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Abstract 



 

Loss of proteostasis is one of the key hallmarks of ageing. Autophagy is one of the 

two key mechanisms that regulates protein homeostasis by intracellularly degrading 

cellular components. Functional dysfunctions in autophagy is a mechanistic feature in 

neurodegeneration. Macroautophagy is closely related to the endosomal trafficking as 

both have converging steps and common participating molecules. Atg8/LC3, is a key 

autophagy protein embedded within the autophagosomal membrane. In order to find 

Atg8a-interacting proteins in Drosophila, a yeast-two hybrid screening was 

performed, in which ArfGAP3, an endosomal trafficking associated protein, was 

found to be a novel Atg8a interactor. ArfGAP3 belongs to the ArfGAP sub-family of 

multi domain proteins with a primary function to hydrolyse GTP-bound Arf proteins. 

Co-localisation experiments in Drosophila fat body in this study further supports this 

interaction as strong co-localisation of ArfGAP3 and Atg8a to autophagosomes was 

observed when cells were subjected to starvation to initiate autophagy. Biochemical 

analysis also confirmed that endogenous ArfGAP3 is selectively degraded by 

autophagy as accumulation of endogenous ArfGAP3 was observed in Atg8a mutant 

flies compared to wild-type. Herein, we show that knockdown of ArfGAP3 seems to 

disrupt the autophagic flux. We also show that ArfGAP3 co-localises to Rab5 and 

Rab7, and knockdown disrupts endo-lysosome fusion. Additionally, we show low 

levels of ArfGAP3 disrupts functional lysosomal degradation and lipid droplet 

maturation. Moreover, knockdown of ArfGAP3 resulted in an accumulation of 

Ref(2)P in aged flies. Our study for the first time provides convincing evidence of the 

interaction between ArfGAP3 and Atg8a suggesting ArfGAP3 potentially plays a key 

role in the relationship between endosomal trafficking and selective autophagy. 

Furthermore, our study also suggests possible implications of ArfGPA3 in age-related 

diseases.  
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CHAPTER 1 SELECTIVE AUTOPHAGY AND ENDOSOMAL TRAFFICKING 

IN AGEING 

 

Chapter 1 

 

Selective autophagy and endosomal trafficking in 

ageing 

1.1 Introduction into ageing 

 

Ageing, which occurs naturally in all living organisms, is the process by which 

functioning cells deteriorates due to accumulation of molecular damage over time, 

resulting to disease and death (Lindner and Demarez, 2009; Barbosa, Grosso and 

Fader, 2019). Extensive research has been undertaken into studying ageing as it is the 

leading risk factor for many chronic diseases such as cancer, neurodegenerative 

diseases, cardiovascular diseases (Niccoli and Partridge, 2012). Ageing is a 

fundamental biological, demographic and socio-economic issue in the world. 

Neurodegenerative diseases are giving rise to significant socio-economic issues in the 

coming decades as disease demographics predicts by 2050 a three-to four fold increase 

in Alzheimer’s disease cases (Brehme and Voisine, 2016). Biomedical scientists are 

under increased pressure to discover avenues that will extend healthspan and lifespan 

(Goldman et al, 2013; Maruzs et al, 2019). Studying ageing and longevity at a 

molecular level can aid to manipulate ageing in the future and help elucidate the 

mechanisms responsible for ageing (Barja, 2017; Barbosa, Grosso and Fader, 2019; 

Maruzs et al, 2019).  
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1.1.1 The nine hallmarks of ageing 

 

Ageing is a multifactorial process. There are a number of features of ageing and these 

have been summarised as the nine hallmarks of ageing (López-Otín et al., 2013; 

Maruzs et al., 2019). The first four hallmarks are categorised as the primary hallmarks 

of ageing which affect normal cellular function in a negative manner thus considered 

as the main causes of cellular damage. These four hallmarks are genetic instability, 

telomere erosion, epigenetic alterations and loss of proteostasis. The next category of 

hallmarks is known as antagonistic hallmarks, which respond to mitigate damage. 

These hallmarks are deregulated nutrient sensing, mitochondrial dysfunction and 

cellular senescence. However, these three hallmarks over time become chronic or 

exacerbated and can become toxic. The end results of the primary and antagonistic 

hallmarks consequently lead to the final two hallmarks, stem cell exhaustion and 

altered intercellular communication, which are categorised as integrative hallmarks. 

These two hallmarks are the culprits of decline in function associated with ageing 

(López-Otín et al., 2013; Maruzs et al., 2019). 

 

1.1.2 Degradation pathways for protein homeostasis  

 

Protein homeostasis is controlled by two cellular mechanisms; ubiquitin proteasome 

system (UPS) and autophagy (Lindner and Demarez, 2009; López-Otín et al., 2013). 

When cells age, protein homeostasis is dysregulated due to endogenous stress (e.g. 

rapid increase in temperature (Wallace et al., 2015), transcription factors and damaged 

organelles (Khandia et al., 2019)) and exogenous stress (e.g. pathogens and exogenous 
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ROS (Khandia et al., 2019)) causing proteins to unfold. These unfolded proteins are 

targeted for degradation by the proteasome and autophagy (Kawasaki et al., 2016). 

The UPS is a highly regulated machinery consisting of a number of components. 

Degradation via this system involves a chain of events leading to substrate 

ubiquitination and degradation (Cohen-Kaplan et al., 2016). There are three types of 

enzymes involved in substrate ubiquitination: 1) the ubiquitin-activating enzyme, E1, 

2) a ubiquitin-conjugating enzyme, E2, and 3) a ubiquitin ligase, E3. These three 

enzymes work to link chains of ubiquitin onto proteins targeted for degradation. The 

ubiquitin tagged protein is then recognised by the multi-catalytic protease complex, 

26S proteasome, where it undergoes degradation into small peptides via catalytic 

enzymes (Lecker, Goldberg and Mitch, 2006).  

However, when the UPS fails and the misfolded proteins accumulate to form 

ubiquitinated aggregates, the degradation of these aggregates are mediated primarily 

by the autophagic pathway (figure 1.1) (Kawasaki et al., 2016) via specific autophagic 

receptors such as Ref(2)P, which is Drosophila melanogaster homolog of mammalian 

sequestosome 1 (SQSTM1), also known as p62 (Kwon and Ciechanover, 2017). When 

autophagy is compromised resulting in loss of function of the mechanism, this results 

in protein aggregation which is a key hallmark in age related conditions such as 

Alzheimer’s disease (aggregated amyloid  and tau), Parkinson’s Disease 

(accumulated - synuclein) etc (López-Otín et al., 2013) (figure 1.1). Many other 

neurodegenerative diseases also possess abnormal protein aggregation as a 

characteristic, such as Huntington’s disease (Huntingtin) and amyotrophic lateral 

sclerosis (TARDBP) (Knowles, Vendruscolo and Dobson, 2014; Brehme and Voisine, 

2016). Multiple studies have provided evidence to show that changes in normal 

function of autophagy can play a vital role in the aging process (Maruzs et al., 2019).  



CHAPTER 1 SELECTIVE AUTOPHAGY AND ENDOSOMAL TRAFFICKING 

IN AGEING 

 

 5 

 

 

 

 

 

1.2 Autophagy 

 

The term autophagy is derived from the ancient Greek translation “self-eating” and is 

defined as the evolutionarily conserved cellular process by which cellular components, 

such as cytoplasmic proteins and organelles, are intracellularly degraded (He and 

Klionsky, 2009). Autophagy is a key mechanism for cell homeostasis and is initiated 

as a cellular response to infection (invading bacteria and viruses), nutrient starvation, 

and proteotoxic and oxidative stress (removal of damaged organelles and aggregated 

proteins/lipids) (Rubinsztein et al., 2011; Lamb et al., 2013; Randow & Youle, 2014; 

Youle & Narendra, 2011; Lamark and Johansen, 2012).  

Figure 1.1. Schematic overview illustrating loss of proteostasis. Endogenous or exogenous stress to the cell 

can cause folded proteins to misfold in structure. These misfolded proteins are targeted for degradation by 

either autophagy or ubiquitin-proteasome system (UPS). When the degradation pathways are compromised in 

function, these misfolded proteins accumulate resulting in downstream proteotoxic effects due to protein 

aggregation and in turn resulting in aging and age related diseases (Created with BioRender.com). 
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Over the past several decades, there has been a significant increase and 

progress in autophagy research, having its greatest impact on understanding human 

health and disease (Kirkin, 2020). Only in the last 20 years, the autophagic mechanism 

has been studied extensively due to advances in molecular and cell biology, allowing 

the significant discovery that degradation of material can be selective via specific 

receptor proteins (Kirkin, 2020). Hence, the use of model organisms to illuminate the 

role of selective autophagy in both normal and pathological conditions is fundamental 

(Nezis, 2012). Autophagy consists of three processes, all of which can be selective; 1) 

macroautophagy, 2) microautophagy and 3) chaperone-mediated autophagy (Kirkin, 

2020). These subtypes will be outlined in detail in a later chapter.  

 

1.2.1 Selective autophagy 

 

Autophagy is a tightly regulated process in which cytoplasmic proteins and organelles 

tagged for degradation are sequestered into double membrane vesicles called 

autophagosomes which then delivers the cargo to lysosomes (Johansen and Lamark, 

2011). Autophagosomes are key components of the autophagic machinery as it 

safeguards the physical sequestration of cargo tagged for lysosomal degradation from 

the cytoplasm and ensures the delivery of the cargo to the lysosome (Kirkin, 2020). 

Following autophagosome initiation (nucleation step) by the ULK1 (unc-51-

like kinase 1) complex and the class III phosphatidylinositol (PtdIns) 3-kinase 

complex, the bow-shaped membrane named phagophore is formed and undergoes 

elongation via specific autophagy related proteins. The cargo tagged for degradation 

is delivered to the phagophore by selective receptors that bind to the inner membrane 

of the phagophore. The expansion and subsequent closure of the membrane generates 
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the double-membrane vesicle, autophagosome, that eventually fuses when matured 

with the lysosome to form autolysosomes. The formation of the autolysosomes leads 

to the degradation of cellular cargo via acidic hydrolases. The degraded material is 

then recycled for other cellular processes (Johansen and Lamark, 2011; Nezis, 2012; 

Rubinsztein et al., 2012).  

As selective autophagy cargo is newly identified, this gives rise to a new 

pathway within the autophagy field (Kirkin, 2020). The first substrates that were 

discovered to be selectively degraded by autophagy were mitochondria and 

peroxisomes, and hence the terms ‘mitophagy’ and ‘pexophagy’ were used to describe 

these autophagic degradation processes (Hutchins et al., 1999; Kim et al., 2007). The 

different types of selective autophagic pathways are summarised in table 1.1. 

Lipophagy will be discussed in detail later in this chapter.  
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Type of selective 

autophagy 

Selective substrates for 

degradation 

 

Year 

identified 

Reference 

Aggrephagy Protein aggregates 2007 (Overbye et al., 

2007; Lamark and 

Johansen, 2012) 

Chlorophagy Chloroplasts 2009 (Seay et al., 2009; 

Zhuang and Jiang, 

2019) 

ER-phagy  Fragments of ER 2007 (Bernales, Schuck 

and Walter, 2007)  

Ferritinophagy Ferritin 2014 (Mancias et al., 

2014; Masaldan et 

al., 2018) 

Glycophagy Glycogen 2011 (Jiang, Wells and 

Roach, 2011; Zhao 

et al., 2018) 

Granulophagy Stress granules 2013 (Buchan et al., 

2013)  

Lipophagy Lipid droplets 2009 (Singh et al., 2009) 

Lysophagy Lysosomes 2013 (Hung, Chen and 

Yang, 2013; 

Papadopoulos, 

Kravic and Meyer, 

2020) 

Mitophagy Mitochondria 1998 (Scott and 

Klionsky, 1998; 

Youle and 

Narendra, 2011) 

Myelinophagy Myelin 2015 (Gomez-Sanchez et 

al., 2015; Thumm 

and Simons, 2015) 

Nucleophagy Nucleus 2009 (Park et al., 2009; 

Papandreou and 

Tavernarakis, 

2019) 

Pexophagy Peroxisomes 1998 (Scott and 

Klionsky, 1998; 

Cho et al., 2018) 

Proteaphagy Proteasome 2015 (Bartel, 2015; 

Marshall et al., 

2015) 

Ribophagy Ribosomes 2008 (Kraft et al., 2008; 

Denton and Kumar, 

2018) 

Table 1.1. Types of selective autophagy processes. List of selective autophagic processes with its respective 

substrate. (Kirkin, 2020).  
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During Drosophila development, there is evidence of cross talk between selective 

autophagy and cell death, as it is seen to regulate cell death while eliminating obsolete 

tissue. This proposes a dual role for selective autophagy in physiological conditions 

(Yin, Pascual and Klionsky, 2016).  Selective autophagy diminishes the occurrence of 

apoptosis by switching on mitophagy and targeting pro-apoptotic proteins for 

degradation. On the other hand, apoptosis activation impedes autophagy due to the 

cleavage and subsequent inactivation of essential autophagy proteins by caspases 

(Mariño et al., 2014; Yin, Pascual and Klionsky, 2016). All in all, autophagy precedes 

apoptosis as it is classed as the primary response to cellular damage. If autophagy is 

unsuccessful in removing the unwanted damage cellular components, it is blocked and 

apoptosis is induced (Yin, Pascual and Klionsky, 2016).  

 

1.2.2 Drosophila melanogaster as a model organism for autophagy 

 

The ‘father’ of Drosophila research, Thomas Hunt Morgan, identified the white eye 

pigment mutation (Bier, 2005) and clarified Gregor Mendel’s theory of inheritance by 

using Drosophila as a model organism to define genes and show that it is located 

within chromosomes. Morgan’s theory was highly recognised in 1933 and he was 

awarded a Nobel Prize in Physiology or Medicine “for his discoveries concerning the 

Virophagy Viruses 2016 (Dong and Levine, 

2013; Sumpter Jr et 

al., 2016) 

Xenophagy Bacteria/pathogens 2004 (Nakagawa et al., 

2004; Sharma et 

al., 2018) 

Zymophagy Zymogen granules 2011 (Grasso et al., 

2011) 
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role played by the chromosome in heredity”. Following this, there were many other 

Nobel Prizes awarded to scientists that advanced Drosophila research in biology and 

biomedical research. Studies showed genes that were associated with fly development 

were also crucial for all mammalian development suggesting that many underlying 

building blocks and processes have been conserved through evolution. This led to the 

famous 2000 study by Craig Venter and colleagues, in which they sequenced the entire 

Drosophila genome by the “shot-gun” approach. When the sequenced Drosophila 

genome was compared with the sequenced human genome (eleven months later), there 

was a 75% sequence match of known human disease genes in the Drosophila genome. 

This finding was pivotal evidence confirming Drosophila as the leading model 

organism for biological and biomedical research (Jennings, 2011).  

 Published in 1963 was the first study of autophagy in Drosophila 

melanogaster. The study highlighted TEM images of large structures representing 

autolysosomes in larval fat body cells which contained ER and mitochondria (von 

Gaudecker, 1963; Maruzs et al., 2019). 

There are several practical and ethical obstacles that limit the use of humans 

in experiments for research in biomedical and biological sciences. Hence, using model 

organisms such as mice and the holometabolous insect Drosophila melanogaster have 

been the primary focus to study the underlying biology of cells and tissues (Jennings, 

2011). For over a century now, Drosophila studies has given rise to better 

understanding of the evolutionary relationship between vertebrate and invertebrate 

organisms (Reiter et al., 2001) and has been extensively used to study various 

biological processes such as; embryonic development, genetics and inheritance, 

learning, behaviour and aging because the fundamental mechanisms of these processes 

are conserved between these species through evolution (Jennings, 2011).  A number 
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of traits makes the Drosophila melanogaster an excellent model organism to study 

autophagy as well as many other biological processes. The advantages of using 

Drosophila are that they have a rapid life cycle, can produce a large number of 

individuals, they are much easier and inexpensive to maintain in laboratory conditions 

and can be genetically modified for research purposes (Bier, 2005; Jennings, 2011). 

In addition, the Drosophila fat body has multiple features that can consider it as a 

liver-like organ; it is able to store fat in a similar manner to human adipose tissue, it 

allows nutrient storage and utilization and possesses major metabolic functions. Since 

the fat body in Drosophila is the major tissue for storage of lipids, glycogen and 

proteins, its response to nutrient starvation is fast and efficient (Arrese and Soulages, 

2010; Lőrincz, Mauvezin and Juhász, 2017).  

 The developmental stages of Drosophila life cycle consist of three larval stages 

(L1, L2 and L3). In laboratory experiments, the L3 larval stage is mostly used to study 

autophagy in larvae since the developmental stage after L3 is the wandering phase, 

where the larvae exit the food, and this is when developmental autophagy is induced 

for metamorphosis. The L3 larvae are subjected to 20% sucrose solution for 

approximately four hours to induce autophagy in fat body cells via amino-acid 

starvation. This is because it takes 60 to 90 minutes to induce autophagy, however, 

around three to five hours is when maximum number of autophagic structures are 

observed in the fat body (Scott, Schuldiner and Neufeld, 2004; Lőrincz, Mauvezin and 

Juhász, 2017).  
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1.2.3 The discovery of autophagy – historical overview 

 

Christian de Duve, who discovered lysosomes and peroxisomes, coined the term 

“autophagy” at the Ciba Foundation Symposium on Lysosomes in London 1963 

(Klionsky, 2008). However, autophagy was first discovered by Thomas Ashford and 

Keith Porter in 1962 in a study where it was revealed that lysosomes had considerably 

increased in number following the addition of glucagon in rat liver cells. They found 

these lysosomes had translocated to the centre of the cell and consisted of cytoplasmic 

material including mitochondria which were deteriorated, indicating these organelles 

most likely were autophagosomes rather than lysosomes (Ashford and Porter, 1962). 

Autophagy research has augmented drastically in the past 15 years, where a 

number of key discoveries in autophagy were made to better understand the 

mechanism at a cell and molecular level (figure 1.2).  
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In 1993, the first genetical study carried out in yeast on autophagy by 

Yoshinori Ohsumi identified fifteen autophagy related genes (Tsukada and Ohsumi, 

1993). Dr Yoshinori started studying yeast biology as a postdoctoral scientist in the 

mid 1970’s at The Rockefeller University in New York after acquiring his PhD from 

the University of Tokyo. In the late 1970’s, for approximately a decade, his research 

focussed on functions of yeast vacuoles. Yeast vacuoles are equivalent to lysosomes 

Figure 1.2. Selective autophagy publication dynamics. A) Number of publications sourced from PubMed 

showing key discoveries in selective autophagy research from 1998 to 2018 (Kirkin, 2020). B) Updated 

number of publications on selective autophagy since 1960 (Sourced from PubMed on 21/05/20).  
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in mammalian cells. Ohsumi continued studying yeast vacuoles into the early 1990’s 

when he published in 1992 that the autophagic mechanism in yeast Saccharomyces 

cerevisiae is similar to the autophagic process in mammalian cells. Dr Yoshinori 

Ohsumi and colleagues discovered, in nutrient-deficient media conditions, an 

accumulation of autophagic bodies in yeast cells vacuoles lacking vacuolar 

proteinases compared to normal nutrient medium conditions. Further investigations, 

via electron microscopy and biochemical analysis, revealed that the autophagic bodies 

non-selectively engulfed cytosolic components in the yeast vacuoles (Takeshige et al., 

1992).  

Since autophagosomes have a transitory nature, remaining stable in the 

cytoplasm for around fifteen minutes compared to the more stable lysosomes (Tsukada 

and Ohsumi, 1993; Mijaljica et al., 2012), Ohsumi grew yeast mutants on a nutrient-

deprived medium lacking vacuolar proteases. This resulted in an increase in the 

number of autophagosomes, however due to the lack of vacuolar proteases it’s 

subsequent degradation would be prevented. Random mutations were induced in the 

yeast via ethyl methanesulfonate (EMS) treatment. The strains that did not display 

accumulation of autophagosomes were selected (apg mutants). Dr Yoshinori Ohsumi 

identified and isolated 15 mutants which displayed defective accumulation of 

autophagic bodies (autophagosomes) in the yeast vacuoles. Each of the 15 apg mutant 

strains were found to be defective in protein degradation in the yeast vacuoles which 

suggested that autophagosomes are crucial machinery to the autophagic mechanism 

for protein degradation in yeast vacuoles. In addition, it also suggested that these 15 

Apg genes, also now known as “autophagy-related genes” (Atg genes), are 

fundamental for activating autophagy in yeast. All 15 genes were conserved within 

the animal kingdom (Tsukada and Ohsumi, 1993).  
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 From the point of this landmark study published in 1993 by Ohsumi and 

colleague, all autophagy research subsequently involved Atg genes. Dr Yoshinori 

Ohsumi’s work in autophagy was universally recognised as he was awarded the Nobel 

Prize in Physiology or Medicine in 2016 “for his discoveries of mechanisms for 

autophagy”.  

 

1.2.4 Classification of autophagy 

 

 As mentioned previously, there are three sub-types of autophagy; 1) macroautophagy, 

2) microautophagy and 3) chaperone-mediated autophagy (CMA). Each type of 

autophagy differs in the nature of the cargo and in the mechanism in which the cargo 

tagged for degradation enters the lysosome.  

 

1.2.4.1 Chaperone-mediated autophagy 

 

Chaperone-mediated autophagy (CMA) is the process in which protein substrates 

from the cytosol are directly translocated into the lysosome. CMA substrates are 

mostly cellular proteins. This process is mediated by lysosome-associated membrane 

protein type 2A (LAMP2A). A cytosolic chaperone, in mammals heat shock protein 

family A (Hsp70) member 8 (HSPA 8) and in Drosophila heat shock cognate 70 

(Hsc70), is responsible for delivering CMA substrates to the lysosome. The CMA 

substrates have a characteristic penta-peptide motif, KFERQ, to which Hsc70 binds 

and brings the substrates to the LAMP2A protein on the lysosome membrane. After 

binding of substrates to LAMP2A, the substrates undergo unfolding, which also 

involves Hsc70. Translocation of the CMA substrates into the lysosomal lumen for 
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degradation is executed by Hsc70. Lysosomal acidic hydrolases degrade the CMA 

substrates (figure 1.3). The activity of CMA is directly proportional to the amount of 

LAMP2A, as the rate limiting step is substrate binding to LAMP2A. Therefore, 

LAMP2A is the major factor of CMA. By measuring the amount of LAMP2A, the 

activity of CMA can be measured. Although levels of LAMP2A regulates the rate of 

CMA, upstream events of this process is still unclear (Bandyopadhyay et al., 2008; 

Ghosh and Pattison, 2018; Yim and Mizushima, 2020).  

 CMA is activated primarily in response to nutrient starvation, after four to six 

hours of macroautophagy activity gradually decreases, when cells are persistently 

starved for more than ten hours. CMA activity is peak at around twenty hours into 

fasting and activity can last for up to three days (Massey et al., 2006; Ghosh and 

Pattison, 2018). It has been revealed that LAMP2A is conserved between birds and 

mammals, however there has been no such discovery yet of LAMP2A gene in 

Drosophila, hence it is still unsure if CMA occurs in the fruit fly. However, in 

Drosophila, selective endosomal microautophagy (described below) shares with CMA 

the essential KFERQ-like motif and the Hsc70 protein for substrate targeting. This 

possibly suggests an alternative process to CMA in Drosophila (Lescat et al., 2018).  
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1.2.4.2 Microautophagy  

 

Microautophagy is mostly a non-selective process, with a few exceptions. The process 

is defined by the direct engulfment of cytosolic material by lysosomes via membrane 

invaginations. The lysosomes then breakdown these intra-luminal vesicles (figure 1.4) 

(Yim and Mizushima, 2020).  

Microautophagy was first discovered in lysosomes over 50 years ago by de 

Duve and Wattiaux but details of this mechanism and its regulation is still not well 

known (de Duve and Wattiaux, 1966; Mijaljica et al., 2011). Limitations of studying 

microautophagy include the small size of lysosomes in mammalian cells, which makes 

Figure 1.3. Chaperone-mediated autophagy (CMA) mechanism. HSC70 chaperone complex selectively 

recognises proteins with the KFERQ (-like) motif. This allows the direct uptake of the selective protein into 

the lysosome lumen via the translocation complex LAMP2A embedded in the lysosomal membrane. Acidic 

hydrolases located within the lysosomal lumen are responsible for substrate degradation (Created with 

BioRender.com adapted from Ghosh and Pattison, 2018). 
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it difficult to observe membrane invaginations, and the lack of assays to measure the 

rate of microautophagy. On the contrary, studying microautophagy in yeast cells has 

been much easier due to having one large vacuole (lysosome), making it easier to 

observe the mechanism in detail. Studies of microautophagy in yeast cells have led to 

critical discoveries in this field of research (Yim and Mizushima, 2020).  

Research in mammalian cells have revealed that microautophagy can also 

occur on endosomes and is termed endosomal microautophagy (eMI). The mechanism 

of eMI is slightly better understood than non-selective microautophagy, and hence has 

been suggested as the primary microautophagy pathway for now. Substrates for eMI 

contain KFERQ (-like) motifs, which are recognised by cytosolic HSC70. The 

substrates are delivered to the endosomes by the HSC70, where the HSC70 binds to 

phosphatidylserine. This binding causes the membrane to deform and the ESCRT 

machinery executes the scission of the intralumenal vesicle from the endosomal 

membrane. The process ends with the subsequent degradation of eMI substrates within 

the endosomes or lysosomes (figure 1.4) (Sahu et al., 2011; Yim and Mizushima, 

2020).  

Some studies in microautophagy have been carried out in Drosophila 

melanogaster to better understand the process of mammalian eMI. Starvation via the 

inactivation of TOR (homologous to mTOR) induces eMI in Drosophila. 

Investigations in Drosophila eMI have suggested a cross-link between eMI and 

macroautophagy as it was found that components of the initiation complex in 

macroautophagy, Atg1 and Atg13, are also vital for eMI in Drosophila. This indicated 

the same upstream factors regulates both eMI and macroautophagy (Mukherjee et al., 

2016). In addition, there is also evidence of the rapid degradation of macroautophagy 

receptors by eMI in mammalian cells in the first few hours of starvation, indicating a 
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stronger cross-link between the two processes (Mejlvang et al., 2018; Yim and 

Mizushima, 2020).  

The microautophagy process can be non-selective or selective. Examples of 

selective microautophagy include micropexophagy, piecemeal microautophagy 

(PMN) and micromitophagy. In selective microautophagy, specific organelles are 

sequestered with arm-like protrusions. Micropexophagy is the selective autophagic 

process that engulfs damaged peroxisomes, PMN selectively degrades unwanted 

nuclear portions and micromitophagy is the direct sequestration of damaged 

mitochondrion by the lysosome (vacuole in yeast) (Li, Li and Bao, 2012).   

 

 

 

 

 

 

 

 

Figure 1.4. Microautophagy and endosomal microautophagy mechanism. Microautophagy involves the 

direct engulfment of cytosolic material by the lysosomes (membrane invagination). Endosomal 

microautophagy involves engulfment of cytosolic material via endosomal invaginations. The ESCRT system 

aids endosomal invagination. Proteins possessing the KFERQ motif can also be selectively degraded by 

microautophagy via HSC70 targeting. The cytosolic material targeted for microautophagy is then degraded 

within the lysosomal lumen. (Created with BioRender.com adapted from Zheng et al., 2019).  
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1.2.4.3 Macroautophagy 

 

As mentioned previously, macroautophagy (autophagy) is the process in which 

cytosolic cargo tagged for degradation are sequestered into a double-membrane 

autophagosome. The mature autophagosome fuses with lysosomes forming 

autolysosomes in which the acidic hydrolases degrade the cytosolic cargo (figure 1.5). 

Macroautophagy is the most well studied and understood subtype of autophagy, it was 

the first of the three subtypes to be discovered (Kirkin, 2020). The mechanistic detail 

of macroautophagy is outlined in the following subchapters and will be referred to as 

‘autophagy’ from this point onwards.  

 

 

 

 

 

 

 

Figure 1.5. Macroautophagy mechanism. Under nutrient starvation conditions, mTORC1 (Drosophila 

TORC1) stimulation is discontinued, activating autophagosome initiation by activating the ULK1 (Atg1) 

kinase complex. Autophagosome nucleation involves the recruitment of the PI3K-III (VPS34) complex which 

in turn recruits ATG proteins, Atg4, Atg7, Atg3 and the Atg16, Atg12 and Atg5 complex, responsible for the 

Atg8/LC3 lipidation. Selective autophagy receptors bind to cytosolic cargos tagged for autophagic degradation 

and delivers to the growing phagophore. The autophagosome closes, matures and fuses with the lysosome. A 

number of docking proteins regulate the autophagosome-lysosome fusion. The resulting autolysosome 

degrades the cytosolic cargo via lysosomal acidic hydrolases. The resulting building blocks are recycled back 

into the cytoplasm. (Created with BioRender.com) 
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1.2.5 Regulation of autophagy and key proteins 

 

Since autophagy plays an essential role in the maintenance of cell homeostasis and 

cell survival, and its involvement is crucial for animal development and 

pathophysiology, the process needs to be highly regulated. Excessive or insufficient 

activity can be deleterious to the cell. Studies in yeast have provided better 

understanding of the networks that regulate autophagy, and it has been discovered to 

be common across many organisms from yeast to mammals. The two main types of 

regulations are; 1) nitrogen-dependent regulation and 2) energy/glucose-dependent 

regulation (Yin et al., 2016), which will be discussed later in this chapter.  

As first mentioned in chapter 1.2.3 The discovery of autophagy – historical 

overview, autophagy (Atg) genes were first identified in yeast, these Atg proteins are 

key regulators of autophagy. Since the discovery of the first fifteen Atg genes, multiple 

genetic screens have revealed more Atg genes, many of which are conserved between 

yeast, mammals and Drosophila. Table 1.2, categorised into different stages of the 

autophagic process, summarises a list of Drosophila autophagy related proteins with 

its function and the corresponding mammalian homologue. Mechanistic details of the 

autophagy process and functional details of the autophagy related proteins are 

discussed in the following sub-chapters.  
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`` 

Drosophila protein Mammalian 

homologue 

Function Reference 

Autophagosome initiation 

Atg1 ULK1/2 Serine/threonine 

protein kinase 

involved in 

initiation of 

isolation membrane 

(Matsuura et al., 

1997; Kamada et 

al., 2010; Das, 

Shravage and 

Baehrecke, 2012) 

Atg13 Atg13 Regulatory subunit 

of Atg1 kinase 

complex 

(Weidberg, 

Shvets and 

Elazar, 2011; Das, 

Shravage and 

Baehrecke, 2012) 

Atg17 FIP200 Regulatory subunit 

of Atg1 kinase 

complex 

(Weidberg, 

Shvets and 

Elazar, 2011; Das, 

Shravage and 

Baehrecke, 2012) 

Atg101 Atg101 Regulatory subunit 

of Atg1 kinase 

complex 

(Das, Shravage 

and Baehrecke, 

2012; Mulakkal et 

al., 2014) 

Autophagosome nucleation 

Vps34 Vps34 Lipid kinase, also 

known as class III 

PtdIns3K, subunit 

of Vps34 

regulatory 

complex. 

Responsible for 

initiation of 

phagophore. 

(Das, Shravage 

and Baehrecke, 

2012; Yin, 

Pascual and 

Klionsky, 2016) 

Vps15 Vps15/p150 Regulatory kinase. 

Subunit of Vps34 

regulatory 

complex. 

(Simonsen and 

Tooze, 2009; Das, 

Shravage and 

Baehrecke, 2012) 

Atg6 Beclin1 Subunit of Vps34 

regulatory complex 

(Das, Shravage 

and Baehrecke, 

2012; Yin, 

Pascual and 

Klionsky, 2016) 

Atg14 Atg14L Subunit of Vps34 

regulatory complex 

(Chang and 

Neufeld, 2010; 

Das, Shravage 

and Baehrecke, 

Table 1.2. Drosophila autophagy related proteins. List of Drosophila autophagy related proteins (Atg). Atg 

proteins were first identified in yeast by Yoshinori Ohsumi. These proteins are well conserved throughout the 

animal kingdom. The proteins involved in the core autophagic process are listed below with its function and 

corresponding mammalian homologue (Adapted from Chang and Neufeld, 2010).  
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2012; Melani et 

al., 2017) 

Uvrag Uvrag Subunit of Vps34 

regulatory complex 

(Chang and 

Neufeld, 2010; 

Das, Shravage 

and Baehrecke, 

2012; Melani et 

al., 2017) 

Rubicon Rubicon Subunit of Vps34 

regulatory complex 

(Chang and 

Neufeld, 2010; 

Das, Shravage 

and Baehrecke, 

2012; Melani et 

al., 2017) 

Autophagosome expansion 

Atg8a/Atg8b GABARAP, 

GATE-16 and 

LC3 

Ubiquitin-like 

(Ubl) protein, also 

known as 

Atg8/LC3. Atg8 

conjugates to PE, 

regulating 

formation of 

autophagosome. 

Localised to 

autophagosomal 

membrane, acts as 

a scaffold protein 

for selective 

autophagy 

receptors. 

(Das, Shravage 

and Baehrecke, 

2012; Yin, 

Pascual and 

Klionsky, 2016) 

Atg7 Atg7 E1-like activating 

enzyme which 

conjugates Atg12 

to Atg5 and 

conjugates Atg8a 

to PE. 

(Das, Shravage 

and Baehrecke, 

2012; Yin, 

Pascual and 

Klionsky, 2016) 

Atg3 Atg3 E2-like conjugating 

enzyme for Atg8 

(Das, Shravage 

and Baehrecke, 

2012; Yin, 

Pascual and 

Klionsky, 2016) 

Atg10 Atg10 E2-like enzyme 

that conjugates 

Atg12 to Atg5 

(Das, Shravage 

and Baehrecke, 

2012; Yin, 

Pascual and 

Klionsky, 2016) 

Atg4a, Atg4b Atg4A, Atg4B, 

Atg4C, Atg4D 

Cysteine protease 

that cleaves the c-

terminal of Atg8 

(Das, Shravage 

and Baehrecke, 

2012; Yin, 
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Pascual and 

Klionsky, 2016) 

Atg12 Atg12 Ubiquitin-like 

(Ubl) protein 

responsible for 

autophagosome 

expansion. 

Conjugates to 

Atg5. Subunit of 

the Atg12-Atg5-

Atg16 complex 

involved in Atg8 

lipidation. 

(Das, Shravage 

and Baehrecke, 

2012; Yin, 

Pascual and 

Klionsky, 2016) 

Atg5 Atg5 Conjugates to 

Atg12. Subunit of 

Atg12-Atg5-Atg16 

complex 

(Das, Shravage 

and Baehrecke, 

2012; Yin, 

Pascual and 

Klionsky, 2016) 

Atg16 Atg16L1, 

Atg16L2 

Subunit of Atg12-

Atg5-Atg16 

complex 

(Das, Shravage 

and Baehrecke, 

2012; Yin, 

Pascual and 

Klionsky, 2016) 

Recycling 

Atg9 Atg9A, Atg9B Transmembrane 

protein that 

functions as a 

membrane 

transporter to 

growing 

phagophore. 

Subunit of Atg9-

Atg2-Atg18 

complex. 

(Das, Shravage 

and Baehrecke, 

2012; Yin, 

Pascual and 

Klionsky, 2016) 

Atg2 Atg2 Subunit of Atg9-

Atg2-Atg18 

complex. 

(Das, Shravage 

and Baehrecke, 

2012; Yin, 

Pascual and 

Klionsky, 2016) 

Atg18a, Atg18b WIPI-1, WIPI-2 PI3P binding 

protein. Subunit of 

Atg9-Atg2-Atg18 

complex. 

(Das, Shravage 

and Baehrecke, 

2012; Yin, 

Pascual and 

Klionsky, 2016) 

 

 

1.2.5.1 Autophagy initiation and nucleation 
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Changes in extracellular environment can initiate autophagy. A shift in nutrient levels 

is recognised by the TOR signalling pathway. Under conditions where nitrogen and/or 

amino acids are limited, i.e. nutrient starvation, an intracellular signalling cascade is 

activated in which the mammalian target of rapamycin MTORC1 (Drosophila 

TORC1) stimulation is discontinued. The downstream effect of this is the activation 

of the Atg1 kinase complex. In Drosophila, this complex consists of the 

serine/threonine protein kinase Atg1 (ULK1/2 in mammals), the regulatory protein 

Atg13 and Atg17 (FAK family-interacting protein of 200kD (FIP200) in mammals, 

also called retinoblastoma 1-inducible coiled-coil 1 (RB1CC1)) (Kamada et al., 2000; 

Yin, Pascual and Klionsky, 2016). Assembly of the Atg1 kinase complex is vital for 

autophagy since the complex enables the recruitment of other Atg proteins to the 

phagophore assembly site (PAS) (figure 1.5). Additionally, the complex also activates 

downstream targets by phosphorylation (Suzuki et al., 2007; Papinski et al., 2014; 

Yin, Pascual and Klionsky, 2016).  

 Autophagy is regulated by Atg1 since it has been shown that the depletion of 

Atg1 prevents autophagosome formation (Scott, Schuldiner and Neufeld, 2004; Yang 

and Klionsky, 2009b; Chang and Neufeld, 2010). In Drosophila, the co-expression of 

both Atg1 and Atg13 proteins results in an increase in phosphorylation of both Atg1 

and Atg13 in a TOR- and Atg1 kinase-dependent manner, signifying both proteins are 

substrates of the Atg1 kinase (Chang and Neufeld, 2009). This TOR- and Atg1 

mediated hyper-phosphorylation of Atg13 and Atg1 is also observed in mammals in 

vivo and in vitro (Hosokawa et al., 2009; Chang and Neufeld, 2010). In yeast cells, 

Atg1 and Atg13 interaction is limited to starved cells, however in Drosophila, 

regardless of the nutrient level, Atg1 and Atg13 interact constitutively (Chang and 
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Neufeld, 2010). It has been displayed, through biochemical studies in flies and 

mammals, the direct binding of Atg13 to all three subunits of the Atg1 kinase complex 

(Chang and Neufeld, 2009; Mizushima, 2010; Nagy et al., 2014). There are 3 scenarios 

which suggests Atg1 catalytic activity is seen to be vital for induction of autophagy; 

1) Kinase dead Atg1 expression inhibits, in a dominant-negative manner, autophagy 

(Scott, Juhász and Neufeld, 2007), 2) autophagy is strongly induced via Atg1 

overexpression (Scott, Juhász and Neufeld, 2007) and 3) during starvation, Atg1 is 

subjected to limited autophosphorylation resulting in an increase in its activity 

(Mizushima, 2010; Mulakkal et al., 2014). In Drosophila, overexpression of Atg1 is 

adequate to autophagy initiation, on the other hand in mammalian cells, 

overexpression of ULK1 impedes starvation-induced autophagy (Scott, Juhász and 

Neufeld, 2007; Chang and Neufeld, 2010). Furthermore, Atg13 overexpression in 

Drosophila also inhibits autophagy induction (Chang and Neufeld, 2009). Both of 

these observations propose that the Atg1-Atg13 complex can regulate autophagy in a 

positive and negative manner.  

 Autophagosome nucleation is the stage when a small group of molecules, 

responsible for synthesis of the phagophore membrane, are assembled. In essence, it 

is an amplification event resulting in further recruitment of proteins crucial for 

phagophore expansion to form the autophagosome (Yin, Pascual and Klionsky, 2016). 

In yeast and Drosophila, the phagophore is assembled at the phagophore assembly site 

(PAS), in mammals the phagophore is assembled at multiple sites (Johansen and 

Lamark, 2020). The origins of autophagosomal membrane has been a great debatable 

question. It has been suggested that the origins of the vesicle’s double-membrane 

could be the endoplasmic reticulum (ER) (Zoppino et al., 2010; Graef et al., 2013), 

Golgi network (van der Vaart, Griffith and Reggiori, 2010; Ge et al., 2013), 
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mitochondria (Hailey et al., 2010), plasma membrane (Ravikumar et al., 2010) and 

recycling endosomes (Longatti et al., 2012; Puri et al., 2013; Carlsson and Simonsen, 

2015).  

 One of the key complexes recruited to PAS for autophagy induction is the 

Vps34 regulatory complex (also known as class III PtdIns3K complex I), consisting 

of the lipid kinase Vps34 (class III PI3K), the regulatory kinase Vps15 (p150 in 

mammals) and Atg6 (Beclin1 in mammals) (Juhász et al., 2008; Simonsen and Tooze, 

2009; Das, Shravage and Baehrecke, 2012; Yin, Pascual and Klionsky, 2016). From 

phosphatidylinositol, Vps34/class III PI3K produces phosphatidylinositol-3-

phosphate (PtdIns3P) which is responsible for correct localization of some Atg 

proteins, including Atg18 and Atg2. The downstream effect of the correct localisation 

of Atg18 and Atg2 is the recruitment of Atg proteins, Atg8, Atg9 and Atg12 to the 

PAS (figure 1.5) (Obara et al., 2008; Yin, Pascual and Klionsky, 2016). Studies in 

mammals have shown that PI3K inhibitors (3-methyladenine) inhibits autophagy, in 

addition to inhibition of autophagosome formation via mutations in Vps34, 

emphasising the importance of PI3P involvement in autophagy (Juhász et al., 2008; 

Simonsen and Tooze, 2009; Wu et al., 2010).  

 The multi-spanning membrane transporter protein, Atg9, is less well 

understood however evidence suggests Atg9 plays a role in transporting membrane 

material to the PAS for the growing phagophore by shuttling, in a Atg1- and Vps34-

dependent manner, between early/recycling endosomes and the PAS (Rogov et al., 

2014). Studies have revealed that mice lacking Atg9 possess an identical phenotype 

to mice lacking Atg7, Atg5 or Atg3 (Tooze and Yoshimori, 2010).  

 

1.2.5.2 Autophagosomal membrane protein - Atg8  
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The autophagy-related 8 (Atg8) protein is an autophagosomal membrane protein. The 

Atg8 proteins are highly conserved protein families in eukaryotes. There are several 

Atg8 genes in multicellular mammals, green plants and protists, in contrast to the 

single Atg8 gene in yeast and other fungal species. In animals, there are three sub-

families of Atg8 proteins; 1) microtubule-associated protein 1 light chain 3 

(MAP1LC3 or also referred as LC3), 2) -amino-butyric acid receptor-associated 

protein (GABARAP) and 3) Golgi-associated ATPase enhancer of 16 kDa (GATE-

16). Mammals have multiple paralogues within the Atg8 family. Specifically, in 

humans, there are two GABARAP genes (GABARAP and GABARAPL1), four LC3 

genes (LC3A, LC3B, LC3B2, LC3C) and a single GATE-16 gene. In Drosophila 

melanogaster, there are two Atg8 genes, ATG8A and ATG8B (Shpilka et al., 2011).  

The first molecule found to be necessary for autophagosome formation and 

discovered to be localised to the autophagosome was Atg8 and since has been the most 

used marker for autophagy studies. This protein has a unique ubiquitin-like fold and a 

lipid moiety allowing it to embed itself on both the inner and outer membranes of the 

autophagosome (Ichimura et al., 2000). The process of Atg8 lipidation is described in 

the chapter below.  

The lipidated Atg8 proteins have a number of functions. The Atg8 proteins in 

autophagy are involved in regulating the formation and maturation of autophagosomes 

by membrane scaffolding core autophagy components such as ULK1/2 (Atg1), Atg13, 

FIP200 (Atg17), Vps34, Beclin1 (Atg6), Atg14 and Atg12-Atg5 to the outer 

phagophore surface. Secondly, it acts as a scaffold protein for selective autophagy 

receptors to bind to the inner surface of the growing phagophore (autophagosomal 

membrane), which carry cellular cargo tagged for autophagosomal degradation 
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(Johansen and Lamark, 2020). This interaction between Atg8 and selective autophagy 

receptors is mediated by a short motif called LC3-interacting region (LIR) motif 

(Birgisdottir, Lamark and Johansen, 2013; Rogov et al., 2014), described in detail later 

in this chapter. The recruitment of cargo itself is thought to contribute to phagophore 

expansion by increasing the number of Atg8 proteins at the assembly site. A study in 

2008 verified the quantitative correlation between Atg8 protein levels and size of the 

sequestering autophagosome (Xie, Nair and Klionsky, 2008; Yang and Klionsky, 

2009). Additionally, Atg8-PE (lipidated Atg8)(detailed below in sub-chapter 1.2.5.3) 

also drives the expansion of the autophagosomal membrane and autophagosome 

completion (Nakatogawa, Ichimura and Ohsumi, 2007; Yang and Klionsky, 2009). 

Lastly, Atg8 proteins are also fundamental to the autophagosome-lysosome fusion 

process by recruiting core fusion machinery and auxiliary fusion factors. It also 

promotes autophagosome trafficking by facilitating autophagosome-microtubule 

association in order to position the autophagosome in close vicinity to lysosomes. 

Atg8 proteins also have the ability to tether and deform membranes (figure 1.6).  

(Kriegenburg, Ungermann and Reggiori, 2018; Johansen and Lamark, 2020).  
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1.2.5.3 Autophagosome expansion, maturation and fusion 

 

The expansion of the phagophore and the subsequent formation of the double-

membraned vesicle autophagosome is a characteristic feature of autophagy. There are 

two ubiquitin-like (Ubl) conjugation systems which are fundamental to phagophore 

expansion; Ubl proteins Atg12 and Atg8. These two Atg proteins are known as 

ubiquitin-like proteins because they are structurally similar to ubiquitin, however they 

Figure 1.6. Core autophagic mechanism components. Upon mTOR inactivation, Atg1 (ULK1) complex 

(Atg1, Atg13, Atg17 and Atg101) is activated at the phagophore assembly site. The activated Atg1 complex 

recruits the class III PI3K (Vsp34, Atg14 and Atg6). The cycling of Atg9 delivers membrane material which 

in turn causes the Vsp34 complex to initiate PI3P production for the generation of the phagophore, Atg18 and 

Atg2 forms a complex. Atg8a lipidation process involves cysteine proteases, Atg4, that cleaves Atg8 protein 

followed by the action of Atg7 (E1) and Atg3 (E2). The final step of the conjugation of Atg8 to PE is mediated 

by the Atg5:Atg12:Atg16 complex (E3). This complex is formed by action of Atg7 (E1) and Atg10 (E2). The 

lipidated Atg8 (Atg8-PE) is then localised to the isolation membrane. Selective autophagy receptors, tagged to 

ubiquitinated cellular cargo destined for degradation, traffic the cargo to the phagophore where it binds to 

Atg8a-PE. The phagophore membrane elongates and the double membrane autophagosome matures. The 

autophagosome recruits tethering & docking proteins, HOPS, PLEKM1 etc for fusion with the lysosome to 

form autolysosomes in which degradation of the cargo occurs. The broken-down cellular components are then 

recycled back into the cytosol (Created by BioRender.com). 
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are not homologs (Yin, Pascual and Klionsky, 2016). Atg12 is associated with Atg5 

and Atg16, where it conjugates to Atg5 via E1 enzyme Atg7 and E2 enzyme Atg10. 

The Atg12:Atg5 then binds to Atg16 forming the dimeric Atg12:Atg5:Atg16 complex 

(Ohsumi, 2001; Kuma et al., 2002). Atg8 covalently conjugates to lipid 

phosphatidylethanolamine (PE) and is mediated by Atg4, a cysteine protease that 

cleaves the c-terminal arginine of Atg8 leaving the glycine residue at the c-terminus. 

The conjugation of Atg8 to PE is then mediated via an amide bond linking the c-

terminal glycine and an amino group of PE (Ichimura et al., 2000). This lipidation of 

Atg8 is facilitated by a ubiquitination-like system in which Atg7 acts as an E1 enzyme 

and Atg3 acts as an E2 enzyme. In addition, the Atg12-Atg5-Atg16 complex 

participates as an E3 enzyme (Ichimura et al., 2000; Das, Shravage and Baehrecke, 

2012). The Atg8-PE is key for both the phagophore and the autophagosome, however, 

the Atg12-Atg5-Atg16 complex is solely associated with the phagophore and detaches 

on autophagosome formation (Das, Shravage and Baehrecke, 2012). 

The completing step of the autophagic pathway, upon completion of the 

autophagosome, is the fusion of the autophagosome with the lysosome to form an 

autolysosome.  The fusion is executed by SNARE (soluble N-ethylmaleimide-

sensitive factor attachment protein receptor) proteins and a number of tethering 

proteins and complexes, primarily HOPS (homotypic fusion and vacuole protein 

sorting) complex (Jiang et al., 2014), PLEKHM1 (McEwan et al., 2015) and EPG5 

(Wang et al., 2016). In Drosophila, the SNARE complex, STX17-ubisnap-

VAMP7/VAMP8 (STX17-SNAP29-VAMP7/VAMP8 in mammals) (Mulakkal et al., 

2014), is involved in the fusion and the formation of these complexes is mediated by 

tethering proteins that bridge the two vesicles closely. The tethering proteins, HOPS 

complex, PLEKHM1 and EPG5 simultaneously interact with both autophagosomal 
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membrane and lysosomal membrane proteins to mediate autophagosome-lysosome 

fusion. The HOPS complex interacts with Arl8 on the lysosomal membrane and with 

Qa-SNARE STX17 on the autophagosomal membrane. PLEKHM1 interacts with 

Arl8b GTP (small GTPase) and Rab7 GTP on the lysosomal membrane as well as 

Atg8 on the autophagosomal membrane. Lastly, EPG5 also binds to Rab7 GTP and 

Atg8 (Yim and Mizushima, 2020).  

 Following fusion of the autophagosome to the lysosome, the cargo is degraded 

within the autolysosome by the activity of acidic lysosomal hydrolases, e.g. 

cathepsins. The degraded material are recycled as macromolecules back into the 

cytosol for re-use in cellular pathways (Mulakkal et al., 2014). Thus, the autophagic 

flux (rate of autophagy) is dependent on two events; 1) the number of formed 

autophagosomes, 2) the degradative capacity of lysosomes and resulting turnover of 

degraded cargo within the cell (Das, Shravage and Baehrecke, 2012).  

 

1.2.5.4 Nitrogen-dependent regulation 

 

Activation of autophagy via glucose or amino-acid deprivation was identified long 

before the discovery of Atg genes (Mortimore and Schworer, 1977). The conserved 

serine/threonine kinase, TOR or the mammalian homolog mTOR 

(mammalian/mechanistic target of rapamycin), is the chief sensor of nitrogen and 

amino acid change. TOR negatively regulates autophagy. Stimuli such as nutrient 

levels, energy status, growth factors and amino acids can activate TORC1. For 

example, in nutrient-rich conditions, Atg13, Atg1 and Atg14 can be directly 

phosphorylated by TORC1. As a result of the phosphorylation, the formation and/or 

activation of the Atg1-Atg13-Atg17-Atg31-Atg29 complex is prevented, 
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consequently suppressing autophagy-specific class III phosphatidylinositol 3-kinase 

(PtdIns3K) activity leading to autophagy induction being inhibited (Kamada et al., 

2010; Yuan et al., 2013). Moreover, in mammals, downstream effects of mTORC1 

inactivation results in transcription of autophagy genes involved in degradation (Yin 

et al., 2016).  

 

1.2.5.5 Energy/glucose-dependent regulation 

 

Autophagy can be regulated also by glucose metabolism and energy level, which is 

key for cellular homeostasis. In the presence of glucose, the activated PKA 

phosphorylates Atg1 and Atg13. This phosphorylation hinders Atg13 localisation to 

the phagophore assembly site (PAS). Furthermore, autophagy can be inhibited by 

PKA by the direct phosphorylation of TORC1 or by indirect activation of mTORC1 

in mammals via AMPK inhibition. Moreover, just like nitrogen deprivation, Atg gene 

transcription by deacetylation of transcription factors can also be activated by glucose 

starvation (Yin et al., 2016).  

 Other types of stimuli that are inducers of autophagy are ER stress, hypoxia, 

depletion of iron and absence of growth factors. To further investigate regulators of 

autophagy and the roles of specific Atg proteins in the regulation of autophagy, the 

focus has primarily diverted to screening and analysing transcription factors which are 

involved in autophagy regulation (Yin et al., 2016).   
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1.2.6 Selective autophagy receptors 

 

Selective autophagy receptors (SARs) are receptors that are able to recognise cargo 

tagged for autophagosomal degradation. Most SARs have two common features; 1) a 

ubiquitin-binding domain, allowing the receptor to bind to polyubiquitinated cargo 

and 2) LC3-interacting region (LIR – described below), allowing the receptor to bind 

to Atg8 proteins on the autophagosomal membrane.  

 Ubiquitin is a highly conserved precursor protein from yeast to mammals, that 

possess a tightly folded globular structure and is 76 amino acids long. When ubiquitin 

is synthesised and subjected to proteolytic maturation, its c-terminal Gly residue is 

exposed, allowing conjugation to a Lys of another ubiquitin molecule or substrate 

protein. Following a cascade of enzymatic reactions that involves E1 enzyme for 

activating, E2 enzyme for conjugating and E3 enzyme for ligating, ubiquitin 

conjugates consisting of either mono-ubiquitin or poly-ubiquitin chains that are 

generated. Ubiquitin is a multi-functional protein and one of its key roles involved 

targeting proteins for degradation (Rogov et al., 2014).  

 The first genuine SAR to be discovered was the human p62/SQSTM1 

(sequestosome-1) (Ref(2)P in Drosophila) (Pankiv et al., 2007; Johansen and Lamark, 

2020) and is one of the most common SAR involved in a number of selective 

autophagic pathways including aggrephagy, pexophagy, zymophagy, mitophagy and 

xenophagy (Rogov et al., 2014). It has been highly documented that p62/SQSTM1 

protein functions to recognise polyubiquitinated proteins (tagged for autophagosomal 

degradation) and transports these to the growing phagophore via the interaction with 

Atg8 proteins (Yang and Klionsky, 2009).  It has been shown that p62 accumulates in 

multiple protein aggregation diseases such as Alzheimer’s disease, Parkinson’s 
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disease, Pick’s disease and multiple system atrophy (Zatloukal et al., 2002; 

Birgisdottir, Lamark and Johansen, 2013). Studies have revealed that as well as being 

a SAR for ubiquitinated protein aggregates, it is also a selective autophagy substrate 

(Pankiv et al., 2007; Birgisdottir, Lamark and Johansen, 2013). A study in 2007 

documented in knockout of autophagy in mice liver that p62 regulated protein 

aggregation formation and was removed by autophagy. The study revealed when 

autophagy was blocked, there was a failure to degrade p62 resulting in an 

accumulation of protein aggregates and liver dysfunction (Komatsu et al., 2007; 

Birgisdottir, Lamark and Johansen, 2013). 

As mentioned previously, the interaction between Atg8 and selective 

autophagy receptors is mediated by a short motif called LC3-interacting region (LIR) 

motif (Birgisdottir, Lamark and Johansen, 2013; Rogov et al., 2014). Table 1.3 lists 

all the selective autophagic pathways with its respective selective autophagy receptors 

and substrates.  
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Selective 

autophagy 

Year 

identified 

Substrate Selective 

autophagy 

receptor 

(SAR) 

Reference 

Aggrephagy 2007 Protein 

aggregates 

p62 (Ref(2)P), 

NBR1, OPTN, 

Cue5, 

TOLLIP 

(Pankiv et al., 

2007; Overbye 

et al., 2007; 

Kirkin et al., 

2009; Lamark 

and Johansen, 

2012; Korac et 

al., 2013; Lu, 

Psakhye and 

Jentsch, 2014) 

Chlorophagy 2009 Chloroplasts ATI-1 ATI-2 (Seay et al., 

2009; Zhuang 

and Jiang, 

2019; Stephani 

and Dagdas, 

2020) 

ERphagy 2007 ER FAM134B 

(Atg40), 

SEC62, 

RTN3, 

CCPG1, 

ATL3, 

TEX264 

(Bernales, 

Schuck and 

Walter, 2007; 

Khaminets et 

al., 2015; 

Mochida et al., 

2015; 

Fumagalli et 

al., 2016; 

Grumati et al., 

2017; Smith et 

al., 2018; Chen 

et al., 2019; 

Chino et al., 

2019) 

Ferritinophagy 2014 Ferritin NCO4A (Mancias et 

al., 2014; 

Masaldan et 

al., 2018) 

Glycophagy 2011 Glycogen Stbd1 (Jiang, Wells 

and Roach, 

2011; Zhao et 

al., 2018) 

Lipophagy 2009 Lipid droplets ATGL, p62, 

NBR1 

(Singh et al., 

2009) (Singh 

et al., 2009; 

Table 1.3. Selective autophagy receptors. List of selective autophagy pathways with its respective selective 

autophagy receptors. Table adapted from Johansen and Lamark, 2020. 
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Schulze et al., 

2017) 

Lysophagy 2013 Lysosome TRIM16, 

NDP52, 

Galectin-8 

(Thurston et 

al., 2012; 

Hung, Chen 

and Yang, 

2013; Maejima 

et al., 2013; 

Chauhan et al., 

2016; 

Papadopoulos, 

Kravic and 

Meyer, 2020) 

Midbody 

autophagy 

2009 Midbody rings p62, NBR1, 

TRIM17 

(Pohl and 

Jentsch, 2009; 

Mandell et al., 

2017) 

Myelinophagy 2015 Myelin - (Gomez-

Sanchez et al., 

2015; Thumm 

and Simons, 

2015) 

Nuclear lamina 

autophagy 

 Nuclear lamina Lamin B1 (Dou et al., 

2015) 

Nucleophagy 2009 Nuclear 

envelope 

Atg39 (Park et al., 

2009; Mochida 

et al., 2015; 

Papandreou 

and 

Tavernarakis, 

2019) 

Proteaphagy 2015 Proteasomes RPN10 (Bartel, 2015; 

Marshall et al., 

2015) 

Ribophagy 2008 Ribosomes NUFIP1 (Kraft et al., 

2008; Denton 

and Kumar, 

2018; Wyant et 

al., 2018) 

Ub-dependent 

Mitophagy 

1998 Mitochondria NDP52, 

OPTN, p62, 

TAX1BP1, 

AMBRA1 

(Scott and 

Klionsky, 

1998; Heo et 

al., 2015; 

Lazarou et al., 

2015; 

Strappazzon et 

al., 2015) 

Ub-independent 

Mitophagy 

1998 Mitochondria NIX, BNIP3, 

FUNDC1, 

(Scott and 

Klionsky, 
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BcI2L13 

(Atg32), 

FKBP8, 

PHB2, 

NLRx1, 

AMBRA1, 

cardiolipin, 

ceramide 

1998; Novak et 

al., 2010; 

Hanna et al., 

2012; Liu et 

al., 2012; 

Sentelle et al., 

2012; Chu et 

al., 2013; 

Murakawa et 

al., 2015; 

Strappazzon et 

al., 2015; 

Bhujabal et al., 

2017; Wei et 

al., 2017; 

Zhang et al., 

2019) 

Pexophagy 1998 Peroxisome NBR1, p62, 

Atg30, Atg36 

(Scott and 

Klionsky, 

1998; Farre et 

al., 2008; 

Motley, Nuttall 

and Hettema, 

2012; 

Deosaran et 

al., 2013; Cho 

et al., 2018) 

Virophagy 2016 Viral capsids TRIM5, p62 (Orvedahl et 

al., 2010; 

Dong and 

Levine, 2013; 

Mandell et al., 

2014; Sumpter 

Jr et al., 2016) 

Xenophagy 2004 Bacteria NDP52, p62, 

OPTN, 

TAX1BP1, 

Galectin-8 

(Nakagawa et 

al., 2004; 

Thurston et al., 

2009; Zheng et 

al., 2009; 

Dikic et al., 

2011; 

Tumbarello et 

al., 2015; 

Sharma et al., 

2018) 

Zymophagy 2011 Secretory 

granule 

p62 (Grasso et al., 

2011) 
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1.2.6.1 Lipophagy 

 

Lipophagy is the term used to describe lipid droplet (LD) (lipid stores) degradation 

via lysosomes. Lipids are stored in the form of lipid droplets in all cells under nutrient 

sufficient conditions. During times when nutrients are scarce, lipid droplets are rapidly 

depleted for cellular energy (Ward et al., 2016). Lipid droplets consists of 

triglycerides, cholesteryl esters and LD coat proteins perilipins (PLINs) (Kimmel et 

al., 2010).  

There are also three forms of lipophagy similar to autophagy, macrolipophagy, 

microlipophagy and chaperone-mediated lipophagy. The exact mechanistic details of 

lipophagy is still yet unknown. The first stage of lipid droplet degradation involves 

chaperone-mediated autophagic degradation of PLINs (perilipins-LD coat proteins). 

The HSC70 protein recognises and binds to the LD coat proteins PLIN2 and PLIN3, 

directing the proteins to the LAMP-2A receptor on the lysosomal membrane. The 

subsequent translocation of the LD coat proteins results in the breakdown of these 

proteins. The removal of the LD coat proteins from the LD surface permits access of 

cytosolic lipases such as ATGL (which hydrolyses the LD triglycerides) for lipolysis 

and the autophagic machinery to proceed with macro- and macrolipophagy. The 

degraded building blocks are largely free fatty acids (FFAs) that are recycled towards 

the oxidative pathway (Ward et al., 2016).  

 In macrolipophagy, small lipid droplets and/or small portions of lipid droplets 

are engulfed by the Atg8/LC3 positive phagophore. The phagophore elongates and 

forms the double membrane autophagosome (with the engulfed LD). The mature 

autophagosome then fuses with the lysosomes allowing the acidic hydrolases to break 

down the lipid droplets to fatty acids (Ward et al., 2016). Macrolipophagy was first 
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studied in mouse starvation models. The studies have shown evidence of 

autophagosome and lysosome marker proteins to co-localise with lipid droplets under 

starvation conditions (Singh et al., 2009; Garcia, Vevea and Pon, 2018). (Schulze, 

Sathyanarayan and Mashek, 2017). 

 Microlipophagy is the direct engulfment of portions of the lipid droplet by the 

lysosome via membrane invaginations. These portions of the lipid droplets are 

internally broken down by lysosomal acidic hydrolases (Schulze, Sathyanarayan and 

Mashek, 2017). 

In recent years, scientific evidence has shown that lipid droplets are essential 

for the regulation of autophagosome biogenesis. Studies by Shpilka and Elazar in 2015 

discovered that both lipid droplet biogenesis and lipolysis are vital processes for 

autophagosome biogenesis, and in particular suggesting the importance of membrane 

flow from endoplasmic reticulum (ER) to LDs and vice versa for autophagosome 

biogenesis (Shpilka and Elazar, 2015).  

 

1.2.7 LIR motif 

 

The first discovery of the LC3-interacting region (LIR) motif of p62 and the Cvt cargo 

receptor Atg19 was by Terje Johansen in 2007 by a number of techniques including 

deletion mapping, point mutation analyses and X-ray crystallography (Pankiv et al., 

2007). The peptides of mammalian p62 and yeast Atg19 bound to LC3B and Atg8 

respectively, revealed a common W-x-x-L motif, where x is represented as any amino 

acid (figure 1.7) (Ichimura et al., 2008; Noda et al., 2008; Birgisdottir, Lamark and 

Johansen, 2013). There are many other names for the motif, such as LC3-recognising 

sequence (LRS) and Atg8 interacting motif (AIM). Following the discovery of the 
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LIR motif in p62, a core consensus tetrapeptide LIR sequence, [W/F/Y]XX[L/I/V] 

was identified from 42 verified LIR motifs, with most LIR motifs possessing a W or 

an F at the aromatic position, and very few have Y (Birgisdottir, Lamark and Johansen, 

2013). In this short LIR sequence, the ‘x’ represents any amino acid residue. The 

square brackets enclose certain residues which may occupy the single position. In the 

later years, Noda and colleagues further defined the LIR motif as X-3 X-2 X-

1[W/F/Y]X1X2 [L/I/V] (Noda, Ohsumi and Inagaki, 2010; Kalvari et al., 2014). In 

2014, Kalvari and colleagues (Nezis Lab) published a study in which they developed 

the iLIR database, a web based in silico tool allowing the identification of LIR motifs 

and hence novel LIR containing proteins (LIRCPs). During the development of the 

iLIR database, the group kept the six residue positions of the LIR motifs with position 

three occupied by the conserved [W/F/Y] aromatic residues and position occupied by 

[ILV] aliphatic residues, which was in line with the defined canonical LIR motif 

(Alemu et al., 2012; Kalvari et al., 2014). The resulting motif was termed xLIR motif 

(and also ‘relaxed’) which has the following expression; [ADEFGLPRSK] 

[DEGMSTV] [WFY] [DEILQTV] [ADEFHIKLMPSTV] [ILV] (Kalvari et al., 

2014).  

The Atg8/LC3 sequence contains a C-terminal, core Ubl domain where the 

conserved ‘ubiquitin fold’ is located and an N-terminal arm that contains two -

helices closed onto the Ubl domain. The N-terminal and Ubl domain interface is where 

the LIR-containing peptide is situated, forming the site where the LIR motif binds and 

is labelled as the LIR docking site (LDS). The LDS possess a crevice shape that 

consists of two hydrophobic pockets HP1 and HP2 in the Ubl domain which interacts 

with the side chains of the [W/F/Y] and [L/I/V] residues of the LIR motif (figure 1.7) 

(Birgisdottir, Lamark and Johansen, 2013; Johansen and Lamark, 2020). Studies have 
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shown that LIR motifs bind to the LDS as an extended -sheet (Noda, Ohsumi and 

Inagaki, 2010; Birgisdottir, Lamark and Johansen, 2013; Wild, McEwan and Dikic, 

2014; Johansen and Lamark, 2020). 
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 Proteins can interact with Atg8 proteins in a LIR-independent manner too. In 

C. elegans, LIR motifs do not exist in autophagy receptors (Birgisdottir, Lamark and 

Johansen, 2013) and studies have shown that many proteins identified to interact with 

Atg8 are not affected by a mutated LIR docking site, the site at which the LIR motif 

of Atg8-interacting protein binds to the Atg8 (Behrends et al., 2010; Birgisdottir, 

Lamark and Johansen, 2013). LIR-motif-mediated interactions have been shown to 

also be involved in autophagosome formation and maturation regulation, since 

Figure 1.7. LIR-LDS interaction. Schematic overview of the interaction between Atg8 and LIR containing 

proteins (LIRCP) via the LIR motif.  An example of LIR-LDS interaction showing Atg8-PE interacting with a 

LIR containing protein. The side chain of position 3 in LIR motif interacts with hydrophobic pocket 1 (HP1) 

and side chain of position 6 interacts with hydrophobic pocket 2 (HP2) (Created with BioRender.com).  
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functional LIR motifs have also been identified in components of the core autophagic 

machinery, proposing that not all LIR-containing proteins act as SARs (Birgisdottir, 

Lamark and Johansen, 2013). For example, studies show evidence of a LIR-dependent 

interaction between Atg1 and Atg8, and that this interaction is also conserved and 

maintained in mammals as they found that ULK1 also interacted with autophagosomes 

in a LIR-dependent manner (Kraft et al., 2012; Birgisdottir, Lamark and Johansen, 

2013). Other autophagic machinery components that also possess functional LIR 

motifs include mammalian Atg13, FIP200, Atg4B (Atg13, Atg17 and Atg4B in 

Drosophila respectively) (Birgisdottir, Lamark and Johansen, 2013).  

 A number of techniques can be used to identify LIR-dependent Atg8-

interacting proteins, bioinformatics searches, proteomics, phage display and yeast 

two-hybrid to name a few. Identification of LIR motifs have been possible using 

strategies such as deletion mapping, protein-protein interaction assays and testing 

deletion and point-mutated constructs (Birgisdottir, Lamark and Johansen, 2013).  

 

1.2.8 Autophagy in ageing and age-related diseases 

 

Basal level of autophagy is essential for quality control in the cell as it is vital for 

homeostasis. Evidence from previous genetic studies show that defects in basal 

autophagy are linked to disease conditions such as neurodegenerative diseases, cancer 

and inflammation. For example, knockout of Atg5 in mice neural cells revealed an 

accumulation of abnormal proteins and phenotypes of defects in motor function (Hara 

et al., 2006; Yin, Pascual and Klionsky, 2016). Such findings further support the 

notion that autophagy functions as ‘house-keeper’ process in the cell. Not only is the 

accumulation of misfolded and damaged proteins and defective organelles a sign of 
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ageing, but it also is the cause of ageing. It is evident that the removal of such protein 

aggregates and dysfunctional organelles helps to ameliorate cellular function, avoid 

cell death, resulting in extended lifespan (Terman, Gustafsson and Brunk, 2007; Yin, 

Pascual and Klionsky, 2016). In a simple model, dysfunctional autophagy is 

associated with cellular degeneration and premature ageing, however on the other 

hand when autophagy levels are augmented at the whole-body level in different model 

organisms, it promotes longevity (Rubinsztein, Mariño and Kroemer, 2011; Yin, 

Pascual and Klionsky, 2016). Despite the fact that the specific mechanism by which 

autophagy contributes to anti-ageing is still yet unknown, the regulation of autophagy 

is said to be a promising target of enhancing healthy aging (Yin, Pascual and Klionsky, 

2016).   

 

1.2.8.1 Age-related factors and autophagy 

 

Reactive oxygen species (ROS) including free radicals, hydrogen peroxide and 

hydroxyl radicals is primarily generated in the mitochondria by the electron transport 

chain (ETC). Excessive ROS causes oxidative stress, damaging cells, proteins, DNA 

and organelles, which can contribute to cellular ageing (Finkel and Holbrook, 2000; 

Balaban et al, 2005; Chen et al, 2009; Indo et al, 2015; Cheon et al, 2019). Under 

normal physiological conditions, there is interplay of autophagy and the redox 

response; autophagy can be induced by ROS and autophagy can regulate ROS levels 

in cells, reducing their toxic effects and decreasing oxidative damage (Li et al, 2013; 

Cheon et al, 2019). Under starvation conditions, autophagy can be induced by ROS-

induced activation of AMPK (Li et al, 2013). When ROS production is blocked, the 

activation of AMPK is reduced and mTOR pathway activation is increased which in 
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turn leads to reduction of starvation-induced autophagy (Li et al, 2013). Cells are 

protected against excessive ROS by antioxidant enzymes such as glutathione (GSH), 

superoxide dismutase (SOD), peroxidase (GPX) and catalase (CAT), however 

antioxidant enzyme function is disrupted by cellular aging (Balaban et al, 2005, Finkel 

and Holbrook, 2000). The peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC-1a) modulates antioxidant genes in response to oxidative 

stress downstream of AMPK. Hence, cells that undergo decreased AMPK activity 

resulting in mitochondrial ROS levels to increase, experience premature aging 

(Rabinovitch et al, 2017; Cheon et al, 2019). As cells age, the mitochondria undergo 

morphological and functional changes as there is a decline in mitochondrial inner 

membrane function, ETC function and mitochondrial integrity. This in turn leads to 

cellular energy deficiency and impairment of normal cellular activity (Shigenaga et 

al, 1994). The clearance of damaged mitochondria is mediated by autophagy 

(mitophagy). Hence any, disruptions in the autophagic process results in accumulation 

of damaged mitochondria and oxidative stress, contributing to cellular ageing (Graef 

and Nunnari, 2011; Lee et al, 2012; Hansen et al, 2018; Cheon et al, 2019).  

 DNA damage, caused by ultraviolet (UV) light and toxins or even ROS, is 

associated with cellular dysfunction (Cheon et al, 2019). Mitochondrial DNA 

(mtDNA) is more susceptible to damage by ROS than nuclear DNA (Maynard et al, 

2009). Mutations within the mtDNA has been shown to accumulate with ageing and 

deletions in mtDNA have been shown to be more frequent in ageing brain (Kauppila 

et al, 2016; Cheon et al, 2019). A decline in DNA repair resulting in accumulation of 

DNA damage contributes to cellular senescence. Senescent cells accumulate during 

ageing. In addition, compromised DNA repair causing mutations in nuclear and 

mitochondrial genes has been associated with ageing. All in all, defects in the DNA 
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repair system have been implicated in ageing. Studies have shown in vitro increased 

double strand breaks in DNA and ineffective non-homologous end joining in 

senescent cells (Seluanov et al, 2004). Studies have reported a close association of 

DNA repair to autophagy. The selective autophagy receptor, p62, is involved in the 

regulation of DNA repair systems through the recruitment of DNA repair proteins 

(BRCA1, Rad51, RAP80) in a p62 dependent manner (Cheon et al, 2019). Hence 

studies have shown p62 accumulation, through loss of autophagy, disrupts DNA 

damage responses (Wang et al, 2016). Moreover, under autophagy deficiency 

conditions, the recruitment of DNA repair proteins by p62 to double strand breaks is 

compromised (Wang et al, 2016; Cheon et al, 2019). 

 Telomeres are repeated DNA sequences at the end of linear chromosomes 

consisting of six base pairs, TTAGGG (Cheon et al, 2019). Telomeres function during 

DNA replication to protect genetic information and protect ends of chromosomes 

against damage, hence promoting genetic stability (Henriques and Ferreira, 2012; 

Eitan et al, 2014). The lengths of telomeres are regulated by a telomerase, which 

consists of two components: telomerase RNA competent (TERC) and telomerase 

reverse transcriptase (TERT) (Cheon et al, 2019). As cells age, telomerase activity 

functionally declines in most somatic cells. On the contrary, telomerase activity is 

sustained in germ cells and cancer cells.  Lack of telomerase activity causes telomeres 

to progressively shorten with cell division and DNA replication. The inability of the 

DNA repair machinery to restore telomeres leads to cell senescence and ageing 

(Henriques and Ferreira, 2012; Eitan et al, 2014; Boccardi et al, 2015). Studies have 

shown disrupted telomere function, increased genetic stability and a higher prevalence 

of cancer in aged mice with telomere deficiency (Rudolph et al, 1999). It has been 

reported through previous studies the association between telomere biology and 
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autophagy (Aoki et al, 2007; Ali et al, 2016; Nassour et al, 2019). Studies found 

increased levels of autophagy related proteins and cytoplasmic vacuoles in stressed 

cells associated with deprotected telomeres (Nassour et al, 2019). Most interestingly, 

TERT induces autophagy through binding to and subsequent suppression of mTORC1 

kinase. Studies revealed knockdown of TERT leads to disrupted autophagy under 

basal and starvation conditions by increasing mTORC1 activity (Ali et al, 2016; 

Cheon et al, 2019).   

 The immune system normally eliminates senescent cells. The immune system, 

however, deteriorates with ageing resulting in weakened tissue homeostasis due to 

accumulated senescent cells (Sun et al, 2018). Senescent cells, through a process 

called senescence-associated secretory phenotype (SASP), releases pro-inflammatory 

factors, proteases, chemokines, macrophage inflammatory proteins and growth factors 

(Munoz-Espin and Serrano, 2014; Childs et al, 2015; Sun et al, 2018), allowing 

immune cells to be migrated and recruited to influence tissue repair. Persistent release 

of these SASP factors by senescent cells can cause chronic inflammation and tissue 

dysfunction (Freund et al, 2010). With ageing, SASP activity increases (Kiecolt-

Glaser et al, 2003; Cheon et al, 2019). It has been shown for example, the 

inflammatory cytokine TNF-α and pro-inflammatory factor IL-8 are overexpressed 

with age (Kiecolt-Glaser et al, 2003; Tsukamoto et al, 2015; Ong et al, 2018). Most 

interestingly, studies have reported the interaction of the autophagic machinery with 

the immune system and controls inflammation, further showing the association of 

impaired autophagy with various inflammatory diseases (Levine et al, 2011; Deretic 

et al, 2013). Previous studies have observed reduced SASP secretion via mTORC1 by 

rapamycin, which is a mTOR inhibitor and autophagy inducer (Laberge et al, 2015). 

Other studies have stated a delay in SASP secreted products (IL-6 and IL-8) when 
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ATG5 and ATG7 are knockdown (Young et al, 2009). All in all, these findings 

indicate an essential role of autophagy in SASP which in turn is associated with ageing 

(Cheon et al, 2019).  

 

1.2.8.2 Age-related diseases and autophagy 

 

Accumulations of misfolded amyloid beta (Aβ) and neurofibrillary tangles (tau 

phosphorylation) can advance cell function damage and homeostasis impairment. It 

has been observed in studies using animal models to study Alzheimer’s disease (AD), 

the protective effects of autophagy against accumulations of misfolded amyloid beta 

and neurofibrillary tangles (Frake et al, 2015).  Dysfunctional autophagy in AD animal 

models can increase intracellular Aβ and neurofibrillary tangles (Frake et al, 2015). 

Studies have reported impairment of autophagosome clearance in AD due to 

noticeable accumulation of autophagosomes (Nixon, 2007). Other studies in post-

mortem brains of AD have detected an increase in hyperactivated mTOR levels (An 

et al, 2003; Hung et al, 2009; Ihara et al, 2012). Additionally, in an AD model, 

dysfunctional autophagy can heighten cognitive impairment (Nilsson et al, 2013). On 

the contrary, when autophagy is reinforced, AD-related signs are reduced in AD 

animal models. For example, studies showed a decrease in Aβ deposition with 

rapamycin treatment, extending longevity in AD models (Rubinsztein et al, 2011; 

Frake et al, 2015; Singh et al, 2017).  

Moreover, it has been suggested that age associated SASP and oxidative stress 

may contribute to AD pathology (Yao et al, 2004; Alcolea et al, 2015). Studies in AD 

models highlight reactive microglia closely located to Aβ plaques (Wang et al, 2015; 

Heckmann et al, 2019). Since proinflammatory cytokines are released by reactive 



CHAPTER 1 SELECTIVE AUTOPHAGY AND ENDOSOMAL TRAFFICKING 

IN AGEING 

 

 50 

microglia, studies have displayed increased levels of specific cytokines in AD patients 

(TNF-α, IL-1β, IL-6, IL-12 and IL-18), indicating close association of the immune 

system to AD pathology and symptoms (Swardfager et al, 2010). There are close 

associations between oxidative stress and Aβ (Hensley et al, 1994). Oxidative stress 

can be caused by Aβ (Hensley et al, 1994) and it can also stimulate Aβ deposition 

(Misonou et al, 2000; Drake et al, 2003).  

Genetic mutations in several genes can cause Parkinson’s disease (PD) 

(LRRK2, SNCA, DJ-1, PRKN, PINK1) and these genes have close associations to 

autophagy, including mitophagy. Dysfunctional autophagy has been a key driver of 

pathology in PD (Alegre-Abarrategui et al, 2009; Lopes da Fonseca and Outeiro, 

2014; Menzies et al, 2017). A key PD characteristic with impaired autophagy are 

Lewy bodies consisting of accumulated alpha-synuclein (Volpicelli et al, 2014). It has 

been reported that overexpression of α-synuclein leads to ATG9 mislocation resulting 

in dysfunctional macroautophagy (Winslow et al, 2010). The degradation of damaged 

mitochondria by autophagy is mediated by the recruitment of Parkin to the 

mitochondria by PINK1. Hence, mutations in PINK1 and Parkin disrupts this function 

(Vives-Bauza et al, 2010). It has been reported in PD patients impaired DNA repair 

system (Sepe et al, 2016; Cheon et al, 2019). Studies in mice have revealed that 

mutations of the key factor (ERCC1) in the nucleotide excision repair (NER) pathway 

can result in augmented dopaminergic neuron injury, loss of dopaminergic neurons in 

the striatum, DNA damage, accumulated α-synuclein and abnormal mitochondria 

(Sepe et al, 2016). Additional studies have shown a decline in autophagy and 

augmented cellular senescence in ERCC1-mutated mice. When these mice are treated 

with rapamycin, autophagy is enhanced and cellular senescence is reduced (Takayama 

et al, 2017; Cheon et al, 2019).  
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Amyotrophic lateral sclerosis (ALS) is a disease characterised by motor 

neuron loss within the CNS and degeneration of neuromuscular junctions. Familial 

forms of ALS is caused by mutations of genes such as SOD1, p62, C9ORF72 and 

TDP-43 to name a few (Renton et al, 2014; Menzies et al, 2017). Many of these ALS 

genes are involved in autophagy and lysosomal function (Menzies et al, 2017). For 

example, when p62 is mutated, it is no longer able to recognise LC3B and hence not 

recruited to the phagophore (Goode et al, 2016). The removal of TDP-43 is mediated 

by autophagy and the ubiquitin-proteasome system (UPS). Abnormal cytoplasmic 

accumulation of TDP-43 is observed in ALS tissues which could not be degraded by 

autophagy or UPS (Scotter et al, 2014). Motor function is improved, and 

accumulations of TDP-43 is reduced in TDP-43 Tg mice brain when treated with 

autophagy inducers such as rapamycin, spermidine, carbamazepine and tamoxifen 

(Wang et al, 2012). Interestingly, deletion of C9ORF72 gene results in impaired 

autophagy and endocytosis as C9ORF72 has a fundamental role in mediating 

endosomal trafficking for endosomal transport and autophagy (Farg et al, 2014; Cheon 

et al, 2019).  

Overall, the above findings confirm the possible associations of dysfunctional 

autophagy and factors of cellular aging and that this interplay may advance age-related 

pathology and diseases. Impaired autophagy may contribute to the toxicity of 

accumulated disease proteins and hence contribute to AD, PD and ALS (Cheon et al, 

2019). Targeted therapeutic approaches to enhance autophagy has been reported in 

various animal models to ameliorate diseases associated with toxicity of aggregate-

prone proteins (Menzies et al, 2017; Siddiqi et al, 2019). Thus, pharmacological or 

genetic tools that function to modulate autophagy may be promising clinical 

interventions to combat age-related diseases (Cheon et al, 2019).  
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1.3 Interplay between autophagy and endosomal trafficking 

 

Autophagy is closely related to endocytosis at the stage of endosomal trafficking from 

early endosomes to lysosomes. Endocytosis is the importing of nutrients and 

macromolecules from outside of the cell into the cell. The process acts as a companion 

route to autophagy. Both autophagy and endocytosis have converging steps and 

common participating molecules (figure 1.8) (Hyttinen et al., 2013). In endocytosis, 

the early endosome is attached to Rab5 on its surface. The early endosome matures to 

the late endosome and Rab5 is replaced with Rab7. Rab7 is a common participating 

molecule in both autophagy and endocytosis as Rab7 is also located on the 

autophagosomal outer membrane. Just like the autophagosome, the late endosome also 

fuses with the lysosome leading to degradation of cellular material. During 

endocytosis and autophagy, the fusion of the late endosome (sometimes also early 

endosome) with late autophagosome can also occur, forming an amphisomes, which 

later fuses with lysosomes for complete degradation (Hyttinen et al., 2013).  
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The endomembrane system permits various functions of the eukaryotic cell to 

be compartmentalized. For example, degradation occurs in lysosomes. This allows for 

higher degree of cell specialization. This system relies on the dynamic interactions 

between different compartments, facilitated by vesicle trafficking between them. 

Intracellular trafficking involves the formation and budding of membrane vesicles 

from a donor membrane, transport and subsequent fusion with the target membrane, 

leading to transport of cargo from donor to target organelle. Intracellular trafficking is 

regulated and orchestrated by several proteins and protein complexes such as adaptor 

and coat proteins, GTP-binding proteins (GTPases), SNARE proteins and tethering 

proteins (Søreng, Neufeld and Simonsen, 2017).  

Figure 1.8. Endocytosis and autophagy. Upper panel showing endocytosis, starting from early endosome 

formation with Rab5 attached to its surface. Maturation of early endosome to late endosome with Rab5 

changing to Rab7. The late endosome fuses with lysosome forming hybrid organelle. Bottom panel showing 

autophagy, from phagophore formation, early autophagosome formation to late autophagosome maturation 

(attached to Rab7 also). Late autophagosome fuses with lysosome to form autolysosomes. Late endosome can 

fuse with late autophagosome (Created with BioRender.com). 
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1.4 ADP-ribosylation factor (Arf) GTPase activating protein 3 (ArfGAP3)  

 

A recent yeast two hybrid screening by Nezis laboratory (unpublished) in 3rd instar 

larvae and whole fly head samples revealed a library of Drosophila Atg8a interacting 

proteins, in which we identified a high confidence interaction (level B and C) between 

Atg8a and ADP-ribosylation factor (Arf) GTPase activating protein 3 (ArfGAP3) in 

both Drosophila whole fly head and 3rd instar larvae. The selected interaction domain 

(SID) identified in the yeast two hybrid screening is the domain predicted to be 

involved in the interaction. In 3rd instar larvae, the SID was from residue 293 to 409 

and residues 206 to 414 in whole fly head.  

ArfGAP3 is a GTPase activating protein (GAP) and belongs to the ArfGAP 

family of multidomain proteins. All ArfGAPs share a common domain within the N-

terminus of their protein sequence, ArfGAP domain. This domain consists of a 

conserved zinc-binding motif. ArfGAPs regulate membrane trafficking and 

remodelling of the actin cytoskeleton through the regulation of the ADP-ribosylation 

factor (Arf) proteins. The multi domain of the ArfGAPs allows them to function 

dependently and independently of Arf proteins (Inoue and Randazzo, 2007).  ArfGAPs 

facilitate the conversion of Arf-GTP into Arf-GDP by promoting the hydrolysis of 

GTP that is bound to Arf proteins (figure 1.9) (Inoue and Randazzo, 2007; Rodrigues 

et al, 2016). 

 Arf proteins are a family of GTP-binding proteins that belong to the sub-

family of Ras superfamily. There are six Arf proteins that are categorized, based on 

the amino acid sequence (Moss et al, 1998), into three classes: class I, class II and 

class III. Arf1, Arf2 and Arf3 belong to class I, Arf4 and Arf5 are class II and class III 

includes Arf6 (Moss et al, 1998; Inoue and Randazzo, 2007). Arf1 is a well-studied 



CHAPTER 1 SELECTIVE AUTOPHAGY AND ENDOSOMAL TRAFFICKING 

IN AGEING 

 

 55 

Arf protein (Randazzo et al, 2000; Donaldson et al, 2005). There are several pathways 

the Arf1 protein functions in; Golgi-endoplasmic reticulum retrograde transport, intra-

Golgi transport, trafficking from mtrans Golgi network to endosomes and transport 

within endocytic pathway (Randazzo et al, 2000; Donaldson et al, 2005). Another 

extensively studied Arf protein is Arf6, which has implications in endocytosis, 

phagocytosis and receptor recycling (Donaldson, 2003; D’souza-Schorey and 

Chavrier, 2006).  

Arf protein function is governed by binding and hydrolysis of GTP, hence the 

cycling between GTP bound Arf and GDP-bound Arf is key for its function (Inoue 

and Randazzo, 2007). This process is required for the dissociation of coat proteins 

from Golgi-derived membranes and vesicles. The dissociation of coat proteins is a 

pre-requisite for the fusion of these vesicles with target compartments (Søreng, 

Neufeld and Simonsen, 2017). The cycling is regulated by the action of guanine 

nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs) (figure 

1.9). Human ArfGAP1 was the first ArfGAP discovered to regulate Arf1 protein at 

the Golgi apparatus (Cukierman et al, 1995).   

Arfs function in membrane trafficking involves recruiting coat proteins for 

cargo sorting into vesicles and recruiting and activating enzymes involved in altering 

membrane lipid composition (Donaldson and Jackson, 2011). Moreover, both Arf1 

and Arf6 has been implicated in regulation of the cytoskeleton. Arf1 has been shown 

to associate with focal adhesion dynamics (Norman et al, 1998) and Arf6 has been 

shown to have functional relevance in invadopodia formation and peripheral 

membrane ruffle formation (Donaldson et al, 2003; Hashimoto et al, 2004). 

The human genome consists of at least 24 genes that translate to proteins with 

ArfGAP domains (Inoue and Randazzo, 2007).  Furthermore, another set of proteins 
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categorised as ARF-like (ARL) proteins have broader roles than Arfs and are 

implicated in a number of similar functions such as recruitment of coat complexes for 

vesicle budding (Donaldson and Jackson, 2011), however the role of ArfGAPs in 

regulating ARL proteins have not yet been extensively studied. 

 

 

 

 

1.4.1 ArfGAP3 in protein transport from Golgi to endosomes 

 

ArfGAP3 also been reported to regulate Arf1 activity (Liu et al, 2001; Frigerio et al, 

2007; Weimer et al, 2008; Shiba et al, 2013).  There has been significant evidence 

suggesting that ArfGAP3 is involved in the process of protein transport from the 

Trans-Golgi network to endosomes (figure 1.10). A study by Shiba et al in 2013 

Figure 1.9. ARF GDP/GTP cycle. Arf1 protein is activated upon GDP to GTP exchange via GEF, which 

recruits coat proteins for vesicle formation followed by vesicle budding. GAP protein hydrolyses the GTP bound 

to Arf1 protein, resulting in dissociation of coat proteins (Created with BioRender.com). 
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showed that ArfGAP3 localises to the trans-Golgi network. HeLa cells were double 

stained for ArfGAP3 and trans-Golgi or cis-Golgi markers (TGN46 and GM130 

respectively). Confocal imaging results illustrated ArfGAP3 co-localised with TGN46 

more than the GM130 (Shiba et al., 2013). When cargo is ready to be trafficked from 

donor to target organelle, areas of the TGN are coated with clathrin and adaptors 

namely Golgi-localized -ear-containing ADP-ribosylation factor binding proteins 

(GGAs) and this forms clathrin coated vesicles (Søreng, Neufeld and Simonsen, 

2017). The same study double transfected cells with HA-tagged ArfGAP3 and FLAG-

tagged various GGAs and carried out immunoprecipitation with anti-FLAG and 

western blotting with anti-HA. They discovered that HA-tagged ArfGAP3 

coprecipitated with all GGAs, further suggesting that ArfGAP3 associates with GGAs. 

Furthermore, to examine if ArfGAP3 influenced the association of these coat proteins 

with TGN/endosomes, they measured the ratio of Golgi to cytosol for GGA in both 

control and ArfGAP3 KD cells. In ArfGAP3 KD cells, a small but significant decrease 

was observed in Golgi/endosomal association of GGA1 and GGA2, indicating 

ArfGAP3 regulates these two GGAs in particular (Shiba et al., 2013).  



CHAPTER 1 SELECTIVE AUTOPHAGY AND ENDOSOMAL TRAFFICKING 

IN AGEING 

 

 58 

 

 

 

 

 

Figure 1.10 demonstrates the fusion of these vesicles with the early 

endosomes. In order to the fusion to take place, the coat proteins must dissociate, and 

this is facilitated by GTP-bound Arf1 hydrolysis mediated by ArfGAP3. Shiba et al 

study also found that ArfGAP3 predominantly localises to early endosomes. They 

carried out confocal studies with markers HA-tagged Rab4 for early/recycling 

endosomes, GFP-tagged Rab5 for early endosomes and RFP-tagged Rab7 for 

early/late endosomes. ArfGAP3 co-localised with Rab5 more than Rab7 and Rab4, 

postulating that ArfGAP3 could have a key role in trafficking from early to late 

endosomes. This further suggests ArfGAP3 has a functional role in the endocytic 

pathway (Shiba et al., 2013).  

Figure 1.10. ArfGAP3 in protein transport from trans-Golgi network to endosomes. ArfGAP3 associates 

with TGN. Areas of the TGN membrane form vesicles via recruitment of coat proteins (GGAs) mediated by 

the activation of Arf1 protein. Vesicles traffic to early endosomes, where upon dissociation by Arf1-GTP 

hydrolysis via ArfGAP3, the vesicles then fuse with early endosomes. Early endosomes, which have a Rab5 

attached to its membrane, then matures to late endosomes. The Rab5 is exchanged to a Rab7 on the membrane. 

ArfGAP3 associates with Rab5 and Rab7. Late endosomes fuse with lysosomes or with late autophagosomes 

which can later fuse with lysosomes (Created with BioRender.com).   
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There are not any studies published yet showing any association of ArfGAP 

proteins to autophagy, however a recent study reported findings demonstrating the role 

of ARF-like protein ARL8 as a positive regulator of lysosomal fusion events in 

Drosophila (Boda et al, 2019). This study opened a new avenue to explore potential 

roles of Arf proteins and ArfGAPs in lysosomal degradative pathways.  

 

1.5 Arfs and Rabs in the regulation of lipid droplet development and lipolysis 

 

It is well known that Rab7 is a regulator of autophagosome and late endosome 

maturation (Feng, Press and Wandinger-Ness, 1995; Gutierrez et al., 2004; Garcia, 

Vevea and Pon, 2018). Recent studies have revealed that Rab7 as well as Rab5 and 

Rab2 accumulate on lipid droplets under nutrient starvation conditions (Bartz et al., 

2007; Garcia, Vevea and Pon, 2018). Additionally, the studies have also indicated that 

Rab7 activation is prerequisite for the recruitment of autophagosome and lysosomal 

marker proteins to the lipid droplets (Garcia, Vevea and Pon, 2018). Studies also 

suggest Rab5 mediates docking of endosomes to the lipid droplets (Bartz et al., 2007). 

Furthermore, other proteins that have also been identified on lipid droplets include 

Arf1 (Drosophila ArfGAP3 regulates Arf1 protein) and ArfGAP1 (Human homolog 

of Drosophila ArfGAP3) (Bartz et al., 2007). Interestingly, a study published in 2010 

by Hommel et al shows that an Arf-like GTPase ARFRP1 regulates lipid droplet 

growth and lipolysis as knockdown of ARFRP1 results in hinderance in normal 

enlargement of lipid droplets (Hommel et al., 2010). In summary, the Arf proteins, 

Arf GTPases and Rab proteins all seem to play a role also in lipid droplet development 

and lipolysis.  
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Chapter 2 

 

Thesis aims & hypothesis  

 

2.1 Thesis aims 

 

The principal objective of this PhD project is to characterize the function of the 

ArfGAP3 protein in the relationship between endosomal trafficking and selective 

autophagy during the course of ageing.  

This project is divided into three stages; stage 1 entail experiments to confirm 

biochemically Atg8a and ArfGAP3 interaction followed by identification of specific 

structural motifs of ArfGAP3 that facilitates this interaction. Stage 2 of the project 

focuses on deciphering the role of ArfGAP3 in the interplay between autophagy and 

endosomal trafficking. Stage 3 of the project involves investigating the physiological 

relevance of ArfGAP3 during ageing.  

 

2.2 Hypothesis 

 

Late endosomes (also early endosomes) have the ability to fuse with late 

autophagosomes. Both autophagy and endocytosis have a common participating 

molecule, Rab7, which promotes the fusion of autophagosomes and late endosomes 

with lysosomes (Hyttinen et al., 2013) (figure 2.1). Recent yeast-two hybrid screening 

by Nezis Lab has confirmed an interaction between Drosophila Atg8a and ArfGAP3 
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(unpublished), validating a role of ArfGAP3 in the autophagic pathway. Previous 

studies have also highlighted an association between ArfGAP3 and Rab7 (Shiba et al., 

2013). Hence, we hypothesize that ArfGAP3, possibly through Rab activity, is a 

positive regulator of lysosomal fusion events with autophagosomes and endosomes. 

 

 

 

 

 

 

 

 Figure 2.1. Schematic diagram illustrating hypothesis of this PhD project. ArfGAP3 has been shown to 

play a role in protein transport from the trans-Golgi network to endosomes as studies have highlighted its 

associations with TGN, vesicle coat proteins (GGAs) through the hydrolysis of GTP bound Arf1 protein, early 

and late endosomes, via associations with Rab5 and Rab7 respectively. Autophagy and endocytosis have 

converging steps and common participating molecule, Rab7, which promotes fusion of autophagosomes and 

endosomes to lysosomes. Since ArfGAP3 has been shown previously in Nezis Lab to interact with Atg8a in 

Drosophila and previously been shown to associate with Rab7-positive endosomes, we hypothesize that 

ArfGAP3, possibly through Rab7 activity, has a functional role in regulating the fusion of autophagosomes 

and endosomes with lysosomes (Created with BioRender.com) 
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Chapter 3 

 

Materials and methods 

3.1 Chemicals and reagents 

 

 

Chemicals and reagents Source 

2-Mercaptoethanol Sigma Aldrich (M3148) 

16% formaldehyde ThermoFisher Scientific (28908) 

Absolute ethanol SLS Stores 

Acrylamide AccuGel (SLS stores) 

Agarose  SLS Stores 

APS (Ammonium persulfate) SLS sores 

Bovine Serum Albumin Sigma Aldrich (A7906) 

Bromophenol blue sodium Sigma Aldrich (B8026) 

cOmplete ULTRA Tablets, Mini, 

EDTA-free, EASYpack Protease 

Inhibitor Cocktail Tablets 

Roche (05892791001) 

ECL reagent  Amersham (RPN2209) 

EDTA SLS Preparation room 

EGTA Sigma Aldrich (E4378) 

Gel extraction kit  Qiagen 

Gluthathione Sepharose 4B Sigma Aldrich (GE17-0756-01) 

Glycerol Sigma Aldrich (G6279) 

GoTaq qPCR Master Mix kit Promega (A6002) 

Igepal CA-630 MP (198596) 

Imidazol Sigma Aldrich (I2399) 

Instant Blue (Coomassie staining) Expedon (ISB1L) 

IPTG SLS stores 

NaCl SLS preparation room 

Lysozyme Fisher Scientific (10249843) 

PCR/DNA purification kit  NEB/Qiagen 

Plasmid miniprep kit NEB/Qiagen 

Ponceau S Sigma Aldrich (P3504) 

Precision Plus ProteinTM Dual colour 

standards 

BIO-RAD (1610374) 

ProLongTM Gold Antifade Reagent Invitrogen by ThermoFisher Scientific 

Table 3.1. Chemicals and reagents. List of chemicals and reagents used in 
experiments and source of purchase. 
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Protein assay dye reagent concentrate Bio-RAD 

Protein G Sepharose 4 FastFlow GE Healthcare (11524935) 

REVERTAID kit 100RXN Fisher Scientific (K1622) 

Sodium deoxycholate Alfa Aesar (B20759) 

SDS SLS preparation room 

Sucrose Sigma Aldrich (16104) 

TEMED Sigma Aldrich (T9281) 

Tris HCl SLS preparation room 

Triton X-100 Sigma Aldrich (T8787) 

Tween-20 Sigma Aldrich (P9416) 

 

3.2 Drosophila melanogaster husbandry and genetic principles 

 

3.2.1 Fly stocks 

 

 

Fly name Genotype Source  

w1118 w[1118] Bloomington Drosophila 

Stock Centre (ID 3605) 

cg::Gal4 (fat body 

driver) 

w[1118]; P{w[+mC]=Cg-

GAL4.A}2 

Bloomington Drosophila 

Stock Centre (ID 7011) 

Pros Gal4 (garland 

nephrocyte driver) 

w*; P{GAL4-pros.MG}3 Bloomington Drosophila 

Stock Centre (ID 80572) 

Ubi::Gal4 (whole 

body driver) 

w[*]; P{w[+m*]=Ubi-

GAL4.U}2/CyO 

Bloomington Drosophila 

Stock Centre (ID 32551) 

da::Gal4; 

mkrs/TM6b (whole 

body driver) 

w[*]; P{w[+mW.hs]=GAL4-

da.G32}2; MKRS/TM6B, Tb[1] 

Bloomington Drosophila 

Stock Centre (ID 55851) 

elav::Gal4/CyO 

(II) (brain driver) 

elav::Gal4/CyO Bloomington Drosophila 

Stock Centre (ID 8765) 

luc-RNAi y[1] v[1]; P{y[+t7.7] 

v[+t1.8]=TRiP.JF01355}attP2 

Bloomington Drosophila 

Stock Centre (ID 31603) 

FLPout mCherry-

Atg8a/SM66b 

yw, hsflp; UAS-mCherry-

Atg8a; Ac>CD2>Gal4/SM66b 

Radu Tusco, University 

of Warwick 

FLPout GFP-

mCherry-Atg8a 

yw, hsflp; UAS-GFP-mCherry-

Atg8a; Ac>CD2>Gal4 

Anne Claire Jacomin, 

University of Warwick 

hs::Flp FRT82B yw, hsflp; FRT82B ubi>GFP Yun Fan, University of 

Warwick 

MARCM FRT80 yw, hsflp; FRT80B ubi>GFP Yun Fan, University of 

Warwick 

CgGal4, mCh-

Atg8a 

Cg-GAL4 UAS-mCherry-Atg8a Anne Claire Jacomin, 

University of Warwick 

Table 3.2. Drosophila fly stocks. List of fly stocks used in experiments with full 
genotype and source of purchase. 
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CgGal4, GFP-

Atg8a 

Cg-GAL4 UAS-GFP-GFP-

Atg8a 

Gabor Juhász, Eotvos 

Lorand University 

Hungary 

3xmCherryAtg8a 

GFP 

hsflp; UAS DCR2; 3xmcherry A

tg8a – Act -CD2- 

Gal4, UAS – 2xEGFP 

 

Gabor Juhász, Eotvos 

Lorand University 

Hungary 

Atg7 (d14)/CyO-

GFP 

Atg7[d14] Gábor Juhász, Eotvos 

Lorand University 

Hungary 

Atg7 (d77) Atg7[d77] Gábor Juhász, Eotvos 

Lorand University 

Hungary 

ArfGAP3 mutants 

e0250 

w[1118]; 

PBac{w[+mC]=RB}ArfGAP3[e

01250] 

Bloomington Drosophila 

Stock Centre (86009) 

ArfGAP3 mutants 

d00510 

w[1118]; 

P{XP}ArfGAP3d00510 

Bloomington Drosophila 

Stock Centre 

UAS ArfGAP3 

WT DsRed 4B/cyo 

UAS;ArfGAP34B/cyo Ruth Johnson, Wesleyan 

University 

UAS ArfGAP3 

WT DsRed 3e/cyo 

UAS;ArfGAP3DsRED3e/cyo Ruth Johnson, Wesleyan 

University 

UAS ArfGAP3 

WT DsRED PD/cyo 

UAS;ArfGAP3-

PDDsRed3B/TM6B 

Ruth Johnson, Wesleyan 

University 

UAS ArfGAP3 

RNAi/cyo (RJ) 

UAS;ArfGAP3 RNAi/cyo Ruth Johnson, Wesleyan 

University 

UAS ArfGAP3 

RNAi VDRC A 

P{VSH330410}attP40  Vienna Drosophila 

Resource Centre (VDRC 

ID 330410) 

UAS ArfGAP3 

RNAi VDRC B 

w1118; P{GD12053}v35123  Vienna Drosophila 

Resource Centre (VDRC 

ID 35123) 

UAS ArfGAP3 

RNAi Bloom 

31156 

y[1] v[1]; P{y[+t7.7] 

v[+t1.8]=TRiP.JF01649}attP2 

Bloomington Drosophila 

Stock Centre (ID 31156) 

UAS ArfGAP3 

RNAi Bloom B 

61993 

y[1] v[1]; P{y[+t7.7] 

v[+t1.8]=TRiP.HMJ23619}attP

40/CyO 

Bloomington Drosophila 

Stock Centre (ID 61993) 

UAS ArfGAP3 

FLAG WT (M3) 

W118;UAS-3xFLAG-

dArfGAP3;+/+ 

BestGene Inc, US 

UAS ArfGAP3 

FLAG LM1 (M1) 

W118;UAS-3xFLAG-

dArfGAP3LIR;+/+ 

BestGene Inc, US 
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3.2.2 Ectopic gene expression 

 

Gene expression is activated in Drosophila melanogaster using the bipartite 

UAS/GAL4 system. The yeast derived protein GAL4, is a transcriptional activator in 

this system. GAL4 is a desirable tool for gene activation as it lacks endogenous targets 

within Drosophila (Cho, Bang and Toh, 2014). The GAL4 protein has a specific 

enhancer known as the upstream activation sequence (UAS). Fly lines expressing a 

protein of interest in a specific tissue can be generated by the UAS/GAL4 system. One 

fly line must express the UAS together with the specific gene of interest. A separate 

fly line must express the GAL4 with a tissue-specific promoter. Upon flies from each 

line crossing, in the resulting progeny, the tissue-specific promoter drives the 

expression of GAL4 protein, which in turn binds to the UAS, resulting in gene of 

interest expression at the tissue for which the promoter is specific for (figure 3.1) 

(McGuire, Roman and Davis, 2004; Cho, Bang and Toh, 2014).  

An advantage of using this system is that both UAS and GAL4 are carried in 

different parental lines so these flies are viable even if they are carrying an inactive 

form of a toxic gene. (McGuire, Roman and Davis, 2004; Cho, Bang and Toh, 2014). 

Due to the range of tissue-specific promoters available, the UAS/GAL4 system is a 

favourable tool to study the effects of various genes through their over-expression or 

misexpression at various tissue locations (Osterwalder et al., 2001).  
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The drivers used for the experiments in this thesis are summarised in table 3.2, the 

most common one being Cg::Gal4 which expresses the gene in the Drosophila fat 

body. 

 

3.2.3 Fly maintaining conditions 

 

All stock flies were kept at 18C and transferred into new tubes of fly food roughly 

every four weeks. Flies used for experiments in this thesis, crosses and aging flies 

were kept at 25C, and virgin collection fly tubes were kept at 18C. 

 

Figure 3.1. Ectopic gene expression using UAS/GAL4 system. The parental driver strain carries 

the GAL4 transcription activator which is under the control of a tissue-specific promoter. The 

parental target strain carries the UAS enhancer with the gene of interest, where transcription is 

blocked. Upon crossing, in the progeny flies, transcription of the gene of interest is activated as GAL4 

binds to UAS. 
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3.2.4 Fly food recipe 

 

Fly food was made by the University of Warwick School of Life Science preparation 

room technicians. The recipe for 1 litre of fly food consisted of; 42g inactive yeast 

(Genesee Scientific), 60g cornmeal polenta (TRS Asia’s Finest Food), 130g sucrose, 

5.5g bacto agar (BD), 30ml 10% w/v nipagin solution (methyl 4-hydroxybenzoate – 

Sigma) dissolved in absolute ethanol and 1 litre super Q deionised water.  

 

3.3 Fluorescence and Immunofluorescence microscopy 

 

3.3.1 Buffers and reagents for IF 

 

All buffers and reagents for immunofluorescence (IF) were prepared fresh as a 

working stock at the time of the experiment. Phosphate buffer saline (PBS) was used 

to make all buffers and dilute reagents. 4% formaldehyde diluted in PBS was used to 

fix all Drosophila tissues. Two separate buffers were used for IF washes and antibody 

incubations. PBX buffer for washes was prepared with 0.2% triton x-100 in a working 

stock volume of PBS (30ml). For antibody incubations, 0.2% BSA was prepared in a 

working stock volume of PBX (30ml).   
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3.3.2 Antibodies and dyes for IF 

 

 

 

Antibodies & Dyes Description Dilution Source 

IF primary antibodies (diluted in PBX + 0.2% BSA buffer) 

Anti- Rab5 Rabbit polyclonal 

Drosophila early 

endosome marker 

1:500 Abcam (ab31261) 

Anti- Rab7 Mouse 

monoclonal 

3-5ug/ml  Developmental 

Studies 

Hybridoma Bank 

(DSHB), 

University of Iowa  

Anti- Cathepsin L Rabbit polyclonal 1:1000 Abcam (ab58991) 

Anti- FLAG M2 Mouse 

monoclonal  

1:500 Sigma Aldrich 

(F1804) 

IF Dyes (diluted in PBS) 

Lysotracker- RED DND-99 Red 

Fluorescent dye 

1:1000 ThermoFisher 

Scientific (L7528) 

DAPI (Hoechst)  1:1000  

Bodipy  493/503 lipid 

probe 

1:1000 ThermoFisher 

Scientific (D3922) 

IF secondary antibodies (diluted in PBX + 0.2% BSA buffer) 

Anti-Rabbit IgG 

488A 

Goat, (H+L), 

highly cross- 

absorbed, CFTM  

1:1000 Sigma Aldrich 

SAB4600045 

Anti- Rabbit IgG 

568 

Goat, (H+L), 

highly cross- 

absorbed, CFTM 

1:1000 Sigma Aldrich 

SAB4600086 

Anti- Mouse IgG 

488A 

Goat, (H+L), 

highly cross- 

absorbed, CFTM 

1:1000 Sigma Aldrich 

SAB4600042 

Table 3.3. Antibodies and dyes for immunofluorescence. List of antibodies and 

dyes used in IF experiments, with brief description, dilution used and source of 

purchase. 
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Anti- Mouse IgG 

568 

Goat, (H+L), 

highly cross- 

absorbed, CFTM 

1:1000 Sigma Aldrich 

SAB4600082 

 

3.3.3 Dissections 

 

For immunofluorescence experiments, Drosophila fly 3rd instar larvae tissues (fat 

bodies, brain, garland nephrocytes) were dissected in PBS using very fine dissecting 

tweezers (Dumostar #55). The dissected tissues were transferred into cell-strainer 

baskets (Corning Falcon #352235). These baskets were placed in 48-well plates which 

was used to carry out all incubations.  

 

3.3.4 Summary of IF experiments  

 

 

 

Experimental cross Experimental details Antibodies/dyes used 

CgGal4, GFP-Atg8a x 

UAS ArfGAP3 WT 

DsRED 4B 

CgGal4, GFP-Atg8a x 

UAS ArfGAP3 WT 

DsRED PD 

Co-localisation analysis 

of ArfGAP3 and Atg8a to 

confirm interaction 

DAPI  

Flpout mCherry Atg8a x 

UAS FLAG WT 

ArfGAP3 (M3) 

Flpout mCherry Atg8a x 

UAS FLAG ArfGAP3 

LM1 (M1)  

Co-localisation analysis 

of ArfGAP3 and Atg8a to 

confirm interaction 

DAPI  

Table 3.4. Immunofluorescence experiments. Summary of crosses, 

experimental details and antibodies/dyes used for all IF experiments 
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3xmCherry Atg8a GFP x 

UAS ArfGAP3 RNAI 

(RJ) 

Clonal analysis of 

number of 

autophagosomes in 

control and ArfGAP3 

RNAi cells for 

investigating autophagic 

flux 

DAPI  

FLPout GFP-mCherry-

Atg8a x UAS luciferase 

RNAI 

FLPout GFP-mCherry-

Atg8a x UAS ArfGAP3 

RNAI (RJ) 

Clonal analysis of 

autophagosomes and 

autolysosomes in control 

and ArfGAP3 RNAi cells 

for investigating 

autophagic flux 

DAPI 

CgGal4 x luciferase 

RNAI 

CgGal4 x UAS ArfGAP3 

WT DsRed4B  

CgGal4 x UAS ArfGAP3 

RNAI (VDRC B) 

CgGal4 x UAS ArfGAP3 

RNAI (RJ) 

Lysotracker analysis to 

examine lysosome 

number and morphology 

in control and ArfGAP3 

RNAi cells 

Lysotracker, DAPI 

CgGal4 x UAS ArfGAP3 

DsRED 4B 

Co-localisation of 

ArfGAP3 and Rab5/Rab7 

Anti-Rab5, anti-Rab7, 

DAPI 

CgGal4 x UAS ArfGAP3 

RNAI (RJ) 

TEM analysis of 

autophagic machinery 

N/A 

CgGal4 x luciferase 

RNAI 

CgGal4 x UAS ArfGAP3 

RNAI (RJ) 

CgGal4 x UAS ArfGAP3 

RNAI (VDRC B) 

Standard IF investigation 

accumulation of Rab7 in 

fat body cells. 

Anti-Rab7, DAPI 

CgGal4 x luciferase 

RNAI 

Co-localisation analysis 

of Rab7 an cathepsin L 

Anti-Rab7, anti-

Cathepsin-L, DAPI 
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CgGal4 x UAS ArfGAP3 

RNAI (RJ) 

CgGal4 x UAS ArfGAP3 

RNAI (VDRC B) 

for investigating 

endosome – lysosome 

fusion.  

ProsGal4 x UAS 

luciferase RNAI 

ProsGal4 x UAS 

ArfGAP3 RNAI (RJ) 

Standard IF investigation 

accumulation of Rab7 in 

garland nephrocytes. 

Anti-Rab7, DAPI 

WT (W118) 

CgGal4 x UAS ArfGAP3 

RNAI (RJ) 

Bodipy staining to 

investigate lipid droplet 

size in control and 

ArfGAP3 RNAi cells. 

Bodipy, DAPI 

ElavGal4 x UAS 

ArfGAP3 WT (M3) 

Standard IF to examine 

the expression of 

ArfGAP3 in larval brain 

Anti-FLAG, DAPI 

 

3.3.5 Co-localisation studies 

 

Standard IF protocol; fed and starved (4hours or 24 hours starvation in 20% sucrose 

solution) larvae fat bodies (3rd instar development stage) were dissected. Dissected fat 

bodies were fixed with 4% PFA for 30 minutes RT, washed 3 x 10 minutes with PBX 

buffer at RT and blocked in PBX + BSA buffer for 1 hour at RT.  Fat bodies were 

incubated with primary antibody overnight at 4 C (on shaker). Dissected tissues were 

then incubated with secondary antibody for 2 hours at RT followed by 3 x 10 minutes 

washes in PBX + BSA buffer, further followed by 3 x 10 minutes PBS washes at RT. 

DAPI staining was carried out for 30minutes in a dark box at RT. Fat bodies were 

mounted using ProLongTM Gold Antifade Reagent on microscope slides, sealed with 

nail varnish and viewed under confocal microscope. Coloc2 plugin was used in ImageJ 



CHAPTER 3 MATERIALS AND METHODS 

 

 74 

to quantify co-localisation of DsRed-ArfGAP3 and GFP-Atg8a signals using 

Pearson’s correlation coefficient. 

 

3.3.6 Clonal analysis 

 

Four hours starved 3rd instar larvae (20% sucrose solution) fat bodies were dissected 

from crosses for clonal analysis experiments summarized in table 3.4. Prior to 

dissection, embryos 0 – 18hours after egg laying were subjected to heat shock for 20 

minutes at 37C. Dissected fat bodies were fixed, washed, stained with DAPI and 

mounted the same as described in the standard IF protocol under co-localization 

studies.  

 

3.3.7 Garland nephrocyte staining 

 

Pros Gal4 driver fly line is a specific driver for expression in garland nephrocytes. 

Garland nephrocytes are located around the oesophagus forming a garland-like ring 

structure as seen in figure 3.2 (Helmstädter, Huber and Hermle, 2017).  Since garland 

nephrocyte cells are too small to be visible by light microscope during dissection, the 

top end of the midgut, proventriculus region with the oesophagus was dissected. Fed 

third instar larvae garland nephrocytes were fixed in 4% PFA for 30 minutes and 

subjected to standard immunofluorescence as described above staining for 

endogenous Rab7. Garland nephrocytes were mounted on microscope slides and 

viewed under confocal microscope. Fiji software was used to quantify the number of 

Rab7-positive puncta in control and ArfGAP3.RNAi cells. Statistical analysis was 

carried out using GraphPad Prism 7.  
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3.3.8 Confocal microscopy acquisition 

 

Confocal microscopy acquisition was carried out using the Carl Zeiss LSM80 in the 

School of Life Science imaging suite. Most images were taken using 63x objective 

lens, and occasionally 10x and 100x lenses were also used. Images were acquired 

using the zen image processing software and the .czi files were later analysed using 

Fiji.  

 

3.3.9 Image analysis 

Images after acquisition were analysed using FIJI program. For all co-localisation 

experiments in this thesis, the in-built plugin ‘Coloc 2’ was used to measure the signal 

overlap between two channels. Each image was separated into individual channels that 

were used during acquisition, i.e green channel reprenting GFP, red channel 

representing mCherry and blue channel representing DAPI. The channel associated 

with Atg8a positive puncta was subjected to threshold adjustment to only select 

puncta. Noise was decreased by using the despeckle tool and the watershed function 

was applied to create a binary image. The resulting highlighted particles were added 

to the ROI (region of interest manager). The ROI was applied to the second channel 

(for example, Rab7, ArfGAP3, cathepsin L) and the Coloc2 plugin was applied to 

Figure 3.2. Location of garland 
nephrocytes. A schematic 
diagram showing the 
positioning of garland 
nephrocytes (green) in a ring-
like structure around the 
oesophagus (created with 
BioRender.com). 
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determine a Pearson’s correlation coefficient value. For image analysis that involved 

counting number of particles (i.e. Autophagosomes, lysosomes, endosomes), the same 

steps as above were applied up until the watershed function. The built-in ‘Analyse 

particle’ tool was applied to analyse the number of particles in the selected area. 

Lysosome diameter and lipid droplet diameter was measured using the built in 

‘analyse particle’ tool in FIJI. The same steps as mentioned above prior to ‘analyse 

particle’ application was applied to the image so the threshold selected the correct 

particles. The area of each particle was measured and converted to diameter size (µm) 

using equation [2*SQRT(area/pi())] in excel. 

 

3.4 Western blotting 

 

3.4.1 Buffers for lysate extraction 

 

RIPA buffer was used for fly larvae and whole fly lysate extraction. The buffer was 

made with 10mM Tris-HCl (pH 8.0), 1mM EDTA, 0.5mM EGTA, 1% Triton X-100, 

0.1% sodium deoxycholate, 0.1% SDS, 140mM NaCl. At time of experiment, one 

protease inhibitor tablet was added per 10ml of RIPA buffer.  

 

3.4.2 Buffers for western blotting 

 

A 10x stock of protein gel running buffer was obtained from the SLS media room 

where the buffer was made. Running buffer consisted of 250mM Tris base, 2M glycine 

and 1% SDS and was diluted down to 1x for experimental use. Western blotting 

transfer buffer was also obtained from the SLS media room. A 10x stock of Transfer 
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buffer consisted of 250mM Tris, 2M glycine. The final transfer buffer made at time of 

experiment consisted of the 10x buffer diluted in water with 20% ethanol to make a 

1x dilution of transfer buffer. The transfer buffer was kept cold. For the washes in 

between antibody incubations, 1x TBS and 1x TBS-Tween buffer was used. 5% 

blocking buffer, used to block the membrane prior to primary antibody incubation, 

was prepared with 2.5g of BSA diluted in 50ml of 1x TBS-T buffer.  1% BSA TBS-T 

buffer, used to dilute antibodies, was prepared with 0.5g of BSA diluted in 50ml of 1x 

TBS-T buffer.  

 

3.4.3 Antibodies for western blotting 

 

 

 

Antibodies Dilution Experiment Source 

 WB primary antibodies (diluted in 1% BSA TBS-T) 

Monoclonal guinea 

pig anti- ArfGAP3 

1545 

1:500 Chapter 5.2, 5.3 Ruth Johnson, 

Wesleyan 

University 

Monoclonal mouse 

anti- HIS 

 1:2000 Chapter 4.4 Abcam ab18184 

Monoclonal rabbit 

anti- Ref2P 

1:2000 Chapter 6.5 Abcam ab178440 

Polyclonal rabbit 

anti- beta actin 

1:2000 Chapter 5.3, 6.5 Abcam ab8227 

Monoclonal mouse 

anti- tubulin 

1:50,000 Chapter 5.2, 5.3 Sigma Aldrich 

T5168 

 WB secondary antibodies (diluted in 1% BSA TBS-T) 

Goat anti-Rabbit 

IgG (H+L) HRP 

1:1000 Chapter 5.3, 6.5 Invitrogen 31460 

Table 3.5. Antibodies for western blotting.  List of antibodies used in western 

blotting experiments, dilution used and source of purchase. 
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Rabbit anti- Mouse 

IgG (H+L) HRP 

1:1000 Chapter 4.4, 

5.2, 5.3  

Invitrogen 31450 

Goat anti- Guinea 

pig IgG (H+L) HRP 

1:1000 Chapter 5.2, 5.3 Abcam ab102372 

 

3.4.4 Lysate extraction 

 

One week old flies were homogenised with a pestle in RIPA buffer (with protease 

inhibitor), incubated on ice for 30 minutes prior to 20 minutes centrifugation at 12000 

rcf at 4C. The supernatant was collected for the experiment or stored at -80C. 

 

3.4.5 Determining protein concentration 

 

Protein estimation (BSA assay) was carried out for each lysate prior to western 

blotting. A BSA standard curve was set up to measure the protein concentration by 

measuring the absorbance of known concentrations of BSA at  = 595nm. Linear BSA 

dilutions were set up in cuvettes as below followed by adding 200l of BIO-RAD dye. 

After incubating for 5 minutes, the absorbances were taken on GENESYSTM 10S Vis 

spectrophotometer.  

 

[BSA] (g/ml) dH2O (l) BSA l of (100g/ml) 

0 800 0 

1 790 10 

2.5 775 25 

5 750 50 
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10 700 100 

15 650 150 

20 600 200 

  

Two cuvettes were set up for each sample with 800l of dH2O, one with 2l 

of sample and the other with 4l of sample. 200l of BIO-RAD dye was added to each 

cuvette, mixed well and absorbance readings were taken.  

 

3.4.6 Preparation of loading samples 

 

Samples were diluted in RIPA buffer and 4x laemmli buffer to have a protein content 

of 100g in 100l. In order to denature the proteins, lysates were boiled for 5 minutes 

at 95C. The samples were stored at -20C or subjected to SDS-PAGE electrophoresis.  

 

3.4.6.1 Laemmli Buffer 

 

Laemmli buffer was used to denature the protein sample prior to SDS-PAGE 

electrophoresis. A 4x stock solution of laemmli buffer was prepared without -

mercaptoethanol for long-term storage at room temperature. BIO-RAD recipe for 4x 

laemmli buffer was used, with contained; 277.8mM Tris-HCl pH 6.8, 44.4% (v/v) 

glycerol, 4.4% SDS, 0.02% bromophemol blue and H2O to a final volume of 100ml. 

At the time of experiment, the working volume of 4x laemmli buffer was 

supplemented with 5% -mercaptoethanol.  
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3.4.7 Gel casting 

 

For SDS-PAGE gel electrophoresis, Bis-Tris polyacrylamide gels were prepared and 

used. Gels were made fresh at the time of experiment using the below recipes.  

 

Resolving gel 8% 12% 

Number of gels 1 2 1 2 

H2O (ml) 2.78 5.56 2 4 

Tris 1.5M pH 8.8 (ml) 1.5 3 1.5 3 

30% acrylamide (ml)  1.6 3.2 2.4 4.8 

SDS 10% (l) 60 120 60 120 

APS 10% (l) 60 120 60 120 

TEMED (l) 5 10 5 10 

Total (ml) 6 12 6.02 12.04 

 

Stacking gel 

Number of gels 

1 2 3 4 

Pre-mix (ml) 2 3 5 6 

APS 10% (l) 40 60 100 120 

TEMED (l) 3 4 7 8 
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Pre-mix stacking gel 

H2O (ml) 22.8 

Acrylamide 30% (ml) 6.8 

Tris 0.5M pH 6.8 (ml) 10 

SDS 10% (ml) 0.4 

Total (ml) 40 

 

 

3.4.8 SDS-PAGE and transfer to membrane 

 

The gels were assembled in the gel mounts and placed inside an electrophoresis tank 

filled with 1x protein running gel buffer. The first well for every gel was loaded with 

3l of BIO-RAD protein gel ladder. The remaining gel wells were loaded with 10l - 

20l of sample, which ran through the stacking gel at 75 V and through the resolving 

gel at 150 V at room temperature. For western blots that were going to be probed with 

ArfGAP3 antibody, the samples were left to run through a 12% gel for approximately 

4 to 6 hours for optimal separation of proteins.  

After SDS-PAGE, the separated proteins on the gel were transferred onto one 

of two membranes; nitrocellulose or PVDF. The layering of transfer sponges, filter 

papers, membrane and gel were assembled in a tray of cold 1x transfer buffer and then 

placed into the BIO-RAD transfer equipment inside new tanks filled with cold 1x 

transfer buffer. Transfer to a nitrocellulose membrane was carried out at 100 V for 1 

hour at room temperature. 
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3.4.9 Immunoblotting 

 

Membranes were blocked at room temperature in 5% BSA TBS-T blocking solution. 

Primary antibody was incubated overnight at 4C. Membranes were washed 3x in 1x 

TBS-T for 10mins each at room temperature, followed by secondary antibody 

incubation at room temperature for 1 hour. A further 3x TBS-T washes were carried 

out for 10minutes each at room temperature, followed by a single wash with 1x TBS. 

A 1:1 ratio of ECL mix was made and membranes were incubated for 2 minutes. The 

membranes were then exposed to CL-XposureTM Film (ThermoScientific 34089) for 

a specific amount of time,and passed through a developer.   

 

3.5 Molecular genetics 

 

3.5.1 Cloning of N-terminus HIS-tagged ArfGAP3 

 

The cloning of N-terminus HIS-tagged ArfGAP3 was carried out by Dr Stavroula 

Petridi (Post-doc in Nezis Lab). The ArfGAP3 plasmid, UAS-ArfGAP3-PB-RFP was 

kindly gifted by Ruth Johnson. PCR amplification of the ArfGAP3 insert using the 

NdeI and NheI restriction enzymes was carried out (primers outlined in 3.6.4). A PCR 

clean up was carried out on the PCR product using PCR purification kit (Monarch 

T1030L) yielding 238.2ng/l of ArfGAP3 PCR product. The amount of p28 vector 

acquired was 233.15ng/l. Digestion of the PCR product and p28 vector was carried 

out using the NdeI and NheI restriction enzymes. For all digestion reactions, 1g of 

DNA was used. The digestion reactions were set up as summarised below.  
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Digestion reactions ArfGAP3 PCR 

product 

p28 vector 

CutSmart buffer 5 l 5 l 

NdeI 1l 1l 

NheI 1l 1l 

DNA 4.19 l 4.28 l 

H2O 38.8 l 38.72 l 

Total 50 l 50 l 

 

Digestions were incubated for 30 minutes at 37C, 20 minutes at 65C and 

final 20 minutes at 80C. The digestions ran on a 0.7% agarose gel at 100 V and bands 

of interest were excised. Gel extraction (Qiagen kit 2806) of excised bands was carried 

out, yielding 21.6 ng/l of ArfGAP3 and 34ng/l of p28, followed by ligation reaction. 

For the ligation reaction, a 100ng of cut vector was needed and two different ligation 

reactions were set up, 1:1 and 1:3 vector: insert ratios. The formulas for ligation 

reactions are summarised below.  

 

 

 

 

 

 

Using the above formulas, the insert mass was calculated; for 1:1 ratio 31.46ng 

of cut ArfGAP3 was needed and for 3:1 ratio 94.37ng of cut ArfGAP3 was needed. 

The ligation reactions were set up as summarised below.  

𝑳𝒊𝒈𝒂𝒕𝒊𝒐𝒏 𝟑: 𝟏 

𝑰𝒏𝒔𝒆𝒓𝒕 𝒎𝒂𝒔𝒔 (𝒏𝒈) = 𝟑 𝒙 (
𝑰𝒏𝒔𝒆𝒓𝒕 𝒍𝒆𝒏𝒈𝒕𝒉 

𝑽𝒆𝒄𝒕𝒐𝒓 𝒍𝒆𝒏𝒈𝒕𝒉
)  𝒙 𝑽𝒆𝒄𝒕𝒐𝒓 𝒎𝒂𝒔𝒔 

 
𝑳𝒊𝒈𝒂𝒕𝒊𝒐𝒏 𝟏: 𝟏 

𝑰𝒏𝒔𝒆𝒓𝒕 𝒎𝒂𝒔𝒔 (𝒏𝒈) = 𝟏 𝒙 (
𝑰𝒏𝒔𝒆𝒓𝒕 𝒍𝒆𝒏𝒈𝒕𝒉 

𝑽𝒆𝒄𝒕𝒐𝒓 𝒍𝒆𝒏𝒈𝒕𝒉
)  𝒙 𝑽𝒆𝒄𝒕𝒐𝒓 𝒎𝒂𝒔𝒔 
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Ligation ratios 1:1 1:3 

Cut p28 vector 2.94 l 2.94 l 

Cut ArfGAP3 insert 1.46 l 4.37 l 

T4 ligase buffer 2 l 2 l 

T4 ligase 1 l 1 l 

H20 12.6 l 9.69 l 

Total 20 l 20 l 

 

The above ligation reactions were incubated at 16C overnight followed by 

inactivation of the T4 ligase at 65C for 10 minutes.  Transformation of E. coli cells 

was carried out where 1l of the ligation reaction was added into 50l of competent 

cells. This was left to incubate for 30 minutes on ice followed by immediate heat shock 

at 42C for 30 seconds. The cells were further incubated on ice for 2 minutes and then 

200l of SOC medium was added which was then incubated at 37C for 1 hour with 

300rpm shaking. Agar plates supplemented with kanamycin were plated with these 

ligation cell samples and incubated at 37C overnight.  

To select the successfully ligated colonies, colony cracking was performed. A 

stock of 5x cracking buffer was prepared using the recipe; 25g sucrose, 40ml dH2O, 

5ml 5M NaOH and 2.5ml 10% SDS. A stock of 6x bromophenol blue loading dye was 

prepared using recipe; 3ml glycerol, 25mg bromophenol blue and dH2O up to 10ml. 

To 1ml aliquot of 5x cracking buffer, 200l of bromophenol blue was added. The 

colony cracking reaction was set up as summarised below.  
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Colony cracking reaction 

Cracking buffer + loading dye 5l 

P1 resuspension buffer 5l 

Overnight culture or single colony 15l 

 

Colonies to be tested were also patched onto fresh agar plates to grow 

overnight. The above colony cracking reaction was then loaded directly onto a 0.7% 

agarose gel to verify successfully ligated colonies at expected band length. For the 

colonies that indicated the ArfGAP3 insert was successfully ligated, mini-prep DNA 

purification kit (Qiagen kit 27106) was used to carry out mini preps on overnight 

cultures of the colonies. The DNA from the mini prep was then digested with NdeI 

and NheI (used for the PCR cloning in 3.6.1, to confirm the presence of the ArfGAP3 

insert. DNA of the colonies were also sent off for sequencing (GATC sequencing).  

 

3.5.2 Site directed mutagenesis 

 

ArfGAP3 LIR motif mutation constructs (LIR1 and LIR2) were generated via site 

directed mutagenesis. PAGE purified forward and reverse primers (primers outlined 

in 3.6.4) were designed to incorporate a 2 point mutation into the ArfGAP3 sequence 

at the third and sixth amino acid position within the LIR motifs. Both amino acids at 

these positions were altered to alanine amino acid, outlined below. Alanine was chosen 

as a substitution because it is a neutral amino acid and it has the least effect on the 

structure of that area of the protein.  
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ArfGAP3 LIR1 mutant primer design: 

392 to 397 LGYETI 

2-point mutation 

(alanine) 
LGAETA 

 

Protein sequence to nucleotide sequence of LIR motif: 

  

          L       G      Y      E       T       I 

  

5’ - CTG GGC TAC GAG ACA ATT - 3’ 

  

Protein sequence to nucleotide sequence of LIR mutation 

  

          L       G      A      E       T     A 

  

5’ - CTG GGC GCC GAG ACA GCT - 3’ 

ArfGAP3 LIR2 mutant primer design: 

37 to 42 PTWSSV 

2-point mutation 

(alanine) 
PTASSA 

 

 

Protein sequence to nucleotide sequence of LIR motif 2: 

  

          P      T      W      S       S       V 

  

5’ - CCC  ACC  TGG  TCC  TCC  GTT - 3’ 

Protein sequence to nucleotide sequence of LIR 

mutation 

  

          P       T      A      S       S     A 

  

5’ - CCC  ACC  GCG  TCC  TCC  GCT - 3’ 
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Reactions for site directed mutagenesis were set up as summarised below.  

 

Site directed mutagenesis reaction 

10x pfu ultra buffer 5l 

dsDNA template (ArfGAP3 wildtype 

plasmid 100ng) 

1.45l 

10M forward primer 2.5l 

10M reverse primer 2.5l 

dNTP mix 2l 

DMSO 1.5l 

dH2O 34.05l 

Pfu ultra HF DNA polymerase (to 

be added last) 

1l 

 

Site directed mutagenesis PCR of ArfGAP3 wildtype cDNA (above reaction) 

was subjected to 95C for 30 seconds, 55C for 1 minute and 68C for 7 minutes for 

18 cycles. DPN1 digestion was carried out followed by transformation into NEB® 10-

beta competent cells (New England Biolabs C3019H). Successful colonies were 

picked for overnight liquid cultures and mini-preps were carried out to extract DNA, 

concentrations were measured using a Nanodrop. DNA samples were sent off GATC 

sequencing.  
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3.5.3 Cloning of FLAG-tagged wildtype ArfGAP3 and LIR mutant  

 

In order to generate wildtype ArfGAP3 and LIR mutant transgenic flies, the WT and 

LIR mutant ArfGAP3 sequences had to be cloned into a FLAG UAS plasmid to send 

off to BestGene Inc (US).  Figure 3.3 shows a schematic overview of the method used 

for this cloning. Two restriction sites, XhoI and XbaI, were introduced into the HIS-

tagged ArfGAP3 p28 plasmid via PCR (primers outlined in 3.6.4). The PCR was set 

to 95C for 30 seconds, 64.1C for 30 seconds and 72C for 1 minute for 25 cycles. 

The PCR product (ArfGAP3 plasmid with XhoI and XbaI insertions) was subjected to 

PCR clean-up to determine DNA concentrations. This was followed by digestion of 

the PCR product with XhoI and XbaI restriction enzymes to excise the ArfGAP3 gene 

with XhoI and XbaI overhangs. Digestion of the recipient UAS FLAG-tagged plasmid 

with XhoI and XbaI was carried out simultaneously. The digestion protocol was the 

same as outlined above in subchapter 3.6.1, only this time using XhoI and XbaI 

restriction enzymes. The two digested products were ligated using the same protocol 

outlined also in subchapter 3.61, the amount of vector and insert varied depending on 

the calculated concentrations. The resulting ligated colonies were then verified by 

colony cracking and GATC sequencing (protocol also outlined in subchapter 3.6.1). 

The successfully generated UAS FLAG-tagged WT and LIR mutant ArfGAP3 

plasmids were shipped to BestGene Inc. in US to generate the new transgenic WT and 

LM1 ArfGAP3 fly lines. 
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3.5.4 Primers 

 

All primers that were used in cloning of N-terminus HIS-Tagged ArfGAP3, site 

directed mutagenesis for LIR constructs and cloning of UAS FLAG-tagged WT and 

LIR mutant ArfGAP3 plasmids are outlined below, written in the 5’ to 3’ direction. 

Primers were ordered from Integrated DNA Technologies (IDT).   

 

 

 

 

Figure 3.3. Cloning of FLAG-tagged wildtype ArfGAP3 and LIR mutant. 

Restriction sites XhoI and XbaI were introduced into the HIS tagged ArfGAP3 p28 

plasmid via PCR, followed by digestion with XhoI and XbaI to remove the 

ArfGAP3 gene of interest with XhoI and XbaI overhangs. The UAS FLAG-tagged 

recipient plasmid was also digested with XhoI and XbaI. The excised ArfGAP3 

gene was ligated with the recipient plasmid to create UAS FLAG tagged ArfGAP3 

construct (Created with BioRender.com) 

 



CHAPTER 3 MATERIALS AND METHODS 

 

 90 

 

 

 

Primer name Primer sequence 

Cloning of N-terminus HIS-tagged ArfGAP3 

NdeI forward for ArfGAP3 5’ 

CCGCATATGATGGACATGGCCAGTCCAGCAGCAGGA 

3’ 

NheI reverse for ArfGAP3 5’ TGGCAAGACAAGTACGGTCGCTAAGCTAGCCCG 3’ 

Site directed mutagenesis for LIR constructs (PAGE purified) 

ArfGAP3 LIR mutant 1 

forward 

5’ 

GATGCGCTGGGCGCCGAGACAGCTGAGCCTATTGGG 

3’ 

ArfGAP3 LIR mutant 1 

reverse 

5’ 

CCCAATAGGCTCAGCTGTCTCGGCGCCCAGCGCATC 

3’ 

ArfGAP3 LIR mutant 2 

forward 

5’ 

AAGGCTCCCACCGCGTCCTCCGCTACCTATGGCATC 

3’ 

ArfGAP3 LIR mutant 2 

reverse 

5’ 

GATGCCATAGGTAGCGGAGGACGCGGTGGGAGCCTT 

3’ 

Cloning of UAS FLAG-tagged WT and LIR mutant ArfGAP3 

XhoI forward for ArfGAP3 5’ 

CCGCTCGAGATGGACATGGCCAGTCCAGCAGCAGGA 

3’  

XbaI reverse for ArfGAP3 5’ TGGCAAGACAAGTACGGTCGCTAAGTCTAGACCG 

3’ 

 

 

 

 

 

 

 

Table 3.6. Primers for cloning. Primer sequence of primers used for all cloning 

experiments written in 5’ to 3’ direction.   
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3.6 GST pulldown 

 

3.6.1 Buffers for GST pulldown 

 

The GST pulldown protocol consisted the use of four different buffers; lysis buffer, 

high salt wash buffer, low salt wash buffer and imidazole wash buffer. The lysis buffer 

was prepared with 25mM tris pH7.4, 100mM NaCl and 2mM EDTA in dH2O. On the 

day of the experiment the buffer was supplemented with 0.01% -mercaptoethanol, 

protease inhibitor (1x tablet per 10ml) and 1g/ml lysozyme. High salt wash buffer 

was prepared with 25mM tris pH 7.4, 500mM NaCl and 2mM EDTA. Low salt wash 

buffer was prepared with 25mM tris pH7.4, 50mM NaCl and 2mM EDTA. Imidazole 

wash buffer was prepared with 25mM tris pH 7.4, 100mM NaCl, 2mM EDTA and 

10mM imidazole (this buffer needs to be protected from light).  

 

3.6.2 Protein expression in E. coli 

 

Pre-cultures of GST, GST-Atg8a, GST-Atg8a LDS mutant, N-HIS ArfGAP3 WT and 

N-HIS ArfGAP3 LIR mutants 1 and 2 were set up by picking a single colony from 

respective culture plates and inoculating in LB medium supplemented with the 

appropriate antibiotics. These pre-cultures were incubated at 37C overnight in a 

thermal shaker. The following day, 100ml main culture was inoculated at 1:100 with 

the pre-culture and incubated at 37C in a thermal shaker until the OD600 reached 0.6. 

Once the optimal OD was reached, 1ml of this culture (before induction) was 

collected. Protein expression was induced by addition of 0.5mM IPTG in the main 

culture followed by 16 hours incubation at 16C. Another 1ml of this culture (after 
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induction) was collected. The before and after induction cultures were centrifuged in 

a top-bench centrifuge for 30 seconds at maximum speed. Supernatant was discarded 

and the pellets were resuspended in 200l of 1x laemmli buffer, denatured at 95C for 

5 minutes. Samples were loaded (5l) and ran on an 8% gel followed by Coomassie 

blue gel staining or western blotting to check for protein expression.  

 

3.6.3 Lysate preparation 

 

The IPTG induced main cultures were centrifuged. Oak Ridge Centrifuge tubes 

(ThermoScientific 3119-0050) were used in a pre-cooled (4C) high speed centrifuge 

with the JA-20 rotor. Cultures were centrifuged at 7,000 rpm for 15 minutes at 4C. 

The supernatant was discarded and the pellet was resuspended in 1.5ml lysis buffer 

(with -mercaptoethanol, protease inhibitor and lysozyme). The resuspended pellets 

were transferred into 15ml falcon tubes and subjected to sonication on ice. Sonication 

parameters were 35% amplitude, 10 sec pulse and 5 sec OFF for 1x 3 minute pulse 

time. Sonicated lysates were then transferred into the high speed centrifugation tubes 

and equilibrated with lysis buffer for equal weight. Lysates were centrifuged at 20,000 

rpm for 20 minutes at 4C. The supernatant was collected in 2ml sterile Eppendorf 

tubes, a 100l of this supernatant was collected separately for inputs (100l of 2x 

laemmli buffer was added to inputs).  
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3.6.4 Protein purification 

 

3.6.4.1 Preparation of Glutathione Sepharose beads 

 

Glutathione Sepharose 4 Fast Flow beads were used for the pulldowns. The 

appropriate volume of beads was removed from the bottle and transferred into an 

Eppendorf tube for use. The beads were sedimented by centrifugation at 500g for 5 

minutes. The supernatant was removed and the beads were washed with dH2O by 

centrifugation at maximum speed for 30 seconds. The supernatant was removed and 

this was cycle with dH2O was repeated four times, followed by a wash with lysis buffer 

(without -me, protease inhibitor, lysozyme). After the final wash, beads were 

resuspended with equal volume of lysis buffer (with -me, protease inhibitor, 

lysozyme).  

 

3.6.4.2 Purification of bait and prey proteins 

 

The cell lysates of bait (GST, GST-Atg8a and GST-Atg8a LDS mutant lysates) and 

prey proteins (ArfGAP3 lysates) were added to the prepared Glutathione beads 

(100l) and incubated for 40 minutes at 4C. The bait protein beads were then 

sedimented by centrifugation at 500g for 5 minutes, 100l of the supernatant was 

collected as flow-through (100l of 2x laemmli buffer was added to flow-through). 

The remaining supernatant was removed. The prey protein beads were sedimented by 

centrifugation at 500g for 5 minutes, the pellet was discarded and the supernatant was 

collected and kept on ice. A 100l of the prey supernatant was collected as flow-

through. The bait protein beads were washed with high salt wash buffer by 
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centrifugation at 500g for 5 minutes. Supernatant was removed and beads were 

washed with lysis buffer (with -me, protease inhibitor, lysozyme), centrifuged at 

500g for 5 minutes. The supernatant was removed.  

 

3.6.5 Protein-Protein interaction assay (In vitro pulldown) 

 

The lysates of the prey proteins (ArfGAP3) was added to the bait protein beads and 

incubated on a roller at 4C for 2 hours, followed by centrifugation at 500g for 5 

minutes. A 100l of supernatant was collected as flow-through again (100l of 2x 

laemmli buffer was added to flow-through), the remaining supernatant was discarded. 

The sedimented beads were then washed with lysis buffer (with -me, protease 

inhibitor, lysozyme) by centrifugation at 500g for 5 minutes and the supernatant was 

removed. The beads were washed with imidazole buffer by centrifugation at 500g for 

5 minutes and the supernatant was removed. To these pulldown beads, 150l of 2x 

laemmli buffer was added and samples were heated at 95C for 5 minutes. 

 

3.6.6 SDS-PAGE and immunoblotting for pulldown 

 

The pulldown beads, inputs and flow-through samples were all subjected to SDS-

PAGE (8% gel), transferred onto a nitrocellulose membrane and immunoblotted for 

anti-HIS primary antibody 1:2000 (method outlined in 3.4.10). For loading control, 

the membrane was washed in 0.2% ponceau staining for 1 hour at room temperature.  
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3.7 Immunoprecipitation 

 

3.7.1 Buffers for IP 

 

RIPA buffer was also used for immunoprecipitation lysate preparation. The RIPA 

buffer was made fresh using the same recipe outlined in 3.4.1, adding 1x protease 

inhibitor tablet per 10ml of working stock volume.  

 

3.7.2 Preparation of Protein G Sepharose beads 

 

Protein G Sepharose 4 FastFlow beads were used for immunoprecipitation. The beads 

were pre-cleared by washing with 4x with dH2O, followed by 4x with RIPA buffer 

(without protease inhibitor). Between each wash, beads were sedimented by 

centrifugation at maximum speed for 1 minute at 4C. An equal volume of RIPA 

buffer (with protease inhibitor) was added to the beads.  

 

3.7.3 Lysate preparation 

 

Third instar larvae were homogenised with a pestle in RIPA buffer (with protease 

inhibitor), incubated on ice for 30 minutes prior to 20 minutes centrifugation at 12000 

rcf at 4C. The supernatant was collected for the experiment or stored at -80C. A 

small volume of lysate, 50l, was kept aside as input and protein estimation was 

performed as outlined in 3.4.6.  
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3.7.4 Removal of non-specific binding proteins 

 

The larvae lysate was incubated with 60l of pre-clear beads for 40 minutes at 4C on 

a roller (rotating) to remove any non-specific binding proteins. The beads were 

sedimented by pre-cooled (4C) top-bench centrifugation at maximum speed for 1 

minute. The supernatant was collected and sedimented beads were discarded.  

 

3.7.5 Immunoprecipitation 

 

To the lysate supernatant, 40l of pre-cleared beads and 2l of anti-FLAG antibody 

was added and incubated overnight at 4C on a rotating roller. This was followed by 

3x washed with RIPA buffer (with protease inhibitor), beads were sedimented 

between each wash by centrifugation at maximum speed for 1 minute at 4C. 

Supernatant was discarded and the beads were collected. To the 40l of beads, 60l 

of 2x laemmli buffer was added. Samples were heated at 95C for 5 minutes.  

 

3.7.6 SDS-PAGE and immunoblotting for IP 

 

IP samples and inputs were loaded (5l) on 2x 8% gels and subjected to SDS-PAGE. 

One of the gels was transferred to a nitrocellulose membrane and immunoblotted for 

monoclonal mouse anti-FLAG 1:1000 (method outlined in 3.4.10). The second gel 

was stained with Coomassie blue for band detection and excision.   
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3.8 Mass spectrometry  

 

3.8.1 Proteomics and data analysis of mass spectrometry  

 

Proteomics protocol was carried out in the School of Life Science Proteomics 

Laboratory. The excised bands of interest was diced into small cubes of 2-4mm and 

placed in an eppendorf (1.5ml). The gel segments were distained using 50% ethanol 

50mM ammonium bicarbonate (ABC) for 20 minutes at room temperature on a shaker 

(650rpm). The liquid was removed and the gel segments were dehydrated in 100% 

ethanol for 5 minutes at room temperature shaking at 650rpm, causing the gel to turn 

white. The next step involved reduction/alkylation, where the gel segments were 

treated with 10mM TCEP 40mM CAA for 5 minutes at 70C, with regular intervals 

of gentle vortex. The gel segments were washed 3x with 50% ethanol 50mM ABC for 

20 minutes at room temperature, shaking at 650rpm. The liquid was discarded and the 

gel segments were dehydrated in 100% ethanol for 5 minutes at room temperature, 

shaking at 650rpm. The liquid was removed. Gel segments were then hydrated with 

2.5ng/l trypsin for 10 minutes at room temperature. The gel segments were covered 

with 50mM ABC and incubated overnight at 37C.  

The following day, the liquid around the gel pieces was collected in a new tube 

and kept aside. In order to extract the peptides, gel segments were treated with 25% 

acetonitrile 5% formic acid and subjected to sonication for 5 minutes at room 

temperature. The liquid extractions were collected and combined with the overnight 

liquid that was set aside. This sonication step was repeated another two times. With 

the lid open, the Eppendorf with collected liquid was placed into a Speed-Vac for 2 

hours. The peptides were concentrated, by bringing the volume down to 20l. The 
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resulting peptides were resuspended in 30l 2% CAN 0.1% TFA to bring the final 

volume to 50l. This was transferred into a spin column and centrifuged at maximum 

speed for 5 minutes. The sample was transferred to a Mass Spec vial ready for Cleidi 

Zampronio in the Proteomics Lab to run the samples in the mass spectrometer. Mass 

spectrometry results were analysed using the Scaffold4 program.  

 

3.9 PCR and Real time-qPCR 

 

3.9.1 RNA extraction 

 

RNA extraction was carried out under the fume hood and only sterile equipment was 

used. Ambion RNA extraction kit was used. Lysis buffer was prepared for each sample 

from the extraction kit and supplemented with -me to make a final concentration of 

10l/ml. Third instar larvae were homogenized in the lysis buffer with a mortar and 

pestle and centrifuged at 12000 rcf for 2 minutes at room temperature. The supernatant 

was transferred to a new tube and an equal volume of 70% ethanol was added, mixed 

by vortex and 700l was transferred into a spin column. The column was centrifuged 

at 12000 rcf for 15 seconds at room temperature. The flow-through was discarded, 

700l of wash buffer (I) was added to the column and centrifuged at 12000 rcf for 15 

seconds at room temperature. The wash with wash buffer (I) was repeated twice. The 

column was then washed with 500l wash buffer (II) and centrifuged at 12000 rcf for 

15 seconds at room temperature. An additional centrifugation step took place for 

column drying at 12000 rcf for 1 minute. The collection tube was discarded and 

replaced with a recovery tube. A volume of 50l of RNAse free water was added to 
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the column, incubated for 1 minute and centrifuged at 12000 rcf for 2 minutes. The 

eluted RNA was then either subjected to reverse transcription or stored at -80C.  

 

3.9.2 Reverse transcription 

 

The concentration of the eluted RNA was determined using the NanoDrop 

Spectrophotometer. DNA removal and cDNA synthesis kits were sourced from 

ThermoScientific.  

 

3.9.2.1 DNA removal 

 

Once the concentration of the eluted RNA was determined, the next step involved 

DNA removal by setting up the following reaction.  

 

DNA removal 

RNA 1g 

10x reaction buffer 1l 

DNAse I 1l 

dH2O Up to 10l 

 

The above reaction was incubated at 37C for 30 minutes, followed by addition of 1l 

of 50mM EDTA and further incubated at 65C for 10 minutes.  
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3.9.2.2 cDNA synthesis 

 

The cDNA was synthesised by setting up the following reaction.  

cDNA synthesis 

RNA 1g 

5x reaction buffer 4l 

10mM dNTP 2l 

Random primers 1l 

Ribolock 1l 

RevertAid 1l 

Total 20l 

 

The above reaction was incubated at 25C for 5 minutes, 42C for 60 minutes and at 

70C for a final 5 minutes.  

 

3.9.3 PCR 

 

For end-point PCR, ThermoScientific DreamTaqTM Green PCR master mix kit 

(K1081) was used. The PCR reaction was prepared in PCR tubes as outlined below. 

PCR run settings were adjusted according to primer Tm and amplicon size.  
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End-point PCR reaction mix x1 x2 x3 x4 x5 x6 

Master mix (2x) 25l 50l 75l 100l 125l 150l 

H2O 13l 26l 39l 52l 65l 78l 

Forward primer 5l 10l 15l 20l 25l 30l 

Reverse primer 5l 10l 15l 20l 25l 30l 

cDNA 2l 4l 6l 8l 10l 12l 

 

3.9.4 Gel electrophoresis 

 

The PCR product ran on a 0.7% agarose gel in 1x TAE buffer. Electrophoresis was 

carried out at 100 V for approximately 1 hour. Bands were either visualised using a 

UV trans-illuminator.  

 

3.9.5 RT-qPCR 

 

For qPCR, 1:100 dilution of the cDNA was prepared and the following reaction was 

set up. All reagents used for qPCR was sourced from Promega.  

 

RT-qPCR reaction mix x1 x3 +1 x6 +1 x9 +1 x12 +1 x15 +1 

Master mix (2x) 12.5l 50l 87.5l 125l 162.5l 200l 

H2O 6.5l 26l 45.5l 65l 84.5l 104l 

Forward primer (10M) 0.5l 2l 3.5l 5l 6.5l 8l 

Reverse primer (10M) 0.5l 2l 3.5l 5l 6.5l 8l 

Total 20l 80l 140l 200l 260l 320l 
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The reaction mix was set up in Mx3000P® 96-well plates from Agilent 

Technologies. To each tube in the plate, 5l of the diluted cDNA was added and 

pipetted up and down to mix thoroughly. Agilent Technologies Stratagene Mx3005P 

machine, located in the School of Life Science Genomics Facility Lab, was used to 

run the qPCR plate. The qPCR data was analysed using the MxPro QPCR Software.  

 

3.10 Transmission Electron Microscopy 

 

CgGal4 driver was crossed with UAS ArfGAP3 RNAI (old) line to create progeny 

expressing ArfGAP3 RNAI in the Drosophila fat bodies. Fed and 4hrs starved (20% 

sucrose) ArfGAP3 RNAI third instar larvae from the mentioned cross and ArfGAP3 

mutant third instar larvae fat bodies were dissected and fixed in 2% glutaraldehyde in 

PBS for 1.5 hours at room temperature. The fat body tissues were washed 3x in PBS 

at room temperature for 5 minutes each, followed by 3x washes with dH2O. From this 

point onwards Dr Saskia Bakker (SLS imaging suite) continued the protocol for TEM 

in the imaging suite as outlined in ‘Preparation of Drosophila follicles for transmission 

electron microscopy’ by Palara et al, 2016. TEM images were acquired in the imaging 

suite by Dr Saskia Bakker using the Jeol 2100Plus TEM. Acquired TEM images were 

further analysed using FIJI.  

 

3.11 Lifespan assay 

 

Survival (longevity) assay was performed on UAS ArfGAP3 RNAi (VDRC B) and 

UAS luciferase RNAi (control) flies to measure lifespans and check how the flies age. 

A cohort of 100 control flies and 100 ArfGAP3 RNAi flies, both males and females 
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separate, were collected. Flies were collected 24 hours of hatching and placed in 

multiple tubes (max 20-25 flies in each) supplemented with Drosophila food and kept 

in 25°C incubator to age. The flies were transferred to fresh vials every 2 to 3 days 

and number of dead flies were recorded at each transfer. 

 

3.12 Climbing assay 

 

A climbing assay was performed on the same cohort of flies collected for the lifespan 

assay to test the climbing ability of 1 week, 4 weeks and 8 weeks old flies. A maximum 

of 20 flies were transferred into separate climbing vials. These climbing vials were 

split into 3 segments, <1.5 cm (low), 1.5-6cm (middle) and 6-11.5cm (high). Once 

flies were transferred to the climbing vials, they were left to rest for 20 minutes. The 

flies were tapped down and number of flies climbing segment by segment was 

recorded twice within a 20 second period, at 10 and 20 seconds after vial was tapped 

down. This provided an indication of the initial reflex response at 10 seconds and a 

prolonged response at 20 seconds. For each segment the proportion of flies were 

calculated. In order to carry out statistical analysis, there were 3 vials for each 

genotype at each age criteria and each experiment was carried out 3 times with rest 

periods between each test. 

 

3.13 Statistical analysis 

Graphpad Prism version 8 was used for all statistical analyses in this thesis. When 

testing for statistical significance between two conditions, an unpaired student’s t-test 

was performed. A one-way ANOVA was performed for statistical analysis for 

multiple comparisons. A statistical significance was considered when the p value was 
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below 0.05. For confocal experiments, the N number has been stated in each figure 

legend. For western blotting analysis, statistical analysis was carried out on 3 

biological replicates (lysates from different sets of flies).  
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Chapter 4 

 

ArfGAP3 is a novel Atg8a-interacting protein 

4.1 Chapter introduction: Yeast-two hybrid reveals ArfGAP3 as Atg8a-

interacting protein 

 

A popular expression that fits the investigation of proteins is “A man is known by the 

company he keeps”. In order to characterise the function of a target protein, the most 

common technique is to identify its interacting partners. From this approach, it is 

possible to deduce the protein’s function based on the interacting proteins function 

(Felgueiras, Silva and Fardilha, 2018).  The presence of complex networks formed by 

interactions between different components, primarily proteins, is a fundamental 

property in all complex biological systems. These interactions are key for all levels of 

cellular function, to name a few, cell homeostasis, signalling, synthesis of 

biomolecules, metabolism, architecture etc (Brückner et al., 2009). There are a number 

of techniques used to investigate protein-protein interactions. Yeast-two hybrid is a 

high-throughput screening by which protein-protein interactions are identified and is 

an in vivo approach (Felgueiras, Silva and Fardilha, 2018).  

Since Atg8a is an important marker of Drosophila autophagy, a recent yeast-

two hybrid screen was performed by colleagues in Nezis Laboratory in both 

Drosophila melanogaster 3rd instar larvae and whole fly head for Atg8a-interacting 

proteins. The results from this screen identified the GTPase activating protein, 

ArfGAP3, as an Atg8a-interacting protein. The screen also identified the selected 

interacting domain (SID) as the Atg8a-interacting domain within the ArfGAP3 
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sequence in the third instar larvae and whole fly head, at 293 to 409 and 206 to 414 

residues respectively (figure 4.1). The yeast-two hybrid screen also revealed that the 

interaction between the two proteins was of ‘high-confidence’ (denoted as level B 

interaction) in the Drosophila larvae and of ‘good confidence’ (denoted as level C 

interaction) in the Drosophila whole fly head. Hence, ArfGAP3 was selected as a 

promising candidate to investigate further its role in autophagy. This chapter 

summarises the findings that confirms ArfGAP3 is a novel Atg8a-interacting protein.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. ArfGAP3 is an Atg8a-interacting protein. A) Yeast-two hybrid screening by Nezis lab revealed 

ArfGAP3 as an Atg8a-interacting protein. In Drosophila 3rd instar larvae, there is a ‘high confidence’ 

interaction between the two proteins (level B) and in Drosophila whole fly head, there is a ‘good confidence’ 

interaction (level C). The yeast-two hybrid screen also reveals the ‘selected interacting domain’ (SID – in 

yellow) which is known to be the Atg8a-interacting domain. The SID within the ArfGAP3 sequence in third 

instar larvae is between residues 293 and 409, and between 206 and 414 in the whole fly head. B) schematic 

illustration of wildtype ArfGAP3 and ArfGAP3 mutant sequence highlighted with the Atg8a-interacting region 

(in yellow) and the ArfGAP domain.  
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4.2 ArfGAP3 co-localises with Atg8a in Drosophila melanogaster 

 

In order to confirm the interaction of ArfGAP3 with Atg8a by co-localisation studies, 

Cg-Atg8aGFP-Gal4 flies were crossed with UAS-ArfGAP3 WT line tagged with 

DsRed. The resulting progeny of flies expressed GFP tagged Atg8a positive 

autophagosomes and DsRed tagged WT ArfGAP3 in fat bodies. A mutant line for 

ArfGAP3 (denoted PD on flybase), which has the first 70 amino acids deleted (figure 

4.1B) and tagged with DsRed, was also crossed with Cg-Atg8a-GFP-Gal4 and used 

for comparison. Immunofluorescence with DAPI staining was carried out on fed and 

24 hour starved fat bodies. For this initial co-localisation experiment, we did not use 

ArfGAP3 antibody. In preliminary fluorescence microscopic analysis of fat bodies 

with the ArfGAP3 antibody, the antibody did not produce a clear strong signal that 

was reliable to use for the co-localisation experiment. Hence, we used the 

overexpression system approach. The tissues were mounted onto microscopic slides 

and immediately observed with confocal microscopy.  

As expected, wildtype ArfGAP3 fed fat bodies showed diffused cytoplasmic 

staining of both Atg8a and ArfGAP3 as both proteins are localised to the cytosol 

(figure 4.2A). Under starved conditions, when autophagy is initiated, both ArfGAP3 

and Atg8a localised to autophagosomes in both ArfGAP3 WT and mutant lines. 

However, merged analysis only showed wildtype DsRed-ArfGAP3 co-localised with 

GFP-Atg8a-positive autophagosomes post starvation induced autophagy compared to 

its truncated form DsRed-ArfGAP3-PD which showed no co-localisation (figure 

4.2B/C). This confirmed ArfGAP3 and Atg8a are co-localised for subsequent 

interaction and indicates that the first 70 amino acid region is essential for the 
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interaction with Atg8a in addition to the selected Atg8a-interacting domain predicted 

by the yeast two hybrid screening.  

To quantify ArfGAP3-Atg8a co-localisation observed, the Pearson’s 

correlation coefficient was calculated from all images for both WT and mutant 

ArfGAP3. Pearson’s correlation coefficient was the chosen algorithm to quantify the 

overlap of the GFP and DsRed signals in comparison to the commonly used Mander’s 

coefficient since the latter is more suitable for cell culture in which the cells are 

organised in a single layer as Mander’s coefficient is very susceptible to background 

noise. On the other hand, Drosophila fat body tissues vary in tissue thickness and 

orientation and so acquisition settings constantly need to be changed. For this reason, 

Pearson’s correlation coefficient is an ideal choice for quantifying the overlap of 

signals as it is less affected by acquisition setting changes (Adler and Parmryd, 2010). 

The stronger the co-localisation, the closer the Pearson’s coefficient to 1. If there is no 

co-localisation, the Pearson’s coefficient will be closer to -1. Quantification analysis 

confirms that the ArfGAP3- Atg8a colocalization was lost with the ArfGAP3 PD 

mutant line, as the average Pearson’s Coefficient was significantly reduced by 1.276 

in the ArfGAP3 PD mutant (-0.5915) compared to WT ArfGAP3 (0.6843). An 

unpaired two-tailed t-test was performed as statistical analysis, confirming the 

difference in co-localisation between WT ArfGAP3 and mutant ArfGAP3 was highly 

significant, p <0.0001 (figure 4.2D). 

Using the overexpression of protein system comes with imitations. 

Overexpression of any protein can be damaging to a cell as it exhausts resources to 

produce and traffic proteins (Stoebel et al, 2008; Bolognesi and Lehner, 2018). In 

addition, overexpression of a protein can burden cellular machinery responsible for 

protein production, maturation of proteins, localization of proteins, all of which 
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demands high levels of energy (Shah et al, 2013; Rice and McLysaght, 2017). 

However, a study by Eguchi et al in yeast, reports that overexpression of a protein 

only becomes destructive and causes protein burden to the cell when it forms 15% of 

the cell’s total protein content (Bolognesi and Lehner, 2018; Eguchi et al, 2018).  
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Figure 4.2. ArfGAP3 co-localises to Atg8a in Drosophila. Confocal sections of fat bodies captured at 63x 

magnification from A) fed third instar larvae from cross cg::Atg8aGFP-GAL4 x UAS ArfGAP3DsRED4B, B) 24 

hr starved larvae from cross cg::Atg8aGFP-GAL4 x UAS ArfGAP3DsRED4B and c) 24 hr starved larvae from 

cross cg::Atg8aGFP-GAL4 x UAS ArfGAP3-PDDsRED3B clonally expressing DsRED ArfGAP3 and GFP-

Atg8a. ArfGAP3-PD is the truncated form of the protein, with a deletion in the first 70 amino acids. Scale 

bars are 10m, n = 50 D) Coloc2 plugin in FIJI was used to quantify co-localisation of DsRED and GFP 

signals using Pearson’s Correlation Coefficient. Average Pearson’s Coefficient was significantly reduced by 

1.276 in the ArfGAP3 PD mutant (-0.5915) compared to WT ArfGAP3 (0.6843). An unpaired two-tailed t-

test was performed as statistical analysis, confirming the difference in co-localisation between WT ArfGAP3 

and mutant ArfGAP3 was highly significant, p <0.0001.    
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4.3 Exploring the LIR motifs in ArfGAP3 protein sequence. 

 

Nezis laboratory, in collaboration with Kalvari et al, developed a database called the 

iLIR at the University of Warwick (https://ilir.warwick.ac.uk) (Kalvari et al, 2014). This 

server is able to screen Drosophila protein sequences in FASTA format for putative 

LIR motifs, the significant motif responsible for the interaction with Atg8a protein. 

Both relaxed (xLIR) and conventional (WxxL) LIR motifs, described in subchapter 

1.2.7, can be identified using this tool. The blast search will also reveal the primary 

sequence and the amino acid position of each LIR motif, the position specific scoring 

matrix (PSSM) score as well as an ‘Anchor’ result. The PSSM score is a measure of 

confidence for a motif in biological sequences. Several functionally related sequences 

are aligned to generate the matrix. The matrix displays log-based values that gives a 

score representing the presence of a particular residue in that aligned position. The 

higher the score, the more frequent the residue at that position of the alignment 

(Kalvari et al, 2014; Jacomin et al, 2017). The anchor results provide an indication if 

the motif is present within an intrinsically disordered region (Anchor region) 

(Meszaros et al, 2009) and is a key indicator high confidence protein-protein 

interaction (Mei et al, 2014). The lack of stable secondary and tertiary protein 

structures is a key feature for intrinsically disordered proteins. For this reason, upon 

binding to other macromolecules, these proteins can take up a fixed three-dimensional 

structure (Mei et al, 2014). Thus, the iLIR database recognises LIR motifs within 

Anchor regions as reliable functional LIR motifs.  

The ArfGAP3 protein sequence was screened using the iLIR software which 

produced several hits of LIR motifs (figure 4.3). The results from the iLIR blast 

showed 7 potential LIR motifs, of which the one was highlighted in red as the xLIR 

https://ilir.warwick.ac.uk/
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(relaxed) LIR motif and the following 6 are classed as conventional LIR motifs. This 

xLIR is the most likely LIR motif that is involved in the interaction with Atg8a due to 

its high PSSM score and location within an anchor region. The xLIR is located 

between residues 392 and 397 within the ArfGAP3 sequence. Most interestingly, this 

LIR motif is also located within the Atg8a-interacting region (residues 206 to 414) 

which was identified through the Y2H screening, further suggesting this particular 

LIR motif could be a key LIR motif for the interaction with Atg8a.  

 

 

 

 

4.4 ArfGAP3 interacts with Atg8a in a LIR dependent manner. 

 

To prove ArfGAP3 and Atg8a interact biochemically, a GST-pull down experiment 

was carried out. Three separate bacterial cultures expressing GST, GST-Atg8a and 

GST-Atg8a LDSK48A, Y49A (LIR docking site) mutant were set up. Cultures of wildtype 

N-HIS ArfGAP3 were also set up. A sample of the cultures before and after the IPTG 

Figure 4.3. Exploring the LIR motifs in Drosophila ArfGAP3 sequence. Screenshot of the iLIR blast results 

for ArfGAP3 protein sequence highlighted seven LIR motifs, of which the top hit in the table, xLIR, was 

identified as the relaxed LIR motif (the most probable LIR motif involved in the interaction). WxxL motifs are 

conventional LIR motifs. Highlighted in red are the two LIR motifs that were selected for further investigations 

due to its high PSSM score and location within the sequence.  
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induction were subjected to SDS-PAGE, Coomassie blue staining and western blotting 

probed for anti-HIS tag to check for expression of each protein. All four proteins were 

expressed successfully in the cultures, a more intense band is observed for all cultures 

after IPTG induction (figure 4.4A).  

Upon successful expression of N-terminus HIS-tagged ArfGAP3, three 

separate pull downs were carried out with wildtype ArfGAP3: 1) GST, 2) GST-Atg8a 

and 3) GST-Atg8a LDS K48A, Y49A mutant. The GST only with wildtype ArfGAP3 was 

carried out as a control pulldown to confirm that any interaction seen was solely with 

Atg8a and not with GST. The GST only pull down with wildtype ArfGAP3 showed 

no interaction as expected. There was a strong interaction observed between GST-

Atg8a and wildtype (WT) ArfGAP3, even at low exposure when developing the 

western blot. The GST-Atg8a LDS pulldown showed a clear reduction in band 

intensity, showing the interaction is significantly reduced by 10-fold in the Atg8a LDS 

mutant compared to wildtype Atg8a (figure 4.4). All bands shown in the western blot 

were included in the quantification and statistical analysis revealed that the reduction 

in interaction was highly significant (p=0.0002).  These results further support that 

there is an interaction between ArfGAP3 and Atg8a and suggests that the interaction 

is LIR dependent.  

Since the interaction between ArfGAP3 and Atg8a shows to be LIR dependent, 

the next step was to further confirm this observation by checking the interaction when 

the LIR motif was mutated.  Two mutant constructs of ArfGAP3 were created, which 

had different LIR motifs mutated by site directed mutagenesis. The first mutant 

construct had the xLIR motif, LGYETI, mutated and was denoted as LIR1. The second 

mutant construct had the conventional LIR motif, PTWSSV, mutated and was denoted 

as LIR2 (Figure 4.3). For both LIR motifs, the third and sixth amino acid residues 
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were altered to an alanine residue. The resulting sequence was LGAETA for LIR1 and 

PTASSA for LIR2. Alanine was the chosen amino acid residue for the mutation as it 

is a neutral amino acid, and it has the least effect on the structure of the motif. GATC 

sequencing was carried out to check if the two-point mutations were successful. Both 

ArfGAP3 LIR mutated constructs (LM1 and LM2) showed the LIR motifs were 

successfully mutated. The sequencing results show nucleotide bases ‘TA’ and ‘AT’ in 

the third and sixth amino acid codons were changed to bases ‘GC’ and ‘GC’ 

respectively in LIR motif 1 and bases ‘TG’ and ‘GT’ in the same amino acid positions 

were changed to bases ‘GC’ in LIR motif 2 (figures 4.5A and 4.6A).  

 

4.4.1 ArfGAP3 interacts with Atg8a via LGYETI LIR motif 

 

The three separate GST pull downs (GST, GST-Atg8a and GST-Atg8a LDS) were 

carried out with ArfGAP3 LIR1 mutant (LM1) alongside simultaneous pulldowns 

with WT ArfGAP3. A strong interaction was observed again between GST-Atg8a and 

WT ArfGAP3. As seen the first time, the interaction between Atg8a and WT ArfGAP3 

was significantly reduced in the GST-Atg8a LDS by 10-fold (p<0.0001) (figure 

4.5C/D). In the simultaneous pulldown with ArfGAP3 LM1, an interaction was 

observed between GST-Atg8a and ArfGAP3 LM1 (figure 4.5E/F), however, this 

interaction was reduced by 3-fold compared to the interaction observed with WT 

ArfGAP3 (figure 4.5G). This strongly suggested that the LIR1 motif (LGYETI) is a 

functional LIR motif that mediates the interaction between Atg8a and ArfGAP3.  
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Figure 4.4. ArfGAP3 interacts with Atg8a in a LIR dependent manner. A) Protein expression in Rosetta 

bacteria. Bacterial cultures were treated with 0.5mM IPTG for GST, GST-Atg8a, GST-Atg8a LDS and N-

HIS ArfGAP3. All proteins were expressed post IPTG induction. B) Three separate pull downs were carried 

out simultaneously with WT ArfGAP3. Ponceau staining was used for normalisation. For all three pulldowns, 

n = 3. A significant reduction in ArfGAP3 – Atg8a interaction is observed in the GST-Atg8a LDS mutant 

pulldown compared to GST-Atg8a. C) Band intensity quantification was carried out using FIJI and statistical 

analysis (one way ANOVA) carried out using GraphPad Prism 7, p value =0.0002, error bars denote SEM. 
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Figure 4.5. ArfGAP3 interacts with Atg8a via 392 

LGYETI 397 LIR motif. A) GATC sequencing 

showed the 2point mutation was successful for the LIR 

motif LGYETI at residues 392 to 397 (LM1). B) Protein 

expression in Rosetta bacteria. Bacterial cultures were 

treated with 0.5mM IPTG for GST, GST-Atg8a, GST-

Atg8a LDS, N-HIS ArfGAP3 WT and N-HIS ArfGAP3 

LM1. All proteins were expressed post IPTG induction. 

Three separate pull downs were carried out 

simultaneously with both WT ArfGAP3 (C) and LM1 

ArfGAP3 (E). Ponceau staining was used for 

normalisation. For all pulldowns, n = 3. G) A significant 

reduction in ArfGAP3 – Atg8a interaction is observed 

in the GST pulldown with LM1 compared to WT. 

D/F/G) Band intensity quantification was carried out 

using FIJI and statistical analysis (T-test and one way 

ANOVA) carried out using GraphPad Prism 7. Error 

bars denote SEM. P values; pull down with ArfGAP3 

WT <0.0001, comparing GST-Atg8a WT pulldown and 

GST-Atg8a LM1 pulldown 0.0368. 
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Figure 4.6. ArfGAP3 has a second functional LIR 

motif 37 PTWSSV 42. A) GATC sequencing showed 

the 2point mutation was successful for the LIR motif 

PTWSSV at residues 37 to 42 (LM2). B) Protein 

expression in Rosetta bacteria. Bacterial cultures were 

treated with 0.5mM IPTG for GST, GST-Atg8a, GST-

Atg8a LDS, N-HIS ArfGAP3 WT and N-HIS 

ArfGAP3 LM2. All proteins were expressed post IPTG 

induction. Three separate pull downs were carried out 

simultaneously with both WT ArfGAP3 (C) and LM2 

ArfGAP3 (E). Ponceau staining was used for 

normalisation. For all pulldowns, n = 3. G) A 

significant reduction in ArfGAP3 – Atg8a interaction 

is observed in the GST pulldown for LM2 compared to 

WT. D/F/G) Band intensity quantification was carried 

out using FIJI and statistical analysis (t-test and one 

way ANOVA) carried out using GraphPad Prism 7. 

Error bars denote SEM. P values; pull down with 

ArfGAP3 WT 0.0089, comparing GST-Atg8a WT 

pulldown and GST-Atg8a LM1 pulldown <0.0001.  
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4.4.2 ArfGAP3 has a second functional LIR motif. 

 

The three separate GST pull downs (GST, GST-Atg8a and GST-Atg8a LDS) were 

also carried out with ArfGAP3 LIR2 mutant (LM2) alongside simultaneous pulldowns 

with WT ArfGAP3. The pulldowns were carried out three times for statistical analysis. 

The strong interaction between Atg8a and WT ArfGAP3 was seen for the third time 

in the GST-Atg8a pull down and this interaction was reduced in the GST-Atg8a LDS 

pulldown by 3-fold (figure 4.6C/D). The pulldown carried out with ArfGAP3 LM2 

showed an interaction between Atg8a and ArfGAP3 LM2 (figure 4.6E). Although the 

interaction between ArfGAP3 LM2 and GST-Atg8a (figure 4.6E/F) compared to the 

interaction between WT ArfGAP3 and GST-Atg8a (figure 4.6C/D) does not appear 

significantly different in the western blotting analysis, quantification analysis carried 

out with all replicates in GraphPad prism showed the interaction between Atg8a and 

ArfGAP3 was reduced by 16-fold in the pulldown with ArfGAP3 LM2 compared to 

the pulldown with WT ArfGAP3. Statistical analysis confirmed this reduction in 

interaction was highly significant (p<0.0001) (figure 4.6G). Due to time constraints, 

more pulldown repeats could not be carried out. Although these pulldown results 

suggested that ArfGAP3 has a second functional LIR motif (PTWSSV), the LIR 

mutant pulldowns (LIR1 and LIR2) will need to be repeated for better represented 

western blots since there were some variations in results. Hence, by increasing the 

number of repeats, this will help further support and reliably conclude the pulldown 

observations.  

 The GST pulldown data indicates that Atg8a and ArfGAP3 interact via LIR1 

and LIR2 motifs since both LIR mutants of ArfGAP3 exhibit reduced interaction with 

Atg8a. The results here showed that the site-directed mutagenesis via alanine scanning 
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was a successful approach to determine specific residues responsible for the 

interaction. This is in line with a recent study that investigated the change in binding 

affinity of proteins upon point mutations, in which they revealed 85 out of 110 mutated 

proteins showed decreased binding affinities (Wang et al, 2020). In addition, the GST 

pull down data suggests the inactivation of one or the other LIR motifs is solely not 

sufficient to completely block the interaction, instead it only reduces the interaction. 

However, in both cases, there is still some level interaction present. Previous studies 

have reported it is possible to have more than one functional LIR motif. For example, 

mATG4 consists of two functional LIR motifs. One of the LIR motifs is the N-terminal 

LIR, APEAR which is involved in binding and deletion of ATG8-PE. The other LIR 

motif is the C-terminal LIR involved in constitutive binding to ATG8 (Abreu et al, 

2017; Park et al, 2019). Since there is more than one functional LIR motif, only one 

can bind to the LDS pocket of Atg8a at any given time during interaction, it could be 

LIR1 or alternatively LIR2. If both LIR motifs are required functionally for the 

interaction, this gives insights that there could be a second binding site that could 

possibly bind the LIR motif. A new interface between plant Atg8 and its interacting 

proteins was discovered in Arabidopsis (Marshall et al, 2015; Marshall et al, 2019), 

which is also conserved in both yeast and human (Lei and Klionsky, 2019) and has 

been identified as the interaction interface for LIR-LDS independent interaction with 

Atg8. This alternative interface was identified as the ubiquitin-interacting motif 

(UIM)-UIM docking site (UDS). Experimental data revealed that the UDS domain is 

located opposite to the LDS domain on Atg8 and hence this brought to light the 

possibility that LIR-containing proteins and UIM-containing proteins can bind 

simultaneously to Atg8 (Lei and Klionsky, 2019). Interestingly, proteins that do not 

possess the UIM motif are still able to bind to Atg8 via the UDS interface (Lei and 
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Klionsky, 2019). Taking this into account, it could be possible that the LIR motifs 

could also bind to the UDS domain and thus this gives rise to the possibility of 

ArfGAP3 interacting with Atg8a via the LIR1 and LIR2 motifs binding to LDS and 

UDS domains of Atg8a. This notion could possibly also explain why the interaction 

of ArfGAP3 is not fully eliminated, rather significantly reduced, with GST-Atg8a 

LDS. If this is the case, ArfGAP3 LIR motifs might be able to bind to the UDS domain 

but with lower specificity and affinity compared to the LDS domain. This will be 

further discussed in the later discussion chapter.  

When comparing the GST pulldown results observed for both LIR1 and LIR2 

motif, it is clearly noticeable that the overall reduction in interaction with the LIR2 

mutant is higher than the reduction in interaction with LIR1 mutant (figure 4.5G and 

4.6G). A possible explanation for this is that the LIR2 motif has a higher binding 

affinity to the LDS pocket on Atg8a than the LIR1 motif. It has been reported that the 

tryptophan residue (W), in the highly conserved third position within the consensus 

LIR motif, binds to the HP1 pocket of the LIR docking site more strongly than 

phenylalanine (F) and tyrosine (Y) residues (Johansen and Lamark, 2020). A previous 

study showed that altering the tyrosine residue (Y) to a tryptophan residue (W) within 

the NBR1 LIR motif had enhanced its binding affinity by 7.5-fold (Rozenknop et al, 

2011; Johansen and Lamark, 2020).  

A band was also seen in the GST-Atg8a LDS pull down with ArfGAP3 LM1 

(figure 4.5E) and ArfGAP3 LM2 (figure 4.6E). At first, this seemed to not be a 

significant result and it was assumed this was most likely was due to false-positive 

protein interactions. In theory, since the third and sixth amino acid residues in both 

LIR1 and LIR2 motifs are mutated and the third and sixth amino acids of the LIR 

docking site on Atg8a are also mutated, this causes a change in binding affinity and 
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ligand specificity, resulting in no interaction. Hence, the two proteins would not be 

able to take up the “lock and key” conformation for effective binding. A study in 2019 

demonstrated an amino acid point mutation by substitution can dramatically change 

the binding affinity and ligand specificity of proteins (Ricatti et al, 2019). A common 

overlooked issue in GST-pulldown assays is nucleic acid contamination in protein 

preparations, causing possible false-positive interactions as observed between the 

ArfGAP3 LIR mutant constructs and GST-Atg8a LDS. Nucleic acid, being a negative 

charged polymer, has the ability to adhere to basic surfaces on proteins, facilitating 

the interaction of the immobilized bait protein with the target protein. Thus, 

contaminating nucleic acid may contribute to false positive protein interactions or 

general background (Nguyen and Goodrich, 2006). A solution to overcome false-

positive interactions due to contaminated nucleic acids would be to subject the protein 

preparations to micrococcal nuclease treatment, following the protocol outlined in 

Nguyen and Goodrich, 2006.  

In order to further conclude on how the two LIR motifs are responsible for the 

interaction between Atg8a and ArfGAP3, a GST pull down should be carried out with 

an ArfGAP3 construct that would have a double mutation, for both LIR1 and LIR2 

motifs and examine simultaneously the role of the UDS domain for this interaction if 

any. Additionally, data can further be supported with other protein-protein interaction 

assay such as co-immunoprecipitation.  
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4.5 Generating wildtype ArfGAP3 and LIR mutant ArfGAP3 transgenic flies. 

 

The GST-pulldown experiments provided good biochemical evidence that Atg8a and 

ArfGAP3 interact and that these two LIR motifs are essential for the interaction. The 

next step was to clone these sequences into a UAS FLAG plasmid to send off to 

BestGene Inc (US), a company that can generate new transgenic fly lines that will 

express these proteins. These flies can then be used for further experiments. The 

cloning method for this involved using restriction enzymes to excise the ArfGAP3 

gene from the current p28 plasmid and insert it into the new UAS FLAG plasmid. The 

UAS FLAG plasmid that was used had a TAK1 gene inserted which had to be excised 

using XhoI and XbaI restriction enzymes (figure 4.7A).  

The TAK1 gene was successfully excised out of the UAS FLAG plasmid using 

restriction enzymes XhoI and XbaI. Since these two restriction enzymes were not 

located on either end of the ArfGAP3 gene in the p28 plasmid, XhoI and XbaI 

restriction enzyme sites were introduced via PCR cloning at these locations for WT 

ArfGAP3, ArfGAP3 LM1 and ArfGAP3 LM2. The ArfGAP3 gene was successfully 

excised using XhoI and XbaI and re-ligated into the UAS FLAG plasmid (figure 4.7). 

Successful colonies were selected and checked via GATC sequencing, which showed 

that the WT ArfGAP3 (figure 4.7B) and ArfGAP3 LM1 (figure 4.7C) colonies had 

successfully incorporated the ArfGAP3 gene into the UAS FLAG plasmid, however 

ArfGAP3 LM2 colonies did not. The WT and LM1 ArfGAP3 plasmid samples were 

sent off to BestGene Inc to generate the new UAS FLAG ArfGAP3 WT and LM1 

transgenic fly lines. 
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Figure 4.7. Cloning of WT and LM1 ArfGAP3 gene into UAS FLAG plasmid. A) Plasmid map of WT 

ArfGAP3 in pet28 vector (left), red marks highlighting sites of restriction enzymes XhoI and XbaI for digestion. 

Plasmid map of UAS FLAG Tak1 vector (right), red markings highlighting XbaI and Xhol sites for digestion. 

B) Successful cloning of WT ArfGAP3 sequence into UAS FLAG vector. GATC sequencing results (top left 

box) showing WT ArfGAP3 LIR1 motif unaltered. Yellow highlighted WT LIR1 motif in reference ArfGAP3 

sequence. Blue highlighted WT LIR1 motif in WT ArfGAP3 colonies post cloning. Plasmid map (bottom left 

box) showing successful incorporation of WT ArfGAP3 sequence into UAS FLAG tagged plasmid. C) 

Successful cloning of LM1 ArfGAP3 sequence into UAS FLAG vector. GATC sequencing results (top right 

box) showing ArfGAP3 LIR1 motif mutated at 3rd and 6th residue positions (highlighted in red) of LIR motif in 

ArfGAP3 LIR1 mutant colonies. Green highlighted LIR1 motif in reference ArfGAP3 sequence. Plasmid map 

(bottom right box) showing successful incorporation of ArfGAP3 LIR1 mutant sequence into UAS FLAG 

tagged plasmid. 
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4.5.1 ArfGAP3 colocalises with Atg8a in new transgenic flies 

 

Once the new transgenic fly lines were generated, the co-localisation of Atg8a and 

ArfGAP3 and the interaction via the LIR 1 motif was verified in these new lines. For 

this particular co-localisation experiment, the UAS FLAG ArfGAP3 WT and LM1 

transgenic lines was crossed with Flpout mCherry Atg8a driver line. The progeny 

generated mCherry clones expressing Atg8a positive autophagosomes and an anti-

FLAG GFP antibody was used to probe for ArfGAP3 WT and LM1.  

 

 



CHAPTER 4 ARFGAP3 IS A NOVEL ATG8A-INTERACTING PROTEIN 

 

 126 

 

 

 

 

 

 

As observed previously, FLAG WT ArfGAP3 was seen to co-localise with 

mCherry positive Atg8a puncta. On the contrary, the FLAG ArfGAP3 LM1 did not 

co-localise with mCherry positive Atg8a puncta, strengthening the statement that 

ArfGAP3 interacts with Atg8a via the LIR 1 motif (392 LGYETI 397). Quantification 

analysis confirmed that the ArfGAP3- Atg8a colocalization was lost in the UAS 

FLAG ArfGAP3 LM1 line, as the average Pearson’s Coefficient was significantly 

reduced by 25-fold in the FLAG ArfGAP3 LIR mutant (0.02821) compared to FLAG 

WT ArfGAP3 (0.7329), p <0.0001 (figure 4.8). The quantified data was represented 

as a box plot with whiskers representing minimum and maximum values. Since the 

whiskers can be mistaken as error bars, the quantified data was also represented as a 

column bar graph with error bars denoting SEM to further illustrate the data is 

significant as the error bars do not overlap. The data here shows that the interaction 

between ArfGAP3 and Atg8a is almost eliminated. Whilst this agrees with the 

observations that LIR1 motif is a functional LIR motif responsible for the interaction 

between ArfGAP3 and Atg8a, it does not support the notion that LIR2 motif is a 

second functional LIR motif that is also responsible for the interaction. For clearer 

conclusions, this experiment will need to be conducted in flies expressing FLAG 

ArfGAP3 LM2 and FLAG tagged ArfGAP3 flies expressing the double LIR mutant 

Figure 4.8. ArfGAP3 co-localises with Atg8a in new UAS FLAG ArfGAP3 transgenic flies. Confocal 

sections of fat bodies captured at 63x magnification from A) 4 hours starved third instar larvae from cross 

FlpoutmCherryAtg8a x UAS FLAG WT ArfGAP3 and B) 4 hr starved larvae from cross FlpoutmCherryAtg8a 

x UAS FLAG ArfGAP3 LM1 expressing mCherry Atg8a and GFP FLAG ArfGAP3. Scale bars are 10m, 

n=30. C and D) Coloc2 plugin in FIJI was used to quantify co-localisation of mCherry and GFP signals using 

Pearson’s Correlation Coefficient. Average Pearson’s Coefficient was significantly reduced by 25-fold in the 

FLAG ArfGAP3 LIR mutant (0.02821) compared to FLAG WT ArfGAP3 (0.7329). C) Data represented as a 

box plot with whiskers denoting min to max values (GraphPad prism). D) Data represented as column bar graph 

with error bars denoting SEM. An unpaired two-tailed t-test was performed as statistical analysis, confirming 

the difference in co-localisation between WT ArfGAP3 and ArfGAP3 LIR mutant was highly significant, 

p<0.0001. Error bars represents SEM.  
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(LIR1 and LIR2) for comparative analysis. In addition, having a higher ‘n’ number for 

image quantification will ensure a more conclusive observation.  
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Chapter 5 

 

Deciphering the role of ArfGAP3 in the interplay 

between selective autophagy and endosomal 

trafficking 

5.1 Chapter introduction: ArfGAP3 in membrane trafficking  

 

ArfGAP family of proteins consist of an ArfGAP catalytic domain that facilitates the 

hydrolysis of GTP bound to Arf proteins, which regulates membrane trafficking 

(Shiba and Randazzo, 2012). ArfGAP3 mediates the hydrolysis of GTP bound to Arf1. 

One of the many cellular functions that Arf1 proteins and other Arf proteins are 

associated with is trafficking from the trans Golgi network (TGN) (Inoue and 

Randazzo, 2007). Previous studies have also demonstrated a functional role of 

ArfGAP3 in protein transport from the trans-Golgi network to endosomes, in which 

they show in HeLa cells a clear co-localisation of ArfGAP3 with early and late 

endosomal markers, Rab5 and Rab7 respectively. The study proposed that ArfGAP3 

could possibly be involved in endosomal trafficking through the regulation of 

transport from early endosomes to late endosomes (Shiba et al., 2013).  

Chapter 4 validated a clear interaction present between ArfGAP3 and the 

autophagosomal protein Atg8a, strongly advocating a likely functional role of 

ArfGAP3 in the autophagic pathway. This chapter reports further results that suggest 
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a functional role of ArfGAP3 in the interplay between selective autophagy and 

endosomal trafficking.   

 

5.2 ArfGAP3 is selectively degraded by autophagy 

 

Atg8a is a protein embedded in the inner autophagosomal membrane and so in theory 

most Atg8a interacting proteins are usually degraded by autophagy. Since the co-

localisation studies and GST pull down studies demonstrated a clear interaction 

between ArfGAP3 and Atg8a, biochemical analysis of ArfGAP3 was carried out in 7-

day old wildtype (w118), ArfGAP3 mutante0/250 and two strains of autophagy mutant 

flies, Atg8a mutant and Atg7 mutant whole fly lysates to examine the levels of 

endogenous ArfGAP3 in the whole fly. Fly lysate samples were subjected to SDS-

PAGE and western blotting and probed for anti-ArfGAP3.  

In Atg8a mutants, autophagy is disrupted, and hence we would expect to see 

an accumulation of cytosolic material tagged for degradation (proteins, organelles etc) 

since they cannot be degraded. As seen in figure 5.1, there is an accumulation of 

endogenous ArfGAP3 protein (60kDa) in Atg8a mutant compared to wildtype. Even 

though the loading control is less in Atg8a mutant, with normalisation the 

quantification analysis still shows an increase in ArfGAP3 protein levels.  

To further confirm the band observed was ArfGAP3, whole fly lysates of 7-

day old ArfGAP3 mutants were also added to the experiment as well as Atg7 mutants 

as another autophagy mutant sample. The results were as expected, an accumulation 

in endogenous ArfGAP3 protein (60kDa) was seen in both autophagy mutant flies and 

a reduction in ArfGAP3 mutants flies compared to wildtype flies. The tubulin loading 
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control (50kDa) was also equal for all samples. Statistical analysis, t-test, was carried 

out which confirmed the accumulation of endogenous ArfGAP3 in Atg8a mutants as 

significant (p = 0.0129) and a significant reduction in ArfGAP3 in ArfGAP3 mutants 

(p = 0.0023) (figure 5.1). Overall, these results indicate ArfGAP3 is selectively 

degraded by autophagy.  

 

5.3 Testing the efficiency of ArfGAP3 knockdown transgenic flies 

 

The efficiency of the UAS ArfGAP3 RNAi line, given to us by Ruth Johnson, was 

tested by QPCR and western blotting on larvae samples (figure 5.2A&B). As 

expected, the qPCR results showed a clear reduction in mRNA levels of ArfGAP3 in 

cg ArfGAP3 RNAi larvae samples compared to wildtype. Two different ArfGAP3 

RNAi larvae samples were tested for protein levels via western blotting, one focussing 

on ArfGAP3 expression in larvae fat bodies (Cg ArfGAP3 RNAi) and the other 

focussing on ArfGAP3 expression in the whole larval body (Da ArfgAP3 RNAi). As 

expected, there was a reduction in ArfGAP3 protein levels in ArfGAP3 RNAi larvae 

fat bodies samples compared to wildtype ArfGAP3 and Atg8a mutant, however, no 

Figure 5.1 ArfGAP3 is selectively degraded by 

autophagy. Full fly lysates from W118 wild type 

(WT), ArfGAP3 mutants (e0/250) and Autophagy 

mutant flies (Atg8a mutant and Atg7 mutant) were 

subjected to SDS-PAGE (8% gel) and western 

blotting for ArfGAP3 endogenous protein. Tubulin 

was used as a loading control. The expected band 

for ArfGAP3 was ~60kDa and for tubulin ~50kDa. 

T-test analysis was carried out for significance p 

value (p < 0.05). Error bars represents SD. 
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protein expression of ArfGAP3 was seen in wildtype only sample which is contrary 

to what was expected. On the other hand, some ArfGAP3 protein expression was seen 

in all whole larval body samples, however the loading control was not equal for all of 

the samples and so this result could not be reliable. Overall, the western blotting results 

for this ArfGAP3 RNAi efficiency cannot be concluded for definite as the loading 

control shows uneven loading. Even though the expression of ArfGAP3 was reduced 

in the cg ArfGAP3 RNAi samples compared to the positive control (cg ArfGAP3 

DsRED) in both QPCR and western blotting (figure 5.2), the data from this western 

blot could not be used convincingly due to uneven loading control for all samples. The 

blot quality was not clear to interpret but was only displayed here to show that we 

were not able to obtain clear results here despite the multiple efforts to optimise the 

western blotting experiment using this ArfGAP3 RNAi flies. Since we were unable to 

achieve conclusive data here after multiple repeats, we moved onto sourcing a new 

ArfGAP3 RNAi fly line to work with (discussed below). The only experiment that 

was successful using this ArfGAP3 RNAi fly line was the qPCR analysis showing a 

clear reduction in ArfGAP3 mRNA levels in the RNAi line compared to control.  

Since the results varied in protein levels between fat bodies and whole body 

with the UAS ArfGAP3 RNAi fly line from Ruth Johnson, a new set of ArfGAP3 

RNAi lines were purchased from Vienna Drosophila Resource Centre (VDRC) and 

Bloomington Drosophila Stock Centre (BDSC) and denoted UAS ArfGAP3 RNAI- 

VDRC A, VDRC B and Bloom 31156. The protein levels via western blotting were 

examined using the new UAS ArfGAP3 RNAi fly lines (figure 5.2C). For the new 

RNAi lines, the whole fly driver DaGal4 was used to silence ArfGAP3 in the whole 

drosophila body. Whole fly lysates of 1 week old flies were used for the western 
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blotting experiment. Western blots were quantified using FIJI to measure band 

intensities for both ArfGAP3 protein and the loading control tubulin. The ArfGAP3: 

tubulin ratio was calculated and normalised to WT control. The results were much 

more promising, as a clear reduction in ArfGAP3 protein compared to controls was 

observed in two of the three new RNAi lines, VDRC B and Bloomington 31156. With 

the ArfGAP3 antibody we noticed multiple bands in the western blotting analysis due 

to its polyclonal nature. After subjecting the samples to SDS-PAGE for 4hours, we 

were able to obtain the band separation as seen in figure 5.2C. The bands highlighted 

by the red arrow in figure 5.2C are specific for ArfGAP3 as these bands were observed 

at 60kDa, the molecular weight of ArfGAP3. At 60kDa, we can see ArfGPA3 

expression in WT, luciferase RNAi, ArfGAP3 WT DsRED, ArfGAP3 mutant and 

atg8a mutants. We noticed the clear accumulation in ArfGAP3 in the Atg8a mutant 

compared to WT which agrees with the western blot data in figure 5.1, and so this was 

another indication that these bands were specific for ArfGAP3. The RNAi fly line that 

was chosen henceforth to use for the RNAi experiments was UAS ArfGAP3 VDRC 

B alongside the original UAS ArfGAP3 RNAi fly line from Ruth Johnson. From this 

point forward, the latter RNAi line will be denoted as UAS ArfGAP3 RNAi (RJ) and 

the former will be UAS ArfGAP3 RNAi (VDRC B). A limitation in this analysis was 

using the luciferase RNAi line for comparison with the VDRC ArfGAP3 RNAi line 

as the luciferase RNAi line is a TriP line. TriP lines are entirely different in genotype 

than the VDRC GD RNAi lines. Here, the appropriate control for comparison is the 

WT fly line, as displayed in figure 5.2C.  
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Figure 5.2 ArfGAP3 RNAi 

fly line efficiency. A) UAS 

ArfGAP3 RNAi (RJ) fly line - 

Endogenous ArfGAP3 protein 

levels in cg ArfGAP3 RNAI 

and Da ArfGAP3 RNAi larvae 

lysates compared to control 

samples. Tubulin used as 

loading control. B) QPCR data 

showing no ArfGAP3 mRNA 

levels in cg ArfGAP3 RNAi 

larvae samples compared to 

WT. C) UAS ArfGAP3 RNAi 

fly lines from VDRC and 

Bloomington fly centres. 

Endogenous ArfGAP3 protein 

levels in Da ArfGAP3 RNAi 

whole fly lysates compared to 

control samples. Actin was 

used as a loading control. 

N=3. Quantification of 

ArfGAP3 and tubulin band 

intensities carried out using 

FIJI and GraphPad prism 8.  

Error bars represents SD. 
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5.4 The effect of ArfGAP3 on the autophagic flux 

 

5.4.1 Knockdown of ArfGAP3 affects autophagosomes number 

 

To see what effect, knock down of ArfGAP3 levels in cells was having on autophagy, 

a transgenic Drosophila line expressing Drosophila Atg8a tagged with mCherry with 

a heat shock induced FLPout Gal4/UAS GFP system was crossed with Drosophila 

UAS ArfGAP3 RNAi (RJ) line. This produced progeny expressing mCherry Atg8a 

and generating some GFP expressing cells which expressed ArfGAP3 RNAi 

(ArfGAP3 knock down) and surrounding cells that did not express GFP and hence did 

not express ArfGAP3 RNAi (figure 5.3). This produced a ‘mosaic’ pattern. The 

number of mCherry Atg8a puncta were quantified in each ArfGAP3 RNAi GFP clonal 

cell and compared with the number of mCherry Atg8a puncta in the surrounding 

control non-GFP cells.  
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Most GFP clone cells that expressed ArfGAP3 RNAi showed less mCherry Atg8a-

positive autophagosomes compared to surrounding non-clones (figure 5.3). In a few 

cases, some non-GFP clones showed a reduction in autophagosome number which 

most likely indicates clearance of autophagosomes through fusion with lysosomes 

suggesting the autophagosomes in those GFP clones were accumulating. FIJI was used 

to quantify the mCherry-Atg8a signals by quantifying the number of autophagosomes 

using the built-in tools to analyse and quantify particles in the GFP clonal cells and 

compare to the surrounding non-GFP clones. Prior to quantification, the threshold was 

set to select only mCherry positive puncta, the GFP clones and non-GFP surrounding 

clones were selected as overlay. Quantification was only carried out limited to 

Figure 5.3 Knockdown of ArfGAP3 affects 

autophagosome number. Confocal sections of fat bodies 

captured at 63x magnification from 4hours starved third 

instar larvae subjected to fluorescence microscopy. A) Cross 

hsflp; UAS DCR2; 3x mCherry Atg8a- Act- CD2- Gal4, 

UAS, 2x EGFP X UAS ArfGAP3 RNAi (RJ). B) The 

number of autophagic reported 3xmCherry-Atg8a dots is 

significantly reduced by 10-fold in the ArfGAP3 silenced 

GFP clones compared to surrounding WT ArfGAP3 cells. N 

= 58 clones (20 images). FIJI was used to quantify the 

3xmCherry-Atg8a signals by quantifying the number of 

autophagosomes using in built tools to analyse and quantify 

particles in the GFP clonal cells and compare to the 

surrounding non-GFP clones. Prior to quantification, the 

threshold was set to select only mCherry positive puncta, the 

GFP clones and non-GFP surrounding clones were selected 

as overlay. Quantification was only carried out limited to 

threshold within overlay area. Error bar represents SEM. 
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threshold within overlay area. Quantification was performed in 58 GFP positive 

ArfGAP3 RNAi expressing clones and compared to surrounding non-GFP clones. The 

number of autophagosomes in GFP positive ArfGAP3 RNAi clones were normalised 

to number of autophagosomes in surrounding non-GFP control cells. Statistics 

revealed a significant 3-fold decrease in the number of autophagosomes in ArfGAP3 

RNAi GFP clonal cells compared to surrounding control cells.  

In theory if the autophagic flux downstream of autophagosome formation is 

disrupted, there would be an accumulation of autophagosomes, which we did see in 

some clones but not all. The data here does not confidently suggest that the autophagic 

flux is disrupted. The results could be interpreted in two ways; 1) less Atg8a positive 

autophagosomes are formed in RNAi cells compared to control cells so the 

knockdown of ArfGAP3 seems to disrupt events upstream of autophagosome 

formation or 2) knockdown of ArfGAP3 does not hinder the clearance of 

autophagosomes via fusion with lysosomes and hence autophagic flux is normal. 

Neither of these two explanations fit with the data presented in figure 5.5 in the 

following subchapter. For more conclusive results on this data, this experiment would 

need to be repeated and supported by biochemical evidence, such as an autophagy flux 

assay (western blotting) showing Atg8 levels in ArfGAP3 RNAi cells compared to 

control cells.  
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5.4.2 Knockdown of ArfGAP3 affects lysosomal size (diameter). 

 

Following the discovery, that low levels of ArfGAP3 affects autophagosome number, 

the effect of ArfGAP3 silencing on lysosome function was investigated. Lysotracker 

RED staining was carried out immediately on 4 hours sucrose starved dissected and 

PFA fixed fat bodies expressing ArfGAP3 RNAi (VDRC B), ArfGAP3 RNAi (RJ) 

and WT ArfGAP3 to visualise autophagy induced lysosomes. The tissues were 

mounted and viewed by confocal microscopy immediately. 

 Typically, the number of lysosomes in mammalian cells can be between 50 to 

1000, normally around 500, and can decrease to less than 50 upon starvation (Xu and 

Ren, 2015). Studies have reported in Drosophila control fat bodies, upon starvation, 

number of lysosomes can range between 75 to 100/area (Takats et al, 2013; Hegedus 

et al, 2016). Quantification of lysotracker red staining in the Drosophila fat bodies 

and statistical analysis revealed there was a significant difference in the number of 

lysosomes between WT ArfGAP3 and ArfGAP3 RNAi VDRC B. The average 

number of lysosomes in WT ArfGAP3 fat bodies was around 126 lysosomes, which 

significantly increased 3-fold in ArfGAP3 RNAi VDRC B fat bodies (average number 

of lysosomes, 331). There was no significant difference in the number of lysosomes 

in ArfGAP3 RNAi (RJ) fat bodies compared to WT ArfGAP3 (figure 5.4A/C). The 

data here could further be supported by examining endogenous lysosomal proteins via 

western blotting in WT ArfGAP3 and ArfGAP3 RNAi fat body lysates.  

On the contrary, a considerable difference in the size of the lysosomes was 

noticed. The diameter of the lysosome is heterogenous and has been established to 

range from 0.05m to 0.5m which can increase up to 1.5m in diameter upon 
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starvation in mammalian cells (Xu and Ren, 2015). In Drosophila, lysosome diameter 

ranges from 0.5m to 1m, increasing up to 1.5m upon starvation (Lorincz et al, 

2017). Under starvation conditions, upon autophagy induction, lysotracker red 

positive autolysosomes were observed in all fat body tissues (figure 5.4B). 

Autolysosomes in WT ArfGAP3 fat bodies ranged from 0.5m to 2m, with an 

average lysosome size of 1m. Most interestingly, lysosomes in fat bodies expressing 

ArfGAP3 RNAi were considerably larger ranging from 1.5m to 5m, with an 

average lysosome sizes of around 2m and 2.5m in ArfGAP3 RNAi VDRC B and 

ArfGAP3 RNAi RJ fat bodies respectively (figure 5.4B). Statistical analysis revealed 

that the increase in lysosome size in ArfGAP3 RNAi fat bodies compared to control 

WT ArfGAP3 was highly significant (p<0.0001) (figure 5.4D). A question arose 

whether the fat body cells were larger in ArfGAP3 RNAi lines compared to control 

and if this accounted for the increase in autolysosome size. Upon analysing the area 

of fat body cells in FIJI, the area of the fat body cells in ArfGAP3 RNAi tissues did 

not differ from control WT tissues and hence did not account for the increase in 

autolysosome size. The data here suggests that ArfGAP3 is crucial for normal 

lysosome functioning since enlarged lysosomes could be an indication of accumulated 

cellular cargo due to disrupted degradation. Further experiments to support this data 

should involve acquiring z-stack images by confocal microscopy to quantify 3D 

representations of autolysosome size since images in this experiment were taken as a 

single slice.  
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5.4.3 Knockdown of ArfGAP3 affects autophagosome-lysosome fusion 

 

The crucial step for complete degradation in the process of autophagy involves the 

fusion of autophagosomes to lysosomes to form autolysosomes which carry the 

necessary enzymes for degrading cellular material. Since knockdown of ArfGAP3 was 

seen to effect autophagosome number and lysosomal size, the next element of the 

autophagic flux to evidently explore was the effect of ArfGAP3 on autophagosome-

lysosome fusion. A number of confocal studies can help examine any disruptions to 

the autophagic flux. 

Figure 5.4 Knockdown of ArfGAP3 affects lysosomal size (diameter). A/B) Confocal sections of fat 

bodies subjected to fluorescence microscopy captured at 63x magnification from 4hours starved third 

instar larvae stained with lysotracker RED in control WT ArfGAP3 (left panel), ArfGAP3 RNAi (VDRC 

B) (middle panel) and ArfGAP3 RNAI (RJ) (right panel). All fly lines were crossed with fat body specific 

CgGal4 driver. Scale bars are 10m. WT n=17 images, ArfGAP3 RNAi n=16 images. Panel A displaying 

number of lysotracker-red positive autolysosomes. Panel B displaying magnified images to show changes 

in lysosome diameter. C) The number of lysosomes at the same magnification in each genotype were 

quantified using FIJI and statistical analysis (one-way ANOVA) was carried out using GraphPad Prism 

8. Statistical analysis showed a significant increase in number of lysosomes in ArfGAP3 RNAi (VDRC 

B) compared to control, p=0.0084. D) Lysosome diameter was measured using the built in ‘analyse 

particle’ tool in FIJI. The area of each particle was measured and converted to diameter size using equation 

[2*SQRT(area/pi())] in excel. Statistical analysis (one-way ANOVA) revealed the difference in 

lysosomal size in diameter between WT ArfGAP3 and both ArfGAP3 RNAi’s were highly significant, 

p<0.0001. Error bars represent SEM. 
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 Another transgenic Drosophila line expressing tandem tagged 

mCherry-GFP-Atg8a with a FLPout system was crossed with UAS ArfGAP3 RNAi 

(RJ). This produced a progeny expressing GFP clones with GFP Atg8a positive 

puncta. It also produced red clones in the same area with mCherry puncta representing 

autolysosomes. These clones expressed ArfGAP3 RNAi, hence represented ArfGAP3 

knockdown. In brief, the mCherry puncta represent autolysosomes because the acidic 

hydrolases in autolysosomes causes the quenching of GFP fluorescence signal upon 

fusion of autophagosomes with lysosomes, resulting in mCherry fluorescing 

autolysosomes (DeVorkin and Gorski, 2014; Lorincz et al, 2017). Hence this 

experiment is a good method to see if the autophagic flux is being disrupted as when 

both channels (GFP and mCherry) are merged we would expect to see more red puncta 

representing autolysosomes if the autophagic flux is normal and functioning. On the 

other hand, small GFP and mCherry-positive puncta would represent autophagosomes 

and yellow puncta can be an indication of autolysosomes unable to degrade cargo, 

suggesting that the autophagic flux is disrupted (Lorincz et al, 2017).  

The dissected fat bodies were subjected to fluorescence microscopy with DAPI 

staining. Mounted tissues viewed under confocal microscopy. Confocal images from 

this experiment suggested that there was a disruption in the autophagic flux when 

ArfGAP3 was knocked out, as merged image analysis showed a mix of mCherry and 

GFP autophagosomes and some yellow puncta (figure 5.5B). In the control cells, only 

mCherry positive autolysosomes were observed (figure 5.5A). Quantification analysis 

showed a higher Pearson’s correlation coefficient for ArfGAP3 RNAi cells compared 

to control cells, confirming the mCherry and GFP signals overlapped more in 

ArfGAP3 RNAi cells than in control cells (figure 5.5). Thus, this suggests that the 
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autophagic flux is disrupted in the absence of ArfGAP3 because there are 

autophagosomes present which have not been able to fuse with lysosomes. 

Alternatively, the data could also suggest increased number of autophagosome due to 

increased formation or accumulation of autophagosomes in ArfGAP3 RNAi cells. 

Although this explanation would not fit the results observed in figure 5.3 where we 

show decreased number of autophagosomes in ArfGAP3 RNAi fat body cells, the 

interpretation seems more accurate for data in figure 5.5, as we see impaired 

autophagosome-lysosome fusion in ArfGAP3 RNAi cells compared to control. If 

fusion is hindered, there would be an accumulation of autophagosomes observed.  

An alternative approach to examine the effect of ArfGAP3 on the autophagic 

flux would be to cross cgGal4 mCherry Atg8a driver flies with UAS ArfGAP3 RNAi, 

the resulting progeny flies would express mCherry positive Atg8a puncta in ArfGAP3 

RNAi fat bodies, which can be immunostained with cathepsin-L antibody for labelling 

lysosomes. The co-localisation of mCherry autophagosomes with cathepsin-L positive 

lysosomes can then be measured and quantified.  
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Figure 5.5 Knockdown of ArfGAP3 affects 

autophagosome-lysosome fusion. Confocal 

sections of fat bodies subjected to fluorescence 

microscopy captured at 63x magnification 

from 4hours starved third instar larvae. A) 

Cross FLPout tandem GFP-mCherry Atg8a X 

control RNAi showing clear mCherry signals 

of autolysosomes compared to B) cross FLPout 

tandem GFP-mCherry Atg8a X UAS ArfGAP3 

RNAi (RJ) where merged signals of mCherry 

and GFP can be seen indicating disruption to 

autophagic flux. C) Coloc2 plugin in FIJI was 

used to quantify co-localisation of mCherry 

and GFP signals using Pearson’s Correlation 

Coefficient. Scale bar 10µm, n=30 images. 

Statistical analysis using GraphPad Prism 

indicates significant difference in Pearson’s 

correlation coefficient between ArfGAP3 

RNAi cells and control cells, p<0.0001. Error 

bars represent SD. 
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5.5 The effect of ArfGAP3 on the endocytic flux 

 

5.5.1 ArfGAP3 co-localises with Rab5 and Rab7 in Drosophila melanogaster 

 

Previous studies have shown that ArfGAP3 could possibly be associated with early 

and late endosomes. ArfGAP3 co-localised to Rab5 (early endosome marker) and 

Rab7 (late endosome marker) in HeLa cells suggesting ArfGAP3 could play a role in 

endosomal trafficking in mammalian cells (Shiba et al., 2013). To test if this 

observation was also true in Drosophila melanogaster, DsRed tagged UAS ArfGAP3 

WT flies were crossed with the CgGAL4 driver to express ArfGAP3-DsRed in larval 

fat bodies. These fat bodies were subjected to immunofluorescence with the early and 

late endosomal markers, Rab5 and Rab7 respectively.  

 In starved larval fat bodies, DsRed tagged ArfGAP3 co-localised with 

Rab5 and Rab7 (figure 5.6), as the average Pearson’s Coefficients were closer to +1, 

0.7 and 0.6 respectively (figure 5.6). A control fly line was not used here. This 

experiment was not done for any comparison purposes, merely to show that ArfGAP3 

co-localised to Rab7 and Rab5 in Drosophila. The data here supports the findings in 

the study by Shiba et al, 2013. Their study also showed that ArfGAP3 co-localised 

with Rab5 more than Rab7. Herein, ArfGAP3 also co-localised more with Rab5 than 

Rab7 (figure 5.6), however, the focus from here onwards was on Rab7 as it is a 

common participating molecule in both autophagy and endocytosis.  
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5.5.2 Knockdown of ArfGAP3 effects endosome trafficking. 

 

A recent study published in 2019 by Gabor Juhasz group showed that a small GTPase 

protein Arl8 is a general positive regulator of lysosomal fusion events. In the study by 

Gabor, TEM was carried out on Arl8 RNAi and control starved garland nephrocytes. 

In control and Arl8 RNAi cells, endosomes and lysosomes were observed, however in 

Arl8 RNAi cells the endosomes were much larger (Boda et al., 2019). 

Figure 5.6 ArfGAP3 co-localizes to Rab5 and Rab7 in 

Drosophila. Confocal sections of fat bodies captured at 63x 

magnification from 4hours starved third instar larvae from 

cross CgGal4 X UAS-ARFGAP3DsRed4B. Fat bodies were 

subjected to IF and incubated with antibodies against Rab7 

(A) and Rab5 (B). C) ArfGAP3 co-localized with Rab5 more 

than Rab7. Scale bar 10 µm, n=15. Error bars represent SD. 

FIJI was used to quantify co-localisation of DsRED and GFP 

signals using Pearson’s Correlation Coefficient. There is a 

higher Pearson’s correlation coefficient for Rab5, indicating 

more co-localisation with Rab5 compared to Rab7. 
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Since ArfGAP3 is a GTPase activating protein, there could be similar 

functional links of ArfGAP3 to lysosomal fusion events. Hence, similar TEM analysis 

was also carried out in UAS ArfGAP3 RNAi (RJ) and ArfGAP3 mutant fed and 

starved fat bodies and was compared to TEM analysis of WT fed and starved fat bodies 

which was done previously in the laboratory by Dr Ioannis Nezis. The WT fed fat 

bodies show clear representations of mitochondria and cytoplasm with endoplasmic 

reticulum (white arrows) (figure 5.7A’). Under starved conditions, when autophagy is 

initiated, autophagosomes and autolysosomes can be seen as expected (figure 5.7A’’). 

The autophagosomes can be distinguished by the appearance of double membrane 

vesicles with smaller cargo in the autophagosome lumen (white arrows left panel). 

The autolysosome structures appear more dense and larger in size compared to 

autophagosomes (white arrows right panel). On the contrary, both fed and starved 

ArfGAP3 RNAi fat body cells showed an accumulation of vesicles (red arrows) 

(figure 5.7B). However, in the starved cells, when autophagy was initiated, lysosomes 

were also observed. Multiple vesicles were observed surrounding the lysosome as if 

fusion is occurring or about to take place (figure 5.7B right panel). ArfGAP3 mutant 

fed and starved fat bodies also showed accumulation of these vesicles (red arrows), 

although the staining of the mutant cells was not as clear as ArfGAP3 RNAi cells 

(figure 5.7C). These vesicular structures are of different shapes and sizes in the starved 

fat bodies, however more consistent in shape in the fed fat bodies. The morphology of 

these vesicles is irregular in the ArfGAP3 RNAi starved fat bodies. In comparison to 

the TEM images of Arl8 RNAi fat bodies published in Gabor’s study, these vesicular 

structures observed in the ArfGAP3 RNAi fat bodies could also possibly be 

endosomes as seen in Gabor’s study.  
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Since it was thought that the accumulated vesicles observed in the TEM images 

could possibly also be endosomes, starved 3rd instar larval fat bodies expressing 

ArfGAP3 RNAi were subjected to immunofluorescence for Rab7. The driver line, 

cgGal4, was crossed with UAS ArfGAP3 RNAi (RJ) fly line. Wildtype and luciferase 

RNAi fat bodies were used as controls. Rab7-positive endosomes were observed in 

both WT and luciferase RNAi fat body cells (figure 5.8A). There was a 2-fold increase 

in endosome number in luciferase RNAi compared to WT, however statistical analysis 

showed the change was not significant. A possible explanation for this could be due 

to the small n number for quantification and the large deviation in number of 

endosomes for luciferase RNAi fat bodies. A larger n number for quantification should 

give a more accurate statistical significance. Rab-7 positive endosomes had 

accumulated in starved ArfGAP3 RNAi fat bodies, with a significant 4-fold increase 

in endosome number compared with WT (figure 5.8B), further suggesting that the 

accumulated vesicles seen in TEM analysis of ArfGAP3 RNAi fat bodies, could 

potentially be endosomes. In addition, some endosomes in the ArfGAP3 RNAi fat 

body cells were observed to be slightly bigger and abnormal in shape compared to 

endosomes in WT and luciferase RNAi cells, correlating to the change in vesicle 

morphology seen in the TEM analysis under starvation conditions in ArfGAP3 RNAi 

cells. Endosome size varies between early endosomes and late endosomes. Studies in 

Drosophila have shown late endosome vesicle size around 70-80nm (0.7-0.8µm) 

Figure 5.7 Knockdown of ArfGAP3 affects endosomal trafficking. Ultrastructure of fat body cells from 

fed WT third instar larvae shows clear structures of ER, mitochondria etc (A’) and WT 4hrs starved larvae fat 

bodies show presence of autophagosomes and lysosomes (A’’), n=4. B) Fed and 4hrs starved CgGal4 UAS 

ArfGAP3 RNAi (RJ) larvae fat bodies show accumulation of endosome-like vesicles. In starved cells (right 

panel) these accumulated vesicles have altered morphology to the vesicles seen in fed conditions. N = 21. C) 

Fed and 4hrs starved ArfGAP3 mutant larvae fat bodies also show accumulation of endosome-like vesicles. 

N=39. Images taken with Dr Saskia Bakker and Dr Ioannis Nezis (School of Life Science imaging suite).  
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(Ganley et al, 2004). The limitation of the analysis here however is that we did not 

have an internal control for endosome size changes and quantification analysis of 

endosome size was not carried out. A few internal controls that could be used to 

compare endosome size to would be Rab5-positive early endosomes and Atg8a-

positive autophagosomes. To assess the specific morphological features, TEM images 

immunolabelled for endocytic and autophagic structures would also be good 

alternative experiments to complement this data.  

The accumulation of Rab7 positive endosomes was later verified using the new 

UAS ArfGAP3 RNAi (VDRC B) fly line to confirm the observations seen in the UAS 

ArfGAP3 RNAi (RJ) line was reliable. As observed in figure 5.8C’-D, the number of 

Rab7 positive endosomes is significantly increased in the UAS ArfGAP3 RNAi 

(VDRC B) fat bodies compared to the control luciferase RNAi fat bodies. 

Quantification analysis clarified a fourfold increase in endosome number in the 

ArfGAP3 RNAi line compared to control (figure 5.8D). In addition, image acquisition 

at a higher magnification, showed endosome morphology in the ArfGAP3 RNAi 

VDRC B fly line was seen more prominent (clear ring-like structures) (figure 5.8C’’). 

A limitation in this analysis is as mentioned in chapter 4, that the luciferase RNAi is a 

TriP line which is a different genetic background to the VDRC B ArfGAP3 RNAi 

line. In theory, having a control against a completely unrelated protein can be a 

comparable control, but only if the genetic background is the same.  

In Gabor’s study, immunostaining for endogenous Rab7 was carried out in 

larval garland nephrocytes in control and Arl8 RNAi cells. Garland nephrocytes were 

the chosen tissue because nephrocytes are known as an “excretory” organ by 

endocytosis. In flies, the endocytic cargo can be sorted by nephrocytes for either 
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degradation by lysosome or recycling back into haemolymph. Hence, nephrocytes are 

used as a model to study endocytosis due to its high endocytic activity (Boda et al., 

2019). In their study, enlarged Rab7-positive late endosomes were seen when Arl8 

was silenced. Immunostaining for endogenous Rab7 was carried out in the control 

(luciferase RNAi) and ArfGAP3 RNAi garland nephrocytes (figure 5.9A). When 

ArfGAP3 was silenced, there was an increase in Rab-7 positive endosomes by almost 

2-fold compared to control, however this was not significant (figure 5.9B). The 

immunofluorescence staining was not as clear as in Gabor’s study, where the Rab-7 

positive endosome ring structure was seen very clearly and hence easier to quantify. 

Nevertheless, some rab-7 positive ring structures could be seen in the ArfGAP3 RNAi 

cells. Again, the limitation in the analysis of this data was using luciferase RNAi as 

the control line, WT (w118) would have been a better control. To support the Rab7 

data in this sub-chapter, western blot data showing accumulation of endogenous Rab7 

in control and ArfGAP3 RNAi fly lysates will have to be carried out as future 

experiments.  
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Figure 5.8 Knockdown of ArfGAP3 affects endosomal trafficking 

continued. A) Confocal sections of fat bodies captured at 63x magnification 

from starved third instar larvae from cross CgGal4 X UAS ArfGAP3 RNAi 

(RJ). Fat bodies were subjected to IF and incubated with antibody against Rab7. 
N=15. B) Quantification analysis by FIJI and GraphPad Prism 8 shows an 

accumulation of Rab7 in ArfGAP3 RNAi starved fat body cells compared to 

controls WT (highly significant p = 0.003) and luciferase RNAi. C’/C’’) Two 

representative confocal sections of fat bodies captured at different 

magnifications from starved third instar larvae from cross CgGal4 X UAS 
ArfGAP3 RNAi (VDRC B). C’’ panel higher magnification than C’ showing 

clearer endosome structures. Fat bodies were subjected to IF and incubated 

with antibody against Rab7. N=25. D) Quantification analysis by FIJI and 

GraphPad Prism 8 shows an accumulation of Rab7 in ArfGAP3 RNAi (VDRC 

B) starved fat body cells compared to control luciferase RNAi (highly 
significant p<0.0001). All scale bars 10µm. Error bars represent SD. 
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5.5.3 Knockdown of ArfGAP3 disrupts endosome-lysosome fusion 

 

After examining the effect of low levels of ArfGAP3 on the autophagic flux and hence 

autophagosome-lysosome fusion, next we approach to investigate endosome- 

lysosome fusion. Since ArfGAP3 has been previously shown to co-localise to Rab5 

and Rab7, it was considered that ArfGAP3 could also possibly be involved in 

endosome-lysosome fusion events.  

To address whether ArfGAP3 is involved in regulating endosome-lysosome 

fusion, immunofluorescence was carried out on WT (W118) (control), luciferase 

RNAi (control) and ArfGAP3 RNAi (VDRC B) 4-hour sucrose starved larval fat 

Figure 5.9 Knockdown of ArfGAP3 affects endosomal 

trafficking continued. A) Confocal sections of starved third 

instar larvae garland nephrocytes captured at 63x 

magnification. Immunostaining for endogenous Rab7 in 

luciferase (control) RNAi (left panel) and ArfGAP3 RNAi 

(VDRC B) (right panel) shows accumulation of late 

endosomes in case of ArfGAP3 silencing compared to the 

control, n=11 images (control) and 29 images (RNAi). B) 

Quantification analysis carried out using FIJI and GraphPad 

Prism 8. Error bar represents SD. 
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bodies for Rab7 (late endosome marker) and cathepsin-L (lysosomal protein), to check 

for co-localisation (figure 5.10). It is expected that if the endosome-lysosome fusion 

events are not disrupted, clear overlapping of both Rab7 and cathepsin-L signals 

should be seen. On the other hand, if endosome-lysosome fusion is disrupted, both 

signals should not overlap. Quantification of the Rab7 and Cathepsin-L signals were 

analysed using generating a Pearson’s correlation coefficient followed by statistical 

analysis.  

 As expected, in both controls, WT (W118) and luciferase RNAi, there was 

clear co-localisation of Rab7 positive endosomes and cathepsin-L positive lysosomes, 

verifying normal endosome-lysosome fusion events (figure 5.10 A&B). The average 

Pearson’s correlation coefficient was 0.67 for WT (W118) and 0.6 for luciferase RNAi 

(figure 5.10D).  On the contrary, in starved ArfGAP3 RNAi (VDRC B) fat bodies, the 

co-localisation of Rab7 positive endosomes with cathepsin-L positive lysosomes 

reduced by 1.5-fold, giving an average Pearson’s correlation coefficient of 0.4. 

Statistical analysis (one-way ANOVA) revealed that the difference in average 

Pearson’s correlation coefficient between the controls and ArfGAP3 RNAi was highly 

significant (p<0.0001). As mentioned previously, the luciferase RNAi was an 

incorrect control used for the VDRC B ArfGAP3 RNAi line. In addition, the 

significant difference in Rab7 and cathepsin-L co-localisation between luciferase 

RNAi and VDRC B ArfGAP3 RNAi revealed by statistical analysis is questionable 

since the error bars overlap largely. On the other hand, the significant difference in 

Rabb7 and cathepsin-L co-localisation between the appropriate WT (w118) control 

and VDRC B ArfGAP3 RNAi is a more reliable result as the error bars do not overlap. 

The data here signifies that endosome-lysosome fusion was disrupted in ArfGAP3 
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RNAi starved fat bodies and hence low levels/absence of ArfGAP3 affects endocytic 

activity.  

 

5.6 Knockdown of ArfGAP3 does not affect endosome-autophagosome fusion 

 

Endocytosis and autophagy can functionally interact. In other words, the endocytic 

and autophagic pathways can interconnect on the occasion when autophagosomes fuse 

with late endosomes (multivesicular bodies, MVBs) to form amphisomes, which can 

then mature or fuse with lysosomes to form autolysosomes (Tooze, Abada and Elazar, 

2014). In this study, data leans towards the possibility that low levels of ArfGAP3 

disrupts autophagosome-lysosome fusion and subsequently disrupts the autophagic 

flux, however this is not fully conclusive until further experiments are carried out to 

support this notion. In addition, there was compelling evidence that low levels of 

ArfGAP3 disrupts endosome-lysosome fusion and hence endocytic flux was also 

disrupted. Therefore, investigating the effect of ArfGAP3 on trafficking of endosomes 

to autophagosomes and hence autophagosome-endosome fusion was the next 

approach.  
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Figure 5.10 Knockdown of ArfGAP3 disrupts 

endosome-lysosome fusion.  Confocal sections of fat 

bodies captured at 63x magnification from 4hours 

starved third instar larvae immunostained with Rab7 and 

cathepsin-L in A) WT (W118). B) Cg luciferase RNAi 

and C) Cg ArfGAP3 RNAi (VDRC B). A’, B’ and C’ 

showing cathepsin-L positive lysosomes and A’’, B’’ 

and C’’ showing Rab7 positive endosomes. Scale bars 

for A-C are 10m. Error bars represent SD. Overlap of 

signals were quantified using FIJI coloc 2 plugin and 

statistical analysis (one-way ANOVA) carried out using 

GraphPad Prism 8. D) Statistical analysis (one-way 

ANOVA) revealed the difference in co-localisation 

(average Pearson’s correlation coefficient) between 

controls and ArfGAP3 RNAi (VDRC B) was highly 

significant, p<0.0001.   
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5.6.1 Knockdown of ArfGAP3 does not disrupt autophagosome- endosome fusion. 

 

In order to examine whether ArfGAP3 mediates the trafficking of endosomes to 

autophagosomes, flies expressing mCherry tagged Atg8a in fat bodies were crossed 

with UAS ArfGAP3 RNAi (VDRC B) flies. ArfGAP3 was silenced in the fat bodies 

of the resulting progeny. Luciferase RNAi flies was used as control. Dissected fat 

bodies were immunostained with Rab7.  

Since ArfGAP3 was shown to mediate fusion of autophagosomes and 

endosomes with lysosomes, it was assumed that ArfGAP3 possibly also mediated the 

fusion of autophagosomes and endosomes. Nevertheless, this was not the case 

observed through confocal microscopy. In control cells, in some cases Rab7 positive 

late endosomes were seen to co-localise with mCherry-Atg8a positive 

autophagosomes (figure 5.11A). However, in other cases, there was no clear overlap 

of the Rab7 and mCherry-Atg8a signals, but the endosomes were seen to locate around 

mCherry-Atg8a positive autophagosomes that were also slightly bigger in size, as if 

perhaps fusion was about to take place (figure 5.11B).  

In fat bodies expressing ArfGAP3 RNAi, some overlap of Rab7 and mCherry-

Atg8a signals was also observed (figure 5.11C). Like in the control cells, where there 

was no clear overlap of Rab7-GFP and mCherry Atg8a signals, endosomes 

surrounding slightly larger mCherry-Atg8a positive autophagosomes was also noticed 

in some cases. The endosomes surrounding the autophagosomes seen in these confocal 

images were like what was observed in the TEM experiment images in figure 5.7, 

where the “endosome-like” vesicles surrounded the lysosomes. Quantification 

analysis revealed that there was no significant difference in co-localisation between 
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Rab7 positive endosomes and mCherry-Atg8a positive autophagosomes when 

ArfGAP3 was knockdown compared to control RNAi cells (p=0.06) (figure 5.11E). 

The data here suggests that ArfGAP3 knock down does not affect autophagosome-

endosome fusion. However, since luciferase RNAi is an inappropriate control to use 

for VDRC B ArfGAP3 RNAi, repeating this experiment using WT (w118) should be 

the next approach to clarify this data and conclusion.    
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5.7 ArfGAP3 in the interplay between autophagy and lipophagy 

 

Recent studies have shown that lipid droplets regulate autophagosome biogenesis and 

there has been growing evidence showing that also autophagy regulates lipophagy 

(Singh et al., 2009; Shpilka and Elazar, 2015; Garcia, Vevea and Pon, 2018). Certain 

proteins that have also been identified on lipid droplets (LD) include Arf1 (ArfGAP3 

regulates Arf1 protein) and ArfGAP1 (Human homolog of Drosophila ArfGAP3) 

(Bartz et al., 2007). As mentioned in Chapter 1.5, the study by Hommel et al showed 

that knockdown of Arf-like GTPase, ARFRP1, results in hinderance in normal 

development of lipid droplets and therefore regulates lipid droplet growth and lipolysis 

(Hommel et al., 2010). In essence, Arf proteins, Arf GTPases and Rab proteins all 

seem to have functional relevance in lipid droplet development and lipolysis.  

 Since studies show possible links of mammalian ArfGAP1 and ARFRP1 to 

lipid droplet regulation, the effect of Drosophila ArfGAP3 on lipid droplet 

development was the final approach to investigate in this chapter. 

 

 

Figure 5.11 Knockdown of ArfGAP3 does not disrupt autophagosome-

endosome fusion. Confocal sections of fat bodies captured at 63x 

magnification from 4hours starved third instar larvae expressing mCherry 

Atg8a and immunostained with Rab7 in A-B) luciferase RNAi (control) and 

C-D) ArfGAP3 RNAi (VDRC B). A and B are two representative images of 

luciferase RNAi. C and D are two representative images if ArfGAP3 RNAi 

VDRC B. A’, B’ and C’ showing mCherry Atg8a autophagosome in 

respective genotypes. A’’, B’’ and C’’ are showing Rab7 endosomes in 

respective genotypes. Scale bars for A-D are 2m. Error bars represent SD. 

Overlap of signals were quantified using FIJI coloc 2 plugin and statistical 

analysis (T-tests) carried out using GraphPad Prism 8. E) Statistical analysis 

revealed there was no significant difference in co-localisation (average 

Pearson’s correlation coefficient) between luciferase RNAi and ArfGAP3 

RNAi (VDRC B), p<0.06.   
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5.7.1 The effect of ArfGAP3 in lipid droplet development 

 

Lipid droplets are located in Drosophila fat body cells. To examine the effect of 

ArfGAP3 on lipid droplet development, UAS ArfGAP3 RNAi (RJ) flies were crossed 

with the CgGal4 driver, resulting in progeny flies expressed ArfGAP3 RNAi in fat 

bodies. Dissected fat bodies were then stained with a lipid droplet dye, BODIPY. The 

size of the lipid droplets was compared between WT (W118) control and ArfGAP3 

RNAi (RJ).  

 Lipid droplets in the control cells varied in size, with the largest LD size of 

around 15m. The average size of LD in WT control cells was around 9m. On the 

contrary, the lipid droplets in fat bodies expressing ArfGAP3 RNAi were much bigger 

in size. The average size of LD increased to around 14m and the largest LD was 

around 20m. Statistical analysis, t-test, revealed that the increase in average LD size 

in ArfGAP3 RNAi fat bodies compared to WT LDs was highly significant (figure 

1.12). The lipid droplet sizes in control cells were in the expected range of ‘normal’ 

lipid droplet development as previous studies in Drosophila have published average 

LD size in controls also around 9m and largest around 14m (Fan et al., 2017). 

Therefore, this data strongly confirms that the enlargement of LDs is abnormal in 

ArfGAP3 RNAi fat bodies and suggests that ArfGAP3 is key for normal LD 

development.  
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Figure 5.12 Knockdown of ArfGAP3 causes enlargement of lipid droplets. Confocal sections of 

fat bodies captured at 63x magnification from 4hours starved third instar larvae stained with BODIPY 

in A) WT (W118) (control) and B) ArfGAP3 RNAi (RJ). Scale bars are 10m, n=12 images. C) 

Quantification showing average LD diameter (µm)/area. D) Quantification showing fold change in 

LD diameter (µm)/area. LD diameter was measured using the built in ‘analyse particle’ tool in FIJI. 

The area of each particle was measured and converted to diameter size (µm) using equation 

[2*SQRT(area/pi())] in excel. Statistical analysis (T-tests) carried out using GraphPad Prism 8. 

Analysis revealed a significant increase in lipid droplet size in ArfGAP3 RNAi (RJ) compared to 

control cells (p<0.0001).   
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The data in this chapter suggests a possible role of ArfGAP3 in the endolysosomal 

pathway as knockdown of ArfGAP3 resulted in an accumulation of endosomes and 

disrupted downstream endosome-lysosome fusion. Even though the data indicates 

knockdown of ArfGAP3 influences lysosome size, some of the data in this chapter is 

open to question and interpretation, in particularly figure 5.3 and figure 5.5, examining 

the effect of ArfGAP3 on the autophagic flux.  On one hand we see less 

autophagosomes in ArfGAP3 RNAi cells compared to control in figure 5.3, which in 

theory signifies normal autophagic flux, suggesting that the knockdown of ArfGAP3 

aids normal autophagic flux. However, examining the effect of ArfGAP3 on 

autophagosome-lysosome fusion suggested otherwise, that knockdown of ArfGAP3 

disrupts fusion of these compartments and hence disrupts autophagic flux. 

Interestingly, in figure 5.5, we do see autophagic structures in the ArfGAP3 RNAi 

cells and mostly only autolysosomes in the control cells indicating clearance of 

autophagosomes through normal autophagic flux compared to RNAi cells. Figures 

5.11C’ and 5.11D’ also show mCherry positive autophagic structures in ArfGAP3 

RNAi cells. The data in figure 5.5 suggests there could be an accumulation of 

autophagosomes in ArfGAP3 RNAi cells compared to control (not quantified), which, 

if true, would fit the interpretation that knockdown of ArfGAP3 disrupts autophagic 

flux, since fusion is impaired, there should in theory be an accumulation of 

autophagosomes. Further experiments and repeats will need to be carried out to clarify 

this data, by performing autophagic flux assays by western blotting to see if 

endogenous levels of Atg8a accumulates in ArfGAP3 RNAi fly lysates. 
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Chapter 6 
 

Investigating the physiological relevance of ArfGAP3 

during ageing 

 

6.1 Chapter introduction: Autophagy and endolysosomal system in ageing.  

 

Autophagic activity has been shown to decline with age, being the likely causative 

factor of accumulation of damaged cytosolic macromolecules and organelles during 

ageing (Lipinski et al, 2010; Maruzs et al, 2019). A study in 2010 showed the essential 

role of ROS as a mediator upstream to the activation of type III PI3 kinase, which is 

key for autophagy induction. Moreover, they also reported the transcriptional down-

regulation of autophagy during normal aging in human brain (Lipinski et al, 2010). 

Dysfunctional autophagy and endolysosomal system are key pathological features that 

worsen age-associated diseases, e.g., neurodegeneration. Defects in autophagy has 

been implicated in age-related diseases such as Alzheimer’s disease (AD), Parkinson’s 

disease (PD), Huntington’s disease (HD), Frontal Temporal Dementia (FTD) etc since 

these diseases exhibit pathological characteristics of accumulated proteins leading to 

chronic aggregation (Reggiori and Klumperman, 2016). Observations in certain 

studies have shown the decline in effects of these toxic protein aggregates by 

upregulating autophagy by using chemical inducers of autophagy like rapamycin 

(Metcalf et al, 2012). The treatment of rapamycin has been reported to augment 
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clearance of mutant huntingtin protein aggregation, resulting in subsequent protection 

against toxicity in mammalian cells and animal models of HD (Berger et al, 2006; 

Ravikumar et al, 2006; Sarkar et al, 2009; Metcalf et al, 2012). In addition, defects in 

the endolysosomal system has also been implicated in AD where levels of Rab5 and 

Rab7 have been shown to be upregulated in the brain (Reggiori and Klumperman, 

2016; Xu et al, 2018). A study on post-mortem human brain tissue from patients with 

mild cognitive impairment and AD showed Rab5 and Rab7 was selectively up 

regulated in the hippocampus, basal forebrain and frontal cortex compared to brain 

tissues from patients with no cognitive impairment (Ginsberg et al, 2010). 

 There have not been any published studies showing any relevance of ArfGAP3 

in age-related physiology, however, it became an avenue to explore after discovering 

ArfGAP3’s significant relations to autophagy and endolysosomal system. In Chapter 

5, the function of ArfGAP3 in the interplay between autophagy and endosomal 

trafficking was established. This chapter will explore further findings that suggest any 

physiological importance of ArfGAP3 in autophagy during ageing.  

 

6.2 Lifespan of ArfGAP3 knockdown transgenic flies is reduced  

 

The effect of absence of ArfGAP3 was examined on lifespan of adult Drosophila flies. 

For this survival assay, DaGal4 driver flies (driver for whole body expression) was 

crossed with UAS ArfGAP3 RNAi (VDRC B) flies. The progeny flies had ArfGAP3 

knockout throughout the whole body. Luciferase RNAi flies were used as control.  

 It has been documented that on average wildtype male adult Drosophila flies 

can live up to ~50 days at 25°C, generally having a shorter lifespan than females 
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(Linford et al., 2013). In the case of luciferase RNAi control, the average lifespan for 

male flies was 71 days and 74 days for female flies. On the contrary the average 

lifespan for ArfGAP RNAi male and female flies was 60 and 62 days respectively. 

Comparison of the survival curves using Log-rank (Mantel-Cox) test revealed that the 

difference in average lifespans between luciferase RNAi and ArfGAP3 RNAi males 

was highly significant (chi square = 8.072, p = 0.0045), however there was no 

significant difference in the average lifespan between luciferase RNAi and ArfGAP3 

RNAi female flies (chi square = 0.7186, p=0.3966) (figure 6.1). In summary, the 

lifespan data revealed that for both genotypes the females lived longer than males, 

however knockdown of ArfGAP3 affected the lifespan of male flies than female flies 

compared to respective male and female control flies. This data suggests that 

ArfGAP3 expression, in a sex biased manner, positively contributes to longevity.  

Many species exhibit sex-biased differences in traits. In Drosophila it has been 

reported that females have the tendency to live longer than males, as also the case for 

humans and any other species where the XY sex chromosome is male (Tower and 

Arbeitman, 2009). In Caenorhabditis elegans, the hermaphrodites possess the XX 

chromosome and tend to live longer than males, which only possess one X 

chromosome. On the contrary, the heterogametic sex in most bird species is female, 

and for these species, the males tend to live longer than females (Tower and 

Arbeitman, 2009). Certain genetic and environmental factors have been observed to 

have a greater effect in one sex over the other (Partridge et al, 2005; Tower, 2006). 

These factors is discussed in detail in the discussion chapter 7.3. 

Since these aging experiments were conducted towards the end of the PhD 

timeline, the previous ArfGAP3 RNAi experiments discussed in chapter 5 had been 
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carried out prior to obtaining these lifespan results. Thus, sex of flies was not 

considered at the time of the earlier ArfGAP3 RNAi experiments. Going forward, sex 

selection will need to be implemented in experimental design as appropriate controls. 

The limitation in the lifespan analysis here is that the genetic background of the 

luciferase RNAi and ArfGAP3 VDRC B RNAi lines were not the same, so using WT 

(w118) as another control would have been appropriate. Going forward, the genetic 

background of control flies should be verified to avoid any background effects 

occurring.  

 

6.3 Knockdown of ArfGAP3 does not affect climbing ability of Drosophila flies  

 

To characterise the phenotype by assessing the physiological differences between 

ArfGAP3 RNAi flies and luciferase RNAi control flies, a series of climbing assays 

were conducted to examine the locomotor behaviour of the two genotypes. The 

climbing assay was carried out on 7 days and 4 weeks old flies, where the flies were 

transferred into climbing vials, tapped down to the bottom, followed by recording the 

number of flies that climbed up to each segment in the climbing vial (low, middle and 

high) at 10 and 20 seconds.  

As the flies aged to 4 weeks, their ability to climb had significantly reduced 

compared to 7 days for both luciferase RNAi and ArfGAP3 RNAi male and female 

flies, as 80-90% of the flies remained at the lowest segment of the climbing vial, 

unable to climb further up (figure 6.2) (tables 6.1 and 6.2). On the other hand, there 

was no significant difference in climbing ability between the two genotypes at 7 days 

and 4 weeks (figure 6.2) (tables 6.3 and 6.4) at each time point. For both of the control 
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luciferase RNAi and ArfGAP3 RNAi flies, the female flies showed better locomotor 

behaviour at both time points, as a larger proportion of female flies were recorded in 

the higher segments (6-11.5cm) of the climbing vial compared to male flies. On the 

whole, these results suggest that lack of expression of ArfGAP3 does not hinder the 

negative geotaxis and climbing ability of Drosophila. 

   

 

 

 

 

 

 

 

 

Figure 6.1 Longevity of ArfGAP3 

knockdown transgenic flies is reduced. 

Survival curves showing probability of 

survival over time for A) ArfGAP3 

RNAi VDRC B and luciferase RNAi 

male flies and B) ArfGAP3 RNAi VDRC 

B and luciferase RNAi female flies. 

ArfGAP3 RNAi male flies demonstrated 

a significantly reduced average lifespan 

compared to luciferase RNAi control 

flies (chi square 8.072, p=0.0045) 

whereas the females flies did not (chi 

square 0.7186, p=0.3966). N=3 lifespan 

assays with different biological 

replicates and 3 technical replicates. 

Statistical analysis carried out using log-

rank (Mantel Cox) test using GraphPad 

prism 8. 
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6.4 Expression of ArfGAP3 in the brain 

 

Drosophila ArfGAP3 has been shown to play a crucial role in the patterning of the 

Drosophila pupal eye (Johnson et al., 2011). Moreover, the lifespan and climbing 

assay suggest some physiological relevance of ArfGAP3 during aging. Naturally, the 

next approach was to examine where ArfGAP3 is expressed in the brain.  

 

6.4.1 ArfGAP3 is expressed in larval brain 

 

In order to examine expression of ArfGAP3 in the Drosophila larval brain, ElavGal4 

flies (driver for expression in brain) were crossed with UAS ArfGAP3 WT flies tagged 

with FLAG and the progeny larval brains were immunostained with anti-FLAG. 

ArfGAP3 was predominantly expressed in the optic lobes of the larvae brain (figure 

6.3). ArfGAP3 expression in the optic lobes agrees with the study highlighting the role 

of ArfGAP3 in Drosophila pupal eye patterning. Additionally, it was also interesting 

to observe that some expression was also seen in the central brain area and ventral 

nerve cord. This could possibly indicate that ArfGAP3 may have a larger role within 

the brain.  
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Figure 6.2 Knockdown of ArfGAP3 does not affect climbing ability of Drosophila flies. Climbing 

assay results illustrated as bar charts showing proportion of flies that climbed to each segment; low 

(<1.5cm), middle (1.5-6cm) and high (6-11.5cm). Number of flies were recorded at A) 10secs and B) 

20 seconds. N = 3 climbing assay replicates with different biological replicates and 3 technical 

replicates. 



CHAPTER 6 INVESTIGATING THE PHYSIOLOGICAL RELEVANCE 

OFARFGAP3 DURING AGEING 

 

 

 169 

 

 

 
 

Males 
  

Height 

climbed in 

10 secs 

Control 

proportion % 

(7days) 

Control 

proportion %  

(4 weeks) 

p value Significant 

difference? 

Low 75.19 93.89 0.00218851 ** 

Middle 19.26 5.74 0.01677334 * 

High 5.74 0.37 0.01336915 * 
     

 
Males 

  

Height 

climbed in 

10 secs 

ArfGAP3 RNAi 

proportion % 

(7days) 

ArfGAP3 RNAi 

proportion %  

(4 weeks) 

p value Significant 

difference? 

Low 82.59 95.15 0.01507041 * 

Middle 12.04 4.85 0.07305235 NS 

High 5.37 0.37 0.01030884 * 
     

 
Females 

  

Height 

climbed in 

10 secs 

Control 

proportion % 

(7days) 

Control 

proportion %  

(4 weeks) 

p value Significant 

difference? 

Low 52.41 88.48 0.00273006 ** 

Middle 29.63 9.48 0.00138551 ** 

High 19.07 2.04 0.02158861 ** 
     

 
Females 

  

Height 

climbed in 

10 secs 

ArfGAP3 RNAi 

proportion % 

(7days) 

ArfGAP3 RNAi 

proportion %  

(4 weeks) 

p value Significant 

difference? 

Low 57.04 96.19 0.0065981 ** 

Middle 26.48 3.81 0.0016198 ** 

High 16.48 0.00 0.09759703 NS 

 

 

 

 

 

Table 6.1. Climbing ability significantly reduced in aged control and ArfGAP3 RNAi flies. Table 

summarises the climbing abilities between 7 days and 4 weeks old flies within the same genotype. Proportion of 

flies were recorded at low, middle and high segments of the climbing vial at 10 seconds after tapping the flies 

down. Statistical analysis, t-test, for each segment was carried out using GraphPad Prism 8. 
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Males 
  

Height 

climbed in 

20 secs 

Control 

proportion % 

(7days) 

Control 

proportion %  

(4 weeks) 

p value Significant 

difference? 

Low 75.37 92.28 0.00093384 *** 

Middle 14.81 5.78 0.01755428 * 

High 11.30 1.94 0.00315142 ** 
     

 
Males 

  

Height 

climbed in 

20 secs 

ArfGAP3 RNAi 

proportion % 

(7days) 

ArfGAP3 RNAi 

proportion %  

(4 weeks) 

p value Significant 

difference? 

Low 75.74 92.98 0.00311735 ** 

Middle 15.56 4.43 0.00402372 ** 

High 8.70 2.59 0.0360677 * 
     

 
Females 

  

Height 

climbed in 

20 secs 

Control 

proportion % 

(7days) 

Control 

proportion %  

(4 weeks) 

p value Significant 

difference? 

Low 40.19 81.70 0.00074694 *** 

Middle 20.19 9.54 0.00019574 *** 

High 39.81 8.76 0.00053848 *** 
     

 
Females 

  

Height 

climbed in 

20 secs 

ArfGAP3 RNAi 

proportion % 

(7days) 

ArfGAP3 RNAi 

proportion %  

(4 weeks) 

p value Significant 

difference? 

Low 41.85 91.85 0.00400631 ** 

Middle 21.85 5.74 0.00732658 ** 

High 38.89 2.41 0.00797953 ** 

 

 

 

 

 

Table 6.2. Climbing ability significantly reduced in aged control and ArfGAP3 RNAi flies continued. Table 

summarises the climbing abilities between 7 days and 4 weeks old flies within the same genotype. Proportion of 

flies were recorded at low, middle and high segments of the climbing vial at 20 seconds after tapping the flies 

down. Statistical analysis, t-test, for each segment was carried out using GraphPad Prism 8. 
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Males 
  

Height 

climbed in 

10 secs 

Control 

proportion % 

(7days) 

ArfGAP3 RNAi 

proportion % 

(7days) 

p value Significant 

difference? 

Low 75.19 85.93 0.00803305 ** 

Middle 19.26 8.70 0.00556539 ** 

High 5.74 5.37 0.82756472 NS      

 
Males 

  

Height 

climbed in 

10 secs 

Control 

proportion %  

(4 weeks) 

ArfGAP3 RNAi 

proportion %  

(4 weeks) 

p value Significant 

difference? 

Low 93.89 95.15 0.60344496 NS 

Middle 5.74 4.85 0.72510834 NS 

High 0.37 0.37 1 NS      

 
Females 

  

Height 

climbed in 

10 secs 

Control 

proportion % 

(7days) 

ArfGAP3 RNAi 

proportion %  

(7days) 

p value Significant 

difference? 

Low 49.07 63.70 0.00503712 ** 

Middle 31.63 26.48 0.11352326 NS 

High 20.41 9.81 0.05013428 *      

 
Females 

  

Height 

climbed in 

10 secs 

Control 

proportion % 

(4 weeks) 

ArfGAP3 RNAi 

proportion %  

(4 weeks) 

p value Significant 

difference? 

Low 88.48 96.19 0.03481163 * 

Middle 9.48 3.81 0.07985007 NS 

High 2.04 0.00 0.00038817 *** 

 

 

 

 

 

Table 6.3. Knockdown of ArfGAP3 does not affect climbing ability of Drosophila flies. Table summarises 

the climbing abilities at 7 days and 4 weeks between the two genotypes, control (luciferase RNAi) and ArfGAP3 

RNAi. Proportion of flies were recorded at low, middle and high segments of the climbing vial at 10 seconds after 

tapping the flies down. Statistical analysis, t-test, for each segment was carried out using GraphPad Prism 8. 
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Males 
  

Height 

climbed in 

20 secs 

Control 

proportion % 

(7days) 

ArfGAP3 RNAi 

proportion % 

(7days) 

p value Significant 

difference? 

Low 75.37 85.74 0.01156985 * 

Middle 14.81 8.22 0.0506365 * 

High 11.30 6.04 0.03399655 * 
 

  

  

 
Males 

  

Height 

climbed in 

20 secs 

Control 

proportion %  

(4 weeks) 

ArfGAP3 RNAi 

proportion % 

(4 weeks) 

p value Significant 

difference? 

Low 92.28 92.98 0.77962084 NS 

Middle 5.78 4.43 0.36426308 NS 

High 1.94 2.59 0.68934405 NS      

 
Females 

  

Height 

climbed in 

20 secs 

Control 

proportion % 

(7days) 

ArfGAP3 RNAi 

proportion % 

(7days) 

p value Significant 

difference? 

Low 40.19 55.19 0.02852101 * 

Middle 20.19 18.52 0.61614718 NS 

High 39.81 28.89 0.04521815 *      

 
Females 

  

Height 

climbed in 

20 secs 

Control 

proportion % 

(4 weeks) 

ArfGAP3 RNAi 

proportion % 

(4 weeks) 

p value Significant 

difference? 

Low 81.70 91.85 0.04580351 * 

Middle 9.54 5.74 0.12881116 NS 

High 8.76 2.41 0.05677405 * 

 

 

 

 

Table 6.4. Lack of ArfGAP3 expression does not change locomotor behaviour in flies continued. Table 

summarises the climbing abilities at 7 days and 4 weeks between the two genotypes, control (luciferase RNAi) 

and ArfGAP3 RNAi. Proportion of flies were recorded at low, middle and high segments of the climbing vial at 

20 seconds after tapping the flies down. Statistical analysis, t-test, for each segment was carried out using 

GraphPad Prism 8. 
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Figure 6.3 ArfGAP3 is expressed predominantly in larval brain optic lobes. A) Schematic 

diagram illustrating the anatomy of a Drosophila larval brain. B) Confocal sections of Drosophila 

larval brain captured at 60x magnification from fed third instar larvae. Scale bars are 5m. Images 

were analysed using FIJI. White arrows showing majority of ArfGAP3 expression in optic lobes, 

and some expression in central brain and ventral nerve cord. 
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6.5 Knockdown of ArfGAP3 results in accumulation of Ref(2)P in aged flies 

 

Ref(2)P, the Drosophila p62 homologue, is a polyubiquitin binding protein which has 

a significant role in autophagy. It primarily functions to anchor ubiquitinated proteins 

tagged for degradation to the autophagosome membrane and hence accumulation of 

Ref(2)P is a clear sign of autophagy disruption (Nezis et al., 2008; Nezis and 

Stenmark, 2012). Hence, investigating levels of Ref(2)P in aged ArfGAP3 knockdown 

flies is a good approach to examine the effect of ArfGAP3 on autophagy in aged flies.  

 Levels of Ref(2)P were investigated in UAS ArfGAP3 RNAi (VDRC B) 7 

days and 4 weeks old flies. Wildtype (W118) and luciferase RNAi 7 days and 4 weeks 

old flies were used as controls. Ref(2)P protein levels had significantly increased in 

all three genotypes at 4 weeks compared to 7 days. There was a fivefold increase in 

Ref(2)P levels in 4 week old ArfGAP3 RNAi flies compared to 7 days old and 

statistical analysis confirmed this increase was highly significant. At 4 weeks old, 

ArfGAP3 RNAi flies had the highest levels of Ref(2)P accumulation compared to 4 

week old WT and luciferase RNAi, further suggesting lack of ArfGAP3 expression 

contributes to Ref(2)P accumulation, not just the age-related decrease in autophagy 

function observed in the case with both WT and luciferase RNAi control flies (figure 

6.4).  

 Although a significant difference in Ref((2)P levels was observed between 

ArfGAP3 RNAi and WT (w118), there are limitations in analysis in the context of 

aging, since the lifespan assay was not carried out using WT (w118) as a control line. 

This data would have more significant relevance to autophagy disruption in aged flies 

with reliable lifespan assay carried out in the same genotypes.  
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Figure 6.4 Ref(2)P accumulates in 4 weeks old aged flies lacking ArfGAP3 expression. Full 

fly lysates from 7day old and 4 week old wild type (W118), luciferase RNAi and ArfGAP3 RNAi 

(VDRC B) flies were subjected to SDS-PAGE (10% gel) and western blotting for Ref(2)P 

protein. Actin was used as a loading control. The expected band for Ref(2)P was ~100kDa and 

for  actin ~42kDa. N=3 replicates. T-test analysis was carried out for significance p value (p < 

0.05) confirming a significant increase in Ref(2)P levels in 4 weeks old ArfGAP3 RNAi flies 

compared to WT and luciferase RNAi flies. 
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Overall, the data in this chapter is open to questions since the lifespan assay results 

were not conclusive as the luciferase RNAi line was used as the control, which has a 

different genetic background to ArfGAP3 VDRC B and    so genetic background 

effects could influence the data.  Going forward, the lifespan experiments will need to 

be repeated using WT (w118) flies as control and if the results support the observations 

as seen in figure 6.1, then the Ref(2)P accumulation observed in ArfGAP3 RNAi flies 

compared to WT (w118) will be conclusive. 
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Chapter 7 

 

Discussion and conclusions 

ArfGAP3 has previously determined known functions in membrane trafficking as a 

GTPase activating protein that hydrolyses GTP-bound Arf1 protein (Inoue and 

Randazzo, 2007). The recent yeast-two hybrid screening carried out by previous 

members of our lab revealed ArfGAP3 as an Atg8a-interacting protein. Amongst the 

many potential candidates, ArfGAP3 was selected for further investigation because it 

had a high confidence interaction with Atg8a as well as its known key roles in 

membrane trafficking through regulating Arf1 activity, hence giving rise to the notion 

that ArfGAP3 could have functional associations with autophagy and endosomal 

trafficking.  

 

7.1 ArfGAP3 is an Atg8a-interacting protein and a positive regulator of the 

endocytic flux  

 

To validate the yeast-two hybrid findings and identify if the interaction between 

ArfGAP3 and Atg8a was LIR dependent or not, the interaction was investigated by 

in-vitro GST pull down analysis. In Chapter 4, Drosophila ArfGAP3 was confirmed 

to interact with Atg8a in a LIR dependent manner. Using the iLIR database generated 

by Nezis lab, it was also revealed that ArfGAP3 had several hits as potential LIR 

motifs. Analysing the iLIR database, it was predicted that the xLIR (relaxed) motif, 

LGYETI, was the most probable LIR motif involved in the interaction with Atg8a. 
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GST- pull down analysis confirmed the xLIR motif, LGYETI, was a LIR motif 

responsible for the interaction of ArfGAP3 with Atg8a. However, a second functional 

LIR motif, PTWSSV, was also identified for ArfGAP3. This was first observed by co-

localisation studies, when signals of ArfGAP3-DsRed and Atg8a-positive GFP puncta 

did not overlap in mutant flies lacking the PTWSSV LIR motif. Overall, these results 

strongly suggest that ArfGAP3 and Atg8a interact in a LIR dependent manner, with a 

primary LIR motif responsible for the interaction and a secondary LIR motif that also 

aids the interaction.  

 Previous studies have reported it is possible to have more than one functional 

LIR motif. For example, mATG4 consists of two functional LIR motifs. One of the 

LIR motifs is the N-terminal LIR, APEAR which is involved in binding and deletion 

of ATG8-PE. The other LIR motif is the C-terminal LIR involved in constitutive 

binding to ATG8 (Abreu et al, 2017; Park et al, 2019). If both ArfGAP3 LIR motifs 

are required functionally for the interaction, this gives insights that there could be a 

second binding site that could possibly bind the LIR motif. As mentioned in chapter 

4, a new interface between plant Atg8 and its interacting proteins was discovered in 

Arabidopsis (Marshall et al, 2015; Marshall et al, 2019), which is also conserved in 

both yeast and human (Lei and Klionsky, 2019). This new interface, identified as the 

ubiquitin-interacting motif (UIM)-UIM docking site (UDS), is responsible for LIR-

LDS independent interaction with Atg8. Experimental data revealed that the UDS 

domain is located opposite to the LDS domain on Atg8 and hence this brought to light 

the possibility that LIR-containing proteins and UIM-containing proteins can bind 

simultaneously to Atg8 (Lei and Klionsky, 2019). Interestingly, proteins that do not 

possess the UIM motif are still able to bind to Atg8 via the UDS interface (Lei and 

Klionsky, 2019). Taking this into account, it could be possible that the LIR motifs 
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could also bind to the UDS domain and thus this gives rise to the possibility of 

ArfGAP3 interacting with Atg8a via the LIR1 and LIR2 motifs binding to LDS and 

UDS domains of Atg8a. 

 Once it was established that ArfGAP3 and Atg8a physically interact, knowing 

its exact role in the autophagic process was the next to investigate. There are many 

roles of Atg8 proteins including; driving the formation of autophagosomes (elongation 

and closure), recruiting autophagy receptors and adaptors for selective removal of 

damaged proteins and organelles and facilitating autophagosome – lysosome fusion. 

Examples of selective receptors are mammalian p62 (Drosophila Ref(2)P), NDP52 

and NBR1. Both autophagy receptors and adaptors contain LIR motifs. The selective 

receptors can also be engulfed into the autophagosome and degraded by lysosomes 

with the selective cargo tagged for degradation, however autophagy adaptors are 

autophagy interactors that are not selectively degraded by autophagy (Wirth et al., 

2019). To assess whether ArfGAP3 could possibly be a selective autophagy receptor 

or adaptor, checking the levels of the protein in autophagy mutants, where the 

autophagic machinery is compromised, is an ideal approach. This approach was 

previously shown by previous members of the lab, where they showed the Drosophila 

protein Kenny had accumulated in autophagy mutant flies and hence was selectively 

degraded by autophagy (Tusco et al., 2017). In this case, it would be expected to see 

an accumulation of ArfGAP3 in autophagy mutants if it is a selective autophagy 

receptor.  In Chapter 5, ArfGAP3 is shown to accumulate in autophagy mutants 

compared to controls. This is because the autophagic machinery is compromised and 

hence unable to degrade ArfGAP3. The data here highly supports the notion that 

ArfGAP3 could potentially be a selective autophagic receptor since the data provides 
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evidence that ArfGAP3 accumulates in autophagy mutants and hence is selectively 

degraded by autophagy.  

 Functional autophagic flux is defined by the completion of autophagosome 

formation and lysosomal clearance (Ntsapi et al., 2016). Autophagosomes are 

intermediate structures in the autophagic pathway. Thus, at any given time, the number 

of autophagosomes detected is consequently the balance between rate of 

autophagosome formation and rate of autophagosome conversion into autolysosomes. 

For this reason, an increase in autophagosome number compared to basal levels can 

either represent induction of autophagy or suppression of downstream steps in the 

autophagic pathway. A decrease in autophagosome number compared to basal levels 

would indicate a blockage or disruption in any step upstream of autophagosome 

formation (Mizushima, Yoshimorim and Levine, 2010). In Chapter 5, we see the 

number of autophagosomes significantly reduced in ArfGAP3 RNAi cells compared 

to control cells after autophagy induction. Initial interpretation of data suggested that 

knockdown of ArfGAP3 is responsible for the disruption in events upstream to 

autophagosome formation, resulting in fewer autophagosomes being formed. It is 

important to note that autophagosome formation is not completely halted in the 

absence of ArfGAP3, however it is significantly reduced. This result could highlight 

the significance of ArfGAP3 in autophagosome formation. Events upstream of 

autophagosome maturation include nucleation and elongation. Since it was well 

established in Chapter 4 that ArfGAP3 physically interacts with Atg8a, and Atg8 

proteins are embedded in the inner membrane of the phagophore/autophagosome 

(Johansen and Lamark, 2020). One possibility is that ArfGAP3 aids in the elongation 

of the phagophore to form the autophagosome, which is mediated by the interaction 

with Atg8a on the inner membrane of the phagophore. 
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On the other hand, the results are open to question and alternative interpretations. This 

is because we later observe in figure 5.5, autophagic structures in the ArfGAP3 RNAi 

cells. Figures 5.11C’ and 5.11D’ also show mCherry positive autophagic structures in 

ArfGAP3 RNAi cells. The data in figure 5.5 suggests there could be an accumulation 

of autophagosomes in ArfGAP3 RNAi cells compared to control (not quantified), 

which, if true, would fit the interpretation that knockdown of ArfGAP3 disrupts 

autophagic flux, since fusion is impaired, there should in theory be an accumulation 

of autophagosomes. 

 Once it was established that ArfGAP3 is selectively degraded by autophagy 

and to help better understand the role of ArfGAP3 in autophagy, we investigated its 

effects downstream of autophagosome formation. In Chapter 5, we show that 

lysosome fusion with endosomes is compromised when ArfGAP3 is knockdown, 

indicating strong links of ArfGAP3 to endolysosomal fusion events. Since there was 

no definitive result in chapter 5 showing accumulation of autophagosomes in 

ArfGAP3 RNAi cells, the question whether ArfGAP3 also regulates autophagosome-

lysosome fusion remains open until further experiments such as assessing the 

autophagic flux by western blotting confirms the notion that it does regulate fusion 

events with autophagosomes.  

The common participating molecule in both autophagy and endosomal 

trafficking is the presence of Rab7 on both the autophagosomal membrane and the 

endosomal membrane. Rab7 is a key molecule that promotes the autophagosomes and 

endosomes to fuse with lysosomes (Hyttinen et al., 2013). In Chapter 5, ArfGAP3 was 

shown to co-localise to both Rab7-positive late endosomes and Rab5-positive early 

endosomes in Drosophila fat body cells. This correlated with a previous study where 
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they showed ArfGAP3 co-localised to early and late endosomes in HeLa cells (Shiba 

et al., 2013).  

A number of tethering proteins and complexes are involved in the fusion 

between autophagosomes and lysosomes and endosome-lysosome fusion; SNAREs, 

HOPs, PLEKHM1 and EPG5 (Yim and Mizushima, 2020). The HOPs, PLEKHM1 

and EPG5 simultaneously interact with both autophagosomal and lysosomal proteins 

to mediate fusion. For example, PLEKHM1 and EPG5 interact with Atg8/LC3 on the 

autophagosomal membrane and lysosomal small GTPase Rab7 on the lysosomal 

membrane, forming a bridge between both organelles to aid fusion. Comparably, 

PLEKHM1 and HOPs complex also bind to another lysosomal small GTPase Arl8bGTP 

on the lysosomal membrane. Whilst PLEKHM1 binds to Atg8/LC3 on the 

autophagosomal membrane, the HOPs complex interacts with the SNARE complex 

Qa-SNARE STX17 on the autophagosomal membrane (Yim and Mizushima, 2020). 

Similarly, HOPS, PLEKHM1, SNAREs, Rab7 and Arl8b also mediate fusion of 

endosomes with lysosomes (de Araujo et al., 2020) (figure 7.1). Likewise, the same 

tethering proteins are involved in endosome-lysosome fusion, where HOPS and 

PLEKHM1 act as bridge in the interaction between GTPase Arl8bGTP on the 

lysosomal membrane and Rab7 on the endosomal and lysosomal membrane (Yim and 

Mizushima, 2020) (figure 7.1). 

 Arl8 is a conserved Arf-like protein from the same subfamily as ArfGAP3 

(Boda et al., 2019). In previous studies Arl8 has been described as a lysosomal motility 

regulator essential for various cellular functions associated with the endolysosomal 

system (Nakae et al., 2010; Boda et al., 2019). Furthermore, Arl8 has also been shown 

to be fundamental for normal endosomal pathway functioning in Drosophila (Rosa-

Ferreira, Sweeney and Munro, 2018; Boda et al., 2019). Since ArfGAP3 is from the 
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same subfamily of proteins as Arl8, in principle it is possible for the two proteins to 

have similar functions. Now that it is established the ArfGAP3 and Atg8 interact, a 

possible explanation could be that ArfGAP3 may be functioning as a docking protein 

binding to Atg8 and/or Rab7 on the autophagosomal membrane and endosomal 

membrane and interacting with Rab7 on the lysosomal membrane. Alternatively, 

ArfGAP3 could also be situated on the lysosomal membrane like Arl8, interacting 

directly with Atg8 on the autophagosomal membrane to mediate fusion events. 

Verifying these possible interactions of ArfGAP3 with these tethering proteins and 

complexes by immunofluorescence and biochemical approaches will help to elucidate 

exactly how ArfGAP3 facilitates fusion between endosomes and lysosomes and 

possibly between autophagosomes and lysosomes once future experiments are 

conducted to elucidate this notion more clearly.  

The Drosophila Arl8 study by Boda et al revealed that Arl8 is required for 

autophagosome-lysosome fusion. To test this, their study used a tool to detect 

autophagosome-lysosome fusion using mCherry-Atg8a expression in larval fat bodies 

with a lysosomal reporter. Normal fusion was detected when these two reporters co-

localised, whilst separate signals indicated fusion defects. Their study showed clear 

overlapping structures in the control cells, confirming normal fusion events. The co-

localisation was lost between autophagosomes and lysosomes in Arl8 silenced cells 

indicating clear fusion defects. Although we used a different but just as an effective 

tool to detect autophagosome – lysosome fusion (described in Chapter 5.4.3), our 

results for ArfGAP3 correlate with that observed for Arl8 their study. In ArfGAP3 

knockdown fat body cells, autophagosome – lysosome fusion was disrupted compared 

to normal fusion events in control cells. 
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Interestingly, the Drosophila Arl8 study by Boda et al discovered that Arl8 is also 

required for endosome-lysosome fusion. The same approach in our study was used to 

detect endosome-lysosome fusion in larval fat bodies, immunostaining for Rab7 and 

cathepsin-L. Results from their study showed clear overlap of Rab7 and cathepsin-L 

in control cells, which was decreased in Arl8 mutant cells. Results from our study was 

also in agreement, as co-localisation of Rab7 and cathepsin L was decreased in 

Figure 7.1 Key proteins and components of autolysosome and endolysosome system. Schematic diagram 

of key proteins and components essential for autophagosome-lysosome fusion and endosome-lysosome fusion, 

showing how proteins are assembled and interacting partners (Created with BioRender.com, de Araujo et al, 

2020). 
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ArfGAP3 silenced cells compared to control cells. This strongly suggested endosome-

lysosome fusion was also disrupted in ArfGAP3 RNAi cells compared to normal 

fusion events in control cells. Furthermore, the observed accumulation of endosomes 

in ArfGAP3 silenced cells also correlated with defects in endosome-lysosome fusion. 

This is because when fusion is compromised, endosomes are not able to fuse with 

lysosomes and hence will accumulate as more endosomes are formed and trafficked. 

Overall, the data here suggests with confidence that ArfGAP3 has functional relevance 

to lysosomal fusion events as it acts as a positive regulator.   

Lysosomes are fundamental components of the autophagic pathway. Lysosomes 

are membrane-bound organelles containing acidic hydrolases that aid intracellular and 

extracellular cargo degradation (Bandyopadhyay et al., 2014). In normal physiology, 

the canonical lysosome diameter is heterogenous ranging from 0.05m to 0.5m. 

Upon nutrient starvation, lysosome size can increase to 1.5m in diameter due to 

membrane fusion. In essence, the larger structures are autolysosomes which are 

transient organelles that return back to the regular lysosome size of 0.5m post 

lysosomal degradation (lysosome reformation) (Xu and Ren, 2015). In Chapter 5, 

nutrient starved (autophagy induced) control cells exhibited lysosomes that ranged 

from 0.5m to 1.5m in diameter, with an average size of 0.78m. This was in 

agreement with the above published data for normal physiology. On the other hand, 

nutrient starved fat body cells lacking the expression of ArfGAP3 (ArfGAP3 RNAi 

cells) exhibited significantly larger lysosomes, ranging from 2m to 5m in diameter, 

with an average lysosome diameter of 3m, fourfold larger than control lysosomes. 

The changes in lysosome size we see in our data has been previously shown in a study 

that investigated the lysosomal fusion and acidification relationship in Drosophila 
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(Mauvezin et al, 2015). The study showed control lysosomes between 0.5m and 1m 

in diameter, whereas in the V-ATPase RNAi cells, the lysosome size increased to 

2m-3m in diameter upon starvation (Mauvezin et al, 2015). Enlarged lysosomes 

can be a sign of dysfunctional lysosomal degradation of cellular cargo, resulting in 

accumulation of the undigested cargo (Xu and Ren, 2015). The data here indicates that 

the knockdown of ArfGAP3 seems to be responsible for disrupting lysosomal 

degradation leading to accumulation of undigested materials in the lysosomal lumen 

resulting in enlarged, dysfunctional lysosomes.  

The question that arose next was that if fusion of lysosomes with autophagosomes 

and endosomes is compromised, why and how is there a build-up of undigested 

cellular material in these lysosomes? In answer to this, it is important to note that 

macroautophagy is not the only autophagic pathway. The cellular content destined for 

lysosomal degradation can also arrive to the lysosome by chaperone-mediated 

autophagy and microautophagy, since these two types of autophagy can take place on 

the lysosome itself. The accumulation of undigested material in the lysosomes in this 

study suggests defects in the lysosomal degradation step, possibly indicating the 

absence of crucial enzymes and proteins that regulate and mediate this step. It has been 

reported that there are 50 lysosomal enzymes responsible for substrate degradation 

and more than 150 lysosomal membrane proteins (LMPs) key for lysosome stability 

and regulation. These lysosomal proteins are synthesised in the endoplasmic reticulum 

(ER), modified at the Golgi complex with mannose-6-phosphate (M6P) residues and 

traversed to the trans-Golgi network (TGN), the point at which these proteins are 

sorted to the endolysosomal system via clathrin-coated vesicles (Reggiori and 

Klumperman, 2016). As highlighted in the introduction of Chapter 5, ArfGAP3 has 

been shown to play a role in protein transport from TGN to endosomes, and has been 



CHAPTER 7 DISCUSSION AND CONCLUSIONS 

 

 

 188 

shown to associate with (co-localise to) the TGN, clathrin coat proteins and 

endosomes via Rab5 and Rab7 (Shiba et al., 2013). Interestingly, lysosomal proteins 

modified with M6P binds to M6P receptor (MPR) in the TGN and are trafficked by 

clathrin-coated vesicles to the endosomes (Ghosh et al, 2003; Ghosh et al, 2004). This 

gives rise to the notion that ArfGAP3 may regulate the traffic of lysosomal proteins 

from TGN to endosomes. Thus, a possible explanation as to why the lysosome cannot 

degrade the accumulated cargo in the absence of ArfGAP3 may be because the 

compromised fusion of lysosomes with endosomes does not result in the successful 

delivery of these key lysosomal proteins to the lysosomal lumen to execute lysosomal 

degradation of cellular cargo. This in turn resulted in strikingly enlarged lysosomes.  

 Previous studies have reported findings suggesting that increase in levels of 

Rab7 hindered lysosome reformation, resulting in enlarged lysosomes (Yu et al, 

2010). In the study, the authors had constitutively overexpressed Rab7 and found that 

it abolished lysosome reformation, which resulted in enlarged autolysosomes (Yu et 

al, 2010). Our data correlates with this study by Yu et al, as we show knockdown of 

ArfGAP3 results in an accumulation of Rab7 positive endosomes which in turn 

prevents lysosomal reformation resulting in enlarged lysosomes.  

In addition, some of the enlarged lysosomes observed also seemed somewhat 

distorted in shape compared to spherical control lysosomes. A recent study 

demonstrated the use of ferroquine (FQ) as a promising drug candidate for cancer. In 

the study they showed FQ disrupted lysosomal function resulting in enlarged and 

distorted lysosomes (Kondratskyi et al, 2017). The distorted shape of lysosomes was 

like irregular circular structures which correlate to some distorted lysosome structures 

seen in our data. Damaged lysosomes can be selectively degraded by lysophagy. In 

lysophagy, the lysosomal membrane is ubiquitinated to initiate the uptake of the 
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damaged lysosome into the growing phagophore/autophagosome, which in turn fuses 

with a functional lysosome for degradation (Papadopoulos, Kravic and Meyer, 2020). 

We see lysosome enlargement and distortion with ArfGAP3 is knockdown. It could 

be possible to assume that there is some clearance of damaged lysosomes by 

lysophagy, however the rate of clearance (i.e., rate of lysophagy) is most likely 

reduced since majority of lysosomes seem enlarged.  

 The aberrant accumulation of lysosomal content within the lysosomal lumen 

due to defects in lysosomal degradation, export and trafficking causes conditions 

called Lysosomal Storage Diseases (LSDs). In LSD physiology, defects in 

autophagosome-lysosome fusion and lysosomal reformation causes the enlarged 

lysosome’s lifespan to increase (Xu and Ren, 2015). This in turn leads to imbalance 

in the equilibrium between the input and output of lysosomal content. Thus, further 

resulting in a hinderance in autophagic and endocytic activity (Fukuda et al, 2006). A 

study in 2006 examined the compartments of autophagic and endocytic lysosomal 

degradative pathway in myoblasts deficient for lysosomal acid α-glucosidase (GAA) 

to comprehend lysosomal storage disease (Pompe disease). They discovered enlarged 

lysosome compartments and acidification defect of lysosomes in GAA knockout 

myoblasts (Fukuda et al, 2006). When lysosomal reformation is compromised, the 

lysosomes cannot return to the normal size needed to efficiently fuse with 

autophagosomes and endosomes. This could be another explanation why we see a 

decrease in lysosomal fusion with autophagosomes and endosomes in ArfGAP3 

knockdown cells compared to control cells. In addition, the compromised lysosomal 

function within the cell results in a shortage of building-blocks, precursor proteins for 

biosynthetic pathways, ultimately leading to cellular starvation (Xu and Ren, 2015).  
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Taken together, our study provides evidence that ArfGAP3 is required for normal 

lysosome activity by regulating the trafficking of endosomes, that carry lysosomal 

proteins necessary for degradation, and positively regulates subsequent fusion of 

endosomes to lysosomes. The role of ArfGAP3 as a positive regulator of 

autophagosome fusion to lysosomes is still open to question as cannot be conclusive 

from our data, however it is a promising avenue to further examine with better 

experimental approaches and tools since we show in our data ArfGAP3 in an Atg8a-

interacting protein via the LIR motif.  

 

7.2 ArfGAP3 in the interplay between autophagy and lipophagy 

 

In macrolipophagy, lipid droplets are engulfed by autophagosomes, which in turn fuse 

with lysosomes for lipid droplet degradation (Schulze et al., 2017). Macrolipophagy 

was first studied in mouse starvation models. The studies have shown evidence of 

autophagosome and lysosome marker proteins to co-localise with lipid droplets under 

starvation conditions (Singh et al., 2009; Garcia, Vevea and Pon, 2018). Previous 

studies show evidence of Rab7 as a regulator of autophagosome and late endosome 

maturation (Feng, Press and Wandinger-Ness, 1995; Gutierrez et al., 2004; Garcia, 

Vevea and Pon, 2018). Recent studies have revealed under nutrient starvation 

conditions, the accumulation of Rab7, Rab5 and Rab2 on lipid droplets (Bartz et al., 

2007; Garcia, Vevea and Pon, 2018). There is evidence that activation of Rab7 is a 

prerequisite for the recruitment of autophagosome and lysosomal marker proteins to 

the lipid droplets (Garcia, Vevea and Pon, 2018). Lastly, many other proteins have 

been identified on lipid droplets including Arf1 and ArfGAP1 (Bartz et al., 2007). 
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This is of interest because ArfGAP3 regulates Arf1 proteins and ArfGAP1 is the 

human homolog of Drosophila ArfGAP3.   

In Chapter 5, we showed that lipid droplets were abnormally enlarged in 

ArfGAP3 RNAi fat body cells compared to control cells, suggesting ArfGAP3 

regulates normal lipid droplet development. Intriguingly, an Arf-like GTPase, 

ARFRP1, has been shown to regulate lipid droplet growth and lipolysis. The study 

showed evidence that knockdown of ARFRP1 results in hinderance in normal 

development of lipid droplets (Hommel et al., 2010). It is not known how ArfGAP3 

could be regulating normal lipid droplet development, however possible theories 

include regulation of lipid droplet development by regulating Arf1 protein. 

Alternatively, regulation of lipid droplet development could be through the activity of 

Rab7 or Rab5 since Chapter 5 highlights ArfGAP3 co-localises to both Rab7 and Rab5 

in Drosophila, which also agrees with previously published co-localisation in HeLa 

cells (Shiba et al., 2013). Moreover, Chapter 5 shows that ArfGAP3 is also selectively 

degraded by autophagy. It could be possible that if ArfGAP3 is also situated on the 

lipid droplet, it can be internally degraded by lipophagy. To confirm if this is the case, 

further mass spectroscopy looking into protein interactors on Drosophila lipid droplets 

would be insightful. An additional approach to test the activation of lipophagy would 

be to verify the colocalization of a LD marker (BODIPY) with lysosomal marker 

(LAMP1) under autophagy induced conditions (Ward et al., 2016).  

Furthermore, Lipid droplets regulate autophagosome biogenesis as studies 

verify that both lipid droplet biogenesis and lipolysis are vital processes for 

autophagosome biogenesis. It has been highlighted that membrane flow from 

endoplasmic reticulum (ER) to LDs and vice versa is essential for autophagosome 

biogenesis (Shpilka and Elazar, 2015). Given that lipid droplet biogenesis is essential 
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for autophagosome biogenesis, this could be a possible explanation to why we see 

impairment in lipid droplet development and autophagosome formation in ArfGAP3 

silenced cells compared to control cells. The picture that emerges is that in the 

presence of ArfGAP3, through possibly the regulation of Arf1 protein or activity of 

Rab7, normal lipid droplet development occurs, which is essential for autophagosome 

biogenesis. When ArfGAP3 is absent, this process is hindered. In summary, ArfGAP3 

in accompany with the Arf proteins and Rab proteins all seem to play a role also in 

lipid droplet development. To get a complete picture of ArfGAP3’s exact role in lipid 

droplet biogenesis, the next steps would be to further understand how ArfGAP3 

regulates lipid droplet development. One approach could be to double stain Drosophila 

fat bodies with BODIPY (marker for LD’s) and anti-ArfGAP3 to check for 

localisation of ArfGAP3 on LD surface. Alternatively, in control and ArfGAP3 

knockdown fat body cells, check for co-localisation of ArfGAP3 with Rab7 and Rab5 

on LD surfaces.  

 

7.3 Possible implications of ArfGAP3 in age-related diseases 

 

Once the role of ArfGAP3 in the interplay between autophagy and endosomal 

trafficking was investigated, we examined its physiological relevance during aging. 

Lifespan survival assay summarised in Chapter 6 showed reduced longevity in 

ArfGAP3 RNAi flies compared to control. It is important to note here that the reduced 

longevity was only significant in male flies but not in female flies. Overall, control 

flies lived on average 12 days longer than ArfGAP3 RNAi flies, suggesting that 

ArfGAP3 positively contributes to longevity, and does so significantly in a sex biased 

manner. This data correlates with the published literature reporting that females have 
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the tendency to live longer than males in Drosophila, as also the case for humans and 

any other species where the XY sex chromosome is male (Tower and Arbeitman, 

2009). Additionally, in Caenorhabditis elegans, the hermaphrodites possess the XX 

chromosome and tend to live longer than males, which only possess one X 

chromosome. On the contrary, the heterogametic sex in most bird species is female, 

and for these species, the males tend to live longer than females (Tower and 

Arbeitman, 2009).  

Additionally, physiological differences between the control flies and ArfGAP3 

RNAi flies, assessed by climbing assays in Chapter 6, showed that there was no 

significant difference in climbing abilities of the flies between the two genotypes at 7 

days. Although, there was a significant decrease in climbing abilities at 4 weeks for 

both control and ArfGAP3 RNAi flies, there was no significant difference again 

between the two genotypes at 4 weeks. The data here postulates that ArfGAP3 does 

not positively contribute to locomotor behaviour in flies.  

Lifespan in Drosophila can be influenced by many genetic and environmental 

factors; fertility, temperature, mating status to name a few, and the effect of these 

factors between male and females is not equal. In some cases, certain factors, either 

enhancing or reducing longevity, can affect a particular sex more than the other. An 

example in Drosophila is quantitative trait locus (QTL) analysis, for which a number 

of loci influencing longevity is linked to the X-chromosome (Vermeulen, Bijlsma and 

Loeschcke, 2008). Other examples include genetic mutations that results in sex-

dependent boost in longevity, i.e. chico1 in Drosophila (Clancy et al., 2001). Mild 

stress is an example of an environmental factor that has been seen to increase lifespan 

in males more than females (Sorensen et al, 2007). The genetic architecture of lifespan 

differs between males and females in Drosophila, humans, and mice (Tower and 
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Arbeitman, 2009). Since males inherit a single X chromosome only, any recessive 

mutant phenotype linked to the X chromosome will be expressed. On the contrary in 

females, the additional X chromosome provides a wild-type copy of the gene and so 

the recessive phenotype is not suppressed. These recessive mutations could likely 

contribute to decreased lifespan in males more than females (Tower and Arbeitman, 

2009). Inbreeding in species tend to cause these recessive mutations homozygous and 

has been shown in Drosophila to decrease lifespan (Vermeulen et al, 2008; Tower and 

Arbeitman, 2009). A quantitative trait loci (QTL) study in Drosophila, where they 

examined inbreeding effects on lifespan, showed male lifespan was affected more than 

females (Vermeulen et al, 2008).   

 Drosophila ArfGAP3 has been shown to play a crucial role in the patterning 

of the Drosophila pupal eye (Johnson et al., 2011). Immunofluorescence analysis in 

Chapter 6 revealed ArfGAP3 in expressed in the third instar larval brain. Most of the 

expression was observed in the optic lobes which was expected and correlated with 

the above study highlighting the role of ArfGAP3 in the pupal eye. This study by Ruth 

Johnson together with the findings from our study showing knockdown of ArfGAP3 

disrupts the endocytic flux strongly confirms the role of ArfGAP3 in the 

endolysosomal system. This is because the multiple signalling pathways required for 

proper eye development in the Drosophila compound eye are modulated by 

endocytosis. Hence regulators of autophagy are usually studied in Drosophila fat 

bodies and their role in the endocytic pathway can be studied in the compound eye 

(Lorincz et al., 2016). The Drosophila compound eye is an organ well used for 

investigating function of autophagy in neurodegenerative disorders as the retinule 

cells in the compound eye are primary sensory neurones (Lorincz et al., 2016; Lőrincz, 

Mauvezin and Juhász, 2017). Due to shorter lifecycles in Drosophila and less genetic 
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redundancy, researchers have more leverage when examining models of 

neurodegenerative diseases (Lorincz et al., 2016). Some additional expression was 

also observed in the central brain and ventral nerve cord. The ventral nerve cord is 

responsible for higher order decisions such as climbing, reaching, jumping etc (Chen 

et al., 2018). This coincides with the climbing assay, as we don’t see any significant 

changes in locomotor behaviour, expression in the ventral nerve cord regions is lower 

than the optic lobes. Numerous studies have shown the Drosophila central brain 

involvement in a number of functions including navigation, sleep, visual memory, 

short and long term spatial memory (Franconville, Beron and Jayaraman, 2018; Xu et 

al., 2020). It will be interesting to further investigate the effects of ArfGAP3 silencing 

in aged brain cells on the visual and spatial memory aspect, since this could have 

significant links to neurodegeneration.  

In Chapter 6, we showed that ArfGAP3 knockdown disrupted autophagy in 4 

week old flies as levels of Ref(2)P was seen to significantly accumulate in ArfGAP3 

RNAi flies compared to control flies. This was a clear indication that cellular cargo 

destined for lysosomal degradation was accumulating either in autophagosomes or 

lysosomes, since Ref(2)P anchors ubiquitinated proteins tagged for degradation to the 

autophagosomal membrane (Nezis et al., 2008; Nezis and Stenmark, 2012). Low 

autophagic flux has been associated with many neurodegenerative diseases due to the 

accumulation of diseased proteins and neurotoxicity (Menzies, Moreau and 

Rubinsztein, 2011; Ntsapi et al., 2016). Most interestingly, most lysosome related 

disorders (LSDs) pathology involves neurodegeneration due to accumulation of 

cytoplasmic aggregates as a result of autophagy impairment (Pastores and Maegawa, 

2013; Reggiori and Klumperman, 2016).  
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The pathophysiological connection between autophagy and endolysosomal 

system is also associated to several neurodegenerative diseases such as Alzheimer’s 

Disease (AD), Parkinson’s Disease (PD), Huntington’s Disease (HD), and 

Amyotrophic Lateral Sclerosis (ALS), since the pathology of all these conditions 

involves aggregation of aberrant proteins (figure 7.2). Fundamentally, upregulation of 

autophagy can ameliorate the toxic effects of accumulated aggregates (Tan et al., 

Figure 7.2. Interplay between autophagy and endolysosomal pathway and the neurological disorders 

related to different compartments of the lysosomal degradative pathways. Endolysosomal pathway (top 

panel), macroautophagy (bottom panel) and merging of both pathways (dotted arrow). In the endosomal 

pathway the early endosome, formed by the internal budding of the cell membrane, is either matured to 

recycling endosome (which then matures to late endosome) or directly matures to a late endosome. The late 

endosome fuses with the lysosome forming an endolysosome allowing degradation to occur. The autophagic 

pathway involves the formation of the phagophore, which matures into a double membrane autophagosome. 

The autophagosome fuses with the lysosome forming an autolysosome resulting in cellular degradation. Both 

pathways merge at the point where endosomes and autophagosomes fuse to form an amphisome, which in turn 

fuses with a lysosome for degradation. There is extensive crosstalk between different compartments of the 

autophagic and endocytic pathways, any defects in components in pathway to lysosomes will result in 

disruption to lysosomal function. AD – Alzheimer’s disease, ALS – Amyotrophic lateral schlerosis, PD – 

Parkinson’s disease, FTD – Frontal temporal dementia, LSD – lysosome storage disorder. (Created with 

BioRender.com, Reggiori and Klumperman, 2016).  
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2014; Ntsapi et al., 2016). Strikingly, previous studies have shown that the 

dysfunctional lysosomal proteolysis is an early pathological event in AD and the 

subsequent progression of the disease consists of pathological changes including 

accumulation of late endosomes (Nixon, 2005; Ntsapi et al., 2016).   

 Taken together, there is growing evidence that the autophagic pathway and 

endocytic pathways are naturally interconnected at many levels of organisation and 

regulation in health and disease. The picture that emerges is that any defects in any 

one of the two pathways could also affect the progression of the other pathway. In 

addition, a hinderance in the endolysosomal system may trigger corrections to cellular 

defects by autophagy and vice versa (Ntsapi et al., 2016) (figure 7.2).  

 

7.4 Concluding remarks. 

 

Limited research has been published on Drosophila ArfGAP3 and hence there is 

inadequate knowledge of its exact physiological relevance in key cellular mechanisms. 

Although previous studies have revealed its significant role in membrane trafficking 

to endosomes and its possible affiliation to endosomal trafficking, the mechanistic 

details of this and its functional importance downstream of endosomal trafficking 

interconnecting to autophagy has been unclear. 

This study confirms ArfGAP3 as a novel Atg8-interacting protein in 

Drosophila. We show knockdown of ArfGAP3 expression potentially has an effect on 

autophagosome-lysosome fusion, but this was open to interpretation. Knockdown of 

ArfGAP3 resulted in accumulated endosomes leading to disrupted endosome-

lysosome fusion and dysfunctional lysosomal degradation. All in all, knockdown of 

ArfGAP3 expression results in low endocytic flux and possibly autophagic flux, which 
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can be linked to the pathological features described above for neurodegenerative 

diseases such as AD and PD.  

In principle, ArfGAP3 possibly aids autophagosome-lysosome fusion via the 

established LC3-mediated interaction with Atg8. In addition, possibly Rab7 activity, 

ArfGAP3 ensures normal trafficking of late endosomes to the lysosome for endosome- 

lysosome fusion, aiding the transport of essential lysosomal proteins and thus 

mediating normal functioning of lysosomes in addition to facilitating normal lipid 

droplet development. There is convincing evidence from this study to conclude that 

ArfGAP3 is a positive regulator of the endocytic flux. Figure 7.3 summarises the 

proposed functional relevance of Drosophila ArfGAP3 in the autophagic and 

endolysosomal pathway. 

Our study for the first time proposes a potential significant role of Drosophila 

ArfGAP3 in the interplay between autophagy and endosomal trafficking, further 

strengthening the notion that autophagy and the endolysosomal system are very well 

interconnected at the level of organisation and regulation in health and disease.  
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Figure 7.3. Drosophila ArfGAP3 is a positive regulator of the endocytic flux. 1) ArfGAP3 interacts with 

Atg8 in a LIR-dependent manner, confirmed by yeast-two hybrid screening, confocal co-localisation and GST-

pull down assay. We show ArfGAP3 is essential for autophagosome formation as knockdown of ArfGAP3 

results in fewer autophagosomes formed. ArfGAP3 possibly aids autophagosome formation via this LIR 

mediated interaction with Atg8. 2) Data suggest ArfGAP3 possibly mediates autophagosome-lysosome fusion 

shown herein by confocal tandem fusion in ArfGAP3 knockdown cells fusion events were less observed. 

ArfGAP3 mediates this fusion either by acting as a docking protein between Atg8 and Rab7 or binding to 

tethering proteins (HOPS and PLEKHM1) on the lysosomal membrane. However, this is open to question until 

further clarified. 3) ArfGAP3 mediates endosome-lysosome fusion shown herein by confocal co-localisation 

in ArfGAP3 knockdown cells fusion events were less observed. ArfGAP3 mediates this fusion either by 

interactions with Rab7 or binding to tethering proteins (HOPS and PLEKHM1) on the lysosomal membrane. 

4) ArfGAP3 facilitates normal lipid droplet development as knockdown of ArfGAP3 resulted in abnormally 

enlarged lipid droplets. It could be interacting with certain LD surface proteins to promote normal LD 

development. 5) ArfGAP3 mediates normal functioning of lysosomes as ArfGAP3 knockdown cells showed 

enlarged autolysosomes, indicating accumulation of undigested cellular cargo. ArfGAP3 mediates normal 

lysosome function by ensuring the necessary lysosomal proteins required for lysosomal degradation are 

delivered to the lysosomes by regulating endosomal trafficking. (Created with BioRender.com).  
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