the 

modified Tpk subunits67. Cells in early exponential phase were treated with 5 μM 1-

NM-PP1 for 5 min at 30°C min and immediately mounted for observation. No change 

in distribution of Pah1*-GFP was observed. (B) tpk1/2/3 cells expressing the 

indicated reporters were treated with or without 1-NM-PP1 as in A. (C) Wild-type, 

pho85∆or snf1∆deletion mutants expressing the indicated reporters were grown in 

exponential or PDS phase as described in Figure 1, B and C, and imaged by 

epifluorescence microscopy. Scale bar, 5 μm. 

 

The following data suggest that this is the case. First, endogenously 

phosphorylated Pah1 purified from Saccharomyces cerevisiae was 

more efficiently dephosphorylated in vitro by Nem1-Spo7 at pH 5.0, as 

indicated by the faster-migrating band corresponding to 
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dephosphorylated Pah115 (Figure 4A). Second, Pah1*-GFP targeted 

the NVJ in pma1-007 cells which exhibit decreased activity of the 

plasma membrane ATPase Pma1, the major regulator of cytosolic pH 

in yeast but not in wild-type cells, grown in glucose-rich medium at pH 

3.0 for 1 h (Figure 4, B and C). Similarly, Pah1*-GFP targeted NVJ in 

cells treated with 100 mM sodium acetate at pH 4.8 but not at pH 7.0 

(Figure 4, D and E). Sodium acetate induces weak acid stress at pH 

values below or near 4.76, the pKa of acetate, since a significant amount 

is protonated and can diffuse into the cytosol33. Third, if pH-dependent 

Nem1-Spo7 activation is the limiting step of Pah1 targeting, then 

overexpression of Nem1-Spo7 under nutrient-replete conditions should 

mimic the kinetics of Pah1 membrane recruitment during starvation. 

We recently showed that Nem1-Spo7 overexpression targets wild-type 

Pah1-GFP to LDs34 but did not investigate early events of this 

recruitment. Strikingly, after 2 h of growth in galactose media, 47 ± 7% 

of GAL-NEM1/SPO7 cells show clear targeting of Pah1-GFP to the 

NVJ. As the induction persisted, NVJ localization gradually decreased, 

with many cells showing discontinuous NVJ targeting and concomitant 

LD enrichment at 3 h of induction (Figure 5, A and B), suggesting that 

Pah1 moves from NVJ onto LDs. Deletion of the C-terminal tail of 

Pah1*-GFP, which is required for interaction with Nem1-Spo734, 

prevented targeting onto membranes during glucose starvation or the 

PDS phase (Supplemental Figure S6). Under either of these growth 

conditions, Nem1-GFP localizes to a punctum in wild-type cells, 

similar to what was described for Nem1 during exponential phase35, but 

also displayed a nuclear membrane distribution  (Supplemental Figure 

S7). The requirement of Nem1-Spo7 for Pah1 activation can be 

bypassed by mutating seven Pah1 phosphorylated residues to 

alanines8,15,16 (7A mutant). Consistently, Pah1*-7A-GFP targets the 

NVJ even in glucose-replete media (Figure 5C). Of importance, this 

mutant still translocates to perinuclear LDs during the PDS phase 

(Figure 5C). Therefore, increased TAG levels correlate with the 

concentration of Pah1*-7A-GFP in contact with LDs. Collectively our 

results show that Nem1-Spo7 activation drives Pah1 to the NVJ, and 

this precedes Pah1 localization to LDs for TAG production. 
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Because constitutive membrane binding of Pah1*-7A-GFP does not 

cause a major growth defect in glucose-replete media, PA must be still 

available for lipid synthesis and/or the endogenous Pah1 must compete 

with the catalytically dead enzyme. However, overexpression of Pah1*-

7A, but not Pah1*, causes slow growth, defects in lipid droplet 

biogenesis, derepression of INO1 transcription, and nuclear/ER 

membrane expansion (Figure 5, D–G). 

Figure 4. Metabolic regulation of Nem1-Spo7 controls Pah1 targeting to the 

nuclear envelope. (A) pH-dependent dephosphorylation of Pah1 by the Nem1-Spo7 

complex. In vitro reactions using purified proteins at the indicated pH were performed 

as described in Materials and Methods. Arrows point to the different Pah1 

electrophoretic mobilities. (B) Wild-type or pma1-007 cells expressing the indicated 

fusion proteins were transferred to medium at pH 3.0, grown for 1 h and imaged as in 

Figure 1C. (C) Quantification of the Pah1*-GFP targeting to the nuclear envelope 

shown in B. Two hundred cells from two independent experiments were scored. (D) 

Pah1*-GFP targets the NVJ in media buffered to pH 4.8. Wild-type cells (RS453) 

expressing chromosomally integrated Nvj1-mCherry and Pah1*-GFP were grown to 

the exponential phase and resuspended in SC medium 2% glucose with 100 mM 

sodium acetate buffered at pH 4.8 or 7.7, respectively, for 1 h at 30°C before imaging. 

(E) Quantification of the Pah1*-GFP targeting in the sodium acetate media shown in 

Figure 4D. One hundred cells from two independent experiments were scored. Scale 

bar, 5 μm (B, D). 
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These phenotypes are all observed in pah1Δ cells, suggesting that 

excess Pah1*-7A has a dominant-negative effect by blocking the access 

of endogenous Pah1 to PA. Indeed, co-overexpression of wild-type 

Pah1 rescued the slow growth of Pah1*-7A (Figure 5D), which 

indicates that these enzymes compete for binding to a common pool of 

PA at the nuclear membrane. 

 

ER membrane organization is defective in cells lacking LDs in the 

PDS phase 

We next asked whether LD formation at the nuclear membrane is 

required for the targeting of Pah1*-GFP. Production of neutral lipids, 

and concomitant biogenesis of LDs, is absent in cells lacking the 

steryl acyltransferases ARE1 and ARE2 and the DAG acyltransferases 

DGA1 and LRO136,37. Pah1*-GFP still targets the nuclear envelope in 

cells lacking the four acyltransferases (hereafter called 4Δ) at the 

PDS phase (Figure 6A) and colocalizes with Nem1-tdTomato 

(Figure 6, B and C). Association of Pah1*-GFP with Nvj1-mCherry 

was seen in 26 ± 7% of the cells under these conditions. Of interest, 

we observed membrane proliferation in 4Δ cells when Pah1*-GFP 

targets the nuclear envelope, as visualized by the Sec63 reporter. 

Both nuclear and peripheral ER membrane organization is affected, 

leading to severe defects in nuclear shape and cortical ER 

organization (Figure 7A). These defects are seen in the dga1Δlro1Δ 

double mutant but not in are1Δare2Δ in the PDS phase (Figure 7A) 

and are absent in 4Δ cells in the exponential phase37 (see Figure 9C 

later in the article).  

Thus, membrane proliferation is observed only upon Pah1 activation 

and under conditions that block acylation of DAG. Altered membrane 

morphology is not due to increased lethality of the 4Δ strain, as cells 

with nuclear/ER defects do not stain with propidium iodide, even 24 

h after the PDS time at which relative viability is similar to that of the 

wild-type strain (Supplemental Figure S8). 
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Figure 5. Dephosphorylation bypasses the metabolic regulation of Pah1 targeting 

to the nuclear envelope. (A) Sequential targeting of Pah1-GFP to the NVJ and LDs 

induced by increasing Nem1-Spo7 levels. pah1Δ cells expressing the indicated fusion 

proteins and carrying the GAL-NEM1 and GAL-SPO7 plasmids or the corresponding 

empty vectors were transferred to galactose-containing medium for 2, 3, and 7 h and 

imaged as described. Arrowheads point to cells where the LD-associated pools of 

Pah1 are linked with a thin nuclear membrane thread. (B) Quantification of the Pah1-

GFP targeting shown in A. Two hundred cells from two independent experiments 

were scored. (C) Dephosphorylation of Pah1*-GFP targets the nuclear envelope 

constitutively in glucose media. Wild-type cells expressing the indicated fusion 

proteins were imaged in the exponential or PDS phase, respectively, with a Zeiss 

Axioplan epifluorescence microscope. (D) Overproduction of the catalytically 

inactive and constitutively nuclear membrane-bound Pah1*-7A is dominant negative. 

Serial dilutions of wild-type cells carrying an empty vector or the indicated GAL-
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inducible PAH1 constructs were spotted onto synthetic plates supplemented with 

either glucose (left) or galactose (right) and grown for 1.5 or 3 d, respectively, at 30°C. 

(E) Wild-type cells expressing the indicated plasmids were labeled with BODIPY 

493/503 to visualize LDs. Overexpression of Pah1*-7A causes a significant decrease 

in LD number and the appearance of BODIPY-enriched membranes, similar to those 

described for pah1Δ35. (F) Cells carrying an INO1 promoter-lacZ reporter were 

assayed for β-galactosidase activity as described in Materials and Methods. (G) Cells 

expressing SEC63-GFP to depict nuclear/ER membrane morphology were visualized 

by epifluorescence microscopy. Scale bar, 5 μm (A, C, E, G). 

 

These membrane changes were accompanied by significant increases in 

DAG, ergosterol, fatty acids, and total phospholipids, including 

phosphatidylinositol, phosphatidylserine, phosphatidylethanolamine, 

and phosphatidylcholine (PC; Figure 7, B and C). 

 

Figure 6. Membrane targeting of Pah1*-GFP in the absence of LDs. (A) The 

quadruple acyltransferase mutant (4Δ) expressing the indicated fusion proteins was 

grown to the PDS phase and imaged live. (B) Colocalization of Nem1-tdTomato and 

Pah1*-GFP in 4Δ cells. Cells were grown to the PDS phase and imaged as in A. (C) 

Nem1-tdTomato localizes on the nuclear membrane in 4Δ cells at the PDS phase. 

Scale bar, 5 μm. 
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Lipid metabolism and ER membrane organization are rewired in 

cells lacking LDs 

Our data suggest that Pah1 targeting to the nuclear envelope acts as a 

metabolic switch to divert PA from phospholipids into TAG stored in 

LDs. In the absence of TAG storage, DAG could be used for 

phospholipid synthesis and membrane biogenesis, either by the 

Kennedy pathway or by Dgk1-dependent synthesis of PA (Figure 8A). 

The rate-limiting step in the Kennedy pathway of PC synthesis is 

catalyzed by the conserved cholinephosphate cytidylyltransferase Pct1. 

Deletion of either DGK1 or, to a lesser degree, PCT1 restored partially 

nuclear morphology in 4Δ cells, as visualized by Sec63-GFP, although 

we noticed that cytoplasmic membrane build-up is still present in 4Δ 

dgk1Δ cells (Figure 8B). To investigate in more detail how lipid 

metabolism is rewired in the PDS phase in the 4Δ mutant and whether 

this affects membrane organization, we examined ER membrane 

morphology at the ultrastructural level in 4Δ, 4Δ pct1Δ, and 4Δ dgk1Δ 

mutants. Consistent with the fluorescence data, electron microscopy 

revealed that ER membrane proliferation in 4Δ cells, which was more 

evident in the ER subpopulation connecting the nucleus with the plasma 

membrane–associated cortical ER (“cytoplasmic ER”; Figure 8, C and 

D). This was decreased modestly by deletion of PCT1. Deletion of 

DGK1 rescued both cytoplasmic and cortical ER expansion almost back 

to wild-type levels (Figure 8, C and D). We noticed that the ER 

morphology is reorganized in this mutant, with a striking appearance of 

cytoplasmic ER agglomerates (Figure 8, C and D). We also noticed 

fragmented ER and giant mitochondria in 17 ± 4% and 18 ± 5% of 4Δ 

dgk1Δ cells, respectively. Of importance, DAG levels increased 

significantly in 4Δ dgk1Δ compared with 4Δ, suggesting that Dgk1 is 

indeed active in converting DAG to PA in the 4Δ cells (Figure 8E). 

However, total phospholipids showed, surprisingly, a further increase 

in 4Δ dgk1Δ when compared with the 4Δ cells. This suggests that 

another phospholipid biosynthetic pathway is up-regulated in the 4Δ 

dgk1Δ cells to detoxify DAG and could be responsible for the 

accumulation of the ER agglomerates seen in this mutant. Therefore, 

we blocked the PC branch of the Kennedy pathway by generating a 4Δ 
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dgk1Δ pct1Δ sextuple mutant complemented with a URA3-based DGK1 

plasmid and monitored the ability of cells to recover after the PDS 

phase in the absence of DGK1. As seen in Figure 8F, deletion of PCT1 

in the 4Δ dgk1Δ mutant results in potent growth inhibition. Therefore, 

in the absence of TAG synthesis, both Dgk1- and Pct1-dependent 

pathways are required for membrane homeostasis and viability. 

 

Figure 7. Nuclear/ER membrane defects and lipid composition of cells lacking 

LDs in the PDS phase. (A) Nuclear shape and ER membrane organization in the 

indicated strains, visualized by an 

intranuclear (PUS1-RFP) or ER 

reporter (SEC63-GFP), 

respectively. Images were 

acquired with a Zeiss Axioplan 

epifluorescence microscope. 

Scale bar, 5 μm. (B) Neutral lipid 

composition of the wild-type 

(BY4742) and the 4Δ strains in 

the PDS phase. Cells were 

labeled and lipids were extracted 

and separated as described in 

Materials and Methods. Each 

data point represents the mean ± 

SD of three experiments. Erg, 

ergosterol; ErgE, ergosterol ester; 

FA, fatty acid; FEE, fatty ethyl 

ester; PL, phospholipid; TAG, 

triacylglycerol. (C) Phospholipid 

composition of the wild-type 

(BY4742) and the 4Δ strains in 

the PDS phase. Cells were 

labeled and lipids were extracted 

and separated as described in 

Materials and Methods. Each 

data point represents the mean ± 

SD of three experiments. PC, 

phosphatidylcholine; PE, 

phosphatidylethanolamine; 

PI,phosphatidylinositol; PS, 

phosphatidylserine. 
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Figure 8. Role of phospholipid biosynthetic pathways in ER membrane 

remodeling in cells lacking LDs. (A) Schematic of the roles of Pct1 and Dgk1 in 

phospholipid synthesis. (B) Nuclear shape defects in the 4Δ mutant are partially 

rescued by deletion of DGK1 or PCT1. The indicated strains expressing a SEC63-

GFP were imaged at the PDS phase with a Zeiss Axioplan epifluorescence 

microscope. Arrows point to round nuclei; arrowheads point to bright, Sec63-GFP–

positive spots in the cytoplasm. Percentage of cells with round nuclei. At least 200 

cells/strain from two independent experiments were scored. Bar, 5 μm. (C) Electron 

microscopy analyses. Wild-type (1), 4Δ (2), 4Δ pct1Δ (3), and 4Δ dgk1Δ (4) cells 

were grown to the PDS phase before processing for electron microscopy. White 

squares in 4 delimitate the insets that contain typical examples of ER agglomerates 
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and are shown in 5 and 6 at higher magnification. CW, cell wall; ER, endoplasmic 

reticulum; LD, lipid droplet; M, mitochondrion; N, nucleus; PM, plasma membrane; 

V, vacuole. Scale bar, 1 μm; inset, 500 nm. (D) Quantification of the ER membrane 

expansion shown in C was performed as described in Materials and Methods. (E) 

Neutral lipid composition of the indicated strains in the PDS phase. Cells were labeled 

and lipids were extracted and separated as described in Materials and Methods. Each 

data point represents mean ± SD of three experiments. Erg, ergosterol; FA, fatty acid; 

FEE, fatty ethyl ester; PL, phospholipid. (F) Loss of PCT1 and DGK1 in the 4Δ strain 

inhibits growth. The indicated strains expressing a pURA-DGK1 plasmid were grown 

to the PDS phase before spotted on complete synthetic plates (SC) without or with 5-

fluoroorotic acid (5-FOA). Cells were grown for 2 or 3 d, respectively, at 30°C. 

 

Regulation of Pct1 targeting to the nuclear membrane by growth 

phase 

Pct1 is a soluble enzyme that is activated upon membrane binding38 and 

in yeast interacts with the karyopherin Kap60, which mediates nuclear 

import39. Of interest, in exponentially growing wild-type cells, Pct1 is 

found exclusively on the nuclear membrane, but in the PDS phase, it is 

released from membranes and localizes into the nucleus (Figure 9, A 

and C). Release of Pct1 from the nuclear membrane takes place at the 

diauxic shift, coinciding with the recruitment of Pah1 (Figure 9A); it is 

also induced by glucose starvation, indicating that it is regulated by 

nutrient signals in a manner opposite to that of Pah1 (Figure 9B). Of 

importance, Pct1 remained bound to the nuclear membrane of 4Δ cells 

in the PDS phase, when nuclear shape was deformed (Figure 9, C and 

D). Expression of Dga1, which acylates DAG, restored LD formation, 

nuclear shape, and the concomitant release of Pct1 from the nuclear 

membrane into the nucleus in 4Δ (Figure 9E). Thus, channeling DAG 

to LDs at the nuclear envelope regulates membrane biogenesis. 

Overexpression of Nem1-Spo7, which targets Pah1 to the nuclear 

membrane and results in LD formation, also led to an increase in the 

intranuclear pool of Pct1 (Supplemental Figure S9). Of interest, Pah1 

and Pct1 are amphitropic proteins that are recruited to the nuclear 

membrane via amphipathic helices in a phosphorylation-dependent 

mechanism. Therefore, reversible targeting of soluble enzymes may 

govern lipid homeostasis in response to changing growth conditions. 
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Discussion 

All cells must continuously balance the flux of lipid metabolites 

between membranes for growth or storage for survival during nutrient 

deprivation. Addressing the mechanisms of this regulation is critical for 

a better understanding of prevalent metabolic diseases such as diabetes 

or obesity, as well as of cancer, which is characterized by a high demand 

of lipid synthesis to support cell proliferation. The data presented here 

provide evidence that compartmentalized activity of Pah1 at the nuclear 

membrane acts as a switch that controls the balance between membrane 

and storage lipids. Despite its central role in lipid metabolism, Pah1 

shows a predominantly soluble distribution, reflecting its highly 

dynamic association with membranes. 
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Figure 9. Membrane targeting of Pct1 is regulated in a growth- and nutrient-

dependent manner. (A) Wild-type cells (BY4742) expressing chromosomally 

integrated PCT1-Cherry and Pah1*-GFP were grown to the indicated densities and 

imaged as in Figure 1C. (B) Wild-type cells (BY4742) expressing a chromosomally 

integrated PCT1-GFP and SEC63-mCherry growing in the exponential phase were 

transferred to medium lacking glucose for 30 min and imaged by epifluorescence 

microscopy, using a Zeiss Axioplan microscope. (C) Pct1-GFP localization in the 

presence or absence of LDs at the indicated growth phases. (D) Quantification of the 

Pct1-GFP relocalization shown in Figure 7C in wild-type and 4Δ cells. Two hundred 

cells per strain and condition from three independent experiments were scored. (E) 

DAG channeling to LDs restores nuclear shape in 4Δ cells. The 4Δ mutant expressing 

the indicated plasmids and PCT1-mCherry were grown to the PDS phase, and LDs 

were visualized using MDH labeling. The outlines of cells are shown in the merged 

images. Scale bar, 5 μm (A–C, E). 

 

Addressing its regulation is further complicated by the fact that Pah1 is 

unstable when activated by Nem1-Spo7 dephosphorylation due to 

proteasomal degradation40. To overcome these problems, we used a 

catalytically dead Pah1 mutant (Pah1*) that is partially stabilized23 and 

can be detected on membranes16. Although we cannot exclude that 

interfering with Pah1 stability might affect its localization, the fact that 

wild-type Pah1 responds to both glucose starvation and Nem1-Spo7 

overexpression by targeting the same compartments as Pah1* suggests 

that the latter is a physiologically relevant reporter for the localization 

of Pah1. In addition, wild-type mouse lipin2 also targets LDs during the 

PDS phase, indicating that at least some aspects of this nutrient-

dependent regulation are evolutionarily conserved. When yeast cells 

exit exponential growth, they accumulate TAG, which can be used for 

survival during lengthy starvation periods41. Under these conditions, 

Pah1 targets a punctum on the nuclear membrane that contacts LDs. Of 

interest, at the same time point, the DAG acyltransferase Dga1 localizes 

on the LD surface. Therefore, if Pah1-generated DAG at the nuclear 

membrane is acylated to form TAG, some channeling event is likely to 

be required to transfer DAG to the growing LD. It is possible that a pool 

of Pah1 is also present on LDs but not readily detectable by our imaging 

conditions, although a recent high-confidence proteomic analysis did 

not identify Pah1 within the LD protein inventory42. Alternatively, 

DAG in close proximity to the forming LD might perform a structural 

role during the emergence or expansion of LDs from the phospholipid 
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bilayer, as proposed previously35. Remarkably, Pah1 and associated 

LDs concentrate at the nuclear envelope flanking the NVJ. It is 

conceivable that such an arrangement facilitates the passage of LDs to 

the vacuole through the NVJ contacts at later stages of the stationary 

phase, when LDs are degraded by lipophagy43. Because Pah1 targets 

initially the NVJ at the diauxic shift, it is possible that the same enzyme 

pool concentrates subsequently to the flanking LD-associated sites. 

However, because Pah1 still localizes to a punctum at the nuclear 

membrane in nvj1Δ and TAG levels do not decrease in these cells, 

nuclear–vacuole contacts are not required for the targeting and function 

of Pah1 in TAG synthesis. Thus Pah1 may perform a distinct role at the 

NVJ. The NVJ mediates the microautophagic degradation of the 

nuclear membrane (PMN), which, similar to LD biogenesis, is induced 

by nutrient depletion and gradually builds up as cells exit the 

exponential phase. Other lipid metabolic enzymes also concentrate to 

the NVJ and are required for PMN25,44,45. Pah1 might thus temporarily 

coordinate PMN with LD biogenesis, two pathways of membrane lipid 

recycling that are induced by starvation. Alternatively, Pah1 might 

control another lipid transport step between the vacuole and the ER that 

needs to be coordinated with storage in LDs. Because the vacuole 

contains significant amount of lipids, their export through the NVJ and 

subsequent storage to the adjacent LDs could require Pah1, although 

this remains a speculation. According to the electrostatic/hydrogen 

bond-switch mechanism, the ionization state of the PA head group is 

critical for its interaction with effector proteins46. Factors like 

intracellular pH or local membrane environment can influence the 

charge of PA and thus its ability to interact with soluble proteins. Recent 

work suggests that mammalian lipins bind PA in vitro by the 

electrostatic hydrogen bond switch mechanism47,48. Cytosolic 

acidification, which takes place during starvation in yeast, will cause 

protonation of the PA head group and decreased interaction with PA-

binding proteins49. However, Pah1 targets membranes and LDs in 

response to acidification (Figure 4) and starvation (Figures 1 and 2) in 

vivo and is required for TAG synthesis in stationary phase4. That the 

NVJ and LD targeting of Pah1 during starvation requires binding to 
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Nem1-Spo7 (Supplemental Figure S6) and Nem1-Spo7 activity in 

vitro has a pH optimum of 5.031 (Figure 4A) suggests that Nem1-Spo7 

is critical for the growth phase-dependent activation of Pah1, although 

under these conditions, its PA substrate is protonated. Of interest, 

Nem1-Spo7 is regulated by TOR50, and a recent study demonstrated 

that glucose starvation–dependent TOR activation is governed by 

cytosolic acidification51, suggesting a possible link between growth-

dependent pH and Nem1-Spo7 activity. Alternatively, acidification 

might also control Nem1-Spo7 function more directly. Future work will 

be needed to address these mechanisms. Our data suggest that Dgk1 is 

active in 4Δ cells, converting DAG to PA, which could then be rerouted 

toward phospholipids and membrane biogenesis. Indeed, a role for 

Dgk1 in PA-mediated phospholipid synthesis has been described52. The 

facts that in the 4Δ dgk1Δ mutant, 1) phospholipids further increased 

compared with 4Δ, 2) cytoplasmic ER membrane agglomerates 

accumulated, and 3) ER membrane proliferation and nuclear shape 

defects were rescued point to a specific role of Dgk1 in channeling PA-

derived phospholipids to the nuclear/ER membrane. Consistent with 

this, overexpression of Dgk1 activity leads to nuclear/ER membrane 

expansion53. In the absence of Dgk1, the Kennedy pathway might 

channel high DAG levels toward phospholipids. Previous work 

supports the notion that DAG produced by Pah1 can be redirected 

toward phospholipids via the Kennedy pathway: overexpression of a 

constitutively active Pah1 is toxic to cells but can be partially rescued 

by the supplementation of choline8. The function of Dgk1 and Pct1 in 

maintaining DAG homeostasis is underscored by the strong growth 

inhibition of the 4Δ dgk1Δ pct1Δ mutant. Loss of Pah1 and Nem1-Spo7 

results in nuclear structure defects, characterized by a striking 

expansion of the nuclear and the ER membrane13,14. In spo7Δ cells, and 

presumably pah1Δ, this expansion takes place at the membrane 

adjacent to the nucleolus54. The nucleolus is frequently, although not 

always, associated with the nuclear membrane in contact with the 

vacuole25. The special properties of this domain, characterized as a 

“membrane sink”55, could be due to the localized partitioning of 

glycerol backbones and fatty acids from membrane phospholipids to 
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TAG in the nuclear envelope–associated LDs. Although the source of 

fatty acids that acylate DAG during nutrient depletion is unknown, 

phospholipid deacylation would be a prime candidate. Of interest, Lro1, 

which catalyzes the direct transfer of fatty acids from phospholipids to 

DAG, also relocalizes to a specific nuclear envelope domain during the 

PDS phase56. We hypothesize that such interconversion not only might 

contribute to metabolic homeostasis during growth, also but might also 

be used for the control of nuclear structure when membrane needs to be 

added or removed from the nuclear envelope. Because the ER network 

is in contact with virtually most organelles, it is tempting to speculate 

that the positioning of LDs, which in yeast remain associated with the 

ER throughout their life cycle, may be relevant for local membrane- and 

organelle-remodeling events. 

 

Materials and methods 

Yeast strains and plasmids 

Yeast strains are listed in Table 1. Gene deletions and epitope tagging 

by chromosomal integration were generated by a one-step PCR-based 

method57,58 and confirmed by PCR. Plasmids are listed in Table 2. 

 

Media and growth conditions 

Unless stated otherwise, all reagents were purchased from Sigma (St. 

Louis, MO). Cells were transformed using the lithium acetate method. 

Yeast cells were grown in synthetic medium (SC) containing 2% 

glucose, 0.2% yeast nitrogen base (Difco, BD, Franklin Lakes, NJ), 

0.6% ammonium sulfate, and amino acid drop-out (60 mg/l leucine, 55 

mg/l adenine, 55 mg/l uracil, 55 mg/l tyrosine, 20 mg/l arginine, 10 mg/l 

histidine, 60 mg/l isoleucine, 40 mg/l lysine, 60 mg/l phenylalanine, 50 

mg/l threonine, 10 mg/l methionine, 40 mg/l tryptophan) lacking the 

appropriate amino acids for plasmid selection. For time-course growth 

experiments, cells were grown overnight at 30°C to the indicated 

optical densities. For GAL1/10 promoter–mediated overexpression, 

cells were initially pregrown in 2% glucose SC medium and then grown 

overnight in 2% raffinose SC medium, followed by transfer to SC 

medium containing 2% galactose to a final OD600 of 0.2 and incubation 
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at 30°C for the indicated times. For CUP1 promoter–mediated 

overexpression, cells were grown in copper-free medium (20 g/l 

glucose, 5 g/l ammonium sulfate, 1 g/l potassium phosphate, 0.5 g/l 

magnesium sulfate, 0.1 g/l sodium chloride, 0.1 g/l calcium chloride, 

0.5 mg/l boric acid, 0.1 mg/l potassium iodide, 0.2 mg/l ferric chloride, 

0.4 mg/l manganese sulfate, 0.2 mg/l sodium molybdate, 0.4 mg/l zinc 

sulfate, 2 μg/l biotin, 400 μg/l calcium pantothenate, 2 μg/l folic acid, 

400 μg/l niacin, 200 μg/l p-aminobenzoic acid, 400 μg/l pyridoxine 

hydrochloride, 200 μg/l riboflavin, 400 μg/l thiamine hydrochloride, 

and amino acid drop-out lacking the appropriate amino acids for 

plasmid selection) and incubated with 0.5 mM CuSO4 for the indicated 

times. For growth assays on plates, yeast cells were grown in the 

corresponding SC liquid medium with the appropriate carbon source to 

early logarithmic phase. Ten microliters of serial 10-fold dilutions were 

spotted onto the appropriate SC plates and incubated at 30°C for 2–4 d. 

For PKA inactivation experiments, 5 μM C3-1′-naphthyl-methyl PP1 

(1NM-PP1; Calbiochem Merck Millipore, Billerica, MA) was added to 

cells in exponential phase (OD600 of ∼0.5) and incubated at 30°C for 

the indicated times. 

 

Fluorescence microscopy 

Cells were grown at 30°C in synthetic medium, pelleted at the 

appropriate density, and immediately imaged live at room temperature. 

For imaging, we used two microscopes; for most experiments, we used 

a Zeiss AxioImager epifluorescence upright microscope with a 100× 

Plan-Apochromatic 1.4 numerical aperture (NA) objective lens (Carl 

Zeiss, Jena, Germany). Images were recorded using a large chip 

sCMOS mono camera for sensitive fluorescence imaging (ORCA Flash 

4, version 2; Hamamatsu, Hamamatsu, Japan). Raw image files were 

saved by Zeiss ZEN blue software and exported to Photoshop (Adobe, 

San Jose, CA). Where indicated, images were acquired using a Zeiss 

Axioplan epifluorescence microscope and a 100× Plan-Apochromatic 

1.4 NA objective lens connected to a Hamamatsu ORCA R2 charge-

coupled device camera. Raw files were saved by Simple PCI6 software 

(Hamamatsu) and exported to Photoshop. For lipid droplet labeling, 
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cells were stained for 10 min with 1.25 μg/ml BODIPY 493/503 (D-

3922; Invitrogen, Carlsbad, CA) or 10 μM monodansylpentane (MDH; 

SM1000a; Abgent, San Diego, CA) at room temperature. For 

propidium iodide staining, cells were incubated with 20 μg/ml 

propidium iodide for 10 min in the dark. All microscopy images were 

captured blindly. Quantification was performed on fields obtained from 

independent experiments. Quantification of Pct1-GFP localization was 

performed using ImageJ. A line across the nucleus was drawn, and pixel 

intensity was plotted for Pct1-GFP and Sec63-mCherry, using a 5-pixel 

average width. Cells were scored for intranuclear localization when 

mean PCT1-GFP pixel intensity increased between Sec63-mCherry 

maximal pixel intensities. For three-dimensional (3D) analysis, 

through-focus image series were acquired on an AxioImagerZ2 

fluorescence microscope (Zeiss) using Zen Blue 2012 software (Zeiss). 

Image series were subsequently deconvolved with Volocity 6.3 

(PerkinElmer, Waltham, MA) using calculated point-spread functions 

and 3D iterative restoration processing to form 3D image stacks. Stacks 

were then visualized using Volocity to generate the 3D images. 

 

Electron microscopy 

For electron microscopy, cells were grown to the postdiauxic phase and 

processed as previously described59. For statistically assessing the ER 

proliferation, the ER was divided into three major subdomains: the 

nuclear envelope, the cortical ER (the ER adjacent to the plasma 

membrane), and the cytoplasmic ER (the ER connecting the nuclear 

envelope with the cortical ER). Three different grids with sections 

obtained from the same preparations were evaluated. For every grid, the 

percentage of cells displaying ER proliferation in one of the three 

subdomains was determined by examining 100 randomly selected cell 

profiles. We analyzed 300 cells/strain. 

 

Cytosol acidification and glucose starvation 

pma1-007 and the corresponding wild-type strain were grown in SC 

medium containing 2% glucose and buffered with 50 mM sodium 

phosphate, pH 7.0, to exponential phase (OD600 of ∼0.5), pelleted, and 
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resuspended into SC medium 2% glucose, pH 3.0 (adjusted with HCl), 

and incubated at 30°C for 1 h. Cells treated with acetate were first 

grown in SC medium 2% glucose to exponential phase, pelleted, 

resuspended into SC medium 2% glucose containing 100 mM sodium 

acetate buffered to pH 4.8 or 7.7, and incubated at 30°C for 1 h. For 

glucose starvation experiments, cells in exponential phase were washed 

once with SC medium lacking carbon source, resuspended in the same 

volume of SC medium lacking carbon source, and incubated at 30°C 

for the indicated times. 

 

Nem1-Spo7 phosphatase assay 

All steps of enzyme purification were performed at 4°C. The protein 

A–tagged Nem1-Spo7 complex was purified by immunoglobulin G 

(IgG)–Sepharose affinity chromatography as previously described60, 

with minor modifications. Briefly, the cell extract was prepared by lysis 

with glass beads using a Biospec Products Mini Bead Beater-1661, and 

the protein A–tagged Nem1-Spo7 complex was eluted from IgG-

Sepharose with 50 mM glycine-HCl (pH 3.0). The acid-eluted enzyme 

preparation was neutralized with 1 M Tris-HCl (pH 8.0) buffer, and the 

final preparation contained 160 mM Tris-HCl (pH 8.0), 0.02% Triton 

X-100, and 20% glycerol. The endogenously phosphorylated Pah1 was 

purified to near homogeneity from S. cerevisiae as described 

previously15. Nem1-Spo7 phosphatase activity was measured by 

following the shift in the electrophoretic mobility of Pah1 upon SDS–

PAGE at 30°C. The reaction contained 15 ng of Pah1, 0.7 ng of Nem1-

Spo7 phosphatase, 10 mM MgCl2, 0.25 mM Triton X-100, 1 mM 

dithiohreitol, and 100 mM indicated buffers in a total volume of 50 μl. 

After 10-min incubation, the reaction product was analyzed by SDS–

PAGE, followed by Western blot analysis using anti-Pah1 antibodies. 

 

Labeling and analysis of lipids 

Wild-type (BY4742) and mutant (4Δ, 4Δ dgk1Δ, 4Δ pct1Δ) strains were 

grown at 30°C from precultures at an OD of 0.1 for 17 and 19 h, 

respectively. Steady-state labeling of phospholipids and neutral lipids 

with 32Pi and [2-14C]acetate, respectively, was performed as described 
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previously4. The lipids were extracted by the method of Bligh and Dyer 

(1959)62. Part of the extract was subjected to one-dimensional (1D) 

TLC on silica gel 60 plates using the solvent system hexane/diethyl 

ether/acetic acid (40:10:1) to separate total phospholipids and neutral 

lipids63. The other part of the extract was subjected to 1D TLC on 

Partisil LK6D silica gel 60 plates using the solvent system 

chloroform/ethanol/water/triethylamine (30:35:7:35) to separate the 

phospholipids64. The identity of the labeled lipids on TLC plates was 

confirmed by comparison with standards after exposure to iodine vapor. 

Radiolabeled lipids were visualized by phosphorimaging and subjected 

to ImageQuant analysis. 

 

Flow cytometry 

BODIPY quantification by flow cytometry was performed as 

previously described65, with minor modifications. Briefly, cells were 

fixed for 30 min at room temperature with 3.7% formaldehyde, washed 

once with phosphate-buffered saline, and incubated with 10 μM 

BODIPY 493/503 for 10 min at room temperature. Cells were 

immediately analyzed on a FACSCalibur flow cytometer (BD 

Biosciences, San Jose, CA). Lipid droplet labeling was measured using 

the FL-1 detector, and the data were analyzed with FlowJo software, 

version 9 (Tree Star, Ashland, OR). 

 

β-Galactosidase activity 

Yeast cells expressing an INO1-LacZ reporter (pJH359; Lopes et al., 

1991) in 2% glucose SC medium followed by overnight growth in 2% 

raffinose SC medium were pelleted and resuspended into SC medium 

containing 2% galactose. Cells were grown for 7 h at 30°C, and β-

galactosidase activity was measured as previously described66. 
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Tables  

Table 1: Yeast strains used in this work 

Strain Genotype Source/reference 

RS453 
MATα ade2-1 his3-11,15 ura3-52 leu2-3112 

trp1-1 
68 

SS2012 RS453 URA3::SEC63-mCherry This study 

SS2289 RS453 nvj1::HIS3MX6 This study 

SS2110 
RS453 nvj1::KanMX URA3::SEC63-

mCherry 
This study 

SS1991 
RS453 pah1::TRP1 NUP84-

mCherry::KanMX 
This study 

SS2017 
RS453 pah1::TRP1 ERG6-

mCherry::KanMX 
This study 

SS1960 RS453 nem1::HIS3 13 

SS1744 RS453 ERG6-mCherry::KanMX This study 

SS1387 RS453 PAH1-GFP::KanMX This study 

SS2435 SS2012 brp1::KanMX (aka pma1-007) This study 

SS2502 RS453 NEM1-tdTOMATO::hphNT1 This study 

SS2431 RS453 VPH1-mCherry::KanMX This study 

SS2512 RSY3077 NEM1-tdTOMATO::hphNT1 This study 

SS2014 RS453 URA3:: NVJ1-mCherry This study 

BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Open Biosystems 

RSY3077 

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 

met15Δ0 are1::KanMX are2:KanMX 

trp1::URA lro1::TRP dga1::Lox-HIS-Lox 

69 

RSY3018 

MATα his3∆1 leu2∆0 lys2∆0 ura3∆0 

met15∆0 are1::KanMX are2:KanMX 

trp1::URA3 

Roger Schneiter 

(University of 

Fribourg) 
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RSY3290 

MATα his3∆1 leu2∆0 lys2∆0 ura3∆0 

lro1::KanMX dga1::lox-HIS-lox 

Roger Schneiter 

(University of 

Fribourg) 

SS2437 RSY3077 pct1::HIS3MX6 This study 

SS2468 RSY3077 dgk1::HIS3MX6 This study 

SS2531 SS2468 pct1::NatMX6 YCplac33-DGK1 This study 

SS2453 BY4742 PCT1-GFP::HIS3MX6 This study 

SS2455 RSY3077 PCT1-GFP::HIS3MX6 This study 

SS2449 BY4742 PCT1-mCherry::HIS3MX6 This study 

SS2452 RSY3077 PCT1-mCherry::HIS3MX6 This study 

W303-1B 
MATα leu2-3112 ura3-1 his3-11,15 trp1-1 

ade2-1 can1-100 
70 

Y3527 
W303-1B 

tpk1M164Gtpk2M147Gtpk3M165G 
67 

BY4741 MATa his3∆0 leu2∆0 met15∆0 ura3∆0 Open Biosystems 

pho85Δ BY4741 pho85::KanMX Open Biosystems 

snf1Δ BY4741 snf1::KanMX Open Biosystems 
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Table 2: Plasmids used in this work. 

Plasmid Description Source/reference 

YCplac111-PAH1-

D398A/D400A-GFP 

PAH1-D398A/D400A-GFP under 

control of PAH1 promoter in 

CEN/LEU2 vector 

16 

pAS211-GAL1/10-NEM1 
NEM1 under control of GAL1/10 

promoter in CEN/ADE2 vector 
34 

pRS313-GAL1/10-SPO7 
SPO7 under control of GAL1/10 

promoter in CEN/HIS3 vector 
34 

YCplac111-PAH1-

D398A/D400A-7A-GFP 

PAH1-D398A/D400A-7A-GFP under 

control of PAH1 promoter in 

CEN/LEU2 vector 

This study 

YCplac33-GAL1/10-PAH1-

D398A/D400A-7A 

PAH1-D398A/D400A-7A under 

control of GAL1/10 promoter in 

CEN/URA3 vector 

This study 

YEplac181-GAL1/10-PAH1 
PAH1 under control of GAL1/10 

promoter in 2μ/LEU2 vector 
15 

YEplac181-GAL1/10-PAH1-

D398A/D400A 

PAH1-D398A/D400A under control 

of GAL1/10 promoter in CEN/LEU2 

vector 

This study 

YCplac33-SEC63-mCherry 

SEC63-mCherry under control of 

SEC63 promoter in CEN/URA3 

vector 

This study 

YCplac111-SEC63-GFP 
SEC63-GFP under control of SEC63 

promoter in CEN/LEU2 vector 
14 

pRS313-PUS1-RFP 
PUS1-RFP under control of PUS1 

promoter in CEN/HIS3 vector 
53 

YEplac111-Lipin2-GFP 
Lipin2-GFP under control of PAH1 

promoter in 2μ/LEU2 vector 
This study 

pCumCheV5Atg8416 

ATG8-mCherry under control of 

CUP1 promoter in CEN/URA3 

plasmid 

This study 

YCplac33-MSN2-mCherry 
MSN2-mCherry under control of 

MSN2 promoter in CEN/URA3 vector 
This study 

YCplac111-PAH1-

D398A/D400A-Δ837-GFP 

PAH1-D398A/D400A-Δ837-GFP 

under control of PAH1 promoter into 

CEN/LEU2 vector 

This study 

YCplac111-NUP84-

mCherry 

NUP84-mCherry under control of 

NUP84 promoter in CEN/LEU2 

vector 

This study 
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Supplementary figures 

Figure S1. Three-dimensional reconstruction of wild-type cells (RS453) grown to 

the PDS phase and expressing Pah1*-GFP and Sec63-mCherry and stained with 

MDH to visualize lipid droplets. Image analysis was performed as described in 

materials and methods. Bar, 5 microns. 

 

Figure S2. Localization of Pah1* and Dga1 fusion proteins. A wild-type cell 

(RS453) expressing Pah1*-GFP and Dga1-mCherry and stained with MDH to 

visualize lipid droplets, was imaged during the PDS phase. The outline of the cell is 

depicted and arrows point to Pah1*-GFP in contact with Dga1-mCherry. Bar, 5 

microns. 
 

YCplac33-DGA1-mCherry 
DGA1-mCherry under control of 

DGA1 promoter in CEN/URA3 vector 
This study 

YCplac22-pCup1-NEM1 
NEM1 under control of CUP1 

promoter in CEN/TRP1 vector 
This study 

YCplac33-pCup1-SPO7 
SPO7 under control of CUP1 

promoter in CEN/URA3 vector 
This study 

YCplac111-NEM1-GFP 
NEM1-GFP under control of NEM1 

promoter in CEN/LEU2 vector 
This study 

pUC-NEM1-tdTomato 
NEM1-tdTomato hygromycin knock-

in construct 
35 
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Figure S4. Neutral lipid and TAG levels in the nvj1Δ mutant. (A) Wild-type 

(RS453) or the isogenic nvj1Δ were grown to the PDS phase, stained with BODIPY 

493/503 and total fluorescence was quantified using FACS analysis. (B)Wild-type 

(BY4742) or the isogenic nvj1Δ were grown to the PDS phase, and labelled with [2-
14C]acetate. Lipids were extracted and TAG. 

 

 

 

 

Figure S3. Pah1*-GFP binding to the NVJ coincides with Vph1-mCherry 

exclusion. Wild-type (RS453) cells expressing Pah1*-GFP and Vph1-mCherry were 

imaged at the exponential phase (Exp), after a 30 minutes glucose starvation or during 

the early PDS phase. Bar, 5 microns. 
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Figure S5. A pool of Pah1*-GFP targets the autophagosome during glucose 

starvation. Wild-type cells (RS453) expressing Pah1*-GFP and Atg8-mCherry 

growing in the early exponential phase were subjected to glucose starvation for 1h at 

30°C. Arrowheads point to the position of Atg8-mCherry. The outline of the cell is 

depicted and the position of the vacuole (“vac”) indicated. Bar, 5 microns. 

 

 

 

 

Figure S6. Nutrient-dependent targeting of Pah1*-GFP to the NVJ and LDs 

requires interaction with Nem1-Spo7. Wild-type cells (RS453) expressing Pah1*-

Δ837-GFP and Sec63-mCherry were imaged after 1h glucose starvation or during the 

PDS phase. Bar, 5 microns. 

 

Figure S7. Localization of Nem1-GFP during glucose starvation and the PDS 

phase. nem1Δ cells expressing NEM1-GFP and Sec63-mCherry were visualized after 

30min glucose starvation (upper panels) or during the PDS phase (lower panels). 

Arrowheads point to the Nem1-GFP pool at the nuclear envelope. Bars, 5 microns. 
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Figure S8. Viability of the 4Δ mutant and ER membrane morphology. (A) 

Wildtype (BY4742) and the isogenic 4Δ mutant were grown to the PDS phase, starting 

from an optical density of 0.1. Cells were plated on rich (YEPD) plates at the indicated 

time points and viable colony forming units (CFUs) were counted two days later. % 

CFUs are reported, relative to the number of CFUs that correspond to the PDS phase 

set at 100%. Errors represent +/-S.D. of three independent experiments. (B) The wild-

type or 4Δ mutant, expressing Sec63-GFP, were stained with propidium iodide (PI). 

Bars, 5 microns 
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Figure S9. Pct1-GFP localizes in the nucleus in cells overexpressing NEM1-SPO7. 

Wild-type cells (RS453) containing the indicated plasmids were transferred to copper-

containing medium to induce NEM1 and SPO7 expression as described in materials 

and methods. Bar, 5microns.Right panel: quantification of the Pct1-GFP localization. 

200 cells per strain and condition, from 3 independent experiments were scored. NE: 

Nuclear envelope; NE+Nuc: Nuclear envelope and intranuclear; Nuc: Intranuclear 
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Abstract 

Unbiased lipidomic approaches have identified impairments in 

glycerophosphocholine second messenger metabolism in patients with 

Alzheimer’s disease. Specifically, we have shown that amyloid-β42 

signals the intraneuronal accumulation of PC(O-16:0/2:0) which is 

associated with neurotoxicity. Similar to neuronal cells, intracellular 

accumulation of PC(O-16:0/2:0) is also toxic to Saccharomyces 

cerevisiae, making yeast an excellent model to decipher the 

pathological effects of this lipid. We previously reported that 

phospholipase D, a phosphatidylinositol-4,5-bisphosphate 

(PtdIns(4,5)P2)-binding protein, was relocalized in response to PC(O-

16:0/2:0), suggesting that this neurotoxic lipid may remodel lipid 

signaling networks. Here we show that PC(O-16:0/2:0) regulates the 

distribution of the PtdIns(4)P 5-kinase Mss4 and its product 

PtdIns(4,5)P2  leading to the formation of invaginations at the plasma 

membrane (PM). We further demonstrate that the effects of PC(O-

16:0/2:0) on the distribution of PM PtdIns(4,5)P2 pools are in part 

mediated by changes in the biosynthesis of long chain bases (LCBs) 

and ceramides. A combination of genetic, biochemical and cell imaging 

approaches revealed that PC(O-16:0/2:0) is also a potent inhibitor of 

signaling through the Target of rampamycin complex 2 (TORC2). 

Together, these data provide mechanistic insight into how specific 

disruptions in phosphocholine second messenger metabolism 

associated with Alzheimer’s disease may trigger larger network-wide 

disruptions in ceramide and phosphoinositide second messenger 

biosynthesis and signaling which have been previously implicated in 

disease progression. 

 

Author Summary 

Accelerated cognitive decline in Alzheimer’s patients is associated with 

distinct changes in the abundance of choline-containing lipids 

belonging to the platelet activating factor family. In particular, PC(O-

16:0/2:0) or C16:0 platelet activating factor (PAF), is specifically 

elevated in brains of Alzheimer’s patients. Since elevated intraneuronal 

levels of PC(O-16:0/2:0) are thought to contribute to the loss of 



  Chapter 7 

229 

neuronal cells it is imperative to identify the underlying mechanisms 

contributing to the toxic effects of PC(O-16:0/2:0). In this study, we 

have determined that elevated levels of PC(O-16:0/2:0) has negative 

effects upon the distribution of phosphoinositides at the plasma 

membrane leading to a potent inhibition of target of rapamycin (TOR) 

signaling. We further show that the changes in phosphoinositide 

distribution are due to changes in ceramide metabolism. In conclusion, 

our study suggests that the toxicity associated with aberrant metabolism 

of glycerophosphocholine lipids species is likely due to the remodeling 

of phosphoinositide and ceramide metabolism and that therapeutic 

strategies which target these disruptions may be effective in 

ameliorating Alzheimer’s Disease pathology. 

 

Introduction 

Remodeling of lipid species is required for maintaining normal cellular 

function and disruptions in lipid homeostasis are believed to contribute 

to aberrant cellular processes and toxicity associated with specific 

diseases1. Although significant advances have been made in 

characterizing the changes in lipid composition that occur in 

pathological conditions, it has proven difficult to connect these changes 

with relevant signaling networks that regulate cellular growth and 

viability. This is especially true for Alzheimer’s disease (AD) for which 

there is increasing evidence that lipid dyshomeostatsis is playing a 

central role in the disease progression2,3. Recent lipidomic studies on 

both post mortem brain tissue and AD mouse models have not only 

detected dramatic changes in lipid species of most of the major lipid 

subclasses including ceramides, cholesterols, sphingolipids, 

phosphatidic acids and glycerophospholipids, but have also reported the 

presence of distinct changes between regions of the brain4. Although 

these dramatic alterations in lipid homeostasis correlate with the 

disease, it is imperative to identify the specific subspecies that are 

critical in contributing to the AD pathology by identifying their impact 

on signaling networks, which contribute to cellular toxicity. One lipid 

metabolite with neurotoxic properties that is of particular interest in AD 

is 1-O-hexadecyl-2-acetyl-sn-glycerophosphocholine or PC(O-
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16:0/2:0), also known as C16:0 Platelet Activating Factor (PAF). We 

have shown that amyloid-β42 signals the intraneuronal accumulation of 

PC(O-16:0/2:0) in AD and that this lipid second messenger, in turn, 

signals tau-hyperphosphorylation and induces caspase-dependent cell 

death independently of the G-protein coupled PAF receptor (PAFR)5–7. 

However, the underlying signaling pathways mediating the receptor-

independent toxicity of PC(O-16:0/2:0) remain enigmatic. The budding 

yeast Saccharomyces cerevisiae has been a valuable tool for identifying 

basic elements of lipid signaling networks associated with diseases as 

many of the fundamental processes of lipid metabolism and signaling 

are remarkably well conserved with mammalian cells8. Previously we 

employed a chemical genomic screen to identify signaling networks 

involved in regulating the receptor independent toxicity of PC(O-

16:0/2:0). Using this approach, we identified a conserved role for 

phospholipaseD(PLD) (S. cerevisiae Spo14) in buffering against the 

toxicity of PC(O-16:0/2:0) in both yeast and cultured neuronal cells9 . 

We also reported relocalization of GFP-tagged Spo14 to distinct foci 

juxtaposed to the PM upon PC(O-16:0/2:0) treatment. Since PLD 

activation and localization depends upon the binding to PtdIns(4,5)P2
10–

12, our findings suggested that the toxic accumulation of PC(O-

16:0/2:0) may elicit effects upon signaling networks that regulate the 

PM distribution of PtdIns(4,5)P2 . Here we provide more precise 

mechanistic insights by showing that PC(O-16:0/2:0) promotes the 

redistribution of the sole yeast PtdIns(4)P-5 kinase, Mss4, which gives 

rise to the formation of large invaginations of the PM that we have 

called PtdIns(4,5)P2 -enriched structures (PES). We also show that 

PC(O-16:0/2:0) remodeling of the PtdIns(4,5)P2 PM pool is associated 

with the potent inhibition of Tor2 signaling. Consistent with these 

findings we observed that the effects of PC(O-16:0/2:0) upon Mss4 

distribution and PES formation depend on the accumulation of LCBs 

and ceramides. Together these findings identify a novel signaling 

network wherein toxic levels of PC(O-16:0/2:0) modulate LCBs and 

ceramide metabolism, which in turn promotes the redistribution of PM 

PtdIns(4,5)P2  and the inhibition of Tor2 signaling. Our work provides 

further information into how the toxic accumulation of PC(O-16:0/2:0), 
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as observed in AD patients6, may impact other lipid signaling networks 

(i.e., ceramide, PtdIns(4,5)P2) which have previously been implicated 

in the progression of this disease13–19. 

 

Results 

PC(O-16:0/2:0) treatment remodels PM PtdIns(4,5)P2  distribution  

We had previously shown that PC(O-16:0/2:0) exposure led to the 

redistribution of the yeast PLD Spo14 at the PM into discrete foci9. As 

PLD activity is required to buffer the toxic effects of this lipid in both 

budding yeast and murine N2A neuroblastoma cells9, we sought to 

discern the mechanism underlying the changes in PLD distribution. 

Since the localization of this enzyme to the PM is dependent upon 

interactions with PtdIns(4,5)P2 , we examined the effects of PC(O-

16:0/2:0) on the distribution of this lipid using a fluorescent probe for 

PtdIns(4,5)P2, GFP-2xPHPLCδ (Figure 1A)12,20–22. Similarly to Spo14, 

growth in the presence of PC(O-16:0/2:0) resulted in the relocalization 

of the GFP-tagged reporter construct to distinct membrane associated 

structures at the PM which we have termed PtdIns(4,5)P2 enriched 

structures (PES) (Figure 1A). The appearance of the PES was maximal 

after 15 min of treatment with PC(O-16:0/2:0) and persisted for up to 

90 min (Figure S1). This result was specific for PC(O-16:0/2:0) as all 

other related lipids, chemicals and conditions examined did not result 

in PES formation (Table S1). Furthermore, the distribution of GFP-

tagged probes with specificity for additional intracellular 

phosphoinositides, PtdIns4P (PHFapp1) and PtdIns3P (PH-FYVEEEA1), 

were unaltered by PC(O-16:0/2:0) treatment suggesting a specific effect 

of this lipid on PM PtdIns(4,5)P2 (Figure. 1B and C)20,23. 

 

PC(O-16:0/2:0) disrupts PM MSS4 distribution 

The abundance of PtdIns(4,5)P2 depends upon the opposing actions of 

Mss4 and multiple PtdIns(4,5)P2 phosphatases including Inp51, Inp52 

and Inp5424. Similar to our previous findings with GFP-tagged Spo14 

and GFP-2xPHPLCδ, PC(O-16:0/2:0) treatment resulted in the 

relocalization of Mss4-GFP to distinct foci within the cell (Figure. 2A). 
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Figure 1. PtdIns(4,5)P2 is redistributed in response to PC(O-16:0/2:0). Wild type 

(WT) cells (YPH500) expressing (A) GFP-2XPHPLCδ (PtdIns(4,5)P2) (B) GFP-PHFapp 

(PtdIns(4)P) or (C) GFP-FYVEEEA1 (PtdIns(3)P) were treated with either vehicle 

(EtOH) or PC(O-16:0/2:0) (20 mM, 15 min) and localization of the GFP probe 

quantified. The percentage of cells displaying a redistribution of the fluorescent 

reporter is reported in the inset of the Figure. 

This result suggested that PC(O-16:0/2:0)-induced PES formation 

requires Mss4 activity. To investigate this possibility, we assessed 

PC(O-16:0/2:0)-induced PES formation in wild type cells and those 

carrying a thermosensitive allele of MSS4 (mss4-102)20. The reduced 

levels of PtdIns(4,5)P2 in mss4-102 cells precluded the use of GFP-

2xPHPLCδ20–22. Therefore, changes in the PM structure were visualized 

using the lipophillic probe FM4-64, which co-localizes with GFP-

2xPHPLCδ following PC(O-16:0/2:0) treatment in wild type cells 

(Figure. S2). As expected, both wild type and mss4-102 cells grown at 

the permissive temperature (25°C) exhibit similar FM4-64 labelling 

that was restricted to the PM and early endosomes in untreated cells 

(Figure 2B). Following treatment with PC(O-16:0/2:0), structures 

similar to the PES were observed to form in both strains (Figure. 2B). 

Growth at the restrictive temperature did not impact PES formation in 

wild type cells as the formation of these structures was similar to 
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previous results with maximal PES formation evident at 15 min and 

persisting for at least 60 min (Figure 2B and Figure S2E). However, 

PES formation was reduced in mss4-102 cells at all examined time 

points (Figure 2B and Figure. S2E) suggesting that Mss4 activity is 

involved in PES formation. To assess the significance of Mss4-

dependent PtdIns(4,5)P2 synthesis in buffering against PC(O-16:0/2:0) 

toxicity, we examined the growth of strains possessing temperature 

sensitive alleles of MSS4 (i.e. mss4-102) and the PtdIns 4-kinase STT4 

(i.e. stt4-4)20,25. Both mutant strains displayed increased sensitivity to 

PC(O-16:0/2:0) compared to the isogenic wild type control whereas 

overexpressing Mss4 reduced the growth inhibitory effects of PC(O-

16:0/2:0) in an otherwise wild type strain (Figure 2C and Figure S2F). 

Furthermore, growth was also impacted by reducing or increasing the 

cellular PtdIns(4,5)P2  levels through overexpressing or deleting 

phosphoinositide phosphatases respectively (Figure 2D and Figure 

S2G–H). In particular, overexpression of Inp51 and Inp54 resulted in 

reduced growth whereas deletion of Inp51 alone improved growth in 

the presence of PC(O-16:0/2:0) (Figure 2D and Figure S2G)24. 

Together these results indicate that cellular PtdIns(4,5)P2 and PES 

formation are important for buffering against the toxic effects of PC(O-

16:0/2:0). 

 

The PES are PM invaginations that form independently of the actin 

cytoskeleton 

We next sought to investigate the cellular processes involved in PES 

formation. First, we examined the ultrastructure of the PES by electron 

microscopy (EM). In contrast to those untreated, cells exposed to PC(O-

16:0/2:0) displayed large invaginations of the PM, which occasionally 

appeared as either a transversal cut of the PM invagination or 

potentially invaginations which have undergone scission and become 

cytoplasmic (Figure 3A–F and Figure S3A). The large invaginations 

of the PM present in PC(O-16:0/2:0) treated cells are reminiscent of the 

failed endocytic events that have previously been observed in inp51Δ 

inp52Δ cells26–28. The formation of these structures in the inp51Δ 

inp52Δ mutant is due to increased PtdIns(4,5)P2 levels as a result of 
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reduced cellular PtdIns(4)P 5-phosphatase activity28. This phenomenon 

requires an intact actin cytoskeleton28. In contrast, pretreatment with 

Latrunculin A (Lat A), an actin depolymerizing agent, did not inhibit 

PES formation (Figure 3G) and surprisingly we found that PC(O-

16:0/2:0) treatment alone resulted in the disruption of the actin 

cytoskeleton (Figure 3H). Similarly, deletion of VRP1, an actin 

associated protein required for cytoskeletal organization that suppresses 

the inp51Δ inp52Δ phenotype29, did not affect PES formation or PC(O-

16:0/2:0) toxicity (Figure S3B and C). Combined these results strongly 

suggest that the PC(O-16:0/2:0)-dependent PES is distinct from the 

previously characterized PM invaginations seen in inp51Δ inp52Δ cells 

and that the PES formation occurs independently of the actin 

cytoskeleton. The actin-independency of PES formation could 

potentially be explained by an unregulated association of endocytic coat 

complex proteins or impaired exocytic vesicle fusion30. However, a 

RFP-fusion of Chc1, which associates at the PM independently of actin 

at sites of clathrin-mediated endocytosis31, co-localized with GFP-

2xPHPLCδ at the PES in only 3% of cells (Figure S3D). In addition, the 

localization of the exocyst component Exo70 was only modestly 

disrupted upon PC(O-16:0/2:0) treatment (Figure S3E) and both 

Exo70-GFP or Sec3-GFP exhibited minimal colocalization with the 

PES marked by FM4-64 (Figure S3F). These results indicate that the 

actin-independent events involved in PES formation likely do not 

involve the aberrant association of endocytic or exocytic proteins with 

the PM. 

 
Figure 2. PC(O-16:0/2:0)-induced changes in PtdIns(4,5)P2 metabolism. (A) 

Mss4 is relocalized upon PC(O-16:0/2:0) treatment. Mss4-GFP expressing cells 

(YKB2955) were treated with vehicle (EtOH) or PC(O-16:0/2:0) (20 mM, 15 min) 

and localization examined. Percentage of cells with relocalized Mss4-GFP are 

indicated by the Figure inset. (B) Mss4 is required for PES formation. Wild type 

(SEY6210) and mss4-102 (AAY202) strains were grown at the indicated 

temperatures for one hour. Cells were subsequently treated with either vehicle (EtOH) 

or PC(O-16:0/2:0) as previously done (20 mM, 15 min). Following treatment cells 

were collected into ice cold growth media and labelled with FM4-64 in ice cold 

growth media to visualize the PM. The percentage of cells with PES type structures 

for each condition are indicated by the Figure inset. (C) MSS4 and STT4 are 

required for buffering against PC(O-16:0/2:0) toxicity. The sensitivity of wild 
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strains (SEY6210) or strains expressing a temperature sensitive alleles of either STT4 

(stt4-4, AAY102) or MSS4 (mss4-102, AAY202) to PC(O-16:0/2:0) was examined 

by growth on plates containing vehicle (EtOH) or PC(O-16:0/2:0) (3 mg/ml or 5.7 

mM) for 2 days at permissive (25°C) and semi-permissive (33°C) temperatures. (D) 

Overexpression of phosphatidylinositol phosphatases increase sensitivity to 

PC(O-16:0/2:0). The effect of phosphatidylinositol phosphatases upon PC(O-

16:0/2:0) sensitivity was examined by spotting 10-fold serial dilutions of wild type 

strain (BY4741) harbouring plasmid borne, GAL-inducible INP51, INP52 and INP54 

on plates containing vehicle (EtOH) or PC(O-16:0/2:0) (3 mg/ml) with either dextrose 

or galactose as the carbon source. 
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PC(O-16:0/2:0) disrupts sphingolipid metabolism 

These findings suggested that Mss4 relocalization is a principal factor 

in PES formation and that perturbations to PM PtdIns(4,5)P2 

distribution are critically involved in regulating the toxic effects of 

PC(O-16:0/2:0). How might PC(O-16:0/2:0) disrupt Mss4 localization? 

The association of this protein with the PM occurs through poorly 

defined processes and may involve a combination of protein-protein 

and lipid-protein interactions30,32,33. Interestingly, the only reported 

lipid factors mediating Mss4 localization to the PM are PtdIns(4)P and 

the complex sphingolipid mannose-inositolphosphoceramide 

(MIPC)30,33. Although the role of MIPC was not confirmed by a 

subsequent study34, Gallego and co-workers have shown that Mss4 can 

bind to dihydrosphingosine-1 phosphate (DHS-1P) in vitro and that an 

extended treatment with an inhibitor of sphingolipid biosynthesis 

(myriocin, 2 h) results in relocalization of Mss4-GFP32. These results 

suggest that changes in sphingolipid levels can impact Mss4 

localization. Therefore, we postulated that the biological consequences 

of PC(O-16:0/2:0) treatment may arise in response to the effects of 

PC(O-16:0/2:0) on either sphingolipid biosynthesis or catabolism. In 

agreement with this hypothesis, we observed a global accumulation of 

LCBs precursors, their phosphorylated derivatives (LCB-Ps), as well as 

immediate ceramide precursors and metabolites in cells treated with 

PC(O-16:0/2:0) for 90 min (Figure 4A, Dataset 1 and Figure S4B). 

Furthermore, a modest but significant increase in several 

unphosphorylated phytosphingosine (PHS) and dihydrosphingosine 

(DHS) species is evident at 15 min (Figure. S4B). We also report that 

these increases were not associated with a decrease in the abundance of 

complex sphingolipids suggesting that PC(O-16:0/2:0) does not induce 

their catabolism (Figure 4A, Figure S4D and Dataset S1). In addition, 

deletion of the S. cerevisiae enzyme required for catabolism of complex 

sphingolipids, ISC1, did not impact the effects of PC(O-16:0/2:0) upon 

cell growth, PES formation or sphingolipid levels indicating that PC(O-

16:0/2:0) does not stimulate the breakdown of sphingolipids (Figure. 

S4B–D). Next, we sought to determine whether PC (O-16:0/2:0)-

induced elevation in LCBs and/or ceramide levels contributed to PES 
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formation. First, we directly assessed the effects of ceramide upon PES 

formation by treating cells with the cell permeable ceramide, 

Cer(d18:1/2:0), or a biologically inactive analog, Cer(d18:0/2:0) 

(Figure. 4B). 

 

 

Treatment with Cer(d18:1/2:0), but not Cer(d18:0/2:0) resulted in 

relocalization of PtdIns(4,5)P2 and depolarization of the actin 

cytoskeleton similar to what is observed upon exposure to PC(O-

16:0/2:0) suggesting that elevated ceramide levels are sufficient to 

induce PES formation (Figure. 4B). To explore the role of PC(O-
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16:0/2:0)-induced accumulation of LCB and ceramide further, we next 

investigated the effects of myriocin, an inhibitor of sphingolipid 

biosynthesis35 (Figure. S4A), on Mss4-GFP localization in PC(O-

16:0/2:0) treated cells (Figure. 4C and S4A). To accomplish this, we 

first pretreated cells with myriocin for 30 minutes prior to exposing 

them to PC(O-16:0/2:0). Although longer exposure (2 h) to myriocin 

has been reported to impact Mss4-GFP localization32, our short 

pretreatment with myriocin did not affect Mss4-GFP localization 

(Figure. 4C). Pretreatment with myriocin for this time period was 

sufficient to inhibit the relocalization of Mss4-GFP and PES formation 

induced by PC(O-16:0/2:0) (Figure. 4C and Figure. S4F). Combined, 

these results support the notion that PC(O-16:0/2:0) treatment promotes 

the accumulation of LCBs and ceramides, which in turn contribute to 

changes in the subcellular localization of Mss4-GFP, PtdIns(4,5)P2 and 

downstream signaling events including actin cytoskeleton polarization. 

Figure 4. PC(O-16:0/2:0) disrupts sphingolipid metabolism leading to changes in 

Mss4-GFP localization. (A) PC(O-16:0/2:0) treatment disrupts sphingolipid 

metabolism. Wild type (BY4741) cells were treated with vehicle or PC(O-16:0/2:0) 

(20 mM) for the indicated times (min). Lipids were extracted, and sphingolipid levels 

were quantified and expressed as a log2 fold change of PC(O-16:0/2:0) treated from 

vehicle treated control. LCB, long chain base; IPC, inositol phosphorylceramide; 

MIPC, mannosyl phosphorylceramide; DHS(-P), dihydrosphingosine (1-phosphate); 

PHS(-P), phytohydrosphingosine; LC, long chain (acyl chain is equal to or less than 

22 carbons); VLC, very long chain (more than 22 carbons). (B) Treatment with 

ceramide promotes PES formation and inhibits actin cytoskeleton polarization. 

Wild type (BY4741) cells expressing GFP-2XPHPLCδ were grown in YPD in the 

presence of vehicle (EtOH), PC(O-16:0/2:0), Cer(d18:1/2:0) or Cer(d18:0/2:0) (20 

mM, 15 min) prior to imaging live or fixing and staining for acting cytoskeleton 

polarization as described in methods. The percentage of cells displaying a 

redistribution of the fluorescent reporter or proper actin polarization is reported in the 

inset of the respective Figure. (C) Inhibition of sphingolipid metabolism prevents 
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the relocalization of Mss4. Mss4-GFP (YKB2955) expressing cells were pretreated 

with vehicle or myriocin (5 mM) for 30 min and subsequently treated with vehicle or 

PC(O-16:0/2:0) (20 mM, 15 min) as previously done. Pretreatment with myriocin 

inhibited PC(O-16:0/2:0)-dependent changes in PES formation 

 

PC(O-16:0/2:0) inhibits Tor2 signaling  

We next sought to identify relevant signaling pathways which might be 

impacted by the effects of PC(O-16:0/2:0) upon sphingolipid 

metabolism and PM PtdIns(4,5)P2 localization. The target of rapamycin 

complex 2 (TORC2) was identified as a potential target because of its 

localization to the PM and the responsiveness of this signaling complex 

to changes in sphingolipid biosynthesis36–38. Furthermore, TORC2 has 

an established role in maintaining actin cytoskeleton polarization which 

is dependent upon the PM recruitment and phosphorylation of the 

homologous kinases Ypk1 and Ypk2 by the PtdIns(4,5)P2 binding 

proteins Slm1 and Slm239,40. Utilizing a phospho-specific antibody 

recognizing a TORC2-dependent phosphorylation site on Ypk1 (T662) 

we determined that phosphorylation of endogenous Ypk1 was reduced 

in PC(O-16:0/2:0) suggesting that TORC2 signaling is inhibited by 

PC(O-16:0/2:0) (Figure 5A)37. 

 

A critical role for Tor2 and Ypk kinase signaling in PC(O-16:0/2:0) 

toxicity 

Similar to mammalian cells, two distinct multiprotein complexes 

containing Tor activity, i.e. TORC1 and TORC2, are present in yeast. 

Unlike mammalian cells, however, yeast possess two TOR genes, TOR1 

and TOR2, with Tor1 nucleating the formation of TORC1 while Tor2 

is able to nucleate both TORC1 and TORC241. Given that the 

phosphorylation of the TORC2 target Ypk1 is potently inhibited by 

PC(O-16:0/2:0), we next sought to determine whether Tor2 activity is 

required for preventing the growth inhibitory effects of PC(O-16:0/2:0). 
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Figure 5. PC(O-16:0/2:0) inhibits TORC2 signaling. (A) Phosphorylation of the 

TORC2 substrate Ypk1 is reduced following treatment. TORC2-dependent Ypk1 

(T662) phosphorylation status was assessed in whole cell extracts from vehicle 

(ethanol, EtOH), PC(O-16:0/2:0) (20 mM) or rapamycin (Rap, 200 ng/ml) treated 

wild type (YPH500) and spo14Δ (YKB2076) cells. Immunoblots were also probed 

with anti-sera for total Ypk1 to ensure equal loading. (B) tor2-21 mutants display 

increased sensitivity to PC(O-16:0/2:0). Strains expressing plasmid borne wild type 

TOR2 or the temperature sensitive (ts) alleles tor2-21 or tor2-30 in a tor1Δ, tor2Δ or 

a combined tor1Δ tor2Δ background were plated in 10-fold serial dilutions on YPD 

plates containing vehicle (EtOH) or PC(O-16:0/2:0) (3 mg/ml). Plates were incubated 

for 2 days at a permissive (25°C) or semipermissive temperature (33°C). (C) 
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Overexpression of hyperactive Ypk2 suppresses sensitivity to PC(O-16:0/2:0). 

Ypk2 wild type (Ypk2), hyperactive (D239A), kinase dead (K373A) and the double 

mutant (D239A and K373A) were transformed into wild type (SH100) and tor2-21 

(SH121) expressing cells. Growth was assessed following 2 days at permissive (25°C) 

and semi-permissive temperature (33°C) on plates containing vehicle (EtOH) or 

PC(O-16:0/2:0) (3 mg/ml). 
 

To assess the relative role of each Tor protein in buffering the growth 

inhibitory effects of PC(O-16:0/2:0), we made use of strains harbouring 

the temperature sensitive tor2-21 and tor2-30 alleles alone or in 

combination with deletion of TOR142. Whereas deletion of TOR1 alone 

had no observable effect upon PC(O-16:0/2:0) sensitivity (Figure 5B), 

the tor2-21 strain exhibited a significant reduction in growth in the 

presence of PC(O-16:0/2:0) at a semi-permissive temperature. To 

further validate the role of TORC2 signaling in mediating PC(O-

16:0/2:0) sensitivity we examined the effect of overexpressing the 

downstream target YPK240. Consistent with a role for TORC2 in 

mediating the response to PC(O-16:0/2:0), we found that 

overexpression of a YPK2 hyperactive allele (D239A), known to rescue 

lethality of TORC2 mutants40, was able to restore growth of the tor2-

21 strain in the presence of PC(O-16:0/2:0). Comparatively, the wild 

type (Ypk2) and the kinase dead (K373A) variants40 were unable to 

restore growth in the presence of reduced Tor2 function (Figure 5C). 

Together, these results provide compelling evidence that TORC2 is 

inhibited in response to PC(O-16:0/2:0) treatment and that a reduction 

in TORC2 signaling is associated with an increased sensitivity to PC(O-

16:0/2:0). 

 

Examining the mechanism underlying Tor2 inhibition by PC(O-

16:0/2:0) 

Since these results establish an important role for the TORC2-Ypk2 

signaling in mediating the cellular response to PC(O-16:0/2:0), we 

investigated the potential mechanisms by which PC(O-16:0/2:0) might 

act to inhibit TORC2-dependent phosphorylation of Ypk1/2. The 

requirement for PtdIns(4,5)P2, PLD and Tor signaling in mediating 

PC(O-16:0/2:0) sensitivity presented the intriguing possibility that 

PLD-generated PA regulates Tor signalling in S. cerevisiae as 
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previously reported for mTor43–46. However, deletion of SPO14, did not 

have noticeable effected the phosphorylation of endogenous Ypk1 

suggesting that Spo14 does not impact TORC2 function in S. cerevisiae 

(Figure 5A). Furthermore, knock out of SPO14 exhibited a synthetic 

interaction with the tor2-21 allele (Figure S5). These results indicate 

that Spo14 and Tor2 likely act through parallel signaling pathways. 

Alternatively, the inhibition of Ypk1 phosphorylation in PC(O-

16:0/2:0)-treated cells may be due to the direct inhibition of Tor kinase 

activity as was previously reported for cells with elevated 

glycerophosphocholine levels47. PC(O-16:0/2:0), however, did not 

inhibit the phosphorylation of recombinant GST-Ypk2 by 

immunopurified TORC2 suggesting PC(O-16:0/2:0) does not act as a 

direct inhibitor of Tor function in vitro and that a secondary mediator is 

required (Figure S6A). Given that Ypk1/2 and TORC2 are normally 

localized to distinct subcellular compartments, however, the in vitro 

kinase assay likely does not fully recapitulate the constraints present in 

vivo. For example, phosphorylation of Ypk1/2 requires relocalization 

from the cytosol to the PM by TORC2 adaptor proteins Slm1/248. 

Interestingly, localization of Slm1/2 at the PM is itself partly dependent 

upon interactions with PtdIns(4,5)P2 
21,34,48 We observed that PC(O-

16:0/2:0) treatment disrupted the typical association of Slm1-GFP with 

eisosomes, a distinct spatially segregated compartment of the PM in S. 

cerevisiae49, as indicated by the reduction in co-localization of Slm1-

GFP with a tagged eisosome protein, Lsp1-mCherry (Figure 6A). This 

redistribution of Slm1-GFP was not due to disruption of eisosome 

integrity but was associated with its appearance at the PES (Figure 

S6B–D). Furthermore, overexpression of Slm1 from a high copy 

plasmid enhanced growth compared to vector alone suggesting that 

Slm1-dependent signaling events are critically involved in mediating 

the cellular response to PC(O-16:0/2:0) (Figure S6E). The correlation 

of Slm1 relocalization with increased LCBs and ceramides (Figure. 4 

and S4) in PC(O-16:0/2:0)-treated cells is complementary with a 

previous report describing the impact of inhibiting sphingolpid 

metabolism upon the subcellular localization of Slm1 and Ypk1 

phosphorylation37. Therefore, we next sought to investigate whether the 
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relocalization of Slm1-GFP in PC(O-16:0/2:0) impaired the interaction 

of Ypk1 or TORC2. However, we found that the association of Slm1-

GFP with HA-tagged TORC2 component Avo3 or untagged Ypk1 was 

not affected by PC(O-16:0/2:0) treatment suggesting the inhibition of 

TORC2 signaling does not require the redistribution of Slm1 to the PES 

(Figure 6B). To support this conclusion, we next investigated whether 

PES formation was necessary for the PC(O-16:0/2:0)-dependent 

inhibition of Ypk1 phosphorylation (Figure. 6C). Although 

pretreatment with myriocin alone increased Ypk1 phosphorylation ~2.3 

fold we observed that phosphorylation was similarly reduced (~50%) 

in cells pretreated with either vehicle or myriocin upon treatment with 

PC(O-16:0/2:0) (Figure. 6C). Therefore, the inhibition of TORC2-

dependent Ypk1 phosphorylation by PC(O-16:0/2:0) likely does not 

require the recruitment of Slm1 to the PES or a reduced interaction of 

Ypk1 with Slm1 or Avo3, indicating PC(O-16:0/2:0) inhibiting TORC2 

through a previously undescribed mechanism. 

 

 

 
Figure 6. Relocalization of Slm1 by PC(O-16:0/2:0) does not mediate the 

inhibition of TORC2 signaling. (A) PC(O-16:0/2:0) treatment relocalizes Slm1-GFP 

to foci. The co localization of Slm1-GFP (YKB3035) with Lsp1-mcherry, an 

eisosome marker, was examined following treatment with either vehicle (EtOH) or 

PC(O-16:0/2:0) (20 mM) for 15 min. Numbers represent the percent of Slm1-GFP 

foci co-localizing with Lsp1-mcherry foci. (B) PC(O-16:0/2:0) treatment does not 

affect TORC2 interactions. The indicated strains were treated with either vehicle 
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(EtOH) or PC(O-16:0/2:0) (20 mM) for 15 min. The interaction of Avo3-HA and 

endogenous Ypk1 with immunopurified (IP) Slm1-GFP was determined by 

immunoblotting with appropriate antibodies. Total levels of each protein were also 

examined in whole cell extracts (WCE). (C) PC(O-16:0/2:0) still reduces Ypk1 

phosphorylation in the presence of myriocin. Wild type cells (TB50a) were pretreated 

with vehicle or myriocin (5 mM, 30 min) prior to adding rapamycin (Rap, 200 ng/ml) 

or PC(O-16:0/2:0) (20 mM). The ratio of TORC2-dependent Ypk1 phosphorylation 

to total Ypk1 was determined for each treatment condition and normalized to control. 

The mean is displayed below the representative blot (n = 2). 

 

Discussion 

Aberrant glycerophosphocholine metabolism in AD leading to the 

intraneuronal accumulation of specific lipid second messengers, 

including PC(O-16:0/2:0) is linked to neuronal dysfunction, 

neurotoxicity, and accelerated cognitive decline6,50–52. In this report we 

have used S. cerevisiae to further characterize the mechanisms 

underlying receptor-independent toxicity of PC(O-16:0/2:0). Our work 

suggests a model (Figure 7) wherein exposure to toxic concentrations 

of PC(O-16:0/2:0) promotes the accumulation of LCBs and ceramides, 

which leads to changes in the subcellular localization of Mss4 and 

formation of PtdIns(4,5)P2 enriched invaginations of the PM. 

Ultimately the PC(O-16:0/2:0)-dependent remodelling of PtdIns(4,5)P2 

affects downstream PtdIns(4,5)P2 - dependent cellular processes such 

as PLD localization, which is critical for buffering against the toxic 

effects of PC(O-16:0/2:0)9. However, the inhibition of TORC2 by 

PC(O-16:0/2:0) also suggests that the toxic properties of PC(O-

16:0/2:0) are only partly due to disruptions in PtdIns(4,5)P2 signaling 

and that this lipid impacts other signaling pathways through distinct 

second messengers that remain to be identified. Given that 

PtdIns(4,5)P2 and downstream signaling events buffer against PC(O-

16:0/2:0) toxicity, it was important to investigate the factors underlying 

the relocalization of Mss4-GFP and PES formation to elucidate 

potential endogenous mechanisms of neuroprotection. The molecular 

details that contribute to the localization of Mss4 into distinct 

phosphatidylinositol kinase or PIK patches in yeast are not completely 

understood. However, the availability of its substrate, PtdIns(4)P, a 

recently identified interacting partner Opy1 and sphingolipid 

biosynthesis have been implicated30,32,33. Our data suggests that the 
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PC(O-16:0/2:0)- induced accumulation of LCBs and ceramides 

(precursor molecules in the sphingolipid biosynthetic pathway Figure. 

S4) are at least partly responsible for the changes in PM PtdIns(4,5)P2 

distribution as treatment with myriocin, an inhibitor of sphingolipid 

biosynthesis, was sufficient to prevent the redistribution of Mss4-GFP 

and PES formation (Figure. 4 and Figure. S4). The mechanism by 

which the observed changes in LCBs and ceramide might regulate Mss4 

PM localization are not clear but previous reports have suggested that 

both MIPC and dihydrosphingosine-1 phosphate (DHS-1P) can interact 

with Mss432,33. The relocalization of Mss4-GFP, however, is likely not 

due to interactions with MIPC as neither the total levels of this lipid nor 

the abundance of individual species was significantly impacted by 

PC(O-16:0/2:0) at any time point (Figure 4, Figure S4 and Dataset 1). 

In contrast, the accumulation of one DHS and two PHS species 

displayed similar kinetics to the PtdIns(4,5)P2 redistribution and PES 

formation suggesting that these lipids maybe involved in mediating the 

observed changes (Figure S4B and Dataset 1). Certainly, this 

observation must be interpreted with caution as the reported in vitro 

interaction between Mss4 and LCBs has not been evaluated in vivo32. 

Furthermore, the role of LCBPs in mediating Mss4 localization at the 

PM must also be reconciled with the fact that LCB-Ps do not appear to 

be trafficked to the PM under normal circumstances53. Whether PC(O-

16:0/2:0)-induced changes in Mss4-GFP localization are dependent 

upon the improper trafficking of LCB-Ps or another mechanism 

remains an open question in need of further study. The spatial 

distribution of PtdIns(4,5)P2 at the PM is critical for regulating the 

activity of downstream signaling pathways. Our biochemical, genetic 

and cell biology based-assays suggest that the inhibition of Tor 

signaling plays a critical role in mediating the sensitivity to the toxic 

effects of PC(O-16:0/2:0) (Figure 5 and 6). The results of our in vitro 

kinase assay do not identify PC(O-16:0/2:0) as a direct inhibitor of Tor 

kinase activity and suggests that another mechanism is responsible for 

the inhibition of Tor signaling (Figure. S6). How else might PC(O-

16:0/2:0) inhibit Tor signaling? Although the cellular inputs which 

impinge upon Tor signalling are still being identified and the molecular 
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mechanisms which translate these stimuli into activation/inhibition of 

Tor signalling are not completely understood, the TORC2-dependent 

phosphorylation of Ypk1/2 is sensitive to changes in PM PtdIns(4,5)P2 

levels48. Our work demonstrating the relocalization of Slm1-GFP to the 

PES in response to PC(O-16:0/2:0) is consistent with previous reports 

describing the interactions of Slm proteins with PtdIns(4,5)P2 (Figure 

6 and S6)1,20. Because our data indicate that relocalization of Slm1, and 

presumably Slm2, to the PES is not required for the inhibition of 

TORC2-dependent Ypk phosphorylation, they suggest that an 

additional mechanism(s) exists for the regulation of TORC2 signaling 

(Figure. 6). Collectively, our results provide insight into how a 

disruption in phosphocholine metabolism signals network-wide lipid 

metabolic disturbances that may play defining roles into how neurons 

respond to accumulating Aβ42. Interestingly, accumulating evidence 

suggests that disruptions in both PtdIns(4,5)P2 signaling and ceramide 

metabolism are contributing factors in the neuronal cell dysfunction and 

death observed in AD13–19. Whether the disruptions in PtdIns(4,5)P2 

signaling and ceramide metabolism homeostasis observed in neurons 

are dependent upon an increase in PC(O-16:0/2:0) concentrations is an 

intriguing question in need of further investigation. 

 

 

Figure 7. A simplified model of the impact of PC(O-16:0/2:0) on PtdIns(4,5)P2 

and TOR signaling. Elevated PC(O-16:0/2:0) levels result in an increase in LCB(P) 

and ceramide species (I) which is associated with an altered localization of Mss4 and 

PtdIns (4,5)P2  (II) resulting in relocalization of Slm1, and presumably Slm2, from 
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eisosomes to the PES (III) and a loss in TORC2-dependent Ypk1 phosphorylation 

without disrupting complex integrity (IV). Further work will be needed to determine 

if TORC2 components and/or Ypk1 are similarly recruited to the PES. 

 

Materials and Methods 

Yeast strains, plasmids and media  

The yeast strains and plasmids used in this study are listed in Table S2 

and S3. Strains were generated by using a standard PCR-mediated gene 

insertion/deletion technique54. Cells were grown in standard YPD or SD 

medium supplemented with amino acids and all lipids were prepared by 

resuspending in either ethanol or methanol and storing under nitrogen 

gas. 

 

Cell growth and treatments 

All strains were grown in YPD or minimal media supplemented with 

appropriate amino acids as required and treated with PC(O-16:0/2:0) 

(Enzo Life Sciences, BML-L100 or Avanti Polar Lipids, 878119P) at 

20 mM for 15 minutes unless indicated otherwise. Media was 

supplemented with rapamycin (200 ng/ml) where indicated. 

 

Dot assays 

Cells were grown in YPD or minimal media at 30 C to mid-log phase 

and resuspended to an OD600 of 0.1. Dot assays were performed by 

spotting 4 mL of ten-fold serial dilutions (OD600 = 0.1, 0.01, 0.001, 

0.0001) onto YPD or minimal media selection plates containing the 

specified concentrations of ethanol, PC(O-16:0/2:0) or other chemical 

as indicated. 

 

Microscopy 

For all microscopy experiments, overnight cultures grown at 30°C in 

YPD medium were resuspended at a final OD600 of 0.2 and allowed to 

reach mid-log phase prior treatment and image acquisition. Live cell 

imaging was performed by briefly centrifuging the cells (800 g for 3 

min), followed by resuspending in a minimal volume of growth media, 

spotting onto glass slides and coverslipping prior to imaging. All 

images were acquired using a Leica DMI 6000 florescent microscope 
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(Leica Microsystems GmbH, Wetzler Germany), equipped with a 

Sutter DG4 light source (Sutter Instruments, California, USA), Ludl 

emission filter wheel with Chroma band pass emission filters (Ludl 

Electronic Products Ltd., NY, USA) and Hamamatsu Orca AG camera 

(Hamamatsu Photonics, Herrsching am Ammersee, Germany). Images 

were acquired at 0.2 mM steps using a 63X oil-immersion objective 

with a 1.4 numerical aperture. Deconvolution and analysis were 

performed using Velocity Software V4 (Perkin Elmer). For most 

images, representative images of the middle section and compressed 

image stack are shown. Numerical insets represent the indicated 

quantifications of at least 100 cells from 2 to 3 independent experiments 

unless indicated otherwise. 

 

Rhodamine-phalloidin staining 

Early log phase cells were fixed by diluting 37% formaldehyde to a 

final concentration of 3.7% and incubating at 25°C for 10 minutes. Cells 

were subsequently pelleted (800 g for 3 min) and resuspended in PBS 

containing 3.7% formaldehyde and incubated for 1 hour. Cells were 

subsequently washed three times in PBS prior to staining with 

Rhodamine-conjugated phalloidin diluted in PBS containing 0.1% 

Tween on ice (20 Units/ml, Invitrogen) and cells were washed two 

times prior to imaging. For actin depolymerisation, Latrunculin A (5 

mM, Tocris) was added as indicated prior to fixation and cell staining. 

 

Cell extract preparation 

In all cases overnight cultures of yeast strains were diluted to an OD600 

of 0.2 in YPD or appropriate minimal media and allowed to reach mid-

log growth prior to harvesting. Cell pellets were resuspended in 200 mL 

of lysis buffer (20 mM HEPES, 150 mM NaCl, 2 mM EDTA with 

phosphatase and protease inhibitors and lysed by vortexing with glass 

beads. Ypk1 was examined in ethanol and PC(O-16:0/2:0) treated cells 

prepared as previously described37. Briefly, ice cold acetone was added 

to mid log phase cells and incubate on ice for 5 min. Cells were pelleted 

and washed two times in 5% acetone in PBS. Supernatant was removed 
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and the cells pellets were dried under vacuum prior to lysis in urea 

buffer. 

 

Electron microscopy 

Processing for electron microscopy was performed as previously 

described55. 

 

TORC2 in vitro kinase assay  

TORC2 was purified from RL127-1c cells. The cultures were grown to 

an OD600 of 5.0 in YPD (125 mL per assay point), chilled on ice for 30 

minutes, collected, and washed. The cells were put into liquid nitrogen 

and ground up using a mortar and pestle. The powder was then 

resuspended in lysis buffer (1X Roche protease inhibitor +EDTA, 1 

mM PMSF, phosphatase inhibitors, 5 mM CHAPS, 50 mM HEPES pH 

7.5, 300 mM KCl), spun down, and 420 µl of prepared paramagnetic 

beads (Dynabeads M-270 Epoxy, coated with rabbit IgG; Sigma) were 

added to the cleared protein extracts. The tubes were subsequently 

rotated for 3 h at 4°C. Beads were collected by using a magnet and 

washed extensively with lysis buffer. The kinase reactions were 

performed in a final volume of 30 ml containing TORC2-coupled 

beads, 300 ng of Ypk2, 25 mM Hepes pH 7.0, 50 mM KCl, 4 mM 

MgCl2, 10 mM DTT, 0.5% Tween20, 1X Roche protease inhibitor-

EDTA, 100 mM ATP, 5 mCi [c-32P]-ATP and 1 ml of inhibitors at 

various concentrations. PAF was dissolved in EtOH and used at the 

indicated concentrations. Assays were started with addition of ATP, 

maintained at 30°C for 25 minutes and terminated by the addition of 7.5 

ml of 5X SDS-PAGE buffer. Samples were heated at 65°C for 10 min; 

proteins were resolved in SDS-PAGE, stained with Sypro Ruby and 

analysed using a Bio-Rad Molecular Imager. 

 

Substrate preparation for in vitro kinase assays 

GST-Ypk2 fusion proteins were expressed in S. cerevisiae from a 

pRS426 vector. Actively growing cells were induced for 3 hours with 

galactose (final concentration of 2%), chilled on ice for 30 minutes, and 

collected. The cells were put into liquid nitrogen and ground up using a 
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mortar and pestle. The powder was then resuspended in lysis buffer 

(10% glycerol, 16PBS, 0.5% Tween, 1X Roche protease inhibitor 

+EDTA, 1 mM PMSF, and phosphatase inhibitors) and the fusion 

protein was bound to and eluted from glutathione Sepharose 4B (GE 

Healthcare) following standard procedures. The supernatant was 

dialyzed against (50% glycerol, 1 mM DTT, 1 mM EDTA, 25 mM Tris 

pH 7.5, 50 mM NaCl), aliquotted, and frozen at -20°C. 

 

PC(O-16:0/2:0) treatment and lipid extraction 

Cells at 0.6 OD600 were treated with 20 mM PAF or ethanol as a control. 

At T= 15 min, 30 min, 60 min and 120 min, 7.5 OD600 were harvested 

in glass tubes, washed with water and the pellet was extracted 361 ml 

in water:Ethanol:Diethyl Ether:Pyridine:NH4OH (15:15:5:1:0.018) at 

65°C for 15 min each time. Avanti Polar Lipid MS standards (LM-

6002) were added during the first extraction at 62.5 pmol/tube. The 

extracts were pooled and dried under N2, redissolved in 1 ml 

Chloroform with bath sonication, 1 ml Butanol was added, and 

phospholipids were hydrolyzed for 30 min at 37°C after the addition of 

200 mL 1 M KOH (in methanol). After hydrolysis, the extract was 

neutralized by the addition of 200 mL 1 M Acetic Acid (in Methanol). 

1 ml Butanol saturated water was added, centrifuged to separate the 

phases and the upper aqueous layer was removed by aspiration, being 

careful not to disrupt the precipitate at the interface. This was repeated 

two more times after which the remaining lower phase was dried under 

N2. The dried lipid was redissolved in 0.5 ml LC/MS buffer A with bath 

sonication, spun to pellet insoluble material and the transferred to MS 

analysis vials. 

 

LC/MS analysis 

The samples were analyzed on a Supelco Discovery Bio Wide Pore C18 

(5 cm62.1 mm, 5 uM) column at 40°C (50 mm) using an Agilent 1200 

Series HPLC coupled to ABSciex QTRAP 4000 MS. The LCB(P)s 

were eluted using a binary solvent gradient of 0% B for 1 min, 25% at 

4 min, 100% at 4.5 min and held at 100%B for 1.5 min, 0%B at 7 min. 

The LCB(P)s were detected in MRM mode. LC/MS buffers MS buffer 
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A: Tetrahydrofuran: Methanol: 10 mM Ammonium Formate (30:20:50) 

with 0.2% Formic Acid MS buffer B: Tetrahydrofuran: Methanol: 10 

mM Ammonium Formate (70:20:10) with 0.2% Formic Acid. 

 

Acknowledgements 

The authors would like to thank Michael Hall, Doris Berchtold, Tobias 

Walther and Scott Emr for the kind provision of reagents and helpful 

discussion 

 

References 

1. Wymann, M. P. & Schneiter, R. Lipid signalling in disease. Nat. Rev. Mol. 

Cell Biol. 9, 162–176 (2008). 

2. Di Paolo, G. & Kim, T. W. Linking lipids to Alzheimer’s disease: 

Cholesterol and beyond. Nat. Rev. Neurosci. 12, 284–296 (2011). 

3. Wood, P. L. Lipidomics of Alzheimer’s disease: current status. Alzheimers. 

Res. Ther. 4, 5 (2012). 

4. Chan, R. B. et al. Comparative lipidomic analysis of mouse and human 

brain with Alzheimer disease. J. Biol. Chem. 287, 2678–88 (2012). 

5. Ryan, S. D. et al. Platelet activating factor-induced neuronal apoptosis is 

initiated independently of its G-protein coupled PAF receptor and is 

inhibited by the benzoate orsellinic acid. J. Neurochem. 103, 88–97 (2007). 

6. Ryan, S. D. et al. Amyloid- 42 signals tau hyperphosphorylation and 

compromises neuronal viability by disrupting 

alkylacylglycerophosphocholine metabolism. Proc. Natl. Acad. Sci. 106, 

20936–20941 (2009). 

7. Ryan, S. D., Harris, C. S., Carswell, C. L., Baenziger, J. E. & Bennett, S. 

A. L. Heterogeneity in the sn-1 carbon chain of platelet-activating factor 

glycerophospholipids determines pro- or anti-apoptotic signaling in 

primary neurons. J. Lipid Res. 49, 2250–8 (2008). 

8. Santos, A. X. S. & Riezman, H. Yeast as a model system for studying lipid 

homeostasis and function. FEBS Lett. 586, 2858–2867 (2012). 

9. Kennedy, M. A. et al. Srf1 is a novel regulator of phospholipase D activity 

and is essential to buffer the toxic effects of C16:0 platelet activating 

factor. PLoS Genet. 7, e1001299 (2011). 

10. Rudge, S. A., Morris, A. J. & Engebrecht, J. Relocalization of 

phospholipase D activity mediates membrane formation during meiosis. J. 

Cell Biol. 140, 81–90 (1998). 

11. Sciorra, V. A. et al. Identification of a phosphoinositide binding motif that 

mediates activation of mammalian and yeast phospholipase D isoenzymes. 

EMBO J. 20, 5911–5921 (1999). 

12. Sciorra, V. A. et al. Dual role for phosphoinositides in regulation of yeast 

and mammalian phospholipase D enzymes. J. Cell Biol. 159, 1039–49 



   

252 

(2002). 

13. Landman, N. et al. Presenilin mutations linked to familial Alzheimer’s 

disease cause an imbalance in phosphatidylinositol 4,5-bisphosphate 

metabolism. Proc. Natl. Acad. Sci. 103, 19524–19529 (2006). 

14. Berman, D. E. et al. Oligomeric amyloid-β peptide disrupts 

phosphatidylinositol-4,5-bisphosphate metabolism. Nat. Neurosci. 11, 

547–554 (2008). 

15. McIntire, L. B. J. et al. Reduction of synaptojanin 1 ameliorates synaptic 

and behavioral impairments in a mouse model of Alzheimer’s disease. J. 

Neurosci. 32, 15271–15276 (2012). 

16. Filippov, V. et al. Increased ceramide in brains with alzheimer’s and other 

neurodegenerative diseases. J. Alzheimer’s Dis. 29, 537–547 (2012). 

17. Han, X. et al. Metabolomics in early Alzheimer’s disease: Identification of 

altered plasma sphingolipidome using shotgun lipidomics. PLoS One 6, 

e21643 (2011). 

18. Han, X., M  Holtzman, D., McKeel, D. W., Kelley, J. & Morris, J. C. 

Substantial sulfatide deficiency and ceramide elevation in very early 

Alzheimer’s disease: potential role in disease pathogenesis. J. Neurochem. 

82, 809–18 (2002). 

19. Cutler, R. G. et al. Involvement of oxidative stress-induced abnormalities 

in ceramide and cholesterol metabolism in brain aging and Alzheimer’s 

disease. Proc. Natl. Acad. Sci. 101, 2070–2075 (2004). 

20. Stefan, C. J. The Yeast synaptojanin-like proteins control the cellular 

distribution of phosphatidylinositol (4,5)-bisphosphate. Mol. Biol. Cell 13, 

542–557 (2002). 

21. Fadri, M., Daquinag, A., Wang, S., Xue, T. & Kunz, J. The pleckstrin 

homology domain proteins Slm1 and Slm2 are required for actin 

cytoskeleton organization in yeast and bind phosphatidylinositol-4,5-

bisphosphate and TORC2. Mol. Biol. Cell 16, 1883–1900 (2005). 

22. Audhya, A. et al. Genome-wide lethality screen identifies new PI4,5P2 

effectors that regulate the actin cytoskeleton. EMBO J. 23, 3747–3757 

(2004). 

23. Burd, C. G. & Emr, S. D. Phosphatidylinositol(3)-phosphate signaling 

mediated by specific binding to RING FYVE domains. Mol. Cell 2, 157–

62 (1998). 

24. Strahl, T. & Thorner, J. Synthesis and function of membrane 

phosphoinositides in budding yeast, Saccharomyces cerevisiae. Biochim. 

Biophys. Acta - Mol. Cell Biol. Lipids 1771, 353–404 (2007). 

25. Audhya, A., Foti, M. & Emr, S. D. Distinct roles for the yeast 

phosphatidylinositol 4-kinases, Stt4p and Pik1p, in secretion, cell growth, 

and organelle membrane dynamics. Mol. Biol. Cell 11, 2673–89 (2000). 

26. Stolz, L. E., Huynh, C. V, Thorner, J. & York, J. D. Identification and 

characterization of an essential family of inositol polyphosphate 5-

phosphatases (INP51, INP52 and INP53 gene products) in the yeast 



  Chapter 7 

253 

Saccharomyces cerevisiae. Genetics 148, 1715–29 (1998). 

27. Singer-Krüger, B., Nemoto, Y., Daniell, L., Ferro-Novick, S. & De 

Camilli, P. Synaptojanin family members are implicated in endocytic 

membrane traffic in yeast. J. Cell Sci. 111 ( Pt 22), 3347–56 (1998). 

28. Stefan, C. J., Padilla, S. M., Audhya, A. & Emr, S. D. The phosphoinositide 

phosphatase Sjl2 is recruited to cortical actin patches in the control of 

vesicle formation and fission during endocytosis. Mol. Cell. Biol. 25, 

2910–23 (2005). 

29. Sun, Y., Carroll, S., Kaksonen, M., Toshima, J. Y. & Drubin, D. G. 

PtdIns(4,5)P 2 turnover is required for multiple stages during clathrin- and 

actin-dependent endocytic internalization. J. Cell Biol. 177, 355–367 

(2007). 

30. Ling, Y., Stefan, C. J., MacGurn, J. A., Audhya, A. & Emr, S. D. The dual 

PH domain protein Opy1 functions as a sensor and modulator of 

PtdIns(4,5)P 2 synthesis. EMBO J. 31, 2882–2894 (2012). 

31. Newpher, T. M., Smith, R. P., Lemmon, V. & Lemmon, S. K. In vivo 

dynamics of clathrin and its adaptor-dependent recruitment to the actin-

based endocytic machinery in yeast. Dev. Cell 9, 87–98 (2005). 

32. Gallego, O. et al. A systematic screen for proteing-lipid interactions in 

Saccharomyces cerevisiae. Mol. Syst. Biol. 6, 430 (2010). 

33. Kobayashi, T., Takematsu, H., Yamaji, T., Hiramoto, S. & Kozutsumi, Y. 

Disturbance of sphingolipid biosynthesis abrogates the signaling of Mss4, 

phosphatidylinositol-4-phosphate 5-kinase, in yeast. J. Biol. Chem. 280, 

18087–18094 (2005). 

34. Tabuchi, M., Audhya, A., Parsons, A. B., Boone, C. & Emr, S. D. The 

phosphatidylinositol 4,5-biphosphate and TORC2 binding proteins Slm1 

and Slm2 function in sphingolipid regulation. Mol. Cell. Biol. 26, 5861–75 

(2006). 

35. Miyake, Y., Kozutsumi, Y., Nakamura, S., Fujita, T. & Kawasaki, T. 

Serine palmitoyltransferase is the primary target of a sphingosine-like 

immunosuppressant, ISP-1/myriocin. Biochem. Biophys. Res. Commun. 

211, 396–403 (1995). 

36. Berchtold, D. & Walther, T. C. TORC2 plasma membrane localization is 

essential for cell viability and restricted to a distinct domain. Mol. Biol. 

Cell 20, 1565–75 (2009). 

37. Berchtold, D. et al. Plasma membrane stress induces relocalization of Slm 

proteins and activation of TORC2 to promote sphingolipid synthesis. Nat. 

Cell Biol. 14, 542–547 (2012). 

38. Aronova, S. et al. Regulation of ceramide biosynthesis by TOR complex 

2. Cell Metab. 7, 148–58 (2008). 

39. Schmidt, A., Kunz, J. & Hall, M. N. TOR2 is required for organization of 

the actin cytoskeleton in yeast. Proc. Natl. Acad. Sci. U. S. A. 93, 13780–

5 (1996). 

40. Kamada, Y. et al. Tor2 directly phosphorylates the AGC kinase Ypk2 to 



   

254 

regulate actin polarization. Mol. Cell. Biol. 25, 7239–7248 (2005). 

41. Loewith, R. & Hall, M. N. Target of rapamycin (TOR) in nutrient signaling 

and growth control. Genetics 189, 1177–1201 (2011). 

42. Helliwell, S. B., Howald, I., Barbet, N. & Hall, M. N. TOR2 is part of two 

related signaling pathways coordinating cell growth in Saccharomyces 

cerevisiae. Genetics 148, 99–112 (1998). 

43. Fang, Y. et al. PLD1 regulates mTOR signaling and mediates Cdc42 

activation of S6K1. Curr. Biol. 13, 2037–44 (2003). 

44. Fang, Y., Vilella-Bach, M., Bachmann, R., Flanigan, A. & Chen, J. 

Phosphatidic acid-mediated mitogenic activation of mTOR signaling. 

Science (80-. ). 294, 1942–1945 (2001). 

45. Yoon, M. S., Sun, Y., Arauz, E., Jiang, Y. & Chen, J. Phosphatidic acid 

activates mammalian target of rapamycin complex 1 (mTORC1) kinase by 

displacing FK506 binding protein 38 (FKBP38) and exerting an allosteric 

effect. J. Biol. Chem. 286, 29568–29574 (2011). 

46. Toschi, A. et al. Regulation of mTORC1 and mTORC2 complex assembly 

by phosphatidic acid: competition with rapamycin. Mol. Cell. Biol. 29, 

1411–20 (2009). 

47. Zhang, C. et al. Glycerolipid signals alter mTOR complex 2 (mTORC2) to 

diminish insulin signaling. Proc. Natl. Acad. Sci. 109, 1667–1672 (2012). 

48. Niles, B. J., Mogri, H., Hill, A., Vlahakis, A. & Powers, T. Plasma 

membrane recruitment and activation of the AGC kinase Ypk1 is mediated 

by target of rapamycin complex 2 (TORC2) and its effector proteins Slm1 

and Slm2. Proc. Natl. Acad. Sci. U. S. A. 109, 1536–41 (2012). 

49. Walther, T. C. et al. Eisosomes mark static sites of endocytosis. Nature 

439, 998–1003 (2006). 

50. Sanchez-Mejia, R. O. et al. Phospholipase A2 reduction ameliorates 

cognitive deficits in a mouse model of Alzheimer’s disease. Nat. Neurosci. 

11, 1311–1318 (2008). 

51. Sweet, R. A. et al. Psychosis in Alzheimer disease: postmortem magnetic 

resonance spectroscopy evidence of excess neuronal and membrane 

phospholipid pathology. Neurobiol. Aging 23, 547–53 (2002). 

52. Klein, J. Membrane breakdown in acute and chronic neurodegeneration: 

focus on choline-containing phospholipids. J. Neural Transm. 107, 1027–

1063 (2000). 

53. Funato, K. & Riezman, H. Vesicular and nonvesicular transport of 

ceramide from ER to the Golgi apparatus in yeast. J. Cell Biol. 155, 949–

960 (2001). 

54. Longtine, M. S. et al. Additional modules for versatile and economical 

PCR-based gene deletion and modification in Saccharomyces cerevisiae. 

Yeast 14, 953–961 (1998). 

55. Griffith, J., Mari, M., De Mazière, A. & Reggiori, F. A Cryosectioning 

Procedure for the Ultrastructural Analysis and the Immunogold Labelling 

of Yeast Saccharomyces cerevisiae. Traffic 9, 1060–1072 (2008). 



  Chapter 7 

255 

56. Lu, J. et al. Postsynaptic positioning of endocytic zones and AMPA 

receptor cycling by physical coupling of dynamin-3 to homer. Neuron 55, 

874–889 (2007). 

57. Sikorski, R. S. & Hieter, P. A system of shuttle vectors and yeast host 

strains designed for efficient manipulation of DNA in Saccharomyces 

cerevisiae. Genetics 122, 19–27 (1989). 

58. Tooze, S. A. et al. Trafficking and signaling in Mammalian autophagy. 

IUBMB Life (2010). doi:10.1002/iub.334 

59. Baker Brachmann, C. et al. Designer deletion strains derived 

fromSaccharomyces cerevisiae S288C: A useful set of strains and plasmids 

for PCR-mediated gene disruption and other applications. Yeast 14, 115–

132 (1998). 

60. Huh, W.-K. et al. Global analysis of protein localization in budding yeast. 

Nature 425, 686–691 (2003). 

61. Beck, T. & Hall, M. N. The TOR signalling pathway controls nuclear 

localization of nutrient- regulated transcription factors. Nature 402, 689–

692 (1999). 

62. Zhu, H. et al. Global analysis of protein activities using proteome chips. 

Science (80-. ). 293, 2101–2105 (2001). 

63. Audhya, A. & Emr, S. D. Regulation of PI4,5P2 synthesis by nuclear-

cytoplasmic shuttling of the Mss4 lipid kinase. EMBO J. 22, 4223–36 

(2003). 

64. Magtanong, L. et al. Dosage suppression genetic interaction networks 

enhance functional wiring diagrams of the cell. Nat. Biotechnol. 29, 505–

511 (2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

256 

Supplementary Figures 

Figure S1 Time course of PES 

formation. Redistribution of 

PtdIns(4,5)P2 by PC(O-16:0/2:0) is 

maximal by 15 min. Wild type (YPH500) 

cells expressing GFP-2XPHPLCδ were 

treated with either vehicle (EtOH) or 

PC(O-16:0/2:0), 20 mM, 15 min, for the 

indicated times and the percentage of cells 

with redistributed GFP-2XPHPLCδ 

quantified. 

 

 

Figure S2 Characterization of PES formation. (A), (B) and (C) FM4-64 can be 

employed to visualize the PES. Wild type (BY4741) cells expressing GFP-2XPHPLCδ 

were treated with either vehicle (EtOH) or PC(O-16:0/2:0) as done previously (20 

mM, 15 min). Following treatment cells were collected into ice cold growth media 

and labeled with FM4-64 prior to imaging as described in methods. The percentage 

of cells displaying a redistribution of the fluorescent reporter GFP-2XPHPLCδ is 

reported in the inset of the Figure. Colocalization of the GFP-2XPHPLCδ and FM4-64 

signals upon treatment was quantified and is reported in the bar graph. (D) and (E) 

PES formation is reduced in mss4-102 cells. The time course PES formation in wild 
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 ***PC(O-16:0/2:0) for specified times prior to

washing and labelling

60 min

0 15 60

EtOH 6 mg

Vector

2m Mss4

7 mg

inp51

WT

inp52

inp53

inp54

D
Time (min)

0 20 40 60

0

50

100

Time (min)

%
o

f
C

e
lls

w
ith

P
E

S

F

E
tO

H
P

C
(O

-1
6

:0
/2

:0
)

M
id

S
ta

c
k

M
id

S
ta

c
k

FM4-64 Merge

A

Growth at 30 C

 PC(O-16:0/2:0)

Treatment

15 min

Wash

and

Label

0

50

100

%
C

o
-l
o
ca

liz
a
tio

n

B

C
E

G

E
tO

H
P

C
(O

-1
6

:0
/2

:0
)

M
id

S
ta

c
k

M
id

S
ta

c
k

FM4-64 Merge

H



  Chapter 7 

257 

type (SEY6210, circles) and mss4-102 (AAY202, squares) strains grown at 

permissive (25°C, filled) and nonpermissive temperatures (37°C,) was investigated 

by treating cells with PC(O-16:0/2:0) (20 µM) for the indicated times followed by 

labeling with FM4-64 as described in methods. (F) MSS4 overexpression improves 

growth in the presence of PC(O-16:0/2:0). Wild type (YKB1079) cells were 

transformed with the indicated 2µ plasmids (Vector, pRS426 or pRS426-Mss4-GFP) 

grown on YPD plates in the presence of vehicle (EtOH) or PC(O-16:0/2:0) at the 

indicated concentrations and growth assessed at 2 days. (G) Deletion of INP51 

improves growth in presence of PC(O-16:0/2:0). Wild type (BY4741), inp51Δ 

(YKB3412), inp52Δ (YKB343), inp53Δ (YKB3414) and inp54Δ (YKB3415) grown 

on YPD plates in the presence of vehicle (EtOH) or PC(O-16:0/2:0) at the indicated 

concentrations and growth assessed at 2 days. (H) PC(O-16:0/2:0)-induced PES 

formation occurs when cells are grown in galactose. Wild type (BY4741) cells were 

grown to in SD-Ura with galactose as the sole carbon source to replicate the growth 

conditions in Figure. 2D. Cells were treated with either vehicle (EtOH) or PC(O-

16:0/2:0) as done previously (20µM, 15 min). Following treatment cells were 

collected into ice cold growth media and labeled with FM4-64 prior to imaging as 

described in methods. 
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Figure S3 PES formation does not involve the actin bundling protein Vrp1, 

endocytic or exocytic components. (A) Quantification of PES formation in electron 

microscopy images. The percentage of cells with PES-like structures evident in wild 

type (BY4742) cells treated with PC(O-16:0/2:0) for 15 min assessed by electron 

microscopy. Numbers represent the mean of 100 cells from 3 separate grids. (B) VRP1 

is not required for PES formation. Wild type (BY4741) and vrp1Δ (YKB3017) cells 

expressing GFP-2XPHPLCδ were grown in YPD in the presence of vehicle (EtOH) or 

PC(O-16:0/2:0) (20 µM, 15 min) prior to imaging live as previously done. The 

percentage of cells displaying a redistribution of the fluorescent reporter is reported in 

the inset of the Figure. (C) Deletion of VRP1 does not impact PC(O-16:0/2:0) toxicity. 

Wild type (YKB 1079), vrp1Δ (YKB3017) and spo14Δ (YKB3113) cells were spotted 

in 10-fold serial dilutions onto YPD plates in the presence of PC(O-16:0/2:0) (3 mg/ml) 

for 2 days at 30°C prior to imaging. (D) Clathrin heavy chain does not localize to the 

PES. A strain expressing Chc1-RFP (YKB2489) and GFP-2XPHPLCδ were grown in 

YPD in the presence of vehicle (EtOH) or PC(O-16:0/2:0) (20 µM, 15 min) prior to 

imaging live as previously done. The percentage of cells displaying a redistribution of 

the fluorescent reporter is reported in the inset of the Figure (GFP-2XPHPLCδ) as is the 

percentage of cells with co-localization of both markers (Merge). (E) Localization of 

Exo70-GFP is modestly impacted by PC(O-16:0/2:0). The distribution of GFP tagged 

Exo70 (YKB3417) was examined following treatment with vehicle (EtOH) or PC(O-

16:0/2:0) (20 µM, 15 min). A modest increase in the localization of Exo70-GFP to sites 

other than an incipient bud site, bud neck or bud tip was observed in treated cells. (F) 

Exocyst components co-localize with the PES in a minority of cells. Colocalization of 

GFP tagged Sec3 (YKB3416) and Exo70(YKB3417) with FM4-64 was assessed 

following treatment with PC(O-16:0/2:0) (20 µM, 15 min) by scoring the percentage of 

cells where the GFP and FM4-64 signals co-localized in cells where a PES was evident. 

 

Figure S4 ISC1 is not required for PC(O-16:0/2:0)-dependent disruptions in 

sphingolipid metabolism and PES formation. (A) A simplified schematic of the 

sphingolipid biosynthetic pathway in yeast. (B) Several LCB species are significantly 

elevated at 15 min. Analysis of the individual phosphorylated and unphosphorylated 

long chain base species represented at 15 min of treatment PC(O-16:0/2:0) (20 µM, 

closed bars) reveals a significant increase in comparison to vehicle (EtOH, open bars) 

(* indicates p<0.05, multiple t-tests, error bars represent SEM, n=3). Data are also 

represented in Figure. 4A and Dataset 1. (C) Deletion of ISC1 does not impact PC(O-

16:0/2:0) toxicity. Wild type (YKB1079), isc1Δ (YKB3265) cells were spotted in 10-

fold serial dilutions onto YPD plates in the presence of PC(O-16:0/2:0) (6 mg/ml) for 2 

days at 30°C prior to imaging. (D) ISC1 is not required for PES formation. An isc1Δ 

(YKB3265) strain expressing GFP-2XPHPLCδ was grown in YPD in the presence of 

vehicle (EtOH) or PC(O-16:0/2:0) (20 µM, 15 min) prior to imaging live as previously 

done. The percentage of cells displaying a redistribution of the fluorescent reporter is 

reported in the inset of the Figure. (E) Catabolism of complex sphingolipids is not 

evident in PC(O-16:0/2:0) treated cells. Wild type (BY4741) and isc1Δ (YKB3265) 

cells were treated with vehicle or PC(O-16:0/2:0) (20 µM) for 90 min. Lipids were 

extracted as described in methods and sphingolipid levels were quantified and expressed 

as a log2 fold change of PC(O-16:0/2:0) treated from vehicle treated 
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control. IPC, inositol phosphorylceramide; MIPC, mannosyl phosphorylceramide; 

MIP2C, mannosyl diinositol phosphorylceramide. (n=1). (F) Inhibition of 

sphingolipid metabolism with myriocin prevents PES formation. Wild type (BY4741) 

expressing cells were pretreated with vehicle or myriocin (5 µM) for 30 min and 

subsequently treated with vehicle or PC(O-16:0/2:0) (20 µM, 15 min) as previously 

done. Following treatment cells were collected into ice cold growth media and labeled 

with FM4-64 prior to imaging as described in methods. The percentage of cells 

displaying a redistribution of the fluorescent reported is indicated in the inset of the 

Figure. 
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Figure S5 Deletion of SPO14 and/or TOR2 confer sensitivity to PC(O-16:0/2:0) 

through distinct mechanisms. SPO14 and TOR2 exhibit a synthetic genetic 

interaction. Synthetic interactions between SPO14 and TOR1 and TOR2 were 

examined. The indicated strains were grown, diluted and spotted onto YPD plates as 

described above. Growth was assessed after 2 days at the permissive (25°C) and semi 

permissive (33°C) temperatures. 

 

Figure S6 Investigating mechanisms of PC(O-16:0/2:0)-dependent TORC2 

inhibition. (A) PC(O-16:0/2:0) does not inhibit TORC2 kinase activity. In vitro kinase 

assay of immunoprecipitated TOR2 was performed using a yeast purified kinase dead 

GST-Ypk2 as substrate, where either DMSO, Wortmannin (WM), ethanol (EtOH), or 

differing concentrations of PC(O-16:0/ 2:0) (20, 10, 1 uM) were added to the kinase 

reaction. (B) Eisosome integrity is not impacted by PC(O-16:0/2:0). Localization of 

Pil1-GFP (YKB3112), a protein required for eisosome integrity, was similarly 

examined in vehicle (EtOH) and PC(O-16:0/2:0) (20 µM) treated cells (15 min) to 

examine the impact upon eisosomes. (C) and (D) Slm1-GFP localizes to the PES in 

PC(O-16:0/2:0) treated cells. A Slm1-26RFPmars (TWY2560) strain expressing GFP-

2XPHPLCδ was treated with either vehicle (EtOH) or PC(O-16:0/2:0) (20 µM, 15 min) 

and localization of the two probes was assessed. Representative images of the 

midsection (Mid) and the compressed stack (Stack) are shown. Enrichment of GFP-

2XPHPLCδ and Slm1-2XRFPmars at the PES sites in individual cells was calculated 

using imageJ56 as follows: average PES associated pixel intensity per unit area/total 

plasma membrane associated pixel intensity per unit area. (n = 25 cells) (E) 

Overexpression of Slm1 improves growth in the presence of PC(O-16:0/2:0). Wild type 

cells (BY4741) containing an empty vector or expressing Slm1 from a high copy 

plasmid were spotted in 10-fold serial dilutions onto SC-Leu plates in the presence of 

vehicle (EtOH) or PC(O-16:0/2:0) at the indicated concentrations for 2 days at 30°C 

prior to imaging. 
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Table S1. List of cellular stresses examined for effects on GFP-

2XPHPLCδ localization. 

Substance Effect Concentration 
Growth 

Inhibition1 
Source 

Rapamycin Tor Inhibition 200 ng/ml ND 
Sigma 

(R0395) 

Wortmannin PI3K Inhibitor 5 µM ND 
LC Laboratories 

(W-2990) 

Cycloheximid

e 

Protein 

Synthesis 
25 mg/ml ND 

Sigma (C7698) 

 

Nocodazole Microtubule 10 mg/ml ND Sigma (M1404) 

DTT ER Stress 1 mM ND Sigma(D9779) 

NaCl Hyperosmotic 1 M ND Wisent(600-082) 

37°C Heat Stress - ND - 

50°C Heat Stress - ND - 

PC(O-

16:0/0:0) 
- 20 µM Yes Avanti (878110P) 

PC(O-

16:0/2:0) 
- 20 µM Yes Avanti (878119P) 

PC(16:0/0:0) - 20 µM Yes Avanti (855675P) 

PC(16:0/2:0) - 20 µM ND Avanti (880622C) 

PC(16:0/16:0) - 20 µM ND Avanti (850355P) 

PC(O-

18:0/2:0) 
- 20 µM Yes Avanti (878114P) 

PC(O-

18:0/0:0) 
- 20 µM Yes Avanti (878120P) 

PC(18:0/0:0) - 20 µM Yes Avanti (855775P) 

PC(O-

18:1(9Z)e/0:0) 
- 20 µM Yes Avanti (878126P) 

PC(18:1(9Z)/0

:0) 
- 20 µM Yes Avanti (845875P) 

PC(P-

18:1/0:0) 
- 20 µM 

Yes (>80 

mM) 
Avanti (852465P) 

PC(18:0/ 

20:4(5Z,8Z,11

Z,14Z)) 

- 20 µM ND Avanti (850469C) 

Cer(d18:0/2:0

) 
- 20 µM ND Sigma (A7191) 

Cer(d18:0/0:0

) 
- 20 µM ND Sigma (C7980) 

(1) Growth inhibition was assessed in triplicate cultures by measuring the OD600 every 0.5 hours 

for 19.5 hours for cells grown at 30°C in the presence of each lipid from a starting OD600 of 

0.05 (n=2 or 3). Inhibition was deemed evident if maximal OD600 levels were reduced compared 

to vehicle treated cells (n= 2 or 3). ND – not determined. 
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Table S2. List of yeast strains used. 

Name Genotype Source 

YPH500 
MATa ade2-101 his3-Δ200 leu2-Δ1 lys2-801 

trp1-Δ63 ura3-52 
57 

YKB2076 
MATa ade2-101 his3-Δ200 leu2-Δ1 lys2-801 

trp1-Δ63 ura3-52 spo14Δ::TRP 
9 

SH100 
MATa leu2-3,112 ura3-52  rme1 trp1 his4 GAL+ 

ade2 tor2::ADE2-3/Ycplac111::TOR2 
42 

SH121 
MATa leu2-3,112 ura3-52  rme1 trp1 his4 GAL+ 

ade2 tor2::ADE2-3/Ycplac111::tor2-21 
42 

SH130 
MATa leu2-3,112 ura3-52  rme1 trp1 his4 GAL+ 

ade2 tor2::ADE2-3/Ycplac111::tor2-30 
42 

SH200 

MATa leu2-3,112 ura3-52  rme1 trp1 his3 GAL+ 

ade2 tor1::HIS3-3 tor2::ADE2-

3/Ycplac111::TOR2 

42 

SH221 

MATa leu2-3,112 ura3-52  rme1 trp1 his3 GAL+ 

ade2 tor1::HIS3-3 tor2::ADE2-

3/Ycplac111::tor2-21 

42 

SH230 

MATa leu2-3,112 ura3-52  rme1 trp1 his3 GAL+ 

ade2 tor1::HIS3-3 tor2::ADE2-

3/Ycplac111::tor2-21 

42 

YKB2829 

MATa leu2-3,112 ura3-52  rme1 trp1 his4 GAL+ 

ade2 tor2::ADE2-3/Ycplac111::TOR2 

spo14Δ::NATMX 

This study 

YKB2831 

MATa leu2-3,112 ura3-52  rme1 trp1 his4 GAL+ 

ade2 tor2::ADE2-3/Ycplac111::to2-21 

spo14Δ::NATMX 

This study 

YKB2830 

MATa leu2-3,112 ura3-52  rme1 trp1 his3 GAL+ 

ade2 tor1::HIS3-3 tor2::ADE2-

3/Ycplac111::TOR2 spo14Δ::NATMX 

This study 

YKB2832 

MATa leu2-3,112 ura3-52  rme1 trp1 his3 GAL+ 

ade2 tor1::HIS3-3 tor2::ADE2-

3/Ycplac111::tor2-21 spo14Δ::NATMX 

This study 

YKB3035 
MATa  ade2-101 LSP1-mCherry::HIS3  SLM1-

GFP::HIS3 
This study 

YKB3112 
MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 PIL1-

GFP::HIS3 
This study 

YKB2955 
MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 MSS4-

GFP::HIS3 
This study 

SEY6210 
MATa leu2-3, 112,ura3-52  his3-Δ200  trp1-Δ901 

lys2-801 suc2-Δ9 
58 

AAY202 
MATa leu2-3, 112,ura3-52  his3-Δ200  trp1-Δ901 

lys2-801 suc2-Δ9 mss4Δ::HIS3/Ycpla:: mss4-102 
20 
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AAY102 
MATa leu2-3, 112,ura3-52  his3-Δ200  trp1-Δ901 

lys2-801 suc2-Δ9 stt4Δ::HIS3/pRS415stt4-4 
25 

BY4741 MATa his3Δ1 leu2Δ0 lys2Δ0 met15Δ0 ura3Δ0 59 

YKB3412 
MATa his3Δ1 leu2Δ0 lys2Δ0 met15Δ0 ura3Δ0 

inp51Δ::KANMX 
This Study 

YKB3413 
MATa his3Δ1 leu2Δ0 lys2Δ0 met15Δ0 ura3Δ0 

inp52Δ::KANMX 
This Study 

YKB3414 
MATa his3Δ1 leu2Δ0 lys2Δ0 met15Δ0 ura3Δ0 

inp53Δ::KANMX 
This Study 

YKB3415 
MATa his3Δ1 leu2Δ0 lys2Δ0 met15Δ0 ura3Δ0 

inp54Δ::KANMX 
This Study 

YKB3017 
MATa his3Δ1 leu2Δ0 lys2Δ0 met15Δ0 ura3Δ0 

vrp1Δ::KANMX 
This study 

YKB3113 
MATa his3Δ1 leu2Δ0 lys2Δ0 met15Δ0 ura3Δ0 

spo14Δ::KANMX 
This study 

YKB2489 
MATa  his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 

CHC1-RFP::KANMX6 
60 

YKB3416 
MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0  SEC3-

GFP::HIS3 
60 

YKB3417 
MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0  EXO70-

GFP::HIS3 
60 

YKB3265 
MATa his3Δ1 leu2Δ0 lys2Δ0 met15Δ0 ura3Δ0 

isc1Δ::KANMX 
This study 

TB50a 
MATa leu2 ura3 rme1 trp1 his3delete GAL+ 

HMLa 
61 

TWY2560 
MATa ura3 trp1 leu2 his3 ade2 can1-100 SLM1-

2xRFPmars::Nat 
37 

RL127-1c 
MATa leu2 ura3 rme1 trp1 his3delete GAL+ 

HMLa AVO3-TAP::TRP1 
This study 

RL170-2c 
MATa leu2 ura3 rme1 trp1 his3delete GAL+ 

HMLa TCO89-TAP::TRP1 
This study 

YKB2956 
MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

SLM1-GFP::HIS3 
This study 

YKB3418 
MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

AVO3-HA::KANMX 
This study 

YKB3419 
MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

SLM1-GFP::HIS3  AVO3-HA::KANMX 
This study 
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Table S3. List of plasmids used 

Plasmid Source 

YEp352  YPK2-HA 40 

YEp352  YPK2D239A-HA 40 

YEp352  YPK2K373A-HA 40 

YEp352  YPK2D239A K373A-HA 40 

pRS416 57 

pEGH pGAL1-10::GST-6xHIS-INP51 62 

pEGH pGAL1-10::GST-6xHIS-INP52 62 

pEGH pGAL1-10::GST-6xHIS-INP54 62 

pRS426 57 

pRS426 Mss4-GFP 63 

pRS425 57 

pRS425 Slm1 64 

pRS426 GST-YPK2KD This Study 
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Maintenance of homeostasis is one of the biggest challenges for any 

living cell. Several signalling pathways and processes trigger responses 

to help the cell to adapt to all adversities that it may face. For instance, 

cells need to eliminate not only invading pathogens, but also their own 

content, from single proteins to entire organelles. This is particularly 

vital when, for example, these components are misfolded or damaged, 

or when the nutrients become limited and cells have to quickly generate 

an internal pool of nutrients by recycling their own constituents. A 

major cell catabolic pathway, autophagy, represents a key process to 

cope with these stresses. Autophagy can occur in a bulk-manner, when 

cellular material is randomly targeted for degradation, or selectively, 

when specific structures are exclusively sequestered by 

autophagosomes1. Autophagy has been extensively studied in yeast, 

where genetic screens have allowed the identification of conserved 

proteins involved in the process, the so-called autophagy-related (ATG) 

proteins1. In addition to its amenability to genetic manipulation, another 

advantage of studying autophagy in yeast is the presence of a selective 

type of autophagy, the cytosol-to-vacuole targeting (Cvt) pathway. The 

study of this biosynthetic transport route is a unique tool to acquire 

insights into the mechanism underlying selective types of autophagy 

observed in mammals. The biogenesis of autophagosomes is initiated 

at a specific site, the pre-autophagosomal structure (PAS), where the 

initial phagophore is formed, elongates and sequesters the cellular 

material targeted to degradation. The phagophore finally closes and 

thus generates an autophagosome1. The subsequent fusion of 

autophagosomes with the vacuole leads to the release of the inner 

autophagosomal vesicles in the vacuole lumen, where it is turned over 

by hydrolases. This results in the mobilization of metabolites, which are 

reused as either building blocks or an energy source.  

 

Chapter 1: General Introduction 

In this chapter I provided a general introduction on the current 

knowledge about autophagy, from the mechanism and molecular 

machinery to the general regulation of this process and the roles of 

autophagy in maintaining homeostasis in cells, organs and entire 
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organisms. These latter aspects highlight the relevance of this process 

in eukaryotes, which is also underlined through the introduction of 

some pathological conditions caused by an impairment or a defect in 

autophagy. 

 

Chapter 2: The origin of autophagosomes: The beginning of an end 

In the last half century, a lot of conceptual advances in the field of 

autophagy have been achieved, from the discovery of the ATG proteins 

and several aspects of the molecular mechanisms responsible for the 

biogenesis of an autophagosome, to the regulatory pathways controlling 

autophagy. Despite those advances, there are still multiple questions 

that are waiting an answer. One of the main challenges in the field is 

the elucidation of the origin of the lipid bilayers composing 

autophagosomes. Although cellular organelles have a clear known 

origin because in most of the cases are emerging from a pre-existing 

compartment, autophagosomes appear to be formed de novo, making it 

difficult to distinctly identify their lipid source. In this chapter, we 

discussed this topic by describing the key studies on the origins of the 

autophagosomal membranes. The current landscape of experimental 

evidences points to the participation of multiple organelles, but a 

consensus is still far from having been reached. Compartments that 

have a role in providing membranes for autophagosome biogenesis, 

include the endoplasmic reticulum (ER), the mitochondria, the Golgi 

apparatus, recycling endosomes and plasma membrane. The fact that 

there are different possible membrane sources has made this an even 

more intriguing mystery. This heterogeneity could be explained by 

different scenarios. One could be that different membrane sources 

provide the lipids needed in specific steps of the autophagosome 

formation. Another scenario could be that the origin of the membranes 

depend on the autophagy-inducing signal2. There could also be 

organism or tissue specificities, which have evolved in order to derive 

lipids from the optimal reservoirs during autophagosome biogenesis. 

Additionally, the membrane provision could be linked to organelles that 

are not targeted to degradation during selective types of autophagy.  
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In conclusion, more studies on this topic are necessary to bring more 

clarity into this question and ultimately provide a better understanding 

of the mechanism underlying autophagy. 

 

Chapter 3: Conserved Atg8 recognition sites mediate Atg4 

association with autophagosomal membranes and Atg8 

deconjugation 

In this study, we aimed to better understand how Atg4-mediated 

processing of Atg8 is regulated and consequently how Atg4 modulates 

autophagy. Atg4 is a cysteine protease that initially cleaves Atg8 to 

prime it for conjugation with the phosphatidylethanolamine (PE) pool 

present at the PAS, through the action of the Atg8- and Atg12-

conjugation systems3. Atg8 recruitment to the PAS is crucial for 

autophagosome expansion and closure4,5, but also for the specific 

interaction with autophagy cargo receptors to mediate selective types 

of autophagy6. Atg4 is also responsible for the deconjugation of Atg8-

PE necessary for the release of Atg8 from the surface of complete 

autophagosomes. Because of its crucial functions in autophagy, Atg8 

conjugation and deconjugation from PE is a very important hub for the 

control of autophagosome biogenesis. Atg4 activity at the 

PAS/autophagosome very likely needs to be tightly regulated, in order 

to clear Atg8 from autophagosomal membranes at the right moment. 

However, there are no evidences showing Atg4 recruitment to the 

forming or complete autophagosomes. In this study, we were able to 

reveal a transient Atg4 association to the PAS. We also observed that 

Atg4 significantly accumulates at the PAS when ATG1 was deleted. 

This result indicated an early association of Atg4 to the PAS or/and an 

Atg1 role in the regulation of Atg4 recruitment (as negative regulator). 

To understand which factors influence Atg4 localization to the PAS, we 

studied Atg4 subcellular distribution in the absence of multiple ATG 

genes. As only the deletion of components of the Atg8- and Atg12-

conjugation systems prevented Atg4 recruitment to the PAS, we 

concluded that Atg8 is a positive regulator of this event. We then 

hypothesized that Atg4 direct binding to Atg8 could mediate this 

recruitment. Indeed, we found that Atg4 interacts with Atg8 in vivo and 
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we examined the existence of putative LC3-Interacting Region (LIR) 

motifs in Atg4. We identified four putative LIR sequences and we 

generated mutant variants for all of them before testing whether they 

were essential for the interaction between Atg4 and Atg8 in vivo. Three 

of them, i.e. LIR1, LIR2 and LIR4, are involved in Atg4 interactions 

with Atg8, and therefore we initially considered them as putative LIR 

motifs (pLIR). However, only one of them, i.e. pLIR2, plays a role in 

both the Cvt pathway and autophagy. Accurate analysis of the Atg4pLIR2 

mutant revealed a slight defect in Atg8 priming, but a strong block in 

Atg8-PE deconjugation, which indirectly causes impairment on the 

autophagosome biogenesis because Atg8 fails to be recycled.  

We also observed that only the Atg4pLIR1 and Atg4pLIR4 displayed a 

slight binding defect to primed Atg8. At the same time, when testing in 

vitro the Atg4-Atg8 interaction, Atg4pLIR4 mutation but not Atg4pLIR2, 

highly decreased the association of Atg4 to non-lipidated Atg8. This 

strongly suggests that pLIR2 is not a LIR motif but a domain that 

specifically recognizes Atg8-PE. Given that, we named this sequence 

Atg8-PE Association Region (APEAR). Interestingly, pLIR4 is a bona 

fide LIR motif that binds Atg8 constitutively, similarly to its counterpart 

in mammalian ATG4B7. We called it C-terminal LIR (cLIR).  

In the second part of this study, we investigated whether these two 

motifs have a cumulative action on Atg4 function by combining the 

corresponding mutant in a single Atg4 variant. The double mutant 

Atg4APEAR,cLIR displayed a stronger impairment in Atg4 interaction with 

Atg8 and a more evident defect in the Cvt pathway compared to the 

single mutants. Combining these two mutations also enhanced the 

defect in Atg8 priming and Atg8-PE deconjugation. However, while 

Atg4APEAR and Atg4APEAR,cLIR led to a complete block in the Atg8 

release from its PE anchor in vitro, the Atg4 and Atg4cLIR displayed a 

normal deconjugation kinetic. Altogether, these data demonstrate a 

cooperation between the APEAR and cLIR binding sites. 

Based on these findings we suggest a model in which upon a 

constitutive post-translational C-terminal cleavage, Atg8 is recruited to 

the PAS where it is conjugated to its lipid anchor. At the PAS, Atg8 is 

protected from Atg4 catalytic activity to promote Atg8-PE role in the 
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autophagosome expansion. Other regulatory mechanisms, however, are 

not mutually exclusive. Upon autophagosome completion, the release 

of other autophagy machinery from the outer surface of the 

autophagosome could make Atg4-recognition sites in Atg8 accessible 

to interact with cLIR, and with APEAR, which would allow Atg4 to 

recognize Atg8-PE C-terminal and consequently cleave Atg8. 

Altogether, our study showed for the first time that Atg4 is recruited to 

the PAS and Atg4 cleavage of Atg8 and Atg8-PE involves different 

domains in the protein. 

 

Chapter 4: Atg4 proteolytic activity can be inhibited by Atg1 

phosphorylation 

In this chapter we further investigated the modulation of Atg4 activity 

to better understand autophagy regulation. We revealed that Atg4 is 

phosphorylated by Atg1 in vivo and in vitro on its serine 307 (S307). 

The role of this Atg4 phosphorylation was then studied with non-

phosphorylatable (S307A) and phosphomimicking (S307D) mutants. 

Mimicking Atg4 phosphorylation led to the block of both the Cvt 

pathway and autophagy, while the Atg4S307A mutant did not showed a 

major defect in these two pathways. We also found that Atg4S307D 

mutant is proteolytically inactive, i.e. both cleavages are inhibited, 

while Atg4S307A behaved almost like wild type Atg4. The strong defect 

in Atg8-PE deconjugation of the Atg4S307D mutant was also confirmed 

in vitro. 

Next, we explored how Atg1-mediated Atg4 phosphorylation may 

regulate Atg8 and Atg8-PE cleavages. We therefore tested whether our 

Atg4 mutants interfere with the binding between Atg4 and Atg8. Our 

results demonstrated that while this interaction increases in cells 

expressing Atg4S307A or a protease-dead version of Atg4, it is disrupted 

in a strain carrying Atg4S307D. As phosphorylation of Atg4 at Ser307 by 

Atg1 can inhibit both Atg8 post-translational cleavage and Atg8-PE 

deconjugation, we then hypothesized that Atg4 phosphorylation by 

Atg1 occurs at the PAS to modulate Atg8-PE cleavage during 

autophagosome formation. We detected Atg4 interaction with Atg1 

principally at the PAS, which indicates that a regulation of Atg4 
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cleavage probably occurs at this location. We thus proposed that Atg1 

phosphorylates Atg4 at the PAS impeding this protease to interact with 

Atg8-PE during autophagosome formation. Upon autophagosome 

completion, Atg1 gets inactivated and/or released from the 

autophagosome, an event that allows Atg4 to bind Atg8-PE and 

deconjugate Atg8-PE. However, the mechanism by which Atg1 

phosphorylation influences Atg4 binding to Atg8 requires further 

investigation. 

Together chapters 3 and 4, are two important and complementary 

studies highlighting some of the aspects of the Atg4 regulation at the 

PAS. We revealed a transient Atg4 recruitment to this location, where 

Atg4 binds to Atg8-PE and deconjugates it. Atg4-Atg8 interaction on 

autophagosomal membranes principally occurs through the conserved 

APEAR motif, which allows Atg4 to recognize Atg8-PE. This 

interaction is additionally regulated through the cLIR motif. Atg1, 

however, phosphorylates Atg4 at the Ser307 blocking this interaction 

and consequently inhibits the release of Atg8 from autophagosomal 

membranes. The regulation of Atg4 binding to Atg8 and its 

phosphorylation by Atg1 are both crucial to maintain Atg8-PE at the 

PAS surface to promote a normal autophagosome expansion.  

However, we still need to unveil how the phosphoregulation is 

modulated. Is Atg1 presence at the PAS enough to modify Atg4, or are 

there other upstream factors responsible for this regulation? Moreover, 

it remains to be understood the mechanistic connection between this 

regulation and the APEAR-dependent Atg4-Atg8-PE binding. These 

could be simultaneous, sequential or mutually exclusive.  

 

Chapter 5: Screening for components of the Atg machinery 

involved in Atg9 trafficking 

Selected components of the Atg machinery have been shown to 

participate in the trafficking of Atg9 vesicles to and from the PAS. The 

potential contribution of the rest of the core Atg proteins, however, 

remains unknown. With the aim to identify which other Atg proteins 

are involved in the Atg9 trafficking, we performed a screen in yeast 

making use of gene knockout strains and live-cell microscopy. We were 
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able to evaluate the participation of each one of the core Atg proteins in 

both the anterograde and retrograde Atg9 trafficking during Cvt 

pathway and autophagy. 

With my work, we could draw a more complete scheme of the proteins 

involved in Atg9 trafficking. During the Cvt pathway, Atg9 transport 

to the PAS is assisted by Atg11, and Atg9 vesicle retrieval from the 

PAS requires Atg1, Atg13, Atg2, Atg14, Atg7, Atg29 and Atg31. 

During autophagy, however, Atg9 trafficking is regulated in part 

differently. Its anterograde transport depends on Atg11 and on Atg12, 

while its retrograde movement is mediated by Atg1, Atg13, Atg2, Atg5 

and Atg31. We showed for the first time that members of the Atg8- and 

Atg12-conjugation systems, in particular Atg5, Atg7 and Atg12, are 

potentially involved in the Atg9 trafficking. Their role, however, is 

likely independent from their function in conjugating Atg8 onto 

autophagosomal membranes. We also showed that this is also the case 

for Atg29 and Atg31, which appear to function outside the context of 

the Atg1 kinase complex, and Atg14, which acts independent from the 

PI3K complex I. It has recently been suggested that Atg9 could play a 

role in the curvature and/or closure of autophagosomes9,10. We propose 

that the specific involvement of different Atg proteins in the Cvt 

pathway or autophagy, mediates not only Atg9 trafficking but could 

also be associated with Atg9 to dictate specific roles of this protein in 

the modulation of autophagosome biogenesis, e.g. promoting the 

formation of bigger autophagosomes during bulk autophagy. These 

results will raise great interest to initiate new studies aimed at unveiling 

the function of the identified proteins during Atg9 trafficking. 

Ultimately, this would be an additional step towards our understanding 

of Atg9 role in autophagy. 

 

Chapter 6: Lipid partitioning at the nuclear envelope controls 

membrane biogenesis 

The crucial role of phospholipids in cell homeostasis is not only 

restricted to the formation of cellular membranes, but it also concerns 

cell growth and proliferation. Moreover, triacylglycerols (TAGs), 

which are mainly stored in lipid droplets (LDs), provide the energy 
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required for cell survival during nutrient deprivation. The flux of 

phospholipids and TAGs must therefore be spatially and temporally 

regulated to ensure proper cell growth and sufficient energy storage 

when nutrients are scarce. Different studies have shown that 

dysregulation of phospholipid homeostasis is linked to the development 

of cancer, metabolic disorders, type 2 diabetes and obesity11. The 

mechanisms underlying the regulation of lipid flux, however, are still 

poorly understood. TAGs are synthetized from glycerol and fatty acids 

at the ER membrane, from where the LDs form and expand. 

Phosphatidate (PA), a key intermediate, is first dephosphorylated by 

Mg2+-dependent PA phosphatases (PAPs)12 into diacylglycerol (DAG), 

which is subsequently transformed into TAGs through fatty acid 

acylation by acyltransferases13. PA is also a central precursor for the 

synthesis of phospholipids and as a result, PAPs regulate a key 

branching step that guides glycerol backbones and fatty acids to the 

synthesis of either TAGs or phospholipids. Budding yeast expresses 

only one PAP enzyme, Pah1, which is essential for TAGs synthesis14. 

As Pah1 lacks transmembrane domains, it has first to translocate onto 

membranes to generate DAG from PA. Pah1 membrane recruitment 

and activation depends on Pah1 dephosphorylation, which is catalysed 

by the highly conserved transmembrane Nem1-Spo7 complex15–19. 

In this study, we described the mechanisms underlying how growth and 

nutrient signals during starvation control Pah1 targeting to membranes. 

To understand whether the Pah1 localization would direct lipid flux 

towards storage, we initially used a stable Pah1 form and followed its 

localization under growing conditions until glucose exhaustion, which 

mimics starvation. We showed that under low glucose conditions, Pah1 

transiently translocates from the cytosol to the nuclear membrane 

domain in contact with the vacuole, known as the nuclear vacuole 

junction (NVJ). There, this phosphatase accumulates into two nuclear 

membrane puncta flanking the NVJ in contact with LDs, suggesting that 

Pah1 is involved in TAGs synthesis and storage. The relocalization of 

Pah1 to the NVJ is dependent on the activation of the Nem1-Spo7 

complex. We revealed that in absence of enzymes essential for the LDs 

biogenesis, i.e. the steryl acyltransferases ARE1 and ARE2, and the 
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DAG acyltransferases DGA1 and LRO1, Pah1 was still targeted to the 

nuclear envelope, showing that its targeting does not depend on LDs 

formation. Cells lacking these four enzymes, however, presented 

membrane proliferation, with nuclear and peripheral ER membrane 

disorganization under glucose depleting conditions. Therefore, 

membrane proliferation occurs when Pah1 is activated and LDs biogenesis is 

impaired. 

In summary, under low nutrient conditions, Nem1-Spo7 phosphorylates 

Pah1 triggering its translocation from the cytoplasm to the nuclear 

membrane flanking the NVJ, where Pah1 channels DAGs into TAGs 

production and LDs biogenesis. Pah1 regulation through growth signals 

represents therefore the hub to switch from phospholipid synthesis and 

membrane biogenesis to lipid storage, a change that is essential for the 

cell survival during starvation. 

 

Chapter 7: A neurotoxic glycerophosphocholine impacts PtdIns-

4,5-bisphosphate and TORC2 signaling by altering ceramide 

biosynthesis in yeast 

Lipids are well recognized as signalling molecules that regulate a 

multitude of physiological responses. Key cellular processes, 

including cell proliferation, apoptosis, metabolism and migration, are 

controlled by signalling lipids such as eicosanoids, 

phosphoinositides, sphingolipids and fatty acids. Numerous 

extracellular signals regulate the activity of lipid-modifying enzymes 

such as phospholipases, prostaglandin synthases, 5-lipoxygenases, 

phosphoinositide 3-kinases, sphingosine kinases and 

sphingomyelinases20. The downstream targets of these enzymes, 

constitute a complex lipid signalling network with multiple nodes of 

interaction and cross-regulation. Different lines of research have 

shown that disruption and imbalance in lipid homeostasis severely 

alters cellular functions and contributes to the pathogenesis of human 

diseases20. In fact, a number of studies have demonstrated a link 

between lipid dyshomeostasis and Alzheimer’s disease (AD) 

progression21,22. Lipidomic analyses on both post mortem brain tissues 



  Chapter 8 

277 

and AD mouse models have revealed drastic changes in lipid species of 

most of the major lipid subclasses23.  

Along this line, the levels of 1-O-hexadecyl-2-acetyl-sn-

glycerophosphocholine or PC(O-16:0/2:0), a lipid second messenger, 

were found elevated in the temporal cortex of AD patients, in 

TgCRND8 transgenic mice expressing human familial-disease mutant 

amyloid precursor protein, and in human neurons directly exposed to 

soluble Aβ42 oligomers24. Intracellular accumulation of PC(O-16:0/2:0) 

in neurons, stimulates TAU hyperphosphorylation and caspase-

dependent cell apoptosis independently from the G-protein-coupled 

PC(O-16:0/2:0) receptor, ultimately compromising neuronal 

viability24,25. This neurotoxic receptor-independent signalling mediated 

by PC(O-16:0/2:0), however, is still not well understood.  

Our collaborators previously described phospholipase D (PLD) (Spo14 

in yeast), a phosphatidylinositol 4,5-biphosphate (PtdIns(4,5)P2)-

binding protein, to have a buffering effect against PC(O-16:0/2:0), both 

in yeast and in cultured neuronal cells. In particular, they observed the 

relocalization of PLD to distinct foci adjacent to the plasma membrane 

upon PC(O-16:0/2:0) treatment, suggesting that this neurotoxic lipid 

may modulate lipid signalling networks26. In this new study, we 

contributed to the investigation on the precise consequences of elevated 

levels of this lipid on cell homeostasis. 

First, we found that yeast exposure to high levels of PC(O-16:0/2:0) 

triggers the relocalization of the PtdIns(4)P 5-kinase Mss4 and 

PtdIns(4,5)P2, similar to that of PLD, i.e. to distinct membrane-

associated structures at the plasma membrane that we called 

PtdIns(4,5)P2-enriched structures (PES). By investigating the 

ultrastructure of the PES we found that they represent large 

invaginations of the plasma membrane that do not appear to involve 

aberrant association of endocytic or exocytic proteins. The 

redistribution of PtdIns(4,5)P2 is in part due to an accumulation of long 

chain bases (LCBs) and ceramides caused by the PC(O-16:0/2:0) 

treatment. 

Second, as the target of rapamycin complex 2 (TORC2), localizes to the 

plasma membrane and responds to changes in sphingolipid 



Chapter 8   

278 

biosynthesis28–30, we hypothesized that it could also be a target of 

PC(O-16:0/2:0). Slm1, a PtdIns(4,5)P2 binding protein, interacts with 

and recruits Ypk1 kinase to the plasma membrane where is 

phosphorylated by TORC231,32 We showed that PC(O-16:0/2:0) 

treatment promotes the translocation of Slm1 from eisosomes to PES, 

however this translocation is not required for the inhibition of TORC2-

dependent Ypk1 phosphorylation. Further work is required to 

characterize the mechanism(s) by which PC(O-16:0/2:0) affects 

TORC2 signalling. Altogether, these results revealed that PC(O-

16:0/2:0) causes an accumulation of LCBs and ceramides, and 

contribute to both the redistribution of Mss4 and PtdIns(4,5)P2, and the 

inhibition of TORC2 signalling. Overall, our data provide a mechanistic 

insight into how the accumulation of Aβ42 oligomers in AD neurons 

could lead to cellular lipid disturbances and to its consequent neurotoxic 

effects. 

 

Concluding remarks 

Within this thesis, we unravelled different aspects of the regulation of 

autophagosome biogenesis. We mainly focused on the molecular 

mechanisms regulating Atg4 catalytic activity and Atg9 trafficking 

during autophagosome biogenesis. We discovered two mechanisms that 

regulate Atg4 activity, which are essential for the normal 

autophagosome biogenesis. We also found new components of the Atg 

machinery involved in the Atg9 trafficking to and from the PAS. 

Although our findings have advanced the understanding of key aspects 

of the regulation and mechanism of autophagy, they also open new 

questions that need to be tackled in the future to have a better 

understanding of the process of autophagosome biogenesis. Autophagy 

plays a key role in several pathophysiological processes underlying e.g. 

cardiomyopathies, neurodegenerative diseases, immunological 

disorders and cancer. Given this medical relevance, an in-depth 

understanding of the regulation of autophagy may lead to the 

identification of attractive new targets for therapeutic interventions. 
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Summary 

Under stress conditions such as scarce of nutrients, low oxygen levels, 

accumulation of cellular damage or pathogen invasion, cells use 

different mechanisms to reduce stress and survive. Autophagy is one of 

them. Autophagy, from two Greek words meaning “self-eating”, is a 

process that cells use to degrade parts of themselves in a controlled 

manner. This turnover is essential to eliminate unwanted components 

and structures, but also to obtain energy under starvation conditions. 

However, when this protective “shield” is compromised, cells become 

vulnerable. In fact, defects in autophagy are associated with numerous 

human diseases, from autoimmune and degenerative disorders to 

cancer. 

But how does this process work? When autophagy is triggered, ATG 

proteins associate at specific intracellular areas, known as phagophore 

assembly sites (PAS), and orchestrate the formation of an initial cistern, 

the phagophore, which elongates while sequestering the cellular 

material that needs to be degraded. Closure of the phagophore leads to 

the formation of a vesicle that is called autophagosome, which then 

fuses with vacuoles/lysosomes. Within these organelles, hydrolases 

break down the delivered material and the resulting metabolites are 

used by the cell to form new components or as an energy source.  

The autophagy process, the role of Atg proteins and the molecular 

mechanisms of autophagy are described in detail in Chapter 1. Levels 

of autophagy need to be well regulated, higher or lower levels than 

those required could have negative consequences for the cells. An 

overview of the main autophagy regulatory mechanisms, the 

physiological roles, and pathologies associated with defects in 

autophagy are also described in this chapter. 

The cell is divided in different subcellular compartments that perform 

distinct functions and are delimited by a lipid membrane. The origin of 

the lipids constituting the autophagosome membrane is still far from 

being understood. In Chapter 2, together with Jana Sanchez-

Wandelmer, we wrote a review that provides an overview about the 

knowledge that has been revealed through diverse studies, and we 
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provide plausible explanations for the different lipid sources used for 

the autophagosome formation. 

The proteolytic activity of Atg4 allows Atg8 to get associated to the 

PAS, which is an essential step for autophagosome biogenesis. Once an 

autophagosome is formed, Atg4 removes Atg8 from the 

autophagosomal membrane promoting the fusion of these vesicles with 

the vacuole. Thus, Atg4 activity needs to be timely regulated to avoid 

halting autophagy. This thesis focused on unveiling the mechanisms 

underlying Atg4 regulation. In Chapter 3, I discovered that Atg4 

associates to the PAS through Atg8 binding. This recruitment depends 

on a domain in Atg4, called APEAR, which is essential for Atg4 

function in autophagy. I performed most of the experiments shown in 

this chapter. Along the same line, in Chapter 4, we found that Atg8 

deconjugation by Atg4 is negatively regulated by the Atg1 kinase. Atg1 

modifies a specific site of Atg4, blocking the binding to Atg8 and the 

cleavage of Atg8-PE from the autophagosome. This regulation is 

therefore important for normal autophagosome formation. In this study, 

I performed a thorough ultrastructure analysis to measure autophagy 

activity using transmission electron microscopy. I also generated 

numerous reagents (strains and plasmids) necessary for the realization 

of this work, and extensively discussed with Jana Sanchez-Wandelmer 

because of the interconnection between this chapter and chapter 3. 

Atg9 is one of the first Atg proteins to be recruited to the PAS, and 

similarly to Atg4 and Atg8, is essential for autophagy. Atg9 exits the 

Golgi in vesicles that form a cytoplasmic pool, which can traffic to and 

from the PAS. In Chapter 5, I systematically investigated all the 

members of the core Atg machinery to determine which ones could also 

be involved in Atg9 trafficking. By combining genetics with 

fluorescence microscopy, I discovered new putative mediators of the 

Atg9 trafficking, which will allow new future studies to better and more 

completely understand Atg9 function and regulation in autophagy. 

Autophagy is a mechanism that allows cells to adapt to starvation 

conditions. Cell adaptations, involve metabolic changes to spare energy 

and use it to maintain vital cellular functions. One of these adaptations 

is the change in lipid metabolism. In Chapter 6, I collaborated with 
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Siniossoglou group to study the mechanism underlying the lipid 

metabolic switch during nutrient limitation by carrying out all the 

ultrastructural analyses that are shown. Our work highlights the role of 

the yeast Pah1 phosphatase in lipid droplets formation.  

In Alzheimer’s disease (AD) lipid homeostasis is compromised. High 

levels of the lipid PC(O-16:0/2:0) are found in AD patients and this has 

a toxic effect on brain cells. In Chapter 7, I performed all the depicted 

electron microscopy analyses to investigated in collaboration with the 

Baetz group the effects of the accumulation of this lipid in yeast. We 

discovered lipid and signalling alterations at the plasma membrane that 

could explain the toxicity associated with AD.  

In Chapter 8, I summarize the most relevant outcomes of this thesis 

and discuss future perspectives 
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Nederlandse samenvatting 

Bij fysieke stress condities zoals een gebrek aan voedingsstoffen, een 

laag zuurstofniveau, opeenhoping van cellulaire schade of een invasie 

van pathogenen, gebruiken cellen verschillende mechanismen om de 

stress te verlagen en te overleven. Autofagie is een van deze 

mechanismen. Autofagie, komend van het griekse woord voor “zichzelf 

eten”, is een proces dat cellen gebruiken om bepaalde onderdelen van 

zichzelf op gecontroleerde wijze te ontmantelen. Dit proces is essentieel 

voor de eliminatie van ongewenste componenten en structuren. 

Wanneer dit beschermingsmechanisme echter is aangetast, kunnen 

cellen kwetsbaar worden. Defecten in het autofagie mechanisme 

worden geassocieerd met talrijke menselijke ziekten variërend van 

auto-immuun- en degeneratieve ziekten tot kanker.   

Maar wat is de exacte werking van dit proces? Wanneer autofagie wordt 

geïnduceerd associëren ATG eiwitten aan specifieke intracellulaire 

gebieden genaamd phagophore assembly sites (PAS), alwaar deze 

verantwoordelijk zijn voor de formatie van een initiële cisterne, de 

fagofoor, die zich verlengt en hiermee het cellulaire materiaal isoleert 

dat ontmanteld moet worden. Het sluiten van de fagofoor leidt tot de 

formatie van een blaasje genaamd een autofagosoom, die zich 

vervolgens samenvoegt met de vacuolen/lysosomen. Binnenin deze 

organellen breken hydrolasen het materiaal af en de 

afbraakmetabolieten worden gebruikt door de cel voor de vorming van 

nieuwe componenten of als energiebron. 

Het autofagie proces, de rol van ATG eiwitten en het moleculaire 

mechanisme voor autofagie worden in detail beschreven in Hoofdstuk 

1. De mate van autofagie moet goed gereguleerd worden. Een te hoge 

of te lage mate van autofagie kan negatieve consequenties hebben voor 

de cellen. Een overzicht van de belangrijkste mechanismen ter regulatie 

van de autofagie, de fysiologische rollen, en pathologieën die 

geassocieerd worden met defecten in het autofagie mechanisme worden 

ook beschreven in dit hoofdstuk. In Hoofdstuk 2 is in samenwerking 

met Jana Sanchez-Wandelmer een overzichtsartikel geschreven waarin 

de huidige kennis wordt samengevat die is verworven uit diverse 

studies. Hier worden tevens plausibele verklaringen gegeven voor de 
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verschillende lipide bronnen die voor de autofagosome formatie 

gebruikt worden. 

The proteolytische activiteit van Atg4 maakt het Atg8 mogelijk om 

geassocieerd te worden aan de PAS, hetgeen een essentiële stap is voor 

autofagosome biogenese. Zodra een autofagosoom is gevormd, wordt 

Atg8 door Atg4 verwijderd van de autofagosomale membraan, 

waardoor het samenvoegen van deze blaasjes met de vacuole wordt 

mogelijk gemaakt. Activiteit van Atg4 moet exact op het juiste moment 

gereguleerd worden om te voorkomen dat de autofagie tot stilstand 

komt. Dit proefschrift concentreert zich op het ontrafelen van de 

mechanismen van de onderliggende Atg4 regulatie.  In Hoofdstuk 3 

staat mijn ontdekking beschreven dat Atg4 zich associeert aan de PAS 

middels Atg8 binding. Deze werving hangt af van een domein in Atg4, 

genaamd APEAR, die essentieel is voor het functioneren van Atg4 in 

autofagie. De auteur van dit proefschrift heeft het grootste deel van de 

experimenten die in dit hoofdstuk staan zelf uitgevoerd. In lijn hiermee 

staat in Hoofdstuk 4 beschreven hoe we gevonden hebben dat Atg8 

deconjugatie door Atg4 negatief wordt gereguleerd door Atg1 kinase. 

Atg1 modificeert een specifieke positie op Atg4, waardoor de binding 

met Atg8 en de scheiding van Atg8-PE van de autofagosoom 

geblokkeerd wordt. In deze studie heeft de auteur van dit proefschrift, 

met behulp van transmissie elektron microscopie, een grondige 

ultrastructuur analyse uitgevoerd om de autofagie activiteit te meten. 

Tevens zijn talrijke reagentia (strengen en plasmiden) gegenereerd die 

nodig waren voor de realisatie van dit werk, welke ook uitgebreid 

besproken zijn met Jana Sanchez-Wandelmer vanwege de 

interconnectie tussen dit hoofdstuk en hoofdstuk 3. 

 

Atg9 is een van de eerste Atg eiwitten die zijn gerekruteerd voor de 

PAS, en die net zoals Atg4 en Atg8 essentieel is voor autofagie. Atg9 

verlaat de Golgi in blaasjes die een cytoplasmatische pool vormen die 

zich van en naar de PAS kunnen verplaatsen. In Hoofdstuk 5 heb ik 

systematisch alle onderdelen van het Atg mechanisme onderzocht om 

te kunnen bepalen welke onderdelen betrokken kunnen zijn bij het 

transport van Atg9. Door het combineren van genetica met 
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fluorescentiemicroscopie heb ik nieuwe vermeende mediatoren van 

Atg9 transport kunnen ontdekken, waardoor nieuwe studies een beter 

en completer beeld hebben om het functioneren en reguleren van Atg9 

in autofagie te kunnen begrijpen. 

 

Autofagie is een mechanisme waardoor cellen in staat zijn zich aan te 

passen op een tekort aan voedingsstoffen. Hierbij wordt door 

metabolische veranderingen energie gespaard waardoor de cel zijn vital 

cellulaire functies kan behouden. Een van deze aanpassingen is de 

verandering van het lipide metabolisme. In Hoofdstuk 6 staat het 

resultaat van de samenwerking met de Siniossoglou groep beschreven 

waarin we het onderliggende mechanisme beschrijven van de 

omschakeling van de lipide metabolisme gedurende 

voedingsbeperking, door middel van ultrastrucurele analysen die 

worden laten zien in dit hoofdstuk. Ons werk laat met name de rol van 

de gist Pah1 fosfaat zien bij de vorming van lipide druppels. 

Bij de ziekte van Alzheimer (AD) is de lipide homeostase aangetast. 

Hoge concentraties van de lipide PC(O-16:0/2:0) zijn gevonden in 

Alzheimer patiënten, hetgeen een toxisch effect heeft op hersencellen. 

Alle uitgevoerde elektron microscopie analyses weergegeven in 

Hoofdstuk 7, zijn uitgevoerd door de auteur van dit proefschrift, 

waarmee in samenwerking met de Baetz groep de effecten van de 

opeenhoping van deze lipide in gist zijn onderzocht. We hebben lipide 

en signalering alteraties gevonden op het plasmamembraan die 

mogelijk de toxiciteit kunnen verklaren die geassocieerd is met de 

ziekte van Alzheimer.  

In Hoofdstuk 8 vat ik de meest relevante uitkomsten van dit 

proefschrift samen en bespreek ik de vooruitzichten voor toekomstig 

onderzoek. 
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that bikes can also carry heavy couches, and you manage to demonstrate 

that you can’t carry a huge tree on a bike, without damaging the bike 

(obviously not yours). Thanks to you and Natasha for keeping LN 

always so gezellig. And of course thanks for making Cesária Évora 
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song Sodade the most popular hit of the house and for so 

enthusiastically show us great documentaries. And for those 

espontaneous musical moments as the man of the seven music 

instruments. Thanks man, for being such great friend. Dank u wel! 

Nerys and Giuliano, thanks for all nice meet ups, for always inviting us 

over for lunches.   Diolch! Grazie! Pilar and Fabrizio, thanks for hosting 

us at your place and for meeting in Cambridge it was really great to see 

you again. Grazie! Gracias! Thanks to you all for being such fun and 

good friends and thanks Fab and Giu for all those unexpected italian 

dirty jokes eheheh. Thanks also to Sara and Diego for the nice times we 

spent together, grazie! 

Thank you Alessia for designing with great creativity the cover of my 

thesis. You are a true artist. Grazie! 

To my other previous house mates Davide, thanks for great chats, guitar 

shows, mathematic and science discussions, and for nice lunch/dinners 

together, Federica was very nice to meet you, thanks you guys for nice 

moments, grazie! Norbi thanks for your intense art performances 

especially the one that you used the house for, thanks for all the food 

recipes. Köszönöm! Ďakujem! Rodrigo for the short time you were in 

the house, it was really nice to get to know you, and discuss the future 

of agriculture, and humanity. We still managed to make some 

barbeques before moving out. Obrigada!  

Carlota thank you my friend for allowing me to make part of your 

world, it is a pleasure to meet you and it is always very nice to meet you 

again. Thanks to you and Mark for such fun meet ups, awesome pizza 

and tapas (not your rabbit eheh) evenings with great conversations and 

Carlota’s passionate law closing statements. Gracias! Dank u wel! 

Ratna and Andrew thanks for the nice moments with you, for the 

lunches at your place. Thanks Ratna for being always such a warm and 

kind person to everybody. As you are always smiling is just impossible 

to be with you and not smile, thank you for being such wonderful 

person. Terima kasih! Patricia and Hugo thanks for making me feel 

always welcome at your place, since the first day I met you I had a really 

good feeling about you guys, and it was so nice to make part of your 

weeks for quite some time. Thanks for helping me and for being such 
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great friends. Obrigada! Wendel it was a great to have met you and 

thanks for sharing your great knowledge about many things. I loved to 

have all those nice conversations. Thanks for being always there and 

for your friendship. Dank u wel! 

Cátia my dear friend it will always a wonderful thing to meet you no 

matter where. I am always missing you as we have been best friends 

since ages and apart for so many years also. Thanks for all the support 

and positive messages always, you are like a sister to me and will 

always be. Tão longe mas tão perto. Mimi, obrigada por estares aí! 

Thanks all to my sweet nieces and nephews by affinity, thanks for 

bringing joy to my days whenever I meet you again and whenever I 

think of you. Auntie Susana loves you all! Thanks to all my friends in 

Portugal and France you are always in my heart. E um grande obrigado 

a toda minha família mais próxima pelo apoio e amor, e ao meu afilhado 

Simão pela sua paciência. Obrigada! 

Roberto thanks for your tireless support and love that helps me always 

to try and try and keeps me going. Without a doubt you are my sunshine. 

Thank you every day for your patience, care, positive energy and love! 

Grazie amore mio! 

E finalmente, obrigada aos meus pais por me darem o maior apoio de 

todos. Obrigado por tudo e pelo vosso amor infinitivo e por me fazer 

sorrir cada vez que os vejo, porque eu também vos amo 

incondicionalmente! Muito obrigada todos os dias! 

 

 

Susana 
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