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ABSTRACT 

Misfolded protein aggregation causes disease and aging; autophagy counteracts this by 

eliminating damaged components, enabling cells to survive starvation. The Cytoplasm-to-

vacuole-targeting (Cvt) pathway in yeast encompasses the aggregation of the premature form of 

Aminopeptidase 1 (prApe1) in cytosol, its targeting by its autophagic receptor Atg19, and its 

sequestration inside a vesicle formed by autophagic proteins for vacuolar transport. The goal of 

this research was to elucidate the mechanism of prApe1 aggregation and binding to its receptor 

Atg19, to better understand how selective autophagy takes place and to develop an in vitro assay 

of autophagy. This study shows that the propeptide of Ape1 is important for aggregation and 

vesicle formation, it is sufficient for binding to prApe1 and Atg19. Defective aggregation disrupts 

vacuolar transport, suggesting aggregate shape is important in vesicle formation, while Atg19 and 

Atg11 binding is not sufficient for vacuolar transport. Ape1 dodecamerization may cluster 

propeptides into trimeric structures, with sufficient affinity to form propeptide hexamers by 

binding to other dodecamers, causing aggregation. Furthermore, the N- and C-terminal domains 

of Atg19 are critical for its correct localization on the surface of aggregates. Atg19 with N- or C-

terminal deletions localizes inside aggregates instead, which could interfere with its binding to 

cytosolic autophagic proteins and cargo for vesicle formation. Meanwhile, the coiled-coil of 

Atg19 is sufficient for binding to the helix-turn-helix propeptide of prApe1. This study also 

shows that the mechanism of Atg19 binding to Ape1 aggregates is modified after starvation by 

the Atg1-Atg13 complex, which plays a key role in autophagy induction and pre-autophagosomal 

structure (PAS) assembly. A novel in vitro assay was developed, in which prApe1 aggregates and 

binds Atg19 and Atg8. This could be used as a scaffold for an in vitro assay of autophagosome 

formation to elucidate the mechanisms of autophagy. 
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Chapter 1 

Introduction 

 

 

 

Autophagy 

Autophagy is mainly known for its role during starvation, when cellular 

components are targeted for degradation so their building blocks can be reused, hence 

enabling cells to survive. Autophagy also plays a key role in the immune response, in 

cellular remodeling during development, and in the turnover of old and damaged 

components to prolong lifespan [1-6]. Autophagic proteins and regulators have highly 

conserved functions and domains, from yeast to plants and mammals [7]. Autophagy can 

be divided into several key steps: induction, vesicle nucleation, vesicle expansion and 

completion, protein retrieval from the maturing autophagosome, autophagosome docking 

and fusion with the lysosome or vacuole, and finally, autophagic body breakdown for 

release of cargo into the lysosome lumen. Vacuoles carry out hydrolysis and, therefore, 

are somewhat similar to lysosomes, but they have additional roles too, like storage and 

cell homeostasis, including maintaining pH and osmoregulation. 

 

Autophagy in lifespan, development and apoptosis 

Besides enabling cells to survive when starved of vital nutrients, autophagy 

enables cells to eliminate and recycle damaged components [8]. Autophagy helps 
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eliminate protein aggregates that interfere with cell function in yeast, plant and animal 

cells [9, 10]. Accumulation of aggregates may lead to ageing and neurodegenerative 

diseases [11, 12]. In animal models of Huntington’s disease, Parkinson’s disease and 

spinocerebellar ataxia, enhanced autophagy improved clearance of aggregated proteins 

and reduced the symptoms of neurodegeneration [13-15]. By clearing cellular damage, 

autophagy plays a key role in determining lifespan. Downregulation of TOR, a key 

negative regulator of autophagy, extends lifespan in Drosophila, although this could also 

be related to the impact TOR has on many other processes [16, 17]. Pertaining to other 

diseases, autophagy plays a part in modulation of the immune response, prevention of 

diabetes and obesity by helping pancreatic beta cell survival [18, 19]. By eliminating 

damaged organelles that release toxic oxygen radicals, it helps prevent cancer, while at 

the same enabling some cancerous cells to survive harsh conditions [20-22]. 

Consequently, cancer drugs that target autophagy are being tested. 

Autophagy is also critical for development, specifically for remodeling cellular 

structures. For example, autophagy helps in the removal of mitochondria during red 

blood differentiation, while in nematodes autophagy is required for dauer development, 

the dormant life stage that enables C. elegans to hibernate and survive until conditions 

are favorable again [23, 24]. The importance of autophagy in cell development and 

homeostasis is illustrated by autophagy-deficient mice embryos. Oocytes lacking Atg5, 

which is involved in autophagic membrane development, fail to develop beyond the 8 

cell stage and have lower rates of protein-synthesis because autophagy is required in the 

turnover of building blocks during cellular remodeling [25, 26]. Furthermore, Atg7 
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conditional-deficient mice with impaired autophagy in their CNS suffer neuronal death 

and accumulation of ubiquitin-containing inclusion bodies, because brain cells require a 

constant nutrient supply and must readily degrade defective protein aggregates [27, 28]. 

Atg7 is an E1-like enzyme essential for processing of Atg5 and Atg8 for autophagosome 

formation [29]. 

 While autophagy is in essence a mechanism for survival, in multicellular 

organisms, it sometimes contributes to cellular destruction and may even be an inducer of 

apoptosis [30]. For example, in fruit flies autophagy may degrade the apoptosis inhibitor 

dBruce, hence triggering apoptosis [31]. Meanwhile, during DNA damage in human 

cells, upregulation of the Atg1 homologue Ulk1 by p53 leads to cell death [32]. 

 

Selective Autophagy 

Although autophagy is universal and highly conserved, at the same time because 

the autophagic machinery is very adaptable, there are many different types of selective 

autophagy. These utilize the core autophagic machinery to package cargo into 

autophagosomes for transport or degradation, but target very specific components and 

their main role is in cell homeostasis and defense from pathogens. For example, selective 

autophagy can target a specific organelle like damaged mitochondria (mitophagy), a 

protein complex like ribosomes (ribophagy), an intracellular pathogen (xenophagy), or 

even defective protein aggregates (aggrephagy) (Fig. 1.1). Importantly, since the different 

modes of selective autophagy represent adaptations of the overall mechanism of 

macroautophagy, relying on many of the same proteins, any insight into a specific mode 
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of selective autophagy can be extrapolated to other pathways [33, 34]. Selective 

autophagy generally requires autophagic receptors and adaptors to target specific cargo. 

For example; in Saccharomyces cerevisiae the Atg19 receptor and its paralogue Atg34 

specifically target vacuolar proteases; meanwhile in mammalian cells the Nix receptor is 

required for mitophagy, and the p62/SQSTM1 adaptor and NBR1 receptor target 

misfolded and aggregated ubiquitinated proteins to autophagosomes for degradation [35-

39]. Viral and bacterial intracellular pathogens are targeted by selective autophagy during 

infection by autophagic receptors and adaptors including p62/SQSTM1, NDP52, and 

optineurin [40-48]. How autophagic receptors and adaptors interact with the membrane 

tethering protein Atg8, or its mammalian homologue LC3, is conserved. The 

receptors/adaptors Atg19, Atg34, p62, NBR11 and Nix all have WXXL motifs that form 

an intermolecular parallel beta-sheet for binding Atg8/LC3 [37-39, 49]. 

Selective autophagy plays an important role in the clearance of defective 

aggregates that cause neurodegenerative diseases; and also in cancer prevention by 

mitophagy’s removal of damaged mitochondria that produce toxic reactive oxygen 

species [7, 9-12, 50]. The Cytoplasm-to-vacuole targeting pathway (Cvt) in S. cerevisiae 

is the best understood mode of selective autophagy. It has so far only been found in yeast, 

specifically in S. cerevisiae and Pichia pastoris [7, 51]. It utilizes the autophagic 

machinery during nutrient-rich conditions to transport hydrolyzing enzymes from cytosol 

to the vacuole [52-56]. Using a similar mechanism, both autophagy and the Cvt pathway 

assemble autophagic proteins for recruitment of lipid bilayers, shaping them into a double 

membrane autophagosome or Cvt vesicle that delivers its cargo to the vacuole.  
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Figure 1.1. Different types of selective autophagy. Each different type of selective 

autophagy targets a distinct component. Phagophores are shown in red, which are double 

membrane structures that enclose cytoplasmic components, ultimately completely 

surrounding them and forming an autophagosome for delivery to the lysosome or 

vacuole. Autophagy can target many organelles: mitophagy targets mitochondria, ER-

phagy targets the ER, pexophagy targets peroxisomes, and Golgi-phagy/Crinophagy 

targets Golgi. Xenophagy can target intracellular pathogens, virus and bacteria. 

Aggrephagy targets defective protein aggregates. Selective autophagy can also target 

specific protein complexes, for example ribophagy targets ribosomes. Selective 

autophagy plays a key role in cell homeostasis and disease prevention, even during 

nutrient-rich conditions. It eliminates damaged organelles, like mitochondria that leak 

toxic reactive oxygen species, and also gets rid of protein aggregates that are sometimes 

involved in neurodegeneration. 
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The Cvt pathway Explained (Fig. 1.2) 

The Cvt pathway transports the hydrolyzing enzymes aminopeptidase 1 and 4 

(Ape1 and Ape4), alpha mannosidase 1 (Ams1), and the cytosolic cysteine protease Lap3 

[53, 54, 56, 57]. Interestingly, Ape1 forms dodecamers that aggregate [58]. Ape1 binds 

the autophagic receptor Atg19, which recruits autophagic proteins Atg8 and Atg11 for 

assembling more autophagic proteins for the formation of the vesicle [55, 59]. The 

domains on Atg19 for binding cargo and Atg8 and Atg11 have been elucidated (Fig. 1.3). 

Atg8 is conjugated to phosphatidylethanolamine (PE) for anchorage to membrane and 

consequently it plays a key role in tethering of membrane and vesicle completion [60, 

61]. Atg11 also serves an important role, as an adaptor protein for recruiting autophagic 

proteins for vesicle formation, directly binding with Atg1, Atg17 and Atg20 [62]. Atg19 

also binds two other cargo enzymes: Ape4 and Ams1 [53, 56]. Lap3 is also transported to 

the vacuole via the Cvt pathway, but in contrast to the other proteases, Lap3 is cytosolic, 

hence the purpose of its transport appears to be for its selective degradation [57]. For 

delivery of Ape1 to the lumen of the vacuole, the outer membrane of the vesicle fuses 

with the vacuole, where the inner lipid membrane is degraded by the lipase Atg15 to 

release the cargo. 

 

 Protein Aggregation in the Cvt pathway 

The Cvt pathway in S. cerevisiae encompasses both protein aggregation and the 

autophagic machinery, making it different from other forms of vesicular traffic. Cytosolic 

Ape1 concentrates itself by forming an aggregate that recruits its receptor, Atg19, to 
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direct vesicle formation [63]. Protein aggregation begins with Ape1 synthesis in the 

cytosol, and its organization into tetrahedral dodecamers (four sided, pyramid-like 

structures made of twelve Ape1 proteins) [58, 64]. Increasing proton concentration 

causes dodecamers to disassemble in a step-wise manner, suggesting that during 

assembly, firstly monomers bind and form symmetrical dimers, these trimerize to form 

hexamers, then two hexamers bind to form the final dodecamer [65]. The Borrelia 

burgdorferi homologue also forms a dodecamer [47]. Mutants defective in 

dodecamerization are enzymatically inactive, thus dodecamerization is critical for 

functionality [66]. Ape1 dodecamers form an aggregate in cytosol that binds Atg19 for 

recruitment of a double membrane, for Cvt vesicle formation and vacuolar transport. 

Ape1 is synthesized and exists in the cytosol as a precursor (prApe1) with an N-

terminal propeptide of 45 amino acids [67, 68]. The propeptide directs transport to the 

vacuole via binding to Atg19, and (as will be shown below), is necessary for aggregation 

[69]. It is predicted to form a helix-turn-helix, of which the N-terminal helix is 

amphipathic [70]. Once in the vacuole, the propeptide is cleaved to generate the mature 

form, mApe1. Although many precursor proteins are inactive, prApe1 may be 

enzymatically active [66, 71]. Aggregation may facilitate vesicle formation and help 

inhibit prApe1 proteolytic activity. In comparison to the B. burgdorferi aminopeptidase, 

which does not form aggregates, prApe1 has additional amino acids that are predicted to 

be positioned on the dodecamer surface: 45 residues on its N-terminus that constitute the 

propeptide, and 10 residues on its C-terminus. Since the propeptide is cleaved by 

vacuolar proteinase B, it is accessible and hence, located on the surface of dodecamers. 
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Figure 1.2. Formation of the Cvt vesicle. The Cvt pathway transports the hydrolyzing 

enzymes aminopeptidase 1 and 4 (Ape1 and Ape4), alpha mannosidase 1 (Ams1), and the 

cytosolic cysteine protease Lap4, taking them to the vacuole inside an autophagic vesicle. 

Both Ape1 and Ape4 form dodecamers, but only Ape1 is known to form aggregates in 

cytosol. Ape1 is synthesized as an inactive precursor, prApe1, which aggregates and 

binds the autophagic receptor Atg19. Atg19 in turn recruits autophagic proteins Atg8 and 

Atg11, for assembly of the autophagic machinery and membrane during Cvt vesicle 

formation. Autophagic membrane is recruited from the PAS, where several Atg proteins 

reside, including Atg8 and Atg11. The mechanism of Cvt vesicle formation remains to be 

elucidated. Atg11 dissociates from the Cvt complex before full maturation of the Cvt 

vesicle. Lap3 is also transported to the vacuole via the Cvt pathway, but in contrast to the 

other proteases, which are vacuolar, Lap3 is cytosolic. Hence, the purpose of its transport 

appears to be for its selective degradation. Since Lap3 has not been shown to bind to the 

receptor Atg19, it is unknown how it is targeted to the Cvt vesicle. The outer vesicle 

membrane docks and fuses with the vacuolar membrane, while the inner membrane is 

degraded by Atg15 to release the cargo.  
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Figure 1.3. Schematic figure of the autophagic receptor Atg19. Atg19 binding 

domains that have been identified and their amino acid position. Atg19 binds vacuolar 

proteases that are synthesized in cytosol, and targets them for transport to the vacuole via 

the Cvt pathway. Ape1, Ape4 and Ams1 are all vacuolar proteases that bind to Atg19, 

their binding domains have been elucidated. Atg19 also binds two autophagic proteins, 

the adaptor protein Atg11, and the membrane tethering protein Atg8, which bind to its C-

terminus. There is a putative coiled-coil region in the Ape1 binding site. 
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 Klionsky, D.J. (2005). The molecular machinery of autophagy: unanswered questions, J Cell Sci 118, 7-18. 

 

 

Figure 1.4. Ape1 transport via the Cvt pathway or autophagy. Aminopeptidase 1 is 

synthesized in cytosol, as an inactive precursor that forms aggregates. These are then 

transported to the vacuole via the Cvt pathway during nutrient-rich conditions or by 

autophagy during starvation. During the Cvt pathway, prApe1 aggregates recruit 

autophagy proteins and membrane for formation of a double membrane Cvt vesicle, for 

subsequent transport to the vacuole. During autophagy, selected cellular components and 

prApe1 aggregates are surrounded by a double membrane to form an autophagosome. In 

S. cerevisiae, the membrane may be recruited from a specialized structure called the Pre-

Autophagosomal Structure or Phagophore Assembly Site (PAS) where many Atg 

proteins accumulate. After vesicle or autophagosome formation, the outer vesicle 

membrane fuses with the vacuolar membrane, and the inner membrane is then 

hydrolyzed by vacuolar enzymes to release its cargo into the lumen, where they either 

serve as vacuolar proteases, or are degraded so their components can be reused for 

biosynthesis. 

 

 

http://jcs.biologists.org/search?author1=Daniel+J.+Klionsky&sortspec=date&submit=Submit
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Atg1 helps regulate autophagy, assemble the PAS, and recruit Atg proteins 

During starvation, the Cvt pathway cargo can be transported to the vacuole inside 

autophagosomes (Fig. 1.4) [52]. For Ams1 transport via autophagy, Ams1 binds Atg34, a 

paralogue of Atg19, which similarly interacts with Atg8 and Atg11, forming the Ams1 

complex [72]. 

Induction of autophagy and selection of cargo must be tightly regulated to ensure 

the preservation of essential cellular components, while a rapid turnover of redundant 

components takes place. TOR, a phosphatidylinositol kinase homologue, is a key 

negative regulator of autophagy (Fig. 1.5) [73-75]. TOR and cAMP-dependent protein 

kinase (PKA) signaling independently target the Atg1-Atg13 complex during nutrient-

rich conditions to prevent autophagy [76-79]. The Tor complex 1 (TORC1) and PKA 

directly phosphorylate Atg13, a modulator of Atg1 activity, albeit at different residues 

[78-80]. Upon starvation, inactivation of TORC1 enables dephosphorylation of Atg13, 

causing the Atg1-Atg13 complex to assemble the Atg17-Atg29-Atg31 complex, which in 

turn helps recruit autophagic proteins to the PAS to initiate autophagy [81-87]. During 

the Cvt pathway, Atg1 and Atg13 instead help recruit Atg11, Atg20 and Atg24 for 

vesicle formation [88]. Atg1 and Atg13 are also important for Atg9 and Atg23 retrieval 

transport. Atg9 is a transmembrane protein thought to act as a lipid carrier for vesicle 

expansion, while Atg23 is associated with it; Atg9 is involved in both autophagy and the 

Cvt pathway, while Atg23 only functions in the later [89]. Other proteins that the Atg1-

Atg13 complex helps recruit to the PAS are Atg2, Atg8, Atg14, Atg16 and Atg18 [85, 90, 

91]. 
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Although Atg13 is involved in both autophagy and the Cvt pathway, in atg13∆ 

cells there is still some mApe1 present, suggesting prApe1 vacuolar transport via the Cvt 

pathway is diminished, but not completely abolished. Hence, Atg1 maintains some level 

of activity in the absence of Atg13 during nutrient-rich conditions [92].  

Atg1 has a structural role, but it is also a serine/threonine kinase. Although its 

homologues in Drosophila melanogaster, Caenorhabditis elegans and mammals are all 

involved in autophagy and in neuronal development, there are also differences in their 

function [23, 93-104]. In yeast, Atg1 kinase activity is important in both the Cvt pathway 

and autophagy, for PAS disassembly and perhaps also for autophagosome expansion; 

however, only structural function is required for assembly of the PAS and of the Atg1-

Atg13-Atg17 complex for the recruitment of additional autophagic proteins [85, 105].  
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Figure 1.5. Atg1 interacts with several autophagic proteins, and is required for both 

the Cvt pathway and autophagy. Atg1 is a serine/threonine kinase essential for the 

initial building of the autophagosome and Cvt vesicle. It is directly controlled by TOR 

kinase, a nutrient sensor and key negative regulator of autophagy. Atg1 associates with 

Atg13, 17, 29, 31, 11, 20 and 24. Atg13, a modulator of Atg1 activity, participates both in 

autophagy and the Cvt pathway. Lack of Atg13 greatly diminishes Cvt transport while 

not completely abolishing it. Atg17, 29 and 31 only function in autophagy, while Atg11, 

20 and 24 only function in the Cvt pathway. Atg1 is found to be in a complex with Atg13 

and Atg17. The function of Atg1 is not well understood, but it seems to play a role in 

PAS assembly and disassembly, and in autophagosome maturation. In animals it is 

critical for neuronal development. 

 

 

 



14 

 

 

Protein Name Summary 

Aminopeptidase 1 

(Ape1) 

Vacuolar protease made in cytosol, transported to the vacuole via 

the Cvt pathway. Binds Atg19. Forms dodecamers that aggregate in 

cytosol. Synthesized as a precursor (prApe1) with a 45 amino acid 

N-terminal propeptide, that is cleaved in the vacuole to generate the 

mature protein (mApe1). Transport of other Cvt cargo is dependent 

on Ape1. 

Aminopeptidase 4 

(Ape4) 

Vacuolar protease made in cytosol, transported to the vacuole via 

the Cvt pathway. Binds Atg19. Forms dodecamers but does not 

aggregate, and does not have a propeptide. 

α-mannosidase 1 

(Ams1) 

Vacuolar protease made in cytosol, transported to the vacuole via 

the Cvt pathway. Binds Atg19. Forms oligomers but does not 

aggregate. Also binds the Atg19 paralogue Atg34, which targets 

Ams1 to the vacuole inside autophagosomes during autophagy. 

Lap3 Cytosolic protease transported to the vacuole via the Cvt pathway. 

Does not bind Atg19. Is perhaps transported to the vacuole for 

degradation. 

Atg1 Serine/threonine kinase. Key modulator of autophagy. Has a 

structural function, forming a complex with Atg13 and Atg17 

during induction of autophagy. Recruits Atg11, Atg20 and Atg24 

for Cvt vesicle formation; and Atg17, Atg29 and Atg31 for 

autophagosome formation. The function of Atg1 remains to be 

elucidated. It is required for both the Cvt pathway and autophagy. 

Atg8 Anchored to membrane. Involved in membrane tethering and 

membrane expansion during autophagosome formation. Essential 

for the Cvt pathway and autophagy. 

Atg11 Binds several proteins, including Atg1, Atg17, Atg19 and Atg20. 

Hence thought to serve as an adaptor protein for the Cvt pathway 

and autophagy. Required for the Cvt pathway. 

Atg13 Atg1 modulator. Directly regulated by the nutrient sensor TORC1 

complex. Required for autophagy, important for the Cvt pathway. 

Atg19 Autophagic receptor, binds Cvt cargo vacuolar proteases to 

transport them to the vacuole, including Ape1, Ape4 and Ams1. 

Also binds autophagic proteins Atg11 and Atg8 for formation of a 

Cvt vesicle. 

Atg34 Atg19 paralogue that binds Ams1, Atg8 and Atg11, and targets 

Ams1 to autophagosomes during starvation for vacuolar transport. 

 

Table 1.1. Summary of the key Cvt pathway and autophagic proteins discussed in 

dissertation. 
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Origin of Autophagic Membrane: the Great Controversy 

 An essential part of autophagy is the recruitment and nucleation of the membrane, 

which forms a double membrane structure that has been termed the phagophore. The 

phagophore is assembled at the PAS. Ever since the earliest days of autophagy research, 

there has been great controversy over the origin of the membrane for phagophore 

formation, and evidence has pointed to the ER, Golgi, mitochondria and plasma 

membrane [106, 107]. One of the key limitations is that only one integral membrane 

protein that is also part of the core autophagic machinery has been identified: Atg9. Its 

function is not well understood, and its localization is perplexing, since in mammals it 

transits between the endosome and Golgi, while in yeast it cycles between the PAS and 

peripheral tubules and vesicle clusters, often adjacent to the mitochondria [108-110]. 

Presently, the strongest candidates for the origin of the phagophore are the ER and 

Golgi, since proteins mediating exit from the Golgi, including the Conserved Oligomeric 

Golgi (COG) subunits, Golgi ADP ribosylation factors (ARFs) and sec proteins, together 

with the TRAPPIII complex and the Rab GTPase Ypt1, are all important for recruitment 

of autophagic proteins to the PAS [111-114]. Rab Ypt1 is essential for ER-Golgi and 

Golgi traffic, and is activated by TRAPP complexes (I, II and III), which act as a guanine 

nucleotide exchange factor (GEF) and help in tethering vesicles to acceptor 

compartments. TRAPPIII is required for both autophagy and the Cvt pathway, and 

localizes to the PAS, and hence may play a role in directing ER or Golgi membrane for 

phagophore formation [115, 116]. This is consistent with electron microscopy 

tomography that has shown ER connected with phagophores, while Atg14 localization to 
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the ER is critical for autophagy; Atg14 also localizes to the phagophore and is essential 

for autophagosome formation by regulating PtdIns(3)P synthesis for Atg protein 

recruitment to the PAS [117-120]. 

 Evidence pointing to the mitochondria or plasma membrane as origins of the 

phagophore, however, continues to be scrutinized. In mammalian cells, photobleaching 

has shown the mitochondrial and autophagosomal membrane to be connected, while 

mitochondrial disruption diminishes autophagy [121]. As for the plasma membrane, in 

mammalian cells Atg16L1, thought to be involved in vesicle expansion, interacts with the 

heavy chain of clathrin, and co-localized with plasma membrane associated cholera toxin 

peripheral vesicles. Furthermore, inhibition of endocytosis via clathrin-coated vesicles 

diminished autophagosome formation [122].  

 

Vesicle Nucleation: In the beginning of vesicle formation (Fig. 1.6) 

Vesicle nucleation is mediated by the phosphatidylinositol (PtdIns) 3-kinase 

complex I, which consists of Atg6, Atg14, Vps34 and Vps15 [123, 124]. Atg14 

determines PAS localization of complex I, and its localization in turn depends on Atg17, 

Atg13 and Atg9 [90, 125]. The function of Atg6 is not well understood. Its homologue in 

mammalian cells, Beclin 1, has been implicated in balancing autophagy with apoptosis 

and cell growth, and it is a tumor suppressor; hence it is plausible that Atg6 orchestrates 

autophagy with other cellular functions [126-128]. Vps34 has inositol kinase activity. It is 

a PtdIns 3-kinase belonging to the class III kinases, phosphorylating PtdIns at the D-3 

position of the inositol ring [129, 130]. Vps15 also has enzymatic activity; it is a 
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serine/threonine protein kinase that phosphorylates Vps34, which is required for 

Complex I formation [131]. Furthermore, Vps15 is anchored to membrane, partly 

because it is myristoylated at its N-terminus, which enables it to tether the complex to the 

membrane [132]. 

Vps34 phosphorylation of PtdIns to produce PtdIns(3)P is critical for autophagy. 

PtdIns(3)P localizes to the PAS, autophagosome, the late endosome, and the vacuolar 

membrane and lumen [133]. Specifically, the inner surface of the autophagosome is 

enriched with PtdIns(3)P, which serves as a landmark for assembly of autophagic 

proteins. Atg18, Atg20, Atg21 and Atg24 bind to PtdIns(3)P; Atg18 and Atg21 bind via 

their conserved PX domains, while Atg21 is mainly required for the Cvt pathway [88, 

134-136]. Atg18 can also bind PtdIns(3,5)P2, but this is not required for autophagy, 

instead it is required for maintaining vacuolar morphology [137]. Atg18 binds Atg2 to 

form the Atg18-Atg2 complex, which has a role in membrane formation and during Atg9 

retrieval [138]. PtdIns(3)P is also involved in Atg8 and Atg12-Atg5 recruitment to the 

PAS [90]. Atg8 is critical for membrane tethering and vesicle completion; while Atg12-

Atg5 are involved in its conjugation to phosphatidylethanolamine (PE) to anchor it to the 

membrane [61, 139-142]. PtdIns(3)P is also thought to affect the size of autophagosomes, 

by determining the curvature of the membrane and the rate of recruitment of the 

autophagic machinery. Consistent with this, Atg14 truncations and lower levels of Atg8 

generate smaller autophagosomes[125, 141]. 

Atg9 is a transmembrane protein that is also involved in nucleation. Besides 

localizing at the PAS, it is also found in small punctate structures throughout cytosol and 
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on the surface of mitochondria [108-110, 143]. In nutrient-rich conditions, Atg9 is critical 

in the Cvt pathway [144, 145]. For Cvt vesicle formation, Atg11 binding recruits Atg9 to 

the PAS, an interaction that is facilitated by actin [144, 146]. Upon induction of 

autophagy, Atg9 localization to the PAS is instead dependent on Atg17 binding [84].  

Atg9 can form a multimeric complex under both nutrient-rich and starvation conditions, 

which is required for its trafficking to the PAS, and mutants that fail to multimerize lead 

to formation of abnormal autophagosomes [147, 148]. However, it is unclear how exactly 

Atg9 helps to deliver membrane for autophagosome formation. Meanwhile, Atg23 is a 

peripheral membrane protein that shows a similar localization, but is mainly required for 

the Cvt pathway [149-152]. Atg23 binds Atg9 and Atg27, forming a complex that is 

important for efficient cycling of Atg9 between the periphery and PAS.  

 

Vesicle Expansion and Completion: A vesicle is born (Fig. 1.6) 

After vesicle nucleation, the phagophore must expand and complete formation of 

the autophagosome, sealing the cargo inside. Vesicle expansion requires recruitment of 

additional membrane, mediated by ER and Golgi traffic constituents: TRAPIII, Ypt1, 

COG and Sec2/4. Another important step of vesicle expansion and completion is Atg8 

conjugation to phosphatidylethanolamine (PE), which anchors soluble Atg8 to the 

membrane. Atg8 is an ubiquitin-like (Ubl) protein that plays a key role in membrane 

expansion by tethering membrane, and in vesicle completion and closure by mediating 

self-fusion. Hence, its absence causes aberrantly small autophagosomes while effectively 

blocking transport via autophagy or the Cvt pathway [61, 139, 141]. For Atg8 
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conjugation to PE, firstly its C-terminal arginine must be proteolytically cleaved by the 

protease Atg4 to reveal a glycine residue that can in turn be conjugated to PE [153, 154]. 

Another Ubl protein is Atg12, which is conjugated to Atg5 instead of PE, forming Atg12-

Atg5 [142, 155]. Atg7 is an E1-like enzyme that activates both Atg8 and Atg12 for 

conjugation [156-158]. Afterwards, Atg3 and Atg10 are the E2-like enzymes that 

catalyze the conjugation itself: Atg3 conjugates Atg8 to PE, while Atg10 conjugates 

Atg12 to Atg5 [159-161]. After Atg12-Atg5 formation, an Atg16 multimer binds and 

forms a tetrameric complex, Atg12-Atg5∙Atg16, whose function is not well understood 

except that it is important for Atg8 conjugation to PE [162, 163]. 

 

Retrieval: Getting back what you put in (Fig. 1.6) 

After autophagosome or Cvt vesicle completion, only two autophagic proteins 

remain associated: Atg8-PE and Atg19. The latter mainly has a role in the Cvt pathway as 

a cargo receptor. All the other autophagic proteins dissociate and since they are soluble, 

they can remain in cytosol or be recruited to a nascent phagophore. The exceptions are 

Atg9, a transmembrane protein, and Atg23, a peripheral membrane protein. Their 

retrieval requires the Atg1-Atg13 complex. Atg9 retrieval, in addition, requires binding to 

Atg2 and Atg18, while Atg18 localization at the PAS is dependent on PtdIns(3)P [89, 

109, 135, 145, 164, 165]. While the mechanism of retrieval is not well understood, 

inevitably it must involve the loss of some lipids from the autophagosome; hence, there 

must be a balance between vesicle expansion and retrieval. 
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Docking and Fusion: Your delivery is here 

The autophagosome or Cvt vesicle outer membrane fuses with the vacuolar 

membrane in yeast, releasing the autophagic body into the vacuolar lumen. The 

autophagic body is constituted of the inner membrane and the cargo that is still inside it. 

Fusion must be regulated in some way, to ensure that autophagosome completion takes 

place prior to fusion, otherwise the cargo would remain in cytosol. The mechanism that 

controls fusion has yet to be elucidated and may involve removal of one or several 

components of the autophagic machinery. For example, Atg8-PE is removed from the 

outer surface of autophagosomes prior to fusion, by Atg4 cleavage of PE to free Atg8 

from the membrane. Failure to do this causes defective traffic by both autophagy and the 

Cvt pathway. Furthermore, it is possible Atg8 can be recycled by re-conjugating to PE, 

for another round of autophagosome formation. 

 On the other hand, the machinery for docking and fusion of autophagosomes and 

Cvt vesicles has been identified, and is constituted by similar components as those 

required for vacuolar fusion with endosomes, with vesicles derived from endosomes or 

Golgi, and for homotypic fusion. The fusion machinery consists of a Rab protein and its 

corresponding guanine nucleotide exchange factor (GEF) for tethering, a soluble NSF 

attachment protein receptor (SNARE) and an N-ethylmaleimide-sensitive factor (NSF)  

for fusion and priming, and the class C Vps protein complex for modulation of SNARE 

pairing, also known as the homotypic fusion and vacuole protein sorting (HOPS) 

complex [134, 166].  The SNARE proteins include Vam3, Vam7, Vti1 and Ykt6 [167-

169]. Ypt7 is the Rab required for tethering, while the Ccz1-Mon1 complex functions as 
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its GEF [170-173]. Also required are the NSF, SNAP and a GDP dissociation inhibitor 

(GDI) homologs Sec17, Sec18 and Sec19 [174]. 

 

Vesicle Breakdown and Permease Efflux: Recycling the trash (Fig. 1.6) 

After fusion of the autophagosome or Cvt vesicle outer membrane with the 

vacuole, lipase Atg15 will then degrade the inner membrane that still surrounds the 

autophagic body, thus releasing its cargo [175-177]. Without Atg15, autophagic bodies 

accumulate inside the vacuole, and consequently there is a decrease in the protein 

turnover rate. Once cargo is released, it can be broken down so its subunits can be reused. 

Linking degradation with biosynthesis is Atg22, since it is a vacuolar integral membrane 

protein that transports amino acids out of the vacuole and into cytosol, where they can be 

used to make new proteins [178]. Consistent with this, Atg22 is critical for cell viability 

under starvation conditions. 
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Figure 1.6. Summary of the Cvt pathway, and how it utilizes the autophagic 

machinery for vesicle formation. Numbers in black represent autophagic proteins, i.e. 

‘19’ means ‘Atg19’. (1) Aggregation: Ape1 is synthesized in cytosol as a precursor 

(prApe1), with a 45 amino acid N-terminal propeptide, and forms aggregates. (2) Cvt 

complex formation: prApe1 binds to the autophagic receptor Atg19. Atg19 binds Atg11, 

an adaptor protein, and Atg8, a lipidated protein for tethering membrane. The Cvt 

complex recruits the autophagic machinery for vesicle formation, which involves several 

processes that are similar to those used in autophagosome formation: (3) vesicle 

nucleation, (4) vesicle expansion and completion, and (5) retrieval of integral membrane 

proteins that will not be part of the completed vesicle. A double membrane Cvt vesicle is 

formed. (6) Its outer membrane docks and fuses with the vacuole. (7) Finally, degradation 

of the inner membrane by the lipase Atg15 releases the cargo into the vacuole. The 

propeptide of prApe1 is cleaved off, to produce its mature form mApe1, which no longer 

forms aggregates. 
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Cvt Pathway Selective 

Autophagy 

Core Machinery Nonselective 

Autophagy 

Atg11 Atg11 Atg1 Atg17 

Atg19 Atg19 Atg2 Atg29 

Atg20 Atg20 Atg3 Atg31 

Atg21 Atg21 Atg4  

Atg23 Atg23 Atg5  

Atg24 Atg24 Atg6  

Atg27 Atg25 Atg7  

 Atg26 Atg8  

 Atg27 Atg9  

 Atg28 Atg10  

 Atg30 Atg12  

Cvt Cargo Atg32 Atg13  

Ape1 Atg33 Atg14  

Ape4 Atg34 Atg15  

Ams1 Atg35 Atg16  

Lap3  Atg18  

  Atg22  

 

Table 1.2. Summarizing the pathways autophagic proteins are involved in. List of 

Atg yeast proteins involved in the Cvt pathway, selective autophagy (Cvt, pexophagy and 

mitophagy), nonselective autophagy, and those involved in all processes because they 

constitute the core machinery for vesicle formation. Also includes a list of cargo 

proteases transported via the Cvt pathway. 
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Studying Autophagy Today: The New Frontier 

The study of autophagy has greatly expanded over the past few decades, 

completely transforming our previous view of autophagy. Instead of being a simple form 

of bulk transport that is only used during some forms of starvation, autophagy is 

prevalent throughout the lifetime of all eukaryotic cells, coming to their rescue every time 

their existence is challenged, whether it is depletion of nitrogen, carbon or fatty acids, an 

attack from pathogens,  mechanical  or temperature stress, accumulation of misfolded 

proteins or reactive oxygen species (ROS), or some other form of cellular dysfunction 

[179]. To be able to respond to all different types of cellular emergencies, the core 

machinery of autophagy has been adapted, generating many different types of autophagy 

that can target specific compartments or cargo, and that are tightly regulated, these 

include: selective autophagy of the ER (ER-phagy), selective autophagy of the Golgi 

(Golgi-phagy), selective autophagy of peroxisomes (pexophagy), gigantic 

macroautophagy (utilized in programed nucleus death during gamete formation in 

Tetrahymena thermophila), chaperone-mediated autophagy (CMA), mammalian 

endosomal microautophagy (e-MI), mitophagy, and the Cvt pathway [180-186]. Bacteria 

and viruses can also be targeted to autophagosomes, including gastrointestinal and 

respiratory parasites such as Salmonella typhimurium, norovirus and coronavirus [44, 

187, 188]. 

There has been a great effort to identify autophagy during multiple cellular 

processes in model organisms, including yeast, fruit flies, C. elegans, mammals and 

plants, mainly by using Atg8 and its homologue LC3 as markers. Meanwhile, we 
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continue to dissect the signaling pathways that induce and regulate autophagy. Scientists 

interested in the mechanism of autophagy are working on identifying autophagic 

receptors and their cargo, determining the origin and mode of recruitment of autophagic 

membrane, establishing the hierarchy and function of autophagic proteins, and unraveling 

the mechanism of autophagosome maturation and completion. 

S. cerevisiae has played a key role, since several of the proteins involved in 

autophagosome formation have been identified through the generation of yeast mutants 

that are deficient in autophagy [134, 189-191]. Consequently, we have been using this 

system to elucidate the mechanism of Cvt vesicle formation. We focused on the mode of 

prApe1 aggregation and recruitment of the autophagic receptor Atg19, how Atg19 in turn 

recruits the autophagic machinery for vesicle formation, and how this is regulated under 

nutrient-rich and starvation conditions. Since in vitro assays have proven useful in 

understanding cellular trafficking, we worked on generating an in vitro assay of 

autophagy by using the Cvt complex as a scaffold for recruiting autophagic proteins and 

membrane. 
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Chapter 2 

Materials and Experimental Procedures 

 

 

 

 

 

Strains and Media 

Standard methods were used for growth and manipulation of cell strains. Cells 

were incubated at 30°C with shaking at 250 RPM. For growth of yeast under nutrient-rich 

conditions, cells were grown to exponential phase in liquid broth constituted of synthetic 

minimal medium plus dextrose (0.17% yeast nitrogen base without ammonium sulfate 

and without amino acids, 0.5% ammonium sulfate, 2% glucose, and supplemented with 

the required amino acids). However, for growth in starvation conditions, cells were 

grown in a similar media but without ammonium sulfate and without amino acids (0.17% 

yeast nitrogen base without ammonium sulfate and without amino acids, and 2% 

glucose). Cells were starved for 3-4 hours.  

Rosetta Escherichia coli cells were grown in liquid broth (1% Bacto-Tryptone, 

0.5% yeast extract, 0.5% NaCl); incubated at 37°C with shaking at 250 RPM. The LacZ 

promoter was induced with a final concentration of 1 mM IPTG for 2 hours. 
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Table 2.1. Yeast strains 

 

 

 

 

 

Yeast strain Genotype Reference 

BY4742 (MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 

LYS2/lys2Δ0 met15Δ0/MET15 

ura3Δ0/ura3Δ0) 

ResGen 

atg1∆ BY4742; atg1∆::Kan ResGen 

atg8∆ BY4742; atg8∆::Kan ResGen 

atg11∆ BY4742; atg11∆::Kan ResGen 

atg13∆ BY4742; atg13∆::Kan ResGen 

atg17∆ BY4742; atg17∆::Kan ResGen 

atg18∆ BY4742; atg18∆::Kan ResGen 

atg19∆ BY4742; atg19∆::Kan ResGen 

atg20∆ BY4742; atg20∆::Kan ResGen 

atg24∆ BY4742; atg24∆::Kan ResGen 

atg29∆ BY4742; atg29∆::Kan ResGen 

atg31∆ BY4742; atg31∆::Kan ResGen 

ape1∆ BY4742; ape1∆::Kan ResGen 

ams1∆ BY4742; ams1∆::Kan ResGen 

atg8∆ atg11∆ BY4742; atg11∆::Kan atg8∆::HIS3 Morales Quinones, M. and 

Stromhaug, P.E. (2012) 

ams1∆ atg8∆ 

atg11∆ 

BY4742; ams1∆::Kan atg11∆::LEU2 

atg8∆::HIS3 

This study 

atg19∆ ape1∆  BY4742; atg19∆::Kan ape1∆::LEU2 Morales Quinones, M. and 

Stromhaug, P.E. (2012) 

PJ69-4A atg19∆ 

ape1∆ 

(MATa trp1-901 leu2-3, 112 ura3-52 his3-

200 gal4Δ gal80Δ LYS::GAL1-HIS3 GAL2-

ADE2. GAL2 met2::GAL7-lacZ); 

atg19∆::Kan ape1∆::TRP1 

Morales Quinones, M. and 

Stromhaug, P.E. (2012) 



29 

 

 

Plasmids and Primers 

Standard methods were used for cloning procedures. PCR was performed using 

PCR R-Taq 2x Master Mix (MidScience), ligation with T4 DNA ligase (NEB), following 

the manufacturer’s instructions.  

 

 

 

 

 

 

Plasmid Reference 

RFP-ape1 pRS306 Stromhaug, P.E., et al.(2004) 

RFP-ape1 atg19-GFP pRS306  Morales Quinones, M. and Stromhaug, P.E. (2012) 

ape1 pRS307 Morales Quinones, M. and Stromhaug, P.E. (2012) 

ape1 pRS425 Morales Quinones, M. and Stromhaug, P.E. (2012) 

ape1 pRS426 Morales Quinones, M. and Stromhaug, P.E. (2012) 

pCu ape1-GFP pRS416 Labbe, S. and D.J. Thiele, (1999) 

GFP-atg19 pRS416 Leber, R., et al., (2001) 

atg8∆R pRS416 Ho, K.H. and W.P. Huang (2009) 

atg11∆N pRS416 Yorimitsu, T. and D. J. Klionsky (2005) 

pGAD-atg19 Chang, C.Y. and W.P. Huang (2007) 

pGBDU-ape1 James, P., J. Halladay, and E.A. Craig (1996) 

pGBDU-propeptide Morales Quinones, M. and Stromhaug, P.E. (2012) 

pGAD-C2 James, P., J. Halladay, and E.A. Craig (1996) 

pGBDU-C2 James, P., J. Halladay, and E.A. Craig (1996) 

propetide-6xHis-pET29 Morales Quinones, M. and Stromhaug, P.E. (2012) 

 

Table 2.2. Plasmids 
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Construct Template Primer sequence  5’ –  3’ 

ape1Δ2 Genomic  ATCATATAGAAGTCATCGACTAGTCATATGG

AACAACGTGAAATACTGGAACAATTGAAG 

ape1Δ2-3 Genomic  ATCATATAGAAGTCATCGACTAGTCATATGC

AACGTGAAATACTGGAACAATTGAAGAAA 

ape1Δ2-4 Genomic  AATATCATATAGAAGTCATCGACTAGTCATA

TGCGTGAAATACTGGAACAATTGAAGAAA 

ape1Δ2-5 Genomic  AATATCATATAGAAGTCATCGACTAGTCATA

TGGAAATACTGGAACAATTGAAGAAAACT 

ape1Δ2-7 Genomic  AATATCATATAGAAGTCATCGACTAGTCATA

TGCTGGAACAATTGAAGAAAACTCTGCAG 

ape1Δ2-11 Genomic  AATATCATATAGAAGTCATCGACTAGTCATA

TGAAGAAAACTCTGCAGATGCTAACTGTA 

ape1Δ2-45 Genomic  GGATCCAAGCTTAGATCTATGGAGCACAATT

ATGAGGATATTGCACAGGAATTCATTGAT 

atg19 pFA6a-GFP-

HIS3 

GGTGACGACAATGAAAAAGCCCTGACTTGG

GAAGAACTC 

atg19∆395-415 pFA6a-GFP-

HIS3 

ACGTTACCAGAACTGGATGACTCTAGTATCA

TCA GTACA 

atg19∆300-415 pFA6a-GFP-

HIS3 

AACTGCAAACTGAAGTTTACTGACGCTGGCG

ATAAGCCA 

atg19∆180-415 pFA6a-GFP-

HIS3 

CAAAAGGTCACAAATAAAGAACCTAACCAC

AGAATAAGC 

atg19∆212-415 Genomic TGAAGTGAACTTGCGGGGTTTTTCAGTATCT

ACGATTCATAGACTGTATTCAACTCTGT 

atg19∆2-138 Genomic  TGAAGTGAACTTGCGGGGTTTTTCAGTATCT

ACGATTCATAGCTGGTTCCGAAGAAGAG 

atg19∆2-155 Genomic  TGAAGTGAACTTGCGGGGTTTTTCAGTATCT

ACGATTCATATCAAGAGAATGCTTGGAT 

atg19∆2-168 Genomic  TGAAGTGAACTTGCGGGGTTTTTCAGTATCT

ACGATTCATAAAGTTGGAAGAATCGTTA 

atg19∆168-415 Genomic TGAAGTGAACTTGCGGGGTTTTTCAGTATCT

ACGATTCATATTCCAACTAAAGGAGTTG 

atg19∆190-415 Genomic TGAAGTGAACTTGCGGGGTTTTTCAGTATCT

ACGATTCATAGCTTATTCAGTGGTTAGG 

 

Table 2.3. Primers 
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Yeast Two-Hybrid Assay 

 This assay tests the interaction between two proteins [192]. When the proteins 

bind, they form a transcription factor that expresses a reporter. One protein is N-

terminally fused to a DNA binding domain (BD) and the other protein is N-terminally 

fused to a transcription activation domain (AD). If the proteins do not interact, then the 

two domains will be kept separate, and the reporter gene will not be expressed. Even if 

the BD attaches to DNA, without the AD no transcription will occur. The auxotrophic 

markers HIS3 and ADE2 were used as reporters, which when expressed enable the yeast 

cells (PJ69-4A) to grow in media lacking adenine or histidine, since HIS3 and ADE2 

encode enzymes involved in the biosynthesis of histidine and adenine, respectively. If 

there is a strong interaction, enough adenine will be made to enable the cells to grow in 

its absence. If there is a weak interaction, then cells will require adenine, while making 

enough histidine to grow in media that lacks histidine. Hence growth in media without 

adenine indicates a strong interaction, while growth only in media without histidine 

indicates a poor interaction. No growth in either suggests the proteins do not interact with 

each other. 

 

 

Yeast Cell Lysis 

Cells were collected by centrifugation, and resuspended in lysis buffer (2, 200 or 

250 mM potassium phosphate, pH 7; or Tris-HCl with 0 or 500 mM sodium chloride, pH 

7.0). The protease inhibitor PMSF was added before lysis, to a final concentration of 1 



32 

 

 

mM, to prevent protein degradation. Cells were broken with 0.4 mm glass beads (Sigma-

Aldrich) by vigorous vortexing for 1 minute at 4°C and incubated for 1 minute on ice. 

This procedure was repeated for 10 cycles. Lysates were pre-cleared (whole cells 

removed) by centrifugation at 1,500 RCF for 1 minute. Soluble prApe1 and aggregates 

were separated by centrifugation at 6,000 RCF for 1 minute. 

 

SDS-PAGE and Western Blot 

An equal optical density of cells was used to make protein samples, which was 

measured using a spectrophotometer. The lysates were incubated in sample buffer (50 

mM sodium phosphate, 25 mM MES, 1% SDS, 3 M urea, 0.05% bromophenol blue, 10 

mM β-mercaptoethanol) for 2 minutes at 100°C and were fractionated by electrophoresis 

using vertical 6, 8, 10 or 13% Tris-glycine SDS-polyacrylamide gels. Proteins were 

transferred to a polyvinylidene fluoride membrane (Immobilon-P; Millipore) and were 

analyzed by Western blotting. Antibodies against Ape1 or Atg19 were generous gifts 

from Daniel J. Klionsky, University of Michigan, and were detected by 

chemiluminescence (SuperSignal West Pico: Thermo Scientific). 

 

 

Density Glycerol Gradient 

For gradient analysis, 200 μl of cell extracts were loaded on a 5.5 ml 20–50% 

glycerol step-gradient (20, 30, 40 and 50%; each layer had a 1.3 ml volume) prepared in 

20 mM K-PIPES, pH 6.8, 1 mM PMSF [64]. The gradients were spun in an 
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ultracentrifuge (Optima LE-80K; Beckman) for 5 hrs at 55,000 RPM, at 4°C, using a 

SW55Ti rotor (Beckman). Thirteen fractions were collected from the top of the gradient 

and precipitated using trichloroacetic acid to a final 20% concentration, 10 minutes in ice, 

followed by 2 acetone washes and the pellet was resuspended in protein buffer (see 

“SDS-PAGE and Western Blot” above for recipe). Albumin (66.4 kDa), ferritin (481.2 

kDa) and thyroglobulin (670 kDa) were used as markers. Fractions were resolved by 

SDS-PAGE and analyzed by Western blot using antibody against Ape1. 

 

Immunoprecipitation 

Immunoprecipitation was carried out following the manufacturer’s specifications, 

using an Ni-NTA Kit for purification of 6xHis-tagged proteins  (QIAGEN). propeptide-

6xHis was constructed for expression using the pET29 plasmid, for immunoprecipitation 

and prApe1 aggregate disassembly. Rosetta cells expressing the propeptide-6xHis 

construct were grown in LB until exponential phase, shaken at 250 RPM at 37°C. Cells 

were collected by centrifugation and lysed using 1mg/ml of lysozyme in lysis buffer (50 

mM sodium phosphate, 300 mM sodium chloride, 3 mM imidazole, pH 8), and incubated 

at 4°C for 30 min. Lysates were pre-cleared (intact cells removed) by centrifuging at 

15,000xg for 30 min, at 4°C. Lysates were incubated with Ni-NTA agarose beads 

(QIAGEN) overnight at 4°C. Beads were washed 3x with lysis buffer. Yeast lysates were 

incubated with propeptide-6xHis agarose beads for 2hrs at 4°C. Beads were washed 3x 

with yeast lysis buffer. Samples were resolved by SDS-PAGE and analyzed by Western 

blot using an  antibody against Ape1 or Atg19. 
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DSP Cross-linking 

Dithiobis (succinimidyl propionate) (DSP) was used to cross-link proteins, 

following the manufacturer’s specifications (Pierce). DSP was dissolved in DMSO at a 

25 mM final concentration, and immediately added to the cell lysate to a final 2 mM 

concentration, and incubated for 2 hours in ice. The reaction was stopped by adding Tris-

HCl, pH 7.5, to a final 20 mM concentration.  

 

Proteinase K Treatment 

Proteinase K (PrtK) was added to cell lysates to a final 5 µg/ml or 50 µg/mL 

concentration, and incubated for 30 minutes at 4°C, unless a different time interval is 

stated. The reaction was stopped using PMSF to a final 1 mM concentration, pellet 

fractions were washed twice to remove residual PrtK. Alternatively, when samples were 

analyzed by SDS-PAGE and Western blot, the reaction was stopped by adding protein 

buffer and incubating at 100°C for 2 minutes.  

 

Microscopy and Image Editing 

The Leica DM5000 automated upright microscope system was used for 

fluorescence and differential interference contrast (DIC) microscopy. Images were taken 

with the Leica DFC350 low light monochrome digital camera. 

When comparing in vivo or in vitro localization of GFP or RFP tagged Atg8, 

Atg11 or Atg19, the same exposure time was maintained between different images. When 

taking in vivo or in vitro images of large prApe1 aggregates (about 0.5-5µm in diameter). 
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where prApe1 was tagged with RFP or GFP, the exposure time had to be modified to 

prevent saturation. Large prApe1 aggregates are made of more RFP or GFP-tagged 

prApe1, so they have a stronger level of fluorescence, and hence exposure time would 

have to be decreased to avoid saturation. In contrast, small aggregates, which have less 

RFP or GFP-tagged prApe1 protein, have a lower level of fluorescence, hence exposure 

time would have to be increased to ensure the aggregates were visible. Also, aggregates 

of a similar size were imaged when possible, so as to maintain similar exposure times. 

Exposure times were maintained at minimum in all cases, to minimize photo 

bleaching the samples, and to minimize saturation in the images. Because of this the 

fluorescence is often very faint when images are printed on paper. To visualize the 

images better, Adobe Photoshop was used to edit the images. Different images that are 

compared within the same figure where edited in a similar way, specifically, their 

brightness and contrast is increased at similar levels. 
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Chapter 3 

Elucidating the mechanism of prApe1 aggregation 

 

 

prApe1 aggregates in vitro in buffers that potentiate hydrophobic interactions 

 

AIM: To identify under what chemical conditions prApe1 forms aggregates in vitro, as 

part of developing an in vitro assay of Cvt vesicle formation and to elucidate the 

mechanism of aggregation. 

 

prApe1 forms aggregates in vitro 

In atg19Δ cells RFP-prApe1 aggregates were visible as a single large red punctum 

in cytosol (Fig. 3.1.A). However, when cells were lysed in a 10 mM Tris HCl  pH 7 

buffer, aggregates disassembled in vitro. To identify a buffer in which aggregates would 

be stable in vitro, atg19Δ RFP-Ape1 cells were lysed in buffers with different NaCl 

concentrations. RFP-prApe1 aggregates were stable in vitro in a 0.5 M sodium chloride 

buffer (Fig. 3.1.A). 

We then investigated whether soluble prApe1 can form aggregates in vitro.  

atg19Δ Ape1-GFP and atg19Δ RFP-Ape1 were lysed separately using a 2 mM potassium 

phosphate buffer, pH 7. After lysates were mixed, no aggregates were visible, suggesting 

prApe1 was soluble. To cause aggregation, potassium phosphate was added to a final 

concentration of 0.2 M. We verified the formation of red and green large (about 2 µm) 
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spherical aggregates constituted by prApe1-GFP and RFP-prApe1, showing that soluble 

prApe1 formed aggregates in vitro (Fig. 3.1.B).  

 

Buffers that potentiate hydrophobicity stabilize aggregates 

Protein aggregation is often caused by hydrophobicity. The Hofmeister series 

classifies ions by their ability to change the arrangement of water molecules and 

influence the solubility of non-polar molecules [193-196]. Early members of the series 

decrease the solubility of non-polar molecules (salting out). These effects have been 

studied in protein folding, protein-protein interactions, and in enzymatic activity [195, 

197-199]. We found that salts expected to increase hydrophobic interactions (ammonium 

sulfate, potassium phosphate, sodium phosphate and sodium fluoride) stabilized prApe1 

aggregates, while salts predicted to decrease hydrophobic interactions (potassium iodide, 

sodium chlorate and calcium chloride) caused prApe1 aggregates to disassemble (a 0.2 M 

salt concentration was used) (Fig. 3.2.A). Thus hydrophobicity appears to be involved in 

prApe1 aggregation. To identify the best buffers for stabilizing prApe1 aggregates in 

vitro, the stability of prApe1 aggregates was tested using different concentrations of four 

of the buffers that stabilize aggregates (Fig. 3.2.B). 0.2 M potassium phosphate and 0.5 M 

sodium chloride buffers effectively stabilize prApe1 aggregates. A 0.2 M potassium 

phosphate buffer was generally used because intracellular concentrations of sodium and 

chloride are typically very low for osmoregulation in cells [200]. 
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Figure 3.1. prApe1 forms aggregates in vitro. A) Aggregates are stable in 0.5 M 

sodium chloride. atg19Δ cells with RFP-prApe1 on left panels, showing red prApe1 

aggregates forming puncta in vivo. Cell lysates of the same cells on the right panels, 

showing large prApe1 spherical aggregates of about a 2µm diameter, in a high ionic 

strength buffer (0.5 M NaCl), but no aggregates are present in the low ionic strength 

buffer (no NaCl). Cells were lysed in 0 or 0.5 M sodium chloride buffer, Tris-HCl, pH 7. 

Panels labeled “Merge” indicate that the DIC and RFP images were merged. B) prApe1-

GFP and RFP-prApe1 form aggregates in vitro. atg19Δ cells with prApe1-GFP or 

RFP-prApe1 were lysed separately in a 2 mM potassium phosphate buffer. Lysates were 

then mixed and potassium phosphate added to a final concentration of 200 mM. RFP-

prApe1 and prApe1-GFP formed large spherical aggregates (about 2µm in diameter). 

 



39 

 

 

Our methodology and choice of a 0.2-0.25 M potassium phosphate buffer is 

physiologically relevant in respect to the ionic strength of the cell extract. Previous 

studies using S. cerevisiae have measured the cytosolic concentration of potassium and 

free phosphate to be between 290-340 mM for potassium, and 10-75 mM for free 

phosphate [201-207]. Similar studies show that the concentration of additional free ions 

is very low:  5 mM for sulfate, 0.05-0.5 mM for calcium, 0.1-1 mM for magnesium, 

about 20 mM for sodium and about 0.1 mM for chloride [201-204, 208-213]. It must also 

be noted that for removal of whole cells that failed to lyse, a very low centrifugal speed 

was used, 1500 RCF for 1 minute, to ensure aggregates were not lost in the pellet 

fractions. Consequently most of the cytosolic components would still be present during 

the in vitro studies. In addition, since a high density of cells was used during lysis (whole 

lysates consist of about 1/3 of cells and 2/3 of buffer), cytosolic components would only 

be diluted by about a 1:3 ratio. Lastly, our results from studies using sodium chloride are 

valid, since aggregate stability in 0.5 M sodium chloride was similar as when using 0.2 M 

potassium phosphate. 

 

The effects of amino acids, sugars and detergents on aggregate stability 

Sugars stabilized aggregates, possibly by increasing viscosity and by changing the 

water structure through their hydroxyl groups (Fig. 3.2.C). We also tested a non-polar 

(alanine), polar (serine), and a basic (arginine) amino acid. Only arginine stabilized 

aggregates in vitro. If hydrophobicity is involved in prApe1 aggregation, non-polar 

amino acids may interfere with aggregation by blocking hydrophobic regions on the 
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protein. Basic or acidic amino acids may act as salts and potentiate hydrophobic 

interactions. In agreement with the foregoing argument, the basic amino acid arginine 

stabilized prApe1 aggregates. Detergents help solubilize membranes and reduce non-

specific interactions, so we also tested whether detergents disrupt aggregate stability (Fig. 

3.2.C). atg19Δ cells were lysed in a 0.25 M potassium phosphate buffer, and different 

detergents were added up to 1% concentration. Tween-20 did not disrupt prApe1 

aggregation. 
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Figure 3.2. Buffers that potentiate hydrophobicity stabilize aggregates. A) Salts that 

potentiate hydrophobic interactions stabilize aggregates. atg19Δ cells were lysed in 

Tris HCl buffers of different salt compositions, salts were at a final 0.2 M concentration. 

Salts predicted to potentiate hydrophobic interactions increased aggregate stability, while 

those that decrease hydrophobic interactions caused aggregate disassembly. B) 0.2 M 

potassium phosphate and 0.5 M sodium chloride buffers stabilize aggregates. atg19Δ 

cells were lysed in buffers of different salts and concentrations to find out the optimum 

salt concentration for aggregate stability. Aggregates were stable at 0.1 M concentration 

of potassium phosphate or sodium phosphate, and at 0.2 M when using potassium 

chloride or sodium chloride. Figure A shows that potassium phosphate and sodium 

phosphate potentiate hydrophobicity better than potassium chloride and sodium chloride, 

and that a lower concentration of the former was required for aggregate stability. C) 

Aggregates in 0.2 M potassium phosphate buffer remain stable in 1% Tween-20 

detergent, and are stable in buffers with high concentrations of arginine and sugars. 

atg19Δ cells were lysed in buffers with different amino acids, detergents and sugars. The 

basic amino acid arginine stabilized aggregates, while the hydrophobic alanine and the 

polar uncharged serine did not. This is consistent with the role of hydrophobicity in 

aggregation, which predicts that basic or acidic amino acids may act similarly to salts that 

potentiate hydrophobicity. Since aggregates are stable in Tween-20 detergent and in 

sugars, buffers containing these can be used when studying Ape1 aggregates. A, B and 

C) To determine whether prApe1 formed aggregates, soluble prApe1 was separated from 

aggregated prApe1 by centrifugation (6000 RCF for 1 minute). Soluble prApe1 localizes 

in the supernatant fraction, while aggregates localize in the pellet. Fractions were 

resolved by Western Blot with an antibody against Ape1. A and C) Only the pellet 

fractions containing prApe1 aggregates, are shown, and not the supernatant fraction 

containing only soluble prApe1. 
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The propeptide mediates prApe1 aggregation 

 

AIM: To determine the role of the Ape1 propeptide in the formation and disassembly of 

Ape1 aggregates, by investigating whether the Ape1 propeptide is necessary for 

dodecamerization and aggregation. 

 

The Ape1 propeptide is required for aggregation 

Hydrophobicity is important for prApe1 aggregation; hence if the propeptide 

forms an amphipathic structure, its hydrophobic region could contribute to aggregation. 

The propeptide is cleaved by the vacuolar enzyme proteinase B to form mApe1, which 

does not aggregate in the vacuole, which suggests the propeptide may be required for 

aggregation [71, 214, 215]. To investigate whether the 45 residue propeptide plays a role 

in aggregation, a GFP tagged construct of Ape1 that lacked the propeptide (Δ2-45-GFP) 

was made. The cellular localization of prApe1Δ2-45-GFP in ape1Δ cells was compared 

to that of full length, GFP tagged Ape1 (prApe1-GFP). ape1Δ Ape1-GFP cells showed 

small punctate structures and green vacuoles, suggesting prApe1-GFP aggregates and 

goes to the vacuole (Fig. 3.3.). ape1Δ Ape1Δ2-45-GFP cells instead show a diffuse green 

cytosolic signal, and no vacuolar localization. The lack of prApe1Δ2-45-GFP aggregates 

suggests that the propeptide is required for aggregation in vivo. 
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The four N-terminal amino acids are required for aggregation 

To identify which regions of the Ape1 propeptide are required for aggregation, 

prApe1 lacking the 2
nd

 N-terminal residue, or N-terminal residues 2-3, 2-4, 2-5, 2-7 or 2-

11, and tagged with GFP, were expressed in ape1Δ cells (Fig. 3.3. and Table 3.1). Their 

localization was compared to that of prApe1-GFP and prApe1Δ2-45-GFP. We looked for 

wild-type aggregation (formation of a single, punctate cytosolic aggregate) and for 

defective aggregation (multiple, irregular shaped punctate aggregates) in cytosol, and for 

green vacuoles, which would suggest that prApe1 was transported to the vacuole and so 

that the Cvt pathway is not blocked. prApe1Δ2-GFP forms a single punctate aggregate in 

cytosol similar to prApe1-GFP and is transported to the vacuole, which appeared green. 

prApe1Δ2-3-GFP has a block in vacuolar transport (no green vacuoles) but still forms 

single punctate aggregate. prApe1Δ2-4-GFP, prApe1Δ2-5-GFP and prApe1Δ2-7-GFP 

form multiple small punctate aggregates suggesting aggregation was defective. 

prApe1Δ2-11-GFP was similar to prApe1Δ2-45-GFP, showing a diffuse cytosolic GFP 

signal that suggests a complete block in aggregation. 
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Figure 3.3. The propeptide is required for aggregation and vacuolar transport. 

ape1Δ cells with prApe1-GFP that have N-terminal deletions (number of residues deleted 

is indicated on the left). Punctate structures are aggregates. Multiple, small puncta or a 

diffuse cytosolic GFP signal indicate aggregation is defective. Full length prApe1-GFP 

and prApe1∆2-GFP (missing only the 2
nd

 N-terminal residue) formed a single large 

aggregate per cell, while being effectively transported to the vacuole, where GFP was 

visible. The three N-terminal amino acids are important for vacuolar transport, since GFP 

is not visible in the vacuole. The four N-terminal amino acids in the propeptide are 

required for proper aggregation, since instead of a single aggregate per cell there were 

multiple small ones. Deletion of the eleven N-terminal amino acids appears to completely 

disrupt aggregation, since GFP was diffuse throughout cytosol, similar to when the entire 

propeptide, the 45 N-terminal amino acids, was removed. 
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prApe1  MEEQREILEQ LKKTLQMLTV EPSKNNQIAN EEKEKKENEN SWCILEHNYE 

Ape1∆2   MEQREILEQ LKKTLQMLTV EPSKNNQIAN EEKEKKENEN SWCILEHNYE 

Ape1∆2-3   MQREILEQ LKKTLQMLTV EPSKNNQIAN EEKEKKENEN SWCILEHNYE 

Ape1∆2-4    MREILEQ LKKTLQMLTV EPSKNNQIAN EEKEKKENEN SWCILEHNYE 

Ape1∆2-5     MEILEQ LKKTLQMLTV EPSKNNQIAN EEKEKKENEN SWCILEHNYE 

Ape1∆2-7       MLEQ LKKTLQMLTV EPSKNNQIAN EEKEKKENEN SWCILEHNYE 

Ape1∆2-9         MQ LKKTLQMLTV EPSKNNQIAN EEKEKKENEN SWCILEHNYE 

Ape1∆2-11            MKKTLQMLTV EPSKNNQIAN EEKEKKENEN SWCILEHNYE 

Ape1∆2-45                                                 MEHNYE 

mApe1                                                    EHNYE 

 

Table 3.1. Ape1 N-terminal deletions, in comparison with prApe1 and mApe1. For 

prApe1, the 50 N-terminal amino acids are shown. For mApe1, only amino acid recidues 

from 46-50 are shown, because the 45 N-terminal acids, constituted of the entire 

propeptide, are cleaved by proteinase B in the vacuole to generate the mature form of 

Ape1. 
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The propeptide is required for aggregation in vitro 

We investigated whether in vitro aggregation was also directed by the propeptide. 

atg19Δ with RFP-prApe1 cell lysate was mixed with either atg19Δ ape1Δ with prApe1-

GFP or with atg19Δ ape1Δ with prApe1Δ2-45-GFP (no propeptide) cell lysate, in a 0.2 

M potassium phosphate buffer, pH 7, in which aggregates are stable. The green prApe1-

GFP punctate aggregates bound to the surface of the larger (about 2µm in diameter) 

prApe1/RFP-prApe1 aggregates, forming large red spherical aggregates with green rings 

on the surface (Fig. 3.4.A). However, when prApe1Δ2-45-GFP was present instead, no 

green rings formed on the surface of aggregates, suggesting the propeptide is required for 

aggregation in vitro, and that pre-assembly of aggregates is not sufficient for prApe1 

binding. Since prApe1 forms aggregates of a similar spherical shape both in vivo and in 

vitro, aggregation perhaps occurs by a similar mechanism and not due to non-specific 

binding. 

To further verify that the propeptide is required for aggregation, differential 

centrifugation of cell lysates was used to separate aggregates from soluble protein (Fig. 

3.4.B). Wild-type, atg19Δ or atg19Δ Ape1Δ2-45 cells were lysed in a 0 or 0.5 M sodium 

chloride buffer. Only prApe1 in 0.5 M sodium chloride was found in the pellet fraction, 

suggesting buffers that potentiate hydrophobic interactions are required for aggregate 

stability. Meanwhile, mApe1 was in the supernatant, showing it does not aggregate 

because the propeptide is required. 
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Propeptide cleavage disassembles aggregates 

While cytosolic prApe1 forms aggregates, vacuolar mApe1 does not. This 

suggests that vacuolar proteolytic cleavage of the propeptide causes aggregates to 

disassemble. To test this, the stability of aggregates after propeptide cleavage by 

proteinase K (PrtK) was studied. Previous studies show that prApe1 is cleaved by PrtK to 

generate a fragment the same size as mApe1, while mApe1 is very resistant to PrtK 

activity, perhaps because the dodecameric form is very stable and minimizes the surface 

area that is exposed to proteolysis, protecting residues that are sensitive to PrtK activity 

inside [134]. PrtK was added for different time periods, to a final 50 µg/mL 

concentration, to atg19Δ cell lysates. Differential centrifugation separated aggregates 

from soluble protein (Fig. 3.4.C). Between 2-5 minutes after addition of PrtK, most of the 

propeptides had been cleaved, and most Ape1 was disassembled and present in the 

supernatant fraction. Cleavage of the propeptide by PrtK leads to disassembly of 

aggregates in vitro, suggesting that vacuolar removal of the propeptide by proteinase B 

disassembles aggregates in vivo.  
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Figure 3.4. The propeptide is required for aggregation in vitro. A)  prApe1Δ2-45-

GFP does not bind RFP-prApe1/prApe1 aggregates. atg19Δ cell lysate with RFP-

prApe1 and prApe1 overexpressed, was mixed with atg19Δ cell lysate with either 

prApe1-GFP or prApe1Δ2-45-GFP (no propeptide) in a 0.2 M potassium phosphate 

buffer, pH 7. prApe1 was overexpressed to form large aggregates for better visualization. 

prApe1-GFP bound the surface of the large (1-4µm diameter) RFP-prApe1/prApe1 

aggregates, appearing as a green ring around the red aggregates. Ape1Δ2-45-GFP does 

not localize to the surface of aggregates, suggesting the propeptide is required for 

aggregation, while aggregate pre-assembly is not sufficient for recruitment of more 

prApe1. Because cells were lysed in the high ionic buffer (0.2 M potassium phosphate), 

prApe1-GFP formed aggregates in the form of green puncta before lysates were mixed. 

prApe1-GFP remained as green puncta when bound to the surface of the large spherical 

shaped RFP-prApe1/prApe1 aggregates B) mApe1 and prApe1Δ2-45 do not form 

aggregates. Wild type, atg19Δ or atg19Δ ape1Δ2-45 cells were lysed in a 0 or 0.5 M 

sodium chloride buffer. Only prApe1 in 0.5 M sodium chloride forms stable aggregates 

in vitro and was in the pellet fraction, mApe1 and prApe1-Δ2-45 were in the supernatant. 

C) Cleavage of propeptides disassembles aggregates. atg19Δ cells were lysed in a 0.5 

M sodium chloride buffer. 50 µg/mL of PrtK was added for different time intervals, 

mApe1 was mostly in the supernatant fraction, showing cleavage of the propeptide 

causes aggregates to disassemble. Some mApe1 is in the pellet fraction, perhaps 

dodecamers with some, but not all propeptides cleaved off can still form aggregates. 

Cleavage of the propeptide by vacuolar proteases to produce mApe1 is likely the cause of 

aggregate disassembly in the vacuole. Although no mApe1 is shown for comparison, 

other studies show prApe1 gets cleaved by PrtK to generate a fragment the same size as 

mApe1, and that mApe1 is much more resistant to PrtK than prApe1. B and C) 

Centrifugation separated aggregates from soluble protein. Fractions were resolved by 

SDS-PAGE and Western Blot with an antibody against Ape1.  
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The propeptide is not required for dodecamerization 

Although wild-type cells with both full length prApe1 and prApe1Δ2-45-GFP 

showed a diffuse cytosolic localization of GFP due to the defective aggregation of 

prApe1Δ2-45-GFP, there were also green punctate structures and green vacuoles, 

suggesting prApe1Δ2-45-GFP can be incorporated into prApe1 aggregates and 

transported to the vacuole (Fig. 3.5.A). This behavior contrasts with ape1∆ cells that only 

express prApe1∆2-45-GFP, which does not form aggregates and does not go to the 

vacuole (Fig. 3.3.). mApe1 is similar to prApe1∆2-45 in that it lacks the propeptide, 

because its 45 N-terminal residues are cleaved by the vacuolar protease proteinase B. 

mApe1 forms dodecamers but does not form aggregates in the vacuole, suggesting the 

propeptide is not required for dodecamerization, only for aggregation [216]. To 

investigate whether prApe1Δ2-45 forms dodecamers we used ape1Δ, wild type, atg19Δ 

and atg19Δ ape1Δ ape1Δ2-45 cell lysates and estimated the molecular weight of prApe1, 

mApe1 and prApe1Δ2-45 using a glycerol density gradient (Fig. 3.5.B). prApe1, mApe1 

and prApe1Δ2-45 were present in similar fractions as thyroglobulin, of a molecular 

weight of 670 kDa, suggesting they form a dodecamer: the molecular weight of an 

individual prApe1 is 61 kDa, while that of Ape1 and mApe1 is 56 kDa. Hence the 

propeptide is not required for dodecamerization. 

 

The propeptide is sufficient for binding to prApe1, and does not bind mApe1 

Comparison of the S. cerevisiae Ape1 dodecamer with its B. burgdorferi homologue 

suggests that the propeptide may protrude from the surface of the dodecamer, consistent 
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with its role in aggregation and the fact that it is readily cleaved by proteinase B and PrtK 

[217]. Propeptides protruding from the dodecamer surface could readily bind to other 

dodecamers to form aggregates. To investigate whether the propeptide can bind prApe1 

independently, binding of the propeptide to prApe1 and mApe1 was tested in vitro. We 

made a construct of the propeptide consisting of the 45 N-terminal amino acids of Ape1, 

with a 6xHis tag (propeptide-6xHis), and expressed it in E. coli cells. Cells were lysed 

and the propeptides bound to Ni
+
 coated agarose beads. Binding of the propeptide to 

prApe1 and mApe1 from wild type yeast lysate was then tested (Fig. 3.6.A). The 

propeptide binds prApe1 but not mApe1, suggesting that during aggregation propeptides 

from separate dodecamers interact with each other, dimerizing. Binding only occurred in 

a 0.5 M sodium chloride buffer, suggesting hydrophobicity directs propeptide binding to 

prApe1. The propeptide is hypothesized to have an N-terminal amphipathic helix, thus 

the hydrophobic region of the amphipathic helix may direct aggregation [70]. 
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Figure 3.5. The propeptide is not required for dodecamerization. A) prApe1Δ2-45-

GFP, lacking the propeptide, was incorporated into prApe1 aggregates and 

transported to the vacuole. Wild-type cells with full length prApe1, and either prApe1-

GFP or prApe1Δ2-45-GFP (without the propeptide). Both full length prApe1-GFP and 

prApe1∆2-45-GFP without the propeptide were incorporated into punctate aggregates, 

and transported to the vacuole, which appears green, suggesting that they dodecamerize, 

since prApe1∆2-45 does not aggregate. B) The propeptide is not required for 

dodecamerization. ape1Δ, Wild type, atg19Δ or atg19Δ ape1Δ2-45 cells were lysed and 

loaded onto a step glycerol gradient. Albumin, ferritin and thyroglobulin were used as 

markers. prApe1, mApe1 and prApe1Δ2-45 were all present in similar fractions as 

thyroglobulin. Fractions were analyzed by Western Blot using an antibody against Ape1. 

prApe1 dodecamers would have a 732 kDa molecular weight, while mApe1 and 

prApe1∆2-45 dodecamers would weigh 672 kDa. Since thyroglobulin has a very similar 

molecular weight of 670 kDa, their presence in exactly the same fractions indicates that 

all Ape1 constructs were forming dodecamers. prApe1 was also present in the next 

heavier fraction, fraction 10, consistent with its slightly higher molecular mass. 
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High propeptide concentrations disassemble aggregates 

To further verify that the propeptide can independently bind to prApe1, we tested 

whether binding of the propeptide to prApe1 would physically interfere with aggregation. 

atg19Δ cells were lysed in 0.25 M potassium phosphate buffer, and different 

concentrations of propeptide-6xHis were added. Differential centrifugation was used to 

differentiate aggregates from soluble protein. The greater the concentration of propeptide, 

the less prApe1 found in the pellet fraction, suggesting the propeptide binds prApe1 and 

physically interferes with aggregation (Fig. 3.6.B). The high concentration (2 mg/ml) of 

propeptide-6xHis required to disassemble aggregates suggests propeptide binding to 

prApe1 is weak. For aggregation, the local concentration of prApe1 propeptides is 

naturally higher on dodecamers compared to that in free solution. Propeptides may even 

be positioned in clusters by the way prApe1 proteins are assembled into a dodecamer, 

which would facilitate binding between propeptides from separate dodecamers, causing 

aggregation. 

 

The four N-terminal amino acids are required for propeptide binding to prApe1 

To verify that the mechanism of propeptide binding to prApe1 is similar to prApe1 

aggregation, we verified whether the same N-terminal deletions that disrupt aggregation 

also interfere with propeptide binding. atg19Δ ape1Δ cells expressing prApe1 with 

deletion of the 2
nd

 N-terminal residue, or of N-terminal residues 2-3, 2-4, 2-5 and 2-11, 

were lysed in a 0.2 M potassium phosphate buffer (Fig. 3.6.C). Lysates were mixed with 

agarose beads coated with Ni
+
 and propeptide-6xHis. Consistent with studies showing 
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that prApe1Δ2-GFP and prApe1Δ2-3-GFP formed a similar aggregate in cytosol as in 

full length prApe1-GFP, prApe1Δ2 and prApe1Δ2-3 bound propeptide-6xHis (Fig. 

3.6.C). Even more, while prApe1Δ2-4-GFP, prApe1Δ2-5-GFP and prApe1Δ2-11-GFP 

aggregate defectively or not at all, prApe1Δ2-4, prApe1Δ2-5 and prApe1Δ2-11 do not 

bind propeptide-6xHis. This suggests propeptide-6xHis binding to prApe1 uses a similar 

mechanism as prApe1 aggregation, requiring the four N-terminal amino acids. 
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Figure 3.6. The propeptide is sufficient for binding to prApe1, and does not bind 

mApe1.    A) The propeptide binds prApe1. Wild-type yeast lysate with 0 or 0.5 M 

sodium chloride, was mixed with propeptide-6xHis coated agarose beads. As a control 

Ni
+
 coated agarose beads without propeptide-6xHis bound were used. prApe1 bound 

propeptide-6xHis in the 0.5 M but not in the 0 sodium chloride buffer, mApe1 did not 

bind in either. B) High propeptide concentration disassembles aggregates. atg19Δ 

lysed in a 0.25 M potassium phosphate buffer with different concentrations of the 

propeptide-6xHis (0-5mg/mL). A high concentration of the propeptide disassembles 

prApe1 aggregates. Centrifugation separated aggregates from soluble protein. C) The 

four N-terminal amino acids of prApe1 are required for binding to the propeptide. 

Wild type, ape1Δ2, ape1Δ2-3, ape1Δ2-4, ape1Δ2-5, ape1Δ2-11 cell lysate was added to 

Ni
+
 coated agarose beads coated with propeptide-6xHis. Only prApe1, Ape1Δ2 and 

Ape1Δ2-3 bound to propeptide-6xHis. This is consistent with the formation of defective 

aggregates in vivo in cells with prApe1∆2-4-GFP. A, B and C) Fractions were analyzed 

by SDS-PAGE followed by Western blot with antibody against Ape1. 
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Putting the propeptide on prApe1 homologues is not sufficient for aggregation 

Ape1 has several homologues that similarly form dodecamers. Its cytosolic 

paralogue in S. cerevisiae, Ape4, is an aspartyl aminopeptidase that is also transported to 

the vacuole via the Cvt pathway by binding to Atg19. Ape4 has no propeptide and does 

not aggregate. Its homologue PpApe1, is from Pichia pastoris. It too is a vacuolar 

protease transported via the Cvt pathway to the vacuole. Although PpApe1 has a 

propeptide and aggregates, its propeptide is structurally different from that of S. 

cerevisiae. To investigate whether the S. cerevisiae Ape1 propeptide would be sufficient 

for Ape4 and PpApe1 to aggregate, we made constructs which fused the S. cerevisiae 

Ape1 propeptide to the N-terminus of Ape4 and PpApe1, and tagged them with GFP on 

their C-terminus to visualize their localization (pr-Ape4-GFP and pr-PpApe1-GFP) (Fig. 

3.7.A). In the case of PpApe1, its propeptide was replaced with the S. cerevisiae 

propeptide. Neither homologue construct formed aggregates; instead their localization 

was diffuse throughout cytosol. We then tested if addition of the propeptide was 

sufficient for binding to propeptide-6xHis anchored to Ni+ coated agarose beads (Fig. 

3.7.B). Samples were analyzed by SDS-PAGE and Western blot using an antibody 

against GFP. prApe1-GFP bound to the propeptide as expected, but pr-Ape4-GFP and pr-

PpApe1-GFP did not, similar to prApe1∆2-45-GFP. This suggests that the positioning of 

the propeptide is critical for aggregation and for binding to other propeptides. Also, while 

the dodecamer shape and surface polarity of prApe1 enable it to aggregate, in contrast the 

specific dodecamer structure of Ape4 interferes with its aggregation. 
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Figure 3.7. Correct dodecamer shape and propeptide positioning are critical for 

aggregation. A) N-terminal fusion of the propeptide to Ape4 or PpApe1 is not 

sufficient for aggregation. The S. cerevisiae Ape1 propeptide was placed on the N-

terminus of its dodecameric paralogue Ape4 and its homologue P. pastoris Ape1, which 

were also C-terminally tagged with GFP (pr-Ape4-GFP and pr-PpApe1-GFP). Their 

localization was visualized in atg19∆/ape1∆ cells. There were no punctate aggregates; 

instead GFP was diffuse throughout the cytosol, indicating fusion of the propeptide was 

not sufficient for aggregation. B) N-terminal fusion with the propeptide is not 

sufficient for propeptide dimerization. atg19∆/ape1∆ cells expressing prApe1-GFP, 

prApe1∆2-45-GFP, pr-Ape4-GFP or pr-PpApe1-GFP were lysed in a 0.25 M potassium 

phosphate buffer, and mixed with Ni+ coated agarose beads covered with propeptide-

6xHis. Samples were analyzed by SDS-PAGE and Western blot analysis using an 

antibody against GFP. Only prApe1-GFP bound to the propeptide, indicating fusion of 

the propeptide is not sufficient for propeptide dimerization.  
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Chapter 4 

Elucidating the mechanism of Atg19 binding to prApe1 aggregates 

 

 

 

The propeptide mediates Ape1 binding to Atg19, even during defective aggregation 

 

AIM: To better understand how Ape1 and Atg19 interact, by determining whether the 

Ape1 propeptide is sufficient for binding to Atg19. Also, to investigate whether Atg19 

binding to prApe1, and Atg19 recruitment of adaptor protein Atg11, are sufficient for 

vacuolar transport via the Cvt pathway. 

 

The Ape1 propeptide is required for Atg19 binding 

To study the role of the Ape1 propeptide in Atg19 binding, we looked at Atg19 

co-localization with full length and deletion prApe1 proteins. In ape1Δ with GFP-Atg19 

cells with N-terminal deletions in RFP-prApe1 and prApe1, RFP-prApe1Δ2-4 co-

localized with GFP-Atg19, suggesting they still bound; however, RFP-prApe1Δ2-5 does 

not effectively co-localize with GFP-Atg19, suggesting their binding was defective (Fig. 

4.1.A). 

Furthermore, a two-hybrid assay was used to verify the importance of the Ape1 

propeptide in Atg19 binding, using PJ69-4A ape1Δ atg19Δ cells transformed with fusion 

plasmids expressing AD-Atg19, and BD-prApe1 with N-terminal deletions (Fig. 4.1.B). 
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BD-prApe1Δ2 and BD-prApe1Δ2-4 bind AD-Atg19 similarly to full length BD-prApe1. 

When more than five N-terminal amino acids were deleted from prApe1, Atg19 binding 

is blocked, suggesting that the five N-terminal residues are required for Atg19 binding.  

 

Atg19 binding to aggregates is not sufficient for vacuolar transport 

Interestingly, prApe1Δ2-4-GFP was not effectively transported to the vacuole 

(Fig. 3.3), even though the two hybrid assay and GFP-Atg19 co-localization with RFP-

prApe1Δ2-5 suggest Atg19 binds prApe1Δ2-4 (Fig. 4.1). This is consistent with the lack 

of mApe1 in ape1Δ2-4 cells (to generate mApe1, prApe1 must be transported to the 

vacuole, where proteinase B cleaves the propeptide to generate mApe1) (Fig. 3.6.C). In 

contrast, wild type, ape1Δ2 and ape1Δ2-3 cells have mApe1 (Fig. 3.6.C). Since 

prApe1Δ2-4-GFP binds Atg19, perhaps the impaired vacuolar transport results from 

defective aggregation, since there were multiple punctate, irregular shaped aggregates in 

the cytosol instead of the single punctate aggregate formed by full length prApe1-GFP 

(Fig. 3.3). Therefore, aggregate shape might be important for Cvt vesicle formation, 

either for recruitment of autophagic proteins or membrane. 
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Figure 4.1. The Ape1 propeptide is required for Atg19 binding. A) RFP-prApe1Δ2-5 

does not localize with GFP-Atg19. Cells with GFP-Atg19, and prApe1-RFP with N-

terminal deletions. GFP-Atg19 co-localizes with RFP-prApe1∆2-4 defective aggregates 

at about a 50% frequency, but GFP-Atg19 does not co-localize with RFP-prApe1∆2-5 

defective aggregates, thus the five N-terminal residues are required for Atg19 binding. 

Left hand labels indicate which Ape1 N-terminal residues were deleted. B) Two-hybrid 

showing that the five N-terminal amino acids of Ape1 are required for Atg19 

binding. PJ69-4A ape1Δ atg19Δ cells where used to test the interaction of AD-Atg19, 

and BD-prApe1 with N-terminal deletions. BD-prApe12-5 does not interact with AD-

Atg19, while Atg19 full length, ∆2 and ∆2-4 do. Two-hybrid results were consistent with 

the co-localization assay in figure A. 
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Aggregation is not sufficient for Atg19 binding 

Without the propeptide, prApe1 does not aggregate. To investigate whether it is 

aggregation or the propeptide itself that is required for Atg19 binding, we tested Atg19 

binding to aggregates that have had their propeptides cleaved off by PrtK (Fig. 4.2.B). 

For this assay atg19Δ with RFP-Ape1 lysate was treated with the cross-linker dithiobis 

(succinimidyl propionate) (DSP), or with DSP plus PrtK, and then mixed with ape1Δ 

atg8Δ with GFP-Atg19 lysate in a 0.2 M potassium phosphate buffer. Lysates were cross-

linked with DSP so that aggregates do not disassemble when PrtK cleaves the propeptide 

from their surface; we are assuming that DSP cross-linked aggregates remain the same as 

those that are not cross-linked. To prevent PrtK from cleaving GFP-Atg19, PMSF to a 

final 1 mM concentration was added to inhibit PrtK activity, and aggregates were washed 

two times in a 0.2 M potassium phosphate buffer to remove PrtK. These results show that 

GFP-Atg19 bound to the surface of aggregates from untreated and DSP-treated lysate. 

However, GFP-Atg19 did not bind aggregates treated with both DSP plus PrtK, 

suggesting the propeptide is required for Atg19 binding to the aggregate surface. Also, 

while prApe1-GFP and RFP-prApe1 form homogenous red and green aggregates in vitro, 

GFP-Atg19 instead localizes only to the surface of the RFP-prApe1/prApe1 aggregate in 

vitro and in vivo (Fig 3.1.B, and 4.2.A and B). Thus the mechanism of Atg19 and prApe1 

binding is different from aggregation. 
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The propeptide is sufficient for binding Atg19 

The Ape1 propeptide is required for binding to Atg19 and may be sufficient for 

targeting GFP to the vacuole [70, 218]. This suggests the propeptide may bind Atg19 

independently. To test this we developed a two-hybrid assay, using PJ69-4A 

ape1Δ/atg19Δ cells, in which BD-propeptide bound to AD-Atg19, thus showing the 

propeptide binds to Atg19 in vivo (Fig. 4.3.A). Furthermore, we tested binding of 

propeptide-6xHis to Atg19 from ape1Δ cell lysate in vitro, using Ni
+
 and propeptide-

6xHis coated agarose beads (Fig. 4.3.B). In addition, to test whether hydrophobicity also 

directed Atg19 binding to the propeptide we used a 0 or a 0.5 M sodium chloride buffer. 

Atg19 bound propeptide-6xHis, but in contrast to prApe1, Atg19 bound in either a 0 and 

0.5 M sodium chloride buffer, suggesting that Atg19 binding does not solely rely on 

hydrophobicity, but requires electrostatic interactions. Interestingly, Atg19 bound to the 

propeptide migrates a little slower than Atg19 remaining in the supernatant, suggesting 

Atg19 may be modified covalently in some way, and that this modification may play a 

role in its binding to the propeptide of Ape1. 

 

Atg19 can recruit Atg11 to defective aggregates 

Even though Atg19 binds prApe1Δ2-4, vacuolar transport was defective, suggesting 

defective aggregation may interfere with recruitment of autophagic proteins or membrane 

during vesicle formation. Atg19 recruits the adaptor Atg11, which has a key role in 

recruiting the autophagic machinery. To test whether Atg11 could still bind to defective 

aggregates, its localization was verified in wild-type cells expressing GFP N-terminally 
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tagged Atg11Δ2-950; and also prApe1 and RFP-prApe1, both with N-terminal deletions: 

Δ2, Δ2-3, Δ2-4 and Δ2-9 (Fig. 4.4). Atg11Δ2-950 was used instead of full length Atg11 

because, when fused with GFP, it shows better localization than the full length, perhaps 

because the size of GFP interferes with protein-protein interactions [62]. GFP-Atg11Δ2-

950 bound aggregates even when they were defective when using prApe1Δ2-4. This 

suggests that while proper aggregation is critical for vesicle completion, it is not required 

for the receptor Atg19 to recruit Atg11. 
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Figure 4.2. Aggregation is not sufficient for Atg19 binding, the propeptide is 

required. A) Atg19 binds to the aggregate surface. In atg11Δ cells with GFP-Atg19 

and RFP-Ape1, RFP-prApe1 formed a single aggregate and GFP-Atg19 localized to the 

surface, forming red aggregate spheres of about a 0.2 µm diameter with a green ring 

around. prApe1 was overexpressed to obtain larger aggregates that are more easily 

visualized. B) The propeptide is required for Atg19 binding to the aggregate surface. 

atg19Δ with RFP-Ape1 cell lysate was treated with DSP, or DSP and PrtK, then mixed 

with ape1Δ atg8Δ with GFP-Atg19 lysate. DSP cross-links aggregates, PrtK cleaves 

propeptides. After PrtK-treatment, PrtK activity was inhibited by adding PMSF to a final 

concentration of 1mM, then RFP-prApe1 aggregates were washed twice to remove PrtK 

and ensure it did not cleave GFP-Atg19. GFP-Atg19 bound to the surface of aggregates 

from untreated and DSP treated lysate, but not to those that lacked surface propeptides 

after treatment with both DSP and PrtK. Thus the propeptide is required for Atg19 

binding, while formation of aggregates is not sufficient for Atg19 binding. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



69 

 

 

 

Figure 4.3. The propeptide is sufficient for Atg19 binding. A) The propeptide binds 

Atg19 in vivo. Two-hybrid assay with PJ69-4A ape1Δ atg19Δ cells. AD-Atg19 interacts 

with BD-propeptide similarly to BD-prApe1, but not with BD-Ape1Δ2-45. Thus the 

propeptide is sufficient for an interaction with Atg19. B) The propeptide binds Atg19 in 

vitro.  ape1Δ ams1Δ yeast lysate with 0 or 0.5 M sodium chloride, was mixed with 

propeptide-6xHis coated agarose beads (+prop). ams1Δ was used in case Ams1 binding 

to Atg19 interferes with prApe1 binding, since both are cargo of the Cvt pathway that 

bind Atg19. As a control Ni
+
 coated agarose beads without propeptide-6xHis bound were 

used (-prop). Atg19 bound to propeptide-6xHis both in 0 and 0.5 M sodium chloride 

buffer. Unlike prApe1 binding to propeptide, which requires a high concentration of salts 

that potentiate hydrophobicity, Atg19 bound in the absence of sodium chloride, 

suggesting electrostatic interactions are involved while hydrophobicity plays a lesser role. 
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Figure 4.4. Atg19 recruits Atg11 to defective aggregates. Wild-type cells expressing 

RFP-prApe1 and prApe1, both with N-terminal deletions, and GFP-Atg11Δ2-950. GFP-

Atg11Δ2-950 co-localizes with RFP-prApe1Δ2-4 aggregates, even though aggregation 

was defective. This is consistent with Atg19 binding defective aggregates, also 

constituted by RFP-prApe1∆2-4. Atg11 is an adaptor protein that helps recruit the 

autophagic machinery for vesicle formation. Despite Atg19 and Atg11 binding, there was 

no transport of prApe1 to the vacuole during defective aggregation, suggesting the 

aggregate shape may play a role in vesicle formation, possibly by helping bend 

membrane around the complex. GFP-Atg11Δ2-950 and RFP-prApe1Δ2-4 co-localization 

frequency is of about 50%. 
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The coiled-coil of Atg19 binds the propeptide of Ape1 

 

AIM: To investigate whether the Ape1 propeptide, a helix-turn-helix, and the Atg19 

coiled-coil interact directly with each other, causing protein binding. 

 

To investigate what domains of Atg19 may be involved in regulating its binding 

to Ape1, we used a two-hybrid assay, with AD N-terminally fused to Atg19 constructs 

(AD-Atg19) and BD N-terminally fused to full length prApe1 (BD-prApe1) or to just its 

propeptide, the 45 N-terminal amino acids of prApe1 (BD-propeptide) (Fig. 4.5). We 

focused our attention on the putative coiled-coil region of Atg19 (amino acid residues 

157-180), since coiled-coils are often involved in protein interactions, while a previous 

study suggests that the coiled-coil is required for Atg19 binding [219]. 

The coiled-coil domain and a small region flanking it are both sufficient and 

necessary for binding to prApe1. However, while cells with full length AD-Atg19 and 

BD-prApe1 grew on adenine selection, cells with AD-Atg19∆2-138/212-415 only grew 

on histidine selection, suggesting the interaction is weaker when only the coiled-coil is 

present. Furthermore, results were similar between cells with full length prApe1, as those 

with just its propeptide, suggesting the Atg19 coiled-coil interacts directly with the 

propeptide. Interestingly, in cells with AD-Atg19∆2-155 there was a weak interaction 

with the propeptide (cell growth on histidine selection), but no interaction with prApe1; 

meanwhile with AD-Atg19∆2-138 there was a strong interaction with both the prApe1 

and the propeptide, similar to that seen with full length Atg19. Since the only difference 
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between these constructs are amino acids 138-155, these may interact with full length 

prApe1 at a region distinct from the propeptide, and this may contribute to a stronger 

interaction. 

To verify binding we looked at co-localization by tagging the Atg19 constructs 

with GFP on their N- or C-terminus, while using RFP-prApe1 (Fig. 4.6). We verified that 

the internal, coiled-coil domain of Atg19 is sufficient for binding to prApe1 aggregates, 

since the construct consisting of little more than the internal Atg19 coiled-coil (GFP-

Atg19∆2-138/212-415) co-localized with RFP-prApe1, consistent with the two-hybrid 

assay, as well as with previous studies that show that the coiled-coil is required for Atg19 

binding to prApe1 [219, 220]. Also, all constructs with N- or C-terminal deletions that 

showed an interaction with full length prApe1 in the two-hybrid assay co-localized with 

aggregates. Meanwhile, GFP-Atg19∆2-155 did not co-localize with RFP-prApe1 

aggregates and was diffuse throughout cytosol,  consistent with the results in the two-

hybrid assay, in which Atg19∆2-155 only had a weak interaction with the propeptide, 

while not binding to full length prApe1. 
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Figure 4.5. The coiled-coil interacts directly with the propeptide of Ape1. Two-

hybrid assay testing Atg19 binding with full length prApe1 or with its 45 amino acid N-

terminal propeptide. Proteins were fused to the AD or BD domain at their N-terminus: 

Atg19 with AD, prApe1 and its propeptide with BD (AD-Atg19, BD-prApe1 and BD-

propeptide). PJ69-4A cells were grown on adenine or histidine selection. Cells growing 

in adenine selection suggest a strong interaction is taking place, cells only growing in 

histidine selection suggest the interaction is weak. The coiled-coil is necessary for 

binding to prApe1: AD-Atg19∆2-138/212-415 interacted with BD-prApe1 and BD-

propeptide, while partial removal of the coiled-coil in AD-Atg19∆2-138 and AD-

Atg19∆168-415 blocked binding to both BD-prApe1 and BD-propeptide. While AD-

Atg19∆2-138 interacted strongly with both BD-prApe1 and BD-propeptide, AD-

Atg19∆2-155 only interacted with BD-propeptide, suggesting the Atg19 amino acid 

region 138-155 is necessary for a strong interaction with full length prApe1 at a region 

outside the propeptide.  
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Figure 4.6. The coiled-coil of Atg19 is necessary for binding to prApe1 aggregates. 
Atg19 constructs with N- and C-terminal deletions were tagged with GFP at their N- or 

C- terminus, in atg19∆ cells expressing RFP-prApe1. GFP-Atg19∆2-138/212-415, 

consisting of little more than the coiled-coil of Atg19, co-localized with RFP-prApe1 

aggregates. Consistent with the two-hybrid study, where AD-Atg19∆2-155 interacted 

only with the propeptide, and not with full length prApe1, GFP-Atg19∆2-155 did not 

localize with aggregates. 
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Atg19 localizes to the surface of prApe1 aggregates 

 

AIM: To investigate how Atg19 localizes only to the surface of aggregates, instead of 

inside them, by determining whether this is caused by Atg19 binding to the autophagic 

proteins Atg8 and Atg11, or by its binding to additional cargo Ams1 and Ape4. 

Alternatively, Atg19 may intrinsically localize to the aggregate surface. 

 

C- and N-terminal Atg19 deletions enable it to localize throughout Ape1 aggregates 

Normally, Atg19 only binds to the surface of prApe1 aggregates; hence Atg8 and Atg11, 

and most likely also the remaining autophagic machinery, localize only to the prApe1 

aggregate surface (Fig. 4.8) [55, 59]. Consistent with this, Atg19-GFP, Atg19∆395-415-

GFP and Atg19∆300-415-GFP localized to the surface of aggregates in vitro, when wild-

type cells expressing RFP-prApe1 and overexpressing prApe1 (for larger aggregates to 

better visualize Atg19 localization) were lysed in a 50 mM potassium phosphate buffer 

(Fig. 4.7.A). Because prApe1 was overexpressed, its concentration is much higher than in 

cells with only endogenous expression of prApe1 (such as those used in Fig. 3.2), which 

facilitates aggregation and so this salt concentration is enough for formation of 

aggregates in vitro. However, when large portions of the Atg19 N- or C-terminus were 

removed, Atg19 localized inside aggregates. Deletion of the 138 N-terminal amino acids 

enabled Atg19 to localize inside aggregates, although GFP-Atg19∆2-138 was only faintly 

seen inside aggregates. When the C-terminal amino acids 212-415 were removed, Atg19 
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can also localize inside aggregates: GFP-Atg19∆212-415, GFP-Atg19∆180-415 and 

Atg19∆180-415-GFP are inside aggregates. Furthermore, consistent with the in vivo 

studies, the coiled-coil is sufficient for binding in vitro: GFP-Atg19∆2-138/190-415 was 

faintly seen inside aggregates. Alternatively, the diminished localization of Atg19 in 

some constructs could be due to a decrease in its levels rather than due to weaker binding 

with prApe1. 

 

Atg19 inside aggregates is less accessible to PrtK 

Atg19 localizes to the surface of aggregates, where it is easily accessible to 

cytosolic proteins. To investigate whether Atg19 inside aggregates may interfere with its 

interactions with cargo and Atg proteins, we tested whether it was degraded by PrtK in 

vitro (Fig. 4.7.B). Wild-type cells with RFP-prApe1, and either Atg19-GFP or 

Atg19∆180-415-GFP, and overexpressing prApe1 (for larger aggregates), were lysed in a 

50 mM potassium phosphate buffer, pH 7 (due to the higher concentration of prApe1, this 

salt concentration is sufficient for aggregation in vitro). PrtK was added to a final 

concentration of 50 µg/ml, and lysate was incubated in ice for 30 minutes. The reaction 

was stopped by adding PMSF to a final concentration of 1 mM. While full length Atg19-

GFP, which localizes only to the surface of aggregates, was readily cut by PrtK in vitro, 

in contrast Atg19∆180-415-GFP was not, and was visible inside RFP-prApe1 aggregates. 

An alternative explanation is that PrtK only cleaved the GFP tag of full length Atg19 due 

to the presence of a PrtK sensitive site that is missing from the deletion construct. 
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Untagged Atg19 localizes to the surface of aggregates 

To verify that Atg19 localization to the surface of aggregates was not an artifact 

caused by the GFP tags, which could cause conformational changes or physically 

interfere with Atg19 entry into the aggregate, we checked at what rate untagged Atg19 

was lysed by PrtK when aggregates were present or absent (Fig. 4.7.C). For formation of 

large aggregates that would by degraded gradually by PrtK, prApe1 was overexpressed. 

Untagged Atg19 inside aggregates would be physically inaccessible to PrtK, and hence 

would be degraded gradually. Similarly, when prApe1 was soluble and not aggregating 

(low salt buffer, 2 mM potassium phosphate), instead of in aggregate form (high salt 

buffer, 50 mM potassium phosphate), PrtK readily cleaved it in vitro. However, when 

prApe1 aggregated, it was cut gradually, since only prApe1 on the surface of aggregates 

was exposed to PrtK. We are assuming that, since PrtK has high enzymatic activity in a 

wide range of salts (according to its manufacturer), that its activity is similar in the 2 mM 

and 50 mM potassium phosphate buffer. Untagged, full length Atg19 was readily cut by 

PrtK in vitro, in the presence or absence of aggregates, in atg11∆ or ape1∆ cell lysates, 

respectively, when using a 50 mM potassium phosphate buffer. atg11∆ cell lysates were 

used to block prApe1 and Atg19 transport to the vacuole, since without the adaptor 

protein Atg11 the Cvt pathway is effectively blocked. The similar rate of cleavage of 

Atg19 by PrtK independently of whether there were aggregates present or not, suggests 

that Atg19 localized on the surface of aggregates instead of inside. 



78 

 

 

 

 

 

 

 



79 

 

 

Figure 4.7 The Atg19 N- and C-terminus are required for localization on the 

aggregate surface, instead of inside it. A) Atg19 with N- or C-terminal regions 

deleted can bind inside prApe1 aggregates in vitro. Lysate from wild-type cells with 

RFP-prApe1, and Atg19 C- or N-terminally tagged with GFP and with N- or/and C-

terminal deletions. It is possible to differentiate between localization of Atg19 on the 

surface versus inside prApe1 aggregates. While using the microscope, the stage can be 

moved up and down to see different prApe1 aggregate cross-sections. If Atg19 is inside 

aggregates, aggregates will appear completely green throughout the different cross-

sections. If Atg19 is on the surface, rings are visible when looking at the cross-section in 

the mid-section of the aggregate. Furthermore, when spherical aggregates role along the 

glass slide, Atg19 puncta on the surface move accordingly. Full length Atg19-GFP 

localized to the surface of aggregates. For binding to prApe1 the coiled-coil is required 

since GFP-Atg19∆168-415 missing part of the coiled-coil does not localize to aggregates. 

Meanwhile, GFP-Atg19∆2-138/190-415, consisting of little more besides the coiled-coil, 

localizes to aggregates, although the GFP signal was faint, suggesting a lower affinity for 

prApe1. Atg19 with amino acids 2-138 or 212-415 deleted can localize inside aggregates. 

Within a cell lysate, over 90% of Cvt complexes looked similar to those shown in this 

figure B) Atg19∆180-415-GFP inside aggregates is protected from degradation by 

PrtK. Lysates from wild-type cells with RFP-prApe1 and either Atg19-GFP or 

Atg19∆180-415-GFP were treated with PrtK and incubated for 30 minutes in ice. Atg19-

GFP on the surface of aggregates was readily degraded by PrtK and hence was much less 

visible. In contrast, RFP-prApe1 and Atg19∆180-415-GFP were still visible after PrtK 

treatment; perhaps they were degraded gradually because they were protected inside 

aggregates. C) Untagged Atg19 is readily lysed by PrtK, suggesting it only localizes 

to the surface of aggregates, not inside. prApe1 aggregates from atg11∆ cells were 

gradually lysed by PrtK (50 mM potassium phosphate buffer), while soluble prApe1 was 

readily lysed (2 mM of potassium phosphate buffer). Similarly, Atg19 was readily lysed 

by PrtK, both in the presence and absence of prApe1 aggregates, in lysate from atg11∆ 

and ape1∆ cells. The reaction was stopped by addition of protein sample buffer and 

incubating at 100°C for 2 minutes. A, B and C) Cells were mechanically lysed using 

glass beads in a 50mM potassium phosphate buffer, pH 7, unless a 2mM potassium 

phosphate is stated. B and C) After cell lysis, PrtK was added to a final 5µg/ml 

concentration, and incubated in ice.  
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Ams1, Atg11 and Atg8 also localize to the surface of prApe1 aggregates 

Ams1 is another cargo protein for Atg19, while Atg8 and Atg11 bind Atg19 for 

recruitment of the autophagic machinery for Cvt vesicle formation [53, 55, 59]. To verify 

whether all these proteins localize solely to the surface of aggregates, similarly to Atg19, 

they were tagged with fluorescent proteins and their localization was verified in vivo (Fig. 

4.8.B). During Atg8 processing, the C-terminal arginine is cleaved by Atg4. Hence, to 

ensure proper processing of Atg8 when different autophagic deficient strains were 

screened, Atg8ΔR was used. Atg11Δ2-950 was used instead of full length Atg11 because 

when fused with GFP, it shows better binding than the full length, perhaps because the 

large size of GFP interferes with protein-protein interactions [62]. prApe1 was over-

expressed to make larger aggregates to better observe the Cvt complex. Atg19-CFP co-

localized with Ams1-YFP on the surface of aggregates, and both appear as ring-like 

structures. Similarly, GFP-Atg11∆N and GFP-Atg8∆R localized to the surface of RFP-

prApe1 aggregates, also forming ring-like structures (Fig. 4.8.B).  

 

Atg19 surface localization is not due to binding to Atg8, Atg11 or Ams1 

Atg19 without its C-terminus, Atg19Δ180-415, localizes inside aggregates (Fig. 

4.7). Since the C-terminus of Atg19 has the binding domains for Atg8, Atg11 and Ams1, 

we investigated whether their binding was responsible for Atg19 localizing solely on the 

surface of aggregates (Fig. 4.8.C) [53, 55, 59]. Atg19 localized to the surface of 

aggregates in ams1∆/atg8∆/atg11∆ cell lysate. This suggests that Atg19 localization on 

the surface rather than inside of aggregates is independent of its interactions with Ams1, 
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Atg8 or Atg11, and that its C-terminus has a direct role in its correct surface localization, 

perhaps by physically interfering with its binding inside aggregates due to its shape or 

size. Surface localization would ensure that autophagic proteins and membrane surround 

aggregates, using them as a scaffold for bending membranes to form spherical Cvt 

vesicles. Alternatively, recently it was found that the C-terminus also binds Ape4, so we 

cannot discard the possibility that Ape4 binding to Atg19 causes it to localize to the 

aggregate surface. This is less likely since two-hybrid studies suggest that the Ape4 

interaction with Atg19 is very weak [56]. 
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Figure 4.8. While Ams1, Atg11 and Atg8 also localize to the surface of aggregates, 

their binding is not responsible for Atg19 surface localization. A) Atg19 and Ams1 

co-localize on the aggregate surface, while Atg8 and Atg11 also localize on the 

aggregate surface. For better visualization, prApe1 was over-expressed using a high- 

copy vector, to generate larger aggregates. atg18∆ cells expressing Atg19-CFP and 

Ams1-YFP, which co-localize on the surface of aggregates. atg11∆ cells expressing 

GFP-Atg11∆2-950 and RFP-prApe1, and atg1∆ cells expressing GFP-Atg8∆R and RFP-

prApe1. GFP-Atg11∆2-950 and GFP-Atg8∆R localize on the surface of RFP-prApe1 

aggregates.  B) Atg19 localizes to the surface of aggregates independently of Ams1, 

Atg11 and Atg8. ams1∆ atg8∆ atg11∆ cell lysate, with Atg19-GFP and RFP-prApe1. 

Atg19-GFP localizes to the surface of aggregates in vitro. 
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Chapter 5 

The Atg1-Atg13 Complex Regulates Atg19 Localization to prApe1 Aggregates 

 

 

 

AIM: To investigate whether Atg19 localization to Ape1 aggregates changes between 

nutrient-rich and starvation conditions, and to identify autophagic proteins that regulate 

Atg19 localization to aggregates. 

 

Starvation blocks Atg19 localization to aggregates in vitro 

For transport of prApe1 to the vacuole via the Cvt pathway, receptor Atg19 binds 

and recruits the autophagic proteins Atg11 and Atg8, to initiate vesicle formation [55, 

59]. Atg11 functions as an adaptor protein, while Atg8 helps in membrane tethering and 

fusion during vesicle expansion and completion. To see whether Atg19 localization was 

affected by Atg8 or Atg11, we looked at its localization in vitro. prApe1 was tagged at its 

N-terminus with RFP, while Atg19 was tagged at its C-terminus with GFP (RFP-prApe1 

and Atg19-GFP, respectively). Untagged prApe1 was overexpressed using a high copy 

vector, in order to get larger aggregates and more readily see whether Atg19 localizes to 

their surface. Under nutrient-rich conditions, Atg19-GFP localized to the surface of RFP-

prApe1 aggregates in vitro. However, after starvation, in lysates from the isogenic strains 

wild-type (BY4742), atg8∆, atg11∆ or atg8∆ atg11∆, Atg19 co-localized poorly with 

prApe1 in vitro after starvation (Fig. 5.1.A).  
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To investigate whether this was simply due to a decrease in the quantity of Atg19 

after the induction of autophagy by starvation, we checked the amount of Atg19 before 

and after starvation, using SDS-PAGE and Western blot with an antibody against Atg19 

(Fig. 5.1.B).  To ensure that an equal amount of cells was used when preparing protein 

samples for Western blot analysis, a spectrophotometer was used to take optical density 

measurements of cell cultures. Although protein content was not measured, for the 

purpose of detecting significant changes in the amount of Atg19 before and after 

starvation, the optical density measurement should provide sufficient accuracy. The 

amounts of Atg19 before and after starvation remained similar in atg8∆, atg11∆ and 

atg8∆ atg11∆ cells. Although there was a decrease in the amount of Atg19 in wild-type 

cells after starvation, perhaps due to its rapid transport to the vacuole by autophagy, this 

would only explain the lack of in vitro co-localization in wild-type cells. Interestingly, 

Atg19 migrates a little more slowly after starvation, suggesting it may have been 

covalently modified in some way. Furthermore, to determine whether the poor co-

localization of Atg19 with aggregates in vitro was due to a complete block in its 

interaction with prApe1, or if instead it represents a lower affinity for prApe1, we tested 

co-localization in vivo (Fig. 5.1.C). Atg19 continues co-localizing with aggregates in vivo 

after starvation, suggesting the diminished co-localization in vitro may represent a 

weaker interaction between Atg19 and prApe1, rather than a complete loss of binding. 
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The Atg1-Atg13 Complex Regulates Atg19 co-localization to prApe1 aggregates 

After starvation, Atg19 co-localization in vitro was diminished in the absence of 

Atg11 and Atg8, which are the only autophagic proteins known to bind to it. To try to 

determine what is changing Atg19 localization after starvation, we tested in vitro 

localization in cell extracts lacking proteins that are important for the induction of 

autophagy and/or the Cvt pathway. We tested Atg1, a key regulator that is critical for 

both autophagy and the Cvt pathway, and also tested Atg13, which modulates Atg1 

activity and forms a complex with it [85, 105]. While Atg13 is critical for autophagy, the 

low levels of mApe1 in atg13∆ cells suggest that Atg13 greatly enhances Atg1 function 

during nutrient-rich conditions, but in its absence, Atg1 can still present some level of 

activity. We tested other proteins that interact with Atg1-Atg13, including Atg17, Atg29 

and Atg31, which form a complex that is important for assembly of the PAS for 

autophagy; and Atg20 and Atg24, which form a complex that is critical for Cvt vesicle 

formation and that also includes Atg11 (Fig. 5.2.A). We also tested co-localization in 

atg18∆ cells, because Atg18 is a potential substrate of Atg1 kinase activity, according to 

a large-screen for phosphorylation substrates in yeast; and it is essential for both 

autophagy and the Cvt pathway, by playing a role in retrieval of Atg9 from 

autophagosomes and Cvt vesicles before their completion [221]. Furthermore, we 

determined the quantity of Atg19 in these cells using SDS-PAGE and Western blot 

analysis, with an antibody against Atg19 (Fig. 5.2.B). In all cells Atg19-GFP effectively 

co-localizes with RFP-prApe1 aggregates in vitro when cells were grown in nutrient-rich 

conditions (data not shown). In stark contrast, only in atg1Δ and atg13∆ cells did Atg19 
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continue co-localizing in vitro after starvation, suggesting the localization change is 

dependent on the Atg1-Atg13 complex, but not on the downstream complexes associated 

with it. However, it must be noted that in atg29∆ and atg31∆ cells the quantity of Atg19 

after starvation was low, as was shown by SDS-PAGE and Western blot analysis, so in 

these cells we cannot rule out that rare co-localization simply represents low levels of 

Atg19. Nevertheless, the quantity of Atg19 remained stable in atg17∆, atg18∆, atg20∆ 

and atg24∆ cells, in which case lack of Atg19 binding in vitro cannot be simply 

explained by degradation. 
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Figure 5.1. Starvation blocks Atg19 localization to aggregates in vitro. A) Atg19 co-

localized with prApe1 aggregates in vitro when cells were grown in nutrient-rich 

conditions, but not after cells were starved. Lysates from cells with Atg19 binding 

partners Atg8 and/or Atg11 knocked out, and with RFP-prApe1 and Atg19-GFP. Cells 

were either grown in nutrient-rich conditions or starved for 4 hours. Hundreds of Ape1 

aggregates were examined under the microscope. Aggregate size varies from about 0.5-4 

µm. While Atg19-GFP frequently localizes to aggregates in vitro before starvation (about 

75% of aggregates had green rings around them, similar to those shown in the figure on 

the left hand panels), after starvation localization was diminished (about 60% of 

aggregates had almost no Atg19-GFP visible on their surface and are similar to those 

shown in the figure on the right hand panel, about 20% had a little more Atg19-GFP 

localizing, although generally not as much as before starvation, and about 20% showing 

no Atg19-GFP localizing). Cells were mechanically lysed using glass beads, in a 50mM 

potassium phosphate buffer, pH 7. B) The quantity of Atg19 remains similar before 

and after starvation, except in wild-type cells, where there is less Atg19 after 

starvation. Equal amounts of cells were used for preparing protein samples, for accurate 

measurement of Atg19 cellular levels. Cell quantity was estimated by measuring 

absorbance using a spectrophotometer. Protein samples were analyzed through SDS-

PAGE and Western blot using an antibody against Atg19. C) Atg19 binds prApe1 

aggregates in vivo, even after starvation. Starved cells with RFP-prApe1 and Atg19-

GFP, and overexpressing prApe1 using a high copy vector for larger, more visible 

aggregates. Atg19-GFP continues to co-localize with aggregates in vivo after starvation, 

suggesting the diminished co-localization in vitro in figure A represents a change in the 

mechanism rather than a complete block in Atg19 binding. 
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Atg1 kinase activity blocks Atg19 co-localization with aggregates in vitro 

To determine whether Atg1 kinase activity or/and its protein-protein interactions 

determined the mechanism of Atg19 localization we examined Atg19 co-localization in 

vitro when Atg1 lacked its 20 C-terminal amino acids, Atg1∆20C, and using a kinase 

deficient mutant protein, Atg1∆K54A M102A, which can still bind to its known 

interaction partners [85].  atg1∆20C cells display defects in PAS assembly, in recruitment 

of autophagic proteins, and diminished (albeit not abolished) binding to Atg13 [85]. 

atg1∆K54A M102A cells show higher levels of autophagic proteins at the PAS, 

suggesting they have defective PAS disassembly [85]. Atg19 from atg1∆20C cells 

localizes poorly to prApe1 aggregates after starvation, indicating Atg1 diminished 

binding to Atg13 and loss of binding to the Atg17-Atg29-Atg31 complex, which is 

required for autophagy, was not sufficient to allow Atg19 localization (Fig. 5.2.C). 

However, Atg19 from atg1∆K54A M102A cells co-localizes in vitro after starvation, 

suggesting Atg1 kinase activity is required to regulate the localization mechanism of 

Atg19. 
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Figure 5.2. Atg1-Atg13 kinase activity blocks Atg19 localization to prApe1 

aggregates in vitro after starvation, independently of Atg binding partners. A) Atg1 

and Atg13 help block Atg19 localization to prApe1 aggregates in vitro after 

starvation. Lysates from isogenic cells with different autophagy genes knocked out, 

including the key regulator Atg1 and its modulator Atg13, as well as other autophagic 

proteins that interact with the Atg1-Atg13 complex for recruitment of autophagic 

machinery during autophagosome and/or Cvt vesicle formation. Cells also have RFP-

prApe1 and Atg19-GFP, and were starved for 4 hours. Hundreds of Ape1 aggregates 

were examined. Aggregate size varies from about 0.5-4 µm. Only in atg1∆ and atg13∆ 

cells did Atg19 continue to frequently localize to Ape1 aggregates in vitro after starvation 

(about 75% of aggregates had green rings around them, similar to the aggregates shown 

in the figure from atg1∆ and atg13∆ lysates), suggesting the Atg1-Atg13 complex blocks 

Atg19 in vitro localization to aggregates after starvation. In other strains Atg19-GFP 

localization was diminished after starvation (about 60% of aggregates had almost no 

Atg19-GFP visible on their surface and are similar to aggregates from atg17∆ and atg18∆ 

cells). B) The quantity of Atg19 remains similar before and after starvation, except 

in atg29∆ where there is less Atg19 after starvation, while the overall level of Atg19 

in atg31∆ is low. Equal amounts of cells were used for preparing protein samples, to 

measure the levels of Atg19. Cell quantity was estimated by measuring absorbance using 

a spectrophotometer. Protein samples were analyzed through SDS-PAGE and Western 

blot using an antibody against Atg19. C) Atg1 kinase activity is required for 

regulation of Atg19 localization to prApe1 aggregates, but its C-terminus is not. 
After starvation, Atg19 continued to localize to aggregates in vitro when Atg1 lacked 

kinase activity (Atg1∆K54A M102A) but failed to localize when Atg1 was missing 20 C-

terminal amino acids (Atg1∆C20). The 20 C-terminal amino acids of Atg1 may play a 

structural role in PAS assembly. Their deletion somewhat disrupts, but not abolishes, the 

Atg1 interaction with Atg13, and disrupts recruitment of the Atg17-Atg29-Atg31 

complex. A and C). For lysis, cells were broken mechanically using glass beads in a 

50mM potassium phosphate buffer, pH 7. 
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Atg19 amino acids 300-395 are required for regulating its localization to aggregates 

We proceeded to explore which domains of Atg19 determined regulation of 

localization after starvation (Fig. 5.3.A). Like full-length Atg19-GFP, Atg19∆395-415-

GFP localized poorly to aggregates in vitro when cells were starved. However, 

Atg19∆300-415-GFP co-localized with aggregates in vitro after starvation. This suggests 

the C-terminus of Atg19, specifically amino acids 300-395, help regulate its localization 

during starvation. 

 

Wild-type lysate does not disrupt Atg19 or Atg8 localization to aggregates 

Atg19 binds Atg11 and Atg8 to prApe1 aggregates for formation of the Cvt 

vesicle and transport to the vacuole [55, 59]. After starvation, Atg8 only localized 

effectively to prApe1 aggregates in atg1Δ cells, similarly to Atg19 localization (Fig. 

5.3.B). This suggests that Atg19 binding to Atg11, and its subsequent recruitment of 

Atg8, is not affected after starvation in atg1Δ cells. This also suggests that Atg19 is 

functional in vitro, still able to recruit Atg8 for tethering membrane to the Cvt complex. 

Addition of lysate from wild-type cells failed to disrupt Atg19 binding to aggregates in 

vitro, when the prApe1-Atg19 aggregates came from atg1∆ cells (Fig. 5.3.B). Therefore, 

the mechanism that regulates Atg19 binding during starvation is not functional in our 

present in vitro assay, additional cellular components, like ATP, may be required. 
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Figure 5.3. The C-terminus of Atg19 is required for blocking Atg19 localization to 

prApe1 aggregates in vitro, and addition of wild-type lysate does not cause Atg19 or 

Atg8 dissociation. A) The Atg19 internal region 180-395 regulates Atg19 binding in 

vitro. Starved wild-type cells with RFP-prApe1 and Atg19-GFP with C-terminal 

deletions. Atg19∆300-415-GFP and Atg∆180-415-GFP continued to co-localize with 

aggregates in vitro even after cells were starved, while Atg19∆395-415-GFP co-

localization in vitro was blocked. B) Addition of lysate from wild-type cells grown 

under starvation does not block in vitro co-localization by Atg19 or Atg8 from atg1∆ 

starved cells. Lysates from starved atg1∆ cells with RFP-prApe1 and either Atg19-GFP 

or GFP-Atg8 were mixed with lysates from starved wild-type cells. Both Atg19-GFP and 

GFP-Atg8 continued to localize to aggregates after wild-type lysate was added.  This 

suggests the mechanism that blocks Atg19 in vitro co-localization with aggregates after 

starvation was inactive after cells were broken apart. A and B) Cells were mechanically 

lysed using glass beads in a 50mM potassium phosphate buffer, pH 7.  
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Chapter 6 

Discussion 

 

 

 

The Mechanism of prApe1 Aggregation 

 

Dodecamerization 

Ape1 dodecamers are very stable structures that require high proton 

concentrations for disassembly, suggesting strong protein interactions must be involved. 

Ape1Δ2-45 dodecamerization would explain how Ape1Δ2-45-GFP can be incorporated 

into prApe1 aggregates in wild-type cells, hence suggesting that the propeptide is not 

required for dodecamerization (Fig. 3.5.A). This was confirmed using a glycerol gradient 

in which prApe1, mApe1 and Ape1Δ2-45 were present in the same fraction as 670 kDa 

thyroglobulin: prApe1 has a 61 kDa molecular weight, so the dodecamer weighs 732 

kDa; meanwhile mApe1 and Ape1Δ2-45 weigh 56 kDa, hence the dodecamer weighs 672 

kDa  (Fig. 3.5.B). 

 

prApe1 aggregates in cytosol, while mApe1 aggregates disassemble in the vacuole 

The propeptide is required for aggregation, both in vivo and in vitro. Ape1Δ2-45-

GFP in ape1Δ cells shows no aggregation, with a diffuse GFP cytosolic signal, and 

Ape1Δ2-45-GFP does not bind RFP-prApe1/prApe1 aggregates in vitro (Fig. 3.3 and 
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3.4.A). Also, after differential centrifugation, prApe1Δ2-45 and mApe1 were present in 

the supernatant fraction constituted of soluble protein, while prApe1 was in the pellet 

fraction constituted of aggregates (Fig. 3.4.B). In agreement with the previous study, 

aggregates disassemble after propeptide cleavage by PrtK, suggesting aggregates 

disassemble in the vacuole due to cleavage of the propeptide by proteinase B, and that 

propeptides are accessible for protein interactions and so are localized on the surface of 

dodecamers (Fig. 3.4.C). The prompt disassembly of aggregates after propeptide cleavage 

suggests binding between dodecamers is fairly weak and requires a high prApe1 

concentration for the aggregation threshold to be reached. A low binding affinity of 

dodecamers would facilitate aggregate disassembly once in the vacuole which would then 

permit rapid accessibility to substrate. 

 

Propeptide Dimerization causes Aggregation 

The propeptide can independently bind to prApe1 but not to mApe1, since 

propeptide-6xHis-coated agarose beads bound prApe1 and not mApe1, suggesting 

propeptides from separate dodecamers interact directly, forming dimers/trimers during 

aggregation (Fig. 3.6.A). However, prApe1 or propeptide-6xHis coated agarose beads did 

not bind a construct of the propeptide tagged with HA, while preliminary studies using 

Nuclear Magnetic Resonance (NMR) suggest that the propeptide aggregates at high 

concentrations (data not shown). Furthermore, a very high concentration of the 

propeptide, 2 mg/ml, was required to disassemble aggregates in vitro (Fig. 3.6.B). This 

suggests that the interaction between single propeptides is weak. However, several 



96 

 

 

propeptides clustering closely together, as would occur on the surface of agarose beads 

coated with propetide-6xHis, may form a more stable structure. Dodecamerization 

clusters propeptides together, forming propeptide dimers/trimers on dodecamer surfaces, 

which may in turn bind with higher affinity to propeptides on separate dodecamers. 

The structure of S. cerevisiae prApe1 dodecamers, based on the structure of its 

homologue in B. burgdorferi, predicts that in a dodecamer, the way prApe1 proteins are 

arranged forms clusters of three propeptides on each of the four faces of the tetrameric 

dodecamer, thus forming propeptide trimers (Fig. 6.1). Consequently, during aggregation 

the propeptide trimer on one side of the dodecamer could bind to a propeptide trimer of 

another dodecamer. Hence, aggregation would be caused by two propeptide trimers 

coming together to form propeptide hexamers. However, aggregates constituted by a mix 

of prApe1 and Ape1Δ2-45 can form, suggesting not all twelve propeptides of a 

dodecamer are required for aggregation (Fig. 8A). Binding between some sides of each 

dodecamer may be sufficient to form stable aggregates. After all, once prApe1 begins to 

aggregate, dodecamers in the interior of the spherical aggregate would be completely 

surrounded and bound to other dodecamers, making the aggregate very stable even if the 

dodecamer-dodecamer interaction is weak. This model of aggregation would explain the 

presence of a single aggregate per cell, since as aggregates grow they become more and 

more stable. Small aggregates would more readily disassemble, while those incorporated 

into a larger, single aggregate would not. This is consistent with prApe1 aggregation in 

vitro, in which shortly after cell lysis numerous small aggregates were visible, but over 

time a lesser number but much larger aggregates were present (data not shown). 
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Figure 6.1. Propeptides may be positioned in close proximity to each other on the 

surface of dodecamers. prApe1 forms dodecamers, which bind together to form 

aggregates. Based on the molecular structure of Borrelia burgdorferi aminopeptidase, 

prApe1 is thought to assemble into trimers, four of which in turn come together to form a 

dodecamer. In comparison to the B. burgdorferi aminopeptidase, prApe1 has additional 

amino acids on its N- & C-termini, 45 & 10 respectively. Based on the localization of the 

N- terminus on the B. burgdorferi aminopeptidase, we propose that dodecamerization 

positions propeptides close together on the surface of dodecamers, forming propeptide 

trimers. 
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The four N-terminal amino acids are required for aggregation 

Further studies showed that deletion of the four N-terminal amino acids disrupts 

aggregation, with prApe1Δ2-4-GFP in ape1Δ cells forming multiple punctate aggregates 

instead of a single punctate aggregate like in full length prApe1-GFP, prApe1Δ2-GFP 

and prApe1Δ2-3-GFP (Fig. 3.3). Furthermore, prApe1Δ2-4 does not bind propeptide-

6xHis coated agarose beads while prApe1, prApe1Δ2 and prApe1Δ2-3 do (Fig. 3.6.C). 

The propeptide is predicted to form a helix-turn-helix, including an N-terminal 

amphipathic helix [70]. Under this scenario, deletion of the four N-terminal amino acids 

of the amphipathic helix disrupts aggregation, perhaps by changing the positioning of the 

N-terminal helix or by disrupting its helical structure. 

 

Spherical aggregates suggest formation of regular polyhedra 

 Ape1 forms tetrahedral dodecamers, which further bind to form spherical 

aggregates in vivo and in vitro (Fig. 3.1). Under the microscope, the punctate or tubular 

Atg19 structures on the aggregate surface serve as markers, so aggregates can be 

observed to “roll” on the slide. Furthermore, when moving the stage up and down, 

observing the different cross-sections of the aggregate, the spherical shape also becomes 

apparent. The aggregate spherical shape suggests dodecamers might assemble into 

regular polyhedra, for example, one that is constituted by icosahedral structures, each 

made up of 20 dodecamers (Fig. 6.2). Alternatively, regular polyhedra are not formed, 

and defective aggregation perhaps merely represents aggregates that dissociate too 
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readily for the autophagic machinery to proper assemble on their surface and form the 

Cvt vesicle. 

Computer models show that tetrahedrons optimally pack into icosahedral 

structures, which are regular polyhedrons with 20 identical, triangular faces [222]. This 

would enable each dodecamer to contact 4 similar dodecamers, in which each side would 

bind to another dodecamer, generating a very stable structure. Icosahedrons have a 

spherical-like shape, and the further addition of dodecamers to the icosahedral surface 

would continue to generate a regular, optimally packed, spherical structure.  

Addition of the propeptide to Ape1 homologues that also form dodecamers was 

not sufficient for aggregation or binding to the propeptide (Fig. 3.7). This suggests that 

correct positioning of the propeptide, and an appropriate dodecamer shape and surface 

polarity, are also important for aggregation. Such a specialized structure is consistent 

with aggregation forming a very specific polyhedron, rather than dodecamers simply 

clustering together in a random fashion. Icosahedral structures are common in viral coats 

and some enzyme complexes [223-228]. It may be that polyhedral enzymatic complexes 

are more common than we think, but go unnoticed by standard molecular biology 

techniques [229]. One of the benefits of icosahedral shapes is that they provide a good 

enclosure, for protecting viral DNA/RNA, or preventing inappropriate substrates from 

reaching an enzymatic active site [230]. Although clathrin does not form icosahedral 

structures, nevertheless it is a good example of how spherical polyhedra are used as 

structural components, in this case forming vesicles for cellular transport [231]. 

Similarly, prApe1 icosahedral structures could prevent binding to the wrong substrate 
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while in cytosol, and help form a structural scaffold for Cvt vesicle formation. In 

agreement with the previous statement, proper aggregation is critical for Cvt vesicle 

formation (Fig. 3.3). Better understanding of how Ape1 assembles into regular polyhedra 

could advance the nanoscale compartmentalization of drugs for better delivery [232, 

233]. 
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The Mechanism of Atg19 Binding to prApe1 Aggregates 

 

The propeptide is necessary and sufficient for Atg19 binding 

The current model for the Cvt pathway is that Atg19 binds prApe1 aggregates in 

cytosol, and recruits autophagy proteins for Cvt vesicle formation and vacuolar transport 

[216, 234]. The propeptide is required and sufficient for prApe1 binding to Atg19 (Fig. 

4.1, 4.2 and 4.3). While prApe1-GFP was transported to the vacuole in ape1Δ cells, 

prApe1Δ2-45-GFP was not and remained in cytosol (Fig. 3.3). Similarly, while GFP-

Atg19 binds RFP-prApe1/prApe1 aggregates in vitro, GFP-Atg19 does not bind DSP 

cross-linked aggregates that have their propeptides cleaved off using PrtK, suggesting 

aggregation is not sufficient for Atg19 binding (Fig. 4.2.B). Meanwhile, Atg19 binding to 

propeptide-6xHis-coated agarose beads shows the propeptide is sufficient for Atg19 

binding (Fig. 4.3.B). Consistent with this, in two-hybrid assays AD-Atg19 binds BD-

prApe1 and BD-propeptide, but not BD-prApe1Δ2-45 (Fig. 4.3.A). 

Thus, a propeptide that is only 45 amino acids long causes both aggregation and 

recruitment of a receptor, while facilitating vesicle formation and very likely inhibiting 

prApe1 proteolytic activity in cytosol. Although Ape1 has homologues and paralogues 

with similar dodecameric structures, some lack a propeptide and cannot form aggregates 

and remain in cytosol. Consequently, the Ape1 propeptide has large repercussions on its 

quaternary structure, localization and function.  
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The mechanism of prApe1 aggregation differs from Atg19 recruitment 

Although the propeptide is sufficient for prApe1 and Atg19 binding, there are 

differences in how these proteins interact. Firstly, while propeptide-6xHis binding to 

prApe1 requires a 0.5 M sodium chloride or 0.2 M potassium phosphate buffer, binding 

to Atg19 does not (Fig. 3.6.A and 4.3.B). Aggregates were more stable in the presence of 

ions that, based on the Hofmeister series, potentiate hydrophobicity [193]. Consistent 

with this, propeptide-6xHis binds prApe1 in a 0.5 M sodium chloride buffer, but not in a 

low ionic strength buffer. This suggests hydrophobicity is important in prApe1 binding to 

the propeptide and in aggregation. It is conceivable that propeptides have an N-terminal 

amphipathic helix and that non-polar regions of propeptides are pushed together by 

hydrophobicity, forming propeptide trimers or hexamers and causing aggregation. 

However, propeptide-6xHis binds Atg19 in a 0.5 M sodium chloride buffer, as well as in 

a low ionic strength buffer, suggesting Atg19 binding is less dependent on 

hydrophobicity and instead involves electrostatic interactions. 

 Another difference between aggregation and Atg19 recruitment is illustrated by 

which amino acids are required for propeptide binding to prApe1 or Atg19. The binding 

of propeptide-6xHis to prApe1 requires the four N-terminal amino acids while, Atg19 

binding does not, since Atg19 still binds prApe1Δ2-4 (Fig. 3.6.C and 4.1.). However, 

AD-Atg19 does not bind BD-prApe1Δ2-5, nor does GFP-Atg19 effectively bind RFP-

prApe1Δ2-5, showing removal of the five N-terminal amino acids disrupts Atg19 binding 

(Fig. 4.1). Interestingly, although Atg19 can bind to prApe1Δ2-4, prApe1Δ2-4 was not 

effectively transported to the vacuole: no prApe1Δ2-4-GFP was visible in the vacuole, 
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and no mApe1 was present (Fig. 3.3, 3.6.C and 4.1). Moreover, Atg11 also localizes to 

defective RFP-prApe1Δ2-4 aggregates, suggesting Atg19 can bind and recruit Atg11 

even if aggregation is defective (Fig. 4.4). Hence, lack of vacuolar transport of 

prApe1Δ2-4 was likely due to defective aggregation interfering with the assembly of core 

autophagic proteins or of membrane. For vacuolar transport, it is not sufficient for 

dodecamers to clump together and bind the receptor Atg19 and the adaptor protein Atg11 

(Fig. 4.1. and 4.4.). In addition, they must form a regular structured aggregate, with a 

specific shape and positioning of dodecamers that may serve as a scaffold for bending the 

membrane into a Cvt vesicle. However, transport of prApe1Δ2-4 to the vacuole by the 

autophagic pathway during starvation conditions is most likely unaffected, since 

autophagosome formation is not dependent on Ape1. 

 The localization of Atg19 on aggregates further suggests the binding mechanism 

is different, since Atg19 localizes to the surface of aggregates, instead of being 

homogenously incorporated. Even though the mechanisms of Atg19 binding differs from 

that of prApe1 aggregation, nevertheless Atg19 and prApe1 may compete for an 

overlapping binding site, which prApe1 binds more strongly than Atg19; consequently 

Atg19 does not block aggregation. Its interaction with the propeptide must be dynamic 

and hence Atg19 binds and dissociates, enabling additional dodecamers to bind the 

propeptides and gradually enlarge the aggregate. This would explain why prApe1 

continues to aggregate even when Atg19 appears to bind throughout its surface. 

However, at a very high Atg19 concentration, Atg19 would probably disrupt aggregation 
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by physically interfering with dodecamer binding to the propeptides and cause aggregates 

to disassemble, just as a high propeptide concentration disrupts aggregation (Fig. 3.6.B). 

 

Ape1 propeptides bind directly to Atg19 coiled-coils 

The coiled-coil domain of Atg19 is necessary and sufficient for binding to 

prApe1; even more, the coiled-coil also interacts with a construct consisting of just the N-

terminal 45amino acid propeptide segment or prApe1 (Fig. 4.5). The propeptide is 

hypothesized to form a helix-turn-helix structure, hence it follows that prApe1 

aggregation, as well as Atg19 binding to the propeptide, involves the dimerization of α-

helical structures. In the case of prApe1 hydrophobicity is involved, while Atg19 

involves electrostatic interactions (Fig. 3.6.A and 4.3.B). The proximity of the binding 

sites is consistent with Atg19 competing with prApe1 for binding with the propeptide. 

Atg19 is effectively displaced by incoming prApe1 proteins to ensure proper aggregation.  

 

Ensuring Atg19 only localizes to aggregate surface for vesicle formation 

Competition for propeptide binding between prApe1 and Atg19 is not the only factor 

that determines Atg19 surface localization. Atg19 fails to localize solely to the surface of 

aggregates when large portions of the N- and C-terminus were deleted, and instead binds 

inside prApe1 aggregates (Fig. 4.7.A). This suggests that the N- and C-terminus directly 

regulate localization of Atg19, perhaps by physically or electrostatically interfering with 

Atg19 coiled-coil binding to Ape1 propeptides inside aggregates. Alternatively, deletion 

of these domains may interfere with binding to additional cargo and autophagic proteins 
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and membrane outside of aggregates. This is plausible for deletions at the C-terminus, 

where the binding domains for Ape4, Ams1, Atg11 and Atg8 are found (Figure 4.8.A) 

[220]. However, Atg19 localizes to the surface of aggregates in the absence of Ams1, 

Atg11 and Atg8, while Ape4 interacts weakly with Atg19; hence we propose that it is the 

Atg19 N- and C-terminal domains themselves that directly interfere with Atg19 binding 

inside aggregates, or that Atg19 has additional protein-interactions that have not been 

identified. 

It is critical for Atg19, together with its binding proteins Atg11 and Atg8, to localize 

to the surface of aggregates. Inside aggregates Atg19 is less accessible, PrtK failed to 

readily degrade Atg19∆180-415-GFP embedded within prApe1 aggregates (Figure 4.7.B 

and C). Atg19, Atg8 and Atg11 surface localization makes them physically accessible to 

cytosolic proteins, so they can readily recruit the machinery and membrane for vesicle 

formation. Surface localization would also facilitate Atg19 binding to its additional 

cargo, such as Ams1, which co-localizes with Atg19 on the aggregate surface (Fig. 

4.8.A).  By assembling the autophagic machinery on the surface of aggregates, 

aggregates themselves can serve as a scaffold for bending membrane to facilitate vesicle 

formation.  

Often Atg19 and Atg8 do not assemble uniformly on the aggregate surface, 

instead forming puncta or tubular structures (Fig. 5.3.B). These structures may represent 

the assembly of the autophagic machinery, including autophagic membrane containing 

Atg8-PE. However, even in ams1∆/atg11∆/atg8∆ cells, Atg19 still forms some punctate 

or tubular structures (Fig. 4.8.C). Perhaps Atg19 can multimerize to form some kind of 
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scaffolding structure. Several autophagic proteins form multimers, including Atg9, Atg11 

and Atg16; their purpose for multimerizing is not yet understood. Some mammalian 

autophagic receptors also form multimers, including NBR1, which oligomerizes, and 

p62, which is polymeric. NBR1 and p62 bind ubiquitinated, misfolded proteins that are 

targeted for degradation via autophagy [235, 236]. Receptor multimerization may help to 

sequester cargo and to correctly position the autophagic machinery, surrounding the 

cargo and assembling autophagic proteins and membrane around it to facilitate 

autophagosome formation. Alternatively, Atg19 binding to its additional cargo or to 

additional unknown proteins may concentrate it at specific locations; after all, Ape4 

forms dodecamers just like prApe1 does. Atg19 multimerizing could also be partly 

responsible for Atg19 localizing only to the surface of aggregates, since multimers would 

be too large to enter aggregates. 

 

Large aggregates are not transported intact to the vacuole 

Atg19 localization at the aggregate surface is consistent with its role as a receptor 

or adaptor of prApe1 that initiates Cvt vesicle formation. Entire aggregates are not 

transported intact to the vacuole, since in atg15Δ cells, in which the inner membrane of 

the Cvt vesicles remains intact inside the vacuole, several small prApe1-GFP aggregates 

moving rapidly by Brownian motion were visible inside the vacuole (data not shown). 

Perhaps after Atg19 binding a portion of the aggregate is broken off, with the aid of 

autophagic proteins, during membrane recruitment. The formation of the Cvt vesicle 

itself may mechanically break or pinch off a portion of aggregates, perhaps in the form of 
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an icosahedron or a similar polyhedral structure, for vacuolar transport. Alternatively, as 

prApe1 is incorporated into aggregates, the concentration of soluble prApe1 in cytosol 

decreases below the aggregation threshold, facilitating Atg19 binding and membrane 

recruitment. Furthermore, perhaps the Atg19 and Atg8 punctate and tubular structures on 

aggregates represent regions where the autophagic machinery is assembling and pinching 

off portions of the Cvt complex for vesicle formation. 

 

prApe1 and Atg19 differ from Ams1 and Atg34 

Atg34, the paralogue of Atg19, similarly binds to Ams1, Atg8 and Atg11; it helps 

transport Ams1 to the vacuole via autophagy during starvation [237]. Since Atg34 

recruits Ams1 to autophagosomes instead of initiating Cvt vesicle formation, it does not 

rely on Ape1 aggregation for Ams1 vacuolar transport. In stark contrast, during nutrient-

rich growth Atg19 transport and consequently that of its additional cargo Ams1 and 

Ape4, is dependent on Ape1 [56, 219]. Although Ams1 oligomerizes and Ape4 forms 

dodecamers in cytosol similarly to Ape1, they have not been shown to form aggregates,  

and just as Atg19 and Atg11 binding to defective aggregates is not sufficient for vacuolar 

transport, Atg19 binding to Ams1 and Ape4 is also not sufficient for Cvt vesicle 

completion [56, 219, 238]. Consequently, proper prApe1 aggregation is critical for 

transport of additional Cvt cargo. Furthermore, although Atg19 and its paralogue Atg34 

both link cargo to autophagic proteins, Atg19 has an additional role by being part of 

specialized machinery for the bending of membrane around the Cvt complex for vesicle 

formation. 
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Figure 6.2. A new model for Cvt vesicle formation: Ape1 aggregation and 

recruitment of autophagic proteins. Binding of propeptide trimers from different 

dodecamers, forming hexamers, may cause aggregation. Based on the structure of its 

homologue in B. burgdorferi, prApe1 proteins are predicted to be arranged in clusters of 

three propeptides on each of the four faces of the tetrameric dodecamer. Each dodecamer 

side could then make contact with a different dodecamer via their propeptides. For 

optimal packing and formation of a regular polyhedral structure, one possibility is that 20 

tetramers are arranged into an icosahedron with 20 triangular faces. Further binding of 

dodecamers in a similar pattern would ultimately form a large spherical aggregate. Atg19 

binds aggregates via its coiled-coil, which directly interacts with Ape1 propeptides. 

Atg19 would compete with prApe1 for binding to the propeptide, but aggregation takes 

precedence while, the Atg19 N- and C-terminus interfere with Atg19 binding inside 

aggregates, causing Atg19 and its binding partners Atg11 and Atg8 to remain on the 

surface of large aggregates for recruiting the autophagic machinery. Small Cvt vesicles 

are formed from portions of the large aggregate, or from smaller aggregates remaining in 

cytosol. Transport of additional Cvt pathway cargo, including Ams1, Ape4 and Lap3, is 

dependent on prApe1 aggregation and Atg19 surface localization under nutrient-rich 

conditions. 
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Atg19 Regulation after Starvation 

 

The mechanism of Atg19 binding changes upon starvation 

Atg19 plays a role in both the Cvt pathway and autophagy, directing vacuolar 

proteases Ape1, Ape4 and Ams1 to the vacuole. If the role of Atg19, as a receptor that 

targets specific vacuolar protease to the PAS, does not differ between nutrient-rich or 

starvation conditions, then its mechanism of binding to Ape1 would not change. 

However, Figure 5.1 and 5.2 show that Atg19 co-localizes poorly with aggregates in vitro 

after starvation, even though it still localizes in vivo, suggesting its mechanism of binding 

must have been modified in such a way that Atg19 no longer localizes to aggregates in 

vitro. In wild-type, atg29∆ and atg31∆ cells the lack of co-localization could be due to 

the low level of Atg19, perhaps by degradation via autophagy. However, in the other 

strains where Atg19 co-localization to prApe1 aggregates in vitro was also diminished 

after starvation the amount of Atg19 did not change significantly (Fig. 5.1.B and 5.2.B). 

Moreover, in strains where prApe1 transport via the Cvt pathway and autophagy is 

effectively blocked, as in atg8∆, atg8∆ atg11∆ and atg18, Atg19 co-localization to 

aggregates in vitro after starvation was still diminished. All this indicates that Atg19 has 

not been significantly degraded by vacuolar transport or some alternative pathway. Since 

Atg8 and Atg11 are the only autophagic proteins known to bind to Atg19 directly, the 

difference in Atg19 binding in vitro must be due to covalent modifications, to changes in 

the way its cargo binds to Atg19, or to a protein-protein interaction with an unknown 

partner. 
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The Atg1-Atg13 complex regulates Atg19 binding 

A yeast screen that focused on proteins involved in formation of the PAS for the Cvt 

pathway and/or autophagy shows that the Atg1-Atg13 complex is involved in blocking 

Atg19 co-localization to prApe1 aggregates in vitro, since in atg1∆ or atg13∆ cells Atg19 

frequently localizes to aggregates in vitro even after starvation (Fig. 5.2.A). Interestingly, 

none of the other autophagic proteins known to bind the Atg1-Atg13 complex affect 

Atg19 localization in vitro, which diminished after starvation in atg20∆, atg24∆, atg17∆, 

atg29∆, atg31∆ and atg18∆. This suggests that the Atg1-Atg13 complex affects Atg19 

localization independently of the other two complexes it forms with these proteins. The 

Atg1-Atg13 complex also plays a role in retrograde transport, a process involving Atg9, 

Atg2 and Atg18 [89, 147, 239]. In addition, a global yeast screen suggests Atg18 may be 

a phosphorylation substrate for Atg1 kinase activity [221]. However, Atg19 did not co-

localize with prApe1 frequently in vitro in atg18∆ cells after starvation, suggesting 

regulation of Atg19 binding by Atg1-Atg13 is not dependent on Atg18 function or 

retrograde transport. 

 

Atg1 kinase activity is required for Atg19 regulation 

Atg1 kinase activity is required for both the Cvt pathway and autophagy, and to 

interfere with Atg19 localization to aggregates in vitro after starvation (Figure 5.2.C) [85, 

105]. The 20 C-terminal amino acids of Atg1, which play a key role in its structural 

function for PAS assembly, are not required for abolishing Atg19 binding in vitro. 

Although this C-terminal region is important for protein-protein interactions, its deletion 
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does not completely abolish Atg1 binding to Atg13. Consequently, these results are 

consistent with the lack of in vitro localization to aggregates after starvation in atg13∆ 

cells.  We propose that Atg1 kinase activity, which is modulated by Atg13, directly or 

indirectly regulates Atg19 or an additional protein it interacts with, triggering a change in 

the mechanism of Atg19 localization to Ape1 aggregates. This process could also be 

dependent on correct disassembly of the PAS and autophagosome expansion, which are 

mediated by Atg1 kinase activity.  

A mass spectrometry study for the identification of phosphoproteins suggests 

that Atg19 may be phosphorylated at four different sites, including serines at positions 

136, 243 and 246; and a threonine at position 411 (Fig. 4.8.A) [240]. However, the 

threonine at position 411 is in the Atg8 binding domain, and so perhaps it is unlikely it 

would have a role with prApe1 binding. The other sites are more promising: two serines 

are in the prApe1 binding domain (about 153-191 amino acid region), at positions 243 

and 246, while the other serine is near the prApe1 binding domain, at position 136. Its 

paralogue Atg34, which targets Ams1 to autophagosomes during starvation, is 

phosphorylated upon induction of autophagy [72]. Moreover, kinase activity regulates yet 

another autophagy receptor, optineurin. Phosphorylation at serine-177 enhances its 

binding to LC3, an Atg8 homologue, and facilitates clearance of cytosolic Salmonella 

enterica in HeLa cells [241]. Lastly, SDS-PAGE and Western blot analysis with an 

antibody against Atg19 show a shift in the size of Atg19: Atg19 protein bound to 

propeptide-6xHis migrates more slowly than Atg19 not bound, and Atg19 protein also 

migrates more slowly after starvation, suggesting Atg19 has been covalently modified in 
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some way (Fig. 4.3.B and 5.1). When a protein is phosphorylated, it may migrate a little 

slower. Hence, it is plausible that Atg19 is a substrate for Atg1 kinase activity, and that a 

similar mechanism may regulate several autophagy receptors, including optineurin, 

Atg34 and Atg19. After all, autophagy receptor function and structure is somewhat 

conserved, as is exemplified by the yeast receptors Atg19 and Atg34, and the mammalian 

receptors/adaptors p62, NBR1 and Nix, all of which bind to Atg8 or its homologue LC3 

via a WXXL motif and by forming an intermolecular parallel β-sheet [37-39, 49]. 

 

A Novel Atg19 Binding Regulatory Domain 

An internal region of Atg19 plays a role in the regulation of its localization to prApe1 

aggregates. While full length Atg19-GFP and Atg19∆395-415-GFP co-localize with 

prApe1 in vitro under nutrient-rich conditions, neither localizes well when cells were 

starved (Figure 5.3.A). In contrast, Atg19∆300-415-GFP and Atg19∆180-415-GFP 

continue to localize with aggregates in vitro even after starvation (Figure 5C). Both 

Atg19∆180-415-GFP and Atg19∆300-415-GFP lack the Atg11 and Atg8 binding domain 

(Fig. 4.8.A) [49, 219, 220]. However, lack of binding to Atg11 and/or Atg8 does not 

explain localization to aggregates in vitro after starvation, because localization to prApe1 

aggregates was also diminished in atg8∆, atg11∆ and atg8∆ atg11∆ starved cells (Figure 

5.1.A). The fact that Atg19∆395-415-GFP fails to bind in vitro after starvation is further 

evidence that the change in localization to prApe1 aggregates is not due to vacuolar 

degradation via the Cvt pathway or autophagy, since binding to Atg8 is critical for both 

these processes. While it is plausible that Atg19∆180-415-GFP continues to localize with 
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aggregates in vitro after starvation simply because it is trapped inside aggregates, this 

cannot be the case for Atg19∆300-415-GFP, which localizes on the surface of aggregates. 

In conclusion, Atg19 amino acid positions 300-395 are required for changing its 

mechanism of localization to prApe1 aggregates. This region overlaps with part of the 

Ams1 and Atg11 binding domain, but also includes a region that may not be required for 

binding to either: amino acids 368-387 (Fig. 4.8.A). Although previous studies suggest 

Atg19 may be phosphorylated (at position 136, 243, 246 and 411) and ubiquitinated (at 

Lysine 213 and 216), none of these sites lie within the 300-395 region that is determining 

Atg19 binding in vitro (Fig. 4.8.A) [240, 242].  However, that does not necessarily 

eliminate the possibility that covalent modifications at neighboring amino acids, which 

could affect the structure of adjacent regions, may be involved. After all, Atg1 kinase 

activity is important for the Cvt pathway and blocks Atg19 localization to prApe1 

aggregates in vitro after starvation, while ubiquitination plays a role in selective 

autophagy by targeting misfolded proteins to autophagosomes for degradation [105, 243]. 

 

Atg19 may have additional roles, not simply passively binding to cargo 

A key question is what the lack of Atg19 localization to prApe1 aggregates in vitro 

represents. The lack of localization in vitro after starvation may indicate that Atg19 binds 

prApe1 with less affinity, or that it binds another protein more readily, or that an 

additional protein is interacting with Atg19 and preventing it from strongly binding to 

prApe1. Atg19 may have multiple roles, not simply binding to cargo by default, and 
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delivering it to the PAS for vacuolar transport; but also modulating its binding in order to 

regulate the rate of transport. For example, Atg19 could be preferentially binding to 

another cargo protein whose transport to the vacuole is of higher priority during 

starvation. Alternatively, it could bind its cargo with lower affinity or be sequestered by 

an autophagic protein to divert the autophagic machinery away from the Cvt complex 

during starvation. Since Atg1-Atg13 play a role in retrieval of Atg9 and Atg23, perhaps 

upon induction of autophagy they also regulate Atg19 retrieval [89]. Under this scenario, 

Atg1-Atg13 would help retrieve Atg19 from aggregates during starvation in vivo, some 

Atg19-GFP may return to aggregates and so would continue to localize on their surface, 

but after cell lysis and after retrieval, Atg19 may be irrecoverable, so there would be no 

Atg19-GFP localizing on aggregates. Another possibility is that, since the formation of 

Cvt vesicles is a somewhat different process from autophagosome formation, perhaps 

Atg19 must modify its mechanism of binding to prApe1 for its correct packaging into 

autophagosomes instead of Cvt vesicles. For example, during the Cvt pathway, Atg19 

multimerization could help pinch off small portions of the large aggregate to sequester 

them into a vesicle. In contrast, during autophagy phosphorylation of Atg19 could 

prevent it from multimerizing, enabling large autophagosomes to form instead of small 

Cvt vesicles, so that large cargo, including entire organelles, can be targeted. This is a 

highly hypothetical model, since Atg19 multimerization and phosphorylation have not 

been shown. 

Atg19 may have multiple roles that are yet to be elucidated. So far we know it helps 

transport several vacuolar proteases and that the Cvt pathway also transports the cytosolic 
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protein Lap3 for selective degradation. It has also been proposed that Atg19 may help 

eliminate retrotransposons and misfolded ER proteins [244, 245].  

All things considered, Atg19 may be targeting a variety of proteins for degradation, 

implying that it must be tightly regulated in response to environmental conditions. 

Furthermore, correct cargo recognition is critical, and failure can lead to cellular 

dysfunction, as illustrated by Huntington’s disease [246]. Atg19 regulation is dependent 

on the Atg1-Atg13 complex, which plays a key role in a variety of cellular processes, 

including organization of the PAS and membrane retrieval in both the Cvt pathway and 

autophagy. Meanwhile, Atg1 homologues in D. melanogaster, C. elegans and mammals 

are involved in inhibiting cell growth and inducing apoptosis, in neuronal development, 

and in cytoskeletal organization by regulation of myosin II activity [23, 93-104, 247, 

248]. Thus Atg1-Atg13 complex modulation of autophagy and cell growth may also rely 

on Atg1 kinase activity for regulation of autophagic receptors for targeting specific cargo. 
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A novel in vitro assay to study aggregation and recruitment of Atg proteins 

 

Here we present a novel in vitro assay to investigate Cvt complex formation, in 

which both Atg19 and Atg8 assembly on aggregates is stable. This assay is 

physiologically relevant, since it utilizes lysates that still contain most cytosolic 

components: cells are densely lysed, so cellular components are only diluted in buffer by 

about a 1:3 ratio, and a low centrifugal speed is used for the removal of intact cells (1500 

RCF for 1 minute). Furthermore, the choice of a 50mM-200mM potassium phosphate 

buffer, pH 7, ensures the ionic strength of the buffer is somewhat similar to cytosol: 

cytosolic concentration of potassium and phosphate has been measured to be 290-340mM 

and 10-75mM, respectively. Meanwhile, for additional free ions including sulfate, 

calcium, magnesium, sodium and chloride, when their concentration is added together it 

totals less than 30mM, which contributes little to the cytosolic ionic strength [201-213]. 

Already, in vitro assays have helped us elucidate the mechanism of Atg8 

conjugation and of fusion between immature autophagosomes and endosomes [139, 249]. 

An in vitro assay of autophagic vesicle formation would help us better understand the 

mechanism of membrane recruitment and membrane fusion during autophagosome 

maturation. For this the Cvt complex could be used as a scaffold for recruitment of the 

autophagic machinery and membrane. Atg8 binding and its punctate and tubular 

localization on aggregates in vitro suggests that already autophagic proteins and 

membrane may be assembled on the Cvt complex in this assay (Fig. 5.3B).  
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Our understanding of the mechanism of Cvt vesicle formation, as summarized in 

Figure 6.2, was greatly furthered by this novel in vitro assay. The ability to visualize 

large aggregates in vitro helped determine the spherical structure of aggregates, which 

suggests they form a regular shaped structure that is critical for vacuolar transport, most 

likely serving as a scaffold for vesicle assembly. Also, the localization of Atg19 on large 

aggregates shows that Atg19 binds solely to the aggregate surface in order to initiate 

recruitment of the autophagic machinery. This assay also helped to determine what 

factors that mediate aggregation and Atg19 binding: the amphipathic helix-turn-helix 

propeptide of Ape1 and the coiled-coil of Atg19. The lack of Atg19 localization to 

prApe1 aggregates in vitro after starvation also helped identify the Atg1-Atg13 complex 

as a downregulator of Atg19 localization to aggregates upon induction of autophagy. In 

the future, determining why Atg19 and Atg8 assemble as punctate or tubular structures 

on the aggregate surface may be the next step in discovering how autophagic proteins can 

target a variety of cytoplasmic components, including organelles, protein aggregates, 

bacteria, and how they package them into a vesicle formed almost from scratch. 
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