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1. Summary 

Autophagy is a highly regulated cellular degradation and recycling process conserved from 

yeast to higher eukaryotes. This process is constitutively active at a low level, and non-

selectively degrades portions of the cytosol in response to internal or external stimuli. This 

process begins with the de novo formation of a cup-shaped membrane structure at the pre-

autophagosomal structure (PAS) termed the isolation membrane or phagophore. The 

phagophore expands to fully engulf the cargo before closing to form the double-membrane 

structure known as the autophagosome which then fuses with the vacuole to release its cargo 

into the vacuolar lumen for degradation and recycling.  

 

The biogenesis of the autophagosomes requires the generation of phosphatidylinositol 3-

phosphate (PI3P) at the PAS. The presence of PI3P at the PAS allows for the binding of -

propellers that bind polyphosphoinositides (PROPPIN). The PROPPINs are a highly conserved 

family of WD40-repeat proteins and structurally fold as seven-bladed -propellers. WD40 

domains are key components of proteins that mediate protein-protein interactions, including 

scaffolding, cooperative assembly, and regulation of dynamic multi-subunit complexes. 

PROPPINs also have a conserved FRRG-motif at the circumference of the propeller that allows 

for binding phosphoinositides.  

 

In Saccharomyces cerevisiae, there are three PROPPINs: Atg18, Atg21 and Hsv2. They are 

highly homologous but have different autophagic subtypes specificities. Atg18 is a core 

autophagy protein required for all autophagy in a PI3P-dependent manner. Atg18 has a 

secondary role at the vacuole binding to PI(3,5)P2, where it carries out nonautophagic 

functions in regulating vacuolar morphology. Atg21 is not essential for unselective autophagy 

but is crucial for selective types of autophagy, including the Cvt pathway, which targets 

vacuolar hydrolases like prApe1 to the vacuole. Hsv2 is the least functionally characterised 

PROPPIN which is required for efficient piecemeal microautophagy of the nucleus. So far, this 

is the only observation that has been seen to affect autophagic activity.  
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This study focused on investigating the molecular function of the S. cerevisiae Hsv2. As very 

little is known about the role of Hsv2, a proximity-dependent biotin identification assay in 

combination with a stable isotope labelling by amino acids based approach was used to 

identify potential interactors of Hsv2. In this approach, 50 proteins were identified as 

potential interactors of Hsv2. To confirm these interactions, Hsv2-GFP and identified proteins 

tagged with HA were tested for coimmunoprecipitation using a GFP-Trap. Yck3, Vtc3, Vps35 

and Vac14 are all confirmed interaction partners of Hsv2 using these methods. Many of these 

proteins localise to the vacuolar membrane which correlates with the localisation of Hsv2. In 

parallel, a split ubiquitin assay was also used to further the understanding of the Hsv2 

interactome. Using this method we saw an interaction between Hsv2 and Vps21, Sso1, Pep12, 

Tlg1, and Snc1. These potential interacting partners of Hsv2 provide a promising basis for 

elucidating the role of Hsv2 within the cell. 

 

In addition, we determined the potential interaction site between Atg21 and Atg8. By 

purifying Saccharomyces cerevisiae Atg8 and with the subsequent binding assays with a 

synthetic peptide of Atg21, we found the binding affinity to be 42.5 nM. Once the binding 

affinity had been determined, crystallisation trials were initiated to deduce the crystal 

structure of Kluyveromyces lactis Atg21 in a complex with ScAtg8. Crystals that formed were 

tested using X-ray crystallography, these were found to be formed of salt and not protein. 

Computational modelling of the known crystal structures of KlAtg21 and ScAtg8 confirmed 

that residue D146 of Atg21 could be essential for binding to Atg8. 

 

Finally, part of this study was to dissect the functional role of Atg18 with the retromer 

complex in regulating vacuolar morphology. Using hyperosmotic stress to induce vacuolar 

fragmentation, we found that Vps35, Vps29 and Vps26 are required for efficient Atg18 fission 

activity at the vacuolar membrane. Additionally, in the absence of Vps5 and Vps17, there was 

unregulated fission activity at the vacuolar membrane that was not dependent on 

hyperosmotic conditions. These results suggest the importance of Vps35, Vps29 and Vps26 in 

the efficient fission activity of Atg18 as well as the value of Vps5 and Vps17 in impeding the 

fission activity of Atg18.  
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2. Introduction 

2.1 Autophagy 

The etymology of autophagy comes from the Ancient Greek’ αὐτόφαγος’, directly translating 

to ‘self-devouring’. Degradation and recycling of cellular components are achieved by 

autophagy, an evolutionarily conserved process in eukaryotes. Macromolecules and 

organelles are transported via vesicles from the cytosol to the lytic compartment, which in 

higher eukaryotes is the lysosome and for fungi and plants is the vacuole. Once in the 

lysosome/vacuole, these components are degraded and recycled, providing the cell with 

energy and vital amino acids to synthesise new proteins. A basal level of autophagy occurs 

constitutively; however, this process can be further induced in response to various stimuli 

including starvation, hypoxia and hormonal changes [1]. It is also an essential mechanism in 

many crucial cellular functions, including the quality control of proteins and organelles, 

organelle remodelling, destruction of pathogens, cell differentiation, and the regulation of 

inflammation and immunity. Due to its diverse roles, it is not surprising that many diseases 

have been linked to autophagic dysfunction, including cancer, diabetes, myopathies, 

neurodegeneration, and liver and heart diseases [2], [3].  

 

Transmission electron microscopy first revealed autophagy in the early 1960s. In rat liver cells, 

membrane-bound dense bodies containing partial organelles, like mitochondria and 

endoplasmic reticulum (ER) membranes, were observed [4]–[6]. Then in the 1990s, 

autophagy was first described in the yeast Saccharomyces cerevisiae (S. cerevisiae). With the 

use of genetic screens, the first autophagy-related (Atg) genes were identified [7]–[9]. 

Currently, 42 Atg proteins have been identified of which 20 are essential for autophagic 

function. 

 

Autophagy in yeast can be categorised into two main types: microautophagy and 

macroautophagy, which can be further divided into selective and nonselective depending on 

the conditions. All eukaryotes share the core autophagic machinery, and many of the Atgs 

found in mammalian cells have orthologs in yeast and plants. Interestingly, the autophagic 

machinery is shared between micro- and macroautophagy. An additional third type of 

autophagy, which is mechanistically distinct has been seen in mammalian cells and was 
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identified as chaperone-mediated autophagy [10]. Although all three differ morphologically, 

they share a common objective: delivering cargo to the lytic compartment for degradation.  

 

2.2 The Yeast S. cerevisiae as a Model Organism 

Saccharomyces cerevisiae is one of the most widely used eukaryotic model organisms. S. 

cerevisiae has been used as a model for studying ageing [11], regulation of gene expression 

[12], signal transduction [13], [14], cell cycle [15], metabolism [16], apoptosis [17], 

neurodegenerative disorders [18], and many other biological processes [19]. It began with 

one of the most extensive international collaborations, consisting of over 600 scientists, to 

fully sequence the genome of Saccharomyces cerevisiae; which made it the first fully 

sequenced eukaryote [20]. Finding that a typical haploid cell contains roughly 12,000 kb of 

genomic DNA distributed across 16 chromosomes. Once fully sequenced, this led to the 

development of molecular tools for quick and straightforward genetic manipulations, using 

homologous recombination to tag proteins, alter promotors and remove genes [21]–[23]. 

Subsequently, large databases of plasmids and deletion strains have been generated, like the 

Yeast Knockout Collection, containing over 20,000 deletion strains corresponding to 5,916 

genes (http://www-sequence.stanford.edu/group/yeast_deletion_project/deletions3.html).  

 

S. cerevisiae is a unicellular organism that is oval in shape with a diameter of 5-10 µm and a 

member of the Fungi kingdom. S. cerevisiae can exist as a haploid cell that can multiply by 

mitotic division via budding. In addition, S. cerevisiae can be diploid and multiply by meiotic 

division via sporulation. S. cerevisiae has a short generation time under nutrient-rich 

conditions, doubling every 90 mins at 30°C. In the presence of nutrients, both haploid and 

diploid cells undergo mitotic division. During nutrient depletion, specifically in the absence of 

nitrogen and the presence of a nonfermentable carbon source, diploid cells will exit the 

mitotic cycle, undergo meiosis and sporulate to give rise to four stress-resistant haploid 

spores [24], [25]. Sporulation and budding are explained further in chapter 2.10. 

 

Since every analysed eukaryotic organism uses part of the autophagic machinery already 

present in yeast, the knowledge obtained through fungal research is highly transferable and 

potentially relevant for studying human diseases. 

http://www-sequence.stanford.edu/group/yeast_deletion_project/deletions3.html
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2.3 Macroautophagy 

The best-characterised type of autophagy is macroautophagy involving the sequestration of 

bulk cellular material. It is constitutively active at a low level and non-selectively degrades 

portions of the cytosol in response to internal and external stimuli. The process of autophagy 

starts with the de novo formation of a cup-shaped membrane structure at the pre-

autophagosomal structure (PAS) termed the isolation membrane (IM) or phagophore (Figure 

2-1). The phagophore then expands to fully engulf the cargo before closing to form a double-

membrane structure called the autophagosome, with a diameter of 400-900 nm [26], [27]. 

The autophagic body and its contents are released into the vacuolar lumen by fusion of its 

membrane with the vacuole’s outer membrane. Within the vacuole, the autophagic body 

requires lysis in order for the vacuole hydrolases to have access to its contents. The metabolic 

precursors can then be transported back into the cytosol for the synthesis of new proteins 

and organelles. The whole cycle from initiation to fusion with the vacuole takes roughly 10 

minutes [28], [29].  

 

Macroautophagy can also selectively degrade specific cargo using the core autophagic 

machinery in addition to selective autophagy receptors (SARs) that are able to recognise and 

bind particular cargo. Specific cargos can be damaged or superfluous mitochondria 

(mitophagy), ribosomes (ribophagy), ER (ER-phagy) or peroxisomes (pexophagy) [30]–[33]. 

Among the core autophagic proteins is Atg8. A ubiquitin-like protein that conjugate to 

autophagosome membranes to facilitate cargo recruitment, transport and autophagosome 

biogenesis [34]. Atg8 is attached to both the inner and outer autophagosome membranes, 

this is explained further in chapter 2.6.3. Atg8 on the inner membrane surface interacts with 

specific cargo receptors which are key mediates of selective autophagy [35]. On the outer 

membrane Atg8 binds to adaptor proteins to facilitate transport and fusion to the vacuole 

[36]. 
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Figure 2-1: A Model of the different stages of macroautophagy in yeast.  

In this process, nucleation at the phagophore assembly site (PAS) starts the de novo formation of a double-
membraned structure within the cytosol. Phagophores engulf cellular components and expand to form an 
autophagosome, which eventually fuses with the vacuolar membrane. Which releases the inner membrane or 
autophagic body, with the cargo inside, into the vacuole lumen. The autophagic body is then lysed exposing the 
cargo to the vacuolar hydrolases. The degradation products are recycled back into the cytosol for reuse.  

 

The SARs can be soluble receptors, like Atg19 and Atg34, or they can be membrane-associated 

receptors like Atg32 and Atg39. SARs are not only crucial in cargo recruitment but also bind 

to Atg8, through the Atg8 interacting motifs (AIM), and to the scaffold protein Atg11 via the 

Atg11-binding region (Atg11BRs) [30], [37], [38]. However, the Atg11BRs in SARs are close to 

the AIMs, and this precludes simultaneous binding of both Atg8 and Atg11 to the receptor 

[39]. Each of the SARs are responsible for mediating selective autophagy of specific cargo. 

Mitophagy is mediated by Atg32 [40], nucleophagy relies on Atg39 [41], and Atg19 and Atg34 

mediate cargo binding in the cytoplasm-to-vacuole targeting pathway (Cvt) [42]. 

 

2.4 Cytoplasm-to-Vacuole Targeting Pathway 

The cytoplasm-to-vacuole targeting pathway is one type of selective autophagy. The primary 

cargo of the Cvt pathway is precursor aminopeptidase I (pApe1), which is synthesised in the 

cytosol and assembles into a dodecamer, as shown in Figure 2-2. The dodecamer 
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subsequently associates into an oligomer that is termed the pApe1 complex. The pApe1 

complex, in combination with Atg19, a selective autophagy receptor protein, and small 

oligomers formed by -mannosidase (Ams1), constitutes the Cvt complex [43]. The pApe1 

contains a N-terminal propeptide to ensure enzyme inactivity in the cytosol. The amino acid 

sequence within the propeptide binds to Atg19 [42]. The C-terminus of Atg19 contains binding 

sites for both Atg11 and Atg8 [43], where the WXXL motif allows binding to Atg8 linking the 

cargo complex with the phagophore and its subsequent selective sequestration [44]. 

Additionally, Atg19 functions as a receptor for aspartyl aminopeptidase 4 (Ape4) and Ams1, 

two more resident vacuolar hydrolases that are part of the Cvt complex [45], [46].  

 

In various types of selective autophagy, Atg11 acts as a scaffold protein, interacting with 

receptors, Atg1 kinase complex and itself. Atg11 is essential for the organisation of Atg 

proteins at the PAS during autophagy. In terms of the core autophagic proteins, Atg9 is the 

only multipass transmembrane protein, which is believed to be important for delivering 

membranes necessary for the formation of the sequestering vesicles, this is explained further 

in chapter 2.6.4 [47]. Atg11 interacts with Atg9 and causes some membranes positive for Atg9 

to be relocated form the peripheral pool to the perivacuolar site which serves as the PAS [48], 

[49]. By interacting directly with the Arp2/3 complex, Atg11 guides movement of Atg9-Atg11 

molecules [50], [51].  

 

Figure 2-2: Cytoplasm-to-vacuole targeting pathway in yeast S. cerevisiae. 

The Cvt pathway is constitutively active under nutrient rich conditions and selectively transports hydrolases to 
the vacuole. The core cargo is the inactive precursor form of aminopeptidase 1 which contains an N-terminal 
propeptide. PreApe1 aggregates into a large oligomeric structure called the Ape1 complex which is engulfed by 
a double membrane layered vesicle. After it is transported to the vacuole Ape1 is matured by cleaving off the 
propeptide. Upon starvation the transport of Ape1 to the vacuole is taken over by autophagy. 
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2.5 Microautophagy 

Microautophagy is much less understood than macroautophagy. Microautophagy is a form of 

autophagy that does not require autophagosome formation to transport cargo to the vacuole. 

Instead, the vacuolar membrane invaginates to sequester the autophagic cargo [52], [53]. 

Once invagination is complete, the vacuolar membrane fuses and releases the 

microautophagic body into the vacuolar lumen for degradation. Most forms of selective 

microautophagy has been found to require the core autophagic machinery but micro-ER-

phagy instead relies on the ESCRTs [54], [55]. Several selective microautophagy processes 

have been described, such as micro-ER-phagy [32], [56], micropexophagy [57], piecemeal 

micronucleophagy (PMN) [58], micromitophagy [59] and microlipophagy [60].  

 

Nucleus-vacuole junction (NVJ) serves as a contact site between the vacuolar membrane and 

the nuclear envelope. This contact site is formed by the interaction between Nvj1 on the 

nuclear envelope and Vac8 on the vacuolar membrane [61]. Upon starvation, the NVJ expands 

and buds outwards towards the vacuolar lumen, creating a complex microautophagic body 

that is 1 µm in diameter and consists of three different membranes; the inner nuclear 

membrane, the outer nuclear membrane and the vacuolar membrane [58], [62]. PMN 

requires some of the core autophagic machinery and involves a different intermediate stage 

where detached nuclear fragments are contained within vacuole invaginations (Krick et al., 

2008). Atg8 has been found to accumulate at the necks of these invaginations, suggesting the 

presence of a phagophore related structure. In addition to Atg8, Atg11 and Atg39 are also 

required for micronucleophagy [64]. 

 

2.6 Induction of Autophagy 

Induction of autophagy begins with the regulation of the PAS formation. PAS formation 

requires the Atg1 kinase complex, which is regulated by two kinases: the target of rapamycin 

complex 1 (TORC1) and the cyclic adenosine monophosphate (cAMP)-dependent protein 

kinase A (PKA). Both kinases react to specific cellular conditions; TORC1 inactivation occurs 

during nitrogen or amino acid starvation, and in response to rapamycin treatment, PKA 

inactivation occurs during glucose starvation [65], [66]. 
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Upon nutrient-rich conditions, Atg13 is hyperphosphorylated by TORC1, inhibiting the tight 

interaction between Atg1 and Atg17 and therefore inhibiting autophagy [67]. Nutrient 

starvation or treatment with rapamycin activates autophagy by inhibiting TORC1, leading to 

the dephosphorylation of Atg13 and subsequent interaction with Atg1 and Atg17 (Figure 2-3 

Step 1) [68], [69]. Both Atg13 and Atg1 are phosphorylated by PKA under high glucose 

conditions, at non-TORC1-target sites [70], [71].   

 

Figure 2-3: A model of the different stages of macroautophagy in yeast. 

In yeast, macroautophagy can be divided into six stages. Under nutrient-rich conditions, TORC1 is active and 
inhibits autophagy via the hyperphosphorylation of Atg13. Nutrient starvation or treatment with rapamycin 
causes TORC1 inactivity leading to the dephosphorylation of Atg13 and subsequent interaction with Atg1 and 
Atg17, step 1 initiation. Step 2 nucleation involves the recruitment of core autophagic machinery to the PAS. 
Transport protein particle III (TRAPPIII) and Ypt1, recruited by scaffold components, contain coat protein complex 
II (COPII) and Atg9 vesicles that support the expansion of the phagophore. The development also requires the 
activity of phosphoinositide 3-kinase (PI3K) complex I, generating the PI3P to recruit the ubiquitin-like 
conjugation systems, resulting in the closure of the autophagosome (Step 4). Upon arriving at the vacuole, the 
vacuole’s outer membrane fuses with the autophagosome, releasing the autophagic body into the vacuolar 
lumen (Step 5). Finally, hydrolases degrade and recycle the macromolecular components (Step 6). Taken from 
Farre & Subramani, 2016   

The yeast Atg protein family consists of 42 proteins, of which 18 are essential for 

autophagosome formation and the degradation of cargoes. These proteins are classified as 

the core components of the autophagic machinery [72]. Several functional complexes are 
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recruited to the PAS, and they can be categorised into five groups: Atg1 kinase complex, Atg9-

containing vesicles, the phosphatidylinositol 3-kinase (PI3-kinase) complex, and the two 

ubiquitin-like conjugation systems [72], [73]. The following chapters describe the structures 

and molecular functions of yeast’s core autophagic machinery based on S. cerevisiae, the 

model organism used in this study. 

2.6.1 The Atg1 Kinase Complex 

Atg1, Atg13, and the Atg17-Atg31-Atg29 subcomplex are components of the Atg1 kinase 

complex, which is a fundamental unit facilitating autophagy initiation; depicted in Figure 2-4. 

By regulating the post-translation of downstream autophagy proteins and by providing a 

structural backbone for autophagosome formation, this complex promotes autophagosome 

formation [74]–[76]. 

 

The Atg17-Atg31-Atg29 complex is constitutively present at the PAS and upon initiation of 

autophagy provide a platform for Atg1 and Atg13 to bind to; forming the Atg1 kinase complex 

[77]. In recent years, the Atg1 kinase complex has been involved in multiple structural and 

biochemical studies. These revealed a highly dynamic self-assembling propensity for 

recognising and integrating Atg9-positive vesicles at the PAS [77]–[80]. 

 

Figure 2-4: The interactome of the Atg1 kinase complex in S. cerevisiae.  

When autophagy is induced, the Atg17-Atg31-Atg29 subcomplex and Atg13 are brought together. As there is no 
binding site on Atg1 for the subcomplex, Atg13 can directly bind to Atg1 as well as the Atg17-Atg31-Atg29 
subcomplex. The scaffold protein Atg11 can bind Atg1 as well as Atg17 and Atg29. Taken from Wen & Klionsky 
2017. 
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Atg1 contains an N-terminal serine/threonine kinase domain, linked to two carboxyterminal 

microtubule-interacting and transport (MIT) domains and a single early autophagy targeting 

(EAT) domain. Both the MIT and EAT domains are situated within the intrinsically disordered 

region (IDR) of Atg1 [81]. Within the Atg1 kinase complex sits the regulatory protein Atg13 at 

the centre of the interacting proteins. It is predicted that the IDR within the C-terminal of 

Atg13 is the region of phosphorylation and the binding regions for Atg1 and Atg17.   

 

2.6.2 The Class III PI3K Complex I 

Phosphatidylinositol 3-phosphate (PI3P), an important signalling molecule for concentrating 

PI3P-binding proteins to the phagophore. PI3P is found at autophagic membranes and is 

crucial for autophagosome formation. Vps34 is the only PI3-kinase in budding yeast that 

phosphorylates phosphatidylinositol at position 3 [82]. The product PI3P is essential for 

autophagosome formation and for vacuolar protein sorting (VPS) pathways in yeast [83]. To 

function in these processes, Vps34 forms at least two protein complexes that direct the 

synthesis of PI3P (Figure 2-5) [84]. Both of these complexes include the regulatory kinase 

Vps15, a PI3-kinase Vps34, and Vps30/Atg6; as seen in Figure 2-5 [85]–[88].  

 

PI3K complex I is crucial for selective and nonselective autophagic processes. A crucial 

component of the PI3K complex I is Atg14 and is required for targeting the complex towards 

the PAS specifically in autophagy, while Vps15 mediates membrane association of the 

complex. In contrast, PI3K complex II contains Vps38 and is involved in endosomal trafficking, 

endocytosis, and the VPS pathway [84]. The role of Vps30/Atg6 is unknown; however, it 

directly interacts with Atg14, which directs the localisation of the complex to the PAS [87], 

[89]. Some Atg proteins bind to PI3P, and it has been speculated that phosphoinosides assists 

in the recruitment of proteins involved in autophagy and phagophore formation [90].  
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Figure 2-5: Vps34 signalling complexes in yeast.  

The tetrameric complexes formed by Vps34, Vps15, Vps30 and either Atg14 or Vps38 regulate vacuolar protein 
sorting and autophagy. Taken from Backer, 2008. 

 

2.6.3 The Ubiquitin-like Conjugation Systems 

Atg8 and Atg12 are two specific ubiquitin-like protein conjugation complexes involved in 

autophagy. Among the core autophagic proteins is Atg8, a ubiquitin-like protein [91]. To 

expose the carboxyl-terminal glycine residue of newly synthesised Atg8, Atg4 acts as a 

cysteine protease [92], [93]. As soon as Atg8 has been processed, it is activated by Atg7, an 

ATP-dependent activating enzyme, and later transferred to Atg3, an E2-like conjugating 

enzyme; depicted in Figure 2-6 [92], [94], [95]. Once the C-terminal of Atg8 has been 

processed, a covalent bond is formed between the exposed C-terminal glycine residue of Atg8 

and phosphatidylethanolamine (PE) by Atg3 [91]. This process allows for recruitment of 

soluble Atg8 to the membrane where it is fixed to PE. Atg8 can initially be found on both sides 

of the growing phagophore. Atg4 can subsequently cleave Atg8-PE in a deconjugation step, 

freeing Atg8, occurring mainly to the population on the external surface of the 

autophagosome. Thus, allowing for Atg8 to cycle through the conjugation process again in 

another round of autophagic flux. 
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Atg12, Atg5 and Atg16 combine to form a multimeric protein complex that facilitates the 

conjugation of Atg8 to PE [96], [97]. Atg7 and Atg10, E1-like and E2-like enzymes respectively, 

attach to the ubiquitin-like Atg12 and Atg5, thus forming this complex [98], [99].  

 

The covalent bond between Atg12’s C-terminal glycine and Atg5’s internal lysine is formed by 

the activation of Atg12 by Atg7, which is then transferred to Atg10 catalysing the reaction 

[100], [101]. A unique feature of the Atg10-conjugating activity is that Atg12 conjugated to 

Atg5 is independent of the E3 ligase [102]. Atg5, and especially its Atg12-Atg5 conjugate, form 

a noncovalent interaction with Atg16. This noncovalent interaction promotes Atg16 self-

interaction and ultimately generates a Atg12-Atg5-Atg16 dimer [99], [103], [104].  

 

This complex is proposed to function as an E3-like enzyme for Atg8 conjugation, but Atg8-PE 

can be created without these proteins [97], [105], [106]. Activated Atg8 in the Atg8-Atg3 

conjugate is thought to be brought into close contact to the acceptor PE via the Atg12-Atg5-

Atg16 complex [107], [108]. Atg16 is not required for Atg12-Atg5 to exert E3-like activity, but 

is required for the complex to localise to autophagy-related membranes [109]. In 2012, it was 

found that Atg5 contains a membrane-binding domain that is negatively regulated by Atg12, 

and mutating this region inhibits macroautophagy [110]. It was also determined that 

recruitment of the components of the Atg8 conjugate system is dependent upon the Atg12-

Atg5-Atg16 complex being able to associate with lipid bilayers. 

 

Two mechanisms exist for Atg12-Atg5-Atg16 complex to act as an E3 for Atg8 lipidation. The 

most important is the interaction of Atg16 with Atg21 that localises this complex to close 

proximity to PE [62]. The second and less important is the interaction of Atg12 with the Atg1 

complex that serves as a scaffold for PAS organisation [111]. 
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Figure 2-6: The Atg8 and Atg12 conjugation systems in S. cerevisiae.  

After Atg7 activates the ubiquitin-like protein Atg8, Atg8 is then transferred to the E2-like enzyme Atg3 resulting 
in conjugation to PE via an amide bond. Atg4 handles the processing of Atg8’s C-terminal in the deconjugation 
of PE from Atg8. Atg7 is also required for the activation of Atg12’s C-terminus resulting in the enzyme’s catalytic 
cysteine residue being passed onto the E2-like enzyme Atg10. Subsequently, an isopeptide bond is formed 
between this cysteine residue and the lysine residue of Atg5. The activity of the E2-like enzyme Atg3 is enhanced 
by the conjugation of Atg12-Atg5. Taken from [109] 

Atg8 is located on both sides of the phagophore and therefore has two separate functions 

once at the phagophore. Atg8-PE on the concave face of the phagophore functions as a cargo 

receptor by binding AIM-containing proteins and is delivered to the vacuole with the cargo 

for degradation [112], [113]. Atg8-PE is predominantly located on the convex face of the 

phagophore, and upon autophagosome completion is recycled by proteolytic cleavage 

mediated by Atg4 [28], [92]. The function of this convex pool of Atg8-PE is poorly understood, 

but it has been suggested to recruit membrane tethering factors. Furthermore, Atg16 drives 

the two-dimensional meshing of Atg8-PE/Atg12-Atg5 complex to produce an ordered 
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membrane scaffold [114]. Due to the competition between cargo receptors and Atg12-Atg5 

for Atg8-PE binding, cargo receptors can counteract scaffold formation. This explains how 

Atg8-PE can simultaneously act as a rigid membrane scaffold element and as a flexible cargo 

adaptor.   

 

2.6.4 Multimembrane Spanning Proteins 

During autophagosome formation, the only transmembrane protein crucial for this process is 

Atg9  [113]. The protein has been detected at multiple locations within the cell, including the 

ER, Golgi apparatus, as well as at the PAS and parts of the secretory pathway [48], [115], [116]. 

Atg9 is believed to deliver membranes from donor sites to the expanding phagophore 

through these peripheral sites, shown in Figure 2-7 [113], [117]. By supplying the initial 

membranes necessary to recruit and organise Atg proteins at the PAS, Atg9 is thought to act 

as a regulartor of autophagy initiation [48], [116]. It is known that Atg9 can self-interact which 

supports the idea of Atg9 being a landmark scaffold protein [118], [119]. Atg9 is primarily 

found on the external surface of the growing phagophore, where it is likely to be retrieved 

from the autophagosome membrane shortly before or after fusion of the autophagosome 

with the vacuole [116].  

 

Upon being synthesised, Atg9 is transported to the ER before being packaged into vesicles in 

the Golgi [120]. In support of this hypothesis, it was observed in the sso1∆ strain,  where the 

soluble N-ethylmaleimide-sensitive-factor attachment receptor (SNARE) Sso1 involved in 

protein secretion was deleted, Atg9 is only detected in small vesicles and not located at the 

PAS [121]. A SNARE-mediated membrane fusion event may be necessary for effective 

antegrade movement of peripheral Atg9-containing vesicles to the PAS. The purpose of these 

Atg9-containing vesicles continues to be a widely debated topic. One hypothesis is that they 

remain independent vesicles, and upon induction of autophagy are recruited to the PAS [116]. 
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Figure 2-7: Proposed trafficking routes of Atg9 in S. cerevisiae. 

A) The anterograde transport of Atg9. Atg9 is delivered to the PAS from a post Golgi pool during phagophore 
formation. Within the Cvt pathway (large dotted arrow), Atg9 anterograde transport requires the presence of 
the Ape1 oligomer, Atg19, Atg11 and actin. During starvation (continuous arrow), Atg9 trafficking becomes 
independent of these proteins. The mechanisms underlying this delivery is currently unknown. B) The retrograde 
transport of Atg9. Once the autophagosome is complete and the function of Atg9 is no longer required, the Atg1-
Atg13 complex triggers the retrograde transport of Atg9 from the PAS. Also, Atg2, Atg18 and PI3P are thought 
to participate in the retrograde transport of Atg9. Taken from [122]. 

Another possibility is that the Atg9-containing vesicles gather at the peripheral sites in a 

SNARE-dependent process and one of these structures relocates near the vacuolar surface in 

order to form the PAS [48], [121]. In addition Atg23 and Atg27, which are non-conserved 

peripheral and integral membrane proteins, Atg9 requires Atg23 and Atg27 to function 

efficiently at the PAS [123]–[125]. In particular, Atg23 and Atg27 appear to play a vital role in 

mediating Atg9 sorting from the Golgi. 
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Induction of autophagy results in the inactivation of TORC1 and PKA, which dephosphorylates 

Atg13 and enables interactions with Atg1 and Atg17. By binding two molecules of Atg17 to 

Atg13, at least three hexamers of Atg17, Atg13 and Atg28 can be molecularly bridged 

producing an oligomeric structure. Once at the PAS, the IDR in the N-terminal of Atg9 interacts 

with the HORMA domain of Atg13, as seen in Figure 2-8 [126]. Atg9-containing vesicles are 

also associated with Atg17 and, as a result, are incorporated into the supra complex Atg1-

Atg13-Atg17-Atg31-Atg29. It is the vesicles containing Atg9 that are tethered together by the 

S-shaped Atg17 homodimer, resulting in their fusion and subsequent formation of the 

phagophore [74], [76]. It has been reported that Atg9-containing vesicles are only recruited 

to the PAS, and no additional Atg9-containing vesicles are involved in the later stages of 

autophagosome formation [116]. 

 

 

Figure 2-8: A model of Atg13 during autophagy induction.  

Atg13, in blue, is depicted interacting with Atg1, Atg9, Atg17, Atg14 and Vac8. As well as recruiting Atg14 directly 
or indirectly, the HORMA domain of Atg13 binds to the N-terminus of Atg9. The IDR of Atg13 contains at least 
two Atg17 binding motifs. Atg13 binds to the Atg17 dimer interface where it activates Atg17-Atg31-Atg29 trimer 
and promotes a pivoting movement. This movement leads to the activation of Atg9-Atg17 complex interaction. 
Taken from [79]. 
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2.6.5 Atg2-Atg18 complex 

The peripheral membrane proteins Atg18 and Atg2 interact with each other and associate 

with Atg9 at the PAS [47], [127]. The absence of either Atg18 or Atg2 results in a defect in 

Atg9 localisation, similar to that seen in an atg1∆ strain. As with the mechanism by which 

Atg9 is retrogradely transported from the vacuole, it is unclear how Atg18 plays a role in 

autophagosome biogenesis. The recruitment and localisation of Atg18 and Atg2 to the PAS is 

dependent on each other, Atg9, the Atg1-Atg13 kinase complex, and the presence of PI3P 

generated by the PI3-kinase complex I [73], [128]. The interaction between Atg18 and Atg2 is 

PI3P independent, but appropriate targeting of the Atg18-Atg2 complex to the PAS is PI3P 

dependent [127].  

 

2.6.6 Late Stages of Macroautophagy 

In order for autophagosome expansion and sealing to be regulated, a signal must be applied 

that signals fusion with the vacuole. It is not known how this is accomplished. The edges of 

the expanding phagophore likely requires scission and subsequent fusion to separate the 

inner and outer membranes for the completion of the autophagosome. Unfortunately, the 

mechanism involved in the closing of the phagophore still need to be determined [129]. The 

edges of the expanding phagophore that contain the Atg2-Atg18 complex with their 

interacting partner Atg9, and the ubiquitin-like protein Atg8 have been implicated as possible 

closure factors [130]. Most of the Atg proteins are still on the surface of the autophagosomes 

that have just been sealed. These proteins may affect the activation of the fusion machinery, 

and so they must be removed and recycled. A study revealed that Atg8 on the surface of 

autophagosomes leads to inefficient fusion with the vacuole [131], [132]. After closure but 

before fusion with the vacuole maturation of autophagosomes needs to occur, this is defined 

as the removal of all Atg proteins from their surface. Atg8 and PI3P are removed from the 

surface membrane of autophagosomes during maturation, which is thought to facilitate the 

subsequent separation of Atg proteins from the surface of the autophagosome [133]. 

 

As described previous, the protease Atg4 is not only involved in cleaving the C-terminal 

arginine of Atg8 to promote its conjugation to PE but is also required for hydrolysis of the 

amino bond between Atg8 and PE and thereby releasing Atg8 from its lipid anchor [92], [134]. 



  19 

 

PI3P is dephosphorylated by the yeast enzyme myotubularin-related PI3P phosphatase 

(Ymr1) to yield PI which is an essential step in autophagosome maturation [135]. In yeast cells 

absent of YMR1, there is an accumulation of autophagosomes in the cytosol which still 

contain Atg proteins of their surface and are PI3P-positive [136]. Upon induction of autophagy 

Ymr1 localises to the PAS. At the moment, it is unknown how Ymr1 activity is controlled during 

autophagosome maturation and formation [135], [137].  

 

The fusion of matured autophagosomes with the vacuole involves machinery that is common 

to other transport networks that terminate at the vacuole. This involves the action of specific 

Rab guanosine triphosphatase (GTPase) in combination with its respective guanine nucleotide 

exchange factor (GEF), a tethering factor, as well as SNARE proteins [133]. To regulate 

intracellular membrane traffic Rab GTPases are known to act as a molecular switch by cycling 

between their soluble guanosine diphosphate (GDP)-bound (inactive) form and the 

membrane associated guanosine triphosphate (GTP)-bound (active) form. GEFs mediate the 

replacement of GDP with GTP and lead to membrane association as well as the activation of 

the Rab GTPase which in turn is able to recruit effector proteins [138]. 

 

The machinery involved includes the Rab-like protein Ypt7 as the specific Rab GTPase which 

requires the GEF Mon1-Ccz1 complex for activation. Once activated, Ypt7 can interact with 

the vacuolar membrane via the homotypic vacuole fusion and protein sorting (HOPS) 

complex. Ypt7-positive membranes are tethered to this hexameric complex, which triggers 

SNARE protein assembly to facilitate the fusion of the tethered membranes [139]. The SNARE 

proteins Vam3, Vam7, Vti1 and Ykt6 have been found to be  essential for the vacuolar fusion 

of autophagosomes [140]–[143]. 

 

The final fusion event of the outer autophagosome membrane with the vacuole-limiting 

membrane releases the inner vesicle into the vacuolar lumen, which is named to autophagic 

body. The membrane of the autophagic bodies is lysed through the action of the putative 

vacuolar lipase Atg15 [144], [145]. Allowing for resident hydrolases, that are present in the 

vacuolar lumen, to degrade cargo for subsequent transportation into the cytosol for recycling. 
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2.7 PROPPINs 

-propellers that bind polyphosphoinositides (PROPPIN) are a family of eukaryotic PI3P and 

PI(3,5)P2 binding proteins which are involved in autophagy. They contain two PIP binding sites 

and a conserved phenylalanine-arginine-arginine-glycine (FRRG) motif essential for binding to 

PIP [146]–[149]. Yeast contain three homologous PROPPINs; Atg18, Atg21 and Hsv2. In 

mammalian cells, there are four orthologs known as the WD40 repeat-containing proteins 

that interact with PIs (WIPI). WD40 repeat proteins are characterised by the presence of 

tandem repeats of 40-60 amino acids having tryptophan (W) and aspartic acid (D) at the C-

terminus; first identified in the bovine  subunit of transducin, a GTP binding protein [150], 

[151]. Structurally, PROPPINs are characterised by a  propeller fold comprising of 4-8 

antiparallel sheets, where each sheet consists of 4  strands; depicted in Figure 2-9. These 

sheets are arranged as blades of the propeller around a central cavity. The WD repeat is a 

part of the antiparallel strands. It is well known that WD40 domains can mediate diverse 

protein-protein interactions, such as scaffolding and cooperative assembly and regulation of 

multisubunit complexes. WD40 proteins are also present in bacteria, but the abundance of 

WD40 proteins in eukaryotes is much greater, where they perform a wide range of functions,  

such as signal transduction, cytoskeleton assembly, cell division, RNA processing and 

chemotaxis [152], [153]. 

 

The WD40 repeats are among the top ten most abundant domains in eukaryotes [154]. In 

contrast to other members of the -propeller family, and despite often residing in enzymatic 

complexes, no WD40 protein is currently known to possess catalytic activity. WD40 propellers 

are large domains of 300 amino acids and can be considered to have three distinct surfaces 

available for interaction: the top region of the propeller, which is defined as the part of the 

structure where the loops connecting D and A strands of the WD-repeats lie, the bottom area, 

and the circumference (Figure 2-9). Interestingly, most protein-protein interactions involve 

the top region of the propeller, corresponding to the ‘supersite’ for the -propeller superfold 

[155]. 
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Figure 2-9: Structure for PI3P binding within KlHsv2.  

A) Ribbon structure of Kluyveromyces lactis Hsv2 where blue represents the N-terminal and in red is the C-

terminal. KlHsv2 forms as a seven-bladed -propeller, where each blade consists of a four-stranded antiparallel 

-sheet. The blades are numbered from the N-terminal to the C-terminal, and the -strands are ordered from 
inner to outer strand using A-D. The orientation of the ribbon structure in A is a view of the bottom of the protein. 
B) Showing the two binding sites for PI3P, the residues important for this interaction are shown in yellow and 

cyan. C) Model for membrane association of KlHsv2. The -propeller is perpendicular to the membrane allowing 
for loop 6CD to insert into the membrane and provide support for the association. A) and B) taken from [156] C) 
taken from [157].   

The crystal structure of Kluyveromyces lactis Hsv2 revealed that PROPPINs contain two PIP 

binding sites and fold as a seven-bladed -propeller [158]–[160]. The rim of the -propeller 

contains the conserved FRRG motif, where each arginine forms a PIP binding site. Therefore, 

all PROPPINs can bind to two molecules of PIP. The binding to PIP allows the PROPPINs to be 

A

B

C
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localised to their active sites. In addition, PROPPINs can also penetrate the membrane via a 

loop at 6CD that protrudes from the -propeller core. This membrane insertion loop is 

required for membrane binding using hydrophobic and electrostatic interactions [161]. The 

-strands are linked by a short loop connecting to one another as well as between the blades, 

except for the last blade that exhibits a non-Velcro closure as these blades are not linked. The 

seventh blade consists of the WD40-repeat and does not share any -strands with the first 

blade [156], [162]. The phosphorylation of the membrane insertion loop of Atg18 modulates 

the binding to membranes [163]. PROPPIN membrane binding is also dependent on the 

membrane curvature and proposed to bind perpendicular to the membrane through both PIP 

binding sites in addition to the membrane insertion loop 6CD [161].  

 

Atg18 consists of seven WD40-repeats that fold into a seven-bladed -propeller [148], [164]. 

Atg18 is also able to bind both PI3P and PI(3,5)P2 through the conserved phenylalanine-

arginine-arginine-glycine (FRRG) motif within its -propeller [148], [149]. Atg18 localises in a 

PI3P dependent manner to the PAS for autophagosome formation [47]. Additionally, Atg18 

forms a complex with Atg2, which is also crucial for autophagy progression. As a secondary 

function, PI(3,5)P2 binding of Atg18 mediates its localisation to the vacuole [148]. Atg18 is 

involved in non-autophagic functions in regulating retrograde transport from the vacuole to 

the Golgi. Also, Atg18 has a regulatory role as part of the Fab1-containing PI3P 5-kinase 

complex at the vacuole, and has a direct effect on vacuolar fragmentation and homeostasis 

[165]–[167]. 

 

Atg21 is not essential for nonselective autophagy; nonselective autophagy in an atg21∆ strain 

is only impaired and not entirely blocked. However, Atg21 is crucial for selective autophagy, 

including the Cvt pathway, PMN and mitophagy [168], [169]. Atg21 is required for the 

recruitment of Atg5, Atg8 and Atg16 to the PAS. It was found that Atg21 organises Atg8 

lipidation at the phagophore by binding to PI3P and recruiting Atg8 and the Atg8 lipidation 

complex, as shown in Figure 2-10 [170]. This is regulated by the loop 2D to 3A on the top side 

of Atg21 that allows for interaction with Atg8. The bottom side of Atg21 allows for binding 

with Atg16 via two negatively charged residues, D101 and E102 of Atg16 [171]. 
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Figure 2-10: Model for protein interactions revolving around Atg21 at the phagophore.  

Atg21 localises to PI3P at the phagophore membrane and defines the sites for Atg8 lipidation. Atg21 also binds 
PI3P at endosomes, here no Atg8 lipidation occurs, thus PI3P is not the only factor affecting Atg8 lipidation. Atg21 
binds to the N-terminal arm-like domain of Atg8 which subsequently recruits the Atg8-Atg3 conjugate. On the 
opposite side of the Atg8 binding site, Atg21 recruits the Atg12-Atg5-Atg16 complex by interaction with Atg16. 
The dimeric coiled-coil domain of Atg16 is suggested to bind to two Atg21 molecules, this enhances the 
association of the complex with the autophagic membrane. Taken from [170] 

Of the three yeast PROPPINs Hsv2 is functionally the least characterised. A partial impairment 

of PMN progression was seen in a hsv2∆ strain suggesting that Hsv2 could be a regulator of 

some selective types of autophagy. Recently, Hsv2 was implicated in the alternative 

autophagy termed Golgi membrane-associated degradation (GOMED) pathway, explained 

further in chapter 2.8.1. Furthermore, a defect in sporulation has been seen in a hsv2∆ strain 

compared to wildtype, where a third less asci were present under sporulation conditions. The 

mechanistic role of Hsv2 in sporulation is currently unknown. 

 

2.8 Transport Pathways 

S. cerevisiae has a multitude of complex trafficking pathways to ensure intracellular 

organisation. All newly synthesised membrane proteins are directed towards the Golgi, where 

they are sorted into destination compartments, whether that is to the PM or the external 

medium via exocytosis, to the vacuole through endosomes using the VPS pathway, or directly 

using the AP-3 pathway [172]. 
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2.8.1 GOMED 

The Golgi apparatus is an organelle responsible for the transport of proteins and lipids to the 

plasma membrane, vacuole and the cell exterior. In the Golgi, proteins are phosphorylated, 

modified by sugar chains, packaged, and sorted according to their destinations. A novel 

involvement has been reported that Golgi membranes are utilised in an intracellular 

proteolysis mechanism termed the GOMED pathway [173]. This process was originally called 

alternative autophagy due to the morphological and functional similarities to canonical 

autophagy (Figure 2-11). However, upon investigation there were some differences in 

proteins involved, the cargo degraded and biological roles uncovered. 

 

GOMED is induced not only in yeast but also in mammals. Upon treatment with amphotericin 

B1 (AmB), an antifungal reagent, Golgi membranes become gathered and stacked with 

autophagosome-like structures, which are generated at the distal Golgi membranes, as seen 

in Figure 2-11. These autophagosome-like structures were found to engulf Golgi and cytosolic 

proteins and even organelles as autophagic cargo [173]. Amphotericin B1, a membrane-active 

antibiotic, increases the permeability of fungal membranes by binding to ergosterols. AmB 

has high affinity for ergosterol at membranes and upon association forms hydrophilic pores 

[174]. The presence of such structures on membranes increases the permeability and causes 

damages that could result in cell death. The molecular mechanisms behind AmB perturbing 

membranes is still poorly understood. 

 

Ergosterol within the ER regulates phosphatidylinositol 4-phosphate (PI4P) levels on Golgi 

membranes [175], [176]. Yamaguchi et al., 2016 examined whether AmB treatment reduced 

the levels of PI4P. Using a PI4P-monitoring protein in healthy cells localised to the Golgi and 

PM however, upon treatment with AmB the PI4P-monitoring protein was absent from the 

Golgi and spread throughout the cytosol. They then investigated if a reduction in PI4P was 

sufficient to induce GOMED. The deletion of Golgi PI4-phosphatases, Inp52 and Inp53, 

resulted in supressed AmB-induced GOMED; indicating that a reduction in PI4P levels is 

crucial for the induction of GOMED [173].  
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At the Golgi PI4P plays a direct role in controlling trafficking and Golgi morphology [177], 

[178]. Interestingly, the deletion of Atg1 suppressed GOMED even though no involvement of 

other autophagy genes has been observed. Additionally, defects in lipid sorting induced by 

Osh1 and Osh4 deletions and defects in retrograde trafficking caused by Vps74 deletion did 

not activate GOMED. However, the temperature-sensitive deletion of Gga1 and Gga2, 

proteins responsible for the anterograde transport in combination with PI4P, did induce 

GOMED [173], [179]. Upon further investigation by Yamaguchi’s group, they found that only 

disruptions in the Golgi to PM trafficking induced GOMED and not disruptions in Golgi to 

vacuole or endosome to Golgi trafficking.  

 

Recently, Hsv2 was implicated in GOMED [180]. This was verified by the absence of GOMED 

in AmB treated hsv2∆atg5∆ yeast cells. GOMED can function in the absence of the core Atg 

proteins and to avoid simultaneous activation of macroautophagy and GOMED, typically an 

atg5∆ background is used when measuring GOMED activity. In these cells, AmB treatment 

caused Golgi membrane stacking, but Golgi membrane elongation was blocked, suggesting 

that Hsv2 is required for membrane elongation during GOMED [180]. Furthermore, 

hsv2∆atg5∆ cells had significantly fewer autophagosome-like and autophagic body-like 

structures than atg5∆ cells. However, the Golgi membrane stacks were unchanged, 

suggesting that Hsv2 is required for the formation of the autophagosome-like structures and 

not the stacking of Golgi membranes. Additionally, Hsv2 may interact with trans-Golgi 

membranes via its PI3P interacting motif upon Golgi stimulation and may function in the 

formation of phagophore-like structures from Golgi membranes upon GOMED induction.  
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Figure 2-11: Golgi membrane-associated degradation pathway in yeast and mammals.   

Upon disturbance of anterograde transport from the Golgi to the PM, Golgi membranes begin forming as stacks. 
These stacks then elongate around the cargo before fusing to form a double membraned compartment. The 
autophagosome-like structures then translocate to the vacuole for docking and lysis of cargo. Taken from 
Yamaguchi et al. 2016. 

 

2.8.2 SNAREs 

SNAREs are key components in mediating vesicle fusion with target membranes. Critical to 

the formation of SNARE complexes is the SNARE motif that is present in both v-SNAREs and 

t-SNAREs and consists of a 65 amino acid sequence characterised by heptad repeats of 

hydrophobic residues generally located on the C-terminal transmembrane anchor [181]. In 

order for efficient bilayer fusion to occur, four SNARE motifs have to bundle together in a 

parallel -helical coil and thereby bringing the membranes into close proximity [182], [183]. 

This trans SNARE complex is referred to as a SNAREpin, with the target membrane t-SNAREs 

and the vesicle membrane v-SNAREs [184]. Within the coiled-coil of the SNAREpin, the 

contacts between the helices largely rely on hydrophobic interactions, with the exception of 

the middle of the bundle that contains an ionic layer [185]. Here each helix typically displays 
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either an arginine (R) or a glutamine (Q) residue, where three Q-SNAREs interact with one R-

SNARE at the ionic layer within the SNAREpin.  

 

Figure 2-12: Subcellular location of S. cerevisiae Yeast SNAREs.  

Showing SNAREs responsible for anterograde and retrograde trafficking between ER and Golgi, from Golgi to 
PVC and vacuole to PM. Endocytic transport makes use of the Golgi SNAREs to deliver cargo to an endosomal 
compartment. SNAREs that potentially interact with Hsv2 are underlined in red. Modified from [186]. 

 

2.8.3 Endomembrane System 

The secretory and endocytic pathways are part of the endomembrane system within yeast S. 

cerevisiae. These pathways are the main routes to and from the trans-Golgi network (TGN) in 

order to maintain a homeostatic balance between anabolic and catabolic processes [187]. 

The endocytic and secretory pathways intersect at the Golgi apparatus, which is the central 

sorting organelle. Newly synthesised proteins and lipids are transported from the ER to the 

Golgi to begin the secretory pathway. Once at the TGN, cargo is sorted and packaged based 

on their destination, either for delivery to the plasma membrane, directly to the vacuole, back 

to the Golgi or into endosomes [188], [189]. 
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Conversely, proteins and lipids are taken up at the plasma membrane and stored in 

endosomes during the first steps of endocytosis. These endocytosed cargoes are destined for 

recycling or degradation in the vacuole. En route to the vacuole, these cargoes pass through 

two distinct types of endosomes where components are recycled for further rounds of 

endocytosis [190], [191]. The best-characterised type of yeast endosome is the prevacuolar 

compartment, resembling a late endosome and localised next to the vacuole [192]. The early 

and recycling endosomes in yeast are less well described. The sorting of cargo at endosomes 

is initiated at the tubular endosomal network (TEN), a network of tubules that emanate from 

the vacuolar domain of the endosome [193]. The SNX-BAR family is a major family recruited 

to the TEN to facilitate cargo sorting; they are characterised by their ability to scaffold at high 

membrane curvatures such as that found at the TEN and endosomal transport carriers (ETCs). 

At the C-terminus, they contain a BAR domain and at the N-terminus, a phox homology 

domain for recognising PI3P.  

 

The docking and fusion of membrane vesicles to their destined compartments has to be 

strictly regulated. Several families of proteins are required to guarantee fusion specificity, 

such as syntaxins, synaptobrevin and SNAP-25-like molecules. Synaptobrevins, v-SNAREs, on 

the surface of vesicles provide specificity for docking and fusion by interacting with syntaxins, 

t-SNAREs, on the target membrane [194]. Following this interaction, the involvement of 

specific cytosolic factors, N-ethylmaleimide sensitive factor (NSF) and soluble NSF-

attachment proteins (SNAPs), have been implicated in vesicle docking and fusion [195]. 
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Figure 2-13: Schematic representation of the endosomal system in yeast S. cerevisiae.  

The main trafficking routes of the endosomal system in yeast S. cerevisiae. The spheres within the lines represent 
an intermediate step required for transportation. Initially, sequestered cargo is packaged into the early sorting 
endosomes. Over time, as the early endosome matures it loses the ability to store cargo from PM-derived vesicles 
but not that from the TGN. This is part of the maturation process of multi-vesicular bodies (MVB). Taken from 
[196]. 

 

The TGN functions as the first destination for both bulk endocytosis and signal-dependent 

endocytosis. The formation of late endosomes is mediated by Vps21 via the recruitment of 

the CORVET tethering complex, consisting of Vps11, Vps16, Vps18 and Vps33, and the t-

SNARE Pep12. Membrane fusion events are mediated by tethering factors and SNARE 

proteins and have been suggested to control the homotypic fusion of endosomes to create a 

large late endosome containing multiple intra-luminal vesicles. It is currently unclear which 

of these events are regulated by Vps21. It has been speculated that Vps21 could mediate the 

maturation of early endosomes to late endosomes, which are also known as MVBs. During 

this process, the early endosomal membrane invaginates to form pockets and sealing these 

pockets results in the formation of intraluminal vesicles inside the multi-vesicular bodies 

[197], [198]. 
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2.8.4 ESCRT 

The events relating to autophagosome closure are thought to be similar to the biogenesis of 

MVBs, virus budding and cytokinesis. The endosomal sorting complex required for transport 

(ESCRT) machinery is involved in these cellular membrane scission processes [199], [200]. 

Over a decade ago, the ESCRT machinery was implicated in autophagy progression, where 

ESCRT-depleted cells were observed to accumulate autophagic membrane structures [201], 

[202]. 

 

In S. cerevisiae, Snf7, a component of the ESCRT subunit, in conjunction with Vps4 promotes 

the budding of membranes away from the cytoplasm. Yeast cells depleted of Snf7 and Vps4 

result in the accumulation of immature autophagosomes containing multiple Atg proteins 

[203]. The localisation of the ESCRT machinery to the isolation membrane is Vps21-dependant 

[204], [205]. Additionally, the interaction between Snf7 and Atg17 is crucial for the 

recruitment of the ESCRT machinery to the isolation membrane. Although these studies have 

highlighted the importance of the ESCRT machinery in the maturation of autophagosomes, 

the mechanisms behind these events remain poorly understood. Snf7 has also been seen to 

interact with the scaffold protein Atg11, potentially recruiting the ESCRT machinery to the 

isolation membrane in selective autophagy [206]. Interestingly, this interaction is Vps21 

independent, suggesting different recruitment mechanisms between selective and 

nonselective autophagy.   

 

2.8.5 The Retromer Complex 

The sorting and export of cargo from the endosomal system is initiated by cargo identification 

and selection. The cargo selection machinery was first identified in budding yeast as a 

heteropentameric complex composed of Vps5, Vps17, Vps26, Vps29 and Vps35. The retromer 

complex was discovered to be required for endosome to Golgi retrieval of Vps10, an integral 

membrane sorting receptor that mediates sorting of carboxypeptidase Y (CPY) [207]. Seaman 

et al., 1997 found that in cells lacking any retromer components, Vps10 accumulated on the 

vacuolar membrane and was depleted at the Golgi, resulting in the improper secretion of 

newly synthesised CPY. The heteropentameric retromer complex can be dissociated into two 
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subcomplexes. The cargo selection complex (CSC) trimer consists of Vps35, Vps26 and Vps29, 

responsible for cargo recognition and mediating packaging of cargo into endosome-derived 

transport carriers (ETC) [208]. The other subcomplex is composed of a dimer of sorting nexins 

Vps5 and Vps17 that are proposed to mediate endosome recruitment of CSC and promote 

the formation of ETCs [209]. 

 

Figure 2-14: Model of the retromer complex in yeast S. cerevisiae.  

A) A cross-section of the Vps5-retromer complex shows that the inner membrane coat is formed by SNX dimers 
while the outer layer is composed of retromer arches of Vps35 and Vps29. B) Showing the SNX Vps5-retromer 
complex. C) Showing the SNX3-retromer complex. The interaction of Vps35-Vps35 (yellow) interface with Vps29 

(red) binding the opposite face forms a retromer dimer. The retromer dimer forms an arch by the extended -
helical solenoid of Vps35 projecting away from the membrane. This model shows a Vps5 dimer on the inner coat 
of the complex whereas in vivo a Vps5-Vps17 dimer is used. Alignment of crystal structures shows that the 
retromer complex forms mutually exclusive complexes with either SNX dimers or SNX3. Taken from [210] 

Structural analyses of the CSC complex show that it is flexible and a long dumbbell-shaped 

complex, with Vps26 and Vps29 bound to sites near the N- and C-terminal of Vps35, 

respectively [211]. Vps29 has a metallophosphodiesterase fold containing two sites for metal 

ions to bind. Vps29 can bind Zn2+ and Mn2+ but at a very low affinity and with no functional 

explanation; therefore, Vps29 is not a metal-dependent phosphatase enzyme [212], [213]. 

Vps29 serves as a scaffold for the -helical solenoid structure of Vps35 and is essential for 

stabilisation. Vps26 has a combination of exposed hydrophobic and basic residues, which is a 

hallmark of membrane-binding structures and was suggested to interact with membranes via 

this motif. However, upon observation, there was no noticeable interaction with PI3P or other 

acidic lipids. This suggests that although Vps26 could bind to membranes, it is too weak to 

localise to membranes on its own [214]. The folding of Vps26 closely resembles that of the 

arrestin family, despite the absence of sequence similarity [215]. However, one of the 

defining features of the arrestin family is the existence of a polar core embedded between 

two domains, and the domain interface of Vps26 contains clusters of buried polar 

A B C
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interactions. Although, the functional significance of this is unclear. It was suspected that this 

is required for interaction with clathrin coats and adaptor protein complexes, but mutations 

of the polar cores did not interfere with CPY sorting [214]. Vps26 interacts directly with Vps35 

through a mobile loop and adjacent residues near the distal tip of the C-terminal domain and 

is essential for the assembly of the retromer complex.  

 

The retromer complex does not possess intrinsic membrane-binding activity and, therefore, 

must be recruited to the endosome membrane via interaction with sorting nexins and integral 

membrane cargo [216], [217]. Sorting nexins contain a Phox-homology (PX) domain which is 

typically recognised by PI3P [218], [219]. Within the sub-family ‘PX-only’ sorting nexins is 

Snx3, which can bind to PI3P but is unable to induce membrane tubulation. Snx3 is known to 

interact with the retromer complex as it is required for the Golgi localisation of Ste13 and 

Kex2 [220]. The interaction between Snx3 with Vps35 and Vps26 is required for sequestering 

cargo proteins and for membrane recruitment of the retromer complex.  

 

In unpublished work from our group, a model was proposed where Atg18 and probably 

another PROPPIN can replace the SNX-BAR proteins Vps5 and Vps17 [221]. This complex 

would allow for cargo recruitment via Snx3 and the retromer, membrane association via Snx3 

and Atg18, and the induction of membrane tubulation via Atg18. Atg18’s unstructured 

hydrophobic 6CD loop undergoes a conformational change into an amphipathic -helix upon 

contact with lipids; at PI3P or PI(3,5)P2 positive membranes this loop is necessary and 

sufficient to induce tubulation of giant unilamellar vesicles [167].  

 

2.9 Vacuolar Morphology 

A complex regulatory network maintains vacuolar morphology in response to environmental 

stimuli. Under starvation conditions, the vacuoles fuse together to form one large vacuole. 

Conversely, the volume of the vacuole is reduced during nutrient rich conditions by the fission 

of the vacuole into several smaller organelles. This process is regulated by the synthesis and 

regulation of PI(3,5)P2 and the PI(3,5)P2-binding protein Atg18. Furthermore, this process 

requires the dynamin-like GTPase Vps1, the interacting SNARE Vam3, the ATPase Sec18 and 
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a subunit of the COVERT complex Vps3. Yck3 is also essential to prevent the immediate re-

fusion of the vacuoles [222].  

 

PI3P controls protein sorting and membrane dynamics at early endosomes. In comparison, 

PI(3,5)P2 appears to govern events associated with the later endosomal compartments such 

as the vacuole in yeast [82], [223]. Cells that are absent of PI(3,5)P2 exhibit vacuolar defects, 

including nonacidic vacuoles, abnormal vacuolar inheritance and impaired retrograde 

transport [224], [225]. Atg18 has an FRRG motif on the -barrel which is thought to be the 

site of direct interaction with PI(3,5)P2. Mutation of the double arginines disrupts the binding 

to PI(3,5)P2 and mislocalises Atg18 to the cytosol [148]. Due to the function differences seen 

by Atg18 interacting with PI3P and PI(3,5)P2, it has been suggested that PROPPINs have two 

fundamentally different functional faces. The binding to PI3P causes tubulation of the 

endosomal membrane. Conversely, binding to PI(3,5)P2 triggers insertion of the CD loop, 

oligomerisation, cooperative fission and tubulation of the membrane. 

 

The acute vacuolar response to osmotic stress involves the rapid and transient 20-fold 

increase in PI(3,5)P2. This requires the activation of Fab1 lipid kinase by Vac7 and the Vac14-

Fig4 complex [226]–[228]. The rise in PI(3,5)P2 levels are necessary for the fragmentation of 

the vacuole during osmotic stress. Both the rise and fall of PI(3,5)P2 levels are dependent on 

Fig4 phosphatase activity [229]. Interestingly, atg18∆ cells that have been subjected to 

osmotic stress have PI(3,5)P2 levels 60 times that of wildtype even though the vacuolar size is 

unchanged [148], [165].  

 

2.10 Sporulation and budding 

Saccharomyces cerevisiae is a single-celled organisms capable of rapid division on a defined 

medium. The cells are heterozygous for the mating-type locus and can respond to changes in 

the nutrient status of the environment in a variety of ways. Yeast cells enter the 

developmental pathway of meiosis and sporulation in the absence of a nitrogen source 

combined with the presence of a nonfermentable carbon source [25], [230]. Sporulation is an 

essential process that, like autophagy, is triggered due to stress conditions. The process of 

spore formation is entirely different from that of mitotic cell division [231], [232]. When under 
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nutrient rich conditions, the yeast cells undergo mitosis and multiply. Mitosis causes the 

dividing of the chromosomes, and the mother and daughter cells split by a cytokinetic event 

at the bud neck. However, in sporulation, the four haploid nuclei are produced from the 

segregation of the chromosomes by meiosis. De novo formation of the plasma membrane is 

formed around each nucleus within the cytoplasm of the mother cell to form immature 

spores. Once spores are fully developed, the anucleate but still intact mother cell becomes 

the ascus encasing the four spores of the tetrad [233]. The vegetative machinery is altered 

during these morphogenetic events to carry out several cellular functions, including RNA 

synthesis, chromosomal segregation, the cell cycle, and organellar segregation.  

 

 

The yeast cell wall is composed of glucan, mannan, dityrosine and protein with small amounts 

of chitin. The bud wall is newly synthesised and not derived from the material of the mother 

cell wall [234], [235]. The glucan and mannan components of the cell wall are synthesised 

continuously throughout the cell cycle [236]. Dityrosine within the spore wall provides 

resistance to digestive enzymes and are present in the outer most layer of the spore wall 

[237]. Throughout the mitotic cycle, the nuclear envelope, a pair of double membranes, 

remains intact around the nucleus of a yeast cell. A portion of the nucleus stains differently 

and has a crescent shape during part of the mitotic cycle, and this is believed to be the 

nucleolus [238]. When the mature bud separates from the parent cell at the termination of 

the cell cycle, a permanent birth scar remains on the surface of both the bud and the parent 

cell [239], [240].  
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Figure 2-15: The events of spore formation in yeast S. cerevisiae.  

(A) Following the events of meiosis and sporulation in chronological order. The orange lines indicate the plasma 
membrane of the original mother cell. The grey lines indicate the nuclear envelope. The green lines represent the 
spindle microtubules. The blue and red lines indicate the homologous chromosomes. The pink lines indicate the 
prospore membrane with the lumen highlighted in yellow. After the closure of the prospore membrane it is 
separated into two distinct membranes. The plasma membrane is the one closest to the nucleus, while the outer 
membrane is broken down during the assembly of the spore wall. The blue bricks represent the spore wall. (B) 
The chronological order of events and the transcription factors causes the events in A. Taken from [233] 

Sporulation occurs in three major phases, as seen in Figure 2-15. The early phase begins when 

the cells differentiate into spores due to a lack of nitrogen or a fermentable carbon source 

[241]. This results in exiting from the mitotic cycle G1 and entry into the premeiotic S phase. 

Once the DNA is replicated, homolog recombination and pairing occur in the meiotic 

prophase. Alterations in both the cell cycle machinery and RNA processing are required for 

cells to begin meiosis [242], [243]. Meiotic division begins with the replication of DNA and the 

generation of the four spindle pole bodies (SPBs), ultimately producing four haploid nuclei 

from one mother cell. This phase requires a multitude of changes to the cell cytoplasm. 

Initially, the four spindle pole bodies present in meiosis are modified and become the new 

sites for the formation of the new membrane compartments, termed prospore membrane 

[244], [245]. Each prospore membrane grows and engulfs the forming haploid nucleus 

adjacent to it. Also, during this phase, organelles such as mitochondria migrate into the 

cytoplasmic space between the nuclear envelope and the prospore membrane [231]. During 

the meiosis II phase, the SPBs act as a recruitment platform for several sporulation specific 

proteins; this leads to the expansion of this face, known as the meiosis II outer plaque (MOP).  
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Once the prospore membrane has elongated around the nucleus and organelles a cytokinetic 

event is required for the ends of the prospore membrane to fuse. This double membraned 

compartment is termed an ascus and is surrounded by the cytoplasm of the original mother 

cell. This process happens at each MOP leading to the generation of the four asci from one 

original mother cell. The assembly of a spore wall around each spore begins only after the 

membrane fusion and is crucial for the maturation of the spore [246], [247]. In addition, 

closure causes the compaction of chromatin in the spore nucleus as well as the regeneration 

of organelles [248], [249]. This occurs in the cytoplasm of the ascus, and once the assembly 

of the spore wall is complete, the original mother cell collapses around the spore to produce 

the tetrahedral mature ascus [250]. The progression of sporulation is mediated by a 

transcription regulatory cascade that affects both meiosis and spore formation [251], [252]. 

Ime1 is the first transcription factor used to trigger the differentiation process within the cell. 

Once Ime1 is expressed this acts as a master switch for the sporulation process to begin [253]. 

 

Both autophagy and sporulation are induced during stress conditions and negatively 

regulated by TOR [254], [255]. Upon induction the de novo formation of a double membraned 

structure at the PAS or MOP termed phagophore or prospore membrane, respectively. These 

double membraned structures both expand to engulf material, cargo in autophagy and SPB 

in sporulation. These similarities suggest some cross-talk between autophagy and 

sporulation, this is explained further in chapter 5.3.  

 

In unpublished data, a sporulation defect has been seen in the absence of Hsv2 when 

compared to wildtype. Under sporulation conditions hsv2∆ diploid cells contained a third less 

asci than wildtype cell, the role of Hsv2 in sporulation is still to be determined. It has also been 

observed that hsv2∆ cells have reduced levels of both D- and L-dityrosine with the majority 

located in the soluble fraction compared to the spore wall fraction [237]. 

2.11 Aim of the Study 

The PROPPIN family are important PI3P and PI(3,5)P2 adaptor proteins that often act as 

platforms to promote and coordinate protein-protein interactions, which are involved in 

autophagy and other vesicular transport pathways. All PROPPINs are structurally well 

characterised, although their molecular functions are still not fully comprehended. Atg18 is a 
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component of the core autophagic machinery, and Atg21 is crucial for selective autophagy 

such as the Cvt pathway. Hsv2 is the least functionally characterised protein within the 

PROPPIN family, although a mild defect has been observed on PMN and sporulation in the 

absence of Hsv2. However, the mechanistic function of Hsv2 in these processes is unknown. 

 

There were three main aims to this study: First, to identify potential interaction partners of 

Hsv2 using proximity-dependent labelling assays. Uncovering the interactome of Hsv2 should 

give us a better understanding of its function. 

 

Second, to deduce the molecular interaction between KlAtg21 and ScAtg8, we started with 

the purification of ScAtg8 to determine the binding affinity with KlAtg21. We used 

crystallisation trails to get a crystal structure of the Atg8-Atg21 complex to determine the 

residues of Atg21 responsible for interacting with Atg8. 

 

Lastly, determine the role of Atg18 with the retromer complex in maintaining vacuolar 

morphology. We used hyperosmotic conditions to initiate vacuolar fragmentation to deduce 

which components of the retromer complex in conjunction with Atg18 are responsible for 

maintaining vacuolar morphology. 
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3. Methodology 

3.1 Materials 

3.1.1 Equipment 

Table 3-1: Equipment used in this study 

Equipment Manufacturer 

Agarose Gel Chamber Mini-Sub cell GT Bio-Rad Laboratories GmbH (DE) 

AmershamTM HybondTM PVDF Blotting 

membrane 

GE Healthcare GmbH (DE) 

Autoclave Systec DX-200 Systec GmbH (DE) 

BioPhotometer 6132 Spectrophotometer Eppendorf AG (DE) 

Blotting Paper (MN218B 58 x 60 cm) Macherey-Nagel (DE) 

Blot Shaker GFL 3019 GFL (DE) 

Centrifuge 5415D Eppendorf AG (DE) 

Centrifuge 5415R Eppendorf AG (DE) 

Centrifuge 5417C Eppendorf AG (DE) 

Centrifuge 5804 Eppendorf AG (DE) 

Centrifuge 5804R Eppendorf AG (DE) 

Clean Bench BDK (DE) 

Cuvettes (10 x 4 x 45 mm) Sarstedt (DE) 

DeltaVision, Olympus IX71 Applied Precision (USA) 

Diaphragm Vacuum Pump Vacuubrand GmbH & Co. KG 

Disruptor Genie Vortex-Shaker Scientific Industries (USA) 

Eppendorf Safe-Lock tubes, 1.5 mL Eppendorf AG (DE) 

Eppendorf Safe-Lock tubes, 2.0 mL Eppendorf AG (DE) 

Freezer (-20°C) Heraeus Holding GmbH (DE) 

Freezer (-80°C) Heraeus Holding GmbH (DE) 

Glass Beads, Acid Washed (425-600 µm) Merck KGaA (DE) 

Innova 4200 Incubator-Shaker New Brunswick Scientific GmbH (DE) 

Lab pH Meter inoLab pH 7110 Xylem Analytics Germany Sales GmbH (DE) 
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Lab Shaker LS-X Kühner Shaker GmbH (DE) 

Lab Shaker SBM/SS-X Kühner Shaker GmbH (DE) 

LAS-300 Intelligent Dark Box FUJIFILM Europe GmbH (DE) 

Magnetic Stirrer MR 2002 Heidolph Elektro Gmbh & Co. KG (DE) 

Magnetic Stirrer MR 3001 Heidolph Elektro Gmbh & Co. KG (DE) 

Menzel Microscope Coverslips (24 x 24 

mm) 

Thermo Fisher Scientific (DE) 

Menzel Microscope Slides (76 x 26 mm), 

Cut Edges 

Thermo Fisher Scientific (DE) 

Microwave R-939 Sharp Electronics GmbH (DE) 

Mini Trans-Blot Cell Bio-Rad Laboratories GmbH (DE) 

Mini-PROTEAN Tetra Vertical 

Electrophoresis Cell 

Bio-Rad Laboratories GmbH (DE) 

Minisart Filters (0.2 µm) Sartorius AG (DE) 

Nalgene Rapid-Flow, 500 mL Thermo Fisher Scientific GmbH (DE) 

NanoVue UV/Visible Spectrophotometer GE Healthcare GmbH (DE) 

PCR Mastercycler Gradient Eppendorf AG (DE) 

Pipette Controllers Accu-Jet Pro Brand GmbH & Co KG (DE) 

Pipettes Eppendorf Research Plus Eppendorf AG (DE) 

PowerPac Basic Power Supply Bio-Rad Laboratories GmbH (DE) 

PowerPac HC Power Supply Bio-Rad Laboratories GmbH (DE) 

Protein LoBind Tubes 1.5 mL Eppendorf (DE) 

Refridgerator (4°C) Liebherr (Bulle, Switzerland) 

Roto Shake Genie Scientific Industries Inc. (USA) 

Sartorius Handy H51-D Lab Balance Sartorius AG (DE) 

Sartorius Universal U4100 Lab Balance Sartorius AG (DE) 

Savant SpeedVac Concentrator Thermo Fisher Scientific GmbH (DE) 

Semi-Dry Western-Blot Chambers UMG (DE) 

Shaking Water Bath SWB25 Thermo Haake GmbH (DE) 

Thermo Mixer Comfort Eppendorf AG (Hamburg, Germany) 
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VICTOR Nivo Multimode Microplate 

Reader 

Perkin Elmer (Massachusetts, USA) 

Vortex Genie 2 Scientific Industries (USA) 

Whatman Gel Blot Paper GE Healthcare GmbH (DE) 

Xtal Concepts SpectroLight 600 Xtal Concepts GmbH (Hamburg, Germany) 

 

 

3.1.2 Software 

Table 3-2: Software used in this study 

Software Reference 

Affinity Designer Serif Europe (Nottingham, UK) 

Fiji ImageJ [256] 

GraphPad Prism 7 GraphPad Software (USA) 

Keynote Apple (California, USA) 

MaxQuant 1.5.1.0 Max Planck Institute of Biochemistry [257] 

Mendeley Desktop 1.19.8 Mendeley Ltd (London, UK) 

Microsoft Office for Mac OS 2018 Microsoft (USA) 

Perseus Max Planck Institute of Biochemistry 

Proteome DiscovererTM 2.2 Thermo Fisher Scientific (Bremen, 

Germany) 

SnapGene GSL Biotech LLC (USA) 

SoftWoRx Applied Precision (USA) 

OmniGraffle Omni Group (Washington, USA) 

VICTOR NIVO system Perkin Elmer (Massachusetts, USA) 

 

3.1.3 Commercial Kits 

Table 3-3: Commercial Kits used in this study 

Kit Name Manufacturer 

AmershamTM ECLTM Western-Blotting 

Detection Reagents 

GE Healthcare (DE) 
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DreamTaq Green PCR MasterMix Thermo Fisher Scientific (DE) 

NucleoSpin Microbial SNA Macherey-Nagel (DE) 

Pierce ECL Plus Western-Blotting 

Substrates 

Thermo Fisher Scientific (DE) 

QIAquick Gel Extraction Kit Qiagen (DE) 

QIAquick PCR Purification Kit Qiagen (DE) 

Wizard Plus SV Miniprep System Promega (DE) 

µMACS GFP Isolation Kit Miltenyl Biotec (DE) 

 

3.1.4 Enzymes 

Table 3-4: Enzymes used in this study 

Enzyme Manufacturer 

Alkaline Phosphatase, Calf Intestinal (CIP) New England Biolabs (DE) 

KOD Hot Start DNA Polymerase Merck (DE) 

KOD XL Polymerase Merck (DE) 

Restriction Enzymes New England Biolabs (DE) 

T4 DNA Ligase New England Biolabs (DE) 

Zymolyase 100T Seikagaku Biobusiness (JP) 

 

3.1.5 Antibodies 

Table 3-5: Primary Antibodies used in this study 

Primary Antibody Dilution Manufacturer 

Anti-Ape1 (Rabbit IgG) 1:5,000 Eurogentec (BE) 

Anti-GFP (Mouse IgG1) 1:1,000 Roche (DE) 

Anti-HA (Mouse IgG2a F-7) 1:10,000 Santa Cruz Biotechnology (USA) 

Anti-MyC (Mouse IgG) 1:500 Gift from the group of Prof. P. Rehling (Dept. 

Cellular Biochemistry, University Göttingen) 
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Table 3-6: Secondary Antibodies used in this study 

Secondary Antibody Dilution Manufacturer 

Goat Anti-Mouse (H+L)-HRPO 1:10,000 Dianova (DE) 

Goat Anti-Rabbit IgG (H+L) 1:5,000 Thermo Fisher Scientific (DE) 

Strep-Tag HRP Conjugate 1:50,000 Iba (DE) 

 

3.1.6 Medium & Buffers 

Table 3-7: Medium used in this study 

Medium Composition  Reference 

CM (pH 5.6) 2% (w/v) 

0.2% (w/v) 

0.67% (w/v) 

D-glucose 

drop-out mix 

Yeast nitrogen base w/o a.a 

[258] 

CM excluding 

met (pH 5.6) 

2% (w/v) 

0.2% (w/v) 

0.67% (w/v) 

D-glucose 

drop-out mix excluding met 

Yeast nitrogen base excluding a.a 

[258] 

LB (pH 7.5) 0.5% (w/v) 

1% (w/v) 

0.5% (w/v) 

Sodium Chloride 

BactoTM tryptone 

BactoTM yeast extract 

[259] 

MV 2% (w/v) 

0.67% (w/v) 

D-glucose 

Yeast nitrogen base w/o a.a 

[260] 

SD-N 2% (w/v) 

0.67% (w/v) 

D-glucose 

Yeast nitrogen base w/o a.a & 

ammonium sulphate 

[7] 

SOC (PH 7.5) 2% (w/v) 

0.5% (w/v) 

0.4% (w/v) 

10 mM 

10 mM 

10 mM 

2.5 mM 

BactoTM tryptone 

BactoTM yeast extract 

D-glucose 

Magnesium Chloride 

Magnesium Sulphate 

Sodium Chloride 

Potassium Chloride 

[259] 
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Sporulation 0.01% (w/v) 

0.1% (w/v) 

0.05% (w/v) 

1% (w/v) 

a.a supplement powder 

BactoTM yeast extract 

D-glucose 

Potassium acetate 

[261] 

YPD (pH 5.5) 2% (w/v) 

1% (w/v) 

2% (w/v) 

BactoTM peptone 

BactoTM yeast extract 

D-glucose 

[260] 

 

Table 3-8: Buffers used in this study 

Buffer Composition  

Alkaline Lysis Buffer 0.28 M 

1.125% (v/v) 

 

Sodium Hydroxide 

-mercaptoethanol 

Atg8 Lysis Buffer 10 mM 

0.02% (v/v) 

3.6% (w/v) 

1 x 

Magnesium Chloride 

Benzonase 

Protease Inhibitor Cocktail 

PBS pH 7.4 

BioID Lysis Buffer 10 mM 

10 mM 

1.5 mM 

1 mM 

1 x 

0.5 mM 

HEPES pH 7.9 

Potassium Chloride 

Magnesium Chloride 

PMSF 

25 x cOmplete 

DTT 

CBB Fixing Solution I 40% (v/v) 

10% (v/v) 

10% (v/v) 

Ethanol 

Methanol 

Orthophosphoric acid 

CBB Fixing Solution II 10% (w/v) 

1% (v/v) 

Ammonium sulphate 

Orthophosphoric acid 

CBB Staining Solution 0.125% (w/v) 

45% (v/v) 

10% (v/v) 

CBB G-250 

Ethanol 

Orthophosphoric acid 
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CBB Destaining Solution 40% (v/v) 

5% (v/v) 

Ethanol 

Orthophosphoric acid 

GFP TRAP Lysis buffer 1 mM 

1 mM 

50 mM 

0.5% (w/v) 

EDTA 

PMSF 

Tris/HCl 

Tween20 

LiOAc-Sorb buffer (pH 8.0) 1 M 

1 mM 

100 mM 

10 mM 

D-sorbitol 

EDTA 

Lithium acetate 

Tris/acetic acid 

PEG in LiTE buffer (pH 8.0) 1 mM 

100 mM 

10 mM 

40% (w/v) 

EDTA 

Lithium acetate 

Tris/acetic acid 

PEG 3350 

1 x PBS (pH 7.4) 10 mM 

1.8 mM 

2.7 mM 

140 mM 

Disodium phosphate 

Monopotassium phosphate 

Potassium chloride 

Sodium chloride 

SDS running buffer 200 mM 

25 mM 

0.1% (w/v) 

Glycine 

Tris 

SDS 

SDS sample buffer (pH 7.5) 20 mM 

10% (v/v) 

2% (w/v) 

100 mM 

DTT 

Glycerol 

SDS 

Tris/HCl 

Silver Nitrate Fixing 

Solution 

10% (v/v) 

40% (v/v) 

Acetic acid 

Ethanol 

Silver Nitrate Staining 

Solution 

0.2% (w/v) 

0.02% (v/v) 

Silver Nitrate 

Formaldehyde 

TAE buffer (pH 8.1) 0.114% (v/v) 

2 mM 

Acetic acid 

EDTA 
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40 mM Tris 

TBST buffer (pH 7.6) 137 mM 

20 mM 

0.1% (w/v) 

Sodium chloride 

Tris/HCl 

Tween20 

Western Blotting buffer 20% (v/v) 

192 mM 

25 mM 

Ethanol 

Glycine 

Tris 

 

3.1.7 Strains 

Table 3-9: Strain backgrounds used in this study 

Strain Genotype Reference 

WCG4a (WT) MAT his2-11,15 leu2-3,112 ura3 [8] 

BY4741 WT DIPLOID Euroscarf 

SEY6210 (SEY WT) SEY6210 MAT ura3-52 leu2-3,112 his2-

∆200 lys2-801 trp1-∆901 suc2-∆9 mel GAL 

[9] 

 

Table 3-10: S. Cerevisiae WCG strains used in this study 

Strain Genotype Reference 

atg1∆ WCG4a atg1∆::KAN [262] 

atg21∆ WCG4a atg21∆::KAN [263] 

hsv2∆ WCG4a hsv2∆::KAN This study 

atg18∆ WCG4a atg18∆::KAN Euroscarf 

atg18∆ hsv2∆ WCG4a atg18∆::KAN hsv2∆::hphNT1 Dr Lena Munzel  

atg21∆ hsv2∆ WCG4a atg21∆::KAN hsv2∆::hphNT1 Dr Lena Munzel 

atg18∆ atg21∆ hsv2∆ WCG4a atg18∆::KAN atg21∆::natNT2 

hsv2∆::hphNT1 

Dr Lena Munzel 

Atg21-HA hsv2∆  WCG4a Atg21-3xHA::HIS5 hsv2∆::hphNT1 

 

Dr Lena Munzel 

Atg18-HA hsv2∆ WCG4a Atg18::HA::HIS5 hsv2∆::hphNT1 

 

Dr Lena Munzel 
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hsv2∆ arg4∆ lys1∆ WCG4a hsv2∆::KAN arg4∆::hphNT1 

lys1∆::natNT2 

This study 

Lsb6-6xHA hsv2∆ Lsb6-6xHA::natNT2 hsv2∆::hphNT1 This study 

Pib2-6xHA hsv2∆ Pib2-6xHA::natNT2 hsv2∆::hphNT1 This study 

Yck3-6xHA hsv2∆ Yck3-6xHA::natNT2 hsv2∆::hphNT1 This study 

Vac14-6xHA hsv2∆ Vac14-6xHA::natNT2 hsv2∆::hphNT1 This study 

Vtc3-6xHA hsv2∆ Vtc3-6xHA::natNT2 hsv2∆::hphNT1 This study 

Avt4-6xHA hsv2∆ Avt4-6xHA::natNT2 hsv2∆::hphNT1 This study 

Vps35-6xHA hsv2∆ Vps35-6xHA::natNT2 hsv2∆::hphNT1 Dr Lisa Marquardt 

 

Table 3-11: S. Cerevisiae BY4741 strains used in this study 

Strain Genotype Reference 

hsv2∆ BY4741 hsv2∆::KAN Euroscarf 

atg18∆ BY4741 atg18∆::KAN Euroscarf 

atg21∆ hsv2∆ BY4741 atg21∆::KAN hsv2∆::LEU2 Euroscarf 

atg21∆ atg18∆ hsv2∆ BY4741 atg21∆::KAN atg18∆::HIS3 hsv2∆::LEU2 Euroscarf 

vps35∆ BY4741 vps35∆::KAN Euroscarf 

vps29∆ BY4741 vps29∆::KAN Euroscarf 

vps26∆ BY4741 vps26∆::KAN Euroscarf 

vps17∆ BY4741 vps17∆::KAN Euroscarf 

vps5∆ BY4741 vps5∆::KAN Euroscarf 

fab1∆ BY4741 fab1∆::KAN Euroscarf 

snx3∆ BY4741 snx3∆::KAN Euroscarf 

 

Table 3-12: S. Cerevisiae SEY6210 strains used in this study 

Strain Genotype Reference 

atg5∆ SEY6210 atg5∆::natNT2 pho8::pTDH3-GFP-pho8∆60-URA3 This study 

atg5∆ hsv2∆ SEY6210 atg5∆::natNT2 hsv2∆::hphNT1 pho8::pTDH3-GFP-

pho8∆60-URA3 

This study 
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Table 3-13: E. coli strains used in this study 

Strain Genotype Reference 

XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F’ 

proAB laclqZ∆M15 Tn10 (tetr)] 

Agilent (Santa Clara, 

USA) 

BL21 fhuA2 [lon] ompT gal [dcm] ΔhsdS New England 

BioLabs 

 

3.1.8 Plasmids 

Table 3-14: Plasmids used in this study 

Plasmid Genotype Reference 

pME2783 CEN/ARS AmpR ori URA3 PMET25- 

lacZ’/MCS 

[264] 

pUG36-Ygr223c CEN/ARS AmpR ori URA3 pUG36 PMET25-GFP-

Ygr223c-TYGR223c 

This study 

pUG36-Myc-BirA*-

Hsv2 

CEN/ARS AmpR ori URA3 pUG36 PMET25-Myc-

BirA*-Hsv2-TCYC1 

This study 

pUG35-Hsv2-Myc-

BirA* 

CEN/ARS AmpR ori URA3 pUG35 PMET25-Hsv2-

Myc-BirA*-TCYC1 

This study 

pFA6a-Myc-BirA* AmpR ori TRP1 Myc-BirA* H. D. Schmitt 

(Department of 

Neuroscience MPI) 

pGEX-4T3-nGST-

Atg8 

pGEX-4T3 PPTAC-nGST-Atg8-TATG8 Dr Roswitha Krick 

(AG Thumm) 

pUG35-Hsv2-GFP CEN/ARS AmpR ori URA3 PHSV2-Hsv2-GFP-TCYC1 This study 

pRS426-Hsv2-GFP 2µ AmpR ori URA3 PHSV2-Hsv2-GFP-TCYC1 This study 

pRS416-Pep12-GFP 2µ AmpR ori URA3 PTPI-Pep12-GFP-TPEP12 [265] 

pUG36 CEN/ARS AmpR ori URA3 PMET25-yEGFP–lacZ’–

TCYC1 

[266] 

pFa6a-HISMX6 AmpR ori PTEF1-HIS3-TCYC1 [267] 

pFa6a-hphNT1 AmpR ori PTEF1-HygR-TCYC1 [22] 
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pFa6a-kanMX6 AmpR ori PTEF1-Kan-TCYC1 [267] 

pFa6a-natNT2 AmpR ori PTEF1-Nrs-TADH1 [22] 

pRS313 CEN/ARS AmpR ori lacZ’ HIS3 [268] 

pRS315 CEN/ARS AmpR ori lacZ’ LEU2 [268] 

pRS316 CEN/ARS AmpR ori lacZ’ URA3 [268] 

MET25-Ste14-Cub CEN/ARS AmpR ori HIS3 PMET25-Ste14-Cub Dr Fulvio Reggiori 

(Groningen, NL) 

MET25-Atg9-Cub CEN/ARS AmpR ori HIS3 PMET25-Atg9-Cub Dr Fulvio Reggiori 

(Groningen, NL) 

MET25-Hsv2-Cub CEN/ARS AmpR ori HIS3 PMET25-Hsv2-Cub Dr Roswitha Krick 

(AG Thumm) 

CUP1-Nui-Ubc6 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Ubc6 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Atg1 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Atg1 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Atg2 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Atg2 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Atg6 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Atg6 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Atg9 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Atg9 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Atg14 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Atg14 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Atg18 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Atg18 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Atg20 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Atg20 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Atg21 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Atg21 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Atg23 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Atg23 Dr Fulvio Reggiori 

(Groningen, NL) 
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CUP1-Nui-Pep12 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Pep12 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Pex10 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Pex10 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Rcy1 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Rcy1 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Sec62 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Sec62 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Sed5 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Sed5 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Snc1 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Snc1 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Snx4 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Snx4 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Sso1 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Sso1 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Tlg1 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Tlg1 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Tlg2 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Tlg2 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Tom5 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Tom5 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Tom22 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Tom22 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Trs85 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Trs85 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Vam3 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Vam3 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Vps5 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Vps5 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Vps15 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Vps15 Dr Fulvio Reggiori 
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(Groningen, NL) 

CUP1-Nui-Vps45 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Vps45 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Vps52 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Vps52 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Vps34 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Vps34 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Vti1 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Vti1 Dr Fulvio Reggiori 

(Groningen, NL) 

CUP1-Nui-Vps21 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Vps21 Dr Roswitha Krick 

(AG Thumm) 

CUP1-Nui-Vac1 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Vac1 Dr Roswitha Krick 

(AG Thumm) 

CUP1-Nui-Vac17 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Vac17 Dr Roswitha Krick 

(AG Thumm) 

CUP1-Nui-Atg8 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Atg8 Dr Roswitha Krick 

(AG Thumm) 

CUP1-Nui-Atg5 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Atg5 Dr Roswitha Krick 

(AG Thumm) 

CUP1-Nui-

Vps21(S21N) 

CEN/ARS AmpR ori TRP1 PCUP1-Nui-Vps21(S21N) Dr Roswitha Krick 

(AG Thumm) 

CUP1-Nui-

Vps21(Q66L) 

CEN/ARS AmpR ori TRP1 PCUP1-Nui-Vps21(Q66L) Dr Roswitha Krick 

(AG Thumm) 

CUP1-Nui-Hsv2 CEN/ARS AmpR ori TRP1 PCUP1-Nui-Hsv2 Dr Roswitha Krick 

(AG Thumm) 

 

 

 

Table 3-15: Oligonucleotides used in this study 

Name Sequence 
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Avt1_S2 

 

AGAGCTAATGTAAATGAATTTTAAGTAGAGTAAGTATGCCCCTCGTCGAc

gtacgctgcaggtcgac 

 

Avt1_S3 
 

GTGTTGTCCACATTAGGTGTTGGTGCTGCAATTATTTCAcgtacgctgcaggtc

gac 

 

Hsv2_S3 
 

GAGCCCACCAGATGGGAGTTGGTGAGAGAATCATGGAGAGAGCTTCGT
ACGCTGCAGGTCGAC 
 

Ygr125w_S2 
 

GCAATACGCCGGCAATAAAAGAAATTAAATAAATATACGTGTACGCTCat
cgatgaattcgagctcg 
 

Ygr125w_S3 
 

ATCAAGGACACCAGATTCAAAGAATTACTAGGTTACACACTTGTTAGCG
CAcgtacgctgcaggtcgac 
 

VPS74_S2 
 

GCTTGACTTTTCCTTATGTTTCAAAGAGAGGATTTTTGTTGTTATTTTCAat
cgatgaattcgagctcg 
 
 

VPS74_S3 
 

TTATTGCTGGTGTATTTGAAGTCTTTTCAAGAATGGATATGCTATTAcgtac
gctgcaggtcgac 
 

BamH1_GFP_rev 
 

GGATCCGGGTTATTTGTACAATTCATC 
 

EcoRI-Hsv2-rev 
 

TTGACTGAATTCAAGCTCTCTCCATGATTCTCTCACC 
 

SacI_Hsv2-for 
 

AGTCAAGAGCTCTGCAAGAAAGGGGCCTGAGT 
 

Xba1_Hsv2_for 
 

GGGTCTAGAATGGATGTTCGTCGACCTATA 
 

Mut-
BamH1_Hsv2_for 
 

GCATACATAACTAGCAGGGATCCATGGATGTTCGTCGACCTATAAGGG 

Mut-
BamH1_Hsv2_rev 
 

CCCTTATAGGTCGACGAACATCCATGGATCCCTGCTAGTTATGTATGC 
 

 

3.1.9 Consumables & Chemicals 

Table 3-16: Consumables and chemicals used in this study 

Chemical Manufacturer 
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13C6-L-Arginine HCL (Arg-6:HCl) Silantes (DE) 

13C6,15N2-L-Lysine HCl (Lys6:HCl) Silantes (DE) 

13C6,15N4-L-Arginine HCl (Arg-10:HCl) Silantes (DE) 

4,4,5,5-D4-L-Lysine 2HCl (Lys-4D:2HCl) Silantes (DE) 

5-Fluoroorotic acid Thermo Fisher Scientific (DE) 

Agarose NEEO Ultra-Qualität Carl Roth GmbH (DE) 

Amicon Ultra-15 Centrifugal Units 3,000 

MWCO 

Merck Millipore (USA) 

Ampicillin Sodium Salt Thermo Fisher Scientific (DE) 

BactoTM Agar Becton Dickinson (DE) 

BactoTM Peptone Becton Dickinson (DE) 

BactoTM Tryptone Becton Dickinson (DE) 

BactoTM Yeast Extract Becton Dickinson (DE) 

Biotin Sigma-Aldrich (DE) 

BufferW (10x) (Strep-Tactin) IBA Lifesciences (DE) 

Calcofluor-White Staining Sigma-Aldrich (DE) 

cOmpleteTM, EDTA-free Roche (DE) 

Coomassie Brilliant Blue G 250 Serva Electrophoresis GmbH (DE) 

DeltaVision Immersion Oil (N=1.520) GE Healthcare (DE) 

DifcoTM Yeast Nitrogen Base w/o a.a Becton Dickinson (DE) 

DifcoTM Yeast Nitrogen Base w/o a.a & 

ammonium sulphate 

Becton Dickinson (DE) 

Drop-Out Mix Synthetic w/o Ade, Arg, His, 

Leu, Met, Trp, Ura & Yeast Nitrogen Base 

USBiological (USA) 

Frema Reform Instant Skim Milk Powder Granovita (DE) 

Gravity Flow Strep-Tactin Sepherose 

Column (1 ml) 

IBA Lifesciences (DE) 

GST-HiTrap Column (5 ml) Sigma Aldrich (DE) 

Herring Sperm DNA Promega (DE) 

Hygromycin B Solution Carl Roth GmbH (DE) 
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Invitrogen Molecular Probes FM4-64 

Dye 

Thermo Fisher Scientific (DE) 

Nourseothricin-dihydrogen sulphate / 

clonNAT powder 

Werner BioAgents (DE) 

Ponceau S Serva Electrophoresis GmbH (DE) 

Precision Plus Protein All Blue Prestained 

Protein Standard 

Bio-Rad (DE) 

Purple Gel Loading Dye (6x) New England Biolabs (DE) 

SEC 16/600 SuperDex 75 pg Sigma Aldrich (DE) 

SnakeSkin Dialysis Tubing 7,000 MWCO Thermo Fisher Scientific (DE) 

Strep-Tactin Spin Column IBA Lifesciences (DE) 

Rapamycin LC Laboratories (USA) 

Roti GelStain 1 ml Carl Roth GmbH (DE) 

TriDye 1 kb DNA Ladder New England Biolabs (DE) 

Thrombin Protease Merck Millipore (USA) 

 

3.2 Methods 

3.2.1 Cultivation Conditions 

Saccharomyces Cerevisiae strains were cultivated under nutrient-rich conditions in a yeast 

peptone dextrose (YPD) medium. Complete minimal (CM) medium, supplemented with the 

appropriate amino acids, was used to select auxotrophic markers. Cultures were grown at 

30°C and shaking at 220 rpm. Precultures were inoculated using a sterile toothpick from an 

agar plate and were incubated overnight until stationary phase was reached. Cell density was 

measured using a photometer OD600. Precultures were used to inoculate main cultures to the 

targeted growth phase. Strains were stored for six weeks on agar plates at 4°C with the correct 

selection. Cryo-stocks were used for long term storage of yeast cells, freezing stationary cells 

to -80°C in an appropriate medium containing 15% (v/v) glycerol. 

 

E. coli strains XL1-Blue and BL21 was used for molecular biological methods. Cultures were 

grown in liquid lysogeny broth (LB) medium or on LB agar plates, supplemented with 
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ampicillin (Amp). Cultures were grown at 37°C while shaking at 220 rpm overnight. For the 

selection of plasmid positive clones, each clone was patched onto a fresh LBAMP plate and 

incubated at 37°C. Strains were stored at 4°C on LBAmp plates for up to 6 weeks for short term 

storage. Cryo-stocks were used for long term storage in LBAmp containing 30% (v/v) glycerol 

and stored at -80°C. 

 

3.2.2 Sporulation 

Diploid cells were grown in a preculture containing a selective CM medium appropriate for 

plasmid selection and incubated at 30°C overnight. Cells were harvested at 2,000 rpm for 5 

min and washed with 1% potassium acetate. Once cleaned, the pellet was resuspended in 

sporulation medium and incubated at 30°C for 3-5 days. Cells were stained with calcofluor 

white 30 mins before visualisation using the DeltaVision. 

  

3.2.3 Chromosomal DNA Isolation from Yeast 

DNA isolation from yeast cells was done using the NucleoSpin Microbial DNA Kit (Macherey-

Nagel). A 5 ml culture was grown overnight at 30°C, and 2 ml was harvested by centrifugation, 

13,200 rpm for 1 min, and processed according to the manufacturer’s instructions. The 

concentration of isolated DNA was measured using the NanoVueTM UV/Visible 

spectrophotometer. 

 

3.2.4 Isolation of Plasmid DNA from E.coli 

E. coli cultivated with plasmids were grown overnight in a 5 ml culture. Plasmids were isolated 

using the Wizard Plus SV Miniprep System (Promega). 5 ml were harvested by 

centrifugation, 5,000 rpm for 5 min, and processed according to the manufacturer’s 

instructions. The concentration of isolated plasmids was measured using the NanoVueTM 

UV/Visible spectrophotometer.  

 

3.2.5 Polymerase Chain Reaction (PCR) 

Polymerase Chain Reaction was used to amplify fragments of DNA using oligonucleotide 

primers that flank the target sequence. KOD Hot Start DNA Polymerase was used to generate 
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target DNA fragments for transformation or genomic integration, and DreamTaqTM 

Polymerase was used for control PCRs to verify modifications to the genome. All PCRs were 

performed on the MasterCycler and following the manufacturer’s instructions based on 

amplicon length and primer specifications. 

 

3.2.6 Agarose Gel Electrophoresis 

Separation of specific DNA fragments for analysis or isolation was performed using gel 

electrophoresis. 0.8% (w/v) agarose gels were used with the addition of 1% RotiStain to make 

the DNA visible under UV light. DNA samples were mixed with 6 x Purple Gel Loading Dye 

(NEB) and loaded with TriDyeTM 1 kb DNA ladder (NEB) as a size marker. Electrophoresis was 

run at 110 V for 25 min. A UV transilluminator was used to visualise and photograph the DNA 

bands. Gel extraction was performed on fragments of interest using the QIAquick Gel 

Extraction Kit for agarose gels. Excised agarose gel was processed in accordance with the 

manufacturer’s instructions.     

 

3.2.7 Molecular Cloning 

All plasmids created in this study are listed in Table 3-11. Specifically generated 

oligonucleotides were synthesised up- and downstream of the ORF in combination with DNA 

from WCG wildtype strain. Oligonucleotides contained overhangs with sequences 

appropriate for cutting with selected restriction enzymes according to [269]. PCR products 

were validated by size using DNA electrophoresis and purified using the QIAquick Gel 

Extraction Kit. Approximately 10 µg of PCR product and target plasmid were digested with 

restriction enzymes according to the manufacturer’s protocol. To inhibit the ligation of the 

vector, 1 µl CIP was included in the vector setup. The insert and vector concentrations were 

measured to determine the correct volumes for a 5:1 ratio, respectively. T4 DNA ligase was 

used to perform the ligation according to the manufacturer’s protocol [270]. Chemically 

competent XL1-Blue cells were transformed with the ligation reaction. All cloned plasmids 

were verified by sequencing.  
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3.2.8 Restriction of DNA 

Restriction digestion of DNA for cloning or validation of constructs was performed using 

restriction endonucleases and buffers from NEB. If available, the High-Fidelity versions of the 

enzymes were used. All restriction digestions were performed according to the 

manufacturer’s protocol. 

 

3.2.9 Sequencing of DNA 

All constructs were verified via sequencing performed by Microsynth AG (Balgach, 

Switzerland). Samples containing 1,000 ng of purified DNA and 30 pmol of specific 

oligonucleotide primers were sent for evaluation. SnapGene was used to check the 

sequencing data and the validity of the constructs.  

 

3.2.10 Transformation of E.coli 

Aliquots of XL1-Blue cells were thawed on ice for 20 min. 50 µl of XL1-Blue cells were used 

per transformation. 10 µl of plasmid DNA or ligation mix was incubated with the cells while 

on ice for 30 mins. Cells were then heat shocked for 40 seconds at 42°C in a water bath before 

being placed back on the ice for 2 mins. 450 µl SOC medium was added to the cells and 

incubated at 37°C for 1 hr while shaking. Cells were pelleted at 2,000 rpm for 5 min and then 

plated onto LBAmp agar plates with appropriate antibiotics. Plates were left to grow overnight 

at 37°C. Clones were used to inoculate 5 ml LB-Amp so that plasmids could be isolated and 

tested for the correct transformation. 

 

3.2.11 Transformation of Yeast 

Two different methods were used to introduce DNA into yeast cells. Transforming yeast cells 

with plasmid DNA was done using a ‘quick & dirty’ method. 300 µl of PEG in LiTE buffer, 10 µl 

herring sperm DNA and 5 µl of the selected plasmid. Yeast cells were added using a sterile 

toothpick directly from the agar plate. The reaction was incubated at 30°C for 30 min, 

followed by 42°C for 15 min. Cells were pelleted, 2,000 rpm for 5 min, resuspended in 50 µl 

sterile ddH2O and plated on CM plates with the appropriate selection. Plates were incubated 

at 30°C for three days for colonies to grow. 
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Transforming yeast cells with chromosomal DNA for homologous recombination requires 

high transformation efficiency. Cells were grown to log-phase in 50 ml YPD and harvested at 

2,000 rpm for 5 min. The pellet was mixed and washed twice with sterile ddH2O, followed by 

once with LiOAc-Sorb buffer. The pellet was resuspended in 50-250 µl LiOAc-Sorb and 

incubated at 30°C for 15 min. Transformation reactions were done in 50 µl aliquots with 300 

µl PEG in LiTE buffer, 10 µl herring sperm DNA and 10 µl of the chromosomal DNA. The 

reaction was mixed and incubated at 30°C for 30 min, followed by 42°C for 15 min. Cells were 

pelleted, 2,000 rpm for 5 min, and resuspended in 2 ml YPD for regeneration at 30°C for 3 hrs 

shaking at 220 rpm. Cells were pelleted, 2,000 rpm for 5 min, and resuspended in 50 µl ddH2O 

before being plated onto the appropriate selection plate. Plates were incubated at 30°C for 

three days before clones were patched onto a fresh selection plate and incubated at 30°C 

overnight. 5 ml YPD was inoculated with the clones for chromosomal isolation and verification 

via PCR or sequencing. 

 

3.2.12 Alkaline Lysis 

Between 2-10 OD600 yeast cells were harvested, 5,000 rpm for 5 min, resuspended in 1 ml 

Alkaline Lysis Buffer and incubated on ice for 10 min. The sample was occasionally vortexed 

throughout the experiment. 150 µl 50% TCA was added, and samples were incubated for a 

further 10 min on ice. Precipitated proteins were then pelleted at 12,700 rpm for 10 min at 

4°C and washed twice with -20°C Acetone. Pellets were then dried at 37°C to remove all 

remaining acetone within the sample. Pellet was resuspended in 50-100 µl 2 x Lämmli buffer 

and agitated at 30°C for 30 min. 

 

3.2.13 SDS-PAGE 

SDS-PAGE was performed according to [271]. Protein samples were prepared by the addition 

of 2 x Lämmli buffer and denaturation at 95°C for 5 min, followed by vortex and 12,700 rpm 

for 1 min. Sample volumes of 10-20 µl were loaded to a 10-15% SDS gel with 10 µl of Precision 

Plus ProteinTM All Blue prestained protein standard. The SDS gel was run in a Mini-PROTEAN 

Tetra Vertical electrophoresis cell at a constant 150 V for 90 min, or until the blue running 

line was leaving the bottom of the gel. Once finished, the gel was either stained with 

Coomassie Brilliant Blue or Silver Nitrate Staining or used for immunoblotting. 
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3.2.14 pApe1 Maturation 

To monitor bulk unselective autophagy, cultures were starved of nitrogen for up to 6 hr. The 

main culture of yeast was harvested at 2,000 rpm for 5 min and washed with SD-N. The pellet 

was resuspended in 2 ml SD-N and incubated at 30°C, shaking at 220 rpm. 2 OD600 samples 

were taken at 0, 2, and 4 hrs, cells were harvested and processed following the Alkaline Lysis 

protocol. Both premature and mature Ape1 was detected using the anti-Ape1 antibody. 

 

3.2.15 Amphotericin B1 Treatment 

To monitor the novel alternative autophagy GOMED, GFP-pho8∆60 expressing stationary 

phase SEY 6210 cultures were treated with 1-25 µg/ml of Amphotericin B1, antifungal drug. 

10 OD600 samples were taken at 0 and 24 hrs, cell were harvested and processed following 

the Alkaline lysis protocol. GFP-pho8∆60 was detected using the GFP antibody. Initial protocol 

was obtained from Yamaguchi et al., 2020. 

 

3.2.16 Immunoblotting 

Protein was transferred from SDS gel to PVDF membrane via a Mini Trans-Blot cell. PVDF 

membrane requires activation in ethanol and sandwiched with the SDS gel between blotting 

paper soaked in blotting buffer. Proteins were transferred at 75 mA per SDS gel at 4°C for 10 

hrs. The PVDF membrane was then saturated in a blocking solution containing 10% (w/v) skim 

milk powder in 1 x TBST at room temperature for 1 hr. The PVDF membrane was washed 

three times for 5 min with TBST. Subsequently, the primary antibody was added and 

incubated at room temperature for 3 hrs or 4°C overnight. The PVDF membrane was washed 

once again with TBST before the addition of the secondary antibody and incubated for a 

further 1 hr at room temperature. The excess antibody was washed off with TBST before 

PierceTM ECL Plus Western-Blotting Substrate was used to treat the PVDF membrane 

according to the manufacturer’s protocol. PVDF membranes were developed using the LAS-

3000 and quantified using Fiji [256]. To strip the PVDF membranes of bound antibodies, 10% 

(v/v) acetic acid was used for 10 mins; this meant that the membrane could be redecorated 

with a different antibody.  
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3.2.17 Coomassie Brilliant Blue Staining 

All steps were done at room temperature and under constant shaking according to [272], 

[273]. First, the proteins were fixed within the SDS gel by incubating the gel for 1 hr in Fixing 

Solution I. The SDS gel was then transferred to Fixing Solution II for 2 hrs. The Staining Solution 

was used overnight to maximise the staining of the unspecific proteins within the gel. The gel 

was then destained for 1 hr in Destaining Solution before further destaining in ddH2O for 24 

hrs. Once good contrast between protein bands and background was obtained, the gel was 

scanned using the Epson Scanner. 

 

3.2.18 Silver Nitrate Staining 

First, the proteins were fixed within the SDS gel by incubation with Silver Nitrate Fixing 

Solution at room temperature for 1 hr or 4°C overnight. The gel was then washed twice with 

Washing Solution, 30% (v/v) ethanol, at room temperature for 20 mins. The gel was 

transferred to a solution containing 0.8 mM Thiosulphate for 1 min before being washed 

three times with ddH2O. The gel was incubated in Silver Nitrate Staining Solution at room 

temperature for 1 hr, followed by three quick washes with ddH2O. The gel was moved to 4°C 

to slow down the subsequent reaction. The gel was incubated in 283 mM Sodium Carbonate 

with 0.02% (v/v) Formaldehyde until bands were seen, at which point this solution was 

poured off, and the reaction was stopped with a 5% (v/v) acetic acid solution for 10 min. The 

gel was then washed with ddH2O three times before being scanned on the Epson Scanner. 

 

3.2.19 Split Ubiquitin System 

The split-ubiquitin system was used to determine protein-protein interactions in vivo. This 

technique requires the reassembly of the C-terminal, Cub, and the N-terminal, Nub, half of the 

ubiquitin. Tagging your bait protein with one half of ubiquitin and the protein of interest with 

the other half, if these two proteins come into close proximity, then ubiquitin will reassemble. 

The promotors for each half of ubiquitin differ, while Nub contains a CUP1 promotor Cub 

contains a MET25 promotor. Yeast strain SEY 6210 were transformed with the respective 

halves of ubiquitin tagged to specific proteins. The preculture in the selection medium 

without histidine and tryptophan was used to maintain the strains and their plasmids. A cell 

density of 1 OD600 per ml was used for the dilution series. A dilution series from 1:10 to 
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1:10,000 was prepared in sterile ddH2O. 4 µl from each dilution were dropped onto three 

different agar plates: 

 

The first plate served as a growth control and consisted of selective CM medium without His 

and Trp. The second plate was used for negative interactions and consisted of selective CM 

medium without Histidine, Tryptophan and Uracil but with the addition of 250 µM 

methionine and 100 µM copper sulphate. The third plate was for positive interactions and 

consisted of selective CM medium without His and Tryptophan supplemented with 1 mg/ml 

5-fluoroorotic acid, 250 µM methionine and 100 µM copper sulphate. 

 

After the dilutions were dropped onto the three plates, they were incubated at 30°C for three 

days. The plates were scanned at the Epson Scanner on days two and three.  

 

3.2.20 Proteomics Analysis 

Proteomic analysis was carried out to look at the changes between wildtype and hsv2∆. Cells 

were grown to stationary phase in YPD medium before being starved in SD-N. 4 OD600 cells 

were harvested at 8 and 24 hrs, 5,000 rpm for 5 min, followed by lysis of the cells with Alkaline 

lysis buffer. The protocol is the same as  3.2.13, but the dried pellets were resuspended in 

SDS loading buffer without bromophenol blue and agitated at 30°C for 30 min. The samples 

were then centrifuged at 13,000 rpm for 10 min, and the top 50 µl of the supernatant was 

transferred to a low binding Eppendorf before freezing in liquid nitrogen and storing at -80°C. 

These samples were further handled by Prof. Dr Henning Urlaub’s group for proteomic 

analysis. 

 

3.2.21 Co-Immunoprecipitation 

Miltenyi Biotec’s µMACS System was used for co-immunoprecipitation. This system uses 

superparamagnetic microbeads conjugated to monoclonal antibodies against specific tags, 

GFP, HA, MyC and GST. This allows for proteins of interest to be isolated within the magnetic 

field. The bait proteins were tagged with GFP, and the prey proteins were tagged with 

3x/6xHA. The manufacturer’s protocol was followed, but the buffers used were modified 

according to the proteins being isolated. 
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Precultures were grown to ensure the target growth phase, OD600 of 2-3, was reached for the 

main culture. Main cultures consisted of 100-150 ml of selective medium. 200-250 OD600 cells 

were harvested, 2,000 rpm at 4°C for 5 min before being washed twice with cold 50 mM 

Tris/HCl pH 7.5. The pellet was resuspended in 750 µl GFP TRAP lysis buffer, 400 µl glass beads 

were added to lyse the cell walls, and the cells were harshly agitated at 4°C for 30 min. Cell 

debris was removed via centrifugation, 10,000 x g at 4°C for 10 min, and the supernatant was 

transferred to a fresh Eppendorf. 25 µl of the supernatant was taken as the ‘INPUT’ and mixed 

with 25 µl 2x Lämmli buffer, and samples were boiled at 95°C for 5 min. The remaining 

supernatant was incubated with 50 µl µMACS anti-GFP microbeads on ice for 30 min. The 

gravity columns containing magnetic beads provided by Miltenyi Biotec were equilibrated 

with 500 µl GFP TRAP lysis buffer before the supernatant was loaded onto the column. 

Columns were washed with GFP TRAP lysis buffer twice and once with 50 mM Tris/HCl pH 7.5 

before proteins were eluted. Elution was done in two steps: first, 2x Lämmli buffer was heated 

to 95°C, and 20 µl was added to the column; after 5 min, a further 50 µl was added to elute 

the proteins off the column. The addition of SDS to both the lysis buffer and washing buffers 

was changed depending on the protein on interest and whether transmembrane domains 

were present. 

 

3.2.22 Atg8 Purification 

A culture of BL21 cells expressing GST-Atg8 were incubated in LBAmp/CM medium at 30°C 

overnight. 2.0 L LBAmp/CM medium was inoculated to an OD600 of 0.2 and incubated at 30°C for 

90 min. The culture was induced with 100 mM PMSF and 0.2 mM IPTG and incubated at 30°C 

for a further 5 hrs. Cells were harvested at 5,000 rpm for 10 min, the supernatant was 

discarded, and the pellets were frozen in liquid nitrogen and stored at -80°C. 

 

For each gram of pellet, 5 ml of Atg8 lysis buffer was used. The pellet was resuspended and 

kept on ice for 5 min before being transferred to a JA-20 tube, and the addition of 1% Triton 

X-100 was gently mixed in. Tubes were centrifuged at 14,000 rpm for 40 min at 4°C. The 

supernatant was transferred to a precooled 50 ml falcon. A 5 ml GSTrapTM HP column was 

attached to the Äkta system and equilibrated with 1 x PBS pH 7.4 before the crude cell lysate 
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was applied. The column was washed with 1 x PBS pH 7.4 and eluted with 10 mM reduced 

glutathione in 1 x PBS pH 8.0. The elution was poured into SnakeSkin dialysis tubing (7,000 

MWCO) and dialysed against 1 x PBS and 1 mM DTT pH 7.4 overnight at 4°C to remove the 

reduced glutathione. 

 

Contents were poured into a fresh 50 ml falcon and spun, 500 x g for 3 min, to remove any 

precipitated proteins. A280 measurement was done to calculate the concentration of GST-

Atg8. Between the GST tag and the Atg8 protein was a Thrombin cleavage site, 100 units of 

Thrombin was used for every 10 mg of GST-Atg8 and incubated at 4°C for 24 hrs. A 50% slurry 

of glutathione sepharose 4B beads was made with 1 x PBS pH 7.4. 1 ml of 50% slurry was 

added per 10 mg GST-Atg8 and incubated at 4°C for 30 min on a roller. The glutathione 

sepharose 4B beads were pelleted at 500 x g for 3 min, and the supernatant was transferred 

to a fresh falcon. The glutathione sepharose 4B beads should bind all the free GST that has 

been cleaved by Thrombin. The beads were washed twice with 1 x PBS 1 mM DTT pH 7.4, and 

all solutions were pooled and concentrated to 10 ml using Amicon Ultra-15 Centrifugal Units 

with a 3,000 Dalton molecular weight cut off. 

 

Size exclusion chromatography was used to clean the sample so that only Atg8 remains. The 

16/600 SuperDex 75 pg was attached to the Äkta system and equilibrated with 1 x PBS pH 7.4 

before the sample was loaded. Proteins were mainly eluted in 4 peaks; the first peak 

contained large molecular weight chaperones, the second peak contained the remaining GST 

tag that the glutathione sepharose 4B beads didn’t bind, the third peak contained Atg8, and 

the final peak had very small molecular weight proteins. 

 

All aliquots from the third peak were pooled and concentrated to 1 ml. A280 measurement 

was done again to determine the final concentration of isolated Atg8. The samples were then 

split into 70 µl aliquots and frozen in liquid nitrogen before being stored at -80°C. Throughout 

this purification process, samples were taken to ensure sample integrity.  
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Figure 3-16: Work flow scheme for Atg8 purification in E. coli.  

3.2.23 Protein Binding Assay  

To determine the optimal conditions for Atg8 and Atg21 binding, three different buffers were 

tested: 1 x PBS pH 7.4, 50 mM Tris/HCl 1 mM EDTA and 30 mM HEPES 150 mM NaCl pH 7.5. 

A synthetic peptide of Atg21 (CEIVFPHEIVKVVMND(FAM)) was ordered from EMC containing 

the region hypothesised to be required for binding to Atg8. The peptides were bound to the 

fluorescent tag FAM in order to monitor the activity.  

 

1 µM of the Atg21 peptide was incubated with 50 nM, 100 nM and 500 nM of Atg8 in a 96 

well plate at room temperature for 5 min. The 96 well plate was loaded into the Victor Nivo 

multimode plate reader, where the quenching of the fluorescent signal was measured. Once 

the correct buffer was found, a full binding assay was done to determine the Kd value. This 

was done in the same format, but Atg8 concentrations went as low as 0.5 nM. 
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ultracentrifuge 1 hr
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3.2.24 Dynamic Light Scattering 

Dynamic light scattering was used to determine solution homology. After centrifugation at 

max speed for 10 min, 1 µl of the solution was transferred to a well containing liquid paraffin 

oil. The plate was loaded into Xtal Concepts SpectroLight 600, the settings were kept as 

default with 15 iterations for 20 seconds.  

 

3.2.25 Crystallography 

In order to try to get Atg8 to crystallise with the Atg21 active peptide, a 20 M excess of the 

active peptide was used with numerous crystallisation conditions. 30 mM HEPES 150 mM 

NaCl pH 7.5 was the buffer used for all conditions. 20 M excess of the active peptide was 

incubated with Atg8 at room temperature for 30 min before being plated onto a 12x96 well 

crystallisation plate.  

 

Each well within the 12x96 well plate contains four separate wells as seen in Figure 3-2. The 

reservoir contains the screening conditions, which differs from well to well. The buffer 

contains 30 mM HEPES 150 mM NaCl pH 7.5. The 1:1 ratio well contains equal parts Atg8 with 

the active Atg21 peptide and screening condition within the reservoir. The 2:1 ratio well 

contains two parts Atg8 with the active Atg21 peptide and one part screening condition from 

the reservoir. 
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Figure 3-17: 96 well crystallisation plate for crystallisation trials with a magnified well. 

The screening conditions used were Midas, Nuc Pro, Pact++, Midas dilution, JB6, JB1, JCSG, Pro 

Plex, AmSO4, Natrix, Morpheus and PGA. Once all the solutions have been pipetted into the 

wells, the plate is sealed with a clear plastic sheet and stored at room temperature. 

Conditions were checked every six weeks under a microscope for crystal growth. 

 

3.2.26 DeltaVision 

For monitoring live cell activity, fluorescence microscopy was used. 6 µl of yeast culture was 

dropped onto a microscope slide and fixed with a coverslip. DeltaVision immersion oil was 

applied to the coverslip for a better connection between the objective and the microscope 

slide. The DeltaVision setup included an inverted IX71 microscope, equipped with the 

UPIanSApo x 100,1.4 numerical aperture, an oil immersion objective and a CoolSNAPHQ2
TM 

couple-charged device camera. Images were captured with the 100 x objective and stacks 

along the z-axis of 24-30 images, separated by 0.2 µm. With the appropriate filter set, the 

sample could be excited and the emissions recorded. The differential interference contrast 

(DIC) images were either recorded at the centre of the stack or at every stack along the z-axis 
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by applying the transmitted light source. Deconvolution of the images was processed by the 

softWoRx software, any further evaluation was done using Fiji [256]. 

 

Table 3-17: Filter Sets for DeltaVision 

Filter Set Excitation Wavelength Emission Wavelength Fluorophores 

Blue 390/18 nm 435/48 nm BFP, Calcofluor-White 

Green 475/28 nm 525/50 nm GFP, yeGFP 

Red 575/25 nm 632/69 nm mCherry, RFP, FM4-64 

 

3.2.27 Vacuolar Fragmentation 

Vacuolar morphology was assessed using the DeltaVision, cells were grown until log phase 

and stained with FM4-64 for 30 mins. Cells were harvested at 700 x g for 3 mins and split, half 

the cells were resuspended in YPD and the other half were resuspended in YPD + 0.4 M NaCl. 

Cells were incubated at 30°C for 1 hour before 5 µl were dropped on a cover slip and imaged 

using the DeltaVision. For each condition 200 cells were imaged and analysed using Fiji.   

 

3.2.28 Proximity-Dependent Biotin Identification (BioID) Assay 

For studying the interactions between proteins, Opitz et al., 2017 came up with a proximity-

dependent assay involving the promiscuous protein Biotin. Whereby proteins that have been 

biotinylated could be elucidated via mass spectrometry. A detailed protocol was provided by 

Dr Oliver Valerius and Dr Nadine Opitz and modified for our experimental approach by Dr 

Lena Munzel. [274] 

 

Three strains were used during this experiment: Myc-BirA*-Hsv2, BirA* alone and an empty 

plasmid. A preculture was made for each strain in a selective CM medium grown at 30°C 

overnight. A second preculture was used to introduce the SILAC amino acids; this culture was 

inoculated from the first preculture in a 1:100 dilution and grown at 30°C overnight. The main 

culture consisted of selective CM medium, SILAC amino acids and 10 µM Biotin and was 

inoculated from the second preculture and grown at 30°C overnight.  
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Between 200-300 OD600 were harvested per strain, 2,000 rpm at 4°C for 5 min, and washed 

with cold 10 mM HEPES pH 7.9. Pellets were resuspended in cold 10 mM HEPES pH 7.9 and 

pooled in a 1:1:1 ratio. The pooled culture was pelleted at 2,000 rpm at 4°C for 5 min and 

resuspended in BioID lysis buffer with 400 µl glass beads in low-binding Eppendorf. Cells were 

agitated at 4°C for 30 mins, 4% SDS was added, and the solution was inverted to mix before 

incubating at 65°C for 10 min. Reactions were centrifuged, 3,000 x g for 5 min, and the 

supernatants were pooled in a fresh Eppendorf. 

 

Biotinylated proteins were isolated using 1 ml strep-tactin columns, which, before the cell 

lysate can be loaded, need to be equilibrated with 2 ml Buffer W and 0.4% SDS. After the cell 

lysate had run through the column, it was washed with 50 ml Buffer W and 0.4% SDS. Elution 

of the proteins from the column was done with 1 ml Buffer W and 10 mM Biotin; this was 

done three times with each elution collected in a separate low binding Eppendorf. 

 

Proteins were then precipitated using 10% TCA on ice for 30 min, followed by centrifugation 

at 13,200 rpm at 4°C for 10 min. Pellets were washed twice with -20°C acetone, and the pellet 

was left to dry at 37°C. Each pellet was resuspended in 10 µl 2 x Lämmli and agitated at 30°C 

for 30 min before being loaded on a 10% SDS gel. The SDS gel was only run for a short time 

until the running line was 3-4 cm into the resolving gel; the gel was then stained with 

Coomassie Brilliant Blue staining compatible with mass spectrometry. 

 

The stained gel was then handled by Olaf Bernhard (Department of Cellular Biochemistry, 

University Medical Centre Göttingen), where the gel was cut into 10 sections and digested 

with trypsin. The samples were then placed in a SpeedVac to remove all liquid and preserve 

the peptides for analysis via mass spectrometry. 

 

3.2.29 Mass Spectrometry 

Liquid chromatography-mass spectrometry analysis was performed by Dr Oliver Valerius and 

Dr Kerstin Schmitt (Department of Molecular Microbiology and Genetics, Georg-August-

University Göttingen). The dried peptides were resuspended in fresh LC-MS sample buffer 
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and incubated for 3 min in an ultrasonic bath before being measured with a Q exactiveTM HF 

Hybrid Quadrupole-OrbitrapTM mass spectrometer (Thermo Fisher Scientific). 

 

Quantification of mass spectrometry results was performed using MaxQuant 1.5.1.0 and 

further processed using Perseus software. A second software, Proteome DiscovererTM 2.2, 

was also used to identify candidates. All parameters were set according to Opitz el al., 2017, 

and the SequestHT and Mascot algorithms were used for database searching against the SGD 

database for S. cerevisiae (SGD, 6110 entries, including common contaminants, 

S288C_ORF_database release version 2011, Stanford University).  

 

3.2.30 Statistics 

All evaluation and plotting of data were done using GraphPad Prism; unless stated 

otherwise. Graphs were plotted using the mean value of data together with the standard 

error of the mean as error bars. Asterisks indicate P-values: ns, not significant P>0.05.* for 

P<0.05. ** for P<0.01. *** for P<0.001. **** for P<0.0001. 

 

 

  



  69 

 

4. Results 

Despite being in the PROPPINs family, Hsv2 remains poorly understood, and its mechanisms 

of action are not well defined. Published data regarding Hsv2 are rare and few groups are 

actively working with the protein. Homologues of Hsv2, Atg18 and Atg21, play crucial roles in 

autophagy and Hsv2 could have a similar function. To elucidate the molecular function of 

Hsv2, proximity-dependent assays such as the BioID and split ubiquitin assays were used to 

determine potential interaction partners. Additionally, a proteomic analysis was used to 

establish which proteins were affected by the absence of Hsv2. Furthermore, monitoring the 

maturation of Ape1 is an excellent way to measure the Cvt pathway or bulk degradation 

activity depending on the conditions used. Starving the cells of nitrogen causes unselective 

autophagy, whereas nutrient-rich conditions allow for selective autophagy.  

 

4.1.1 Ape1 Maturation 

To better understand the function of Hsv2, various deletion strains were made to see the 

effects on Ape1 maturation. Vacuolar aminopeptidase 1 accumulates in the cytosol before 

being transported to the vacuole via a selective autophagic process named the Cvt pathway 

[275]. Once in the vacuole, the protein is processed from an inactive precursor, preApe1, to 

an active mature form, mApe1, which can be seen by a shift in size after immunoblotting. 

Cells were grown to an OD600 of 4, starved in SD-N for up to 4 hrs and lysed with alkaline lysis 

buffer (see Figure 4-1). 

 

Various deletion strains were generated to determine the effect of Hsv2 on autophagy. The 

single deletions of Atg18 and Atg21 were used to determine if the assay functions as 

expected, as the functions of these proteins is already known. The double deletions 

hsv2∆atg18∆ and hsv2∆atg21∆ were generated to see if there is an epistatic effect of 

knocking out multiple PROPPINs. Finally, the triple deletion hsv2∆atg21∆atg18∆ was 

developed to determine if the complete absence of PROPPINs had any additional impact on 

autophagic activity. 

 

Most of the deletion strains showed a significant deficit in the maturation of Ape1. atg1∆ 

strain was included as a negative control, as Atg1 is crucial to autophagy, and without it, 
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preApe1 cannot be processed. hsv2∆ cells processed preApe1 at the same rate as wildtype 

for all time points; suggesting that Hsv2 is not involved in the Cvt pathway. atg21∆ cells at 0 

hrs had a significant reduction in mature Ape1; it is well established that Atg21 is crucial for 

selective autophagy [263]. Although, after 2 hrs, this reduction had disappeared due to the 

switch from selective to bulk autophagy in which Atg21 is no longer required, so maturation 

of preApe1 returned to wildtype levels. atg18∆ cells caused a significant reduction in 

processed Ape1 for all time points. This was to be expected as Atg18 is crucial for all 

autophagic activity. 

 

Figure 4-18: Preliminary experiments to determine Hsv2 role in autophagy.  

(A) Ape1 assay to determine the effect on preApe1 maturation. Constructs were grown to OD600 4, starved in SD-
N and harvested, followed by alkaline lysis. Cell extracts were run on SDS gels, blotted and decorated with Ape1 
antibody. (B) The quantification of the ratio between mApe1 to total Ape1 was measured in Western-Blot 
analysis of three independent experiments and was performed using FIJI and GraphPad Prism. WT ratios were 
set to 100%. Asterisks indicate P-values: ns, not significant P>0.05.* for P<0.05. ** for P<0.01. *** for P<0.001. 
**** for P<0.0001. 

The double deletion hsv2∆atg18∆ resulted in similar levels of matured Ape1 as atg18∆ alone. 

This is to be expected as Atg18 is required for all autophagy activity. hsv2∆atg21∆ cells had 

reduced autophagic activity at 0 hrs but to the same degree as atg21∆. As Atg21 is necessary 

for the Cvt pathway under nutrient rich conditions it was expected that the absence of Hsv2 

caused no additional effect on the maturation of Ape1. At 2 hrs, the double deletion still 
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causes a reduction in autophagic activity, which was not present in the atg21∆ strain alone. 

However, at 4 hrs, the autophagic activity has returned to wildtype levels as during starvation 

induced autophagy Atg18 is required for the maturation of Ape1 and not Atg21. The triple 

deletion showed significant reductions in autophagic activity for all time points, which is not 

surprising since atg18∆ cells already showed a defect in preApe1 processing. These results 

suggest that Hsv2 is not required for the autophagic processing of preApe1, but in the event 

that Atg21 is absent, then Hsv2 could partially substitute in.  

 

4.1.2 GOMED 

In order to investigate the role of Hsv2 in GOMED as described by Yamaguchi et al. 2020 we 

first tried to reproduce their results. In a atg5∆hsv2∆ strain a defect was observed in the 

processing of GFP-pho8∆60 compared to a atg5∆ strain when treated with AmB. Using the 

SEY 6210 background atg5∆ and atg5∆hsv2∆ strains were generated. Strains were cultivated 

in nutrient rich conditions and treated with 10 µg/ml AmB for 24 hrs. This assay utilises a 

genetically engineered version of Pho8 that lacks the N-terminal transmembrane domain. 

Thus, pho8∆60 remains in the cytosol and is delivered to the vacuole through nonspecific 

autophagy. Using a atg5∆ strain allows us to block autophagy and therefore access GOMED 

activity. 

 

Figure 4-19: Hsv2 involvement in GOMED. 

GFP-pho8∆60 expressing WT, atg5∆ and atg5∆hsv2∆ cells were treated with or without Amphotericin B1 (10 

µg/ml for 24 hrs) 
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Unexpectedly, these results contradict the results observed by Yamaguchi et al. 2020. Less 

GFP-pho8∆60 is processed in the atg5∆hsv2∆ strain compared to atg5∆ strain. However, it 

was reported that this process is completely blocked in the double deletion. Different 

concentrations of AmB (1-25 µg/ml) were used to treat the cells but this did not affect the 

processing of GFP-pho8∆60 in the double deletion strain as free GFP was always observed. 

The reasons why the results are not reproducible is still to be determined.    

 

4.1.3 Split Ubiquitin System 

The split ubiquitin assay is based on the in vivo reassembly of ubiquitin. Each half of ubiquitin 

is fused to the proteins of interest, with the C-terminal (Cub) tagged to the ‘bait’, and the N-

terminal (Nub) tagged to the ‘prey’. If the proteins directly interact or come within close 

proximity to one another, the two halves of ubiquitin are able to interact, forming a quasi-

native ubiquitin [276]. 

 

A Ura3 protein with an additional N-terminal arginine is attached to the C-terminus of the Cub 

fragment. Ura3 catalyses an important step in the synthesis of Uracil. In a ura3 defective 

strain, the expression of Ura3 restores their growth on a medium lacking uracil. Also, Ura3 

converts the nontoxic 5-FOA into the toxic 5-fluorouracil. The functions of Ura3 allow us to 

use both positive and negative readouts for protein interaction in the split ubiquitin system 

[277]. 

 

Once recombined, the quasi-native ubiquitin can be recognised by specific ubiquitin 

proteases. These proteases cleave off the R-Ura3 that is attached to the Cub; with the now 

exposed N-terminal arginine, rapid proteasomal degradation of the protein according to the 

N-end rule occurs. Therefore, these strains show uracil auxotrophy and are resistant to 5-

FOA. The strains that show no interaction between proteins of interest can grow in a medium 

that does not contain any uracil but are sensitive to 5-FOA [277]. 

 

Using the split ubiquitin system, Hsv2-Cub was tested for its interaction with a library of both 

Atg and non-Atg proteins, as indicated in Figure 4-3 and Figure 4-4 respectively. As a positive 

control for interacting proteins, SEY 6210 WT strain expressing STE14-Cub and Nub-UBC6 was 
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used. As the interaction of these two proteins is known, this was used as an indicator of 

interaction strength when comparing the growth against the other strains.  

 

SEY 6210 WT strain was transformed with the plasmid expressing Hsv2-Cub and Nub-Prey with 

the selection markers His and Trp, respectively. Hsv2-Cub was expressed under the control of 

a MET25 promotor, and Nub-‘prey’ were expressed under the control of a CUP1 promotor. 

Methionine and copper sulphate were not included in the growing medium and were only 

used on the selective medium plates at a concentration of 250 µM methionine and 100 µM 

CuSO4. 

 

Figure 4-20: Examining the interaction of Hsv2 with Atg proteins in a split ubiquitin assay. 

Hsv2-Cub was used as bait, and all prey Atg constructs were tagged with Nub. Each yeast preculture was dropped 

onto the CM-His-Trp plate (growth control), MV-His-Trp-Ura plate (growth indicates no interaction) and CM-His-

Trp+5-FOA plate (growth indicates interaction). Images were taken five days after dropping, allowing for growth 

at 30°C. The positive control used was Ste14-Cub + Nub-Ubc6. All plates contained 250 µM methionine and 100 

µM CuSO4. 
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Figure 4-21: Examining the interaction of Hsv2 with non-Atg proteins in a split ubiquitin assay. 

Hsv2-Cub was used as bait, and all prey constructs were tagged with Nub. Each yeast preculture was dropped onto 
the CM-His-Trp plate (growth control), MV-His-Trp-Ura plate (growth indicates no interaction) and CM-His-
Trp+5-FOA plate (growth indicates interaction). Images were taken five days after dropping, allowing for growth 
at 30°C. The positive control used was Ste14-Cub + Nub-Ubc6. All plates contained 250 µM methionine and 100 
µM CuSO4.   

In this shotgun approach, quite a few proteins interacting with Hsv2 were identified. The most 

substantial growth was seen for Vps21, Vtc1, Sso1, Pep12 and Hsv2 (See Table 4-1). It is 

known that PROPPINs interact with themselves, so the significant growth on the 5-FOA 

containing plate seen for Hsv2 was a suitable proof of concept. There was also a strong 

interaction with Atg18, Atg8 and Atg13. A slightly weaker interaction was seen with Atg21, 

Atg9 and Atg2. Interaction between members of the PROPPIN family detected with the split 

ubiquitin approach has been described before [169]. However, interaction with Atg9, Atg2 

and Atg13 may suggest a role in the recycling of proteins.  

 

After the split ubiquitin assays were analysed, each protein was ranked based on the growth 

at the different dilutions seen on the CM-His-Trp+5-FOA containing plate. For the non-Atg 

proteins, growth was mainly seen on one plate or the other depending on whether the 

proteins interact. Unfortunately, this was not the case for the Atg proteins, where a lot of 

growth is seen on both plates (see Figure 4-3). This was unexpected, as one of the main 

benefits of this assay was that the strains would either grow on the positive plate or the 

negative plate depending on protein interaction. 

 

This made the Atg protein results more complicated to understand than the non-Atg proteins. 

This could potentially show close proximity to one another rather than direct interaction of 

the proteins. After repeating the experiment three times and no change to the growth 

patterns was seen, the evaluation of the growth was done at each dilution, seen in Table 4-1. 

If the strains were able to grow at the highest dilution on CM-His-Trp+5-FOA containing 

plates, then ++++ was given to the protein. If growth was seen at the third dilution then +++ 

was given to the protein. If there was growth at the first and second dilutions and weak 

growth at the third dilution then the protein was given ++. If there was growth at the first 

dilution and no growth in the rest of the dilution series then the protein was given +. Finally, 

if no growth was seen on the 5-FOA containing plate then the protein was given – to denote  



  76 

 

no interaction.  

Table 4-18: Split Ubiquitin assay interaction 
strengths.  

The split ubiquitin assay was repeated three 
times, and the growth was quantified by growth 
on both the CM-His-Trp+5-FOA and MV-His-Trp-
Ura. The growth at each dilution was also taken 
into consideration. The interaction strength 
ranged from no interaction (-), only growth seen 
on MV-His-Trp-Ura, to full interaction (++++), 
growth at all dilutions on the CM-His-Trp+5-FOA. 

 

 

Protein Bait Interaction Strength 

Vps21 Hsv2 ++++ 

Vtc1 Hsv2 ++++ 

Sso1 Hsv2 ++++ 

Pep12 Hsv2 ++++ 

Hsv2 Hsv2 ++++ 

Vps21 S21N Hsv2 ++++ 

Tlg1 Hsv2 +++ 

Snc1 Hsv2 +++ 

Vam3 Hsv2 +++ 

Vps21 Q66L Hsv2 +++ 

Vps5 Hsv2 ++ 

Snx4 Hsv2 + 

Sec9 Hsv2 + 

Vac17 Hsv2 + 

Trs85 Hsv2 + 

Tom5 Hsv2 + 

Spo20 Hsv2 + 

Vac1 Hsv2 - 

Vps52 Hsv2 - 

Vps45 Hsv2 - 

Vps34 Hsv2 - 

Vps15 Hsv2 - 

Tlg2 Hsv2 - 

Sed5 Hsv2 - 

Sec62 Hsv2 - 

Rcy1 Hsv2 - 

Pex10 Hsv2 - 

Tom22 Hsv2 - 

GAG L-A Hsv2 - 

Protein Bait Interaction Strength 

Atg18 Hsv2 ++++ 

Atg8 Hsv2 ++++ 

Atg13 Hsv2 ++++ 

Atg2 Hsv2 +++ 

Atg9 Hsv2 +++ 

Atg21 Hsv2 +++ 

Atg11 Hsv2 ++ 

Atg14 Hsv2 ++ 

Atg20 Hsv2 ++ 

Atg23 Hsv2 ++ 

Atg19 Hsv2 ++ 

Atg27 Hsv2 ++ 

Atg26 Hsv2 ++ 

Atg21-FTTG Hsv2 + 

Atg6 Hsv2 + 

Atg16 Hsv2 + 

Atg12 Hsv2 + 

Atg7 Hsv2 + 

Atg4 Hsv2 + 

Atg1 Hsv2 - 

Atg5 Hsv2 - 
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These results suggest Hsv2 involvement in protein sorting and recycling and potentially 

involved in specific selective forms of autophagy. Further experimentation is required to 

determine the exact role of Hsv2 with these proteins of interest.  

 

4.1.4 Mislocalisation of Pep12 

Due to the strong interaction found with Vps21, Sso1 and Pep12, further investigation was 

done to see if these proteins were mislocalised in the absence of Hsv2. Green fluorescent 

protein (GFP) was tagged to the C-terminal of each protein and transformed into haploid and 

diploid wildtype and hsv2∆ strains. GFP is one of the best fluorophores for detection with a 

microscope and allow for the visualisation of proteins with a low abundance. GFP is also a 

very bright fluorophore that is highly resistant to photobleaching and non-toxic to the cells. 

The fusion of GFP to proteins very rarely alters their function and allows for observation in 

their natural state. Pep12-GFP was expressed under a constitutive TPI promotor, and Vps21-

GFP and Sso1-GFP were expressed under MET25 promotors. These promotors share a 

constant activity pattern ensuring consistent gene expression. 

 

GFP can only be degraded slowly in the vacuole by resident proteases, and this can be used 

to determine autophagic activity. If a protein is not being correctly sorted or trafficked, then 

the GFP signal will accumulate in the vacuole as the protein has been missorted for 

degradation. Live-cell microscopy was performed under starvation conditions. Yeast cells 

were grown to a stationary phase and switched to a minimal synthetic media lacking nitrogen 

(SD-N) for up to 4 hrs before evaluation under the microscope.  

 

Vps21-GFP and Sso1-GFP were not affected by the deletion of HSV2 in either haploid or 

diploid cells (data not shown). However, Pep12-GFP was mislocalised in diploid hsv2∆ cells, 

as seen by the accumulation of GFP signal in the vacuole (Figure 4-5). Interestingly, Pep12-

GFP in haploid hsv2∆ cells showed correct localisation suggesting that Hsv2 might have a 

different role in diploid cells compared to haploid cells. As these cells were starved of 

nitrogen, we initiated an autophagy response and not sporulation, implying that additional 

autophagic mechanisms could be at play in diploid cells compared to haploid cells.
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Figure 4-22: Localisation of Pep12 by fluorescence microscopy. 
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(A) Pep12-GFP localisation in wildtype and hsv2∆ haploid and diploid cells. A differential interference contrast 

(DIC) image is shown along with a merged overlay with GFP. (B) Bar graph depicting the percentage of cells 

showing a mislocalisation of Pep12-GFP. Scale bar = 2.5 µm. 100 cells were counted for each condition. 

This is a fascinating discovery as it was previously thought that autophagy and transport 

systems functioned similar in haploid and diploid cells. This suggests that Hsv2 potentially has 

a more functional role in diploid cells than in haploid cells. It would be interesting to repeat 

this experiment but under sporulation conditions rather than starvation conditions.   

 

4.1.5 Proteomics Analysis of WT vs hsv2∆ 

In order to better understand the function of Hsv2 and uncover potential cargoes, a different 

approach was performed. In collaboration with Henning Urlaub’s group, we did a proteomic 

analysis of hsv2∆ cells compared to wildtype. In this method, cells from hsv2∆ and wildtype 

cells were lysed and labelled with stable isotope reagents before mass spectrometry analysis. 

The expression levels of cargo proteins are often affected by the presence or absence of their 

respective transport or degradation systems. Therefore, the expression patterns of potential 

cargo proteins in cells depleted of Hsv2 compared to wildtype could indicate an additional 

function of Hsv2. 

 

Wildtype and hsv2∆ cells were nitrogen starved and samples were taken after 8 and 24 hrs. 

Samples were alkaline lysed and were resuspended in SDS sample buffer without 

bromophenol blue. Triplicates of each strain were made and in the Urlaub group stable 

isotope reagents were added to each sample before being analysed via tandem mass tag-

based quantification.  

 

The analysis revealed 87 proteins that had been up- or down-regulated in Hsv2 depleted cells 

compared to wildtype. A select few genes where chosen based on their level of up- or down-

regulation and whether they had a connection to autophagy, these can be seen in Table 4-2. 

The Gene Ontology Slim Mapper of the Saccharomyces Genome Database, was used to 

determine the most affected compartments within the cell. 21% of the genes are found in the 

mitochondria and the cytoplasm, 17% of the genes are located at membranes, 15% are found 
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at the vacuole or nucleus and 11% in the endoplasmic reticulum. Almost all compartments 

seem to be partially affected by the absence of Hsv2. 

 

Table 4-19: Proteomic Analysis WT vs hsv2∆.  

 

 

 

 

 

 

 

 

In both the 8 and 24 hrs samples, the expression of HSV2 is down-regulated; this served as an 

excellent control that the experiment worked. Interestingly, the expression of VPS15 was 

down-regulated in the 8 hrs sample but up-regulated in the 24 hrs sample. Vps15 plays a role 

in protein sorting at the vacuole and is part of the PI3-kinase complex. The down-regulation 

of both ATG42 and ATG33 was unexpected as Hsv2 was thought not to be involved in 

autophagy. Atg42 is a most recently discovered Atg protein, is a vacuolar serine-type 

carboxypeptidase involved in vacuolar zymogen activation and autophagic body breakdown 

[278]. Atg33 is a mitophagy-specific protein, and this could suggest Hsv2 is involved in 

regulating mitophagy or in the recycling of some mitophagy components. The down-

regulation of Ape1 was unforeseen, considering the Ape1 maturation assays did not hint 

Log Change 24 Hrs SD-N Protein 

1.2525 Up-Regulated SCE1 

0.7921 Up-Regulated VPS15 

0.7848 Up-Regulated ELO3 

0.7828 Up-Regulated URA2 

0.7798 Up-Regulated ELM1 

0.7300 Up-Regulated NOP8 

0.6362 Up-Regulated VPS13 

-0.5942 Down-Regulated ATG42 

-0.6754 Down-Regulated APE1 

-0.6874 Down-Regulated ATG33 

-0.8033 Down-Regulated PRC1 

-0.8737 Down-Regulated YPT53 

-0.9491 Down-Regulated MF1 

-1.0100 Down-Regulated STF2 

-1.2041 Down-Regulated ACM1 

-1.8325 Down-Regulated HSV2 

-2.3362 Down-Regulated INO1 

-10.8485 Down-Regulated SKN1 

Log Change 8 Hrs SD-N Protein 

0.7665 Up-Regulated FMP23 

0.6400 Up-Regulated VPH1 

0.6187 Up-Regulated URA2 

-1.1462 Down-Regulated VPS15 

-1.2834 Down-Regulated ROM2 

-1.3216 Down-Regulated ELM1 

-1.3815 Down-Regulated MF1 

-1.5887 Down-Regulated HSV2 



  81 

 

towards an involvement of Hsv2 in the Cvt pathway. SKN1 was massively down-regulated in 

the 24 hrs sample. Skn1 is involved in sphingolipid biosynthesis of the cell wall and could be 

linked to Hsv2 involvement in GOMED.  

 

Further experimentation is required to narrow the list of candidates down to elucidate a 

molecular function for Hsv2. It should be mentioned that this experiment was done using 

haploid cells and in light of the previously described effects of HSV2 deletion in haploid cells 

compared to diploid cells (see chapter 4.1.4), it would be interesting to see if this also has an 

impact on expression patterns. This experiment should also be performed with diploid cells. 

 

4.1.6 Bio ID 

The in vivo identification and characterisation of protein-protein interactions are essential to 

understanding mechanisms of action. More recently, enzymatic proximity-labelling protocols, 

including ascorbate peroxidase (APEX) tagging and proximity-based biotin identification 

(BioID), have been developed as additional methods to study the interactome of a protein of 

interest. The original biotin ligase (BirA) for the BioID was based on the E. coli biotin ligase. 

The original biotin ligase is both an enzyme and a sequence-specific DNA-binding protein. As 

an enzyme, BirA adenylates biotin and transfers it to a unique lysine residue on the biotin 

carboxyl protein subunit of acetyl-CoA carboxylase [279]. As a DNA-binding protein, it 

represses the expression of genes that encode the biotin biosynthetic enzymes [280]. BirA 

was mutated by replacing an arginine with glycine at residue 118, R118G, disrupting the DNA-

binding domain. This mutation, BirA*, also caused the ‘activated’ biotin to be loosely bound 

at the active site, allowing for the highly reactive biotinoyl-5’-AMP to diffuse and 

indiscriminately biotinylate proteins in approximately a 10 nm radius [281]. The biotinylated 

proteins can be recovered using streptavidin columns and subsequently identified by mass 

spectrometry. 

 

A second generation biotin ligase was created, BioID2, which lacks the DNA-binding domain 

and is approximately one-third smaller than BioID. BioID2 requires less biotin to accomplish 

similar levels of biotinylation and can be attached to an extended flexible linker to increase 

the labelling range to 15 nm [282]. A former member of the lab, Dr Lena Munzel, optimised 
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the BioID protocol for yeast Saccharomyces cerevisiae from a protocol provided by Opitz et 

al., 2017. 

 

4.1.6.1 Preliminary BioID experiments 

Functional experiments were done on the Hsv2 BioID constructs to determine whether Hsv2 

tagged C- or N-terminally with BirA* were functionally viable. A Myc tag was included in the 

constructs at the C-terminal of BirA*; this allowed expression levels to be assessed via 

immunoblotting. To ensure maximal functionality of the Hsv2 tagged BirA* constructs, two 

separate experiments were used to test this; first, a mild phenotype has been seen during 

sporulation of hsv2∆ diploid cells. Asci formation is reduced in hsv2∆ cells, therefore 

sporulation in cells expressing BirA* tagged Hsv2 constructs were analysed to determine the 

functionality of the proteins. hsv2∆ strains were transformed with either an empty plasmid, 

Hsv2-GFP, Myc-BirA*-Hsv2 or Hsv2-Myc-BirA*, grown to an OD600 of 2.0 and stained with 

Calcofluor white to visualise the cell walls of sporulating yeast cells using the DeltaVision.  
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Figure 4-23: Sporulation test using BioID constructs.  

(A) Images of the asci of sporulating yeast cells with different BioID constructs. Scale bar = 2.5 µm (B) Table 
showing the total number of cells and spores seen for each BioID construct. 
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hsv2∆+ Myc- BirA*- Hsv2 137 22 16.06

hsv2∆+ Hsv2- Myc- BirA* 233 31 13.30

Day8

Total Cells Total Spores Spores/ Cells(%)
WT +Empty Plasmid 273 90 32.97

hsv2∆+ Empty Plasmid 163 30 18.40
hsv2∆ + Hsv2- GFP 134 41 30.60

hsv2∆+ Myc- BirA*- Hsv2 156 54 34.62

hsv2∆+ Hsv2- Myc- BirA* 137 37 27.01
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Figure 4-6 (B) shows quite a difference in spores seen between the two constructs. After five 

days, both the N- and C-terminally tagged Hsv2 were more similar to wildtype than hsv2∆. 

However, the rate of sporulation seen with Hsv2-GFP was more similar to hsv2∆ than the 

wildtype strain. This changed in the day eight samples where the Hsv2-GFP strain was very 

close to that of the wildtype strain. Both BirA* constructs were also similar to the wildtype 

strain, although the Myc-BirA*-Hsv2 was more functional compared to Hsv2-Myc-BirA* as the 

sporulation rate was even higher than the wildtype.  

 

Figure 4-24: Small Scale BioID.  

(A) Atg18-HA hsv2∆ strain transformed with the BioID constructs before and after affinity purification using 
streptavidin column, blot decorated with Strep-tag HRP-conjugate to observe biotinylated proteins. (B) The same 
samples were also tested with known interacting partner Atg18-HA, blots decorated with HA and Myc. 
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With both BioID constructs performing quite similarly, we tried a second experiment where 

we attempted a small-scale BioID with an already known interaction partner of Hsv2. Atg18, 

previously shown to interact with Hsv2, was chromosomally tagged with HA in a hsv2∆ strain 

and transformed with the BioID constructs and Myc-BirA* alone as a control. All biotinylated 

proteins were recovered using a streptavidin column (Figure 4-7 (A)) and decorated with 

Strep-tag HRP-conjugate, and imaged using the LAS-3000. This allows us to visualise all 

biotinylated proteins within the sample. Both Hsv2-Myc-BirA* and Myc-BirA*-Hsv2 show a 

similar pattern of biotinylated proteins. 

 

Figure 4-7 (B) shows a blot decorated with an anti-Myc and anti-HA antibodies to visualise the 

BioID constructs and Atg18-HA, respectively. Atg18-HA can be found in the load of all BioID 

constructs but can only be found in the bound fraction of Myc-BirA*-Hsv2. Interestingly, blots 

decorated with anti-Myc show one band for Hsv2 in the bound fraction of Myc-BirA*-Hsv2, 

but in the Hsv2-Myc-BirA* construct, an additional band can be seen, which indicates 

degradation. The Myc-BirA* was seen in both the input and the bound fractions, which 

functioned as good controls. These results together with the sporulation experiment suggest 

that the Myc-BirA*-Hsv2 construct is much more stable and functionally viable, and therefore 

this construct was used for the main experiment. 

 

4.1.6.2 BioID Results 

Biotinylation of proteins occurs naturally within organisms and in order to differentiate 

between naturally occurring biotinylation and proteins biotinylated by BirA* itself; a stable 

isotope labelling by amino acids in cell culture (SILAC) approach was required. The used yeast 

strains are unable to synthesise the essential amino acids arginine and lysine. Knowing this, 

we are able to use different isotopes of arginine and lysine in the growth medium, which will 

be transported into the cells and used in protein synthesis. Cells expressing the entire 

construct, Myc-BirA*-Hsv2, were grown in a medium containing ‘light’ amino acids, L-arginine 

and L-lysine with a natural isotope abundance. The cells expressing the control Myc-BirA* 

were grown in medium containing ‘medium’ amino acids, 13C L-arginine and 4,4,5,5-D4-L-

lysine, and finally, cells transformed with the empty vector control were grown in medium 

containing ‘heavy’ amino acids, 13C 15N L-arginine and 13C 15N L-lysine. This allows for a direct 
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comparison of biotinylated proteins from the three different strains via mass spectrometry. 

The control strain containing the empty plasmid should reveal naturally biotinylated proteins. 

Myc-BirA* alone served as a control for unspecific biotinylation of proteins. The combination 

of both these controls should allow us to determine proteins specifically biotinylated by Myc-

BirA*-Hsv2. 

 

Once the samples had been analysed via liquid chromatography coupled to electrospray and 

tandem mass spectrometry by Dr Oliver Valerius and Dr Kerstin Schmitt (Department of 

Molecular Microbiology and Genetics, Georg-August-University Göttingen), the data was 

subjected to numerous database searches using the MaxQuant software. MaxQuant uses the 

MS spectra data that contains the peptide mass and intensity information to deduce the 

identity of the proteins using the Mascot algorithm. Identified proteins were filtered and 

organised based on relative enrichment from the strain expressing Myc-BirA*-Hsv2 against 

both control strains using Perseus software, as described by [274]. In order for a protein to 

be filtered for further analysis, there must be at least 20% enrichment in two out of the three 

Myc-BirA*-Hsv2 samples when compared to the controls.  

 

Hsv2 had the highest enrichment when compared to the controls (Table 4-3). This acted as a 

reasonable control as BirA* also biotinylates the protein it is fused to, and therefore Hsv2 

should contain multiple biotinylation sites. No Atg proteins were detected as enriched in two 

of the three samples; this was unexpected considering Hsv2 is known to interact with Atg18 

and Atg21. Without any other interacting partners known for Hsv2, it is difficult to determine 

if the experiment worked as expected. 

 

Of the 50 proteins that were filtered as enriched, 15% are associated with the structural 

integrity of a complex, 12% are involved in lipid binding, and 8% are transmembrane 

transporters. Several of the hits are located at the vacuolar membrane, including vacuolar 

transporters Avt1, Avt4 and Vtc3, and the SNARE protein Ykt6, as well as phospholipid-binding 

protein Pib2. Hsv2 localises to the vacuolar membrane, increasing the possibility that these 

hits are interacting partners of Hsv2. From the 50 proteins a ranked list was created based on 

enrichment, as seen in Table 4-3. 
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Figure 4-25: BioID results and confirmation.  

(A) Scatterplot of the top 50 proteins identified in the BioID assay. The signal ratio of BirA*-Hsv2 to empty plasmid 
was plotted against the signal ratio of BirA*-Hsv2 to BirA* alone. Dotted lines represent the 20% enrichment 
compared to the controls. (B) Confirmation of BioID candidates by co-immunoprecipitation using GFP-Traps. 
Hsv2-GFP was used as the ‘bait’, and all the ‘prey’ proteins were chromosomally tagged with 6xHA. The blots 
show cell lysate as the ‘input’ to the columns and the ‘bound’ fraction that was eluted off the GFP column. All 
experiments were done in triplicates. 
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As very little is known about Hsv2, confirming any interacting partners would give us an 

insight into the possible function of Hsv2. In order to confirm the hits from the BioID co-

immunoprecipitation assays (Co-IPs) were done using GFP traps. This was achieved using 

Hsv2-GFP as ‘bait’ on a low copy plasmid, and the BioID hits, the ‘prey’, were chromosomally 

tagged with 6xHA at the C-terminal. This allowed for the expression of all proteins to be under 

their endogenous promotors. Each experiment was done in parallel with a plasmid containing 

only GFP as a control.  

 

 

The Co-IPs were performed using the µMACS system from Miltenyi. Of the candidates tested, 

Vac14 and Vtc3 could be found in the bound fraction of Hsv2-GFP and with a faint band in the 

control. Although, the signal ratio between the GFP and HA bands is much higher in the Hsv2-

GFP compared to the GFP alone. This suggests that there is an interaction between Hsv2 and 

Vac14 and Vtc3. Vac14 is part of the phosphatidylinositol 3,5-bisphosphate (PI (3,5)P2) 

regulatory complex and regulates both the synthesis and turnover of PI (3,5)P2. This complex 

Gene Name Enrichment Function 

HSV2 4.67630  

AVT1 3.21813 Amino acid vacuolar transporter 

YCK3 2.82007 Kinase 

VTC3 2.54223 Vacuolar transporter 

YGR125W 2.26776 Vacuolar transporter 

SSA4 2.09307 Protein sorting 

MAM3 2.067875 Mitochondria morphology 

TFC7 1.84558 DNA binding 

AVT4 1.6257785 Vacuolar transporter 

YKT6 1.09683 v-SNARE 

SEC16 0.91317 Protein transport 

PIB2 0.463808 Lipid binding 

LSB6 0.21489 Kinase 

VAC14 0.10471 Vacuolar morphology 

Table 4.20: List of BioID candidates sorted by enrichment.  
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contains the scaffold protein Vac14, the lipid kinase Fab1 and the counteracting lipid 

phosphatase Fig4. This is essential for the control of trafficking proteins to the vacuolar lumen 

via the MVB, as well as the maintenance of vacuole size and acidity [283], [284]. Vtc3 is a 

component of the vacuolar transporter chaperone (VTC) complex, which is involved in 

vacuolar polyphosphate homeostasis, membrane trafficking, microautophagy and non-

autophagic vacuolar fusion. Vtc3 is not necessary for priming or formation of the trans-

complex, but it is required for fusion and release in the terminal phase of docking. Thus, it is 

thought to mediate a very late, post-docking function of the VTC complex [285]–[287]. 

 

Lsb6 could be shown to co-precipitate with Hsv2 and not with GFP alone. Lsb6 is a type II 

phosphatidylinositol 4-kinase involved in actin patch assembly and actin polymerisation 

[177]. Yck3 has also been found in the bound fraction of Hsv2-GFP, but not in the control. 

Yck3 is a palmitoylated vacuolar membrane-localised casein kinase I that negatively regulates 

vacuole fusion during hypertonic stress [288]. Although Avt4 can be seen to co-precipitate 

with Hsv2 the signal is very weak. The expression levels of Avt4 are quite low so it may be 

worth using a MET25 promotor instead of the endogenous promotor. Avt4 is a vacuolar 

transporter that exports sizeable neutral amino acids from the vacuole [289]. Vps35 was also 

shown to co-precipitate with Hsv2 and not with the control. Additionally, Vps35 was found to 

co-precipitate with all PROPPINs. Vps35 is a component of the retromer complex required for 

the retrieval of cargo from endosomes to the late-Golgi [209], [290]. These results hint 

towards Hsv2 having a function at the vacuolar membrane, potentially in vacuolar protein 

homeostasis or recycling of proteins transported to the vacuole. Although, further 

experimentation is required to determine what Hsv2 is doing at these locations. 

 

4.2.1 Atg8 Purification 

To better understand the interaction between Atg8 and Atg21, we wanted to isolate these 

proteins to perform binding assays and crystallisation trials. Atg21 has already been isolated 

from K. lactis in collaboration with Karin Kühnel’s group. A plasmid containing GST-ScAtg8 

was transformed into E. coli BL21 cells. Plasmid expression was induced using IPTG, and cells 

were incubated at 30°C, the optimal temperature for Atg8 stability, rather than 37°C, which 
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is optimal for E. coli growth. Cultures were harvested 6 hrs after induction and stored at -80°C 

to preserve the protein. 

 

The Äkta system was used to aid in loading and eluting the sample from the purification 

columns. All fractions that were eluted from the 5 ml GST column contained the fusion protein 

GST-Atg8 (Figure 4-9 (A+B)). Although some of the earlier fractions include contaminations, 

this was not a problem at this stage. Subsequent, dialysis was required for the removal of the 

reduced glutathione that was used to elute the GST from the column. Unfortunately, during 

this step proteins precipitated (Figure 4-9 (C) DP); which was slightly reduced with the 

addition of 1 mm DTT. A thrombin cleavage site is located between the GST tag and Atg8 

protein, allowing for the removal of the GST tag. Initially, thrombin cleavage was done at 

room temperature, but this caused massive precipitation of protein, so instead, cleavage was 

done at 4°C for 24 hrs. Protein still precipitated, but this was a significantly decreased 

compared to cleavage at room temperature (Figure 4-9 (C) CP). A 50% slurry glutathione 

sepharose 4B beads were used to remove the free GST tags after cleavage (Figure 4-9 (C) 4B). 

This was done to reduce the overall protein concentration within the solution rather than the 

full removal of the free GST tags, as this will be accomplished by size exclusion 

chromatography (SEC). The glutathione sepharose 4B beads were washed twice with 1 x PBS 

to clean the beads of Atg8. The washes were pooled, and the solutions were concentrated for 

SEC.  

 

The load volume of the SuperDex 75 pg is 5 ml. It was found that concentrating the solution 

too much before SEC precipitated proteins. To conserve more protein the SEC SuperDex 75 

pg was loaded in two separate runs, and the elution fractions were pooled. SEC columns elute 

proteins based on their size, with the larger proteins eluting first and the smaller proteins 

eluting later. The fraction A6 contained mostly unwanted proteins, although there is still a 

GST-Atg8 band showing that not all of the fusion construct was cleaved by thrombin. The 

fraction A12 had the majority of the remaining GST tags in the sample. The fractions D4-9 

contained most of the Atg8 (Figure 4-9 (D)). Once the fractions containing Atg8 were pooled, 
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Amicon Ultra Centrifugal filter units with a molecular cut off size of 3,000 Da was used to 

concentrate the solution to 1 ml. 
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Figure 4-26: Purification of Atg8.  

(A) Elution profile from 5 ml GST column (B) Elution fractions from 5 ml GST column run on 10% SDS gel and 
stained with Coomassie. (C) Samples were taken throughout the purification process. DP = protein precipitation 
after dialysis. PC = sample before thrombin cleavage. 6H and 24H = samples during thrombin cleavage. C.P = 
protein precipitation after thrombin cleavage. WI = first wash from the glutathione sepharose 4B beads. WII = 
second wash from the glutathione sepharose 4B beads. 4B = glutathione sepharose 4B beads. P.SEC = sample 
before size exclusion chromatography. A6, A12 and D4 = fraction samples from SEC. (D) Elution profile from size 
exclusion chromatography column SuperDex 75 pg. Fraction I contained high molecular weight proteins, fraction 
II contained mainly free GST, fraction III contained Atg8 and fractions IV and V contained low molecular weight 
proteins. Samples were run on 10% SDS gel and stained with Coomassie. 

The concentration of purified Atg8 was measured using the Bradford assay and the Nanodrop 

A280 value. Protein concentrations can be estimated by measuring the UV absorbance at 280 

nm. Proteins tend to show a strong peak at 280 nm due to the absorbance from tryptophan 

and tyrosine residues. Unfortunately, Atg8 does not contain any of these residues so the A280 

value alone is not sufficient to accurately measure the concentration. Therefore, the Atg8 A280 

value was used in conjunction with the Atg8 extinction coefficient and molecular weight in 

the Beer-Lambert’s law to determine the concentration of purified Atg8. This, in combination 

with the Bradford assay, determined final concentration of Atg8 to be 15.6 mg/ml. The Atg8 

sample was divided into 70 µl aliquots and snap-frozen in liquid nitrogen and stored at -80°C 

to preserve the protein. Aliquots were thawed on ice before use. 

 

4.2.2 Atg8 Binding Assay 

To determine the best conditions for Atg21 and Atg8 binding, a synthetic peptide of Atg21 

was created, CEIVFPHEIVKVVMND(FAM), with a 5(6)-carboxyfluorescein (FAM) fluorophore 

tagged at the C-terminal. The FAM fluorophore is a tag small enough not to interfere with 

protein dynamics but still allow for visualisation. K. lactis Atg21 was purified using 30 mM 

HEPES 150 mM NaCl pH 7.5 buffer, whereas Atg8 was purified using 1 x PBS pH 7.4. So, the 

first experiment was to determine which buffer allowed for the best binding conditions for 

the two proteins. 

 

To test this, three buffers were selected; 1 x PBS pH 7.4, 50 mM Tris 1 mM EDTA, and 30 mM 

HEPES 150 mM NaCl pH 7.5. 1 µM of the Atg21 peptide was used in each experiment with 50, 

100 and 500 nM Atg8. 96 well plates were incubated for 5 min at room temperature before 

fluorescence anisotropy and intensity were measured using a VictorNiro Plate reader with 
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assistance from Dr Alaa Shaikhqasem (Group of Prof. Dr R. Ficner, Molecular Structural 

Biology, Georg-August-University Göttingen). 

 

In 2016, a library of synthetic peptides corresponding to the loops of Atg21 were screened for 

binding with Atg8. It was observed that the peptide corresponding to loop 2D to 3A of Atg21 

was binding to Atg8 [170]. We expected a correlation between the concentration of Atg8 and 

the number of Atg21 peptides in a bound state and therefore the fluorescence intensity 

would decrease as the fluorophore is within the binding pocket of Atg8. As well as 

fluorescence intensity we also measured the fluorescence anisotropy. Here, the FAM 

fluorophore is excited with vertically polarised light at 494 nm that selectively excites a subset 

of the fluorophores according to their relative orientation with the incoming beam. The 

resulting emission at 518 nm also has a directionality whose relationship in the vertical and 

horizontal planes defines anisotropy. The anisotropy should increase as more molecules enter 

a bound conformation. The 1 x PBS buffer did not follow either of these trends, which was 

unexpected (Figure 4-10 (Left)). The 50 mM Tris buffer did increase in anisotropy as the 

concentration of Atg8 increased, but the fluorescence intensity did not decrease over time 

(Figure 4-10 (Middle)). Finally, the 30 mM HEPES buffer increased in anisotropy and decreased 

in fluorescence intensity as the concentration of Atg8 increased (Figure 4-10 (Right)). The 

results using the HEPES buffer were as expected, therefore these conditions were chosen for 

a full binding assay.   
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Figure 4-27: Buffer test for Atg8 Atg21 binding.  

Fluorescence anisotropy and intensity of triplicate samples were measured within each buffer. Using 1 µM of the 
Atg21 peptide and 50, 100 and 500 nM Atg8, incubated at room temperature for 5 mins before measuring. Black 
bar indicates Atg21 peptide alone. Measurements using the VictorNiro Plate reader was assisted by Dr Alaa 
Shaikhqasem. 

When determining the binding strength of two proteins, there are two states that these 

proteins can be in; a free state or a bound state [291], [292]. A binding reaction consists of a 

dynamic exchange between the bound and free states. The reaction proceeds to an 

equilibrium where the concentration of free proteins and bound proteins are held in a steady 

state. Once at equilibrium, binding can be further modelled using the law of mass action; as 

the rates of forward and reverse reactions are equal, it is possible to determine the binding 

affinity [293], [294]. 
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Figure 4-28: Full binding assay of Atg8 and Atg21.  

1 µM of Atg21 peptide was incubated with Atg8 in concentrations ranging from 1 nM to 500 nM and incubated 
at room temperature for 5 mins before the fluorescence polarisation was measured at each concentration in 
triplicates. A sigmoidal curve can be seen with a Kd value of 42.5 nM. Measurements using the VictorNiro Plate 
reader was assisted by Dr Alaa Shaikhqasem. 

For the complete binding assay, Atg8 concentrations ranged from 0.5 – 500 nM, with the 

Atg21 peptide concentration being kept the same as previous experiments at 1 µM. As the 

concentration of Atg8 increases, so does the fluorescence polarisation. At an Atg8 

concentration of 20 nM it reaches the exponential phase before plateauing at a concentration 

of 500 nM. The dissociation constant value, Kd, was found to be 42.5 nM. This suggests that 

the binding between Atg8 and Atg21 is relatively weak.   

 

4.2.3 Atg8 Crystallisation Trials 

Once the binding affinity between Atg8 and the Atg21 peptide had been established, we 

determined the concentrations to use for crystallisation trials. Due to the binding being weak, 

we used a 20 fold molar excess of the Atg21 peptide and 800 µM Atg8. The solution was 

incubated at room temperature for 30 min before being plated on 12 x 96 well crystallisation 

plates. 

 

Before the crystallisation screening conditions were added to the reaction, the solutions 

containing either Atg8 alone or Atg8 with the Atg21 peptides were tested for protein 

degradation or aggregation using dynamic light scattering (DLS). DLS is based on the Brownian 

motion of dispersed particles. When particles are dispersed in a solution, they move randomly 

Atg8 (nM)
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in all directions. The principle of Brownian motion is that particles are constantly colliding 

with molecules and these collisions cause a certain amount of energy to be transferred, 

inducing particle movement. The relation between the speed of the particles and the particle 

size is given by the Stokes-Einstein equation. A single-frequency laser is directed at a set angle 

into the solution, the diffraction of the laser light is recorded. This signal is used to determine 

the diffusion coefficient and the particle size using the Stokes-Einstein equation which is 

dependent on the refraction index of the oil applied to the sample [295]. DLS can be used to 

determine the homology of a given solution. 

 

The dynamic light scattering of Atg8 alone shows suitable homology, with the majority of 

molecules having the same radius (Figure 4-12 (A)). This was further proof that the 

purification of Atg8 and the removal of all contaminants was successful. The analysis of Atg8 

with the Atg21 peptide also showed acceptable levels of homology; this indicates low levels 

of protein precipitation or aggregation caused by the addition of the Atg21 peptide (Figure 4-

12 (B)). Also, a slight shift in the radius of the molecules was seen, suggesting that Atg8 and 

the Atg21 peptide were binding in solution.  

 

A total of 12 screening conditions were used, each with 96 unique crystallisation conditions; 

a total of 1,152 different conditions were tested. In order to obtain more information on the 

precipitation behaviour of the protein this systematic approach alters individual components 

of the crystallisation conditions, pH, anions and cations, independently from the others wells. 

Each well of the 96 well plate consists of four separate wells (Figure 3-2); a reservoir 

containing the screening condition, just the buffer, 1:1 and 2:1 ratios of protein to screening 

condition. The 96 well plates were stored at room temperature and checked every six weeks 

under the microscope for crystal growth. When crystals were seen, all four wells within the 

central well were also reviewed to determine whether the crystals were salt or protein-based. 

For the majority of cases, when crystals were located, they were located in both the 1:1 and 

2:1 ratio wells. This ruled out random salt growth from either the buffer or the screening 

conditions. The preparation and checking of the crystallisation plates were assisted by Dr Alaa 

Shaikhqasem. The crystals that are seen in Figure 4-12 (C) were tested using X-Ray 

crystallography to determine whether they were formed of salt or protein with assistance 
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from Dr Piotr Neumann and Dr Alaa Shaikhqasem (Group of Prof. Dr R. Ficner, Molecular 

Structural Biology, Georg-August-University Göttingen).  

 

The crystals were extracted from the well using a wire loop under the microscope and placed 

in a sucrose or glycerol solution and immediately frozen in liquid nitrogen. The crystals were 

placed in the X-Ray diffractor with a constant stream of liquid nitrogen, keeping the crystal 

frozen. Unfortunately, even with the detector as close to the crystal as possible, no X-rays 

could be detected. Crystals formed from salt diffract X-rays to a higher degree compared to 

protein based crystals. Therefore, crystals grown in the experiment were likely salt crystals. 

The screening conditions continued to be checked every few months in case crystals have 

formed, but so far this has not been successful, so we decided to perform computational 

modelling a go. 
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Figure 4-29: Crystallisation Trials of Atg8 and Atg21 peptide.  

(A) Dynamic light scattering of S. cerevisiae Atg8 alone. (B) Dynamic light scattering of S. cerevisiae Atg8 with 
Atg21 peptide. 15 iterations, with each lasting 20 seconds. The line graph on the right shows an overlay of S. 
cerevisiae Atg8 alone (Blue) and S. cerevisiae Atg8 with the Atg21 peptide (Red). (C) Microscopic photos of the 
crystals grown under specific screening conditions. X-Ray crystallography of those crystals in glycerol or sucrose 
solutions. The experiment was assisted by Dr Alaa Shaikhqasem and Dr Piotr Neumann. 

 

A

B

C
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4.2.4 Protein Modelling 

Following the work from Juris et al. 2015 and Munzel et al. 2021, we wanted to further 

identify interacting regions of Atg21 while at the PAS. Previous work highlighted the 

conformation orientation of Atg21 and Atg16, where R151 of Atg21 was found to directly 

interact with D101 of Atg16. Additionally, the interaction of both proteins requires K152 of 

Atg21 and E102 of Atg16. Atg21 localisation is determined by the presence of PI3P at the 

autophagic membrane and also regulates the site of Atg8 lipidation [171]. Atg21 directly 

interacts with the Atg8-Atg3 conjugate via the conserved F5K6-motif of Atg8 and positions 

the Atg8 lipidation complex in close proximity to PE. Furthermore, the interaction between 

Atg16 and Atg21 allows for the recruitment of the Atg12-Atg5/Atg16 complex, thereby 

arranging the E3-like Atg12-Atg5 conjugate within reach of the E2-like enzyme Atg3 [62], 

[171]. 

 

Atg8 has a few regions that could be responsible for the interaction with Atg21. In the C-

terminal ubiquitin-like domain of Atg8 is the AIM-binding site which is crucial for interaction 

with the WxxL-like motif in proteins such as Atg1, Atg3 and Atg19 [132], [296], [297]. The N-

terminal helical domain (NHD) of Atg8 is flexible in solution and contains a FK-motif that 

mediates further interactions [298], [299]. 

 

Over the past decade, protein modelling and folding has excelled. Due to the difficulties of 

protein crystallisation, this has become a standard when looking at protein structure or 

protein-protein interactions. Many protein complexes are not stable enough to purify 

together, and computational analysis offers a far more straightforward approach.  

 

Dr Piotr Neumann assisted in the crystallisation trials for ScAtg8 and the Atg21 peptide. As 

the structures of both proteins are known, Dr Neumann made computational modelling of 

the two proteins; using S. cerevisiae Atg8 and K. lactis Atg21. Crystallographic Object-Oriented 

Toolkit (Coot) is used for macromolecular model building and validation for protein modelling 

using X-ray data. 
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The superposition reveals that although the top surface of -propellers is used for ubiquitin-

binding, the residues participating in complex formation are not located on equivalent blades 

and form distinct patches on the protein surface. In contrast to Doa1 and Cdc48 -propellers, 

the crystal structure of K. lactis Atg21 reveals several long and flexible loops on the top 

surface, implicating the possibility of loop-mediated interactions between Atg21 and Atg8 

(Figure 4-13 (A)). 

 

The residues 136-150 of ScAtg21, thought to be responsible for binding to Atg8, correspond 

to a highly conserved -loop- fragment, residues 88-102, in K. lactis Atg21, sharing 73% 

sequence similarity (Figure 4-14 (B)). This loop is well resolved in the crystal structure of K. 

lactis Atg21 and does not appear to be very flexible. The identified segment is not situated in 

a loop region, and Atg21 D146 could play an essential role in Atg8 binding, as seen in Figure 

4-13. 

 

The finding of only one site of interaction between Atg21 to Atg8 corelates well with the 

relatively weak Kd. If there were more interacting regions between Atg21 and Atg8 I would 

expect the Kd to be lower. This would also explain why Atg21 and Atg8 have not been purified 

in a complex. This could suggest the importance of Atg21 interacting with Atg16 in order to 

stabilise the binding with Atg8. Crosslinking experiments could help in further elucidating the 

interaction between Atg21 and Atg8. 
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Figure 4-30: Structural modelling of Atg21.  

(A) Left: Doa1, violet, and Cdc48, yellow, -propeller (view from the “top” surface). Right: same as left plus K. 
lactis Atg21, blue. (B) K. lactis Atg21 structure, with the Atg21 fragment 88-102  coloured in yellow. Models were 
made using Coot by Dr Piotr Neumann. 

A

B
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B

A

Figure 4-31: Modelling of Atg8. 

 (A) ScAtg8 with a magnified section showing the binding pocket. (B) Atg21 fragment, 
yellow, with aspartic acid at residue 146 in the binding pocket of Atg8. All models were made 
in Coot by Dr Piotr Neumann. 
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4.2.5 Atg8 and Atg21 

The computational modelling of ScAtg8 and KlAtg21 agreed with our hypothesis that this 

fragment of Atg21 is vital for the binding to Atg8. We wanted to see if this would work using 

the physical proteins. ScAtg8 and KlAtg21 sample homology were checked using dynamic light 

scattering, assisted by Dr Achim Dickmann (Group of Prof. Dr R. Ficner, Molecular Structural 

Biology, Georg-August-University Göttingen). 

 

 

Figure 4-32: DLS of ScAtg8 and KlAtg21.  

They are showing duplicate measurements of dynamic light scattering of ScAtg8 and KlAtg21 with the average 
radius of the molecules. Using the Xtal Concepts SpectroLight 600 was assisted by Dr Achim Dickmann. 

The ScAtg8 samples looked very homogenous, with all the molecules being at a similar radius. 

Surprisingly, the KlAtg21 samples were not as homogenous, with two distinct bands at 

different radii. This could be due to the dimeric arrangement of Atg21 or that the sample still 

had contaminations or aggregates. Atg8 and Atg21 samples were then combined in a 1:1 and 

2:1 ratio, respectively, and incubated for 5 mins before checking the samples again using DLS. 

ATG8 ATG21

r = 9.08 nm

r = 493.44 nm

r = 8.61 nm

r = 553.72 nm

r = 3.44 nm

r = 3.51 nm
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Figure 4-33: DLS of Atg8-Atg21 in 1:1 and 2:1 ratio.  

The figure shows the duplicate dynamic light scattering experiments of ScAtg8 and KlAtg21 in a 1:1 and 2:1 ratio, 
respectively, with the average radius of the molecules. Using the Xtal Concepts SpectroLight 600 was assisted by 
Dr Achim Dickmann. 

Interestingly, when ScAtg8 and KlAtg21 were combined together in a 1:1 and 2:1 ratio, 

respectively, the KlAtg21 sample appeared to stabilise. Each experiment led to a single band 

of molecules at a specific radius. When compared to ScAtg8 alone, there is an increase in 

radius of 1 nm when KlAtg21 was included. This indicates that the proteins interacted in 

solution as two separate bands were not seen supporting the possibility to get further insights 

by cross-linking. 

 

4.3.1 Vacuolar Fragmentation 

A member in our group, Dr Lisa Marquardt, has confirmed Atg18 plays a role in a novel type 

of retromer complex (Data not shown). Atg18 is an essential component of the core 

autophagic machinery. Additionally, it is known for regulating vacuolar morphology and in 

the recycling of vacuolar membrane proteins [148]. In yeast, the retromer complex consists 

of two subcomplexes: the cargo selective subcomplex (CSC) and a sorting nexin (SNX) dimer. 

The CSC is a trimer made up of Vps26, Vps29 and Vps35, and is essential for cargo selection 

ATG8-ATG21 1:1 ATG8-ATG21 2:1

r = 4.41 nm
r = 4.63 nm

r = 4.71 nmr = 4.55 nm
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and sorting on the endosomal membrane. The SNX dimer is composed of Vps5 and Vps17 

which are important in membrane remodelling. Another sorting nexin adaptor protein Snx3 

also interacts with the CSC to regulate trafficking [210], [300]. All of these components are 

important for the recycling of cargo molecules from the endosome to the TGN. We aimed to 

determine which components of the retromer complex were responsible for vacuolar 

morphology. 

 

Our unpublished data suggest a role of a complex composed of Atg18 and the CSC, but lacking 

the sorting nexins Vps5 and Vps17 in hyperosmotic stress induced vacuolar fragmentation. 

Thus fragmentation rates are measured in the respective deletion strains: atg18∆, vps35∆, 

vps29∆, vps26∆, vps17∆, vps5∆, fab1∆ and snx3∆. The deletion strains missing an element of 

the retromer complex were grown in YPD until the log phase and stained with FM4-64 for 30 

mins. Cells were then split, 50/50, into nutrient rich and hyperosmotic conditions and 

incubated for a further hour before imaging on the DeltaVision microscope. 200 cells were 

imaged per condition, and analysis of the vacuoles was done using Fiji (seen in Figure 4-17). 

 

As shown by Figure 4-17, the majority of deletion strains observed defects in vacuolar 

morphology irrespective of the osmotic stress. Where strains were either hyper-fragmented 

in both mediums or had very little vacuolar fragmentation. Except for snx3∆ that followed 

wildtype morphology. 
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Figure 4-34: Vacuolar Fragmentation Images.  

Yeast strains were grown in either YPD or YPD + 0.4 M NaCl and imaged using the DeltaVisionand showing DIC 
and FM4-64 images. 200 cells per condition were analysed using Fiji. The experiment was repeated three times 
and assisted by Florian Kramer. 
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Figure 4-35: Vacuolar Fragmentation Analysis.  

Bar graph showing the percentage of vacuolar fragmentation seen in each strain under each condition. Vacuolar 
fragmentation conditions were analysed on GraphPad Prism using a 2way ANOVA. All comparisons came back 
highly significant (****) except the comparison of Wt vs snx3∆. Error bars show the standard error of the mean. 

In agreement with published data, atg18∆ showed severe defects in vacuole fragmentation 

when compared to wildtype cells. Significant deficiencies in vacuolar fragmentation were also 

seen in CSC subcomplex components vps35∆, vps29∆ and vps26∆ strains when compared to 

wildtype. On the contrary in the absence of the SNX-BAR subcomplex, vps17∆ and vps5∆ 

caused hyper-fragmentation of the vacuole before hyperosmotic stress; which indicates a 

general defect in vacuolar morphology. snx3∆ strain had similar vacuolar morphology to 

wildtype; this was to be expected as it has been previously described [301]. Defects in any 

components of the retromer complex cause altered vacuolar morphology compared to 

wildtype. Either they were severely lacking in fragmentation or completely hyper-

fragmented. These observations strengthen our theory for the interaction between Atg18 

and the retromer complex.  
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5. Discussion 

In response to external environmental and internal homeostatic signals, cells must efficiently 

and successfully adapt to ensure survival during stress conditions. Autophagy is a highly 

conserved catabolic pathway that is vital for the development, cell survival and degradation 

of dysfunctional organelles and protein aggregates. Autophagy occurs in all eukaryotic cells 

[302], [303], underlying its importance. In this process, portions of the cytoplasm are 

sequestered within double-membrane vesicles known as autophagosomes. Autophagosomes 

form de novo within the cytoplasm to encompass the cargo. Autophagosomes fuse with the 

vacuole to release their cargo into the vacuolar lumen for degradation and recycling. 

 

This study focused on the investigation of the molecular function of Hsv2, ascertaining how 

Atg21 binds to the ubiquitin-like protein Atg8 and determining the role of Atg18 within the 

retromer complex on vacuolar morphology. Firstly, to identify and characterise previously 

unknown interaction partners of Hsv2. Secondly, isolate and purify ScAtg8 for binding and 

crystallisation trails with KlAtg21. Lastly, knocking out components of the retromer complex 

to determine their role in regulating vacuolar morphology with Atg18.   

 

An essential breakthrough in understanding the function of a protein within the cell is the 

identification of its interactome. Although PROPPINs are structurally well characterised, most 

of their functions remain elusive, especially in the case of Hsv2. For scaffold proteins such as 

the PROPPIN-family, which do not harbour an intrinsic enzymatic activity, it is crucial to 

understand their interactions in order to determine a function [127], [156], [160]. PROPPINs 

localise to various compartments within the cell, endosomes, vacuole, as well as the 

autophagic membrane; this suggests that they can exhibit a variety of potentially different 

functions [169]. This study primarily focused on the identification of interaction partners of 

Hsv2 to elucidate its role in cellular processes. Prior to this study, the only interacting partner 

identified of Hsv2 was Atg18 [169]. However, after a series of split ubiquitin assays and a BioID 

assay, we are able to expand the list of interacting proteins with Hsv2. The results obtained 

from these assays shed light on Hsv2 interacting with numerous SNAREs within the 

endosomal pathway and various transporters located at the vacuolar membrane. 
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5.1 Autophagic Function of Hsv2 

Investigating the role of Hsv2 in unselective autophagy revealed that the absence of Hsv2 

does not alter autophagic activity as the levels of matured Ape1 remained the same as 

wildtype. However, there does appear to be some cross-talk between the PROPPIN family. In 

the absence of Atg18 there should be no maturation of Ape1 as autophagy is completely 

blocked in this strain. In the double deletion hsv2∆atg18∆ there is no additional effect seen 

on the maturation of Ape1 as autophagy is blocked in the absence of Atg18. However, the 

double deletion hsv2∆atg21∆ strain showed a decrease in matured Ape1 compared to atg21∆ 

cells but only in the 2 hrs nitrogen starvation sample. This could be due to the Cvt pathway 

still being partially regulated via selective autophagy. Considering the PROPPINs share 

homology, in the absence of Atg21 it could be possible that Hsv2 partially substitutes in.  

 

This hypothesis is further validated by the split ubiquitin assay. Where numerous Atg proteins 

were seen to interact with Hsv2, most notably Atg2, Atg8, Atg9, Atg13, Atg18 and Atg21. It 

has been well established that the Atg2-Atg18 complex is crucial for autophagosome 

formation and for the recycling of Atg9 [116], [127]. Atg2 is the largest protein in the 

autophagic core machinery and is essential for the localisation of Atg18 to the PAS. Recent 

studies have found that the loops of blade 2 and the 7AB loop on blade 7 of Atg18 are essential 

for binding with Atg2 and are required for the correct localisation of Atg2, as well as for 

autophagic flux [304]. Contrary to these results, it has also been observed that the deletion 

of the 7AB loop of Atg18 had no effect on its interaction with Atg2 [221]. In addition, 

mutations of the loops of blade 2 of Atg18 resulted in a significant decrease in binding to Atg2, 

confirming the importance of blade 2 of Atg18 in the binding to Atg2. A recent study has 

shown that the residues N78 and D100 on blade 2 of Hsv2 are required for binding to Atg2 

and mutating one of these residues results in complete loss of binding [305]. Additionally, 

Bueno-Arribas et al., show that Hsv2 mediates recruitment of a fraction of Atg2 to endosomes 

under basal conditions but not when autophagy is induced. Atg9 is the sole transmembrane 

protein among the core Atg proteins and is thought to provide the major source of 

membranes to the PAS for the formation of the isolation membrane [47], [116]. Atg9 localises 

to the expanding edge of the isolation membrane together with the Atg2-Atg18 complex. 

Shortly before the phagophore seals into an autophagosome, the Atg2-Atg18 complex 
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disassembles, leaving Atg18 on the outer membrane of the autophagosome, while Atg2 and 

Atg9 are recycled. The precise mechanism of how Atg9 is retrieved remains unclear but could 

require the retromer complex in conjunction with Atg18. 

 

All PROPPINs are able to form an amphipathic -helix in their 6CD loop, which can sense and 

induce membrane curvature. Both Atg18 and Atg21 localise to the edge of the growing 

phagophore but at distinct regions. Atg21 is restricted to the vacuole-phagophore contact site 

for the promotion of Atg8 lipidation, while Atg18 appears to be unequally distributed along 

the edge. It was found that in solution, PROPPINs are monomeric but upon binding to 

membranes they form oligomers [146], [306]. As all PROPPINs share homology, it would not 

be surprising if these oligomers contain different ratios of the three PROPPINs. Hsv2 is unable 

to fully take over another PROPPINs function as seen in the Ape1 assay but could potentially 

partially substitute in during oligomerisation, therefore aiding in membrane curvature or as a 

functional scaffold for other proteins to attach to. 

 

5.1.1 Hsv2 in Selective Autophagy 

A role for Hsv2 in selective autophagy was seen in PMN. During starvation for nitrogen, it was 

found that in hsv2∆ cells the micronucleophagic rate is reduced by approximately half of the 

wildtype rate [169]. More drastic reductions in micronucleophagic rate were seen in atg18∆ 

and atg21∆ cells, but this was the first time depletion of Hsv2 has been reported to affect 

autophagic activity. With more drastic reductions in PMN after deleting ATG18 and ATG21, it 

is suggested that Hsv2 is required for efficient PMN activity but is not a crucial component of 

the micronucleophagic machinery. However, the absence of Hsv2 could affect vacuolar 

homeostasis and, as a secondary effect, PMN. 

 

The split ubiquitin assay showed a strong interaction between Hsv2 and Atg13. Atg13 is a core 

autophagic protein that is crucial for both the Cvt pathway and autophagy. Under nitrogen 

starvation conditions, Atg13 interacts with Vac8 to form a protein complex on the vacuolar 

membrane. Interestingly, Vac8 also plays an important role in PMN, with direct interaction 

with Nvj1 mediating the formation of nucleus-vacuole contact sites [58]. The contact sites on 

Vac8 for interaction with Atg13 and Nvj1 share the same binding interface, and therefore 
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Atg13 and Nvj1 compete for binding with Vac8 [307]. This could potentially suggest a 

regulatory role for Hsv2 between macroautophagy and the microautophagic degradation of 

nuclear material. In the absence of Hsv2, Atg13 might outcompete Nvj1 for Vac8 binding and 

subsequently decreases the micronucleophagic rate.  

 

Further involvement in selective autophagy could potentially occur in mitophagy, the 

selective process of mitochondrial degradation. The proteomic analysis of hsv2∆ cells 

compared to wildtype showed a down-regulation of ATG33, a mitochondrial mitophagy-

specific protein. Unfortunately, the molecular mechanisms of Atg33 in mitophagy are poorly 

understood. Atg32 is a mitophagy-specific transmembrane protein on the outer membrane 

of the mitochondria. Typical for an autophagic cargo receptor, Atg32 interacts with Atg8 via 

the highly conserved W/YxxL/I motif in its cytosolic N-terminal region [31]. Atg32 further 

interacts with Atg11, a scaffold protein at the PAS; this interaction is mediated by the 

phosphorylation of Atg32 [308]. Atg33 is a polytopic mitochondrial outer membrane protein 

that was first identified as a factor required for stationary-phase mitophagy [309]. However, 

loss of Atg33 only blocked mitophagy to half the level of the wildtype during starvation, but 

it blocked mitophagy almost completely at the post-log phase. This suggests a specific role in 

quality-control signalling that identifies dysfunctional or aged mitochondria for mitophagy 

once cells have reached the post-log phase. Even though ATG33 was greatly down-regulated 

in hsv2∆ cells, it is unlikely that Hsv2 is crucial for mitophagy but perhaps, like with PMN and 

the Cvt pathway, Hsv2 has a regulatory role that indirectly affects mitophagy.  

 

5.1.2 Hsv2 in GOMED 

GOMED was first described in 2016 as a form of alternative autophagy [173]. Hsv2 was 

observed to be essential for this process [180]. In atg5∆hsv2∆ cells there was a defect in 

processing GFP-pho8∆60 compared to atg5∆ cells. Unexpectedly, this was not reproducible 

in our lab. Yamaguchi’s lab gifted us the linearised plasmid they used for chromosomal 

integration of GFP-pho8∆60. Additionally, both experiments used a SEY6210 background 

strain, ruling out the possibility of discrepancies between backgrounds. As the initial results 

were not reproducible we were unable to explore this process further.  
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5.2 Plasma Membrane to Endosomes Trafficking Involving Hsv2 

The trans-SNARE complex at the plasma membrane consists of a combination of three 

proteins: Sso1/2, Sec9 and Snc1/2 [310]. The v-SNAREs Snc1 and Snc2 are 79% identical and 

are reported to be functionally redundant. The t-SNAREs Sso1 and its paralog Sso2, share 74% 

similarity, and were initially considered to be functionally redundant, although they have now 

been differentiated, with Sso1 playing a crucial role in sporulation [311]. An interaction 

between Hsv2 and Snc1, Sso1 and Tlg1 was observed in the split ubiquitin assay. These 

SNAREs function in the same recycling pathways, as shown in Figure 2-12. This strengthens 

the possibility that they are interacting partners of Hsv2. 

 

Plasma membrane syntaxins, Sso1 and Sso2, together provide an essential function in 

vegetative cells, where they form a plasma membrane complex with the SNARE proteins Sec9 

and Snc1/2 [312]–[314]. Sso1 is specifically required during sporulation, and this function 

cannot be provided by Sso2 [311]. Syntaxins belong to the t-SNARE subgroup, which are 

preferentially found on target membranes. In addition to the SNARE motif, syntaxins have an 

N-terminal domain that is made up of three shorter helices and a C-terminal transmembrane 

domain which is followed by a very short hydrophilic tail [315]. The N-terminal domain of Sso1 

can interact with the SNARE motif and thus regulate the rate of SNARE complex assembly 

[316], [317]. Nicholson et al., 1998 showed that by truncating Sso1, lacking an N-terminal 

domain, complexes formed much more rapidly than full-length Sso1 with the regulatory N-

terminal domain. In S. cerevisiae, the synaptobrevin homologues Snc1 and Snc2, the syntaxin 

1 homologues Sso1 and Sso2, and the SNAP-25 homologue Sec9 form an analogous complex 

that mediates secretory vesicle fusion with the plasma membrane, see in Figure 2-12 [185], 

[310]. As an interaction between Hsv2 and Sso1 has been seen but not with Sso2, this suggests 

that Hsv2 could play an important role in sporulation and initiation of the prospore 

membrane; rather than the secretory pathway to the plasma membrane. It should be 

mentioned that the split ubiquitin assay was done using haploid cells and not diploid cells; 

knowing that the mechanisms of action differ between these, it may be beneficial to repeat 

this with diploid cells. 
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Snc1, a v-SNARE of secretory vesicles, cycles rapidly between the plasma membrane and 

endosomal/Golgi membranes and is required for fusion of secretory vesicles with the cell 

surface and is a widely studied endocytic cargo protein. The endocytosis of extracellular 

material and plasma membrane proteins is required to internalise nutrients, regulate the 

level of cell surface receptors, remove damaged proteins from the membrane, and recycle 

membrane proteins involved in exocytosis back to the secretory pathway. After Snc1 is 

delivered to the plasma membrane of the growing bud, it is rapidly internalised and 

transported to endosomal and Golgi compartments, where it is incorporated into new 

secretory vesicles [190]. For correct internalisation of Snc1 from the plasma membrane 

requires Yap1801 and Yap1802, acting as cargo-specific adaptors for the clathrin-mediated 

endocytosis of Snc1 [318]. Snc1 localises to the plasma membrane, sometimes restricted to 

the bud or generally to regions of polarised growth. 

 

Snc1 is selectively incorporated into endocytic vesicles and becomes concentrated at the site 

of exocytosis [319], [320]. Snc1, a v-SNARE molecule, is a well-established retrograde cargo 

of the Snx4 pathway coming almost exclusively from the post-Golgi endosomes [321]. The 

SNX4-related subfamily of SNX-BARs is comprised of three members: Snx4/Atg24, Snx41 and 

Atg20/Snx42, which are proposed to function at early endosomes. Vps1, a dynamin-related 

GTPase, is required for retromer-dependent retrograde trafficking from the endosome, as 

well as proper trafficking of Snc1 a retrograde cargo of Snx4-Atg20 [322], [323]. A delay in 

fission activity has been seen in both Snx4 tubules, and Vps17 tubules in vps1∆ cells [320], 

suggesting that Vps1 promotes fission of SNX-BAR coated tubules from the endosome. The 

mechanism by which the Snx4-Atg20 recognises cargo is currently unclear. There are 

conflicting results on whether the Snx4 family and retromer SNX-BAR proteins operate on 

distinct populations [321], [324] or largely overlapping regions [320]. It has been suggested 

that the different SNX-BAR coated ETCs might mediate trafficking to distinct entry sites within 

the TGN, which would prevent the mixing of different cargo populations.  

 

More recently, it has been shown that Snc1 is retrieved to the TGN via distinct, parallel 

pathways mediated by Snx4-Atg20, Rcy1/Drs2/COPI, and the retromer complex, as shown by 

Figure 5-1. In both rcy1∆ and snx4∆ cells, Snc1 was missorted along different stages of the 

recycling process. The rcy1∆ mutant caused accumulation at the vacuole, while the snx4∆ 
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mutant was able to retain Snc1 in intracellular compartments marked by Tlg1. In both single 

mutants, Snc1 recycling to the PM was unaffected. However, the double mutant snx4∆rcy1∆ 

nearly completely ablated recycling and most of Snc1 was localised to the vacuole. This 

phenotype was also seen in vps35∆rcy1∆ and vps35∆snx4∆ double mutants, with Snc1 

recycling completely defective in the triple mutant snx4∆rcy1∆vps35∆ [325]. These findings 

suggest that all three trafficking pathways are responsible for the recycling of Snc1. The 

results of the split ubiquitin assay suggest a strong interaction between Hsv2 and Snc1, a weak 

interaction with Snx4 and no interaction with Rcy1. This could indicate that Hsv2 is involved 

in the late stages of retrieval of Snc1 from the late endosome rather than from the TGN. Using 

a hsv2∆ strain transformed with GFP-Snc1 we could investigate if Snc1 accumulates at the 

vacuolar membrane. Additionally, whether the double deletions hsv2∆snx4∆ or hsv2∆vps25∆ 

strains cause further defects in the recycling of Snc1.   

  

Snc1 and Snc2 coimmunoprecipitated with Tlg1 and Tlg2 t-SNAREs, respectively [326]. These 

t-SNAREs confer retrograde protein transport from the cell surface and are required for Snc1 

retrieval to the Golgi [190]. In cells lacking Tlg1 or Tlg2, Snc1 was unable to localise to the 

plasma membrane and accumulated on intracellular membranes, which may correspond to 

transport vesicles. Tlg1 is an unusual t-SNARE as it localises to multiple compartments and 

not just their resident membrane. An interaction was seen between Hsv2 and Tlg1 in the split 

ubiquitin assay; however, Hsv2 localises to late endosomes and the vacuolar membrane and 

not early endosomes or plasma membrane. 

 

Tlg1 is a SNARE protein that localises to early endosomes and partially with the TGN [190], 

[327], [328]. Recently, Tlg1 was also found to colocalise with Snc1 [325]. Tlg1 is required for 

efficient degradation of the  factor receptor and for the retrieval of TGN resident proteins 

from the endocytic pathway [329]. All four endocytic syntaxins bind to the same v-SNARE Vti1 

[330]. Tlg1 requires palmitoylation by Swf1; lack of palmitoylation results in its entry into 

MVBs and ultimately to its degradation in the vacuole. Nonacylated Tlg1 is recognised by the 

ubiquitin ligase Tul1 and becomes ubiquitinated, signalling entry into the MVB [331], [332]. 

Where and how these proteins interact needs to be explored further in order to understand 

a functional connection. It could be possible that Tlg1 and Snc1 are required for the correct 

localisation of Hsv2, and if we were to delete TLG1 or SNC1 we could see mislocalisation of 
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Hsv2. As SNARE proteins are important for the fusion of vesicles to membranes, it is unlikely 

that Hsv2 is required for the recycling of these SNAREs as a greater phenotype would be 

observed in the absence of Hsv2.  

 

 

Figure 5-36: Cartoon schematic of the postendocytic recycling routes in yeast S. cerevisiae.  

The main routes for Snc1 recycling include the Rcy1/COPI and Snx4 pathways. The cargoes are first packaged 
into Tlg1-positive early endosomes, where they are either selectively transported by Rcy1/COPI back to Sec7-
positive TGN, directly recycled back to the PM, or remain in the early endosome as it matures into a PVE. At the 
PVE, specific cargoes are capable of retrieval by either the retromer complex or Snx4-dependant mechanisms. 
Taken from [325]  
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5.3 Late Endosomes to Vacuole Involving Hsv2 

CPY is one of the many vacuolar hydrolases that are transported through the secretory 

pathway and can be easily monitored due to compartmental-specific posttranslational 

modifications. Following the translocation into the ER lumen, CPY is modified by the addition 

of four core oligosaccharides, generating the p1 precursor. As p1CPY moves through the Golgi 

complex, the core oligosaccharides are further modified by the addition of mannose residues, 

generating the Golgi-modified p2 precursor. p2CPY is then delivered to the vacuole, where its 

prosegment is cleaved, generating the mature vacuolar form of CPY [209]. 

 

In a proteomic analysis of wildtype cells vs hsv2∆ cells under nitrogen starvation conditions, 

it was found that after 8 hrs, the expression of the gene VPS15 was down-regulated in the 

hsv2∆ cells but after 24 hrs, it was up-regulated. However, no interaction between Hsv2 and 

Vps15 was observed in the split ubiquitin assay. Vps15 is a regulatory kinase in the class III 

PI3K complex involved in vacuolar protein sorting of CPY, general autophagic function and in 

pheromone signalling. Vps15 is composed of a kinase domain at its N-terminal for interaction 

with Vps34, a WD40 repeat region on the C-terminal or interacting with Vps30 and Atg14, 

and with a HEAT domain in the middle. Vps34 catalytic site is strongly influenced by the 

presence of Vps15, suggesting that Vps15 is essential in the assembly of the scaffolding 

complex [333]. Vps15 is thought to be the bridge between Vps34 and Atg14, whereby Vps15 

communicates regulatory information from the Atg14-Vps30 subcomplex to Vps34. Electron 

microscopy studies have highlighted how conformational dynamics are a central feature of 

this complex. The catalytic domain of Vps34 undergoes a conformation change dislodging it 

from allosteric inhibition by the Vps15 kinase domain, which is required for maximum activity 

of Vps34 [333]. Although the split ubiquitin assay did not show an interaction between Hsv2 

and Vps15, there was a mild interaction with Atg14 and Vps30/Atg6. This suggests that Hsv2 

could interact with the PI3K complex I but does not come into contact with Vps15. CPY 

secretion was not observed in the absence of Atg18, Atg21 or Hsv2; however, overexpression 

of Atg21 lead to CPY secretion [169]. A recent study has shown that overexpression of Hsv2 

caused CPY secretion to almost the same levels as VPS13 deletion [305]. This suggests that 

Hsv2 does have a role in the endosomal trafficking pathway, however this could be due to the 

high level of redundancy of recycling pathways between the Golgi and endosomes.  
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Using the split ubiquitin assay, we saw a strong interaction between Hsv2 and the t-SNARE 

Pep12. Pep12 was the first member of the syntaxin family to be implicated in the transport 

to the vacuole from the Golgi and plasma membrane [329]. Pep12 is essential for the 

transport of luminal, but not membrane-bound, vacuolar hydrolases from the late Golgi to 

the vacuole [334]. The syntaxin-like t-SNARE may act as a receptor for the v-SNARE and allow 

transport vesicles to dock and fuse only with the appropriate target membrane [195]. Pep12 

is also thought to be required for the closure of autophagosomes, with Vps21 and the CORVET 

complex. As Pep12 is recruited by Vps21, it is possible that the Vps21 module regulates a yet 

unknown step that follows autophagosome expansion and precedes closure. Following the 

internalisation of cargos, those destined for degradation continue to the pre-vacuolar 

endosome via trans-Golgi network-derived vesicles. The SNARE complex mediating this fusion 

step is thought to consist of the t-SNARE Pep12, Vti1 and Syn8 located on the pre-vacuolar 

compartment surface and the v-SNARE Ykt6 found on the TGN-derived vesicles [335]. Pep12 

deletion has been shown to inhibit the transfer of vacuolar hydrolases from the Golgi to the 

vacuole but does not disrupt secretory protein transport [334]. Vti1 directly interacts with 

Pep12, as well as the intra-Golgi t-SNARE Sed5. Pep12 and Vti1 contribute to the formation 

of a functional SNAREpin with the t-SNARE Syn8 [330], [336]. Following the completion of the 

SNAREpin and the subsequent fusion of membranes, SNAREs need to be recycled from the 

pre-vacuolar endosomes before degradation in the vacuole.  

 

Snx3 has been shown to be required for the recycling of Pep12 t-SNARE from the vacuolar 

membrane to the Golgi [321]; in the absence of Snx3, Pep12 accumulates on the vacuolar 

membrane. Within the same study, vps5∆ and vps17∆ cells showed a similar phenotype 

where Pep12 was accumulated on the vacuolar membrane. Although, these deletion strains 

have hyper fragmented vacuoles, and thus it is hard to determine what is vacuole and late 

endosomes. However, these results do suggest that the recycling of Pep12 is retromer 

dependent. It is still unclear if Pep12 is recognised by Snx3-retromer and relocated to SNX-

BAR-retromer for recycling or how both these complexes are involved. 

 

We have shown that Hsv2 affects the recycling of Pep12 in diploid cells but not haploid cells 

under nitrogen starvation conditions. Most studies investigating Pep12 recycling have seen 
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the accumulation of Pep12 on the vacuolar membrane and not within the vacuole lumen. 

With the confirmed interaction between Hsv2 and Vps35 via Co-IPs, this insinuates that like 

Atg18, Hsv2 can interact with the retromer cargo selection complex (CSC); explained in 

further detail in chapter 5.7. This could to be the mechanism by which Pep12 is recycled from 

late endosomes and the vacuolar membrane. However, further investigation needs to be 

done to determine why these mechanisms differ between haploid and diploid cells. 

 

Hsv2 was also found to interact with Vps21 in the split ubiquitin assay. Vps21 localises to the 

PAS and is known for its role in early- to late-endosome transport [337], where vps21∆ mutant 

cells are defective in selective and nonselective autophagy, causing the accumulation of 

autophagosomal structures outside the vacuole. To accomplish its role in endocytosis, 

activated Vps21 recruits a group of factors that include CORVET, the tether Vac1, Pep12 and 

Vps45 [338], [339]. Mutations in all of the endocytic Vps21 downstream factors and the HOPS 

subunit cause defects in GFP-Atg8 and Ape1 processing under starvation conditions [340]. In 

endocytosis, Vps21 and Ypt7 function in a GTPase switch that coordinates two successive 

steps: early- to late-endosome maturation and the fusion of late endosomes with the vacuole, 

respectively [341], [342]. It has been suggested that autophagosomes require endocytic 

membranes in an early stage of their formation and therefore require the endosomal 

machinery for fusion with the vacuole. As Vps21 and Pep12 form a complex and both interact 

with Hsv2 in the split ubiquitin assay. This could suggest that either this complex regulates 

Hsv2 localisation at endosomes or that Hsv2 could have a redundant function involving the 

recycling of these proteins from the late endosome or vacuolar membrane. One of the 

difficulties of uncovering the potential function of Hsv2 with Vps21 and Pep12 is the variety 

of processes that is affected by these proteins. Discovering the site of interaction between 

these proteins and introducing mutations could help us determine the functional role of Hsv2 

with Vps21 and Pep12. 

 

Another SNARE that was found to interact with Hsv2 in the split ubiquitin assay was Vam3. 

Vam3 is a nonessential syntaxin required for homotypic fusion of vacuoles. Vam3 alone is 

sufficient to create vacuoles, which are thought to receive lipids via a specialised route from 

the Golgi [329], [343]. Together with the action of Rab GTPase Ypt7 and the HOPS tethering 

complex, the Vam3-Vti1-Vam7-Ykt6 SNARE bundle facilitates the efficient fusion of 
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autophagosomes with the vacuole [344]. In cells lacking Vam3, there was a defect in CPY 

trafficking where precursor CPY accumulated outside the vacuole.  

 

All of these interactions suggest that Hsv2 could be important for the recycling of these 

SNAREs from the vacuolar membrane or late endosomes back to the TGN. There they can re-

enter the autophagic pathway for CPY trafficking and autophagosome biogenesis. 

Alternatively, these SNAREs could be required for the correct localisation of Hsv2. 

 

5.4 Cross-talk Between Autophagy and Sporulation 

Autophagy and sporulation are both induced during stress conditions, and cells reprogram 

themselves by altering several cellular processes. It is known that the core Atg proteins are 

required for both autophagosome biogenesis and sporulation, but it is not clear how these 

Atg proteins are involved in the sporulation process [8], [345]. TOR is a negative regulator of 

both autophagy and sporulation, and it is unclear whether the effectors that repress 

autophagy are essential for sporulation or vice-versa. As rapamycin induces both autophagy 

and sporulation, it is very likely that these two processes share downstream proteins. 

Interestingly, when Atg13 is deleted, sporulation does not take place [255]. This suggests that 

Atg13 not only regulates autophagy via the Atg1 complex but also sporulation. In S. pombe, 

when diploid cells are cultivated in a medium lacking nitrogen, both autophagy and 

sporulation are induced [254]. Negative regulators of sporulation, including Yef3, Ald6 and 

Ego4 are degraded via autophagy suggesting that these two processes do take place 

simultaneously. Autophagy and sporulation both require the de novo formation of a double-

layered structure. In the study by Matsuhara & Yamamoto, they observed that in atg1∆, 

atg7∆ and atg14∆ strain in S. pombe, there was a defect in both autophagy and sporulation. 

Upon further investigation, these defects were specifically in SPB formation and elongation, 

which are necessary for PSM biogenesis. Sporulation requires the SNARE Sso1 for docking 

vesicles at MOP for PSM formation; Sso1 has also been shown to regulate Atg9 trafficking 

[121]. 
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Figure 5-37: Cross-talk between Autophagy and Sporulation in yeast S. cerevisiae.  

The left side represents the autophagic process, while the right side is sporulation. The inhibition of TOR promotes 
both autophagy and sporulation. In autophagy, the Atg1 complex recruits other proteins to the PAS to form the 
isolation membrane, which expands and captures cytosolic cargo. In sporulation, during the middle phase, MOP 
is formed, which leads to the biogenesis of the PSM. The PSM expands around the spindle pole bodies before 
fusing to complete the PSM. Modified from [346] 

In vegetative cells, the fusion of post-Golgi secretory vesicles with the plasma membrane 

requires a SNARE complex formed by three components: Sso1/Sso2, Sec9, and Snc1/Snc2 

[312], [314], [347]. Sso1/2 and Sec9 form a binary complex on the plasma membrane that 

interacts with Snc1/2 arriving with the vesicle to create the active fusogen [348]. Whereas at 

the prospore membrane, vesicle fusion requires Sso1, Snc1/2, and a sporulation-specific Sec9 

paralog Spo20 [311]. The alteration of SNARE machinery by Spo20 seems to be the principal 

basis for diverting secretory vesicles to fuse with the prospore membrane instead of the 

plasma membrane. 

 

The reduced levels of both D- and L-dityrosine in the spore wall of ascospores, the missorting 

of Pep12 and the sporulation defect observed in hsv2∆ diploid cells, would suggest Hsv2 plays 

an important role in sporulation. This could be in a similar way that Atg18 and Atg21 function 

in autophagy but on the PSM instead of the phagophore. As there are a lot of similarities 
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between these two processes, Hsv2’s involvement would not be unexpected. Furthermore, if 

Hsv2 has a major role at the PSM, this can only occur in diploid cells, and so in haploid cells, 

we are potentially seeing secondary functions which would further the hypothesis that the 

PROPPINs can substitute in for one another when required. 

 

5.5 Transporter Regulation with Hsv2 

In fungi, phosphate is stored in the vacuolar lumen as polyphosphate. In S. cerevisiae, the 

vacuolar transporter chaperone (VTC) complex on vacuolar membranes synthesises 

polyphosphate into the vacuolar lumen using cytoplasmic ATP as a substrate [349]. The Vtc 

complex is enriched at the vacuolar membrane but also localises to other cellular 

compartments [285], [350]. All Vtc proteins contain three C-terminal transmembrane helices; 

Vtc1 is small and almost completely embedded in the membrane, whereas, Vtc2, Vtc3 and 

Vtc4 possess a large hydrophilic N-terminal domain that faces the cytosol [286]. Vtc proteins 

have also been implicated in several membrane-related processes, such as sorting of H+ 

translocating ATPase, endocytosis, ER-Golgi trafficking, vacuole fusion and vacuolar 

polyphosphate homeostasis [350]–[352]. The interaction of calmodulin with the Vtc2 and 

Vtc3 is important in microautophagic vacuole invagination [353]. Vtc1 coprecipitated with 

Nvj1 and Sec18, suggesting a role in PMN and vesicle fusion with the vacuole, respectively 

[351]. Under nutrient limitation, the VTC complex is recruited to the vacuole along the 

autophagic tube, where it controls the distribution of membrane proteins over different 

compartments. Interactions have been seen between Hsv2 and Vtc1 in the split ubiquitin 

assay and Hsv2 and Vtc3 in the Bio ID. This further hints towards a regulatory role for Hsv2 in 

microautophagy. Whether Hsv2 is involved in the recycling of these components away from 

the vacuolar membrane and subsequently reducing the microautophagic rate, or if it 

potentially assists the VTC complex in compartmentalising these membrane proteins, is yet 

to be determined.  

 

5.6 Hsv2 Involved in Sphingolipid Synthesis 

The proteomic analysis of wildtype cells compared to hsv2∆ cells revealed that after 24 hrs of 

nitrogen starvation, SKN1 is massively down-regulated when compared to wildtype. The 
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down-regulation of SKN1 was not seen in the 8 hrs sample, suggesting that Hsv2 might be 

more important after prolonged starvation or stress conditions. 

 

Skn1 has been shown to be a KRE6 homologue which is involved in the -1,6-glucan 

biosynthesis, also, together with Ipt1, is involved in the biosynthesis of the sphingolipid class 

of mannosyl-di-inositol-phosphorylceremide (M(IP)2C) from mannosyl-inositol-

phosphorylceremide (MIPC) [354], [355]. The double deletion of SKN1 and KRE6 is lethal and 

causes deficiencies in cellular division, abnormal cell walls and decreased biofilm formation 

[356]. It has been suggested that both Skn1 and Ipt1 are negative regulators of autophagy, 

which could be mediated by sphingoid bases and might act in the same cascade as the PKA 

signalling pathway [357]. Although many factors involved in the biosynthesis of -1,6-glucan 

have been identified, the mechanism of how this synthesis occurs remains unclear. 

Interestingly, Skn1 has been studied in cellular ageing of yeast S. cerevisiae, where they found 

that single deletions of either Skn1 or Ipt1 extended the chronological lifespan [358]. Each of 

these mutations caused the accumulation of excessive concentration of MIPC and impaired 

the synthesis of M(IP)2C. It is unknown if MIPC plays a stimulatory role in regulating 

chronological lifespan and/or if M(IP)2C is a negative regulator of chronological lifespan.  

 

The synthesis of sphingolipids was investigated to determine their involvement in autophagy. 

Using aureobasidin A (AbA), which inhibits inositol-phosphorylceremide (IPC) synthesis 

Yamagata et al., 2011 investigated various stages of autophagy to determine sphingolipid 

involvement. Nitrogen starvation conditions in combination with AbA treatment caused yeast 

cells to undergo rapid cell death. However, using a nitrogen- and carbon-deprived medium 

with AbA treatment did not induce apoptosis. Here, both the number and size of autophagic 

bodies was reduced in the presence of AbA treatment. A significant reduction in alkaline 

phosphatase activity was seen in cells treated with AbA. However, AbA treatment did not 

affect Atg12-Atg5 or Atg8-PE formation, vacuolar protease activity of Pep4 or Ape1, nor was 

the formation of the PAS affected [359]. These results imply that sphingolipids are 

components of the autophagosome membrane, but how these lipids are acquired or how 

they affect autophagosome formation, and autophagy progression is yet to be determined, 

as well as the role that Hsv2 has with sphingolipids. Trial experiments to confirm a change in 

Skn1 protein levels in hsv2∆ cells has so far been unsuccessful. 
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5.7 Atg8 & Atg21 

Following the work from Dr Lena Munzel in investigating the role of Atg21 in the lipidation of 

Atg8, it was found that Atg21 during autophagy and the Cvt pathway organises the 

conjugation of Atg8 to PE at the autophagic membrane [360]. Atg21 recruits the Atg12-

Atg5/Atg16 complex via the interaction with Atg16, and this interaction organises the E3-like 

Atg12-Atg5 conjugate within reach of the substrate E2-like enzyme Atg3. Atg21 localises to 

the autophagic membrane in a PI3P-dependant manner, and this positions the Atg8 lipidation 

complex in close proximity to PE [171]. More specifically, Atg21 is restricted to the 

phagophore edge near the vacuole, a region known as the vacuole isolation membrane 

contact site (VICS). Since PI3P is dispersed over the entire phagophore, additional 

mechanisms must restrict Atg21 to VICS; this restriction is thought to be due to the 

preferential binding to curved membranes. At the VICS, Vac8 was found to be enriched, while 

Vph1 was excluded [62]. Vac8 is a vacuolar membrane-associated protein involved in 

autophagy and is essential for the formation of NVJs in PMN [361], [362]. Whereas, Vph1 is a 

vacuolar ATPase required for the assembly of the ATPase V0 domain and the activity of the 

vacuolar ATPase [363].  

 

The crystal structure of Atg21 revealed that it folds into a seven-bladed -propeller that 

exhibits a non-Velcro closure which has been observed for the other PROPPINs Atg18 and 

Hsv2 [146], [156], [162]. Munzel et al., 2021 solved the crystal structure of K. lactis Atg21 in 

complex with the A. gossypii Atg16 coiled-coil domain, in which the amino terminus of Atg16 

points towards the PI3P binding sites of Atg21 and hence the membrane. In addition, the 

ScAtg16 residues I104, I108 and V112 were found to be essential for binding with ScAtg21. 

These same residues were reported to mediate the formation of a coat-like structure of 

Atg12-Atg5-Atg16 on the outer membrane of the phagophore [103], [114]. These 

observations suggest that Atg16 can either form a complex with Atg21 or part of a coat-like 

structure. The crystal structure also showed that the coiled-coil domain of one Atg16 dimer 

binds to two Atg21 molecules simultaneously, allowing for four PI3P binding sites for 

membrane association. 
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Figure 5-38: Hypothetical model for the assembly of the ubiquitin-like conjugation system at the membrane.  

Proposed model of the spatial arrangement of the Atg8 lipidation complex. Superimposition of known crystal 
structures of Atg5 (green), Atg8 (teal), Atg12 (red), Atg16 (grey) and Atg21 (blue). The proposed binding of the 
complex to the concave side of PI3P positive membranes. Modified from [364]. 

The structure of the Atg16-Atg21 complex shows that the bottom side of the two Atg21 

molecules are facing the Atg16 dimer in a reverse V shape, as shown in Figure 5-3. In contrast, 

Atg8 interacts with the top face of the Atg21 and the PI3P binding sites adjacent to the 

membrane. The computation modelling that Dr Piotr Neumann performed highlighted the 

D146 residue on Atg21 as vital for interacting with Atg8. D146 is located at the beginning of 

blade A at the entry of the central -propeller channel, a site often involved in protein 

interaction [154]. This suggests that Atg8 interacts via its FK motif with the top face of the 

Atg21 propeller, where the D146 residue is required for the interaction. In the model 

proposed in Figure 5-3, Atg8 binds via the NHD-domain to the Atg21 propeller in an 

orientation such that the AIM-binding site of Atg8 faces away from the propeller. In this 

conformation, further interactions with Atg8 via the AIM-binding site can occur. The finding 

of only a single site of interaction between Atg21 and Atg8 correlate well with the weak 

binding affinity that was seen during the binding assays. This suggests the importance of 
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Atg21 binding to Atg16 in the Atg12-Atg5/Atg16 complex in order to stabilise Atg8 for 

conjugation with PE. 

 

5.8 Atg18 and the Retromer Complex 

Following the work from Dr Lisa Marquardt in investigating the role of Atg18 with the 

retromer complex, it was found that Atg18 interacts with Vps35, with both proteins localising 

to the endosomal membrane. Additionally, colocalisation experiments using confocal 

microscopy found 40% of Atg18-GFP puncta colocalised with Vps35-mCherry [221]. Following 

this, we wanted to determine the function of the retromer components on vacuolar 

morphology. 

 

Cells that lack Vps5, missort and secrete soluble vacuolar proteins, contain fragmented 

vacuoles and mislocalise the CPY-sorting receptor, Vps10 [365]. Horazdovsky et al., 1997 

found that the vast majority of CPY was missorted and secreted as the Golgi modified 

precursor p2CPY in vps5∆ cells. Vacuolar fragmentation was also seen in this study, although, 

Horazdovsky et al. suggested that this could be intermediates in vacuole biogenesis and not 

necessarily fragmentation of the vacuole. Regardless, these findings implicate Vps5 function, 

directly or indirectly, in the biogenesis or maintenance of vacuole morphology. These 

morphological defects were also seen in vps17∆ cells [209]. We observed hyperfragmentation 

of the vacuole in both vps5∆ and vps17∆ cells in nutrient rich and hyperosmotic conditions. 

This suggests that vacuolar fragmentation in these strains is not dependant on stress 

conditions. Together, these results complement the observations we saw in vacuolar 

fragmentation in vps5∆ and vps17∆ cells. 

 

Ypt7 is a central regulator of this system via interactions with effectors, including the HOPS 

and CORVET tethering factors that promote fusion of endosomes to vacuoles [366], [367]. 

Loss of Ypt7 function results in the accumulation of endosomes and fragmented vacuoles 

[368]. It has been shown that the retromer CSC binds independently to the Vps5/Vps17 

subcomplex and to Ypt7 suggesting a possible explanation for the fragmented vacuoles seen 

in vps5∆ and vps17∆. In the absence of the SNX subcomplex, CSC interferes with Ypt7 

regulation of endosome and vacuole-tethering factors [217], [369]. 
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The maintenance of the vacuolar compartment must be tightly regulated to ensure that cargo 

receptors and membrane-associated proteins are cycled back to complete another round of 

trafficking and are not accumulated on the vacuolar membrane. With the absence of the 

retromer CSC components, defects in vacuolar fragmentation were seen, as shown in Figure 

4-18. The single deletions of each component resulted in very similar phenotypes, where 

vacuolar fragmentation was significantly reduced when compared to wildtype. This suggests 

that without one component of the CSC, the complex is unable to retrieve cargo. Dr 

Marquardt also observed an interaction between Atg18 with Vps26 but only in the presence 

of Vps35, suggesting that the retromer components help stabilise one another and 

subsequent interactions with cargo or membranes. This might be solely due to the inability 

to bind Atg18 without all CSC components being present, as Atg18 is essential for vacuolar 

fragmentation and without correct localisation of Atg18 to the vacuolar membrane, no fission 

activity is observed. The CSC complex has a tendency to oligomerise which supports the 

formation of tubular endosomal carriers. If the CSC oligomerises when Atg18 is bound, this 

would concentrate multiple copies of Atg18 to a small area. With the hydrophobic 6CD loop 

of Atg18 forming a amphipathic -helix when in contact with lipids, the concentration of 

several of these helices would be expected to enhance the curvature of the bilayer, making 

fission more efficient.   

 

The sorting nexins performed very differently, with both vps5∆ and vps17∆ cells having hyper 

fragmented vacuoles in both nutrient-rich and hyperosmotic stress conditions when 

compared to wildtype. This could suggest a competitive binding for the CSC from Atg18 and 

the SNX-BAR proteins. Which would mean that the fission activity is regulated from both 

complexes. The Atg18-CSC is required for efficient fission of the vacuole under hyperosmotic 

stress. Conversely, the binding of SNX-BAR to CSC would reduce the fission activity as Atg18 

can no longer bind to the CSC. A recent study by Courtellement et al., 2021, termed the 

complex between Atg18 and the retromer complex as CROP. Where CROP integrates Atg18 

with part of the endosome- and vacuole-associated retromer complex to generate a 

membrane fission device of much higher potency. In the same study, it was found that the 

SNX-BAR subcomplex interferes with CROP formation or stability and directly competes with 

Atg18 for binding with the retromer complex [370]. In line with our results, when the SNX-
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BAR proteins are absent, there is no competition of binding to the retromer complex, allowing 

for Atg18 binding with the CSC in the CROP complex to promote fission. This confirms the 

importance of Atg18, the CSC and the SNX-BAR proteins Vps5 and Vps17 in regulating 

vacuolar morphology.  

6. Conclusion and Outlook 

The main aim of this study was to discover previously unknown interaction partners of Hsv2. 

Several appealing and promising candidates were identified using the BioID with SILAC and 

split ubiquitin assays. Several of these candidates were further validated using Co-IPs, 

confirming the results from the assays. This provided us with novel insight into the potential 

function of Hsv2 in the recycling of SNARE and transporter proteins from the late endosome 

or vacuolar membrane. Further investigation is required to determine the role of Hsv2 in the 

recycling of these proteins and which transport pathways can interact with Hsv2. With the 

confirmation that Hsv2 interacts with Vps35, further experimentation should be done to 

understand the functional role of Hsv2 with the retromer complex.  

 

There are striking similarities between the biogenesis of the autophagosome and the 

prospore membrane. With Atg18 and Atg21 having distinct roles at the autophagosome, it 

would be interesting to investigate if Hsv2 has a similar function at the prospore membrane. 

In addition, the missorting of Pep12 in diploid but not haploid cells suggests further 

investigation in diploid cells is required to understand the functional role of Hsv2. 

 

The binding assays for Atg21 and Atg8 provided further evidence that the residue D146 of 

Atg21 is crucial for the binding to Atg8. This is strongly supported by the binding affinity of 

Atg21 and Atg8 being relatively weak, suggesting that there may only be one site of 

interaction. This supports the hypothesis that the interaction between Atg21 and Atg16 in the 

Atg12-Atg5/Atg16 complex is required to stabilise its interaction with Atg8 and its subsequent 

lipidation. We have planned a chemical crosslinking experiment with Prof. Henning Urlaub’s 

group to further analyse the interaction between Atg21 and Atg8. 

 

We also confirmed the importance of Atg18, the CSC and the SNX-BAR proteins, Vps5 and 

Vps17, of the retromer complex in regulating vacuolar morphology. Without a component of 
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the CSC complex, Atg18 cannot promote fission activity on the vacuole, suggesting that the 

CSC complex is crucial for Atg18 fission activity. Conversely, without the SNX-BAR proteins, 

Atg18 has no competition for binding with the CSC complex, and therefore unregulated fission 

activity is seen. Alternatively, without the SNX-BAR proteins the CSC binds more Ypt7 and in 

this complex Ypt7 cannot mediate vacuolar fusion leading to fragmented vacuoles. 
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