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Atg8 proteins play a major role in autophagy. Atg8 is involved in the formation of autophagosome and 
also, serves to recruit selective autophagy receptors, autophagy regulators and autophagy substrates. These 
receptors, regulators and substrates are characterized by the presence of the LIR motif that mediates Atg8 
interaction. Despite the discovery of several Atg8 interactors in human and yeast, knowledge of these 
interactors in Drosophila is limited. The known Atg8a interactors (Drosophila homolog of Atg8) in 
Drosophila include Ref(2)P, functions in selective autophagy of ubiquitinated substrates whereas Atg1, 
functions in autophagy initiation. We searched for novel Atg8a interactors in Drosophila and their role in 
selective autophagy of ubiquitinated protein aggregates and autophagy regulation. Using a bioinformatics 
approach, we identified novel putative LIR-containing proteins in Drosophila proteome and characterized 
three of the promising candidates in vivo using various biochemical and molecular biology techniques. 
One of the candidates was UbcD4, a ubiquitin ligase containing putative LIR and UBA (involved in 
ubiquitin binding) domains. Despite this, we could not detect UbcD4 interaction with Atg8a, suggesting 
that the putative LIR is not functional. Localization and western blot analysis showed that UbcD4 
accumulates as aggregates under Atg8a-deficienct conditions and colocalizes with various markers of 
protein aggregation. Knockdown of UbcD4 indicated that UbcD4 mediates aggregate formation in old 
flies but not in young flies. Thus, we identified a novel component of ubiquitinated protein aggregates that 
mediate aggregate formation in Drosophila brains under autophagy-deficient condition. 
The second candidate was PAR1, a serine/tyrosine kinase with putative LIR and UBA domains. 
Interaction studies demonstrated that PAR1 interacts with Atg8a. Further, PAR1 is not a major component 
of protein aggregates formed in response to Atg8-deficiency, demonstrating that PAR1 is not found with 
ubiquitinated protein aggregates and thus does not participate in the removal of ubiquitinated proteins 
through ubiquitin-dependent selective autophagy. Further, we showed that overexpression of kinase-dead 
PAR1 induces mCherry-Atg8a puncta (a marker of autophagy) under fed condition, suggesting a novel 
role of PAR1 in autophagy regulation.  
The third candidate was Sequoia, a putative LIR, and ZnF-C2H2 domains (involvesd in DNA-binding) 
protein. Sequoia interacts with Atg8a, and it does not accumulate under Atg8a-deficient condition. 
Knockdown of Sequoia and overexpression of LIR-mutated Sequoia induces autophagy under fed 
conditions in the larval fat body. Additionally, expression analysis indicated that Sequoia acts as a 
repressor of Atg7. Thus, we identified a novel Atg8-ineracting protein that negatively regulates autophagy 
under fed condition.  
To further the understanding of selective autophagy in Drosophila, we characterized the role of Ref(2)P in 
mediating the cytotoxicity associated with the expression of mutant huntingtin (Htt), a toxic protein that 
accumulates in Huntington’s disease (HD) brains. We examined whether overexpression of Ref(2)P 
ameliorates HD-associated phenotypes in a Drosophila HD model. This HD model faithfully recapitulates 
HD-associated phenotypes such as Htt aggregation, motor dysfunction, and short lifespan. It was observed 
that overexpression of Ref(2)P does not rescue the above-mentioned HD-associated phenotypes. These 
analyses suggest that selective autophagy receptor Ref(2)P does not mediate Htt-induced toxicity in 
Drosophila.  
Finally, a label-free shotgun proteomics was employed to identify proteins with increased accumulation in 
Atg8a-deficient versus wild-type conditions to further the knowledge of autophagy mechanisms. An 
increase in the accumulation of 69 and 57 proteins was identified in Triton-soluble and Triton-insoluble 
fraction respectively. These proteins may rely on autophagy for their degradation. These proteins were 
further searched computationally for the occurrence of the putative LIR motif. The results presented here 
open the pathway for the discovery of novel Atg8a interactors and autophagy substrates and thus provide 
insights into novel mechanisms of autophagy in Drosophila.  
.  
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Chapter1 
General Introduction 
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1.1 Preface 

The work presented in this thesis investigates the molecular mechanism of selective 

autophagy in Drosophila melanogaster. Autophagy is an evolutionarily conserved 

lysosome-mediated degradation pathway. Defects in autophagy have been implicated in 

many human diseases (Yang and Klionsky, 2010). A better understanding of the 

molecular mechanisms of autophagy is essential for safely and effectively targeting this 

pathway for therapeutic purposes. Studies on Drosophila melanogaster have been 

instrumental in identifying novel genes and mechanisms and have expanded 

understanding of several cellular processes, including autophagy (Zhang and Baehrecke, 

2015).  

A roadmap to this thesis is shown in Figure 1.1. Chapter 1 introduces current 

understanding about autophagy with an emphasis on selective autophagy. Chapter 2 

documents the materials and methods used for this study. Chapters 3 through 8 (Results 

and Discussion section) describe the projects I have worked on during this Ph.D. The 

Results section is sub-grouped into 3 research themes. Chapters 3 through 6 describe 

the screenings for novel putative “LC3-interacting motif” (LIR)-containing proteins and 

the characterization of promising proteins to determine whether they have a role in 

selective autophagy and autophagy in general. LC3/Atg8 is an important protein in 

autophagy. Specifically, Chapter 3 describes in silico screening for novel putative LIR-

containing proteins and an in vivo screening of these candidate proteins for a “selective 

autophagy-associated phenotype.” Chapters 4 through 6 describe the characterization of 

promising candidates isolated from screening: UbcD4, PAR1 and Sequoia, respectively. 

Chapter 7 describes the characterization of the role of Ref(2)P (the only known 

selective autophagy receptor) in mediating the toxicity associated with mutant 

Huntingtin expression (Huntingtin-the gene mutated in Huntington’s disease). Chapter 

8 describes a label-free shotgun proteomics study to identify the proteins that 

accumulate under autophagy-deficient condition. Chapter 9 summarizes the major 

findings from the thesis.  
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Figure 1. 1: Roadmap for the thesis 
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1.2 Degradation pathways in eukaryotic cells 

Degradation of cellular components is essential for maintaining cellular homeostasis. 

Degradation pathways have evolved to protect cells from the deleterious effects of old 

and damaged cellular components, including proteins and organelles, thus contributing 

toward cell survival. The degraded components are recycled as building blocks (energy 

subunits, amino acids, and fatty acids) to generate new proteins and organelles. In 

addition, timely and spatially regulated degradation of proteins regulates signaling 

pathways (Schreiber and Peter, 2014).   

Eukaryotic cells have two complex degradation pathways. These are the ubiquitin-

mediated proteasome degradation system (UPS) and the autophagy pathway. The 

proteasome system contains two subunits: a barrel-shaped catalytic subunit known as 

20S proteasome, and its regulatory subunits known as 19S subunits. The central 20S 

subunit is flanked at the top and bottom by 19S subunits (Figure 1.2). The 19S subunit is 

responsible for the binding, unfolding, and translocation of misfolded protein into the 

20S subunit where the protein undergoes degradation by proteases (Massaly et al., 

2015). The proteosome system is involved in the degradation of small and short-lived 

proteins. It is not involved in the degradation of large substances such as protein 

aggregates and organelles due to the narrow channels in the barrel shaped subunit. 

Nevertheless, autophagy is involved in the degradation of a wide range of substances 

including large protein aggregates, organelles, and microorganisms (Hewitt et al., 2015). 
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Figure 1. 2: Proteasome system 
[modified and taken from (Massaly et al., 2015)]  
The proteasome system consists of a catalytic subunit (20S) and two regulatory subunits (19S). Damaged 
proteins are recognised by ubiquitin through ubiquitination (described in section 1.7.1.1). The 
ubiquitinated proteins are recognised by 19S subunits, which unfold the ubiquitinated proteins and 
translocate them to the 20S subunit where the proteins undergo degradation and releases amino acids for 
renewal. Ub=Ubiquitin. 

 
1.3 Three major subtypes of autophagy 

Autophagy comprises a group of intracellular degradation pathways that deliver 

cytosolic materials (substrate/cargo) to the lysosome for degradation. Depending on the 

route of cargo delivery to the lysosome, autophagy can be subdivided into three types 

(Figure 1.3): chaperone-mediated autophagy (CMA), microautophagy, and 

macroautophagy (Mizushima and Komatsu, 2011). 

19S$

19S$

20S$

Amino$acids$

Ub$
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During CMA, soluble proteins bearing a KFERQ-like consensus motif are delivered to 

the lysosome by heat shock chaperone Hsc70 and its co-chaperons. These proteins are 

unfolded and translocated across the lysosomal membrane by Lamp2A, a lysosome-

associated membrane protein, and are degraded within the lysosome. CMA is involved 

in the selective degradation of individual cytosolic proteins and is reported only in 

mammalian cells (Kaushik and Cuervo, 2012). No Lamp2A homolog has been reported 

in Drosophila melanogaster (hereinafter referred to as Drosophila). Moreover, 

Lamp1, the closest homolog of Lamp2A, lacks the amino acids sequences necessary for 

CMA (Uytterhoeven et al., 2015).  

During microautophagy, a portion of cytoplasm is delivered to the lysosome or late 

endosome by direct invagination of the lysosomal membrane or the late endosomal 

membrane. Compared to CMA and macroautophagy, microautophagy is less studied. 

Genetic studies in yeast suggest that microautophagy shares a subset of genes required 

for macroautophagy (Mijaljica et al., 2011). Compared to lysosomal microautophagy, 

endosomal microautophagy is better understood in higher eukaryotes. Mammalian cell 

culture studies indicate the presence of both selective and non-selective (bulk) forms of 

endosomal microautophagy. Non-selective endosomal microautophagy degrades a wide 

range of substrates, whereas selective endosomal microautophagy involves in the 

degradation of soluble proteins bearing a KFERQ-like motif. The KFERQ-like motif 

proteins are recognized by Hsc70 and require direct interaction of Hsc70 with the 

endosomal membrane (Sahu et al., 2011, Kaushik and Cuervo, 2012). In contrast to 

CMA, it does not require the unfolding of proteins and Lamp2A. A recent study reported 

the presence of Hsc70 mediated endosomal microautophagy in synaptic proteins 

turnover in Drosophila (Uytterhoeven et al., 2015).  

During macroautophagy, cargo is delivered to the lysosome in a double-membrane 

vesicle called an autophagosome. Macroautophagy is the most well characterized and 

conserved type of autophagy. It is thought to be the major type of autophagy and is 

usually referred to as autophagy in the literature. For this reason, the rest of the thesis 

refers to macroautophagy as autophagy. Autophagosomes sequester and transport a 

wide range of cellular substrate to the lysosome for degradation. Several sources have 

been shown as the membrane origin for autophagosome formation including 
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endoplasmic reticulum (ER), Golgi, plasma membrane, endosome, and mitochondria 

(Mizushima and Komatsu, 2011, Yang and Klionsky, 2010). Autophagy has a 

significant physiological role and is maintained at a basal level under normal conditions 

to maintain cellular homeostasis. Autophagy is enhanced during stress conditions such 

as nutrient limitation and during certain physiological conditions such as development. 

Malfunction of autophagy is implicated in several human diseases including cancer and 

neurodegeneration. Autophagy is reduced during physiological ageing (Mizushima and 

Komatsu, 2011, Yang and Klionsky, 2010). 
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Figure 1. 3: Different types of Autophagy 
[taken from (Mizushima and Komatsu, 2011)] 
During macroautophagy, an isolation membrane called a phagophore encloses a portion of cytoplasm. The 
phagophore eventually becomes an autophagosome. The autophagosome is transported to lysosomes to 
form an autolysosome. The internal materials are degraded within the autolysosome. 
During microautophagy, a small portion of the cytoplasm is directly engulfed by an invagination of the 
lysosomal or late endosomal membrane.  
During CMA, KFERQ-like motif-containing proteins are recognized by Hsc70 and co-chaperones, and are 
then translocated into the lysosome by binding with Lamp-2A. 
 

Drosophila is a well studied and highly tractable model organisms. It has been used in 

biomedical research to study a board range of the biological process. Many of the basic 

biological processes are highly conserved between Drosophila and human. Also, 
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approximately 75% of human disease genes have homologs in Drosophila. There are 

many advantages of using Drosophila as a model organism; they have a short life cycle, 

they produce a large number of progenies, less expensive to maintain under laboratory 

conditions. Most importantly, availability of power genetic tools and less redundant 

genome makes Drosophila as an attractive model to study complex biological processes 

(Bier, 2005).  

Drosophila has been successfully used to understand the molecular mechanisms of 

autophagy. These studies indicate that basic molecular mechanisms of autophagy in 

Drosophila are similar to that of yeast and mammals (Mulakkal et al., 2014, Zhang and 

Baehrecke, 2015). The following introduction describes the molecular mechanisms of 

autophagy in general, but with an emphasis on Drosophila.  

The process of autophagy is mediated through a series of steps as shown in Figure 1.3 

and 1.4. It is initiated by the formation of an isolating membrane known as phagophore. 

The phagophore elongates and expands around the cargo through the addition of 

membrane, finally closing and thus completing the autophagosome. The autophagosome 

undergoes maturation by fusing directly with the lysosome (autolysosome), or first with 

an endosome (amphisome) and eventually with the lysosome for degradation. The cargo, 

together with the inner autophagosome membrane, degrades within the lysosome. The 

degradation of cytoplasmic materials in the lysosome is mediated by lysosomal 

hydrolases. These degraded materials are recycled back to the cytoplasm by permeases 

for energy production and macromolecular synthesis (Yang and Klionsky, 2010).  
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Figure 1. 4: An overview of autophagy 
[taken from (Yang and Klionsky, 2010)] 
The autophagy process involves a series of five steps: initiation, elongation, closure, maturation, and 
degradation. Autophagy is initiated by the formation of an isolating membrane termed as phagophore. The 
phagophore elongates and expands around the cargo. Finally, it closes and results in the formation of a 
double-membrane vesicle called an autophagosome. The autophagosome, which carries the cargo, 
eventually fuses with the lysosome (autolysosome), or first with an endosome (amphisome), and finally to 
the lysosome. The cargo together with inner autophagosome membrane degrades within the autolysosome 
by lysosomal hydrolases. The resulting materials are recycled back to the cytosol by permeases for reuse. 
The formation of an autophagosome is mediated by conserved Atg proteins known as the core autophagy 
machinery. This core autophagy machineries includes the 1) Atg1 complex, 2) Class III PI3K complex, 3) 
Atg9, 4) Atg18 complex, and 5) Two ubiquitin-like conjugation system (Atg12-Atg5 and Atg8-PE).  
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1.4 Molecular mechanisms of autophagy: major proteins involved in 
autophagosome formation are conserved 

The autophagy process is mediated by proteins encoded by Autophagy-related (Atg) 

genes. Atg genes were first identified in yeast by multiple genetic screens. Homologs of 

yeast Atg genes were further identified in higher eukaryotes including Drosophila and 

mammals. This suggests the core autophagy machinery that comprises the proteins 

involved in autophagosome formation is highly conserved. Based on the function, the 

core autophagy proteins can be sub-grouped into 5 groups/complexes (Zhang and 

Baehrecke, 2015, Yang and Klionsky, 2010): 

• Atg1 (ULK1) complex,  

• Class III -phosphatidylinositol 3-kinase (PI3K) complex,  

• Atg18 -and its associated protein Atg2,  

• Atg9 protein, and 

• Two ubiquitin-like conjugation system (Atg12-Atg5 and Atg8-PE) (Yang and 
Klionsky, 2010).  

Conserved autophagy complexes and their roles are summarized in Table 1.1 
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Table 1. 1 Summary of conserved autophagy complex and their roles in Drosophila, mammals and 
yeast  
(Zhang and Baehrecke, 2015) 
 

Function Drosophila Mammals/Human Yeast 

Initiation of isolation 
membrane 

Atg1 complex: 
Atg1 Atg13, 
FIP200, Atg101 

ULK1/2 complex: 
ULK1 and ULK2 
Atg13, FIP200, 
Atg101 

Atg1 complex: 
Atg1, Atg13, 
Atg17 

Nucleation of isolation 
membrane 

Class III PI3K 
complex: 
Vps34, Vps15, 
Atg6, Atg14 

Class III PI3K 
complex: 
Vps34, Vps15, 
Beclin 1, Atg14 

Class III PI3K 
complex: 
Vps34, Vps15, 
Atg6 , Atg14 

Effector of PI3P Atg18a, Atg18b 
 

WIPI1, WIPI2, 
WIPI3 and WIPI4 

Atg18 

Atg18 interacting protein 
 

Atg2 Atg2 Atg2 

Transmembrane protein that 
supplies lipids and also 
interacts with Atg18 
 

Atg9 Atg9A, Atg9B Atg9 

Ubiquitin-like proteins 
involved in elongation and 
closure of autophagosome 
 

Atg8a, Atg8b LC3A, LC3B, 
LC3C, GABARP, 
GABARPL1 and 
GABARPL2 

Atg8 

E1 like enzyme 
 

Atg7 Atg7 Atg7 

E2 like enzyme 
 

Atg3 Atg3 Atg3 

Cysteine protease that 
cleaves Atg8 proteins 
 

Atg4 Atg4A, Atg4B, 
Atg4C, Atg4D 

Atg4 

Ubiquitin-like proteins 
involved in elongation and 
closure of autophagosome 
 

Atg12 Atg12 Atg12 

E2 like enzyme 
 

Atg10 Atg10 Atg10 

Proteins conjugating with 
Atg12 
 

Atg5, Atg16 Atg5, Atg16L1, 
Atg16L2 

Atg16 
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The Atg1 complex plays a pivotal role in the initiation of autophagy in all model 

systems including Drosophila. It is the most studied complex in Drosophila. The Atg1 

complex integrates signals from upstream regulators of autophagy and transduces these 

signals to downstream Atg proteins for autophagosome formation (Mizushima, 2010). 

For example, the target of rapamycin (TOR) kinase complex is a well-known negative 

regulator of autophagy that inhibits autophagy by inhibiting Atg1 complexes. Atg1 

complex contains the following proteins in metazoans including in Drosophila (Nagy et 

al., 2014b, Mizushima, 2010, Chang and Neufeld, 2009): 

• Serine threonine kinase Atg1 (mammalian homolog is ULK1 and ULK2),  

• Atg13, 

• FIP200, and  

• Atg101. 

Although Atg1 and Atg13 are present in yeast, no clear homologs for FIP200 and 

Atg101 have been identified in yeast. However, yeast Atg17 acts in a similar fashion to 

that of FIP200 (Mizushima, 2010). FIP200 is a scaffold protein that aids in the assembly 

of Atg1 complex (Nagy et al., 2014b). The regulation of the Atg1 complex is mainly 

studied in the context of autophagy induction in response to starvation. It has been 

shown that kinase activity of Atg1 is critical for its role in autophagy. Kinase activity of 

Atg1 is limited by TOR, under nutrient-rich condition. However, it is increased during 

starvation (Scott et al., 2007, Scott et al., 2004). Atg13 is bound to FIP200, Atg101, and 

Atg1 both under nutrient-rich conditions and during starvation. Atg1-mediated 

hyperphosphorylation of Atg13 during starvation contributes to autophagy induction in 

Drosophila (Nagy et al., 2014b). However, in mammals, dephosphorylation of Atg13 at 

Serine-224 (S224) and S258 induces autophagy under starvation conditions (Puente et 

al., 2016). In contrast to metazoans, regulation of the Atg1 complex is different in yeast. 

Atg13 is hyperphosphorylated under nutrient rich condition, and Atg1 and Atg13-Atg17 

exist separately as 2 different complexes under nutrient-rich condition. During 

starvation, the Atg13 undergoes dephosphorylation and induces the formation of Atg1-

At13-Atg17 complex (Yang and Klionsky, 2010). Regulation of Atg1 complex in 

Drosophila, mammals, and yeast is summarized in Table 1.2. 
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Table 1. 2 Summary of similarities and differences in regulation of Atg1 complex in Drosophila, 
mammals and yeast 
 
 

 

 

 

 

Drosophila 

Nutrient-rich Starvation 

Atg1-Atg13-FIP200-Atg101 complex 
exists 

Atg1-Atg13-FIP200-Atg101 complex 
exists 

TOR interacts with the complex TOR is free from the complex 
Atg13 is phosphorylated Atg13 is hyperphosphorylated 
Kinase activity of Atg1 is low Kinase activity of Atg1 is high 

Mammals 

Nutrient-rich Starvation 

ULK1/ULK2-Atg13-FIP200-Atg101 
complex exists 

ULK1/ULK2-Atg13-FIP200-Atg101 
complex exists 

TOR interacts with the complex TOR is free from the complex 
Atg13 is phosphorylated Atg13 is hypophosphorylated at 

position S224 and S258  

Kinase activity of ULK1 is less Kinase activity of ULK1 is high 

Yeast 

Nutrient-rich Starvation 

Atg13-Atg17 and Atg1 exist separately Atg13-Atg17-Atg1 exists as one 
complex.  

TOR interacts with Atg1 TOR is free from Atg1 
Atg13 is phosphorylated Atg13 is dephosphorylated  
Kinase activity of Atg1 is low Kinase activity of Atg1 is high 
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The Class III PI3K complex plays a conserved role in autophagosome nucleation 

including in Drosophila (Zhang and Baehrecke, 2015). This complex contains: 

• Vps34, a phosphatidylinositol-3-kinase family protein (PI3),  

• Vps15, regulatory unit of Vps34, 

• Atg6 (mammalian homolog is known as Beclin1), and 

• Atg14 

The core of this complex is Vps34 which phosphorylates PI3 at the inositol ring and 

produces PI3P (Juhasz et al., 2008). Vps15, the regulatory kinase of Vps34, 

phosphorylates Vps34 and tethers the PI3 complex to the membrane (Lindmo et al., 

2008). Both Atg14 and Atg6 are necessary for the proper functioning of Vps34 

(Shravage et al., 2013, Banreti et al., 2012).  

The formation of PI3P recruits phospholipid effectors to the site of autophagosome 

formation. One such phospholipid effector in Drosophila and yeast is Atg18, a WD40 

domain containing protein (Scott et al., 2004). The mammalian homolog of Atg18 is 

WIPII1-4 (Polson et al., 2010).  

Atg9 is a conserved transmembrane protein and is proposed to supply lipids to initiate 

autophagosome formation in Drosophila and other organisms (Reggiori and Tooze, 

2012). Upon the completion of phagophore, the majority of Atg9 is recycled from the 

phagophore assembly site (PAS) by Atg18-Atg2 complex. Formation of Atg9-Atg18-

Atg2 complex at the PAS is conserved. However, mechanism of action is different. In 

yeast, Atg2 is important for the recruitment of Atg18 to the PAS and thus for the 

formation of Atg9-Atg18-Atg2 complex (Rieter et al., 2013). Nevertheless, in 

Drosophila and mammals, Atg2 is not needed for the recruitment of Atg18 to the PAS 

(Velikkakath et al., 2012, Nagy et al., 2014a).  

Two ubiquitin-like conjugation systems (Atg12-Atg5 and Atg8-PE) are involved in the 

expansion and closure of autophagosome. Atg12 and Atg8 have structural similarity to 

ubiquitin. Atg12 is activated by Atg7 (E1 ubiquitin-activating enzyme), then transferred 

to Atg10 (E2 ubiquitin-conjugating enzyme) and finally to Atg5. The Atg12-Atg5 
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complex further interacts with Atg16 and form Atg12-Atg5-Atg16 complex (Matsushita 

et al., 2007, Geng and Klionsky, 2008).  

Atg8 and its homologs are cleaved by Atg4 (a cysteine protease) at the C-terminal end to 

expose a glycine residue. The cleaved Atg8 is first activated by Atg7 (E1-like ubiquitin 

activating enzyme) and then is transferred to Atg3 (E2-like ubiquitin conjugating 

enzyme). Finally, the Atg12-Atg5-Atg16 complex acts as an E3 enzyme, resulting in the 

conjugation of Atg8 to phosphatidylethanolamine (PE). This process converts soluble 

Atg8 to a membrane-associated protein (Ichimura et al., 2000, Matsushita et al., 2007, 

Geng and Klionsky, 2008). Atg8 locates both inside and outside of autophagosome. The 

Atg8 located inside is degraded with the cargo in the lysosome. Atg8 family proteins are 

known as LC3 and GABARAP proteins in mammals (Mizushima and Komatsu, 2011). 

Detailed descriptions of Atg8 family proteins follow in Section 1.6. 

It is worth mentioning that, although the above-mentioned hierarchical order is 

established, the interactions between proteins from different complexes and temporal 

and spatial differences in localization of these proteins have been observed (Mulakkal et 

al., 2014). For example, Atg8 may act as a scaffold for the assembly of the ULK 1 

complex (Alemu et al., 2012).  

Autophagosomes can forms anywhere in the cytoplasm. But it needs to be transported to 

the lysosome. Trafficking of autophagosomes to lysosomes is mediated by microtubule 

binding proteins such as dynein. Most of our knowledge about the connection between 

microtubules and transport of autophagosomes comes from mammalian cell culture 

studies (Ganley, 2013).  

Fusion between autophagosomes and lysosomes is mediated by HOPS (homotypic 

fusion and protein sorting) complex and SNARE (soluble N-ethylmaleimide-sensitive 

factor attachment protein receptors) proteins. The HOPS complex in Drosophila 

contains 6 subunits, all of which are necessary for autophagosome-lysosome fusion. 

Interaction of HOPS with autophagosomal SNARE Synx17 promotes the fusion of 

autophagosomes with endosomes and with lysosomes (Takáts et al., 2014). In addition 

to HOPS and Synx17, ESCRT proteins (proteins necessary for the formation of the 
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multivesicular body) are also necessary for the autophagosome-lysosomal fusion in 

Drosophila (Rusten et al., 2007).  

1.5 Two subtypes of (macro)autophagy: Non-selective and Selective 
autophagy   

Autophagy was initially considered as a non-selective bulk degradation process. 

However, studies in past 10 years show that autophagy can be highly selective. Non-

selective autophagy operates during cellular stresses such as during oxidative stress, 

nutrient and energy deprivation. Non-selective autophagy up-regulates and mediates the 

bulk degradation of cytosolic components to provide new building blocks for survival. 

However, autophagy is constitutively active at basal level under normal conditions. 

Under normal condition, selective autophagy plays an important role by degrading 

cellular components selectively (only damaged proteins and organelles, not their 

functional counterparts) thus, maintaining cellular homeostasis (Isakson et al., 2012). 

This basal autophagy is particularly important for quality control in post-mitotic cells 

such as neurons and hepatocytes (Mizushima and Komatsu, 2011). Both selective and 

non-selective autophagy share the same core autophagy machinery. In addition to the 

core autophagy machinery, selective autophagy possesses some additional proteins that 

are responsible for selectivity. These additional proteins are called selective autophagy 

receptors. The selective autophagy receptors selectively recognize specific cargo and 

transfer it to core autophagy machinery through its interaction with Atg8 proteins 

(Figure1.5). The interaction between Atg8 and cargo-loaded receptor further enables the 

recruitment and formation of autophagosome around the cargo (Rogov et al., 2014, 

Birgisdottir et al., 2013). It has been demonstrated that many of these receptors are 

dispensable for starvation-induced autophagy (Schreiber and Peter, 2014). 

Different types of selective autophagy have been reported and are named based on their 

cargo. These include aggrephagy (selective degradation of ubiquitinated protein 

aggregates), mitophagy (selective degradation of mitochondria), ERphagy (selective 

degradation of endoplasmic reticulum) and ferritinophagy (selective degradation of 

ferritin) (Birgisdottir et al., 2013). The following section will describe on Atg8 proteins 

and selective autophagy receptor.  
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Figure 1. 5: Selective autophagy receptor and Atg8 mediate selective autophagy 
The selective autophagy receptor comprises a specialized binding domain for connecting to cargo and 
another binding domain for connecting to Atg8. Thus, the selective autophagy receptor and Atg8 mediates 
the degradation of a specific cargo through autophagy 

 
1.6 Atg8 and Selective autophagy receptors are critical for selective 
autophagy 
1.6.1 Atg8 family members 

Atg8 proteins are highly conserved among eukaryotes. The yeast genome encodes a 

single Atg8 protein. Drosophila encodes two Atg8 proteins (Atg8a and Atg8b). 

Mammals, including human encode six Atg8 proteins (LC3A, LC3B, LC3C, GABARP, 

GABARPL1, and GABARPL2 (GATE16). Mammalian Atg8 proteins are grouped into 

3 subgroups based on their sequence similarity: LC3 family proteins (LC3A, LC3B and 

LC3C), GABARAP family proteins (GABARAP and GABARAPL1), and 

GABARAPL2 (GATE16). All Atg8 family proteins are indispensable for autophagy in 

mammals and they act at distinct stages of autophagosome formation. LC3 proteins are 

involved in the early elongation process whereas GABARAP and GATE16 are active at 

later stages (Shpilka et al., 2011). In Drosophila, autophagy is studied in terms of Atg8a. 

Atg8a is ubiquitously expressed whereas Atg8b is expressed only in testes (Nagy et al., 
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2015). Drosophila Atg8 proteins are similar to mammalian GABARAP, compared with 

other mammalian homologs (Shpilka et al., 2011). Multiple sequence alignment and 

phylogenetic analysis of Atg8 proteins are shown in Figure 1.6. 

Tertiary structures of Atg8 proteins from mammals (LC3B, GABARAP, and GATE16) 

and insect (silkworm) are shown in Figure 1.7. The tertiary structure of Drosophila Atg8 

is not currently available. Atg8 proteins exhibit strong structural similarity to ubiquitin, 

although, they exhibits less sequence similarity to ubiquitin. Atg8 family proteins 

comprise 2 α-helices (α1 and α2) at the N-terminal and an ubiquitin-like fold at the C-

terminal (Shpilka et al., 2011). The C-terminal region contains 4 β-strands and 2 α-

helices. The inner β-strands (β2 and β3) are arranged parallel to each other, but 

antiparallel to the outer strands (β1 and β4). The α-helices: the α3 helix is located 

between β2 and β3 and the α4 helix is located between β3 and β4. The N-terminal region 

is least conserved among Atg8 proteins. For example, the majority of the amino acid 

residues at α1 helix are basic in LC3B, but the majority of the residues are acidic in 

GABARAP and GATE16 (Shpilka et al., 2011). Atg8 proteins contain 2 conserved 

hydrophobic pockets (HP1 and HP2). These hydrophobic pockets are crtitical for 

selective autophagy associated interaction. The HP1 is located between the N-terminal 

α2 and the ubiquitin fold (between α2 and β2), whereas HP2 is located in the ubiquitin 

fold (β2 and α3) (Rogov et al., 2014).  
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Figure 1. 6: Atg8 proteins exhibits sequence similarity  
(A) Multiple sequence alignment shows sequence similarity among human Atg8 (LC3A, LC3B, LC3C, 
GABARP, GABARPL1, GABARPL2/GATE16), yeast (Saccharomyces cerevisiae) Atg8, Drosophila 
(DROME) Atg8a, and Silkworm (BOMMO) Atg8 proteins. Asterisks (*) shows positions that are fully 
conserved and are characterised by the presence of a single amino acid. Colons (:) show positions that are 
conserved and are characterised by amino acids that have strong similar properties. Periods (.) indicate 
conservation between groups of amino acids with weakly similar properties. Colours indicate 
physiochemical properties: red-small hydrophobic, blue-acidic, magenta-basic, green-Hydroxyl + 
sulfhydryl + amine + G, and grey-unusual. (B) Phylogenetic analysis shows that Drosophila Atg8a is 
more similar to GABARAP and silkworm Atg8 proteins (Note the red box). Multiple sequence alignment 
and phylogenetic tree generated in Clustal Omega (Sievers et al., 2011).  
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Figure 1. 7: Atg8 proteins have conserved tertiary structure 
The top panel was generated by pymol and the second panel was taken from (Shpilka et al., 2011). 
Atg8 homologs contain 2 N-terminal α helixes and a C-terminal ubiquitin-like fold. 
Top, Yellow represents the Atg8 structure (3M95) from the silkworm, a close relative of Drosophila. The 
bottom panel shows the crystal structures of GATE-16 (1EO6), GABARP (1KOT), LC3B (1V49) and 
ubiquitin (1ubi) are shown. PDB ID for each structure is given in brackets.  

 

1.6.2 Selective autophagy receptor 

Selective autophagy receptors are characterized by the presence of an Atg8/LC3 

interacting region (AIM/LIR) and a cargo-binding domain. The cargo-binding domain 

enables the receptor to bind the cargo, whereas the LIR motif enables the receptor to 

bind to Atg8. The consensus sequence for LIR motif is W/F/Y-x-x-L/I/V. It is 

characterized by the presence of an aromatic residue (W/F/Y) and a hydrophobic residue 

(L/I/V), where “X” represents any amino acid. Deletions or a point mutations on 

aromatic or hydrophobic residues (into alanine) of LIR abolishes its interaction with 

Atg8a. There is no structural information on full-length selective autophagy receptor 

bound to Atg8. However, structures of LIR peptide bound to Atg8 indicate 3 key 

features: 1) LIR peptide forms an intermolecular parallel β strand with the β2 sheet of 

Atg8 protein. 2) The side chain of the aromatic residues binds to the HP1 pocket and 
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hydrophobic residues binds into the HP2 pocket on Atg8 proteins. 3) The residues 

immediately upstream of the aromatic residue contribute a negative charge and it 

reinforces the interaction with the Atg8 protein (Rogov et al., 2014, Schreiber and Peter, 

2014).  

The first selective autophagy receptor identified was p62 in human (Pankiv et al., 2007). 

Structures of p62 LIR-LC3B complex from human and Atg19 LIR-Atg8 complex from 

yeast are shown in Figure in 1.8. These structures indicate similar modes of LIR-Atg8 

interaction (Noda et al., 2008). There is no crystal structure of LIR-Atg8a complex is 

available for Drosophila. Selective autophagy in Drosophila is less explored. Ref(2)P, 

the homolog of p62 is the only identified selective autophagy receptor in Drosophila 

(Nezis et al., 2008).  
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Figure 1. 8: Model for LIR-Atg8 interaction 
[taken from (Noda et al., 2008)] 
The side chain of the aromatic residue (W) binds the HP1 pocket, and the hydrophobic residue (L) binds 
the HP2 pocket in the Atg8 protein. LIR peptide and Atg8 are shown in stick and surface model 
respectively. (A): The interaction between LC3B and p62 WTHL LIR (human). The LC3B HP1 pocket is 
composed of the side-chains of D19, I23, P32, I34, Lys51, L53, K49, and F108, whereas the LC3B HP2 
pocket is comprised of the side-chains of F52, V54, P55, L63, I66 and I67. (B): The interaction between 
Atg8 and Atg19 WEEL LIR (yeast). The Atg8 HP1 pocket is composed of the side-chains of E17, I21, 
P30, I32, K48, L50 and F104, whereas the latter pocket is comprised of the side-chains of Y49, V51, P 52, 
F60, L 63 and I 64.  
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1.7 Two subtypes of selective autophagy: Ubiquitin-dependent and 
Ubiquitin-independent selective autophagy 

Molecular mechanisms of selective autophagy are still not fully elucidated. Most of our 

knowledge about selective autophagy comes from yeast and mammals. Based on the 

type of selective autophagy receptor and its cargo-binding mechanism, selective 

autophagy can be predominantly subgrouped into 2 (Figure 1.9):  

• Ubiquitin-dependent selective autophagy  

• Ubiquitin-independent selective autophagy  

(Mancias and Kimmelman, 2016, Khaminets et al., 2016).  

Ubiquitin-dependent selective autophagy is mediated by LIR-containing selective 

autophagy receptors that comprise the Ubiquitin binding domain (UBD). These 

receptors recognise ubiquitin chains attached to cargo and target the cargo for selective 

autophagy degradation. Ubiquitin-independent selective autophagy is mediated by LIR-

containing receptors that have specific cargo interaction motifs. These specialized 

receptors directly recognize specific types of cargo and thus activate selective autophagy 

under specific circumstances (Rogov et al., 2014, Khaminets et al., 2016). 



 27 

 

 
Figure 1. 9: Two types of selective autophagy:  
Ubiquitin-dependent selective autophagy and Ubiquitin-independent selective autophagy 
Ubiquitin acts as a signal for ubiquitin-dependent autophagy. Receptors in ubiquitin-dependent selective 
autophagy possess UBD for binding with ubiquitinated cargo and LIR motif for Atg8 interaction. 
However, ubiquitin-independent selective autophagy does not require ubiquitination signal. These 
receptors bind the cargos relate to its binding domain and target it to Atg8 through LIR motif (Mancias 
and Kimmelman, 2016). Ub=ubiquitin. 
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1.7.1 Ubiquitin-dependent selective autophagy 

1.7.1.1 Ubiquitination  

Ubiquitin is well-known for its role in selectively targeting misfolded proteins for 

proteasome degradation (Husnjak and Dikic, 2012). Misfolded proteins are tagged by 

ubiquitin by a process called ubiquitination. Ubiquitination involves the action of 3 

proteins: an activation enzyme (E1), a conjugation enzyme (E2) and a ligation enzyme 

(E3). An E1 enzyme activates ubiquitin by forming a thioester bond between the C-

terminal of ubiquitin and cysteine of the E1 enzyme. The activated ubiquitin is then 

transferred to the cysteine residue on an E2 enzyme by forming a thioester bond. The E2 

transfers the ubiquitin to E3, then E3 transfers the ubiquitin to the substrate by aiding the 

formation of an isopeptide bond between the C-terminal glycine carboxyl group of 

ubiquitin and the ε-amino group of a lysine on the substrate protein (Husnjak and Dikic, 

2012). Based on their mode of action, the E3 enzymes can be grouped into two: HECT-

like and RING-like E3s. The HECT E3s (Figure 1.10 top panel) accept ubiquitin from 

E2s and transfer it directly to the substrate. The RING E3s (Figure 1.10 bottom panel) 

act as a scaffold between the substrate and the ubiquitin carrying E2, thus assisting in the 

transfer of ubiquitin from E2 to the substrate. The substrate can be ubiquitinated either 

on a single lysine (monoubiquitination) or on multiple lysines (multiubiquitination). 

Additionally, the substrate can undergo polyubiquitination (chains of ubiquitin on single 

lysine). Following the addition of first ubiquitin to a substrate, further ubiquitin 

molecules can be added to the lysine on the preceding ubiquitin. Ubiquitin contains 7 

lysine residues at amino acid positions 6,11,27,29,33,48 and 63. Any of these lysines can 

be used for polyubiquitin synthesis (van Wijk and Timmers, 2010, Husnjak and Dikic, 

2012).  
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Figure 1. 10: The process of ubiquitination  
The E1 activates ubiquitin and transfers it to an E2. The E2 transfers the activated ubiquitin to an E3, 
which then aids in the substrate ubiquitination. The mode of action of two different classes of E3s is 
shown. The top panel represents the HECT E3s that accept ubiquitin from E2s and transfer it directly to 
the substrate. The bottom panel represents the RING E3s that act as a scaffold between the substrate and 
the ubiquitin carrying E2, thus aiding in the transfer of ubiquitin from E2 to the substrate (Husnjak and 
Dikic, 2012).  
 
1.7.1.2 UBD-containing receptor connects ubiquitin with selective autophagy 

As discussed in section 1.2, degradation of proteins by proteasome requires the proteins 

to unfold to reach inside the barrel of the 20S proteasome. This prevents the degradation 

of large ubiquitinated aggregates via proteasome. In contrast, large protein aggregates 

can be degraded by autophagy (Hewitt et al., 2015).  

Discovery of LIR and UBD containing selective autophagy receptors indicate a central 

role of ubiquitin in selective autophagy (Mancias and Kimmelman, 2016). Constitutive 

basal autophagy is important to prevent the accumulation of misfolded proteins. 

Neuronal specific deletion of Atg7 and Atg5 in mice results in the accumulation of 

ubiquitin-positive protein aggregates in brains from a young age (Hara et al., 2006, 

Komatsu et al., 2006). Similarly, mice that lack Atg5 specially in the liver exhibit 

similar ubiquitin-positive protein aggregates in the liver (Komatsu et al., 2005). 

Accumulation of ubiquitinated protein aggregates is a common theme in 

neurodegenerative diseases and physiological ageing. Physiological ageing is associated 
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with a decrease in autophagy. Several studies have shown that autophagy is necessary 

for the removal of these aggregates and has protective effects in aforementioned 

conditions (Nixon, 2006). p62, one of LIR and UBD containing receptor is a major 

component of ubiquitinated protein aggregates observed under above-mentioned 

conditions (Pankiv et al., 2007). Similarly, Drosophila which lacks Atg genes (Atg7, 

Atg8a or Vps15) displays the accumulation of ubiquitin-positive protein aggregates in 

the brain from a young age (Juhasz et al., 2007a, Simonsen et al., 2008, Lindmo et al., 

2008). Ref(2)P is a major component of ubiquitinated protein aggregates observed in 

aforementioned conditions (Nezis et al., 2008).  

Receptors with UBD domains include p62, NBR1, Optineurin, NDP52, TAXIBPI, and 

RPN10. These receptors specifically bind ubiquitinated cargo via its UBD and link them 

to core autophagy machinery for degradation (Figure 1.9). Four major types of UBDs 

have been shown to involve in selective autophagy: 

• UBA (ubiquitin associated domain),  

• UBAN (UBD in ABIN proteins and NEMO),  

• UBZ (Ubiquitin binding Zinc finger), and  

• UIM (Ubiquitin interacting motif). 

Both p62 and NBR1 possess UBA domain. The UBA domain forms three alpha helices 

that mediate its interaction with ubiquitin (Dikic et al., 2009). p62 is involved in 

selective autophagy degradation of a wide range of ubiquitinated substrates including 

protein aggregates (Pankiv et al., 2007), mitochondria (Geisler et al., 2010), and 

microorganisms (Sorbara and Girardin, 2015). Similarly, NBR1 is also involved in the 

removal of ubiquitinated proteins aggregates (Kirkin et al., 2009), and microorganisms 

(Sorbara and Girardin, 2015). NBR1 is dispensable for mitophagy (Shi et al., 2015).  

p62 and NBR1 share similar structures (Table 1.3). Both of these proteins accumulate 

with ubiquitinated protein aggregates formed in response to autophagy dysfunction and 

are present in mammals including humans and mice (Pankiv et al., 2007, Kirkin et al., 

2009). The Drosophila genome encodes a homolog of p62 called Ref(2)P that 

participates in selective autophagy of ubiquitinated protein aggregates (Nezis et al., 
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2008). Arabidopsis (a plant model organism) encodes a homolog of NBR1 and is 

involved in selective degradation of ubiquitinated protein aggregates (Zhou et al., 2013). 

These proteins (p62, NBR1, Ref(2)P) are degraded through autophagy. Interaction with 

Atg8/LC3 is utilised as a mechanism to capture these proteins for autophagy degradation 

(Lamark and Johansen, 2012). 

Optineurin possesses a UBAN domain. The UBAN domain is a helical structure in 

which two helices form a parallel, coiled-coil dimer that enables favourable interaction 

with ubiquitin (Dikic et al., 2009). Optineurin is involved in the selective autophagy 

degradation of ubiquitinated bacteria (Wild et al., 2011), ubiquitinated protein 

aggregates (Shen et al., 2015), and ubiquitinated mitochondria (Lazarou et al., 2015, 

Wong and Holzbaur, 2014). Similarly to p62 and NBR1, Optineurin is a major 

component of ubiquitinated protein aggregates formed in response to autophagy 

dysfunction (Liu et al., 2014, Shen et al., 2015). In addition, Optineurin is found to 

accumulate as aggregates with ubiquitin-positive protein aggregates in 

neurodegenerative diseases (Osawa et al., 2011, Ying and Yue, 2016).  

In addition to the presence of LIR and UBD, above-mentioned proteins have the ability 

to multimerize. Phox and Bem1p (PB1), and UBA domains of p62 are critical for 

multimerization. Similarly, by using the UBA domain, p62 interacts with its own UBA 

domain (Lamark et al., 2003, Pankiv et al., 2007). NBR1 multimerizes both through its 

coil-coil domain (CC) and its UBA domain (Kirkin et al., 2009). Optineurin possesses 3 

CC domains and undergoes multimerization through these domains (Ying and Yue, 

2016).  

NDP52, and its paralog TAXIBPI, possess UBZ domain. UBZ is a subclass of Zn finger 

binding motifs (structural domain stabilized by Zn2+ ions) that bind ubiquitin (Dikic et 

al., 2009). Both of these receptors have been involved in the degradation of 

ubiquitinated microbes via autophagy (von Muhlinen et al., 2012, Newman et al., 2012). 

In addition, NDP52 has been implicated in the degradation of ubiquitinated 

mitochondria (von Muhlinen et al., 2012, Thurston et al., 2009). In contrast to other 

LIR-containing proteins, the interaction of NDP52 and TAXIBPI with Atg8 family 

proteins is mediated by a so-called tripeptide, non-canonical LIR (L-V-V). The non-
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canonical LIR in NDP52 binds specifically to LC3C. Similarly, the non-canonical LIR 

in TAXIBPI binds specifically to LC3C and LC3B. Interaction of canonical LIR with 

Atg8 family members is mediated mainly through the first (W/Y/F) and the last (I/L/V) 

residues. However, in non-canonical LIR, all the residues equally contribute toward LC3 

interaction (von Muhlinen et al., 2012, Newman et al., 2012). 

RPN10 is a subunit of the 19S proteasome. In addition, it also exists independently in 

the cytosol. It possesses three UIM motifs (Marshall et al., 2015). The UIM motifs are 

unable to form an independent structural domain without ubiquitin binding. It forms an 

alpha helix when bound to ubiquitin (Hofmann and Falquet, 2001). The mode of action 

of RPN10 is distinct from other receptors. RPN10 is involved in the degradation of 

ubiquitinated- proteasomes through autophagy in Arabidopsis. Inhibition of proteasomal 

function by a proteasomal inhibitor results in proteasomal damage and ubiquitination. 

RPN10, which exists independently in the cytosol, simultaneously binds ubiquitinated 

proteasomes and Atg8 and targets them for autophagy degradation. Unlike 

aforementioned receptors, RPN10 does not have a LIR motif. Interaction of RPN10 with 

Atg8 is mediated through a UIM motif. However, yeast and mammalian RPN10 does 

not interact with their Atg8 counterparts (Marshall et al., 2015).   

1.7.1.3 LIR-containing adaptor proteins in ubiquitin-dependent selective autophagy 

In addition to the LIR-containing receptors, LIR containing adaptor proteins play a 

central role in the removal of ubiquitinated protein aggregates through selective 

autophagy. Adaptor protein binds directly to the receptor in a receptor-cargo complex. 

Thus, they act as a scaffold to assemble core autophagy machinery around the complex. 

Alfy is a mammalian adaptor protein. Alfy is capable of interacting with Atg8 through a 

LIR motif. In addition, Alfy simultaneously binds p62, NBR1 and Atg5 and is hence 

involved in the formation of autophgy machinary around the cargo (Isakson et al., 2012, 

Lystad et al., 2014).  

In conclusion, ubiquitination act as a signal for selective autophagy in multiple model 

organisms. UBD and LIR-containing proteins are critical for selective autophagy. 

Ubiquitinated substrates are recognized by UBD domain. Transfer of ubiquitinated 

substrates to Atg8 is mediated by the LIR motif (Mancias and Kimmelman, 2016). A 
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summary of receptors and adaptors involved in ubiquitin-dependent selective autophagy 

is shown in Table 1.3.  

Table 1. 3 Summary of receptors involved in ubiquitin-dependent selective autophagy.  
Domains critical for their function in selective autophagy are shown in bold. nLIR represents non-

canonical LIR motif. pLIR represents putative LIR (role of LIR in mediating Atg8-interaction is not tested 

experimentally) Please refer to abbreviation lists for complete domain names.  

Ubiquitin-dependent selective autophagy  

Selective 
autophagy 
receptor 

 
Domains 

 
Ubiquitinated cargo 

 
Reference 

Human/mammals 
UBD domain receptor 

p62 PBI, ZnF, 
LIR, UBA 

Protein aggregates, mitochondria, 
and microorganisms. 

(Pankiv et al., 2007, 
Ichimura et al., 2008, 
Sorbara and Girardin, 

2015, Geisler et al., 2010) 

NBR1 
PB1, ZF, CC, 

LIR, LIR, 
UBA 

Protein aggregates, 
and microorganisms 

(Kirkin et al., 2009, 
Sorbara and Girardin, 

2015) 

Optineurin 
CC, LIR, 
CC, CC, 

UBAN, ZNF 

Bacteria, mitochondria, and protein 
aggregates 

(Lazarou et al., 2015, 
Wild et al., 2011, Liu et 

al., 2014) 

NDP52 
SKICH, 

nLIR, CC, 
UBZ 

Bacteria, and mitochondria (Thurston et al., 2009, von 
Muhlinen et al., 2012) 

TAXIBPI 
LIR CC 

nLIR CC 
UBZ 

Bacteria. 
Considered as the paralog of 

NDP52 
(Newman et al., 2012) 

Adaptor protein 

ALFY 
BEAH, 

WD40, LIR, 
FYVE 

Protein aggregates. Alfy directly 
interacts with p62, Atg8 and Atg5 

and assist in the recruitment 
autophagosome 

(Lystad et al., 2014) 

Drosophila 

UBD domain receptor 

Ref(2)P,  PB1, ZnF, 
LIR, UBA 

Protein aggregates, and 
mitochondria 

Homolog of p62 

(Nezis et al., 2008, Jain et 
al., 2015) 

Adaptor protein 

blue cheese pLIR Protein aggregates. 
Homolog of Alfy (Lystad et al., 2014) 

Arabidopsis 

UBD domain receptor  

NBR1  PB1, LIR, 
UBA Protein aggregates. (Zhou et al., 2013) 

RPN10 vMA, UIM Proteasome (Marshall et al., 2015).   
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1.7.2 Ubiquitin-independent selective autophagy  

Ubiquitin-independent selective autophagy is mediated by LIR containing proteins that 

have specific cargo binding domains. These receptors directly bind cargo through its 

cargo-binding domain and transfer the cargo to autophagy through LIR-mediated Atg8 

interaction (Figure 1.9). These Ubiquitin-independent receptors can be subgrouped into 

2 (Khaminets et al., 2016, Birgisdottir et al., 2013).  

• LIR-containing receptors with transmembrane domain, and 

• LIR-containing receptors with protein-specific binding domain (Table 1.4).  

1.7.2.1 LIR-containing receptors with transmembrane domain  

Receptors that possess a transmembrane domain include Nix (BNIPL3L) (Novak et al., 

2010), BNIP3 (Hanna et al., 2012), FUNDC1 (Liu et al., 2012), and Atg32 (Okamoto et 

al., 2009). Nix, and its homologs BNIP3 and FUND1, function in mammalian 

mitophagy. Atg32 functions in mitophagy in yeast. These proteins reside on outer 

mitochondrial membranes and recruit autophagosomes to mitochondria through 

interactions with Atg8 proteins.  

1.7.2.2 LIR-containing receptors with protein-specific binding domains 

These specialized receptors in mammals include Stbd1, Cbl, and NCO4A. Stbd1, a 

starch-binding-domain protein simultaneously binds glycogen and Atg8 proteins. Stbd1 

targets glycogen, especially poorly branched glycogen, for autophagy degradation 

through Atg8 interaction (Jiang et al., 2011). Cbl is an E3 ubiquitin ligase with a UBA 

domain. Cbl targets Src (active tyrosine kinase) to autophagy degradation in cancer cells 

that lack focal adhesion kinase. The Atg8 interaction of Cbl is critical for this process. 

Although Cbl has E3 activity and a UBA domain, the role of ubiquitination in this 

process is unclear (Sandilands et al., 2012). NCOA4 contains a ferritin-binding domain 

and degrades ferritin selectively by autophagy through Atg8 interaction (Mancias et al., 

2014).  

Receptors with protein-specific binding domains are also present in yeast: Atg19 (Noda 

et al., 2008) and Atg34 (Suzuki et al., 2010). Both Atg19 and Atg34 transport 2 

precursor vacuolar hydrolases (Ape1 and Ams1) from the cytosol to the vacuole (similar 
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to the lysosome) for maturation by the Cvt pathway. The Cvt pathway is a constitutively 

active biosynthetic pathway in yeast that shares the same molecular machinery with 

autophagy. By using ABD and CC domains, Atg19 and Atg34 recognize Cvt cargo and 

transfer it to the core autophagy machinery (Noda et al., 2008, Suzuki et al., 2010). 

Table 1. 4 Summary of receptors involved in ubiquitin-independent selective autophagy.  

Domains critical for their function in selective autophagy are shown in bold. Please see the abbreviation 

lists for complete domain names. pLIR represent putative LIR. 

Ubiquitin-independent selective autophagy 

Selective 
autophagy 
receptor 

Domain Cargo Reference 

Human/mammals 

Transmembrane domain containing proteins 

Nix (BNIPL3L), LIR, BH3, LIR, 
TM Mitochondria 

(Schwarten et al., 
2009, Novak et al., 
2010) 

BNIP3 LIR, BH3, TM 
Mitochondria, and ER 
Considered as homolog of 
Nix 

(Hanna et al., 2012) 
 

FUNDCI LIR, putative 
TM Mitochondria under hypoxia (Liu et al., 2012) 

Protein-specific binding domain 

CBL-L SH2, RING, 
LIR, UBA 

Degradation of Src, in 
cancer cells that lack focal 
adhesion kinase  

(Sandilands et al., 
2012) 

NCOA4 
CC, pLIR, 
Ferritin- 
binding domain 

Ferritin 
 (Mancias et al., 2014) 

Stbd1 
LIR, CBM20 
(starch-binding 
domain). 

Glycogen particles (Jiang et al., 2011) 

Yeast 

Trans membrane domain containing proteins 

Atg32 LIR, TM Mitochondria 
(Kondo-Okamoto et 
al., 2012, Okamoto et 
al., 2009) 

Specialized receptors 

Atg19 CC, ABD, LIR Transfer of precursor Ape1, 
and Ams1 in Cvt pathway (Noda et al., 2008) 

Atg34 CC, ABD, LIR Transfer of precursor Ape1, 
and Ams1 in Cvt pathway (Suzuki et al., 2010) 
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1.8 Selective autophagy in Drosophila  

Ref(2)P is the only identified selective autophagy receptor in Drosophila (Nezis et al., 

2008). Ref(2)P, and its mammalian homolog p62, share similar structural and functional 

domains (Figure. 1.11). Both of these proteins have N-terminal PBI domains, followed 

by ZZ-type ZnF domains, LIR motifs, and C-terminal UBA domains. The PBI domain 

mediates multimerization of proteins through self-interaction and also with other PBI 

domain proteins. The UBA domain mediates substrate recognition by binding 

ubiquitinated cargo. The LIR motif mediates interaction with Atg8a and targets 

ubiquitinated substrates for degradation via autophagy. Mutations in core aromatic and 

hydrophobic residues of LIR in Ref(2)P completely abolishes its interaction with Atg8a 

(Jain et al., 2015).  

Ref(2)P acts as a substrate for selective autophagy and is a major component of 

ubiquitinated protein aggregates formed during different autophagy-deficient conditions 

such as a mutation in autophagy genes, physiological ageing and neurodegenerative 

diseases models (Nezis et al., 2008). Loss of Ref(2)P causes defects in quality control. 

Ref(2)P null mutants exhibits reduced lifespan, age-dependent reduction in motor 

performance, and defects in mitochondrial clearance (de Castro et al., 2013). 

Ref(2)P plays an important role in mediating sigma virus multiplication in Drosophila. 

Sigma virus is a natural virus that affects several Drosophila species. Two classes of 

Ref(2)P alleles have been identified to regulate the sigma virus replication. Ref(2)Pp, the 

restrictive allele, limits sigma virus replication whereas Ref(2)P0, the permissive allele, 

fails to prevent sigma virus replication (Dezelee et al., 1989). Autophagy has a role in 

virus multiplication and degradation (Steele et al., 2015), however, it is not clear 

whether the role of Ref(2)P in sigma virus replication is connected to autophagy. 

The Drosophila homolog of Alfy (Section 1.7.1.3) is blue cheese(bchs), which is 

proposed to act as an adapter in the selective autophagy of ubiquitinated proteins. The 

blue cheese protein interacts with Atg8a (Lystad et al., 2014). Loss of blue cheese results 

in accumulation of ubiquitin and Ref(2)P-positive protein aggregates in the brain. blue 

cheese-mutants have reduced life span and reduction in motor performance (Finley et 
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al., 2003). However, whether blue cheese interacts with Ref(2)P or with Atg5 in 

Drosophila has not been determined.  

 

Figure 1. 11: Structural and functional similarities between p62 and Ref(2)P  
Both p62 and Ref(2)P have an N-terminal PBI domain, followed by a ZZ-type ZnF domain and a C-
terminal UBA domain. The PBI domain mediates multimerization of the protein through self-interaction 
and also with other PBI domain proteins. The UBA domain is responsible for the binding of ubiquitinated 
substrates. The LIR domain mediates Atg8 interaction whereas the KIR domain mediates the interaction 
of p62 with KEAP1 (a protein involved in oxidative stress signaling). Ref(2)P does not have a KIR motif. 
The LIR motifs in p62 and Ref(2)P are DDWTHL(336-341 amino acids) and PEWQLI(452-457 amino 
acids) respectively (Nezis et al., 2008, Jain et al., 2015). 
  
 

1.9 Not all the LIR-containing proteins are selective autophagy 
receptors 

It is important to note that not all the LIR-containing proteins are selective autophagy 

receptors. LIR motif is identified later in core autophagy proteins that are involved in 

autophagosome formation (Table 1.5), regulators of autophagy and in autophagy 

substrates (Table 1.6) (Rogov et al., 2014).  

1.9.1 LIR motif in core autophagy machinery 

LIR-mediated interaction of components of the ULK complex (ULK1, ULK2, Atg13-

FIP200) with Atg8 family proteins has been reported in response to starvation. Although 

these proteins interact with Atg8 family proteins, they are not degraded through 

autophagy. The same study also demonstrates that Atg1 interacts with Atg8a in 

Drosophila in a LIR-dependent manner (Alemu et al., 2012). Similarly, yeast Atg1 

interacts with Atg8 in a LIR-dependent manner, and this interaction promotes the 
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autophagy degradation of Atg1 in yeast. The Atg1-Atg8 interaction is not necessary for 

autophagy initiation. Nevertheless, a mutation in the LIR motif reduces the level of 

autophagy in yeast (Kraft et al., 2012, Nakatogawa et al., 2012).  

Atg4B is a cysteine protease that cleaves Atg8 proteins for conjugation. It has been 

shown that Atg4B-Atg8 interaction is mediated through the LIR motif on Atg4B in 

mammals (Satoo et al., 2009). The yeast Atg3, an E2 enzyme, interacts with Atg8 in a 

LIR-dependent manner. The LIR motif in Atg3 is necessary for the Cvt pathway, but not 

for starvation-induced autophagy (Yamaguchi et al., 2010). 

A list of LIR-containing core autophagy proteins and their function are summarised in 

Table 1.5.  

Table 1. 5 Summary of proteins that have LIR motif in core autophagy machinery 
 

LIR motif in core autophagy machinery 
Protein Function Reference 

Mammals/human 

ULK1 
ULK2 

Components of Atg1/ULK1-2 complex (Alemu et al., 2012) 

Atg13 Components of Atg1/ULK1-2 complex (Alemu et al., 2012) 

FIP200 Components of Atg1/ULK1-2 complex (Alemu et al., 2012) 

Atg4B Cysteine protease that cleaves Atg8 proteins (Satoo et al., 2009) 
 

Drosophila 

Atg1 Components of ULK1 complex (Alemu et al., 2012) 

Yeast 

Atg1 Components of ULK1 complex (Kraft et al., 2012, Nakatogawa et 
al., 2012) 

Atg3 E2 enzyme involved in the conjugation of 
Atg8 to the PE.  

(Yamaguchi et al., 2010) 
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1.9.2 LIR motif in autophagy regulators and in autophagy substrates  

The proteins described in this section were characterized by mammalian cell culture 

studies or through in vitro studies. These proteins have not been shown to have LIR-

mediated Atg8 interaction in Drosophila thus far. 

FYCO1, a FYVE-domain-containing protein, is critical for the movement of the 

autophagosome to the lysosome. FYCO1 interacts with Atg8 family proteins through the 

LIR motif and couples the autophagosome to microtubule-associated kinesin molecular 

motors (Pankiv et al., 2010).  

TP53INP1 and its paralog TP53INP2/DOR are nuclear proteins that relocate to the 

cytoplasm in response to autophagy induction. Both of these proteins contain LIR motifs 

that overlap with their nuclear export sequence. Therefore, mutation of LIR prevents its 

nuclear export upon autophagy induction. LIR-mediated localization of TP53INP1 to the 

autophagosome results in autophagy-induced cell death (Seillier et al., 2012). Similarly, 

LIR-mediated localization of TP53INP2/DOR to the cytoplasm permits the interaction 

of TP53INP2 with VMPI (a PI3P effector involved in autophagosome formation) and 

Atg8 proteins. Thus, it acts as a scaffold to form autophagosomes (Nowak et al., 2009, 

Mauvezin et al., 2010).  

TBC1D25 and TBC1D5 are endosome-resident GTPase activating proteins. They are 

recruited to the growing autophagosome through LIR-mediated Atg8 interaction in 

response to autophagy induction. TBC1D25 further interacts with and deactivates 

Rab33B, a Rab protein that activates the E3 activity of the Atg12-Atg5-Atg16 complex, 

thus delaying the maturation of the autophagosome (Itoh et al., 2011). TBC1D5 contains 

2 LIR motifs. The N-terminal LIR motif has been shown to interact with Vps29, a 

protein responsible for cargo recycling from the endosome to the Golgi. This suggests 

that Atg8 and Vps29 compete for the same binding site. Thus, TBC1D5 acts as a switch 

between endocytosis and autophagy. The C-terminal LIR motif targets proteins to the 

autophagosome where it contributes toward autophagosome maturation (Popovic et al., 

2012).  

Clathrin heavy chain (a protein involved in endocytosis) and Calreticulin (an ER-

resident chaperone that regulates Ca2+) have been shown to interact with GABARP in a 
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LIR-mediated fashion (Mohrluder et al., 2007a, Mohrluder et al., 2007b). However, the 

relevance of this interaction to autophagy has not been characterized.  

Autophagy regulates several signalling pathways by spatially and temporally degrading 

its regulatory proteins. For example, autophagy negatively regulates Wnt signalling by 

degrading Dvl2, an important component of the Wnt signalling. Wnt signalling is an 

evolutionarily conserved pathway that regulates development and cell differentiation. 

Dvl contains a LIR motif that permits the interaction of Dvl2 with Atg8, thus allowing 

degradation through autophagy (Gao et al., 2010). 

A summary of LIR containing autophagy regulators and autophagy substrates is shown 

in Table 1.6. 

 
Table 1. 6 Summary of LIR-containing autophagy regulators and autophagy substrates 

LIR motif in autophagy regulators 

Protein Function Reference 
  Mammals/human 
FYCO Transport of autophagosome to lysosome (Pankiv et al., 2010) 
TP53INP1 Promotes autophagy-induced cell death by 

associating with Atg8 through LIR motif 
(Seillier et al., 2012) 

TP53INP2/DOR Interacts with PI3P effector VMP1 and Atg8 
proteins, thus aid in the formation of 
autophagosome.  

(Nowak et al., 2009, 
Mauvezin et al., 2010). 

TBC1D25 Regulates autophagosome maturation (Itoh et al., 2011) 
TBC1D5   Regulates autophagosome maturation  (Popovic et al., 2012) 
Clathrin heavy 
chain 

Protein involved in endocytosis (Mohrluder et al., 
2007a) 

Calreticulin Ca2+ regulating ER-resident chaperone (Mohrluder et al., 
2007b) 

Autophagy substrate 

Dvl Degradation of Dvl by autophagy negatively 
regulates Wnt signaling 

(Gao et al., 2010) 
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1.10 History of consensus patterns for LIR motif 

This section introduces different consensus patterns suggested for LIR motif. In Chapter 

3, we will propose a new consensus pattern for LIR motif.  

The field of selective autophagy research has progressed since 2007. Sequence 

requirements for LIR motifs described in the literature have changed during this time. 

This is due to the appearance of novel selective autophagy receptors, which provides 

further insights into LIR-Atg8 interaction. As discussed in the previous sections (1.6.2 

and 1.7), LIR-containing proteins differ in their sequence, structure, and function. 

However, mutational analysis and structural studies of LIR peptide-Atg8 complexes 

identified the importance of a conserved tetrapeptide, W-X-X-L, in LIR-containing 

proteins. The most critical of these tetrapeptides are W and L that bind HP1 and HP2 of 

Atg8 proteins, respectively. Therefore stabilises the interaction. The other two positions 

could be any amino acid and is represented as X. This observation was based on three 

interactions studies utilising the p62LIR peptide-Atg8 complex from human and mouse 

and Atg19LIRpepetide-Atg8 complex from yeast (Noda et al., 2008, Ichimura et al., 

2008).  

However, the discovery of novel LIR-containing proteins leads to the redefinition of the 

LIR motif. Later in 2010 Noda and colleagues compiled 11 LIR-containing proteins 

(Figure 1.12) and enhanced the description of the LIR motif to X-3,X-2,X-1-[WY]0-

X1,X2,[ILV]3, where, X could be any amino acid. The square brackets enclose a group 

of alternative residues, which may occupy a single position in a heptapeptide. These 

positions are numbered as subscripts and separated using a hyphen. This consensus  

pattern suggests two highly conserved residues, W or Y at position 0 and I, L, or V at 

position 3. The other positions (-3, -2, -1,1, and 2) could be occupied by any amino acid, 

although strong preference for an acidic residue either upstream or downstream of [WY] 

is possible (Noda et al., 2010). 
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Figure 1. 12: LIR sequences used by Noda and colleagues 
[taken from (Noda et al., 2010)]. 
A total of 11 Atg8-interacting proteins and their interaction motif was used to propose a consensus pattern, 
X-3, X-2, X-1-[WY]0-X1,X2,[ILV]3, for LIR 
CHC: Clathrin, CRT: Calreticulin. SEPA-1 is a protein that interacts with Atg8 in C. elegans, has a 
putative LIR motif. However, the requirement of the LIR motif for interaction has not been tested. PSSM 
(position-specific scoring matrix) indicates a sequence required for Atg8 (specifically GABARP) 
interaction determined by a phage display screening  
 

In an effort to define a new consensus pattern for LIR motif, Alemu and colleagues 

collected sequences of 26 experimentally verified LIR-containing proteins known thus 

far (Figure 1.13). These 26 sequences were aligned to find the conserved region around 

the central motif (W-x-x-L). Given the knowledge that the minimum length of the LIR 

peptide for Atg8 interaction is 6 amino acids, they proposed a consensus  pattern for the 

LIR peptide. This hexapeptide is defined as [DE]-2-[DEST]-1-[WFY]0-[DELIV]1-X2-

[ILV]3.  

Hereinafter this pattern is referred to as the “canonical LIR-”, or “cLIR-motif.”  

cLIR further supports the requirement of an aromatic amino acid (W/Y/F) at position 0 

and hydrophobic amino acid (I/L/V) at position 3. This consensus sequence also 

highlighted a preference for an acidic amino acid (D/E) or phosphorylatable amino acid 

(S/T) at position -1(Alemu et al., 2012). 

The 26 experimentally verified LIR-containing proteins (Figure 1.13) include twenty 

human proteins, four yeast proteins, one Drosophila protein, and one Arabidopsis 
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protein (Alemu et al., 2012, Kalvari et al., 2014). Of these twenty human proteins, most 

of them have been shown to interact with all Atg8 homologs, although some of them 

show preferences for specific Atg8 family proteins. LC3A, LC3B, and LC3C have been 

shown to interact with 12 out of 20 proteins, 17 out of 20 proteins, and 11 out of 20 

proteins, respectively. GABARAP has been shown to interact with 18 proteins out of 20. 

GABARAPL1 has been shown to interact with 14 out of 20 proteins. GABARAPL2 has 

been shown to interact with 14 out of 20 proteins (Birgisdottir et al., 2013). 
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Figure 1. 13: Experimentally verified 26 LIR sequences used by Alemu and colleagues to define the 
cLIR 
Taken from (Alemu et al., 2012).  
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1.11 Aim and approach  

Understanding of the molecular mechanisms of selective autophagy, and regulation of 

autophagy by LIR-containing proteins is limited in Drosophila. Three LIR-containing 

proteins have been identified in Drosophila: selective autophagy receptor Ref(2)P 

(Nezis et al., 2008, Jain et al., 2015), selective autophagy adaptor blue cheese (Lystad et 

al., 2014), and components of core autophagy machinery Atg1 (Alemu et al., 2012).  

The major aim of my Ph.D. research is to unravel the molecular mechanisms of selective 

autophagy and regulation of autophagy in general by LIR-containing proteins. These 

investigations are focused on three themes and are rewritten in italics.  

Given the limited number of known LIR-containing proteins in Drosophila, this thesis 

(Chapter 3-Chapter 6) focuses on the  identification of putative novel LIR-containing 

proteins and the characterization of the candidates in vivo. The initial aim is to identify 

novel proteins, which plays a role in the removal of ubiquitinated proteins by selective 

autophagy. Additionally, we investigate whether they have a role in the regulation of 

autophagy in general.   

• To identify putative novel LIR- and UBA-containing proteins by using a 
bioinformatics approach (Chapter3)  

• To screen these putative candidates in vivo in Drosophila to identify proteins that 
accumulate with ubiquitinated aggregates, a characteristic feature seen in 
ubiquitin- dependent selective autophagy receptor (Chapter 3) 

• Analysis of UbcD4, one of the promising candidates from the screen (Chapter 4) 

• Preliminary analysis of PAR1, one of the promising candidates from the screen 
(Chapter 5)  

• Analysis of Sequoia, one of the promising candidates from a screen for LIR-and 
ZnFC2H2-containing domain proteins – this protein was identified later in the 
investigation (Chapter 6) 

Further, we aim to characterize the role of known selective autophagy receptor Ref(2)P 

in mediating the toxicity associated with mutant Huntingtin expression (a protein 

involved in Huntington’s disease). Specifically: 
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• To investigate whether overexpression of Ref(2)P ameliorates the phenotypes 

associated with mutant Huntingtin expression in Drosophila (Chapter 7).   

Further, we aim to identify proteins that accumulate under autophagy-deficient 

condition.  

• To perform a Label-free shotgun proteomics in wild-type and autophagy-
deficient heads (Chapter 8). 

•  Analyze the data to identify the proteins that accumulate under autophagy-
deficient condition (Chapter 8). 
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Chapter 2 
Materials and Methods 
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2.1 Suppliers of chemicals and reagents 
All the chemicals and reagents are obtained from Sigma-Aldrich unless otherwise stated.  

2.2 Drosophila genetics  
2.2.1 Drosophila lines (flies) used in this study 

Drosophila lines used in this study is shown in Table 2.1 

Table 2. 1 Drosophila used in this study 
 

Label with 
chromosome 
insertion 

Stock 
center 
ID 

Genotype Description Source 

Controls used for Gene disruption mutants 

w1118   w1118 Wild-type (Canton-S) 
carrying white (w1118) 
mutation 

Lab Stock 

BL-6599 6599 y1 w67c23 Wild-type carrying 
yellow (y) and white 
(w67c23) mutation 

Bloomington 
Stock Center  

Gene disruption mutants 
Atg8aKG07569 

(X) 
14639  P{SUPor-

P}Atg8aKG07569/FM7c 
Transposable element 
insertion in Atg8a 
gene  

Bloomington 
Stock Center  

Atg8aKG07569 

(X) 
  hsflp Atg8a [KG07569] Transposable element 

insertion in Atg8a 
gene  

Gábor 
Juhász, 
Eotvos 
Lorand 
University 

UbcD4EY05497 
(3) 

15447 y1 w67c23; 
P{EPgy2}UbcD4EY05497 

Transposable element 
in UbcD4 gene  

Bloomington 
Stock Center  

Driver lines  
Appl-GAL4 
(X) 

32040 P{w[+m*]=Appl-
GAL4.G1a}1, y[1] w[*] 

GAL4 expressed in 
larval nervous system 

Bloomington 
Stock Center  

Elav-GAL4 
(X) 

458 P{GawB}elavC155 GAL4 expressed in 
all tissues in nervous 
system from 
embryonic stage12 

Bloomington 
Stock Center  

Elav-GAL4 
(2) 

8765 P{w[+mC]=GAL4-
elav.L}2/CyO 

GAL4 expressed in 
all tissues in nervous 
system from 
embryonic stage12 

Bloomington 
Stock Center  

Tubulin- 
GAL4 (3) 

  w+;Tub::GAL4/TM6b, Tb GAL4 expressed 
ubiquitously 

Kevin 
Moffat, 
University of 
Warwick 

Cg -GAL4 
 (2) 

7011 w[1118]; P{w[+mC]=Cg-
GAL4.A}2 

GAL4 expressed in 
all tissues in 
hemocytes, fat body 
and lymph gland 

Bloomington 
Stock Center 
(BL) 
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Label with 
chromosome 
insertion 

Stock 
center 
ID 

Genotype Description Source 

FLP-out lines 
FLP-out 
empty (X,3) 

  yw,hs-flp;AC>CD2>GAL4 Line used for 
generating mosaic 
(both wild-type and 
mutant cells in one 
tissue) 

Lab Stock 

FLP-out GFP 
(X,3) 

  hsFlp; AC>CD2>GAL4, 
UAS-mCD8-GFP; T(2;3) 
ap[Xa]/CyO; ap[Xa]/Sb 

Line used for 
generating mosaic 
(wild-type cells as 
unmarked. Mutant 
cells marked with 
GFP).  

Lab Stock 

FLP-Pout 
mCherry-
Atg8a (X,2,3) 

  yw, hsflp; UAS-
mCherryAtg8a; 
AC>CD2>GAL4/SM66b 

Line used for 
generating mosaic 
(wild-type cells as 
unmarked and mutant 
cells with mCherry-
Atg8a 
overexpression) 

Lab Stock 

FLP-out 
Tandem-
Atg8a (X,2,3) 

  yw, hsflp; UAS-
GFPTandemAtg8a; 
AC>CD2>GAL4/SM66b 

Line used for 
generating mosaic 
(wild-type cells as 
unmarked and mutant 
cells with Tandem-
Atg8a 
overexpression) 

Lab Stock 

UAS overexpression lines 
UAS-GFP  
(3) 

5430 w[1118]; 
P{w[+mC]=UAS-
EGFP}34/TM3, Sb[1] 

GFP overexpression 
under GAL4 
regulation 

Bloomington 
Stock Center  

UAS-RFP 
(2) 

30556 w[1118]; 
P{w[+mC]=UAS-
RFP.W}2 

RFP overexpression 
under GAL4 
regulation 

Bloomington 
Stock Center  

UAS-β2 β6 
(2,3) 

6787 w[1118]; 
P{w[+mC]=UAS-
Prosbeta6[1].B}2B; 
P{UAS-Prosbeta2[1]}1B 

Mutated β2 β6 
proteasome subunit 
overexpression under 
GAL4 regulation 

Bloomington 
Stock Center  

UAS-Htt20Q 
(2) 

  w;UAS-Htt20Q;+/+ Human Htt exon1 
with 20 polyQ 
overexpression under 
GAL4 regulation 

Flaviano 
Giorgini 
University of 
Leicester 

UAS-Htt93Q 
(3) 

  w;+/+;UAS Htt93Q Human Htt exon1 
with 93 polyQ 
overexpression under 
GAL4 regulation 

Flaviano 
Giorgini 
University of 
Leicester 

UAS- 
mCherry-
Ref(2)P 
(3) 

  w;sp/CyO;UAS-mCherry-
Ref(2)P 

mCherry-Ref(2)P 
overexpression under 
GAL4 regulation 

Lab Stock 

UAS-GFP-
UbcD4 (2) 

  w1118;UAS-GFP-
UbcD4;+/+ 

GFP-UbcD4 
overexpression under 
GAL4 regulation 

This work, 
Ashish Jain, 
University of 
Tromso 
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Label with 
chromosome 
insertion 

Stock 
center 
ID 

Genotype Description Source 

UAS-GFP-
UbcD4 (3) 

  w1118;+/+; UAS- GFP-
UbcD4 

GFP-UbcD4 
overexpression under 
GAL4 regulation 

This work, 
Ashish Jain, 
University of 
Tromso 

UAS-GFP-
UbcD4 
∆UBA  
(2) 

  w1118;UAS-GFP-
UbcD4∆UBA ;+/+ 

UBA domain deleted 
GFP-UbcD4 
overexpression under 
GAL4 regulation 

This work, 
Ashish Jain, 
University of 
Tromso 

UAS-GFP-
UbcD4D 
∆UBA 
 (3) 

  w1118;+/+; UAS-GFP-
UbcD4∆UBA  

UBA domain deleted 
GFP-UbcD4 
overexpression under 
GAL4 regulation 

This work, 
Ashish Jain, 
University of 
Tromso 

UAS-  
GFP-PAR1 
(3) 

  w;UAS-GFP-PAR1(N1-s) GFP-PAR1 
overexpression under 
GAL4 regulation 

Anne 
Ephrussi, 
EMBL 
Heidelberg 

UAS- GFP-
PAR1KD (3) 

  w;UAS-GFP-
PAR1KD(N1-s)/TM6B 

Kinase-dead GFP-
PAR1 overexpression 
under GAL4 
regulation 

Anne 
Ephrussi, 
EMBL 
Heidelberg 

UAS-Sequoia 
(3) 

9244 w[*]; P{w[+mC]=UAS-
seq.B}3 

Sequoia 
overexpression under 
GAL4 regulation 

Bloomington 
Stock Center  

UAS-GFP-
Sequoia (2) 

  w1118;UAS-GFP-
Sequoia;+/+ 

GFP-Sequoia 
overexpression under 
GAL4 regulation 

This work, 
Ashish Jain, 
University of 
Tromso 

UAS-GFP-
Sequoia (3) 

  w1118;+/+; UAS-GFP-
Sequoia 

GFP-Sequoia 
overexpression under 
GAL4 regulation 

This work, 
Ashish Jain, 
University of 
Tromso 

UAS- GFP-
Sequoia 
LIRm (2) 

  w1118;UAS-GFP-
SequoiaLIRm ;+/+ 

LIR-mutated GFP-
Sequoia  
overexpression under 
GAL4 regulation 

This work, 
Ashish Jain, 
University of 
Tromso 

UAS- GFP-
Sequoia 
LIRm(3) 

  w1118;+/+; UAS GFP-
SequoiaLIRm  

LIR-mutated GFP-
Sequoia  
overexpression under 
GAL4 regulation 

This work, 
Ashish Jain, 
University of 
Tromso 

RNA inference [Inverted repeats (IR)] lines 
UAS- Atg8a-
IR (2) 

109654 P{KK102155}v109654 Atg8a-IR under 
GAL4 regulation 

Vienna 
Drosophila 
Research 
center 

UAS- 
UbcD4-IR-1 
(2) 

106600 P{KK105736}v106600/-
CyO) 

UbcD4-IR under 
GAL4 regulation 

Vienna 
Drosophila 
Research 
center 
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Label with 
chromosome 
insertion 

Stock 
center 
ID 

Genotype Description Source 

UAS- 
UbcD4-IR-2 
(2) 

35873 w[1118];P{GD13878}v35
873 

UbcD4-IR under 
GAL4 regulation 

Vienna 
Drosophila 
Research 
center 

UAS-  
Sequoia-IR-1 
(3) 

50146 w[1118];P{GD16445}v50
146 

sequoia-IR under 
GAL4 regulation 

Vienna 
Drosophila 
Research 
center 

UAS- 
Sequoia-IR-2 
(3) 

51923 y1 v1; 
P{TRiP.HMC03316}attP2/
TM3, Sb1 Ser1 

sequoia-IR under 
GAL4 regulation 

Vienna 
Drosophila 
Research 
center 

UAS-Dsh-IR 
(2) 

101525 P{KK108967}v101525 Dsh-IR under GAL4 
regulation 

Vienna 
Drosophila 
Research 
center 

UAS-empty 
(2) 

60100 y,w[1118];P{attP,y[+],w[
3]}  

Control for KK RNAi 
library 

Vienna 
Drosophila 
Research 
center 

Balancers 
w;Sp/Cyo; 
Dr/TM3 

  w; Sp/CyO; Dr/TM3, Sb1 2nd and 3rd 
chromosome balancer 

Lab Stock 

w; Sp/CyO; 
Dr/TM6b 

  w; Sp/CyO; Dr/TM6b, Hu, 
Tb 

2nd and 3rd 
chromosome balancer 

Lab Stock 

 

2.2.2 Drosophila culturing conditions 

Drosophila stocks were maintained at 25ºC or at 23ºC under 65-70% relative humidity 

and 12 hour light: 12 hour dark cycle lighting condition. The flies were maintained in 

vials containing Drosophila media. Two types of Drosophila media were used. This was 

based on the availability of food from the media prep at the University of Warwick.  

Drosophila media-1 (media prep, University of Warwick) was prepared by mixing 94g 

sugar, 18 g yeast, 103 g maize and 6 g Agar into 1 litre water and boiled for 10 minutes. 

After the media has cooled down, 15 ml of Nipagen (Anti-fungal agent) was added.  

Drosophila media-2 (media prep, University of Warwick) was prepared by mixing 130g 

sugar, 42 g yeast, 60 g cornmeal and 5.5 g Agar into 1 litre water and boiled for 10 

minutes. After the media has cooled down, 15 ml of Nipagen and 6 mL of propionic acid 

(Anti-fungal agent) was added. The Drosophila media-2 has been used from November 

2014.  
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Prior to the transfer of flies, a small drop of thick yeast paste was added to each vial. 

Flies were transferred to the vials containing fresh media every 3 to 4 days until the flies 

were collected for experiments. In addition, the flies were transferred to the vials 

containing fresh media on the day before each experiment. 

2.2.3 Ectopic expression using GAL4/UAS system 

GAL4/UAS (upstream activation sequence) system was used for the generation of the 

gain of function phenotype (by overexpressing a gene of interest) and loss of function 

phenotype (by expressing RNAi that targets a gene of interest).  

GAL4/UAS system was originally identified in yeast. GAL4 is a transcriptional 

activator and it binds UAS sequences and activates the gene downstream of UAS. This 

system has been adopted in Drosophila for ectopic gene expression. This includes 2 

components: 1) an enhancer (promoter) driven GAL4 line. This line is termed as driver 

and 2) A transgene under the control of UAS. The transgene could either be a gene for 

overexpression or a RNAi construct containing an inverted sequence targeting a specific 

gene. The GAL4 expression is under the control of a specific promoter. For example, 

Elav drives the expression of GAL4 in the nervous system from embryonic stage 12. 

When a GAL4 line crossed to a ‘UAS-gene of interest X line’, the GAL4 binds to the 

UAS and triggers the expression of gene X (Figure 2.1) in the F1 progeny (Brand and 

Perrimon, 1993). 
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Figure 2. 1 GAL4-UAS system 
[taken from (Neckameyer and Argue, 2013)] 
A transgenic line that expresses GAL4 under the control of an enhancer and another transgenic line that 
carries a gene of interest under the control of a UAS promoter were crossed. The F1 progeny that carries 
both the GAL4 and the UAS expresses the gene of interest. The GAL4 activates the gene/RNAi by 
binding to the UAS. Since the GAL4 and UAS are in the separate flies no expression of the protein is 
observed in the parents.  
 

 

2.2.4 FLP-out system  

FLP-out system was used to create mitotic clones in the larval fat body. Like 

GAL4/UAS system, the components for the FLP-out system are taken from yeast. FLP-

out systems contain (Figure 2.2) 2 important components: (1) hs-FLP, a heat inducible a 

site-specific recombinase called flippase and (2) a FLP-out cassette. The core of FLP-out 

cassette comprises 2 recognition sites for the flippase and is called FRT sites (Flippase 

recognition target). In addition to the FRT sites, it contains a termination cassette that 

includes a coding region for a spacer DNA, and a transcriptional termination signal. The 

spacer DNA used in this study is CD2 (a cell adhesion molecule from rat). The 

termination cassette is placed downstream of a constitutive promoter (In this study-Actin 

promoter) and upstream of a gene of interest (In this study-GAL4). The expression of 

GAL4 is silent in the absence of flippase. After the induction of flippase, it mediates 

recombination between 2 FRT sites. The recombination removes the termination cassette 

and places the gene of interest under the control of the promoter (McGuire et al., 2004, 

Anderson and Ingham, 2003).  
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To induce the flippase the embryos were heat shocked after 12-20 hours after egg laying 

(AEL) at 37ºC for 20 minutes. However, the heat shock promoter is leaky and it induces 

the flippase even at 25ºC. This causes the production of clones. Due to this reason, most 

of the experiments were performed at 25ºC without heat shock (Juhasz and Neufeld, 

2008). The heat shock was performed only when the number of clones obtained 

otherwise was less. In this study, the hs-FLP and FLP-out cassette are located on the X 

chromosome and the 3rd chromosome respectively. A combination of FLP-out system 

and GAL4/UAS was used for generating mosaics. Four types of FLP-out system has 

been used in this study: 

1) FLP-out empty, which creates both mutants and wild-type cells. This system 
does not contain a marker that distinguishes between wild-type and mutant cells.  

2) FLP-out GFP, a modified FLP out system, which overexpress GFP in mutant 
cells and shows wild-type cells as unlabelled. 

3) FLP-out mCherry-Atg8a, a modified FLPout system, which express mCherry-
Atg8a in the mutant cells and shows wild-type cells as unlabelled. 

4) FLP-out Tandem-Atg8a, a modified FLPout system, which express Tandem-
Atg8a in the mutant cells and shows wild-type cells as unlabelled. 
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Figure 2. 2 Schematic of FLP-out system 
[modified and taken from (Anderson and Ingham, 2003)]  
(A): FLP-out system comprises a FLP under a heat shock promoter (hs-FLP) and FLP-out cassette. The 
FLP-out cassette consists of spacer DNA (green), normally encodes for a marker and also a transcriptional 
termination signal (yellow). The FRT sites (arrowheads) flank the FLP-out cassette. The termination 
cassette is placed downstream of a constitutive promoter, and upstream of a gene of interest. The stop 
sequence prevents transcription of the downstream gene of interest.  
(B): The activation of flipase by heat shock, results in the production of flipase and it will trigger site-
specific recombination between two FRT sites, and excise the spacer DNA including the stop codon. This 
results in the activation of the gene of interest by the promoter. P=promoter, X=gene of interest].  

A"

B"

hs#FLP'

FLP#out''
cassette'

Flipase'

P' X'

hs' FLP'
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2.2.5 Generation of UAS-GFP-UbcD4WT, UAS-GFP-UbcD4ΔUBA, UAS-GFP- 
SequoiaWT and UAS-GFP-SequoiaLIRm 
In collaboration with Professor Terje Johanson at the University of Tromso, we created 

UAS-GFP-UbcD4WT, UAS-GFP-UbcD4ΔUBA (Chapter 4), UAS-GFP-SequoiaWT, and 

UAS-GFP-SequoiaLIRm (Chapter 6) transgenic flies. The cloning of the constructs were 

performed as described in (Jain et al., 2015). Dr. Ashish Jain, a Postdoctoral researcher 

at Johanson’s lab, generated these constructs. The protocol adapted from Dr. Ashish 

Jain is briefly descrbed here. The following constructs were first cloned into pENTR, a 

Gateway entry vector.  

• UbcD4 wild-type (hereinafter referred to as UbcD4WT) 

• UbcD4 (1-162), a UbcD4 construct which lacks UBA domain (hereinafter 
referred to as UbcD4ΔUBA) 

• Sequoia wild-type (hereinafter referred to as SequoiaWT) 

• LIR mutated Sequoia, a Sequoia constructs with point mutations on aromatic and 
hydrophobic residues of LIR (Y313A/I316A) (hereinafter referred to as 
SequoiaLIRm) 

The entry clones for above construct were sequenced to check the occurrence of 

mutations that may arise from PCR. After confirming no mutation, each construct was 

transferred into a Drosophila expression system, pPGW by ligase recombination 

reaction. pPGW is a widely used Drosophila UAS expression vector. In addition to the 

UAS activator, it contains aGFP and a short linker. The gene of interest (UbcD4WT, 

UbcD4ΔUBA, SequoiaWT, and SequoiaLIRm) was cloned in frame with GFP.  

The plasmids (pPGW-UbcD4WT, pPGW-UbcD4ΔUBA, pPGW-SequoiaWT and 

pPGW-SequoiaLIRm) were sent to BestGene Inc to create transgenic flies. The 

transgenic flies were created using P-element transformation method. The plasmid was 

injected into w1118 embryos with helper plasmid. The transformants obtained from 

successful injections were selected and inserted chromosomes were mapped at BestGene 

Inc. 
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2.2.6 Generation of stable transgenic flies that have constitutive UAS-Htt93Q and 
UAS-mCherry-Ref(2)P by genetic cross. 

A stable line that harbors both UAS-Htt93Q and UAS-mCherry-Ref(2)P was generated 

for the work presented in Chapter 7. Both UAS-Htt93Q and UAS-mCherry-Ref(2)P are 

located on the 3rd chromosome. The strategy used for recombination of these transgenes 

into one chromosome is shown below. The females and males are shown at the right side 

and the left side respectively.  

UAS-Htt93Q and UAS-mCherry-Ref(2)P were crossed to bring these transgenes in one 
fly 
 
+
+ ;

!"#$%%93!
!"#$%%93!×

!"
!"# ;

!"#$ℎ!""#$!% 2 !
!"#$ℎ!""#$!% 2 ! − − − (1) 

 
+

!"/!"# ;
!"#$%%93!

!"#$%ℎ!""#$!% 2 ! − − − !"#$%&'!!"#$!!"#$$!1 

 
Females progenies from cross 1 were chosen for the 2nd cross that was designed to 
obtain the recombinants .The recombinants are expected to have dark red eye colour.   
 
+

Sp/CyO ;
!"#H!!93!

!"#$%ℎ!""#$!! 2 ! !×
!"
!"# ;

!"
!"3!"# − − !− (2) 

 
!"
!"# ;

!"#$%%93!"#$%&ℎ!""#$!% 2 !
!"3!"# − − − !"#$%#&'(!!"#$%&'()(*!!"#$%&'!!"#$!!"#$$!2 

 
Progenies from cross 2 that has dark red eye colour was chosen as potential 
recombinants. These potential recombinants were crossed with a balancer line to 
establish a stock (3A). The progenies from cross 3A were crossed to obtain a stable 
recombinant line (3B).  
$$$$
!"
!"# ;

!"#$%%93!"#$%&ℎ!""#$!% 2 !
!"3!"# !× ! !"!"# ;

!"
!"3!"# − − − 3A  

 
!"
!"# ;

!"#$%%93!"#$%&ℎ!""#$!% 2 !
!"3!"# × !"

!"# ;
!"#$%%93!"#$%&ℎ!""#$!% 2 !

!"3!"# − − − (3!) 
 

!"
!"! ;

!"#$%%&'(!"#)*+,--./,0 ! !
!"#$%%&'(!"#)*+,--./,0 ! !−−−!"#$%"&!!"#$%&' 

The progenies from cross 3B were chosen to confirm the presence of transgenes. The 
successful recombinant flies were multiplied and used for experiments. 
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2.2.7 Generation of stable transgenic flies that constitutively expresses GFP-
UbcD4WT and GFP-UbcD4∆UBA 

To investigate the effect of overexpression of full-length UbcD4 (UbcD4WT) or UbcD4, 

which lacks UBA domain (UbcD4∆UBA) in Atg8a-deficient flies (Atg8aKG07569), a two 

part-crossing scheme was devised (Chapter 4). The part I, involves generating a stable 

line that overexpresses either of these transgenes under Tubulin promoter. Part II 

involves a single cross in which the fly generated from the part I (GFP-UbcD4WT-

Tubulin and GFP-UbcD4 ∆UBA-Tubulin) were crossed to Atg8aKG07569 flies. 

The crosses used for generating the GFP-UbcD4WT-Tubulin and GFP-UbcD4∆UBA- 

Tubulin as shown below. Transgenic lines (either UAS-GFP-UbcD4WT or UAS-GFP- 

UbcD4∆UBA) inserted on the 2nd chromosome and the 3rd chromosome were chosen. 

Tubulin-GAL4 is located on the 3rd chromosome and is balanced on TM6bTb. The 

scheme used for the 2nd and 3rd chromosome insertions are followed. 

Scheme used for 3rd chromosome insertion  

Since the UAS transgene and the Tubulin-GAL4 are located on the same chromosome, 

the crosses were designed to recombine the transgene and Tubulin-GAL4 into one 

chromosome.  

The UAS Transgene and Tubulin-GAL4 were crossed to bring these transgenes in one 

fly 

!"#"$%&!!"#4
!"6!"# ×!"#!!"#$%&'$'!"#!!"#$%&'$' !− − − (1) 

 
!"#"$%&!!"#4
!"#!!"#$%&'$' − − − !"#$%&'!!"#$!!"#$!!1 

 
Females progenies from cross 1 were chosen for the 2nd cross, that is designed to 
obtain the recombinants. The recombinants are expected to have GFP fluorescence 
(should be seen under a stereo microscope) and a dark red eye colour. 
$
!"#"$%&!!"#4
!"#!!"#$%&'$' !×

!"
!"# ;

!"
!"6B!" − − !− (2) 

 
!"#"$%&!!"#4!!"#!!"#$%&'$'

!"6!"# − − − !"#$%#&'(!!"#$%&'()(*!!"#$%&'!!"#$!!"#$$!2 

Progenies from cross 2 that has dark red eye colour was chosen as potential 
recombinants. These potential recombinants were crossed with a balancer line to 
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establish a stock (3A). The progenies from cross 3A were crossed to obtain the 
recombinant line (3B). (Screening based on the GFP fluorescence was not possible due 
to the reason described in Chapter 4, Section 4.2.11) 
    
!"#"$%&!!"#4!!"#!!"#$%&'$'

!"6!"# !× ! !"!"# ;
!"

!"6!"# − − − 3A  

 
!"#"$%&!!"#4!!"#!!"#$%&'$'

!"6!"# × !"#"$%&!!"#4!!"#!!"#$%&'$'!"6!"# − − − (3!) 
 

!"#"$%&!!"#$!!"#!!"#$%&'$'
!"#"$%&!!"#$!!"#!!"#$%&'$'−−−!"#$%"&!!"#$%&' 

 
The progenies from cross 3B were chosen to confirm the presence of transgenes. The 
successful recombinant was multiplied and used for experiments. 

Scheme used for 2nd chromosomes insertion  

The UAS transgene and the Tubulin-GAL4 are located on the 2nd and 3rd chromosome 
respectively.  

The cross (1) was designed to balance Tubulin-GAL4 on the 2nd chromosome.  

!"
!"# ;

!"
!"6!"#×

+
+ ;

!"#"$%&!!"#4
!"6!"# − − − (1) 

 
!"
+ ;!"#"$%&!!"#4!" − − − !"#$%&'!!"#$!!"#$$1 

 
The cross (2) was designed to balance UAS Transgene on the 2nd chromosome 
$
!"
!"# ;

!"
!"6!"#×

!"#!!"#$%&'$'
!"#!!"#$%&'$' ;

+
+ − − − (2) 

 
!"#!!"#$%&'$'

!"# ; +
!"6!"# − − − !"#$%&'!!"#$!!"#$$!2 

!
The females progenies from the cross 2 and the males progenies from cross 1 were 
chosen for cross 3.  
 
!"#!!"#$%&'$'

!"# ; +
!"6!"#×

!"
!"# ;

!"#"$%&!!"#4
!" − − !− (3) 

 
!"#!!"#$%&'$'

!" ;!"#"$%&!!"#4!"6!"# − − −!"#$%!!"#$%&'!!"#$!!"#$$!3 

 
Male Progenies from cross 3 were crossed to a balancer line to establish a stock (4A). 
The progenies from cross 4A crossed together to obtain the stable line (4B) with the 
double transgenic fly that has UAS Transgene (2nd) and Tubulin-GAL4 (3rd). 
$$$$
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! !"!"# ;
!"

!"6!"#×
!"#!!"#$%&'$'

!" ;!"#"$%&!!"#4!"6!"# − − − 4A  

 
!!"#!!"#$%&'$'

!"# ;!"#"$%&!!"#4!!"6!"# ×!"#!!"#$%&'$'!"# ;!"#"$%&!!"#4!"6!"# − − − (4!) 
 

!!"#!!"#$%&'$'
!"# ;!"#"$%&!!"#$!!"#$!% −−− (!"#$%"&!!"#$%&') 

 

The progenies from cross 3B were chosen to confirm the presence of transgenes. The 

successful recombinant was multiplied and used for experiments.  

Thus stable lines that constitutively overexpress either GFP-UbcD4WT or GFP-

UbcD4∆UBA under Tubulin-GAL4 were generated.  

2.3 Climbing assay (Negative geotaxis assay) 

Motor function of flies was measured based on their ability to climb on a vertical tube. 

Two variants of the climbing assay were used.  

1) The flies with desired genotype or age were collected and randomly separated into the 

groups. These flies were transferred to a 100 ml glass cylinder with a diameter of 2.5 

cm. The experiment was performed after 30 minutes. The cylinder was pre-marked at to 

the level of 25 ml (5.5 cm). The cylinder was tapped three times on the fly pad and 

counted the number of flies climbed above the pre-marked level in 10 seconds. The 

experiment was repeated 10 times for an individual reading. A minute interval was given 

between each experiment. The percentage of flies climbed above the pre-marked level 

was calculated (Agrawal et al., 2005, Shaltiel-Karyo et al., 2012).  

2) The flies with desired genotype or age were collected and randomly separated into the 

groups. Instead of using a 100 ml cylinder to determine ‘the percentage of flies crossed 

the pre-marked level,’ a 50 ml falcon tube with a diameter of 3 cm was used to 

determine ‘the average distance climbed.’’ The 50 ml tubes were placed in a stand. This 

stand is able to hold up to 6 tubes and allows performing the assay with a large number 

of flies at once, compared to the variant mentioned above. The stand was tapped three 

times and photographed at 3 seconds. The experiment was repeated 3-5 times for an 

individual reading. The distance climbed by the individual flies were measured. These 
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values were used to calculate the average distance climbed. One minute’s interval was 

given between each experiment (Nichols et al., 2012). 

2. 4 Lifespan (Survival assay) 

Newly enclosed flies were collected between 15-24hours. A total of 10-20 flies were 

maintained in a vial at 25ºC. The flies were transferred to new food every 2-4 days. The 

numbers of deaths were counted in 2-4 days. Total number of flies used for each 

experiment were reported in the figure legand.  

2.5 Starvation experiment  

Third instar larvae at feeding stage (4-4.5 days AEL) were starved to induce autophagy. 

The larvae were placed in a tube, containing 20% sucrose solution (Filter sterilised) for 4 

hours (Juhasz and Neufeld, 2008).  

2.6 Assays to identify autophagy-associated phenotypes  

The majority of the work presented in this thesis was performed on adult heads/brains or 

third instar larval fat bodies. When investigating whether a protein is a substrate of 

autophagy or a protein has a role in the removal or formation of protein aggregates, adult 

heads/brains were chosen as a model tissue. Autophagy is constitutively active at a basal 

level under normal condition and is involved in the selective removal of unwanted 

proteins. Neurons are post-mitotic, thus cannot remove unwanted protein via cell 

division. Neurons rely on basal autophagy for protein turnover (Hara et al., 2006). 

Therefore head/brain is more sensitive to minor imbalances in protein degradation 

pathways than other tissues (Uttara et al., 2009). This makes heads/brains as an excellent 

model tissue to identify autophagy substrates and regulators of protein aggregation or 

removal.  

When investigating whether a protein acts as a regulator of autophagy, third larval fat 

bodies was used as a model tissue. Third instar larval fat body is an excellent tissue and 

has been used to identify novel regulators of autophagy. Larval fat bodies consist of a 

monolayer of large polyploidy cells and are used to study autophagy using imaging 

techniques. The larval fat body is a primary storage organ in the larva. It is similar to 

liver and adipose tissue in mammals. The larval stage consists of feeding and non-
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feeding (wandering) stage. During the feeding stage, the larva eats constantly and store 

nutrients for the non-feeding stage. During feeding stage, larval fat body maintains 

autophagy under basal condition. However, it induces autophagy in the wandering stage 

(larva crawl out of the food to pupariate). It has been shown that larval fat bodies induce 

autophagy before wandering stage if larva undergoes starvation. Based on these several 

assays and tools have been developed to monitor autophagy in the larval fat body under 

fed and starved conditions (Juhasz and Neufeld, 2008, Mauvezin et al., 2014).  

2.6.1 Assay to monitor autophagy in larval fat bodies using Atg8a reporter  

In this study, autophagy was monitored in the larval fat body in fed and starved 

conditions by using Atg8a reporters. Atg8a localizes on the phagophore, on the outer 

and the inner membranes of the autophagosome. Atg8a, that is connected to the inner 

membrane eventually degrades in the autolysosome (Mauvezin et al., 2014). In order to 

monitor autophagy, mCherry tagged Atg8a or tandem fusion of GFP and mCherry 

tagged Atg8a (hereinafter referred to as Tandem-Atg8a) were overexpressed in the larval 

fat body. It has been shown that the overexpressed Atg8a is distributed equally in the 

cytoplasm in a diffused manner (exception for fat droplet) and also localizes to the 

nucleus under basal condition (Fed condition). Upon starvation, larval fat bodies induce 

autophagy. The overexpressed Atg8a are recruited to the autophagic structures and 

appeared as cytoplasmic puncta under a fluorescence microscope (Mauvezin et al., 

2014) under starved condition. In this study, the occurrence of autophagy was 

investigated at different genetic background using mCherry-Atg8a reporter. The number 

and size of these puncta were measured and compared to that of wild-type cells.  

In addition, the Tandem-Atg8a reporter was used to monitor autophagy flux. GFP and 

mCherry have different pH sensitivity. GFP fluorescence is highly sensitive and it 

quenches in the acidic lysosomal compartment. But mCherry is stable in the lysosome. 

GFP and mCherry co-labels non-acidic phagophore and autophagosome thus appeared 

as yellow (Green merged with Red). However, only mCherry fluorescence remains 

intact after autophagosome-lysosome fusion. This marks the autolysosome as red 

(Mauvezin et al., 2014, Nagy et al., 2015). To examine the flux, colocalization 

coefficient of GFP-Atg8a with mCherry-Atg8a were compared between mutant and 

wild-type cells (Jacomin et al., 2015) (Section 2.7.6).  
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2.6.2 Assay to monitor autophagy in adult brains using differential serial detergent 
extraction  

Autophagy was monitored by measuring the accumulation of Ref(2)P and ubiquitinated  

proteins profile in adult heads (Pircs et al., 2012). The brain is highly sensitive to the 

small defects in degradation pathway compared to the other tissues (Uttara et al., 2009). 

Therefore the adult brain was selected over other tissues to measure ubiquitinated 

proteins and Ref(2)P accumulation.  

Ubiquitinated proteins and Ref(2)P accumulation are considered as markers for protein 

aggregation and autophagy dysfunction. Accumulation of ubiquitinated proteins and 

Ref(2)P was measured using differential serial detergent extraction (Lystad and 

Simonsen, 2015, Simonsen et al., 2008). The sample for differential serial detergent 

extraction was processed sequentially in the 1% Triton lysis buffer and 2% SDS lysis 

buffer. Samples were first homogenized in Triton buffer. Homogenization was carried 

out in a sonicator until the samples were completely homogenized. The lysates were 

spun in a microcentrifuge (Eppendorf) at 12,000 rpm for 10 minutes at 4oC. 

Supernatants were collected and stored as Triton-soluble fraction for SDS-PAGE. The 

remaining pellets were washed with Triton buffer. Soon after the wash, pellets were 

processed in 2% SDS buffer for further extraction. The samples were homogenized for 

30 seconds by sonication. Subsequently, the lysates were spun in a microcentrifuge at 

12,000 rpm for 10 minutes. Supernatants were collected and stored as Triton-insoluble 

fraction for SDS-PAGE. Both Triton-soluble and Triton-insoluble fraction were 

subjected for western blotting to detect ubiquitinated proteins and Ref(2)P accumulation. 

In order to see the composition of 1% Triton lysis buffer and 2% SDS lysis buffer please 

refer to the section 2.8.1.  

2.6.3 Assay to identify the proteins that accumulate with ubiquitinated proteins or 
autophagy substrate under basal condition  

It has been shown that young (one-week old) Atg8-deficient flies accumulate ubiquitin 

and Ref(2)P-positive protein aggregates in the brain. However, same aged wild-type 

flies exhibit no such aggregates (Nezis et al., 2008, Simonsen et al., 2008). This suggests 

that deficiency in Atg8a hinders the degradation of proteins that are otherwise degraded 

through autophagy. In this study, Atg8a-deficient brains were used a platform to identify 
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the proteins that accumulate upon autophagy dysfunction. For this, localization and 

accumulation of several candidate proteins were compared between Atg8-deficient and 

wild-type brains. Flies deficient in Atg8a was chosen over other autophagy-deficient 

flies (mutation in other Atg genes), due to the central role of Atg8a in selective 

autophagy. Different techniques such as immunohistochemistry, western blotting, and 

shotgun proteomics were used to identify these proteins.  

2.7. Immunofluorescence confocal microscopy 
2.7.1. Buffers for Immunofluorescence 

Buffers and its composition are shown in Table 2.2   

Table 2. 2 Buffers used for immunofluorescence 

Buffer Buffer Composition 
 

Solution for fixing tissues  
  

4% formaldehyde (Fisher Scientific) in PBS  
  

1x PBS (Phosphate-buffered saline) 
(University of Warwick media prep).  
  

For making 1 L  
8 g NaCl, 0.2 g KCl, 1.15 g Na2HPO2 and 0.2 g 

KH2PO4 pH was adjusted to 7.4  

Blocking solution  0.3% BSA, 0.3% Triton X-100 in PBS for adult 
tissues  
0.3% BSA, 0.1% Triton X-100 in PBS for larval 
tissues  

Mounting medium  2% N-propyl gallate, 20% 5x PBS, and 70% glycerol  

 



 65 

2.7.2. Antibodies for Immunofluorescence 

The primary and secondary antibodies used are shown in Table 2.3 and Table 2.4 

respectively  
Table 2. 3 Primary antibodies for Immunofluorescence 

Primary antibody Dilution Source 

Drosophila Anti-Ref(2)p 
raised in rabbit 

1:500 Didier Contamine 
Centre National de la 
Recherche Scientifique, 

Drosophila Anti-Ref(2)p 
raised in rat 

1:500 Didier Contamine 
Centre National de la 
Recherche Scientifique 

Drosophila Anti-UbcD4 
raised in sheep 

1:500 David Finnegan 
University of Edinburgh 

Drosophila Anti-Sequoia 
raised in Rabbit 

1:1000 
1:700, 1:500 

Yuh Nung Jan 
University of California 

Drosophila Anti-PAR1 raised 
in Rabbit 

1:10 Anne Ephrussi 
European molecular biology 
laboratory 

Drosophila Anti-Cbl-l raised 
in Mouse 

1:100 Trudi Schupbach 
Princeton University 

Drosophila Anti-Rngo raised 
in Rabbit 

1:500 Andreas Wodarz 
University of Cologne 

FK2 (Anti-mono and 
polyubiquitin) raised in 
mouse 

1:500 Enzo life sciences 

Anti-human Huntingtin raised 
in sheep 

 1:700 Gillian Bates 
King’s College London. 

Anti-GFP raised in Rabbit 1:1000 Terje Johansen 
University of Tromso 

 
Table 2. 4 Secondary antibodies for Immunofluorescence 

Secondary Antibody Dilution Source 

Anti-sheep CFTM 488A in 
Donkey 

1:300 Sigma Aldrich 

Anti-rabbit Alexa Fluor® 488 
in Donkey 

1:300 Abcam 

Anti-mouse CFTM 488A in 
Donkey 

1:300 Sigma Aldrich 

Anti-mouse CFTM 568A in 
Donkey/Goat 

1:300 Sigma Aldrich 

Anti-sheep Fluor® 568 in 
Donkey 

1:300 Life technologies 

Anti-Rat CFTM 568A in 
Donkey/Goat 

1:300 Sigma Aldrich 

Anti-rabbit CFTM 568A in 
Donkey 

1:300 Sigma Aldrich 
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2.7.3 Immunofluorescence 

Drosophila tissues (adult tissue-brains, intestines, malphigian tubules and ejaculatory 

bulbs or larval fat bodies) were dissected in PBS. Following the dissection, the tissues 

were fixed in 4% formaldehyde for a fixed time (40 minutes for adult tissues and 15-20 

minutes for the larval fat body). After fixation, the tissues were incubated in blocking 

solution for 45 minutes. This was followed by primary antibody incubation at 4ºC 

overnight. Primary antibodies were diluted in the blocking solution. After primary 

antibody incubation, the tissues were washed 3 times for 10 minutes in the blocking 

solution, followed by secondary antibody incubation at room temperature for 2 hours. 

Secondary antibodies were diluted in the blocking solution. After secondary antibody 

incubation, the tissues were washed 3 times for 10 minutes in blocking solution, 

subsequently 3 washes for 5 minutes in PBS. Following this, nuclei were stained using a 

DNA-binding dye Hoechst (1:500, diluted in PBS). It was followed by three 10 minutes 

washes in PBS. Finally, the tissues were mounted on glass side using the mounting 

media. The tissues were covered with a coverslip and sealed using nail polish.  

For thin tissues such as larval fat body, the DAPI (4',6-diamidino-2-phenylindole), a 

DNA-binding dye was used to stain the nuclei instead of Hoechst.  

Texas-Red Phalloidin (Life technologies) and Alexa Fluor 488-Phalloidin (Fisher 

scientific) were used to stain the F-Actin to visualize the cell boundaries (plasma 

membrane) in the larval fat body. The phalloidin staining (1:500) was performed either 

at overnight at 4oC or 2 hours at room temperature.  

2.7.4 Confocal microscopy  

Following Immunofluorescence images were acquired by using a confocal microscope 

(Leica SP5, Carl Zeiss LSM710 or Carl Zeiss LSM 880). The fluorophores were excited 

using appropriate lasers. The signal emitted was collected with an appropriate filter 

(Table 2.5). Images were taken by sequential scan mode with a frame average of eight. 

The images were processed in Image J for adding a scale bar. 
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Table 2. 5 Excitation and emission properties for fluorophores 

 
2.7.5 Image analysis-procedure for counting the number and size of particles using 
Image J 

Image J software was used to count the number and size of the particle (Schneider et al., 
2012).  

Adult brain-optic lobes:  

Number and size of UbcD4 aggregates in the optic lobe were determined in Chapter 4. 

The morphology of the margin of the optic lobe is easy to identify without any marker. 

This allows consistently choose similar regions for comparison. For this, the 2D image 

was exported to Image J. A threshold was applied to create a binary image in which the 

background was absent and only the particles of interest were present. Mostly, 

maximum entropy method was used for adjusting the threshold. However, when this 

method failed to provide an appropriate threshold, the threshold was adjusted manually. 

The manual threshold was applied based on user perception. The small spot-like noises 

were further removed by using the despeckle function. The particles, which are close to 

each other, were separated using the watershed function. The particles were analyzed for 

the average number and average size (area) using the analyze particle function. The 

particle size for analysis was limited between 0.2 to infinity. The particles located on the 

edge were excluded from counting.  

When acquiring the images, similar areas with similar magnification were taken among 

brains. Cell bodies that are present in the optic lobe close to the medulla region were 

chosen as the region of interest. However, due to the nature of the brain, it is possible to 

choose an area that is not exactly the same as the previous region. For this reason, the 

number of particles obtained was normalized to the area from which they were obtained. 

To measure the area, 2 area measurements were taken: 1) the total area of the image and 

2) the specific area in which particles are present. The areas of these regions were 

Fluorophores Excitation Emission 

DAP1/Hoechst 405 nm 415-476 nm 

GFP/CF488/ Alexa 488 488 nm 499-553 nm 

mCherry 561 nm 584-681 nm 

CF568/Texas Red  561 nm 579-681 nm 
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measured using a region of interest tool. The total area was further divided by specific 

area. This provided an approximate and normalized measure for the area. By using this 

information (area and the number of aggregates), the number of aggregates in 1µm2 was 

calculated. An example of the calculation used is shown in Table 2.6.  

Table 2. 6 Calculation used for measuring the number of aggregates in 1µm2 

Information of different Areas Measurement  
Specific area (A) 2410 
Total area (B) 4916 
Area (C) B/A=4916/2410=2.03 
Number of aggregates  50  
Number of aggregates in 1µm2 Number of aggregates/C=50/2.03=25 

3D-object counter, an Image J plugin (Bolte and Cordelières, 2006) was used for 

analyzing the particles (number and size of particles) on a 3D image (z-stacks) in 

Chapter 7. Before analyzing the particles in the 3D object counter, a threshold was 

applied to obtain a binary image as mentioned for the 2D image.  

Larval fat body:  

Number and size of cytoplasmic mCherry-Atg8a puncta in the larval fat body were 

measured using Image J (Chapter 4 and Chapter 6). To count these particles, a similar 

protocol was used with few exceptions. The threshold was applied to create a binary 

image in which the background was absent, and only the cytoplasmic mCherry-Atg8a 

puncta were present. The nuclear mCherry-Atg8a signal was removed from the image by 

using the image calculator function. For removing the nuclear signal, a threshold 

function was applied in the DAPI channel to select the nucleus. By using this threshold, 

the nucleus was subtracted out from the Cherry channel. The number and size of 

mCherry-Atg8a were measured using the particle analyzer function.  

The number of mCherry-Atg8a was normalized to the cell number. The cells in the fat 

bodies are large. Therefore, it was possible to mark and distinguish individual cells using 

phalloidin staining. The number of mCherry-Atg8a puncta was further divided by the 

total number of cells, thus obtained the number of mCherry-Atg8a puncta per cell. 
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2.7.6 Images analysis-colocalization analysis by Image J 

The colocalization analysis was performed in JACoP (Bolte and Cordelières, 2006), an 

Image J plugin. Pearson’s coefficient was chosen as a measure for colocalization 

(Jacomin et al., 2015). It is less sensitive to background signal intensity and has been 

recommended to use for tissue imaging in which laser and gain setting had to be 

adjusted from image to image basis. To measure the colocalization in the brain, the 

threshold was adjusted to remove the background, and subsequently, Pearson’s 

coefficient was analyzed in JACoP. To measure the colocalization between cytoplasmic 

mCherry-Atg8a and GFP-Atg8a punta in the larval fat body, the above-mentioned 

procedure was used with one exception. When adjusting the threshold, the nuclear 

mCherry-At8a and GFP-Atg8a signals were removed from their respective Channels, as 

described in Section 2.7.5.  

2.8 Western blot analysis  
2.8.1 Buffers for western blot analysis 
Table 2. 7 Buffers for western blot analysis 

Buffer 
 

Buffer composition 
 

Triton lysis buffer  1% Triton X-100, Phosphatase inhibitors [1 mM Sodium 

Orthovandate (Na3VO4), 50 mM Sodium Fluoride (NaF), 5 

mM Sodium pyrophosphate (Na4P2O7)], and protease inhibitor 

(200 µl of 25x Roche complete protease inhibitor cocktail per 

5ml of lysis buffer) in PBS  

 

SDS lysis buffer  50 mM Tris pH 7.5, 2% SDS, phosphatase inhibitors [(1 mM 

Na3VO4, 50 mM NaF, 5 mM Na4P2O7)] and protease inhibitor 

(80 µl of 25x Roche complete protease inhibitor cocktail per 

2ml).  

Laemmli buffer (2x)  125 mM Tris HCl pH 6.8, 20% glycerol, 4% SDS, 10% 

Mercaptoethanol, and 0.02% Bromophenol blue.  

Running Buffer (10x) 

University of Warwick- media 

prep  

250 mM Tris base, 2 M glycine and 1% SDS, pH was adjusted 

to 8.3.  

Transfer buffer  

  

1x Tris-glycine buffer and 20% methanol.  
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Buffer 
 

Buffer composition 
 

Tris-glycine buffer (10x) 

University of Warwick- media 

prep  

For making 1L  

30 g Tris and 60 g glycine.  

  

Blocking Solution  5% milk powder/BSA in 0.1-0.5% Tween-20 in TBS.  

 

TBST  

University of Warwick- media 

prep  

0.1% Tween-20 in TBS.  

1x PBST  
University of Warwick- media 
prep 
 

0.1% Tween-20 in PBS  

  

1x TBS  

University of Warwick- media 

prep  

For making 1L 

 6.05g Tris, 8.76g NaCl, pH was adjusted to 7.5  

 

5% stacking gel  

  

 For making a gel  

2 ml of 30x stacking gel stock solution, 10 % Ammonium 

persulphate (APS-40 µl), 3µl of TEMED.  

30x stacking gel stock solution contains 0.5 M Tris pH6.8 

(26.25 ml), 30% Acrylamide/0.8bis-acrylamide solution (17.5 

ml), 10% SDS (1 ml), and 59.1 of ml dH20 

12 % and 10 % resolving gel  For making a 12% gel 

1.6 ml dH20, 1.5 M Tris pH8.8 (1.25 ml),  30% 

Acrylamide/0.8bis-acrylamide solution (2 ml), 10% SDS (50 

µl),  10% APS (100 µl), and 8µl TEMED 

For making a 10% gel 

1.93 ml distilled water, 1.5 M Tris pH8.8, (1.25 ml),  30% 

Acrylamide/0.8bis-acrylamide solution (1.67 ml), 10% SDS 

(50 µl),  10% APS (100 µl), and 8µl TEMED 

2.8.2 Antibodies used for western blot analysis. 

Primary and secondary antibodies used for this study are shown in Table 2.8 and 2.9 
respectively.  
Table 2. 8 Primary antibodies used for western blotting  

Primary Antibody Dilution Source 
Drosophila Anti -Ref(2)p 
raised in rabbit 

1:5000 Didier Contamine 
Centre National de la 
Recherche Scientifique, 

Drosophila Anti-UbcD4 
raised in sheep 

1:3000/1:5000 David Finnegan 
University of Edinburgh 
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Primary Antibody Dilution Source 
Drosophila Anti-PAR1 raised 
in Rabbit  

1:3000 Anne Ephrussi 
European molecular biology 
laboratory 

Drosophila Anti-Sequoia 
raised in Rabbit  

1:3000/1:5000 Yuh Nung Jan 
University of California 

Anti-GFP raised in Rabbit 1:1000 Terje Johansen 
University of Tromso 

Anti-GFP raised in mouse  1:500/1:1000 Santa Cruz  
Anti-GABARAP raised in 
mouse 

1:2000 Cell signalling  

Anti-Actin raised in mouse 1:5000 Developmental hybridoma 
Anti-Tubulin raised in mouse  1:40,000 Sigma-Aldrich 

 
 
Table 2. 9 Secondary antibodies used for western blotting 

Secondary Antibody Dilution Source 
Anti-mouse IgG (H+L) HRP 
in Rabbit 

1:10,000 Thermo scientific 

Anti-Rabbit IgG (H+L) HRP 
in Goat Thermo scientific 

1:10,000 Thermo scientific 

Anti-Sheep IgG (H+L) HRP 
in Rabbit 

1:10,000 Thermo scientific 

 
2.8.3 Protein extraction 

Samples (adult heads or adult whole fly of desired genotype or age) were collected and 

stored at -80ºC or processed immediately. To extract proteins from heads, 10–20 heads 

per condition and for whole flies, 10 flies per condition were used. The flies of the same 

gender were used for comparison. The samples were processed either in 1) 1% Triton 

lysis buffer, 2) 2% SDS lysis buffer or 3) by differential serial detergent extraction. The 

lysis buffers used for each experiment are indicated in their figure legend. When 

proteins were extracted by differential serial detergent extraction, sonication was used 

for protein extraction. Otherwise, manual motor and pestle were used for protein 

extraction. 

2.8.4 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

Proteins were separated using SDS-PAGE (Bio-Rad mini gel system). Samples were 

mixed with the laemmli buffer and heated at 95ºC for 10 minutes. Protein concentration 

was measured by Bradford assay to ensure equal protein loading. Samples were loaded 

on a gel alongside a Bio-Rad protein marker. Depending on the expected protein 

molecular weight, the following percentages of gels were used (Table 2.10). The 
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gradient gel was obtained from Bio-Rad. Electrophoresis was carried in 1x 

electrophoresis running buffer at 100V with an exception for detecting ubiquitination.  

To detect ubiquitination 50V was used. It was because ubiquitinated bands provided 

better resolution at low voltage compared with 100V.  

Table 2.10 Percentage of the SDS-PAGE gels used  
Band  Percentage of the gel.  
UbcD4 4-20% gradient gel or 12%  
Atg8a 12%  
PAR1,Ref(2)P and Sequoia 4-20% gradient or 10%  

 

2.8.5 Protein transfer 

Following electrophoresis, the proteins were transferred to a nitrocellulose or PVDF 

membrane (Amersham) in 1x transfer buffer at 100V for 1–2 hours with cooling. For 

transfer, the gel and the membrane were sandwiched between sponge and filter paper 

and immersed into a transfer cassette. Special care was taken to avoid the formation of 

air bubbles between gel and membrane. The transfer efficiency was checked with 

Ponceau-S. When performing the transfer for detecting the ubiquitination, the voltage 

was set to 25V for 2 hours. 

2.8.6 Immunodetection 

After the transfer, the membrane was incubated in blocking solution for 1 hour at room 

temperature. Following blocking, the membrane was incubated with the primary 

antibody at 4oC overnight. The primary antibody was diluted in TBST. After primary 

antibody incubation, the membrane was washed 3 times for 10 minutes in PBST to 

remove any unbound antibodies. The membrane was incubated with a secondary 

antibody (horse peroxidase (HRP) conjugated). The secondary antibody was diluted in 

PBST-plus 5% milk. The membrane was washed thrice for 10 minutes in PBST. 

Proteins were visualized using enhanced chemiluminescence ECL reagent (Amersham) 

and exposed to an X-ray film. The membrane was stripped (Fisher scientific stripping 

buffer) and re-probed for housekeeping genes (Actin or Tubulin) as a control for protein 

loading. Developed blot was scanned and densities of bands were measured using a gel-

analyser plugin in Image J for densitometry analysis. 
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2.8.7 Normalization of western blot data for the relative quantification  

To compare the amount of a target protein between conditions, two normalization steps 

have been performed (Degasperi et al., 2014, Hills et al., 2013, Zhang et al., 2015). 

1) The intensity of a target protein band in one sample [For example, lane 1-control 

(wild-type)] and its corresponding loading control (housekeeping protein) was measured 

using Image J. The intensity of the target of protein was divided by the intensity of its 

housekeeping protein. The same normalization was applied to the other samples loaded 

on the same gel (For example, lane 2-mutant). This normalization allows for overcoming 

the differences in loading. Therefore this allows comparing the amount of proteins 

within the same gel.  

2) Since the biological replicates for the same experiments were conducted in different 

western blotting experiments, a second normalization was performed to overcome the 

difference among gels. The amount of protein in the control lane (wild-type-lane 1) was 

chosen as the normalization point, because this value is supposed to be unchanged under 

different conditions. All the measurements in a replicate gel (biological replicate-1) 

including the control were divided by the control. This provided a relative level of 

protein in relation to the control. The same procedure was repeated for other replicate 

gels (biological replicates). The values expressed as the relative protein level to the 

control was converted into a percentage. These normalized values were used for testing 

statistical significance. Table 2.11 shows an example of the steps used for normalization. 

Figure legand for western blot denotes the abundance value in the following format, 

(condition A=Mean±SEM, condition B=Mean±SEM, P=Pvalue from the statistical 

analysis, N=Number of biological replicates as ‘N’).  
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Table 2. 11 An example of normalization steps used for analyzing data from western blotting 

 
Intensity 
of the 
target 
Protein 
band (A) 
 

Intensity of 
the 
housekeeping 
protein band 
(B) 

Normalization 
using 
housekeeping 
protein (A/B) 

Relative level 
in relation to 
the control 

Percentage 

Gel1-
Replicate 1-
control 

26786.44 23525.11 

 

26786.44
23525.11 

=1.14 

1.14
1.14×100!
 

 

100 

Gel1-
Replicate 1-
Mutant 

13361.11 

 

11381.05 

 

13361.11
11381.05 

=1.17 

1.17
1.14×100 103 

Gel2-
Replicate 2-
control 

18195.52 

 

11152.00 

 

18195.52
11152.00 

=1.63 

1.63
1.63×100 

100 

Gel2-
Replicate 2-
Mutant 

19998.87 

 

12466.49 

 

19998.87
12466.49 

=1.60 

1.60
1.63×100 

98.32 

Gel3-
Replicate 3-
control 

30038.42 

 

10942.30 

 

30038.42
10942.30 

=2.75 

2.75
2.75×100 

100 

Gel3-
Replicate 3-
Mutant 

26467.31 

 

7765.76 

 

26467.31
7765.76  

=3.41 

3.41
2.75×100 

124.15 

 

2.9. Statistical analysis  

Statistical analysis was performed either on raw data or on normalized data. The 

methods used for normalization are described either in the method section or in the 

result section. The difference was considered as significant when the P value was below 

0.05 unless otherwise stated. 
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An unpaired Student’s t-test was used to test any difference in mean between two 

conditions, and one-way ANOVA with multiple comparison tests was used to test any 

difference in mean for more than two conditions. To compare survival rate, survival 

curves were calculated with Kaplan–Meier plots. The log-rank test was performed to test 

the statistical significance. In order to test whether the difference between observed and 

expected frequencies obtained from a genetic cross is statistically significant a Chi-

squared test was performed on http://graphpad.com/quickcalcs/chisquared1.cfm. All the 

statistical analyses were performed with a statistical software Prism-GraphPad with an 

exception for Chi-squared test and the analysis in Chapter 8.  

In Chpater 8, a Beta-binomial test was performed on normalized total spectral count data 

by using an R statistical package called ibb-test (Pham et al., 2010). Data was 

normalized using a standard normalization method, sum total normalization (scaling) 

method (Bolstad et al., 2003).The normalization step is necessary to avoid the 

differences that may arise from different sample loading (Pham et al., 2010).  

An example of steps used for normalization is shown in Table 2.12. Suppose an 

experiment with 2 samples: control and mutant. Each sample contains 3 proteins: A, B 

and C.  

Protein A has 12 counts in control and 10 in mutant.  

Protein B has 6 counts in control and 4 in mutant.  

Protein C has 5 counts in control and 6 in mutant.  

Sum of counts in the control column is 23 and mutant column is 20. Overall average is 

count is 21.5. Each protein in control is multiplied by (21.5/23) and in mutant by 

(21.5/20). Thus provides same sum  across the samples.  
Table 2. 12 An example of steps used for normalization 

 Before Normalization After Normalization 
 Control Mutant Control Mutant 
Protein A 12 10 11.2173913 10.75 
Protein B 6 4 5.608695652 4.3 
Protein C 5 6 4.673913043 6.45 
     
Column sum 23 20 21.5 21.5 
Average of 
column sum 

21.5    
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2.10 Immunoprecipitation  

Immunoprecipitation was performed to enrich a protein of interest when the level of the 

protein was low to be detected. In this study (Chapter 4), GFP antibody was used to 

enrich GFP-UbcD4 from Tubulin>GFP-UbcD4 flies for detecting GFP-UbcD4 by 

western blotting. As a negative control, w1118 was used.   

2.10.1 Buffers for immunoprecipitation 

Buffers for immunoprecipitation is shown in Table 2.13 

Table 2. 13 Buffers for immunoprecipitation 

Buffer Buffer composition 

IP lysis buffer 1% Triton X-100, 25 mM Tris-HCl pH7.5, 1 mM EGTA, 1 mM EDTA, 150 

mM NaCl, 5 mM MgCl2, 5% glycerol, Phosphatase inhibitors (1 mM 

Na3VO4, 5 mM NaF, 2.5 mM Na4P2O7, 1 mM b-glycero- phosphate) and 

protease inhibitor (80 µl of 25x Roche complete protease inhibitor per 2ml). 

IP washing buffer 1% Triton X-100, 25 mM Tris-HCl pH7.5, 150 mM NaCl, Phosphatase 

inhibitors (1 mM Na3VO4, 5 mM NaF, 2.5 mM Na4P2O7), 1 mM b-glycero- 

phosphate) and protease inhibitor (80 µl of 25x Roche complete protease 

inhibitor per 2ml). 

 

 

2.10.2 Protein extraction  

Proteins were extracted from the whole adult flies in IP buffer using a mechanical pestle. 

Total 50 flies were used per genotype. A total of 1000-1500µg of total protein was used 

for immunoprecipitation.  

2.10.3 Immunoprecipitation 

A part of the lysates was kept as input. The beads (sepharose protein-G beads) were 

washed in IP buffer. The lysates were pre-cleared with beads for 30 min at 4°C to avoid 

non-specific binding.  

The pre-cleared lysate (1ug/1mg) and antibody for immunoprecipitation were incubated 

with the beads  (30-40µl) at 4ºC overnight, to enable the binding of the antibody to the 

beads and the formation of Antigen-Antibody complex. A GFP antibody raised in Rabbit 
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(Ab290-Abcam) was used for IP. Following this, a short centrifugation (less than one 

minute) was performed to settle the beads at the bottom of the tube. Apart of the lysate 

was stored as “Flow” to check the IP efficiency and the rest of beads were stored. These 

beads were washed in washing buffer thrice to remove unbound proteins. The 

supernatant from each was stored as Wash1, Wash2, and Wash3 for quality control. 

After the wash, the beads were boiled with 2x laemmli buffer at 90ºC for 10 min to elute 

the antigen-antibody complex.   

The eluted proteins were subjected to SDS-PAGE and subsequently western blot 

analysis to detect the protein of interest.  

2.11 Protein-Protein interaction studies 

In order to perform protein-protein interaction, we collaborated with Professor Terje 

Johanson at the University of Tromso. Dr.Ashish Jain at Johanson’s lab performed in 

vitro GST pull-down and In Cellulo co-immunoprecipitation. GST pull-down was 

performed as described in (Alemu et al., 2012) and In Cellulo co-immunoprecipitation 

was performed as described in (Jain et al., 2015). The protocol adapted from Dr.Ashish 

Jain is summarized here. 

In vitro GST pull-down 

In order to test direct protein-protein interaction in vitro GST pull-down assay was 

performed.  

GST-alone (negative control) or GST-tagged fusion proteins were expressed in an E. 

coli expression system. Expressed proteins were purified and immobilized on 

glutathione-coupled sepharose beads. The immobilized GST-alone or GST-tagged 

fusion protein was incubated with 35S-radiolabeled in vitro translated proteins for two 

hours/overnight at 4°C. The 35S-labeled proteins were generated using TNT T7 Quick 

Coupled Transcription/Translation System (Promega) in the presence of 

[35S]methionine. The bound proteins were eluted by boiling in SDS gel loading buffer. 

Eluted proteins were separated by SDS-PAGE and detected by autoradiography.  

For example, in order to test the interaction between Atg8a and UbcD4, UbcD4 was in 

vitro translated and tested its interaction with GST-Atg8a and GST-alone (Chapter 4). 
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In Cellulo Co-Immunoprecipitation 

In Cellulo Co-Immunoprecipitation was performed to test if UbcD4 and Atg8a exist as a 

complex. Drosophila S2 cells were transfected with desired constructs (In this project, 

FLAG-UbcD4, and GFP-Atg8a constructs). Proteins were further extracted from the S2 

cells 72 h after transfection. Lysates were incubated with anti-FLAG M2-agarose beads 

at 4°C overnight with FLAG antibody for precipitating FLAG-UbcD4. Bound proteins 

were eluted and boiled in SDS-PAGE loading buffer, and subjected to western blotting 

with GFP antibody  

2.12 Sample preparation for shotgun proteomics  
2.12.1 Protein extraction 

Young heads from w1118 and young Atg8aKG07569  were processed by serial detergent 

extraction (Section. 2.6.2). Total protein concentration was measured by Bradford assay. 

Mass spectrometry identifications are inherently biased towards more abundant proteins. 

Therefore low abundance proteins have less chance to be identified. To overcome this 

issue the complexity of the samples was first reduced by gel-based fractionation. 

Extracted proteins were fractioned by SDS-PAGE and separated the proteins based on 

their molecular weight. The gel was stained with Coomassie Brilliant blue to visualise 

protein bands. The gel was destained with dH2O overnight. Each lane was cut into 

equally sized five gel pieces and stored in individual Eppendorf tubes for In-gel trypsin 

digestion.  

2.12.2 Buffers for In-gel trypsin digestion 
Table 2. 14 Buffers for In-gel trypsin digestion 
 

 Buffer Buffer composition 

Washing solution 50% ethanol in 50 mM ammonium bicarbonate 

(NH4HCO3)-1:1 ratio 

Dehydration solution 100% ethanol. 

Reduction solution 10 mM Dithiothreitol (DTT) in 50 mM NH4HCO3 

Alkylation solution 55 mM iodoacetamide in 50 mM NH4HCO3 

Trypsin working solution (2.5ng/µl) 780 µl of 100 ng Trypsin (waters) in 50 mM NH4HCO3 

Digestion buffer 50 mM NH4HCO3 

Extraction buffer  5% formic acid / 50% acetonitrile in 1:1 ratio 
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 Buffer Buffer composition 

Resuspension buffer 5% acetonitrile/5% formic acid 1:1 ratio 

 
2.12.3 In-gel trypsin digestion 

The gel pieces were washed twice in washing solution for 20 minutes at 45–55 °C (or 

until destained). After the washing, the gel pieces were dehydrated in dehydration 

solution for 5 min at 55°C. The disulfide bonds were reduced by incubating the gels in 

the solution for reduction for 30-45 minutes at 56ºC. Alkylation of cysteine residues was 

performed by incubating in the alkylation solution for 20-30 minutes at room 

temperature in the dark.The gel pieces were washed twice for 10 minutes in washing 

solution and dehydration was performed.   

For the tryptic digestion, 40 µl of trypsin working solution (2.5ng/µl) was added and 

allowed the gel pieces to rehydrate for 10 minutes. As the gel rehydrates it may expand 

in size and no longer be submerged. Enough of digestion buffer was added to cover gel 

pieces and incubated at 37ºC overnight with shaking. The digestion was stopped and the 

peptides were extracted from gel pieces using the extraction buffer. The samples were 

sonicated for 5-10 minutes. Supernatant were collected in new tubes. The extraction step 

was repeated three times by adding the supernatant to the same tube. The extracted 

peptides were dried by speed vac set at 40°C and stored at -20ºC. The peptides were 

resuspended in resuspension buffer by sonicating for 30 minutes. The samples were then 

centrifuged at 13,000 rpm for five minutes. 30 µl of samples were submitted at WPH 

proteomics facility at the University of Warwick.  

2.12.4 nano-LC-ESI-MS/MS  

Extracted peptides (20 µl) from each sample were analyzed by nano-LC-ES1-MS/MS. 

Nano-LC-ESI-MS/MS analysis was performed by Dr. Susen Slade and Dr. Alex Jones at 

the WPH facility. For the first replicates, reverse phase chromatography was performed 

for 30 minutes. For the second and third replicates, reverse phase chromatography was 

performed for 60 minutes. 

nano-LC-ES1-MS/MS was performed as described in (Christie-Oleza et al., 2015a). A 

brief description of methods is as follows: Peptides from tryptic digestion were 
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fractioned by reverse phase chromatography. It acted as a second dimension to reduce 

the sample complexity. Eluting peptides were converted to gas-phase ions by 

electrospray ionization (ESI). “Gas phased ions were analyzed on a Thermo Orbitrap 

Fusion. Survey scans (MS1) of peptide precursors from 350 to 1500 m/z were performed 

at 120K resolution (at 200 m/z) with a 4 × 105 ion count target. Tandem MS was 

performed by isolation at 1.6Th using the quadrupole, HCD fragmentation with a 

normalized collision energy of 35, and rapid scan MS analysis in the ion trap. The MS2 

ion count target was set to 104 and the max injection time was 200 ms. Precursors with 

charge state 2–7 were selected and sampled for MS2. The dynamic exclusion duration 

was set to 45 s with a 10 ppm tolerance around the selected precursor and its isotopes 

(WPH protocol).’’ 

2.12.5 Database search for protein mapping 

The raw data was processed using MSConvert in ProteoWizard Toolkit. MS2 spectra 

were searched with Mascot engine (Matrix Science) against Uniprot Drosophila 

melanogaster proteome (20249 proteins). Parameters used for Mascot search as follows: 

Peptides were generated in silico by tryptic digestion with up to five missed cleavages. 

In addition, cysteines carbamidomethylation (as fixed modification) and methionines 

oxidation (as variable modifications) were incorporated in the search. Precursor mass 

tolerance was 20 ppm and product ions were searched at 0.8 Da tolerances.  

Scaffold (version Scaffold_4.3.6, Proteome Software Inc.) was used to validate MS/MS-

based peptide and protein identifications (Searle, 2010). Peptide identifications were 

accepted when they established at greater than 95.0% probability. Protein identifications 

were accepted when they established at greater than 99.0% probability and contained 

minimum 2 identified peptides resulting in 0.2% FDR.  Protein probabilities were 

assigned by the Protein Prophet algorithm (Nesvizhskii et al., 2003). Proteins that shared 

similar peptides and could not be differentiated based on MS2 analyses alone were 

grouped to satisfy the principles of parsimony. Proteins sharing significant peptide 

evidence were grouped as clusters. 



 81 

 

Figure 2. 3 Experimental outlines for Shotgun proteomics.  
Biosamples were processed in parallel. Each sample was fractioned into 5 gel slices and these slices were 
processed in parallel. Each gel slices were combined into their respective biosamples in Scaffold. Proteins 
and peptides identification were performed in Scaffold. To perform differential expression analysis total 
spectral count was calculated in Scaffold. These values were exported and performed differential 
expressional analysis using the ibb (Beta-binomial) package in R.  
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2.13 Bioinformatics tools used to identify a specific domain or a specific 
pattern  
2.13.1 Use of SMART database to identify a conserved domain from Drosophila 
proteome 

SMART (Simple Modular Architecture Research Tool, http://smart.embl-heidelberg.de) 

was used to identify the proteins that contain a specific domain (Schultz et al., 1998). 

For example, SMART was used in the identification of all the UBA-containing proteins 

in Drosophila proteome (Figure 2.4). SMART provides an output window that contains 

a list of proteins that has UBA domain in Drosophila.  

 

Figure 2. 4 The user interface of SMART.  
The domain of interest (UBA domain) was entered in the domain selection box (top-arrow) and D. 
melanogaster was selected in the taxonomic selection box to restrict the query only to D. melanogaster 
(bottom-arrow).  
 
2.13.2 Use of ScanPROSITE to identify a specific pattern in amino acids sequences 

ScanPROSITE (http://prosite.expasy.org/scanprosite), a pattern identification web tool, 

enables to identify a user specific pattern in a given amino acid sequences (de Castro et 

al., 2006). ScanPROSITE was used to identify the cLIR consensus  pattern in a given 

protein (Figure 2.5). Amino acid sequences of relevant proteins were obtained from 

UniProt database as FASTA format and submitted to the ScanPROSITE. The cLIR 
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pattern, [DE]-2-[DEST]-1-[WFY]0-[DELIV]1-X2-[ILV]3. was inputted for search. 

ScanPROSITE scans for this specific pattern and provide hits if any such pattern is 

present in the inputted sequences.  

 

Figure 2. 5 The user interface of ScanPROSITE.  
The amino acid sequence of a protein is submitted in FASTA format (top-arrow). The cLIR pattern was 
inputted (bottom-arrow) to scan for this pattern in the above protein.  
 
2.13.3 Use of iLIR  web tool to identify xLIR pattern in amino acids sequences 

iLIR is a web tool (http://repeat.biol.ucy.ac.cy/iLIR), designed for identifying the xLIR 

pattern in a given amino acid sequence. The concept of xLIR is described in Chapter 3. 

FASTA sequences of relevant proteins were collected from UniProt database and 

submitted as input on iLIR server, and the server provides an output that contains 

information about detected xLIR, its similarity to experimentally verified LIRs, PSSM 

and presence/absence of anchor [Figure 2.6, (Kalvari et al., 2014)].   
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Figure 2. 6 The user interface of iLIR  
The amino acid sequence of a protein is submitted in FASTA format (arrow) to identify the xLIR pattern. 
iLIR scans for xLIR patterns.  

 

2.13.4 Use of hfAIM web tool to identify hfAIM patterns in amino acids sequences 

hfAIM is a web tool (http://bioinformatics.psb.ugent.be/hfAIM/), designed for 

identifying the hfAIM patterns in a given amino acid sequence (Xie et al., 2016). The 

concept of hfAIM is described in Section 4.2.9 under the heading of Xie and colleagues’ 

methods.  

FASTA sequences of relevant proteins were collected from UniProt database and 

submitted as input on hfAIM server (Figure 2.7), and the server provides an output if 

any such pattern is present in the inputted sequences.  
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Figure 2. 7 The user interface of hfAIM 
The amino acid sequence of a protein is submitted in FASTA format (arrow) to identify the hfAIM 
patterns. hfAIM tool scans for hfAIM patterns. 
 
 

2.14 Gene ontology analysis 

To analyze the nature of proteins that exhibited increased expression in Atg8a-deficent 

condition, GO analysis  was carried out for biological process using GOTerm mapper 

(http://go.princeton.edu/cgi-bin/GOTermMapper). The protein names or IDs were 

submitted for the analysis.  
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Results and Discussions  
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Chapter 3 
Identification of putative novel LIR- and UBA-containing proteins in 
Drosophila proteome using a bioinformatics approach. 
Screening of putative candidates in vivo in Drosophila to identify 
proteins that accumulate in ubiquitinated aggregates. 
 
 



 88 

3.1 Introduction  

The core of selective autophagy is the selective autophagy receptor that simultaneously 

binds the cargo and Atg8 proteins. A common feature that unites the receptors is its LIR 

motif that permits its interaction with Atg8 proteins (Birgisdottir et al., 2013).  

Selective autophagy of ubiquitinated proteins in Drosophila is less explored. It is 

important to identify novel LIR-containing proteins to elucidate the mechanisms of 

selective autophagy. As discussed in the introduction, UBD-containing receptors 

mediate ubiquitin-dependent selective autophagy. Ref(2)P, the only known Drosophila 

selective autophagy receptor, possesses an UBA domain (Section 1.7.1 and 1.8). To 

identify novel putative candidates, Dr.Nezis’ lab decided to perform an in silico 

screening for LIR and UBD containing Drosophila proteins and characterize them in 

vivo. As a group member in Dr.Nezis’ group, my role was to concentrate on UBA ( one 

of the UBD): perform an in silico screening for LIR and UBA containing proteins and 

characterize them in vivo.   

Web-based tools are publically available for identifying well-defined domains such as 

UBA. However, no such tools were available for identifying putative LIR motif. In order 

to identify novel LIR-containing proteins, a web tool called iLIR 

(http://repeat.biol.ucy.ac.cy/iLIR/) was developed. iLIR was developed by Dr. Vasilis 

Promponas (at the University of Cyprus) in collaboration with Dr. Ioannis Nezis and 

documented in (Kalvari et al., 2014). This web-based tool identifies putative LIR motifs 

in a given protein based on its amino acid sequences. The tool is called iLIR (Kalvari et 

al., 2014). Since iLIR acts as a tool for my investigation, the concept and accuracy 

of iLIR prediction will be described here. My contribution toward this project is given 

in the Results section (3.2.1).  

3.1.1 Computational approach for the identification of novel LIR containing proteins 

The consensus pattern [DE]-2-[DEST]-1-[WFY]0-[DELIV]1-X2-[ILV]3, presented as 

cLIR (Alemu et al., 2012) could be used for identifying similar patterns in amino acid 

sequences. However, the pattern presented as cLIR only represents the most frequent 

amino acids at a given position (Section 1. 10 and Figure 1.13). Therefore, cLIR 

provides no information regarding the less frequent but true residues. cLIR lacks 
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sensitivity as it detects only 11 LIRs out of the 26 LIRs from which it was originally 

derived (shown in results section 3.2.1, Table 3.1). 

In order to increase the sensitivity, the cLIR motif was redefined using the data set 

presented by Alemu and colleagues. TBC1D549 (one of the 26 LIRCPs) has two 

functional LIR motifs (Popovic et al., 2012). However, Alemu and colleagues omitted 

the most N-terminal functional LIR (Alemu et al., 2012, Kalvari et al., 2014). This N-

terminal LIR was added to the current data set, resulting in 27 experimentally verified 

LIRs. These 27 hexapeptides were aligned and generated a multiple sequence alignment, 

from which a consensus  pattern that contains all the possible amino acids residues at a 

given position was generated. This extended consensus pattern is defined as xLIR 

(Kalvari et al., 2014) and is given as 

[DEAFGLPRS]-2-[DEGMSTV]-1-[WFY]0-[DELIVQT]1-[ADEFHIKLMPSTV]2-[ILV]3.  

Both cLIR and xLIR patterns comprise six amino acids and contain an aromatic residue 

(W/F/Y) at position 0 and a hydrophobic residue (I/L/V) at position 3. In xLIR, the 

positions -1, -2 and 1 are less constrained whereas position 5 is more restricted. Similar 

to cLIR, xLIR does not have any positively charged amino acids at the -1 and 1 positions 

(Kalvari et al., 2014).  

xLIR is highly sensitive. It recognizes all 27 LIRs in the 26 LIR-containing proteins 

from which it was initially derived (Kalvari et al., 2014). Please see section 3.2.1, Table 

3.1. However, the high sensitivity of the xLIR motif comes with less specificity. For 

example, the probability of cLIR occurring in random sequences is 1.8x10-6 while the 

probability of xLIR occurring in random sequences is 1.5x10-3 (Kalvari et al., 2014). To 

overcome this limitation, a position-specific scoring matrix (PSSM) was generated using 

27 LIR sequences. A software tool was developed for applying this PSSM. PSSM 

indicates the frequency of obtaining a given amino acid at given position, thus capturing 

the importance of having specific residues at that position. The PSSM reveals how close 

a sequence is to the desired 27 LIR sequences. A higher PSSM score suggests that the 

given sequence is closely related to the 27 LIR sequences. A true positive LIR motif is 

expected to have higher PSSM scores. A cut-off value of 13 is found to provide the 

desired specificity and sensitivity (Kalvari et al., 2014).  
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Please see [supplementary material Chapter 3 section (Table 10.1)] for quality of 

predictions with different cut-off values.  

A recent bioinformatics study suggests the majority of known human autophagy-

associated proteins contain intrinsically disordered regions (IDRs). IDRs sequences lack 

stable secondary or tertiary structure and they facilitate protein-protein interactions (Mei 

et al., 2014). The LIR-containing proteins are diverse in terms of their primary sequence 

and structures. Irrespective of this diversity, the structure of LIR peptides bound to Atg8 

suggests a conserved mode of interaction. It has been suggested that LIR-like sequences 

may have flexible conformations that undergo structural rearrangement to interact with 

the conserved HP1 and HP2 on Atg8 (Noda et al., 2010). This hypothesis was further 

tested using ANCHOR. ANCHOR is a web-based tool that uses amino acid sequences to 

predict the occurrence of IDRs, which has potential for transition from disordered to 

ordered states upon binding to an interacting partner. Such sequences are called anchor. 

The 27 experimentally verified proteins were examined for the presence of LIR 

sequences that overlap (at least three residues) with anchor region. It was found that 16 

out of the 27 LIR peptides overlap with anchor. Therefore, the anchor detection tool was 

incorporated with xLIR pattern detection (Kalvari et al., 2014).  

In conclusion, a web-based tool capable of identifying the xLIR pattern in a given amino 

acid sequences was developed. Once such patterns are identified, the matched 

hexapeptide is scored against a PSSM that was developed using 27 LIR peptides. The 

PSSM score follows an e-value, which represents the chances of a random hexapeptide 

achieving this score by chance. Further, the sequence is submitted to the ANCHOR tool 

for identifying the presence or absence of anchor. Additionally, iLIR shows whether the 

putative LIR identified is similar to an experimentally verified LIR (Kalvari et al., 

2014). 
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3.1.2 Aim and approach 

Chapter 3 aims:  

• To compare the predictive power of xLIR and cLIR using experimentally 

verified LIR data sets 

• To identify novel UBA and putative LIR-containing Drosophila proteins in silico 

• To screen putative candidates in vivo in Drosophila to identify proteins that 

accumulate with ubiquitinated aggregates 

3.2 Results 
3.2.1 Analyzing the predictive power of xLIR and cLIR pattern using experimentally 
verified LIR proteins 

In this section, the predictive power of cLIR and xLIR are compared. In order to 

compare the predictive power, the ability of cLIR and xLIR to detect experimentally 

verified LIR sequences in the Atg8-interacting proteins was analyzed.  

Information about experimentally verified LIR-containing proteins was obtained from 

the literature. The amino acid sequences of relevant proteins were collected from 

UniProt. Multiple entries were often observed for a single protein. In that case, the 

manually curated entry or the longest protein entry was chosen.  

The following datasets were used to identify the existence of cLIR and xLIR patterns: 

• Dataset from Alemu et al., 2012 (Table 3.1), 

• Dataset from Birgisdottir et al., 2013 (Table 3.2), 

• Dataset from Behrends et al., 2010 (Table 3.3), and 

• LIR-containing proteins identified after the submission of the iLIR paper (Table 
3.4).  

In order to identify the experimentally verified LIR motif using cLIR, amino acid 

sequences were submitted at ScanPROSITE. ScanPROSITE is a web-based pattern-

matching tool (http://prosite.expasy.org/scanprosite/) that identifies a user specific 
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consensus  pattern in amino acid sequences (de Castro et al., 2006). Since it is a generic 

tool for searching any user specific pattern, it cannot provide PSSM. 

Similarly, in order to identify the experimentally verified LIR motif using xLIR, the 

amino acid sequences were submitted at ScanPROSITE and at iLIR server. As discussed 

in section 3.1, iLIR is specifically designed to identify the xLIR pattern, score the 

pattern against a custom made PSSM, and test if the pattern overlaps with an anchor 

region. The number of xLIR hits from ScanPROSITE and iLIR were same. Since iLIR 

provides additional information, the iLIR was used for further xLIR prediction (Kalvari 

et al., 2014).  

Table 3.1 lists the 26 proteins presented by Alemu and colleagues. Both cLIR and xLIR 

were derived using this data set. The instances of xLIR and cLIR are shown in Table 3.1. 

xLIR identifies all 27 experimentally verified LIR motifs, whereas cLIR detects only 11 

experimentally verified LIR motifs. This suggests that cLIR lacks sensitivity as it fails to 

detect 16 true positives hits. However, cLIR identified only two additional LIR 

sequences, which are not experimentally verified. To assess the quality of the prediction, 

any predicted LIR motifs that are not experimentally verified are assumed to be false 

positives. The xLIR identified 20 additional LIR sequences that are not experimentally 

verified. In terms of the anchor, 17 of 27 experimentally verified LIR sequences overlap 

with the anchor. Additionally, 24 of 27 experimentally verified LIR sequences have 

PSSM >13.  

. 
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Table 3.1 Dataset from Alemu et al., 2012 
The presence of xLIR and cLIR are shown. "Exp-Verified" indicates whether the identified sequence is experimentally verified (functional LIR) or otherwise (not 
functional). "Anchor" indicates the presence of a disorder sequence overlapping with a given LIR-motif in >3 residues (Kalvari et al., 2014).  

PROTEIN UNIPROT 
ID 

Sequence Position Exp-Verified cLIR xLIR Anchor PSSM  
score 

Human 

ATG13 O75143 EGFQTV 166-171 No No Yes No 11(1.5e-01) 

  DDFVMI 442-447 Yes Yes Yes Yes 20(8.4e-03) 

ATG4B 
 

Q9Y4P1 LTYDTL 6-11 Yes No Yes No 12 
(1.2e-02) 

  PMFELV 347-352 No No Yes No 10 
(2.1e-02) 

  EDFEIL 386-391 No Yes Yes No 17 
(2.2e-02) 

BNI3L O60238 SSWVEL 34-39 Yes No Yes Yes 20 
(8.4e-03) 

  AEFLKV 183-188 No No Yes No 10 
(2.2e-02) 

Calreticulin 
 

P27797 GGYVKL 107-112 No No Yes No 12 
(1.1e-01) 

 
  DEFTHL 166-171 No No Yes Yes  14 

(5.7e-02) 
  DDWDFL 198-203 Yes Yes Yes Yes 26 

(1.2e-03) 
Cbl P22681 DTYQHL 90-95 No No Yes No 14 

(5.7e-02) 
  LTYDEV 272-277 No No Yes No 11 

(1.5e-01) 
  FGWLSL 800-805 Yes No Yes Yes 18 

(1.6e-02) 
  REFVSI 893-898 No No Yes No 13 

(7.9e-02) 
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PROTEIN UNIPROT 
ID 

Sequence Position Exp-Verified cLIR xLIR Anchor PSSM  
score 

FUND1 Q8IVP5 DSYEVL 16-21 Yes Yes Yes No 16 
(3.0e-02) 

  GGFLLL 81-86 No No Yes No 10 
(2.0e-02) 

Optineurin Q96CV9 DSFVEI 176-181 Yes Yes Yes Yes 15 
(4.2e-02) 

FLP200 
 

Q8TDY2 FDFETI 700-705 Yes No Yes Yes 17 
(2.2e-02) 

SQSTM_ Q13501 DDWTHL 336-341 Yes No Yes Yes 24 
(2.3e-03) 

Stbd1 O95210 EEWEMV 201-206 Yes Yes Yes No 21 
(6.1e-03) 

TP53INP1 Q96A56 DEWILV 29-34 Yes Yes Yes Yes 20 
(8.4e-03) 

TBC25 Q3MII6 EVYLSL 95-100 No No Yes No 8 
(3.9e-02) 

  EDWDII 134-139 Yes Yes Yes No 24 
(2.3e-03) 

TBCD5 Q92609 KEWEEL 57-62 Yes No Yes No 20 
(8.4e-03) 

  DDFILI 713-718 No Yes Yes Yes  17 
(2.2e-02) 

  SGFTIV 785-790 Yes No Yes Yes 11 
(1.5e-01) 

TP53INP2/DOR Q8IXH6 DGWLII 33-38 Yes No Yes Yes 21 
(6.1e-03) 

ULK1 O75385 DDFVMV 355-360 Yes Yes Yes Yes 19 
(1.2e-02) 

ULK2 Q8IYT8 DDFVLV 351-356 Yes Yes Yes Yes 17 
(2.2e-02) 

Clathrin  
Heavy chain  

 

Q00610 PDWIFL 512-517 Yes No Yes No 22 
(4.4e-03) 
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PROTEIN UNIPROT 
ID 

Sequence Position Exp-Verified cLIR xLIR Anchor PSSM  
score 

  GMFTEL 1315-1320 No No Yes No 11 
(1.5e-01) 

  EDYQAL 1475-1480 No No Yes No 16 
(3.0e-02) 

Dvl2 O14641 RMWLKI 442-447 Yes No Yes No 18 
(1.6e-02) 

FYCO1 Q9BQS8 ADYQAL 644-649 Yes No Yes No 15 
(4.2e-02) 

  AVFDII 1278-1283 No No Yes Yes  8 
(3.9e-02) 

NBR1 Q14596 LSFELL 561-566 No No Yes Yes  10 
(2.0e-02) 

  EDYIII 730-735 Yes Yes Yes Yes 17 
(2.2e-02) 

Yeast 

Atg1 P53104 REYVVV 427-432 Yes No Yes Yes 14 
(5.7e-02) 

Atg32 P40458 GSWQAI 84-89 Yes No Yes Yes 17 
(2.2e-02) 

  KEYQSL 235-240 No No Yes No 12 
(1.1e-02) 

  LGYILL 524-529 No No Yes No 10 
(2.2e-02) 

Atg19 P35193 LTWEEL 410-415 Yes No Yes No 18 
(1.6e-02) 

Atg3 P40344 GDWEDL 268-273 Yes No Yes No 22 
(4.4e-02) 

Drosophila 

Atg1 Q8MQJ7 ADYLSV 96-101 No No Yes No 14 
(5.7-02) 

  DDFVLV 389-394 Yes Yes Yes Yes 17 
(2.2e-02) 
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PROTEIN UNIPROT 
ID 

Sequence Position Exp-Verified cLIR xLIR Anchor PSSM  
score 

Arabidopsis 

NBR1 Q9SB64 RVWVLI 479-484 No No Yes No 15 
(4.2e-02) 

  SEWDPI 659-664 Yes No Yes No 20 
(8.4e-03) 
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Table 3.2 lists seven additional proteins from Birgisdottir et al., 2013. This paper 

reviews selective autophagy and documents all the LIR-containing proteins identified up 

to that point (Birgisdottir et al., 2013). This data set was published after the development 

of xLIR.  

xLIR identified three of seven experimentally verified LIRs, whereas cLIR did not 

identify any of these LIR sequences. xLIR identified four additional sequences that were 

not experimentally verified.  

The four experimentally verified LIR sequences that xLIR failed to detect include:  

x Human NDP52 and TAX1BP1, both containing non-canonical LIR (Section 

1.7.1.2) - iLIR cannot identify non-canonical LIR sequences since xLIR was 

designed using canonical LIR sequences,  

x PfAtg3 containing two mismatches to the xLIR, and  

x Human β-catenin, containing two mismatches to the xLIR. 
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Table 3. 2 Dataset from Birgisdottir et al. 2013.  
The presence of xLIR and cLIR are shown. "Exp-Verified" indicates whether the identified sequence is experimentally verified (functional LIR) or otherwise (not 

functional). "Anchor" indicates the presence of a disorder sequence overlapping with a given LIR-motif in >3 residues (Kalvari et al., 2014).  

PROTEIN UNIPROT 
ID 

Sequence Position Exp-Verified cLIR xLIR Anchor PSSM  
score 

Human 
BNIP3 Q12983 GSWVEL 16-21 Yes No Yes Yes 19 

(1.2e-02) 
  AEFLKV 159-154 No No Yes No 10 

(2.0e-01) 
MAPK15 Q8TD08 RVYQMI 338-343 Yes No Yes Yes 10 

(2.0e-01) 
NDP52 Q13137 FMWVTL 72-77 No No Yes No 20 

(8.4e-03) 
  LVV 132-136 Yes No No No N/A 

TAXBP1 Q86VP1 LVV  139-143 Yes No No No N/A 
  ADFDIV 514-519 No No Yes Yes 15 

(4.2e-02) 
β-catenin P35222 SHWPLI 502-507 Yes No No No 11 

(1.5e-01) 
Yeast 

ATG34 Q12292 KVYEKL 194-199 No No Yes No 8 
(3.9e-01) 

  FTWEEI 407-412 Yes No Yes No 20 
(8.4e-03) 

Plasmodium 
PfAtg3 C0H519 NDWLLP 103-108 Yes No No No 12 

(1.2e-02) 
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Table 3.3 lists six additional proteins from Behrends et al., 2010.  

Behrends and colleagues created a protein interaction network for human autophagy-

related proteins by conducting a high-throughput interaction study. This study 

recorded the interaction of 34 proteins with wild-type form of Atg8 family proteins 

(GABARP and LC3B) and mutated forms of Atg8 proteins (Y49A, L50A for 

GABARAP and F52A, L53A for LC3B). These mutations affect the residues in Atg8 

proteins that mediate LIR-dependent interaction (Section 1.6.2, Figure 1.8). This 

region is known as the LIR-docking site (LDS). A total of seven proteins out of 34 

interact only with wild-type form of Atg8, but not with the mutated Atg8. Therefore, 

failure to maintain the interaction after mutation may indicate LIR-dependence 

(Behrends et al., 2010). One of those seven proteins is p62, the first identified LIR-

containing protein. Rest of the six proteins that interact only with wild-type form of 

Atg8 were chosen to test the presence of cLIR and xLIR computationally. The Table 

3.3 shows that the putative xLIR is detected in five out of six proteins, whereas 

putative cLIR is detected in three out of six proteins. 

This study also indicates that not all the interactions with Atg8 are mediated through 

LIR-LDR. This suggests the existence of a different binding site in Atg8 proteins 

(Behrends et al., 2010). 

.  .  
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Table 3. 3 Additional six proteins from Behrends et al., 2010.  
The presence of xLIR and cLIR are shown. "Exp-Verified" indicates whether the identified sequence is experimentally verified (functional LIR) or otherwise (not functional). 
"Anchor" indicates the presence of a disorder sequence overlapping with a given LIR-motif in >3 residues (Kalvari et al., 2014). 

UNIPROT ID UNIPROT ACC Sequence Position Verified cLIR xLIR Anchor PSSM score (e-value) 

NEDD4  P46934 SEYIKL 410–415 No No Yes No 13 (7.9e-02) 

  PGWVVL 589–594 No No Yes Yes 19 (1.2e-02) 

  ESFEEL 1296–1301 No Yes Yes No 13 (7.9e-02) 

TBC15  Q8TC07 AEWDMV 96–101 No No Yes No 20 (8.4e-03) 

  PGFEVI 295–300 No No Yes No 12 (1.1e-01) 

  FSFLDI 540–545 No No Yes No 11 (1.5e-01) 

DYXC1 Q8WXU2 AVFLSL 16–21 No No Yes No 6 (7.4e-01) 

NEK9 Q8TD19 - - N/A N/A N/A N/A N/A 

KBTB6 Q86V97 ESFEVL 120–125 No Yes Yes No 13 (7.9e-02) 

KBTB7 Q8WVZ9 ESFEVL 120–125 No Yes Yes No 13 (7.9e-02) 
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Table 3.4 lists seven experimentally verified LIR-containing proteins discovered 

after the development of iLIR. These proteins include Atg39, Atg40 (Mochida et al., 

2015), Cue5 in yeast (Lu et al., 2014), FAM134B (Khaminets et al., 2015), Alfy 

(Lystad et al., 2014), Tollip (Lu et al., 2014) in mammals, and Ref(2)P in Drosophila 

(Jain et al., 2015). This list does not include proteins whose LIR was not verified 

experimentally. For example, it has been shown that blue cheese interacts with Atg8a 

in Drosophila, and it has a putative LIR. However, the importance of LIR in 

mediating Atg8a interaction has not been characterized (Lystad et al., 2014). 

Similarly, NCOA4 interacts with Atg8 family proteins in humans (Mancias et al., 

2014). However, the role of LIR in mediating the above-mentioned interactions is 

not known.   

xLIR identified three out of eight experimentally verified LIRs, whereas cLIR 

identified one out of eight LIRs. The four experimentally verified LIR sequences that 

xLIR failed to detect were from Cue5, Atg39, Atg40, Tollip (two LIRs). The LIRs in 

these proteins contain mismatches to the xLIR.  

 

 

 

 

.  
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Table 3. 4 LIR containing proteins identified after the submission of the iLIR paper 
"Verified" indicates experimentally verified functional LIR-motifs. "Anchor" indicates the presence of a disorder sequence overlapping with a given LIR motif in >3 residues. 

Protein Name UNIPROT ACC Sequence Position Verified cLIR xLIR Anchor PSSM Score  

Yeast 
 
Cue5 Q08412 KKWQPL 371-376 Yes No No N/A N/A 
Atg39  Q06159 DHWNLV 6-11 Yes No No N/A N/A 
    ESFDTL 94-99 No Yes Yes No 13 
    FSYLAL 159-164 No No Yes No 12 
Atg40 Q99325 LVYDFI 103-108 No No Yes No 8 
    NDYDFM 240-245 Yes No No N/A N/A 

Human 
 

FAM134B Q9H6L5 ESWEVI 152-157 No Yes Yes No 20 
    LSYLLL 219-224 No No Yes No 10 
    DDFELL 453-458 Yes Yes Yes Yes 18 
Alfy  Q8IZQ1 GSFQAV 1292 - 1297  No No Yes No 9 
    KGYQLL 1452 - 1457  No No Yes No 11 
    REFQLI 1541 - 1546  No No Yes No 12 
    AVFLLL 1839 - 1844  No No Yes No 6 
    GSYQVL 2036 - 2041  No No Yes No 12 
    RVWTEL 2202 - 2207  No No Yes No 15 
    GTYIHV 3189 - 3194 No  No Yes No 10 
    DGFIFV 3344 - 3349 Yes No Yes Yes 13 
Tollip Q9H0E2 IAWTHI 131-136 Yes No No N/A N/A 
    DKWYSL 151-156 Yes No No N/A N/A 

Drosophila 
 

Ref(2)P P14199 PEWQLI 452-457 Yes No Yes Yes 18 
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Above-mentioned analyses (Table 3.1, 3.2, 3.3 and 3.4) indicate that cLIR does not 

identify most of the experimentally verified LIR sequences, whereas xLIR detects 

the majority of experimentally verified LIR sequences. Hence, xLIR demonstrates 

higher sensitivity compared to the cLIR, but it lacks specificity. We showed that lack 

of specificity can overcome by incorporating additional criteria such as high 

PSSM>13/presence of anchor, therefore, discriminating true LIR predictions from 

false LIR predictions (Kalvari et al., 2014). The quality of such predictions was 

initially assessed with the dataset that from (Alemu et al., 2012) and is shown in 

(Kalvari et al., 2014). In this section, we extended this prediction using a large data 

set. Experimentally verified LIRs identified after the development of iLIR (seven 

LIR proteins:-seven experimentally verified LIRs in Table 3.2 and seven LIR 

proteins:-eight experimentally verified LIRs in Table 3.4) were added to the initial 

data set (26 LIR proteins:- 27 experimentally verified LIRs in Table 3.1). Therefore, 

the final data set includes 40 proteins (42 experimentally verified LIRs).   

In order to measure the quality of the prediction, four parameters were considered: 

Sensitivity, Specificity, Balanced Accuracy and Overall accuracy (Kalvari et al., 

2014). The quality of the aforementioned parameters was assessed on cLIR, xLIR, 

xLIR+anchor, xLIR+PSSM>13, and xLIR+PSSM>13+anchor based predictions 

performed on 40 proteins (Figure 3.1). Sensitivity, Specificity, Balanced Accuracy 

were determined by using the following equations.  

x Overall Accuracy (%)=100 × (𝑇𝑃 + 𝑇𝑁))/(𝑇𝑃 + 𝐹𝑃 + 𝑇𝑁 + 𝐹𝑁), 

x Sensitivity (%)=100 × 𝑇𝑃/(𝑇𝑃 + 𝐹𝑁), 

x Specificity (%)=100 × 𝑇𝑁/(𝐹𝑃 + 𝑇𝑁), 

x Balanced accuracy (%)=0.5 × (𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 + 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦) (Kalvari et al., 2014).  

The definitions for TP (true positive), TN (true negative), FP (false positive) and FN 

(false negative) are explained in Table 3.5A. In addition, the numbers of TP, TN, FP, 

and FN for each data set are given in Table 3.5B. 
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Table 3. 5 (A): Definitions of TP (True positive), TN (True negative), FP(False positive) and FN 
(False negative), and (B): the summary for TP, TN, FP, and FN for each dataset.  
 

Table 3.5A 

 Actual Positive Actual Negative 
Pattern is predicted  TP (Predicted pattern is an 

experimentally verified LIR) 
FP (Predicted pattern is not 
an experimentally verified 
LIR) 

Pattern is not 
predicted  
 

FN (LIR is not predicted, 
although it is an experimentally 
verified LIR) 

TN (LIR-like pattern is not 
predicted as LIR and it is not 
an experimentally verified 
LIR) 

 
Table 3.5B 

Dataset shown in Table 3.1 

  xLIR cLIR xLIR+ anchor xLIR+PSSM>13 xLIR+PSSM>13+anchor 

TP 27 11 17 24 15 

TN 0 18 16 13 18 
FP 20 2 4 7 2 

FN 0 16 10 3 12 

Dataset shown in Table 3.2 

  xLIR cLIR xLIR+ anchor xLIR+PSSM>13 xLIR+PSSM>13+anchor 

TP 3 0 2 2 1 
TN 0 4 3 2 3 

FP 4 0 1 2 1 

FN 4 7 5 5 6 

Dataset Shown in Table 3.4 

  xLIR cLIR xLIR+ anchor xLIR+PSSM>13 xLIR+PSSM>13+anchor 

TP 3 1 3 2 2 

TN 0 10 12 10 12 
FP 12 2 0 2 0 

FN 5 7 5 6 6 

Sum of TP, TN, FP and FN  

  xLIR cLIR xLIR+ anchor xLIR+PSSM>13 xLIR+PSSM>13+anchor 

TP 33 12 22 28 18 
TN 0 32 31 25 33 

FP 36 4 5 11 3 

FN 9 30 20 14 24 
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Figure 3. 1: Comparison of the quality of xLIR, cLIR, xLIR+P>13 and xLIR+A+P13 prediction  
based on Overall Accuracy (Acc), Sensitivity (Sens), Specificity (Spec) and Balanced accuracy 
(BACC)  
cLIR failed to identify the majority of experimentally verified LIRs, indicating that cLIR has low 
sensitivity. xLIR identified the majority of experimentally verified LIRs, but also identified several 
false positive LIRs, therefore demonstrating a lack of specificity. In terms of overall accuracy, xLIR 
and cLIR perform at 42% and 56% respectively. After the incorporation of PSSM>13 (P>13), anchor 
(A) or anchor +PSSM>13, the specificity of xLIR increases to that of cLIR (from 0% to 86%, 69% 
and 92% respectively). xLIR+PSSM>13, xLIR+anchor and  xLIR+PSSM>13+anchor outperform 
cLIR both in terms of  overall accuracy and balanced accuracy.  

 

As shown in Figure 3.1, xLIR demonstrates higher sensitivity but low specificity. 

cLIR demonstrates higher specificity, but reduced sensitivity (29%). However, the 

overall accuracy, which accounts for actual positives and actual negatives, indicates 

42% and 56% performance for xLIR and cLIR, respectively. Thus, cLIR is not 

suitable for the identification of novel putative LIR-containing proteins on a large 

scale for experimental analysis. Given that xLIR is degenerate, it detects more false 

positives compared with cLIR. In terms of specificity, the performance of xLIR is 

increased after the incorporation of PSSM>13, anchor, or anchor+PSSM>13. In 

addition, after the incorporation of PSSM>13 and anchor, xLIR outperforms cLIR in 

terms of Overall Accuracy, Sensitivity, Specificity and Balanced accuracy.  
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3.2.2 In silico identification of putative novel LIR and UBA-containing proteins in 
Drosophila 

After establishing the predictive power of the iLIR server, iLIR was used to predict 

the occurrence of putative xLIR in the Drosophila proteome, which can be further 

selected for experimental validation. Since we are interested in UBA-and LIR-

containing proteins (Section 3.1), the occurrence of putative xLIR motifs was 

searched in the Drosophila UBA proteome.  

3.2.2.1 Drosophila proteome contains 18 UBA-containing proteins, of which 8 of 
them have putative xLIR motifs  

In order to identify UBA-containing Drosophila proteins, a bioinformatics approach 

was taken. SMART was chosen for this purpose (Section 2.13.1). The SMART is a 

database and identifies conserved domains from the entire proteome of an organism 

or from a given amino acid sequence (Schultz et al., 1998). In this case, we have 

searched for the UBA-domain by restricting the query to Drosophila melanogaster.  

A total of 26 hits were identified from the search. Multiple entries that were observed 

for single proteins were removed from the list. For example, four different entries 

were observed for CG13604. Similarly, multiple isoforms of single proteins were 

considered as one protein. For example, four isoforms of PAR1 were identified, but 

these isoforms were considered as one protein. In short, SMART identified 18 

Drosophila proteins with UBA domain (Table 3.6). Details about isoforms are 

documented in Table 3.6. 

FASTA sequences of these 18 UBA-containing proteins were collected from 

UniProt. These sequences were submitted one by one to iLIR for predicting xLIR 

patterns. An outline of the screen is shown in Figure 3.2. iLIR identified putative 

xLIR in eight of the 18 proteins (Table 3.6), suggesting these proteins contain both 

putative xLIR and UBA.  xLIR were identified on PAR1, Ref(2)P, UbcD4, Rngo, 

Cbl-l, UBASH3A, CG15445, and USP5. Notably, iLIR identified the experimentally 

verified LIR on Ref(2)P. The LIR in Ref(2)P is located at the 452-457 amino acid 

positions. It has a PSSM score of 18, and it overlaps with anchor.  

Among these eight proteins, six of them contain at least one xLIR with PSSM>13 

(Figure 3.3), including PAR1, Ref(2)P, UbcD4, Rngo, UBASH3A, and USP5. The 
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highest PSSM score (21) is observed for UbcD4. However, UbcD4’s xLIR does not 

have an anchor. Two proteins that contain xLIR with PSSM<13 are CG15445 and 

Cbl-l.  

It was observed that two of the eight proteins contain xLIR in the anchor region 

(Figure 3.3). These proteins are PAR1 and Ref(2)P. PAR1 has two xLIR: one of the 

xLIR with PSSM 11overlaps with an anchor, and the xLIR with PSSM 17 does not 

have an anchor.  

Some of the putative LIR sequences have similarities to the experimentally verified 

LIRs (Table 3.6). The putative xLIR identified in UbcD4 is similar to the 

experimentally verified LIR in human p62 and human BNIP3. Similarly, the putative 

LIR identified for Cbl-l has similarity to human Atg4B (Table 3.6).  

In parallel, the FASTA sequences of 18 UBA proteins were submitted at 

ScanPROSITE to look for the occurrence of cLIR (Table 3.6). Among these 18 

proteins, UBASH3A was found to have a cLIR sequence. This suggests that cLIR 

fails to detect experimentally verified LIR in Ref(2)P. 

Since in silico xLIR screening identified only eight putative candidates, we kept all 

of them for the next step of in vivo localization studies.   
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Figure 3. 2: An outline of in-silico screening 
The Drosophila proteome was screened by SMART for UBA-containing proteins. A total of 18 
proteins with UBA domains were identified. These proteins were screened using iLIR to identify 
putative xLIR motifs. iLIR identified putative xLIR motifs in eight UBA-containing proteins. 
 
 

!
Figure 3.3: Categorisation of putative candidates 
The pie chart shows the categorisation of eight putative xLIR and UBA proteins based on PSSM score 
and anchor. (A): Six out of eight proteins contain at least one xLIR with a PSSM>13. (B): Among the 
eight proteins, two proteins contain at least one xLIR in the Anchor region.  
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Table 3. 6 Putative xLIR and UBA proteins identified through in silio screening 
Entries 1-18 represent UBA proteins identified by SMART with 1-8 representing putative xLIR (by iLIR) and UBA proteins.   

  Protein  
  

Uniprot 
ID 

UBA  
position  

xLIR cLIR Similarity to exp LIR LIR Position Anchor PSSM score (e-
value) 

1 PAR1 (CG8201) 
 

 
 

        

Isoform L 
 

 Q6NPA6 
 

523-562 FDYLVL - - 338-343 No 17 (2.2e-02) 

   ATYLLL - - 556-561 Yes 11(2.2e-02) 

Isoform V 
 

A1ZBL5 523-565 FDYLVL - - 338-343 No 17 (2.2e-02) 

   ATYLLL - - 559-564 Yes 11(2.2e-02) 

Isoform H 
 

A1ZBL7 646-685 FDYLVL - - 461-466 No 17 (2.2e-02) 

   ATYLLL - - 679-684 Yes 11(2.2e-02) 

Isoform P E1JGN0 751-793 FDYLVL   566-571 No 17 (2.2e-02) 

   ATYLLL     787-792 Yes 11(2.2e-02) 

2 Ref(2)P 
(CG10360) 

P14199 555-594 PEWQLI    
  

452-457 Yes 18 (1.6e-02) 

3 UbcD4 (CG8284) P52486 162-199 DSWTEL  Human p62 (DDWTHL 336-341), 
Human BNIP3 (SSWVEL 34-39) 

34-39 No 21 (6.1e-03) 

4 Rngo (CG4420) Q9VXF9 410-447 GDFIML    65-70 No 16 (3.0e-02) 

   SSFTVL     313-318 No 12 (1.1e-01) 

5 Cbl-l (CG7037) Q9VSK2 834-871 LTYDEV  Human Atg4B (LTYDTL 6-11) 260-265 No 11 (1.5e-01) 

6 UBASH3A 
(CG13604) 

Q9VCE9 21-59 LDYEPV    635-640 No 14 (5.7e-02) 

    DTYEQL DTYEQL   187-192 No 14 (5.7e-02) 
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  Protein  
  

Uniprot 
ID 

UBA  
position  

xLIR cLIR Similarity to exp LIR LIR Position Anchor PSSM score (e-
value) 

7 CG15445 Q9VRF3 354-393 LEYLDL   
  

595-600 No 11 (1.5e-01) 

  428-465       

  482-519       

8 USP5  
(CG12082) 

Q9VZU7 630-668 RVFLHI -   67-72 No 7 (5.3e-01) 

  697-734 GEWTAL     311-316 No 18 (1.6e-02) 

9 Ack (CG14992) Q9VZI2 1033-1071 - -   
  

  
  

  

10 CG13472 Q9VUH8 245-282 - -     - - 

11 Ubqn (CG14224) Q9VWD9 502-540 - -   
  

  
  

- - 

12 CG15047 Q9VWS7 38-75 - -     - - 

13 CG8209 Q9VSC5 02-38 - -     - - 

14 CG112025 Q86LF0 339-376 - -     - - 

  431-468 - -     - - 

15 CG31528 
 

Q8IPM2 299-337 -       - - 

16 Rad23 (CG1836) Q9V3W9 159-196 - -     -   

  372-409 - -     - - 

17 CG5111 Q9VBQ3 353-390 - -     - -- 

  423-460 - -     - -- 
18 CG10694 Q9VCD5 111-148 - -     -   

  246-283 - -     - -- 
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3.2.3 Screening of putative candidates in vivo  

Selective autophagy is essential in maintaining protein homeostasis under basal 

condition (Described in detail in Sections 1.5 and 1.7.1). Defects in autophagy 

(mutations in core autophagy genes, physiological ageing, protein aggregation 

diseases) result in the accumulation of ubiquitin-positive aggregates. UBD-domain 

containing selective autophagy receptors are involved in the removal of ubiquitinated 

protein aggregates. Known mammalian UBD receptors p62, NBR1 (Knævelsrud and 

Simonsen, 2010, Lamark and Johansen, 2012), and Optineurin (Osawa et al., 2011, 

Ying and Yue, 2016) accumulate in ubiquitinated proteins aggregates and are the 

major components of protein aggregates under above-mentioned conditions. It has 

been suggested that accumulation of ubiquitin-positive protein aggregates recruits 

UBD receptors to these aggregates. The UBD receptor that localizes to the 

ubiquitinated aggregates further promotes clearance via autophagy (Lamark and 

Johansen, 2012). Similarly, Ref(2)P accumulates with ubiquitinated positive 

aggregates formed as a result of autophagy dysfunction (Nezis et al., 2008, Bartlett et 

al., 2011). Based on these observations, we hypothesised that if a protein is involved 

in the removal of ubiquitinated protein aggregates, it likely colocalizes with these 

ubiquitinated aggregates. Therefore, we investigated whether any of the seven 

putative candidates participate in the protein aggregates formed in response to 

autophagy dysfunction in Drosophila. To investigate this, the localization of these 

proteins was determined under autophagy-deficient and wild-type conditions.  

3.2.3.1 Selection of candidates for in vivo screening 

A literature search was performed to identify the possibility of obtaining necessary 

reagents to investigate about seven candidate proteins (PAR1, UbcD4, Rngo, Cbl-l, 

CG15445, UBASH3 and USP5). It was necessary to have antibodies for conducting 

further in vivo analysis especially for the localization studies under autophagy-

deficient and wild-type conditions. When this project was started, commercial or 

custom-made antibodies were available only for PAR1, Rngo , Cbl-l , and UbcD4 . 

CG15445, UBASH3, and USP5 were excluded from the study due to the lack of 

available antibodies. However, later in 2014, an antibody for USP5 was generated in 

Dr. Jia Qu’s lab (Fan et al., 2014). The lists of antibodies and their immunogenic site 

are given in Table 3.7. Summaries of the known functions of these proteins were also 

documented in Table 3.7. 
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Table 3. 7 Information related to the putative candidates.  
Among  the seven candidates proteins the antibodies were available for four proteins. Immunogenic sites for these antibodies are shown. In addition, known functions of the 
seven proteins are summarised 
 

Protein Availability  
Antibody 

Immunogenic fragment used for 
generating the antibody 

 

Source for antibody Function 

PAR1 (CG8201) Yes Amino acids from 149-162 
 

(Vaccari and 
Ephrussi, 2002) 

Serine/Threonine kinase 
Associated with cell polarity and microtubule binding (Goehring, 2014). PAR1 
is described in detail in Chapter 5 

Rngo (CG4420) Yes Full-length GST Rngo 
 

(Morawe et al., 2011) Co-immunoprecipitated with ubiquitin and Rpn10 (a proteasome subunit in the 
ovary). Proposed to bind ubiquitin through UBA and Rpn10 through UBL 
domain (Morawe et al., 2011) .  

Cbl-l (CG7037) Yes Amino acids from 449-878 
 

(Pai et al., 2006) Ring like E3 ligase, a regulator of Egfr signalling (a conserved pathway involved 
in cell differentiation and migration). Human protein is mutated in cancer (Pai et 
al., 2006).  

UbcD4 (CG8284) Yes Full-length GST UbcD4 (Canning et al., 2002) Less studied in Drosophila. E2 ligase (Canning et al., 2002). Mammalian protein 
is involved in ubiquitination (Haldeman et al., 1997). UbcD4 is described in 
detail in Chapter 4.   

UBASH3A No - - Not studied in Drosophila. Human protein is up-regulated in certain cancers and 
it regulates Egfr signalling in cancer (Lee et al., 2013).   

CG15445 No - - Less studied in Drosophila. It has been shown to mediate Huntingtin toxicity (Lu 
et al., 2013).  

USP5 No - - A deubiquitinating enzyme. Proposed to interact with ubiquitin (Fan et al., 
2014).  
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Specificity of these antibodies (Rngo, Cbl-l, UbcD4,PAR1were tested in Drosophila 

and were published in (Morawe et al., 2011, Pai et al., 2006, Canning et al., 2002, 

Vaccari and Ephrussi, 2002). 

3.2.3.2 In vivo screen to investigate the localization of putative candidates in 
w1118 and Atg8aKG07569 brains 

Deficiency of Atg8a, the core selective autophagy protein, results in the 

accumulation of ubiquitinated protein aggregates in young flies (one-week old). Such 

aggregates are not present in same-aged control w1118 flies. Hereinafter, one-week-

old flies are referred to as young flies. These aggregates are found to be more 

prominent in the brain compared to other tissues (Simonsen et al., 2008, Nezis et al., 

2008). Ref(2)P is a major component of these aggregates (Nezis et al., 2008) and is 

targeted to the ubiquitinated aggregates through the UBA domain. The LIR motif in 

Ref(2)P binds to Atg8a and permits the degradation of Ref(2)P itself and other 

ubiquitinated proteins through autophagy, under normal conditions. Interaction with 

Atg8 has been utilized as a mechanism to target proteins for autophagic degradation. 

Failure to interact with Atg8a in Atg8a-deficient conditions contributes to Ref(2)P 

accumulation (Nezis et al., 2008, Jain et al., 2015). For these reasons, we 

investigated whether four of the selected candidate proteins (based on antibody 

availability) are involved in the protein aggregates formed in young Atg8a-deficient 

brains. To investigate this, we compared the localisation of these proteins in young  

w1118 and Atg8a-deficient brains by immunofluorescence confocal microscopy. The 

image analysis was focused on optic lobes of the brain : specifically to the margin of 

optic lobe and is shown in Figure 3.4. The cell bodies in the margin of the optic lobe 

is easy to identify without any marker. This allows consistently choose similar 

regions for comparison.  

An Atg8a mutant line (Atg8aKG07569) line was chosen for use as Atg8a-deficient flies. 

Atg8aKG07569 flies contain a transposable element insertion in Atg8a gene, which 

causes a significant reduction in Atg8a expression. As a first step toward 

investigating the localization in w1118 and Atg8aKG07569 brains, the integrity of Atg8a 

knockdown in Atg8aKG07569 was confirmed by western blot analysis. As expected, no 

Atg8a band was observed in Atg8aKG07569 flies (Figure 3.5A). Similarly, 

accumulations of ubiquitin-positive protein aggregates in young Atg8aKG07569 brains 

were confirmed by immunofluorescence confocal microscopy (Figure 3.5B1-B2).   



 114 

 

 

Figure 3. 4: A representative image of Drosophila adult brain  
An adult brain stained with the nuclear dye Hoechst (blue) showing the region chosen for 
imaging  
Imaging was performed on optic lobes of the brain, specifically to the margin of optic (white box in 
A). The cell bodies in the margin of the optic lobe are easy to identify without any marker. This 
allows consistently choose similar regions for comparison. A low magnification of the whole brain 
showing the optic lobe is shown in (A), and a magnified image of the optic lobe (white box) is shown 
in (B). All the images of optic lobe presented in this thesis are taken from an identical region. 
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Figure 3. 5: Checking the integrity of Atg8a knockdown  
(A): Atg8aKG07569flies exhibit a significant reduction in Atg8a protein. Samples (same aged w1118 
and Atg8aKG07569 whole fly) were lysed in 1% Triton lysis buffer and subjected to SDS-PAGE and 
immunoblotting for Atg8a and Tubulin (loading control).The blots were quantified by densitometry 
and expressed as the ratio of Atg8a/Tubulin. An unpaired Student’s t- test was performed to test the 
significance. The bar graph represents Mean±SEM. The Atg8a protein band was below the detection 
level in Atg8aKG07569 (lane2 and lane5), whereas the Atg8a band was present in w1118 under the same 
conditions (w1118=0.7467±0.12, Atg8aKG07569=0±0, P=0.0001, N=3).  
(B1-B2): Atg8aKG07569 brains exhibit an accumulation of ubiquitinated protein aggregates. 
Confocal sections of Young Atg8aKG07569 and w1118 brains, immunostained with the FK2 antibody 
(1:500) that recognise mono and polyubiquitinated ubiquitin, but not free ubiquitin. Nuclei were 
stained with Hoechst (1:500). Optic lobes from indicated genotypes were shown. Accumulation of 
ubiquitin-positive aggregates (arrows) in young Atg8aKG07569 brains (B2), but not in same aged w1118 
brains (B1). A higher magnification of an indicated region (dotted box) is shown in the inset. 
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Similarly, the localization of UbcD4, PAR1, Rngo, and Cbl-l was tested in young 

w1118 and Atg8aKG07569 brains (Fig 3.7 3.8, 3.9, 3.10 and 3.11). Young brains were 

dissected and immunostained with respective antibodies and visualized by confocal 

microscopy. As a positive control, the localization of Ref(2)P was also monitored. 

As expected, an accumulation of Ref(2)P in aggregates was observed in Atg8aKG07569 

brains, but not in w1118 brains (Figure 3.6).  

 

Figure 3.6: Ref(2)P accumulates in aggregates in young Atg8aKG07569 brains, not in young w1118 

brains 
Confocal sections of young w1118 and Atg8aKG07569 brains, immunostained with the Ref(2)P antibody 
(1:500). Nuclei were stained with Hoechst (1:500). Optic lobes from indicated genotypes were shown.   
(A): As expected Young w1118 demonstrated limited or no Ref(2)P signal whereas (B): young 
Atg8aKG07569demonstrated an accumulation of Ref(2)P in aggregates (arrow). A higher magnification 
of an indicated region (dotted box) is shown in the inset. 
 

Similar to Ref(2)P, accumulation of UbcD4 in aggregates was observed in young 

Atg8aKG07569 brains (Figure 3.7-3.8). These aggregates were prominent in cell bodies 

compared with neuropil. No such UbcD4 aggregates were observed in w1118 brains. 

UbcD4 indicated diffused cytoplasmic localization in w1118 brains.  

The number and size of the UbcD4 aggregates in w1118 and Atg8aKG07569 brains were 

measured using Image J (Section 2.7.5). 2D images were taken from Atg8aKG07569 

and w1118 brains using identical settings. The difference in UbcD4 localization was 

striking between w1118 and Atg8aKG07569 brains. No UbcD4 aggregates were observed 
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in w1118 brain. It was the reason for choosing 2D images (a single plane for a specific 

area) over 3D images (Z-stack for a specific area). In order to obtain a systematic 

sampling of the brain region, the margin of the optic lobe that is close to the medulla 

region was chosen as the region of interest. The morphology of the margin of the 

optic lobe is easy to identify without any marker. This allows consistently choose 

similar regions for comparison. Image analysis indicated that the number of 

aggregates in Atg8aKG07569 brains was significantly higher compared to the w1118 

brains (Figure 3.7C). A histogram showing the frequency of the average size of the 

UbcD4 aggregates is shown in Figure 3.7D. 

. 
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Figure 3. 7: UbcD4 accumulates in aggregates in young Atg8aKG07569 brains, but not in young 
w1118 brains.  
A higher magnification of an indicated region (dotted box) is shown in Figure 3.8 
Confocal sections of young w1118 and Atg8aKG07569 brains, immunostained with the UbcD4 antibody 
(1:500). Nuclei were stained with Hoechst (1:500). Optic lobes from indicated genotypes were shown.  
 (A): Young w1118 demonstrated diffused cytoplasmic UbcD4 signal. (B): Young 
Atg8aKG07569demonstrated UbcD4 accumulation in aggregates (arrow).  
(C): Images were taken from optic lobes of Atg8aKG07569 and w1118 and were analyzed using Image J 
(25 images). The individual values are shown in green triangles. Atg8aKG07569 brains indicated 
significantly (P<0.0001) higher numbers of aggregates compared with w1118, which had no aggregates. 
Mean and SEM are shown in black. Significance of the difference was tested using an unpaired 
Student’s t-test. (D): A histogram shows the frequency of the average size of UbcD4 aggregates 
counted from 51 images. The majority of the aggregates are 0.5-1.5µm in size (Mean=0.75, SD=0.42).  
A total of at least 15 w1118 brains and 20 Atg8aKG07569 brains were analyzed for C and D.  
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Higher magnifications of cell bodies in Atg8aKG07569 brains (Figure 3.8) indicated 

that the majority of UbcD4 aggregates (long arrow) do not coincide with nuclear 

Hoechst staining (arrow head-Figure 3.8B). Therefore, this suggests that UbD4 

aggregates are cytoplasmic in nature. In addition to the optic lobe, UbcD4 in 

aggregates was also observed in the central brain (Supplementary section Chapter 3 

Figure 10.1). A detailed analysis of UbcD4 localization is described in Chapter 4   

 
Figure 3. 8: Higher magnification of cell bodies indicates that UbcD4 aggregates are cytoplasmic 
nature 
Higher magnification of cell bodies [from optic lobe (shown as a dotted white box in Figure 3.7)] 
from w1118 (A) and Atg8aKG07569 (B) brains showing UbcD4 in aggregates only in Atg8aKG07569 brain. In 
addition, these UbcD4 aggregates (long arrow) do not coincide with nuclear (blue) signal (arrow 
head). This suggests that these aggregates are cytoplasmic in nature.  
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The localization of PAR1 was similar in both w1118 and Atg8aKG07569 brains (Figure 

3.9). PAR1 exhibited similar cytoplasmic localization under both conditions.  

 

Figure 3.9: Localization of PAR1 was comparable between young w1118 and  Atg8aKG07569 brains 
Confocal sections of young w1118 and Atg8aKG07569 brains, immunostained with PAR1 antibody (1:10). 
Nuclei were stained with Hoechst (1:500). Optic lobes from indicated genotypes were shown.  
PAR1 exhibited similar cytoplasmic signals in young w1118 (A) and in young Atg8aKG07569 (B). In both 
cases, the intensity of PAR1 signal was higher in the neuropil (arrow head) than in cell bodies (long 
arrow). A total of 8 brains from each genotype were tested . 
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The signal for Cbl-l was similar in both w1118 and Atg8aKG07569 brains (Figure 3.10). 

No aggregate was in Atg8aKG07569 brains.  

 
Figure 3.10: Localization of Cbl-l was comparable between young w1118  and  Atg8aKG07569 brains 
Confocal sections of young w1118 and Atg8aKG07569 brains, immunostained with the Cbl-l antibody 
(1:100). Nuclei were stained with Hoechst (1:500). Optic lobes from indicated genotypes were shown.  
Cbl-l exhibited similar cytoplasmic signal in young w1118 (A) and in young Atg8aKG07569 (B). A total of 
four brains from each genotype were tested ..   
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Similarly, localization of Rngo (Figure 3.11) was comparable between w1118 and 

Atg8aKG07569 brains. No aggregate formation was observed in Atg8aKG07569 brains.  

 
Figure 3. 11: Localization of Rngo was comparable between young w1118  and  Atg8aKG07569 brains 
Confocal sections of young w1118 and Atg8aKG07569 brains, immunostained with the Rngo antibody 
(1:500). Nuclei were stained with Hoechst (1:500). Optic lobes from indicated genotypes were shown. 
Rngo exhibited similar cytoplasmic signal in young w1118 (A) and young Atg8aKG07569 (B). A total of 
four brains from each genotype were tested.   
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3.3 Discussion  
Summary of key findings: 

• The predictive power of cLIR and xLIR consensus  patterns was compared 

using experimentally verified LIR-containing proteins.  

• In silico analysis identified eight UBA and putative xLIR-containing proteins 

in Drosophila. 

• One of the proteins, UbcD4 accumulated in aggregates in Atg8aKG07569 brains. 

The localization pattern of UbcD4 was similar to the localization of Ref(2)P 

(puncta-like appearance) in Atg8aKG07569 brains.  

Selective autophagy and LIR-containing proteins, in general, are not well 

characterized in Drosophila. Ref(2)P (Nezis et al., 2008, Jain et al., 2015), blue 

cheese (Lystad et al., 2014), and Atg1 (Alemu et al., 2012) are the known LIR-

containing proteins in Drosophila. Ref(2)P and blue cheese are involved in the 

selective autophagic degradation of ubiquitinated protein aggregates (Nezis et al., 

2008, Finley et al., 2003). In order to elucidate the molecular mechanisms of 

selective autophagy of ubiquitinated protein aggregates, novel LIR- and UBD-

containing receptors must be identified. The aim of this chapter was to identify 

putative LIR- and UBA (a major subclass of UBD) -containing Drosophila proteins 

using a sequence based in silico approach, and to select interesting candidate proteins 

for further in-depth experimental analysis.  

The use of sequence-based approaches (such as pattern identification) as an in silicon 

approach to predict protein-protein interaction has limitations. Because, protein-

protein interactions are a complex phenomenon and it is mediated by factors such as 

the structure of proteins, pH, posttranslational modification or the presence of 

another protein. However, pattern identification is computationally simple and fast 

compared to the other in silico methods ( such as gene neighbour and phylogenetic 

profile) which need sophisticated algorithms and high power computers.   

The cLIR consensus pattern suggested by Alemu et al. (2012) lacks sensitivity. cLIR 

only recognises 11 out of 26 proteins from which it was originally derived. xLIR was 

developed to overcome this limitation and it is better in identifying experimentally 

verified LIR. Moreover, cLIR cannot identify experimentally verified LIR in 
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Drosophila (Ref(2)P and Atg1), and, xLIR is capable of identifying such sequences. 

A systematic analysis (Section 3.2.1) was performed to compare the predictive 

power of xLIR and cLIR. The analysis indicated that cLIR is not suitable for 

identifying LIR on a large scale. xLIR has better sensitivity than cLIR, but this 

sensitivity comes at the expense of specificity. However, false positives arising from 

xLIR predictions can be reduced by incorporating additional criteria such PSSM and 

anchor (Figure 3.1). Based on these comparisons, we chose xLIR over cLIR for in 

silico putative LIR prediction in the Drosophila UBA proteome.   

A total of 18 UBA-containing proteins were identified by SMART. These proteins 

were further submitted to iLIR for xLIR prediction. Among 18 proteins, eight have 

LIR and UBA domains. Ref(2)P, a known receptor, was one of eight identified 

proteins (Table 3.6).  

UBD-containing selective autophagy receptors are major components of ubiquitin-

positive protein aggregates formed during autophagy dysfunction. Atg8aKG07569 flies 

have defective autophagy and accumulate ubiquitin-positive protein aggregates from 

a young age. Ref(2)P is a major component of aggregates in Atg8aKG07569. An in vivo 

screen was devised to examine the localization of seven putative candidates in young 

Atg8aKG07569 and young w1118 brains. Due to the lack of available antibodies, three of 

the seven proteins (CG15445, UBASH3, and USP5) were excluded from the 

analysis. The localization of UbcD4, PAR1, Cbl-l, and Rngo was compared. The 

localization of PAR1, Cbl-l and Rngo were comparable in w1118 and Atg8aKG07569 

brains when using the tested antibody concentration.  

Mammalian c-Cbl has a LIR motif (FGWESL-amino acid 803-808) and it acts as a 

cargo receptor for autophagic degradation of Src in the absence of focal adhesion 

kinase. c-Cbl simultaneously interacts with Src and Atg8(LC3B), and targets Src for 

autophagic degradation. This function is independent of its RING (E3 ligase activity) 

and UBA domain. Therefore, the role of ubiquitination in autophagic degradation of 

Src is not clear. Interestingly, RING and UBA domains of c-Cbl are necessary for 

targeting Src to the proteasome for degradation in presence of focal adhesion kinase 

(Sandilands et al., 2012, Shaid et al., 2013). So far, it is not known whether c-Cbl act 

as a receptor for autophagic degradation of the wide range of ubiquitinated cargo. 

Similar to mammalian c-Cbl, the function of Drosophila Cbl-l in autophagy may be 

restricted to Src under specific conditions and not be generic to all ubiquitinated 
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cargos. In that case, the experiment performed here is not specific enough to capture 

the LIR mediated function of Cbl-l, if it has a function. Additionally, further 

optimization of the antibody may be needed for Cbl-l.  

One of the four proteins, UbcD4 (Figure 3.7-3.8), exhibited localization similar to 

Ref(2)P (Figure 3.6) in Atg8aKG07569 brains. UbcD4 accumulates in aggregates in 

Atg8aKG07569 brains, but not in w1118 brains. This suggests that UbcD4 is a component 

of aggregates formed in response autophagy dysfunction. The putative xLIR on 

DSWTEL is located at amino acid positions 34-36 and has a PSSM of 21. According 

to iLIR, it is similar to the experimentally verified LIR in p62 (DDWTHL-PSSM of 

24) and BNIP3 (SSWVEL-PSSM of 20) in terms of its sequence composition. 

However, it has no anchor. The similarity in the localization of UbcD4 in 

Atg8aKG07569 brains with that of Ref(2)P suggests that UbcD4 is a promising 

candidate for further in-depth analysis. Chapter 4 will describe the analysis of 

UbcD4.  
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Chapter 4 
Analysis of UbcD4 
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4.1 Introduction 

Chapter 4 describes the analysis of UbcD4. UbcD4 was chosen based on its putative 

xLIR motif and its localization in Atg8aKG07569 brains which resembles Ref(2)P 

localization (Section 3.2.3, Figure 3.76-3.8.) This introduction describes the known 

function of UbcD4 and its mammalian homolog E2-25K and yeast homolog Ubc1.  

4.1.1 UbcD4 (Ubiquitin-conjugating enzyme 4) 

The UbcD4 protein contains 200 amino acids with C-terminal ubiquitin-conjugating 

(UBC) domain and N-terminal UBA domain (Canning et al., 2002) (Figure 4.1). The 

UBC is a conserved domain found in the family of E2-cojugating enzymes involved 

in the ubiquitination process (Section 1.7.1.1, Figure 1.10).  

 

 
Figure 4. 1: Domain architecture of UbcD4 
UbcD4 comprises the UBC domain (7-143 amino acids) at N-terminal and UBA domain (161-199 
amino acids) at C-terminal. The putative xLIR is located at amino acid positions 34-39. A putative 
active cysteine residue is located at the 92nd amino acid position. 
 

To date, only two studies introduced the function of UbcD4. Canning and colleagues 

conducted the first study (Canning et al., 2002). The study showed that UbcD4 has a 

dynamic expression pattern during Drosophila embryogenesis. It is transcribed in a 

variety of tissues from early to mid embryogenesis. However, the expression of 

UbcD4 is specific to pole cell (precursor of germ cells) in stage 10-11 embryo, 

suggesting a potential function of UbcD4 in germ cell development. In addition, a 

yeast two-hybrid assay was performed with a library of embryo cDNAs with UbcD4 

as bait. The yeast two-hybrid assay identified Pros54 as an interacting protein. This 

interaction was further confirmed in cellulo in Drosophila S2 cells by co-

immunoprecipitation. Pros54 is a polyubiquitin-binding subunit of the proteasome 

(Canning et al., 2002). 

Park and colleagues conducted the 2nd study in which they screened for novel E2s in 

immune deficiency (IMD) pathway and identified UbcD4 as a positive regulator 

(Park et al., 2015). The IMD pathway in Drosophila is similar to the nuclear factor 
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kappa-light-chain-enhancer of activated B (NF-kB) pathway in mammals. 

Drosophila produces antimicrobial peptides through activation of the IMD pathway 

in response to gram-negative bacterial infection (Hoffmann and Reichhart, 2002). 

RNAi-mediated knockdown of UbcD4 reduces the production of antimicrobial 

peptide Diptericin (a marker of IMD activation) in response to infection. Similarly, 

the overexpression of UbcD4 increases the production of Diptericin in response to 

infection. The mammalian homolog of UbcD4, E2-25K, also acts as a positive 

regulator of the NF-kB pathway (Park et al., 2015). E2-25K mediated NF-kB 

pathway activation was further explained. NF-kB is a transcriptional factor and is 

sequestered in the cytoplasm due its interaction with inhibitor of kappa B (IkBα) 

under normal conditions. Upon bacterial infection, signalling pathway is activated, 

and it converges on a kinase complex called the IKK complex (Figure 4.2). The 

activated IKK complex further phosphorylates IkBα. The phosphorylation of IkBα 

triggers its 1) dissociation from NF-kB and 2) leads to ubiquitination and proteasome 

degradation of IkBα. The activated NF-kB translocates to the nucleus and activates 

immune responsive pathways (Jiang and Chen, 2012). However, SiRNA-mediated 

knockdown of E2-25K causes an accumulation of phosphorylated-IKBα, reduction 

in the ubiquitination of phosphorylated-IKBα and reduction in NF-kB transcriptional 

activity. This implies a role for E2-25K in the ubiquitination and proteasome 

degradation of phosphorylated IKBα (Park et al., 2015). Nevertheless, the 

mechanism of IMD activation by UbcD4 has not been explained.  The current 

models of Relish (the equivalent of NF-kB) activation do not require ubiquitin-

mediated proteasome degradation. Relish is a compound protein and has two 

domains: 1) N-terminal Rel-homology domain (RHD) with transcriptional activity 

and 2) C-terminal IkB-like Ankyrin-repeat domain. The IkB-like domain prevents its 

own nuclear localization, and Relish remains in the cytoplasm under normal 

conditions. Upon bacterial infection, the signaling pathway, which converges on the 

Drosophila IKK complex, phosphorylates Relish. Phosphorylation of Relish is 

critical for its transcriptional activity (Silverman et al., 2000). In addition, Relish 

undergoes caspases-mediated endoproteolytic cleavage, resulting in two fragments: 

The Rel-like domain translocates into the nucleus and produces antimicrobial 

peptides such as Diptericin. The IkB-like fragment remains in the cytoplasm (Stöven 

et al., 2000). Endoproteolytic cleavage is mediated by a caspase called DREDD. 
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Therefore, the authors of the study suggested the existence of an unknown target 

substrate(s) for UbcD4 in the IMD pathway (Park et al., 2015). 

 
Figure 4. 2: Simplified version of the NF-kB pathway in mammals and the IMD pathway in 
Drosophila.  
In mammals, the activation of NF-kB pathway converges on the IKK complex. The activated IKK 
complex phosphorylates IkBα. The phosphorylation of IkBα results in its ubiquitination and 
degradation through proteasome. The activated NF-kB relocates to the nucleus and drives the 
activation of immune responsive signals. E2-25K has been proposed to participate in the 
ubiquitination of phosphorylated-IkBα and its proteasome degradation. In Drosophila, activation of 
Relish (A protein with two domains (Rel-like and IkB-like) does not require ubiquitination and 
proteasome involvement. The phosphorylation of Relish, followed by its proteolysis (by caspase 
DREDD), causes the translocation of Rel to the nucleus and activation of the immune responsive 
pathway. Targets of UbcD4 in the IMD pathway are unknown. 
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In addition to the studies described above, UbcD4 has been identified as a hit in 

several “omics” studies. A summary of these studies is shown in Table 4.1  

Table 4. 1 Summary of “omics” studies that identify UbcD4 as a hit 
 

Reference Purpose of the study Function 

(Ramirez et al., 
2015) 

Proteomics analysis to identify 
ubiquitinated proteins in embryonic 
nervous system and adult 
photoreceptor cells. 

Ubiquitinated UbcD4 was 
identified in both the 
embryonic nervous system 
and the adult photoreceptor 
cells together with 233 
proteins and 368 proteins, 
respectively 

(Franco et al., 
2011) 

Proteomics analysis to identify 
ubiquitinated proteins in embryonic 
nervous system 

Ubiquitinated UbcD4 was 
identified in embryonic 
nervous system together with 
129 proteins 

(McPhee et al., 
2013) 

Proteomics analysis to study the 
proteins involved in salivary gland 
death.  

UbcD4 was found enriched in 
the dying salivary glands 
along with other 3,066 
proteins. 

(Gurudatta et al., 
2012) 

Microarray analysis to identify the 
genes up- and down-regulated in the 
Boundary Element Associated Factor-
32 (BEAF-32) mutant.  BEAF-32 
protein is found near gene promoters 
and plays a role in regulating gene 
expression. 

UbcD4 was downregulated in 
BEAF mutant together with 
360 other genes. This 
suggests that BEAF-32 may 
regulate UbcD4 expression. 

(Kim et al., 2010) Large-scale genetic interaction study 
to identify the modifiers of the rough 
eye phenotype caused by the ectopic 
expression of Death caspase-1(Dcp-1). 

UbcD4 was identified as an 
enhancer of Dcp-1 induced 
rough eye phenotypes 
together with 71 other 
modifiers. 

(Carbone et al., 
2009) 

Microarray analysis to identify the 
genes up- or down-regulated in a 
Drosophila glaucoma disease model. 

UbcD4 was up-regulated in 
glaucoma models along with 
2,117 other genes. 

(Cao et al., 2008) Large-scale genetic interaction study 
to identify the modifiers of the rough 
eye phenotype caused by the 
expression of human β-amyloid 
Drosophila disease models.   

Loss of UbcD4 leads to the 
suppression of the rough eye 
phenotype, along with other 
23 modifiers.  

UbcD4 has 78 % similarity to its mammalian homolog E2-25K and 68 % similarity 

to its yeast homolog Ubc1 (generated by NCBI-blast). Figure 4.3 shows multiple 

sequence alignment of UbcD4, E2-25K and Ubc1.  
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Figure 4. 3: Multiple sequence alignment showing similarity among UbcD4, E2-25K and Ubc1  

An asterisk (*) shows positions that are fully conserved and characterised by the presence of a single 
amino acid. A colon (:) shows positions that are conserved and characterised by amino acids that have 
highly similar properties. A period (.) indicates conservation between groups with weakly similar 
properties. Colours indicates physiochemical properties: Red-small hydrophobic, Blue-acidic, 
Magenta-basic, Green-hydroxyl, sulfhydryl, amine and Grey-unusual. The multiple sequence 
alignment was generated by Crustal Omega (Sievers et al., 2011).  

 

4.1.2 Ubc1 (Ubiquitin-Conjugating1) 

The yeast homolog of UbcD4 is Ubc1. Ubc1 contains 215 amino acids with N-

terminal UBC (6-145 amino acid) domain and C-terminal UBA domain (161-215 

amino acid). The catalytic cysteine is at the 88th amino acid position. 

Ubc1 forms a thioester bond with ubiquitin. Both the Ubc1 transcripts and proteins 

are present in exponentially growing cells, and the level increases substantially when 

the cells enter the stationary phase (a specialised non-dividing resting stage). ubc1-

knockout strains display moderate growth deficiencies in mitotic cells. However, 

they exhibit severe difficulties in resuming growth after germination, thus implying a 

specific role of Ubc1 during the transition period after the state of rest. ubc1-

knockout strains exhibit moderate sensitivity to canavanine (amino acid analog; 

incorporation of canavanine into proteins results in structural alterations and the 

rapid degradation of proteins) compared to wild-type cells and exhibit a slight but 

significant decrease in canavanyl-proteins turnover. The moderate defects in protein 

turnover indicate functional overlap with other E2s such as Ubc4 and Ubc5, which 

are also involved in canavanine/protein turnover (Seufert and Mcgrathl, 1990).  
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Ubc1 catalyses the formation and assembly of the K48-linked polyubiquitin chain on 

a pre-attached ubiquitin on the anaphase-promoting complex (APC). The APC is a 

multi-subunit E3 ligase and is involved in the polyubiquitination and degradation of 

proteins responsible for cell-cycle progression. UBA domain is proposed to be 

involved in substrate recognition. The Ubc1-∆UBA mutant (Ubc1 lacking UBA) 

produces shorter polyubiquitin chains and has less affinity to the APC-substrate 

complex compared to full-length Ubc1 (Rodrigo-Brenni and Morgan, 2007).  

4.1.3 E2-25K (HIP2)  

E2-25K, the mammalian homolog of UbcD4, consists of 200 amino acids with N-

terminal UBC (7-143 amino acid) and C-terminal UBA (160-200 amino acid) 

domains. The catalytic cysteine is located at the 92nd position.  

E2-25K produces K48-linked polyubiquitin chains. It has been shown to interact 

with RFN2, an E3 ligase (Lee et al., 2001). However, E2-25K is capable of 

producing unanchored polyubiquitin chains in the absence of an E3 ligase (Chen et 

al., 1990, Wilson et al., 2011). The UBA domain of E2-25K is critical for its 

function. In addition to the catalytic UBC domain, the UBA domain of E2-25K can 

interact with ubiquitin (Ko et al., 2010). The truncated E2-25K without UBA forms a 

smaller polyubiquitin chain and exhibits less affinity to the substrates (Haldeman et 

al., 1997, Cook et al., 2015). The UBA domain is involved in the initial identification 

of pre-ubiquitinated substrate, thus assisting the UBC domain to further process the 

polyubiquitin chain on the substrate (Cook et al., 2015). Similar to Ubc1, it is 

involved in the assembly of K48-linked polyubiquitin chain at APC and their 

subsequent degradation by the proteasome (Rodrigo-Brenni and Morgan, 2007). E2-

25K is involved in the ubiquitination and proteasomal targeting of two important cell 

cycle regulators: Cyclin B and p53 (Bae et al., 2010, Bae et al., 2013).  

E2-25K is highly expressed in the brain, especially in the cortex and striatum. It 

interacts with Huntingtin (Htt), the protein involved in Huntington’s disease 

(Kalchman et al., 1996). E2-25K mediates polyglutamine-induced aggregate 

formation and cell death, which is caused by the expression of expanded, truncated 

Htt (Httexon1-43polyQ). Strikingly, SiRNA-mediated knockdown of E2-25K or the 

expression of E2-25KΔUBA decreases polyglutamine-mediated Htt aggregation and 

cell death (de Pril et al., 2007).   
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E2-25K is an upstream regulator of amyloid-beta-induced neurotoxicity. 

Accumulation of amyloid-beta is associated with Alzheimer’s disease (AD). 

Downregulation of E2-25K and the overexpression of E2-25K-ΔUBA reduce 

amyloid- beta induced proteasome inhibition and cell death (Song et al., 2003, Ko et 

al., 2010). E2-25K co-localizes with amyloid-beta and ubiquitin B (UBB+) in AD 

patients’ brains and AD mouse models. UBB+ is a mutant protein that inhibits 

proteasomal activity in AD. E2-25K directly interacts with UBB+ and mediates its 

polyubiquitination and accumulation as aggregates. UBB+ polyubiquitination and 

accumulation is crucial for its role in the inhibition of proteasome function. UBB+-

mediated proteasome inhibition further causes the accumulation of caspases-12, an 

ER resident caspase that causes cell death in AD (Song et al., 2008). 
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4.1.4 Aim and approach  

The major aim of this chapter is to characterise UbcD4 in vivo in the context of 

selective autophagy, especially in the selective autophagic removal of protein 

aggregates. These aims include:  

• To understand the localization of UbcD4 in w1118 and Atg8aKG07569 flies 

• To determine whether UbcD4 interacts with Atg8a, and if it interacts, 

investigate the role of putative xLIR in mediating the UbcD4-Atg8a 

interaction 

• Based on the results from above-mentioned experiments, proceed to 

understand if UbcD4 has a connection to ubiquitin-dependent selective 

autophagy, especially to check whether UbcD4 is a selective autophagy 

receptor  

• To characterize the effect of UbcD4 knockdown to understand whether 

UbcD4 has a role in mediating ubiquitinated aggregate formation 

• To characterize the effect of UbcD4 knockdown to understand whether 

UbcD4 has a role in the regulation of autophagy in general. 

4.2 Results 

UbcD4 was retained for further analysis based on its putative xLIR motif (Table3.6) 

and its localization pattern in Atg8aKG07569 brains, which is similar to the localization 

pattern of Ref(2)P (Chapter 3, Figure 3.7-3.8).  

4.2.1 UbcD4 accumulates in aggregates in young Atg8aKG07569 ejaculatory bulbs 
but not in other tissues  

UbcD4 accumulates in aggregates in young Atg8aKG07569 brains, but not in young 

w1118 brains, which indicates that UbcD4 is a major component of aggregates formed 

upon autophagy dysfunction (Figure 3.7-3.8). To extend this finding to other tissues, 

we examined whether UbcD4 accumulates in aggregates in other tissues in response 

to autophagy dysfunction. Ejaculatory bulb, intestine and malpighian tubules from 

both young w1118 and Atg8aKG07569 were dissected and immunostained with the 

UbcD4 antibody. These tissues were chosen based on a previous study in young 

Atg8aKG07569 that showed that Ref(2)P accumulates as aggregates in the above-



 135 

mentioned tissues compared to other tissues in the same animal. Among these 

tissues, the number and size of Ref(2)P aggregates were profoundly high in brain and 

ejaculatory bulb (Dr. Nezis’ unpublished results).  

Immunofluorescence confocal microscopy analysis of bulbs (Figure 4.4) indicated a 

striking accumulation of UbcD4 in aggregates in Atg8aKG07569 bulbs. There were no 

UbcD4 aggregates in w1118 bulbs. UbcD4 exhibited diffused cytoplasmic distribution 

in w1118 bulbs.   

Immunofluorescence confocal microscopy analysis of intestine (Figure 4.5 A, C) and 

malpighian tubules (Figure 4.5 B, D) showed no difference in UbcD4 localization 

between young Atg8aKG07569 and w1118. Both Atg8aKG07569 (C,D) and w1118 (A,B) 

tissues exhibited diffused cytoplasmic distribution of UbcD4. However, small dot-

like structures were observed occasionally in Atg8aKG07569 and w1118 intestines 

(arrows). 
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Figure 4. 4: UbcD4 accumulates in aggregates in young Atg8aKG07569 ejaculatory bulbs, but not in 
young w1118 ejaculatory bulbs  
Both young w1118  and Atg8aKG07569 ejaculatory bulbs were immunostained for UbcD4 (1:500). Nuclei 
were stained with Hoechst (1:500).  
A1 and B1 represent low magnification images from the respective genotypes.  
A2 and B2 represent high magnification images of indicated region (white box) from the respective 
genotypes. UbcD4 exhibited a diffused localization in w1118  bulb (A1-A2). UbcD4 accumulated in 
aggregates (arrows) in young Atg8aKG07569(B1-B2). A total of 10 bulbs from each genotype were 
tested.   
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Figure 4. 5: UbcD4 exhibits no difference in the localization pattern in the intestine and 
malpighian tubules between young Atg8aKG07569 and w1118 
This accordingly suggests that UbcD4 does not accumulate in Atg8a-deficent intestine and malphigian 
tubules.  
Both intestine and malphigian tubules from indicated genotypes were immunostained for UbcD4 
(1:500). Nuclei were stained with Hoechst (1:500).  
(A,C): The superficial section of the midgut (a part of the intestine) from w1118 (A) and Atg8aKG07569 

(C).  
(B ,D): The malpighian tubule from w1118 (B) and Atg8aKG07569 (D). Localization of UbcD4 was 
comparable between young w1118  and  Atg8aKG07569. These tissues exhibited diffused cytoplasmic 
distribution of UbcD4. However, small dot-like structures were observed occasionally in Atg8aKG07569 

and w1118 intestines (arrows). Although this was not consistent. A total of 10 tissues from each 
genotype were tested. 
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Additionally, localization of UbcD4 in w1118 and Atg8aKG07569 third instar larval fat 

bodies was examined under fed condition. The larval fat body maintains basal 

autophagy under fed condition. The larval fat body consists of a monolayer of large 

polyploidy cells and has been used to study autophagy using imaging techniques 

(Section 2.6-2.6.1). .  

In addition to the mutant, a mosaic line that produces wild-type and Atg8a 

knockdown cells within the same tissue was created using FLP-out system (Section 

2.2.4). The FLP-out system allows simultaneous comparison of both the wild-type 

and mutant cells in the same tissue. To create a mosaic line, the FLP-out-GFP (a 

FLP-out line bearing a FLP-out construct and producing GFP in the mutant cells) 

was crossed with UAS-Atg8a-IR (inverted repeats) to produce double-stranded RNAs 

targeting Atg8a mRNA. F1 progenies from the cross were collected.  

Immunofluorescence confocal microscopy analysis of third instar w1118 and 

Atg8aKG07569 fat bodies showed no difference in UbcD4 localization. In particular, no 

aggregates were observed in Atg8a-deficent conditions as in the brains (Figure 4.6A-

B). Similarly, the localization of UbcD4 was similar in wild-type and Atg8a-

knockdown cells in FLP-out-GFP>Atg8a-IR (Figure 4.6C). No UbcD4 was 

observed in aggregates upon Atg8a dysfunction.  

Surprisingly, an unexpected nuclear localization of UbcD4 was observed in the fat 

body. The UbcD4 localization was not constrained to the nucleus and was also 

present in the cytoplasm. To date, nuclear localization has not been reported for 

UbcD4, Ubc1 or E2-25K under normal physiological condition. Based on this 

observation, an in silico search was conducted to identify a putative nuclear 

localization signal in UbcD4. Web-based nuclear localization prediction tools were 

used for this purpose. three out of four nuclear localization prediction tools predicted 

no nuclear localization signal in UbcD4 even at the lowest cut-off value. However, 

one such tool, called NLS mapper (Kosugi et al., 2009), predicted a nuclear 

localization signal (RIKREFKEM-from 8-17 amino acid) with a cut-off value of 

four. According to the providers of NLS mapper, a cut-off score between five and 

three indicates a possibility of both cytoplasmic and nuclear localization (Kosugi et 

al., 2009). A summary of the analysis is shown in Table 4.2. Failure to identify a 

genuine nuclear localization suggests that UbcD4 may be diffused to the nucleus due 
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to its small size. The size of UbcD4 is approximately 22 kDa. A protein smaller than 

40 kDa can easily diffuse through the nuclear pore (Freitas and Cunha, 2009).   

Table 4. 2 Summary of in silico nuclear localization prediction on UbcD4 protein sequence. 

 
Nuclear localization 

prediction tools 
Hits Reference 

NLS mapper RIKREFKEM (8-17 
amino acid) 

(Kosugi et al., 2009) 

NLStradamus No (Nguyen Ba et al., 2009) 
NucPred No (Brameier et al., 2007) 
Seq NLS No (Lin and Hu, 2013) 

 

Comparison of UbcD4 localization in w1118 and Atg8aKG07569 flies indicated a tissue-

specific function of UbcD4. The observation of UbcD4 in aggregates in Atg8aKG07569 

brains and bulbs implies an important role of UbcD4 in these tissues and a 

connection to Atg8a, autophagy and protein aggregation. No difference was 

exhibited in UbcD4 localization pattern in other tissues of w1118 and Atg8aKG07569 

flies. However, little is known about Drosophila’s ejaculatory bulb. E2-25K, the 

human homolog of UbcD4, has been shown to modulate neurodegenerative diseases 

(Section 4.1.3) . For this reason, we decided to concentrate on the brain for further 

analysis. .  
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Figure 4. 6: No difference in UbcD4 localization was observed between wild-type and Ag8a- 
deficient cells in the third instar larval fat bodies under fed condition  
The third instar larval fat bodies from indicated genotype were immunostained for UbcD4 (1:500). 
Nuclei were stained with Hoechst (1:500).  
(A-B): Confocal microscopy sections of the third instar larval fat bodies from w1118 (A) and 
Atg8aKG07569  (B) showed UbcD4 in the nucleus and cytoplasm in a diffused manner.  
(C): Confocal microscopy sections of the third instar fat bodies generated using FLP-out methods, in 
which mutant cells express GFP and Atg8a-IR. Hence, Atg8a-deficient cells are presented with GFP 
(green: long arrow) and wild-type cells without GFP (non-green: short arrow). UbcD4 was observed 
in the nucleus and cytoplasm in wild-type and Atg8a-deficient cells. 
In both cases, there was no UbcD4 observed in the fat droplets (dotted arrow). Together these results 
suggest that UbcD4 does not accumulate in Atg8a-deficient cells. 
Genotypes: hs-FLP; AC>CD2>GAL4, UAS::mCD8::GFP/UAS-Atg8-IR.   
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4.2.2. UbcD4 colocalizes with Ref(2)P and ubiquitinated proteins in Atg8aKG07569 
brains. 

It has been shown previously that young Atg8aKG07569 brains exhibit ubiquitinated 

proteins aggregates that are positive for Ref(2)P (Nezis et al., 2008). To investigate 

whether UbcD4 aggregates colocalize with Ref(2)P or ubiquitin aggregates, a double 

immunostaining was performed. Young Atg8aKG07569 brains were stained with either 

Anti UbcD4-Anti Ref(2)P or Anti UbcD4-Anti FK2 for imaging. The FK2 antibody 

detects K29, K48 and K63 mono and polyubiquitinated proteins, but not free 

ubiquitin.  

Immunofluorescence confocal microscopy analysis (Figure 4.7) indicated that 

UbcD4 colocalizes with ubiquitin and Ref(2)P aggregates, thus reinforcing the 

presence of UbcD4 in the aggregates. The strength of colocalization was analyzed 

using Pearson’s coefficient in Image J (Section 2.7.6). The number of Ref(2)P and 

ubiquitin aggregates was higher compared to the number of UbcD4 aggregates. 

However, the majority of UbcD4 aggregates showed striking colocalization with 

Ref(2)P and ubiquitin (Figure 4.8).  
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Figure 4. 7: UbcD4 colocalization with Ref(2)P and ubiquitinated protein aggregates in young 
Atg8aKG07569 brains 
Double immunostaining was performed in Atg8aKG07569 brains using either Anti UbcD4-Anti 
Ubiquitin or the Anti UbcD4-Anti Ref(2)P. Nuclei were stained with Hoechst (1:500). Optic lobes 
from indicated genotypes were shown.   
(A1-A2): Colocalization of UbcD4 and ubiquitin at low (A1) and high (A2) magnification. 
(B1-B2): Colocalization of UbcD4 and Ref(2)P at low (B1) and high (B2) magnification. The regions 
shown inside the white box were magnified. Arrows represent examples for colocalization. 
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Figure 4. 8: Pearson’s coefficient showing the strength of colocalization between UbcD4-
ubiquitinated  aggregates, and UbcD4-Ref(2)P 
(A1):Box and whisker plot showing Pearson’s coefficients of 26 images (N=8 brains from 2 
independent experiments for each category). Minimum and maximum values are shown as whiskers. 
The box extends from the 25th to 75th percentiles. The middle line in the box corresponds to the 
median. The mean is shown as +.  
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4.2.3 An increase in UbcD4 accumulation in Triton-insoluble fraction in 
Atg8aKG07569 versus w1118 brains 

Further, we investigated whether any difference in UbcD4 protein turnover between 

young Atg8aKG07569 and w1118 brains by western blot analysis. Since UbcD4 was 

observed in aggregates in Atg8aKG07569 brains, we expected an increase in UbcD4 

accumulation in Atg8aKG07569 brains compared with w11118 brains.  

To perform western blot analysis, 10 heads from each genotype were collected and 

processed in 1% Triton lysis buffer. A mechanical pestle was used to homogenize the 

sample. After extraction and centrifugation, the supernatant was collected and 

subjected to SDS-PAGE and immunoblotting for UbcD4. 

Western blot analysis of supernatant fraction indicated (Figure 4.9A) no significant 

difference in UbcD4 level between w1118 and Atg8aKG07569 head lysates. It has been 

shown that protein aggregates are difficult to dissolve, and harsh protein extraction 

methods are necessary for aggregate extraction (Lystad and Simonsen, 2015). For 

this reason, the extraction strategy was changed. Instead of using a mechanical 

pestle, sonication with 1% Triton lysis buffer was used for protein extraction. After 

protein extraction and centrifugation, the pellet was collected and subjected to SDS-

PAGE and immunoblotting for UbcD4. A significant increase in UbcD4 was 

observed in Atg8aKG07569 pellet fraction (Figure 4.9B), suggesting an increase in 

insoluble UbcD4 in Atg8a-deficient condition.  
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Figure 4. 9: The UbcD4 level does not differ between Atg8aKG07569 and w1118 in soluble 
(supernatant) fraction.  
However, insoluble (pellet) fraction exhibits a significant increase in UbcD4 accumulation in 
Atg8aKG07569 lysates compared with those in w1118 .  
Young w1118 (control) and Atg8aKG07569 head samples were subjected to protein extraction using 1% 
Triton lysis buffer as described in the main text. Supernatant and pellet fraction were subjected to 
SDS-PAGE and immunoblot for UbcD4 and Actin (loading control). The blots were quantified by 
densitometry. Each value was normalized to its Actin (loading control) and expressed as a percentage 
of control (young w1118). An unpaired Student’s t-test was performed to test the significance. 
The bar graph represents Mean±SEM.  
(A-Supernatant fraction): There was no difference in UbcD4 accmulation in Atg8aKG07569 versus 
w1118 when the samples were processed using a mortar and pestle (w1118=100, Atg8aKG07569=91±65, 
P>0.05, N=3).  
(B-Pellet fraction): A significance increase in the UbcD4 accumulation in the pellet was observed in 
Atg8aKG07569 compared with w1118 when the samples were processed using sonication (w1118=100, 
Atg8aKG07569=123±4, P=0.028, N=2).  
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The observation of more UbcD4 in the Atg8aKG07569 pellet fraction led us to perform 

a differential serial detergent extraction, a method widely used to extract insoluble 

protein aggregates for western blot analysis (Section 2.6.2). Proteins were extracted 

from young w1118 and Atg8aKG07569 heads using differential serial detergent extraction. 

Both Triton-soluble and Triton-insoluble fractions were subjected to SDS-PAGE and 

immunoblotting for UbcD4. As a positive control, the same blot was also probed for 

Ref(2)P.  

Western blot analysis (Figure 4.10B1-B2) of the Triton-insoluble fraction 

demonstrated a significant increase in UbcD4 accumulation in Atg8aKG07569 versus 

w1118, but not in the Triton-soluble fraction (Figure 4.10A1-A2). This indicates that 

the soluble UbcD4 level is similar between wild-type and Atg8a-deficent conditions. 

Nevertheless, there is an increase in insoluble UbcD4 in response to Atg8a 

dysfunction.  

As expected (Nezis et al., 2008), the Ref(2)P level was significantly higher in 

Atg8aKG07569 head lysates compared with w11118 both in the Triton-soluble (Figure 

4.10A1 and A3) and the Triton-insoluble fractions (Figure 4.10B1 and B3). This 

confirms that the extraction strategy worked well.   

Localization of UbcD4 as aggregates in Atg8a-deficent brains and its colocalization 

with ubiquitinated aggregates and Ref(2)P aggregates suggest that UbcD4 is a part of 

aggregates formed upon autophagy dysfunction. An increase in UbcD4 accumulation 

observed in Triton-insoluble fraction further reinforces this finding.  
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Figure 4. 10: Atg8aKG07569 heads have a significant increase in UbcD4 accumulation in Triton-
insoluble soluble fraction compared with w1118 (control) head  

Young heads from indicated genotypes were collected and processed by differential serial detergent 
extraction. Triton-soluble and Triton-insoluble proteins were subjected to SDS-PAGE and 
immunoblotting for UbcD4 and Actin (loading control). As a positive control, the same blot was 
probed for Ref(2)P.  

The blots were quantified by densitometry. Each value was normalized to its Actin (loading control) 
and expressed as a percentage of control (young w1118). An unpaired Student’s t-test was performed to 
test the significance. The bar graph represents Mean±SEM.  

(A1 and A2: -Panel 1 and 2 of the blots): The Triton-soluble fraction did not differ in UbcD4 
accumulation between w1118 and Atg8aKG07569. (w1118=100, Atg8aKG07569=170.5±31.41, P>0.05, N=3).  

(B1 and B2: -Panel 1 and 2 of the blots): The Triton-insoluble fraction exhibited a significant 
increase in UbcD4 accumulation in Atg8aKG07569 versus w1118 (w1118=100, Atg8aKG07569=313.3±56.9, 
P=0.02, N=3).  
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(A1 and A3: -Panel 3 and 2 of the blots): As expected, the Triton-soluble fraction displayed a 
significant increase in Ref(2)P accumulation in Atg8aKG07569 versus w1118 (w1118=100, 
Atg8aKG07569=3667±195.2, P=0.003, N=2).  

(B1 and B3: -Panel 3 and 2 of the blots): As expected, the Triton-insoluble fraction displayed a 
significant increase in Ref(2)P accumulation in Atg8aKG07569 versus w1118 (w1118=100, 
Atg8aKG07569=5803±522.5, P=0.008, N=2).  

 
4.2.4 UbcD4 does not accumulate in aggregates in old w1118 brains  

Ageing is characterized by a decrease in autophagy. It has been shown that old wild-

type flies have defects in autophagy, and they accumulate ubiquitin and Ref(2)P 

positive protein aggregates in brains (Simonsen et al., 2008, Nezis et al., 2008). 

Therefore, we investigated the localization of UbcD4 in old w1118 brains. 

Young and old (50-55 days old) w1118 brains were subjected to immunofluorescence 

confocal microscopy analysis. We were not able to detect UbcD4 accumulation as 

aggregates in old brains (Figure 4.11), suggesting that UbcD4 does not accumulate in 

old brains. The localization of UbcD4 in old w1118 brains was similar to the 

localization in young w1118 brains: diffused cytoplasmic localization. Nevertheless, 

small aggregates like structure (arrow) were observed occasionally in old brains 

although this was not consistent.  

To confirm this result, the accumulation of UbcD4 was investigated by western blot 

analysis. Differential serial detergent extraction and western blot analysis of young 

and old w1118 brains (Figure 4.12) showed no significant difference in UbcD4 in 

Triton-soluble (A1 and A2) and Triton-insoluble (B1 and B2) fraction. This suggests 

that UbcD4 does not accumulate in old brains.  

As a positive control, the same blot was probed for Ref(2)P to measure autophagy, 

and to confirm that these flies were old and had deficiency in autophagy (Figure 

4.12) As expected, a significant increase in Ref(2)P accumulation was observed in 

old w1118 brains compared to young w1118 brains, confirming dysfunctional autophagy 

in old brains.  
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Figure 4. 11: UbcD4 localization did not differ between young and old w1118 brains 
Old (50-55 days) and young w1118 brains were immunostained for UbcD4 (1:500). Nuclei were stained 
with Hoechst (1:500). Optic lobes from indicated background were shown.   
UbcD4 exhibited diffused cytoplasmic localization in young w1118 brains (A) and old w1118 brains (B1-
B2). A few aggregate-like structures were occasionally seen in the neuropil of old w1118 (arrow) 
although this was not consistent. This suggests that localization of UbcD4 is comparable between 
young and old w1118 brains. Hence UbcD4 does not accumulate in aggregates in old w1118. A total of 
eight brains were tested for each condition.  
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Figure 4. 12: UbcD4 does not accumulate in old heads 
Young (control) and old (50-55 days old) w1118 heads were processed by differential serial detergent 
extraction. Triton-soluble and Triton-insoluble proteins were subjected to SDS-PAGE and 
immunoblotting for UbcD4 and Actin (loading control). As a positive control, the same blot was 
probed for Ref(2)P. The lanes inside the yellow box are relevant for this comparison.  

The blots were quantified by densitometry. Each value was normalized to its Actin (loading control) 
and expressed as a percentage of control (young w1118). An unpaired Student’s t-test was performed to 
test the significance. The bar graph represents Mean±SEM. 

(A1 and A2: -Panel 1 and 2 of the blots): The Triton-soluble fraction did not differ in UbcD4 
accumulation between young and old w1118 heads (Young=100, Old=163.9±34.25, P>0.05, N=3).  

(B1 and B2: -Panel 1 and 2 of the blots): The triton-insoluble fraction did not differ in UbcD4 
accumulation between young and old w1118 heads (Young=100, Old=78.9±10.74, P>0.05, N=3).  

(A1 and A3: -Panel 3 and 2 of the blots): As expected, the Triton-soluble fraction displayed a 
significant increase in Ref(2)P accumulation in old .versus young (Young=100, Old=741±54.05, 
P=0.007, N=2).  
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(B1 and B3: -Panel 3 and 2 of the blots): As expected, the Triton-insoluble fraction displayed a 
significant increase in Ref(2)P accumulation in old versus young (Young=100, Old=695±100, P=0.02, 
N=2).  

 

Note: To compare the level of UbcD4 between (1): young w1118 - young Atg8aKG07569, 

(2): young w1118 - old w1118 heads, the samples from young w1118, young Atg8aKG07569 

and old w1118 heads were run on a gel as this order for western blot analysis. 

However, in this report, the comparison for (1): young w1118 - young Atg8aKG07569 is 

shown in Figure 4.10 and (2): young w1118 - old w1118 is shown in Figure 4.12 with 

respect to their sections. Here, the significance of the difference between 2 samples 

was tested using Student’s t-test. Since young w1118 was involved in the comparison 

twice, it was also appropriate to perform one-way ANOVA and multiple comparison 

tests to find the difference among young w1118, young Atg8aKG07569 and old w1118. 

Results from one-way ANOVA with Dunnett multiple compassion tests were similar 

to the reults shown in Figures 4.10 and 4.12. The comparisons are as follows:  

• Triton-soluble-UbcD4 level between young w1118 - young Atg8aKG07569 (no 

significant difference P>0.05).  

• Triton-soluble-UbcD4 level between young w1118 - old w1118 (no significant 

difference P>0.05).  

• Triton-insoluble-UbcD4 level between young w1118 - young Atg8aKG07569 

(significant increase in Ubcd4 level in Atg8aKG07569 P=0.007).  

• Triton-insoluble-UbcD4 level between young w1118 - old w1118 (no significant 

difference P>0.05).  

4.2.5 UbcD4 is a component of aggregates in the old w1118 bulbs  

Atg8aKG07569 flies show UbcD4 accumulation in aggregates in brains and bulbs.  

However, old wild-type flies that also have dysfunctional autophagy do not show 

UbcD4 aggregates in the brain. This prompted us to investigate whether UbcD4 

accumulates in old (50-55 days old) w1118 bulbs.   

Immunofluorescence confocal analysis demonstrated (Figure 4.13) UbcD4 

accumulation in aggregates in old bulbs.  
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Figure 4. 13 UbcD4 accumulates in the old w1118 bulb 
Old w1118 bulbs were double immunostained for UbcD4 (1:500) and ubiquitin (1:500). Nuclei were 
stained with Hoechst (1:500).  
(A1-A2): The bulb from old w1118 demonstrated UbcD4 in aggregates. Accumulation of ubiquitin 
aggregates (positive control for ageing and protein aggregation) is shown. UbcD4 did not accumulate 
in aggregates in young w1118 bulbs (Figure 4.5). The images were visualized with a 63x objective.   

 

4.2.6 UbcD4 does not accumulate in proteasome deficient brains  

UbcD4 interacts with Pros54, the polyubiquitin-binding subunit of proteasome 

(Canning et al., 2002). Inhibition of proteasome using a pharmaceutical proteasome 

inhibitor (MG-32) causes an accumulation of E2-25K in mammalian cell lines (Bae 

et al., 2013). Several studies have shown that E2-25K and Ubc1 are involved in the 

synthesis K48-linked polyubiquitin chain and targeting of proteins to proteasome 

degradation (Section 4.1.2-4.1.3). Moreover, inhibition of autophagy often causes the 

accumulation of proteasome substrates by delaying their delivery to the proteasome 

(Korolchuk et al., 2009). In Drosophila, proteasome dysfunction causes the 

accumulation of ubiquitinated proteins, and Ref(2)P aggregates in the brain (Nezis et 

al., 2008). The aforementioned reasons prompted us to investigate whether UbcD4 

accumulates in aggregates in proteasome-deficient flies and determine if proteasome 

contributes to UbcD4 degradation. 

Mutations in the Drosophila β6 and β2 subunits cause a temperature-sensitive 

phenotype (Neuburger et al., 2006, Holden and Suzuki, 1973). Targeted expression 

of β6 and β2 mutation in the central nervous system using pan-neuronal driver Elav 

causes proteasome dysfunction at 29°C (restrictive temperature), which is 

characterized by the accumulation of protein aggregates positive for ubiquitin and 
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Ref(2)P. Proteasome function was intact and no aggregates were observed at 25°C 

(permissive temperature) (Nezis et al., 2008).  

To create a proteasome mutant, Elav-GAL4 and UAS-β2β6 (mutant bearing 

dominant-negative mutation on β6 and β2) lines were allowed to mate at 25°C. The 

eclosed F1 progenies were transferred to 29°C and aged for 5-7 days. F1 flies from 

25°C of a similar age were selected as a control. Young (one-week-old) brains from 

25°C and 29°C flies were immunostained with UbcD4 and analyzed by confocal 

microscopy. No difference in UbcD4 localization was observed between 29°C 

(proteasome dysfunction) and 25°C (control) (Figure 4.14A-B). Localization 

observed was similar to the localization observed in young w1118 brains. This implies 

that UbcD4 does not accumulate in response to proteasome dysfunction. 

In order to confirm that these flies are proteasome deficient, the brains were 

immunostained with Ref(2)P. As expected, Ref(2)P accumulation in aggregates was  

observed in 29°C but not 25°C (Figure 4.14C-D, red panel), confirming proteasome 

dysfunction at 29°C. 

In addition, serial detergent protein extraction and western blot analysis of Elav> 

UAS-β6β2 heads from 29°C and 25°C showed no significant difference in UbcD4 

accumulation (Figure 4.15 A1-A2, B1-B2) both for Triton-soluble and Triton-

insoluble fraction, suggesting that UbcD4 does not accumulate upon proteasome 

dysfunction. The same blot was probed for Ref(2)P as a positive control. As 

expected, the Ref(2)P level was significantly increased at 29°C both in a Triton-

soluble and Triton-insoluble fraction, confirming proteasome dysfunction at 29°C. 

These data (Figure 4.14-4.15) demonstrate that UbcD4 does not accumulate in 

response to proteasome deficiency. 
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Figure 4. 14: UbcD4 does not accumulate in aggregates in proteasome deficient brains 
Elav>UAS-β6β2 brains of the same age from 29°C (proteasome deficient) and 25°C (control) were 
immunostained for UbcD4. The nuclei were stained with Hoechst (1:500). Optic lobes from indicated 
background were shown.  

(A-B): UbcD4 exhibited similar diffused cytoplasmic localization in young Elav>UAS-β6β2 brains 
both at 29°C and 25°C.  

(C-D): Higher magnification of cell bodies in the optic lobe demonstrated similar diffused 
cytoplasmic UbcD4 localization at 29°C and 25°C. The same brains were also immunostained for 
Ref(2)P as a positive control for proteasome dysfunction. Ref(2)P aggregates (arrow) were observed 
at 29°C, but not at 25°C, confirming the proteasome deficiency at 29°C. A total of six brains from 
each category were tested.   
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Figure 4. 15: UbcD4 does not accumulate in response to proteasome deficiency   
Elav>UAS-β6β2 of the same age from 29°C (proteasome deficient condition) and Elav>UAS-β6β2 
from 25°C (control) heads were processed by differential serial detergent extraction. Triton-soluble 
and Triton-insoluble proteins were subjected to SDS-PAGE and immunoblotting for UbcD4 and Actin 
(loading control). As a positive control, the same blot was probed for Ref(2)P. The blots were 
quantified by densitometry. Each value was normalized to its actin (loading control) and expressed as 
a percentage of control (25°C). An unpaired Student’s t-test was performed to test the significance. 
The bar graph represents Mean±SEM.  

(A1 and A2: Panels 1 and 2 of the blots): The Triton-soluble fraction did not differ in UbcD4 
accumulation between 29°C and 25°C (25°C =100, 29°C =93±12.58, P>0.05, N=3).  

(B1 and B2: Panels 1 and 2 of the blots): The Triton-insoluble fraction did not differ in UbcD4 
accumulation between 29°C and 25°C (25°C =100, 29°C =109.3±16.84, P>0.05, N=3). 

(A1 and A3: Panels 3 and 2 of the blots): As expected, the Triton-soluble fraction displayed a 
significant increase in Ref(2)P accumulation at 29°C.versus 25°C (25°C =100, 29°C =222±23.18, 
P=0.006, N=3).  
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(B1 and B3: Panels 3 and 2 of the blots): As expected, the Triton-insoluble fraction displayed a 
significant increase in Ref(2)P accumulation at 29°C.versus 25°C (25°C =100, 29°C =443±11.32, 
P=0.0001, N=3). 

 
4.2.7 UbcD4 does not accumulate in Drosophila models of HD  

Immunofluorescence analysis of brains from HD patients demonstrates an 

accumulation of E2-25K in aggregates. The majority of E2-25K aggregates are 

cytoplasmic although nuclear E2-25K aggregates are also present. No such 

aggregates were observed in same-age control brains. HD brains are characterized by 

the accumulation of polyglutamine-expanded Htt in aggregates. Some of these 

polyglutamine-expanded aggregates colocalize with E2-25K aggregates in HD (de 

Pril et al., 2007). Based on this observation, we examined whether UbcD4 exhibits 

aggregate-like phenotype in Drosophila HD model.  

In order to generate a Drosophila HD model, a human Htt exon1 fragment 

containing 93-polyQ repeats (UAS-Htt93Q) was overexpressed in the Drosophila 

brain (Steffan et al., 2001) using the Elav-GAL4 driver. It has been shown that 

Htt93Q is prone to aggregation. In parallel and as a control, a non-pathogenic form 

of human Htt exon1 containing 20-polyQ (UAS-Htt20Q) was overexpressed using 

the Elav-GAL4 driver. Htt20Q does not undergo aggregation (Steffan et al., 2001). 

Localization and level of UbcD4 were examined in the Drosophila HD model.  

Young Elav>UAS-Htt93Q and Elav>UAS-Htt20Q brains were immunostained for 

UbcD4. Confocal microscopy analysis indicated that UbcD4 did not accumulate in 

aggregates in Elav>UAS-Htt93Q brains (Figure 4.16). Instead, it exhibited a 

localization similar to that in Elav>UAS-Htt20Q. 

Consistent with this observation, serial detergent protein extraction and western blot 

analysis (Figure 4.17) of young Elav>UAS-Htt93Q and Elav>UAS-Htt20Q heads 

showed no significant difference in UbcD4 levels in the Triton-soluble and Triton-

insoluble fraction, confirming no accumulation of UbcD4 in Drosophila HD model. 

Immunofluorescence and western blot analysis together indicate no accumulation of 

UbcD4 in the Drosophila HD model. This suggests that UbcD4 does not recapitulate 

the aggresosome phenotype of E2-25K in the Drosophila HD model.  
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Figure 4. 16: UbcD4 does not accumulate as aggregates in Drosophila models of HD 
Same-age (young, 7-10 days old) Elav>UASHtt20Q (control) and Elav>UASHtt93Q (HD model) 
brains were immunostained for UbcD4. The nuclei were stained with Hoechst (1:500). Higher 
magnifications of optic lobes were shown.  

(A-B): UbcD4 exhibited similar diffused cytoplasmic localization in Elav>UASHtt20Q (A) and 
Elav>UASHtt93Q (B). This suggests that UbcD4 does not recapitulate the aggresosome phenotype of 
E2-25K in the Drosophila HD model. A total of three brains from each genotype were tested. 
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Figure 4. 17: UbcD4 does not accumulate in Drosophila HD model  
Same-age (7-10 days old) Elav>UAS-Htt20Q (control) and Elav>UAS-Htt93Q (HD model) heads 
were processed by differential serial detergent extraction. Triton-soluble and Triton-insoluble proteins 
were subjected to SDS-PAGE and immunoblotting for UbcD4 and Actin (loading control).  
The blots were quantified by densitometry. Each value was normalized to its Actin (loading control) 
and expressed as a percentage of control. The unpaired Student’s t-test was performed to test the 
significance. The bar graph represents Mean±SEM. 

(A): Triton-soluble fraction did not differ in UbcD4 accumulation between Elav>UAS-Htt20Q and 
Elav>UAS-Htt93Q (Elav>UAS-Htt20Q =100, Elav>UAS-Htt93Q =120.5±6.5, P>0.05, N=2).  

(B): Triton-insoluble fraction did not differ in UbcD4 accumulation between Elav>UAS-Htt20Q and 
Elav>UAS-Htt93Q (Elav>UAS-Htt20Q =100, Elav>UAS-Htt93Q =75.33±13.92, P>0.05, N=3). 

 
4.2.8 UbcD4 does not interact with Atg8a in vitro and in cellulo 

Following this, we tested the direct interaction of UbcD4 with Atg8a and thus 

checking the functionality of the putative xLIR motif. It was the putative xLIR motif 

(Chapter 3, Table 3.6) that led us to choose UbcD4 for further analysis. It was 

hypothesized that the UbcD4 interacts with Atg8a through its putative LIR motif. 
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Failure to interact with Atg8a in the Atg8a-deficient flies prevents UbcD4 

degradation through autophagy and results in UbcD4 accumulation. In collaboration 

with Professor Terje Johanson at the University of Tromsø, we tested whether 

UbcD4 interacts with Atg8a.  

Binding of in vitro translated 35S-radiolabeled Myc-UbcD4 with a recombinant GST-

Atg8a was tested by GST pull-down assay (Section 2.11). It was observed that 35S-

radiolabeled Myc-UbcD4 did not bind with GST-Atg8a (Figure 4.18A-AR panel-

top). This indicates that UbcD4 did not form a complex with immobilized GST-

Atg8a, demonstrating no interaction between UbcD4 and Atg8a. The presence of 

immobilized GST-Atg8a was confirmed by Coomassie staining (bottom panel). The 

presence of 35S-radiolabeled Myc-UbcD4 was shown as input (Figure 4.18A-lane 1). 

No interaction was observed with GST-alone (control).   

Evidence of no direct interaction between Atg8a and UbcD4 suggests that putative 

xLIR motif in UbcD4 is not functional, and there is no strong interaction between 

Atg8a and UbcD4. Alternatively, the interaction could be weak and transient in 

nature. Transient interactions are temporary interactions mediated by different 

factors such as posttranslational modification, localization, the presence of a third 

protein or pH (Nooren and Thornton, 2003a). If the interaction is weak and transient, 

there is a greater chance of detecting it with co-immunoprecipitation although this 

does not suggest direct interaction. It is worth mentioning that transient interactions 

are mediated by disorder regions. Since disorder regions lack a stable secondary 

structure, they can undergo conformational changes and permit new and transient 

interactions based on the situation (Perkins et al., 2010, Nooren and Thornton, 

2003b). Initial iLIR analysis indicated that putative xLIR in UbcD4 does not 

overlpas with an anchor region. The anchor in the iLIR represents a subset of 

disorder regions that become ordered once bound to a target. This observation does 

not favour a transient UbcD4-Atg8a interaction. 

To test for the possibility of transient interaction, co-immunoprecipitation was 

performed in Drosophila S2 cells (Figure 4.18B). S2 cells were co-transfected with 

FLAG-UbcD4 and GFP-Atg8a. Immunoprecipitation (IP) was performed using 

FLAG-antibody in order to precipitate FLAG-UbcD4 and its associated proteins. The 

precipitated proteins were detected with a GFP antibody for GFP-Atg8a. No GFP-
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Atg8a was precipitated with FLAG-UbcD4 (Figure 4.18B-top panel), suggesting no 

interaction between UbcD4 and Atg8a.  

 

 

 
 

Figure 4. 18: UbcD4 does not interact with Atg8a in vitro and in cellulo 
(A): UbcD4 does not interact with Atg8a in vitro.  
Myc-tagged UbcD4 was in vitro translated in the presence of 35S-methionine and tested by GST pull-
down assays for interaction with GST-Atg8a or GST-alone constructs.UbcD4 did not bind with GST-
Atg8a or GST-alone (top panel autoradiograph-AR). The presence of 35S-myc -UbcD4 in the sample 
is shown as input. The presence of GST-Atg8a or GST-alone is shown in the CBB (Coomassie stained 
gel). 
(B): S2 cell co-immunoprecipitation shows that UbcD4 does not interact with Atg8a.  
S2 cells were co-transfected with FLAG-UbcD4 and GFP-Atg8a and immunoprecipitated (IP) with 
FLAG antibody. The presence of precipitated FLAG-UbcD4 is shown in the IP-panel (2nd blot). The 
precipitated proteins were detected with a GFP antibody for GFP-Atg8a. The top panel indicates no 
GFP-Atg8a, suggesting that UbcD4 and Atg8a do not exist as a complex or interact with each other. 
The input panel demonstrates the presence of FLAG-UbcD4 and GFP-Atg8a. A similar experiment 
was also performed with the negative control FLAG-alone. As expected, no interaction of FLAG with 
GST-Atg8a was observed. WB=western blot 
Performed by Dr. Ashish Jain, a member of Professor Terje Johanson’s group.  
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4.2.9 Analysis and reconsideration of the hypothesis of putative xLIR in UbcD4 
and its interaction with Atg8a  

UbcD4 does not interact with Atg8a in GST pull-down and co-immunoprecipitation, 

suggesting that putative xLIR may not be functional. xLIR prediction in UbcD4 by 

iLIR could be a false positive hit. The majority of experimentally verified LIR 

proteins used for generating the xLIR consensus pattern contain human proteins 

(20/27). The 27 experimentally verified LIRs contain only one Drosophila 

representative (LIR from Drosophila Atg1-ADYLSV, 96-101 amino acid positions 

with PSSM 14 and no anchor region) (Kalvari et al., 2014). There is a chance that the 

xLIR consensus  pattern and iLIR prediction perform better towards human proteins.  

Additionally, during the course of this project, we (Dr. Nezis’ and Professor 

Johanson’s lab group) observed that majority of xLIR prediction with iLIR became 

true positive (successful direct interaction with Atg8a in Drosophila; similarly, 

human putative candidates with human Atg8 family proteins) when a putative xLIR 

overlaps with an anchor region. This observation suggests that in order to reduce 

false positives and thus increase true positives, it is better to choose putative xLIR 

overlapping with an anchor rather than putative xLIR with PSSM>13. After this 

observation, we followed this strategy for prediction (i.e., choosing xLIR with an 

anchor rather than xLIR with PSSM) (Dr. Nezis’ unpublished data). In addition, a 

follow-up paper for Kalvari et al. (2014), is in the press at the time of writing of this 

thesis and this follow-up paper followed the same strategy. This study created a 

database for putative Atg8-interacting proteins for different model organisms. To 

creae the database Nezis and colleagues made use of iLIR and chose only proteins 

with putative xLIR overlapping with an anchor (Dr. Nezis’ unpublished data).  

During the course of this Ph.D., two alternate approaches for in silico putative LIR 

predictions were reported (Popelka and Klionsky, 2015, Xie et al., 2016). These 

methods follow a strategy similar to the iLIR system but emphasise different 

parameters for increasing true positive prediction. Using these approaches, we re-

examined the possibility of LIR and Atg8 interaction in UbcD4.  

(1). Popelka and colleagues’ method: Popelka and colleagues analyzed (Popelka 

and Klionsky, 2015) disorder/order features of experimentally verified LIR within a 

full-length protein. By analyzing the amino acid sequences of 19 experimentally 

verified Atg8-interacting proteins (human and yeast proteins) using PONDR-FIT, 
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they found that the majority of these functional LIRs or its flanking sequences 

(approximately 7-15 sequences, varying by protein) are located in a region with a 

disorder score equal to or above five. PONDR-FIT is a web-based tool 

(http://www.disprot.org/predictors.php) for predicting disorder scores based on 

amino acid sequences (Xue et al., 2010). Popelka and colleagues accounted LIR 

consensus  pattern as [W/F/Y]0-X+1-X+2-[L/I/V]+3, where “X” could be any amino 

acid. They demonstrated that such a pattern could be recognised by ELM algorithm 

(http:// elm.eu.org). False positive matches arising from ELM-based prediction can 

be filtered out by PONDR-FIT. A false positive [W/F/Y]0-X+1-X+2-[L/I/V]+3 pattern 

is often located on a low disorder score region. The ELM resource is a web-based 

collection of experimentally validated motifs that are represented as consensus  

patterns. ELM documents LIR as the [W/F/Y]0-X+1-X+2-[L/I/V]+3 pattern. Given 

amino acid sequences as an input, ELM predicts such patterns in amino acid 

sequences (Dinkel et al., 2013).  

To re-examine the possibility of Atg8 interaction, FASTA sequences of UbcD4 

protein were uploaded onto ELM. ELM detected two putative [W/F/Y]0-X+1-X+2-

[L/I/V]+3 patterns in UbcD4: 1) FKEV (13-15 amino acid position) and 2) WTEL 

(36-39 amino acid position). The second pattern corresponds to the xLIR pattern 

predicted by iLIR. The disorder scores of these predicted motifs and its flanking 

regions were analyzed by PONDR-FIT. To examine the disorder score, the FASTA 

sequence of UbcD4 was uploaded on to PONDR-FIT. The PONDR-FIT plot 

demonstrated a high disorder score (>5) for FKEV (13-15 amino acid position) and a 

low disorder score (<5) for WTEL (36-39 amino acid position). The disorder score 

for all the 199 amino acids is shown in Table 4.3 and the disorder profile is shown in 

Figure 4.19. This demonstrates that UbcD4 does not contain a disorder region expect 

at the N and C-terminal regions, where it is common to have a high disorder score. 

Based on Popelka and colleagues’ methods, WTEL (36-39 amino acid position) is 

definitely not a functional LIR. Therefore, this method considers the LIR detected by 

iLIR as a false positive hit. FKEV (12-15 amino acid position) is located on the N-

terminal region, which has a high disorder score. Sequences upstream of FKEV 

demonstrate a high disorder score, but the sequences downstream of FKEV 

demonstrate a low disorder score. The secondary structure prediction of UbcD4 

indicates that FKEV is located on an alpha helix (Figure 4.20). This structure has 

similarity to the known structure of E2-25K. The N-terminal of E2-25K comprises a 
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similar alpha helix and has protein-interaction potential. The region mediates the 

interaction of E2-25K with Sumo, another ubiquitin-like protein in vitro and in vivo 

(Pichler et al., 2005). Atg8 has structural similarity with ubiquitin. However, we 

tested the interaction of E2-25K with Atg8 family proteins in vitro and observed no 

interactions (Supplimentary section Chapter 4, Figure 10.2). 

 
Figure 4. 19: UbcD4 has low disorders score 
PONDR-FIT output showing the disorder profile of UbcD4, demonstrating that UbcD4 has low 
disorders score.  

 

Figure 4. 20: Secondary structure of UbcD4  
Predicted secondary structure of UbcD4 demonstrating that UbcD4 is a structured protein. putative 
LIRs (black box) were located on the helix and beta sheet. Secondary structure was predicted by 
Phyre (Kelley et al., 2015).  
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Table 4. 3 Disorder score of individual amino acids in UbcD4 generated with PONDR-FIT  
LIR-like patterns are shown in red. The position of amino acids is shown in the position column. “Aa” 
represents amino acid. DS is disorder score. 
 

Positi
on''

Aa' DS' ' Posit
ion''

Aa' Ds' ' Posit
ion''

Aa' Ds' ' Posit
ion''

Aa' Ds'

1' M' 0.976' ' 51' Y' 0.141' ' 101' A' 0.058' ' 151' A' 0.208'
2' A' 0.946' ' 52' E' 0.137' ' 102' A' 0.057' ' 152' Y' 0.227'
3' N' 0.936' ' 53' G' 0.121' ' 103' A' 0.063' ' 153' A' 0.228'
4' M' 0.915' ' 54' G' 0.094' ' 104' M' 0.074' ' 154' G' 0.21'
5' A' 0.896' ' 55' K' 0.082' ' 105' T' 0.09' ' 155' G' 0.192'
6' V' 0.905' ' 56' F' 0.078' ' 106' L' 0.101' ' 156' P' 0.201'
7' S' 0.865' ' 57' V' 0.071' ' 107' R' 0.104' ' 157' H' 0.221'
8' R' 0.867' ' 58' L' 0.067' ' 108' T' 0.105' ' 158' T' 0.239'
9' I' 0.835' ' 59' E' 0.064' ' 109' V' 0.106' ' 159' F' 0.253'
10' K' 0.908' ' 60' I' 0.067' ' 110' L' 0.106' ' 160' P' 0.229'
11' R' 0.946' ' 61' K' 0.066' ' 111' L' 0.11' ' 161' D' 0.218'
12' E' 0.9' ' 62' V' 0.071' ' 112' S' 0.098' ' 162' C' 0.183'
13' F' 0.909' ' 63' P' 0.081' ' 113' L' 0.111' ' 163' D' 0.144'
14' K' 0.867' ' 64' E' 0.089' ' 114' Q' 0.107' ' 164' S' 0.123'
15' E' 0.799' ' 65' T' 0.091' ' 115' A' 0.126' ' 165' K' 0.115'
16' V' 0.766' ' 66' Y' 0.104' ' 116' L' 0.167' ' 166' I' 0.128'
17' M' 0.68' ' 67' P' 0.088' ' 117' L' 0.26' ' 167' Q' 0.142'
18' R' 0.603' ' 68' F' 0.1' ' 118' A' 0.329' ' 168' R' 0.151'
19' S' 0.483' ' 69' N' 0.08' ' 119' A' 0.407' ' 169' L' 0.153'
20' E' 0.396' ' 70' P' 0.076' ' 120' A' 0.473' ' 170' R' 0.163'
21' E' 0.353' ' 71' P' 0.069' ' 121' E' 0.473' ' 171' D' 0.186'
22' I' 0.353' ' 72' K' 0.046' ' 122' P' 0.491' ' 172' M' 0.227'
23' V' 0.338' ' 73' V' 0.036' ' 123' D' 0.478' ' 173' G' 0.227'
24' Q' 0.314' ' 74' R' 0.032' ' 124' D' 0.423' ' 174' I' 0.234'
25' C' 0.312' ' 75' F' 0.035' ' 125' P' 0.336' ' 175' D' 0.195'
26' S' 0.306' ' 76' I' 0.038' ' 126' Q' 0.282' ' 176' E' 0.197'
27' I' 0.304' ' 77' T' 0.039' ' 127' D' 0.259' ' 177' H' 0.224'
28' K' 0.265' ' 78' R' 0.042' ' 128' A' 0.224' ' 178' E' 0.207'
29' I' 0.231' ' 79' I' 0.054' ' 129' V' 0.182' ' 179' A' 0.189'
30' E' 0.236' ' 80' W' 0.058' ' 130' V' 0.146' ' 180' R' 0.172'
31' L' 0.249' ' 81' H' 0.054' ' 131' A' 0.144' ' 181' A' 0.179'
32' V' 0.231' ' 82' P' 0.052' ' 132' Y' 0.138' ' 182' V' 0.188'
33' N' 0.236' ' 83' N' 0.061' ' 133' Q' 0.12' ' 183' L' 0.191'
34' D' 0.234' ' 84' I' 0.068' ' 134' F' 0.104' ' 184' S' 0.19'
35' S' 0.237' ' 85' S' 0.075' ' 135' K' 0.086' ' 185' K' 0.198'
36' W' 0.249' ' 86' S' 0.077' ' 136' D' 0.08' ' 186' E' 0.24'
37' T' 0.218' ' 87' V' 0.069' ' 137' K' 0.068' ' 187' N' 0.303'
38' E' 0.193' ' 88' T' 0.058' ' 138' Y' 0.054' ' 188' W' 0.373'
39' L' 0.172' ' 89' G' 0.052' ' 139' D' 0.043' ' 189' N' 0.392'
40' R' 0.154' ' 90' A' 0.046' ' 140' L' 0.04' ' 190' L' 0.539'
41' G' 0.147' ' 91' I' 0.041' ' 141' F' 0.039' ' 191' E' 0.524'
42' E' 0.154' ' 92' C' 0.034' ' 142' L' 0.039' ' 192' K' 0.542'
43' I' 0.138' ' 93' L' 0.036' ' 143' L' 0.044' ' 193' A' 0.507'
44' A' 0.139' ' 94' D' 0.039' ' 144' T' 0.056' ' 194' T' 0.497'
45' G' 0.166' ' 95' I' 0.045' ' 145' A' 0.08' ' 195' E' 0.509'
46' P' 0.159' ' 96' L' 0.046' ' 146' K' 0.097' ' 196' G' 0.665'
47' P' 0.159' ' 97' K' 0.047' ' 147' H' 0.106' ' 197' L' 0.778'
48' D' 0.155' ' 98' D' 0.051' ' 148' W' 0.162' ' 198' F' 0.773'
49' T' 0.148' ' 99' N' 0.056' ' 149' T' 0.154' ' 199' S' 0.774'
50' P' 0.128' ' 100' W' 0.061' ' 150' N' 0.177' ' ' ' '

 

 (2). Xie and colleagues’ methods: Xie and colleagues adopted a sequence-based 

approach for putative LIR prediction. In this study, they first considered LIR 

sequences as a heptapeptide: X-3-X-2-X-1-[F/W/Y]-X+1-X+2-[L/I/V], where ‘X’ could 

be any amino acid. Further, they collected 36 experimentally verified LIR sequences 

and assessed the nature of amino acids and at X-3, X-2, X-1, X1 and X2 positions (They 
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used the LIR sequences which are presented in Table 3.1-3.2). Their analysis 

indicated that 29 out of 36 LIR sequences have at least one acidic amino acid at X 

position. The frequency of acidic amino acids at the X positions of the LIR is higher 

compared to the frequency found in random sequences of similar length. Further 

analysis of these 29 sequences indicated that 19 out of 29 LIRs contains at least two 

acidic amino acids at X-3, X-2, X-1, X1 or X2 
th position. Based on this observation, 

five consensus  patterns were coined for LIR motif.  

• X-3-[D/E]-2-[D/E]-1-[F/W/Y]-X+1-X+2-[L/I/V], 

• X-3-X-2-[D/E]-1-[F/W/Y]-[D/E] +1-X+2-[L/I/V], 

• [DE] -3-[D/E]-2-X-1-[F/W/Y]-X+1-X+2-[L/I/V], 

• [D/E]-3-X-2-[D/E]-1-[F/W/Y]-X +1-X+2-[L/I/V], 

• X-3-X-2-X 1-[F/W/Y]-[D/E] +1-[D/E]+2-[L/I/V], 

These consensus  patterns are termed as high fidelity Atg8-interacting motif 

(hfAIM). Additionally, the authors developed a web tool (Section 2.13.4) for 

identifying the hfAIM pattern in a given amino acid sequences (Xie et al., 2016).  

To re-examine the occurrence of hfAIM patterns, the amino acid sequences of 

UbcD4, were uploaded on the hfAIM tool. hfAIM detected no hfAIM consensus  

pattern in UbcD4. The putative xLIR on UbcD4 (DSWTEL-34-39) predicted by iLIR 

does not qualify the requirement of two acidic amino acids at X positions.  

We attempted to investigate the possibility of co-immunoprecipitation of UbcD4 

with Atg8a as a tissue-specific phenomenon. It is because we observed accumulation 

of UbcD4 with ubiquitin and Ref(2)P positive aggregates only in autophagy-deficient 

brains and bulbs. We hypothesised that UbcD4 might undergo substantial 

conformational changes upon binding to another protein such as ubiquitin. This 

conformational change further favours the interaction of UbcD4 with Atg8a. In this 

study, UbcD4 did not accumulate in proteasome-deficient brains. This suggests that 

UbcD4 is degrading through an alternate pathway. Proteasome-deficient brains have 

ubiquitin-positive protein accumulation as well as functional Atg8a and autophagy 

(Pandey et al., 2007). Accumulation of ubiquitinated proteins in response to 

proteasome deficiency may attract UbcD4 to the inclusion. Once bound to ubiquitin, 

UbcD4 may undergo conformation change and interact with Atg8a. This interaction 
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can be utilised as a mechanism for degradation through autophagy. If this is the case, 

it will be possible to co-immunoprecipitate UbcD4 with Atg8a from proteasome 

deficient brains. So far, attempts at performing co-immunoprecipitation of UbcD4 

and Atg8a from adult Drosophila have not been fruitful. We attempted to optimize 

the UbcD4 antibody for immunoprecipitating endogenous UbcD4. However, the 

amount of UbcD4 precipitated was much less (data not shown). Owing to the limited 

amount of UbcD4 antibody, we were unable to repeat the experiment to optimize the 

precipitation. Moreover, the antibody for Atg8a is not suitable for co-

immunoprecipitation. Hence, immunoprecipitation of Atg8a and subsequent probing 

for UbcD4 was not possible. If a protein fails to interact with a protein of interest in 

vitro and in vivo even after overexpressing both the proteins in cell culture, then the 

chances of an interaction between these proteins are very low. At the least, the 

probability of experimentally capturing such interactions is very low (personal 

communication with Dr. Nezis).  

Moreover, the PONDR-FIT profile of UbcD4 indicates a low disorder score for 

UbcD4. This low disorder score suggests that UbcD4 is a highly structured protein 

that cannot undergo substantial conformational changes. UbcD4 is similar to E2-

25K. Crystal structures of ‘E2-25K bound to ubiquitin’ and ‘E2-25K-alone’ were 

compared. The binding of ubiquitin with E2-25K was mediated through the residues 

in α7, α8 and α9 in the UBA domain of E2-25K. Binding with ubiquitin did not 

cause a substantial difference in E2-25K conformation (Ko et al., 2010). Similar to 

ubiquitin, the binding of SUMO with E2-25K did not cause substantial 

conformational changes in the E2-25K structure. The binding of SUMO to E2-25K 

was mediated through the residues at N-terminal α1 in E2-25K (Pichler et al., 2005).  

Taken together, these results show: 1) UbcD4 does not interact with Atg8a in vitro in 

GST pull-down; 2) overexpressed Atg8a does not co-immunoprecipitate with 

overexpressed UbcD4 in S2 cell; 3) 2 alternate in silico LIR prediction methods fail 

to identify genuine LC3-interacting region in UbcD4; and 4) UbcD4 is not an 

intrinsically disordered protein and hence the chances of UbcD4 undergoing 

conformational changes and forming a transient interaction with Atg8a is low. These 

observations favour rejection of the functionality of putative xLIR in UbcD4 and the 

possibility of Atg8a interaction.  
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As stated before, the initial aim of this project was to identify novel LIR-containing 

Atg8a-interacting protein and investigate whether this protein has a role in ubiquitin-

dependent selective autophagy of protein aggregates. However, when the interaction 

of Atg8a with UbcD4 was tested, I reached the second year of my Ph.D. Therefore, 

we decided to continue investigating UbcD4. We aim to investigate: 

•  1) How does UbcD4 targeted to ubiquitin-Ref(2)P positive protein aggregate 

in autophagy-deficient condition. 

•  2) Does UbcD4 have a role in the removal or formation of ubiquitinated 

aggregates through selective autophagy?  

• 3) Does UbcD4 have a role in the regulation of autophagy in general? 

4.2.10 UbcD4 does not interact with Ref(2)P in vitro 

To investigate how UbcD4 is targeted to the aggregates in Atg8a-deficient 

conditions, we tested if Ref(2)P directly interacts with UbcD4. Colocalization studies 

in Atg8aKG07569brains indicated a colocalization of Ref(2)P with UbcD4 (Section 

4.2.2). Based on this observations, it was hypothesized that the interaction of UbcD4 

with Ref(2)P may target UbcD4 to the aggregates.  

Binding of in vitro translated 35S-radiolabeled Myc-UbcD4 with a recombinant GST-

Ref(2)P was tested by GST pull-down assay (Section 2.11). It was observed that 35S-

radiolabeled Myc-UbcD4 did not bind with GST-Ref(2)P (Figure 4.21-AR panel-

top). This indicates that UbcD4 did not form a complex with immobilized GST-

Ref(2)P, demonstrating no interaction between UbcD4 and Ref(2)P. The presence of 

immobilized GST-Ref(2)P was confirmed by CBB staining (bottom panel). The 

presence of 35S-radiolabeled Myc-UbcD4 was shown as input (Figure 4.21-lane 1).  

No direct interaction between Ref(2)P and UbcD4 suggests that colocalization 

between UbcD4 and Ref(2)P is not due to a direct interaction. A third protein such as 

ubiquitin may be involved in the targeting of UbcD4 to the aggregates. Therefore 

exclude the possibility that Ref(2)P targets UbcD4 to the aggregates. 
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Figure 4. 21: UbcD4 does not interact with Ref(2)P in vitro 
Myc-tagged UbcD4 was in vitro translated in the presence of 35S-methionine and tested by GST pull-
down assay for interaction with GST-Ref(2)P or GST-alone. UbcD4 did not bind with GST-Ref(2)P 
or GST alone (top panel, AR). The presence of 35S-myc -UbcD4 in the sample is shown as input. The 
presence of GST-Ref(2)P or GST-alone is shown in the CBB gel panel.  
Performed by Dr. Ashish Jain, a member of Professor Terje Johanson’s group.  
 
4.2.11 Attempts to examine the role of UBA domain in targeting UbcD4 to the 
aggregates  

Immunofluorescence analysis indicates that UbcD4 aggregates colocalize with 

ubiquitinated protein aggregates in Atg8aKG07569 brains. Two independent large-scale 

proteomics studies aimed at identifying ubiquitinated proteins in embryo and adult 

photoreceptor cells identified UbcD4 as a hit (Franco et al., 2011, Ramirez et al., 

2015). Several studies have shown that E2-25k and Ubc1 are involved in the 

attachment of polyubiquitin onto a pre-ubiquitinated substrate (Section 4.1.2-4.1.3). 

UBA domain is critical for its ability to bind ubiquitinated substrates and for 

polyubiquitin attachment. The UBA domain of E2-2K binds ubiquitin. E2-25K 

lacking UBA forms smaller polyubiquitin chains and exhibits less affinity for the 

substrates. It has been suggested that E2-25K first binds to a pre-ubiquitinated 

substrate through UBA domain. Binding of E2-25K to the pre-ubiquitinated 
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substrates through UBA further stabilises the interaction and promotes the 

ubiquitination activity of the UBC domain (Cook et al., 2015). The importance of the 

UBA domain is further reinforced by the observation that E2-25K mediates amyloid 

beta toxicity (Ko et al., 2010) and polyglutamine-induced Htt toxicity through the 

UBA domain (de Pril et al., 2007).  

The aforementioned observations prompted us to investigate the role of the UBA 

domain in targeting UbcD4 to the ubiquitinated aggregates. We speculated that 

autophagy deficiency in Atg8aKG07569 brains resulted in the accumulation of 

ubiquitinated proteins. The UBA domain of UbcD4 targets UbcD4 to the pool of pre-

ubiquitinated proteins, where UbcD4 interacts with pre-ubiquitinated substrates and 

is involved in the attachment of polyubiquitin chain onto the pre-ubiquitinated 

substrates. To investigate whether the UBA domain is involved in the targeting of 

UbcD4 to the aggregates, we aimed to overexpress full-length UbcD4 or UbcD4 

without UBA (UbcD4ΔUBA) in Atg8aKG07569 brains and monitor UbcD4 

localization/accumulation with immunofluorescence and western blot analysis. We 

hypothesized that if the UBA domain is involved in the targeting of UbcD4 to 

ubiquitinated aggregates, the overexpression of UbcD4ΔUBA will not result in 

UbcD4 accumulation, but the overexpression of full-length UbcD4 will result in 

UbcD4 accumulation in Atg8aKG07569 brains (Figure 4.22). 

To investigate this in collaboration with Professor Terje Johanson, we created UAS-

GFP-UbcD4WT and UAS-GFP-UbcD4ΔUBA flies. These flies were created by Dr. 

Ashish Jain as described in Section 2.2.5  

The reasons for choosing GFP-tagged UbcD4 constructs over untagged UbcD4 

include 1) the lack of availability of UbcD4 antibody, and 2) the presence of GFP to 

help screening larvae or flies using a GFP filter under a stereomicroscope during 

crosses, thus speeding up time-consuming crosses. 
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Figure 4. 22: Experimental outline to investigate the role of UBA domain in targeting UbcD4 to 
the aggregates  
We aimed to overexpress GFP-UbcD4WT or GFP-UbcD4ΔUBA in Atg8aKG07569 brains and monitor 
their localization/accumulation. If the UBA domain is involved in the targeting of UbcD4 to 
ubiquitinated aggregates, the overexpression of UbcD4ΔUBA will not result in UbcD4 accumulation, 
but the overexpression of full-length UbcD4 will result in UbcD4 accumulation in Atg8aKG07569 brains.  
 
4.2.11.1 Testing the ability of UbcD4 (UAS-GFP-UbcDWT and UAS-GFP-
UbcDΔUBA) flies to overexpress  

The transgenic flies were created using P element-mediated transformation. Insertion 

of the P element in the Drosophila genome is random. The inserted P-element 

produces different expression levels depending on where it is inserted (O'Hare and 

Rubin, 1983, Liao et al., 2000).  

A total of nine lines for UAS-GFP-UbcD4WT (four for the 3rdchromosome, four for 

the 2nd chromosome and one for the X-chromosome insertion) and a total of eight 

lines for UAS-GFP-UbcD4ΔUBA (five for the 3rd chromosome and three for the 2nd 

chromosome insertion) were obtained from BestGene Inc. The ability of these lines 

to overexpress was tested by several methods.  

An initial screen was performed to test the expression level in third instar larval fat 

bodies using an FLP-out system. An FLP-out line (termed as FLP-out empty, Section 

2.2.4) was crossed with UAS-GFPUbcD4WT or UAS- GFP-UbcD4ΔUBA. FLP-out 

empty contains an FLP-out construct that generates mutant (expression of UAS-

driven transgene) and wild-type cells within the same tissue. The FLP-out system 

was chosen because it can ameliorate the undesired lethal effect of transgene 
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expression (if any) by expressing transgene only in some cell populations and 

retaining the remaining cell population as a wild-type background. Third instar larval 

bodies of F1 progenies were processed by immunofluorescence and tested for GFP 

fluorescence using a 488 laser with a confocal microscope. A representative of one 

line from each category is shown in Figures 4.23A-B.  

Both GFP-UbcD4WT and GFP-UbcD4ΔUBA exhibited similar localization and 

fluorescent intensity. The localization was mainly nuclear with cytoplasmic 

distribution. Expression of GFP was very low in all the 17 lines tested, irrespective 

of genotype and chromosomal insertion. There was no major difference in GFP 

intensity among these lines although they were inserted in different chromosomes. 

Low GFP expression made it difficult to distinguish the clone from the background 

fluorescence. Since expression was very low, it was difficult to identify the clones 

under an epifluorescence microscope. In order to capture confocal images, the laser 

properties were increased to the maximum levels. It is worth mentioning that all the 

slides were observed on the same day that the slides were mounted. When observed 

after four days, no GFP-positive clones were observed in the same slides. 

In parallel, three other proteins (i.e., GFP, Sequoia and YL1) were overexpressed 

using the same FLP-out system. UAS-GFP (obtained from Bloomington), UAS-GFP-

Sequoia and UAS-GFP-YL1 lines were crossed independently with FLP-out empty. 

Both Sequoia and YL1 were cloned in pPGW, the same expression vector used for 

UbcD4 expression and created at BestGene Inc following the same method used for 

UbcD4 lines. The transgene overexpression was examined with a 488 laser in a 

confocal microscope (Figure 4.23 C1-C3). Confocal microscopy analysis of the third 

instar larval fat bodies demonstrated striking GFP intensity in all three lines. GFP-

positive clones were easily identified under an epifluorescence microscope. 

Moreover, GFP fluorescence was present in the slides even after four days. These 

observations confirm that the low GFP fluorescence observed for GFP-UbcD4 lines 

is due to its low expression. It was not an experimental error that may occur during 

fly crossing or microscopy. The observation of good expression with Sequoia and 

YL1 confirms that the expression system itself (pPGW) has no connection with the 

low expression of UbcD4. It is unlikely that all the transgenes ended up in places 

where they have a low expression since the transgene insertion in Drosophila during 

transformation is random. 
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Figure 4. 23: UAS-GFP-UbcD4 and UAS-GFP-UbcD4ΔUBA exhibit low expression 
UAS-transgenic lines from indicated background were crossed with FLP-out empty to trigger the 
expression of the transgene in the clones. F1 third instar fat bodies were processed by 
immunofluorescence. The fat bodies were stained with phalloidin to visualize cell boundaries. Nuclei 
were stained with DAPI. The GFP-tagged proteins were visualized with a 488 laser. Arrow represents 
overexpressed recombinant proteins. 

(A-B): UAS-GFP-UbcD4 and UAS-GFP-UbcD4ΔUBA were overexpressed by FLP-out empty. A 
total of nine lines for UAS-GFP-UbcD4WT and eight lines for UAS-GFP-UbcD4Δ were tested. A 
representative line from each category is shown. GFP expression was very low in FLP-out>GFP-
UbcDWT (A) and FLP-out>GFP-UbcD4ΔUBA (B). The images shown here were captured with a 
confocal microscope by increasing the laser properties to the maximum levels. The laser properties are 
shown in the right panel.  

(C1-C3): Control lines [UAS-GFP (control for GFP signal), UAS-GFP-Sequoia and UAS-GFP-YL1 
(control for expression system and fly generation)] were overexpressed by the same FLP-out system. 
The excellent GFP fluorescence observed in FLP-out>GFP (C1), FLP-out>GFP Sequoia (C2) and 
FLP-out >YL1(C3) indicates that low expression in FLP-out>UAS-UbcD4 lines (A and B) is due to 
less expression. Laser properties used for control lines are shown in the right panel. Good expression 
was observed for GFP-Sequoia and GFP-YL1, confirming that the expression system (pPGM 
plasmid) is suitable to trigger expression. Hence controls lines exhibit good expression, whereas 
UAS-GFP-UbcD4 and UAS-GFP-UbcD4ΔUBA exhibit low expression under same condition.  
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Low expression of GFP-UbcD4 and GFP-UbcD4ΔUBA hindered further hypothesis 

testing (Figure 4.22). Several attempts have been made to enhance the expression. 

Methods adopted to increase the expression are as follows.  

1) Use of Tubulin-GAL4 driver: To increase expression of UAS-UbcD4 transgenic 

lines, transgenes were expressed using a Tubulin-GAL4 driver. The Tubulin-GAL4 

driver promotes ubiquitous expression. It is considered a stronger driver compared to 

Actin. The FLP-out system drives expression under an Actin promoter. Targeted 

expression of GFP-UbcD4WT using the Tubulin-GAL4 driver slightly improves GFP 

fluorescence. However, it was still difficult to make a conclusive judgment about 

localization or expression. Third instar larval fat bodies and young adult brains 

expressing GFP-UbcD4WT under Tubulin-GAL4 were visualized with a 488 laser 

(Figure 4.24A1 and B1). 

2) Use of GFP antibody to improve GFP signal: To enhance the GFP-signal, GFP-

antibody was used. Binding of primary antibodies to GFP-tagged proteins followed 

by the binding of secondary antibodies may enhance the original signal. 

Tubulin>GFP-UbcD4WT brains (Figure4.24-B2) and fat bodies (Figure4.24-A2) 

were immunostained with GFP antibody and visualized with confocal microscopy. 

The use of GFP antibody slightly improved GFP-tagged UbcD4 visualization in the 

fat bodies but did not help with visualization in brains. Since the level of expression 

was low, laser properties were increased to improve visualization of the signal. When 

the laser properties were increased, autofluorescence/background fluorescence was 

also increased. Autofluorescence/background fluorescence was high in brains with 

and without antibody. It was difficult to comment on GFP-UbcD4WT localization. 

The localization was cytoplasmic with the occasional appearance of small dot-like 

structures (arrows in Figure 4.24B1) in cell bodies and neuropil. The expression 

pattern observed was different from endogenous UbcD4 expression in brains. For 

example, cytoplasmic localization observed was different from endogenous UbcD4 

localization in w1118 brains. Similarly, the dot-like structures observed were different 

from endogenous UbcD4 aggregates in Atg8aKG07569 brains.  

It is worth mentioning that the flies that overexpressed GFP-UbcD4WT using 

Tubulin-GAL4 did not exhibit GFP-fluorescence when examined under a 

stereomicroscope with the GFP filter. The Tubulin-GAL4 driver is balanced on 

TM6b. Homozygous UAS-GFP-UbcD4WT lines were crossed with the Tubulin-
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GAL4 driver. A typical cross should produce an approximately equal number of 

Tubulin>UAS-GFP-UbcD4WT and TM6B>UAS-GFPUbcD4WT progenies. TM6b 

bearing-larvae/flies produce tubby phenotypes (body size of larvae or flies is small 

compared to wild-type organisms). Since they produce tubby-phenotypes, it is 

possible to distinguish Tubulin>UAS-GFP-UbcD4WT from TM6b>UAS-

GFPUbcD4WT. However, Tubulin>UAS-GFP-UbcD4WT larvae and TM6b>UAS-

GFPUbcD4WT demonstrate no signal with a GFP filter. The signal observed was 

similar to that of the negative control (w
1118 

larvae). It was easy to distinguish larvae 

in the positive control, which express GFP alone (Tubulin>GFP) from TM3>GFP 

(no GFP expression). This suggests that GFP-UbcD4 constructs have low expression. 
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Figure 4. 24: The use of the Tubulin-driver and anti-GFP antibody did not improve the GFP-
UbcD4WT signal 
UAS-GFP-UbcD4WT were crossed with Tubulin-GAL4. Third instar larval fat bodies and young adult 
brains from F1 progenies were processed by immunofluorescence.  
(A1,B1): Larval fat bodies (A1) and adult brains (B1) were visualised with a 488 laser to detect the 
GFP-tagged proteins. The GFP signal was still very low and was slightly improved in the fat bodies 
but not in the brains. 
(A2,B2): Larval fat bodies and adult brains were immunostained with GFP antibody (1:1000) to 
detect the GFP-tagged proteins. The GFP signal was still very low. The use of GFP antibody did not 
further improve the signal.  
Occasionally small dot-like structures (arrows) were observed. w/o=without 
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3) Examination of GFP-UbcD4WT or GFP-UbcD4ΔUBA signal in flies that have 

defective degradation pathway: Low expression of overexpressed proteins could 

result from low synthesis at the transcriptional level or the rapid degradation of 

overexpressed protein soon after its synthesis. If overexpressed protein undergoes 

rapid degradation, an increase in signal (at least moderate accumulation) should be 

observed in flies, which have a defective degradation pathway. To check this 

scenario, GFP-UbcD4WT and GFP-UbcD4ΔUBA were expressed in an Atg8a-

defective (Atg8aKG07569) background. Additionally, overexpression of GFP-

UbcD4WT and GFP-UbcD4ΔUBA in Atg8aKG07569 brains was necessary to examine 

the hypothesis stated in Figure 4.22.   

Genetic crosses used for overexpressing the transgenes in Atg8aKG07569 flies are 

detailed in (Section 2.2.7). A stable line that constitutively expresses either the GFP-

UbcD4WT or GFP-UbcD4ΔUBA under a Tubulin promoter was generated. The line 

that constitutively expresses the transgene were further crossed with Atg8aKG07569 and 

generated Atg8aKG07569/GFP-UbcD4WT-Tubulin and Atg8aKG07569/GFP-

UbcD4ΔUBA-Tubulin. In order to create these lines, two representative UAS lines 

from each category were chosen. 

Young brains from Atg8aKG07569/GFP-UbcD4WT-Tubulin and Atg8aKG07569/GFP-

UbcD4ΔUBA-Tubulin were processed by immunofluorescence and visualized for 

direct GFP fluorescence and underwent GFP antibody staining.  

Confocal microscopy analysis indicated no increase in GFP-UbcD4WT or GFP-

UbcD4ΔUBA signal in Atg8aKG07569 brains. The intensity and localization of GFP-

UbcD4WT and GFP-UbcD4ΔUBA in Atg8aKG07569 (Figures 4.25 and 4.26) were 

similar to those in the wild-type condition (Figure 4.24). As previously observed, no 

improvement in signal was observed with GFP antibody. The pattern of 

overexpressed GFP-UbcD4WT was different from the endogenous UbcD4 protein in 

wild-type and Atg8aKG07569 backgrounds. The signal for UbcD4WT and 

UbcD4ΔUBA was mainly diffused, and its intensity was low. It is not possible to 

reach a conclusion about GFP intensity or the localization among these lines. The 

results indicate that low expressions of overexpressed proteins are not due its rapid 

degradation. Expression of GFP-UbcD4WT and GFPUbcD4ΔUBA were also low in 

bulbs (data not shown).  
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Figure 4. 25: Attempts to test the overexpression of UAS-GFP-UbcDWT4 lines 
GFP-UbcD4WT signal in Atg8aKG07569 background is shown. 
A1 shows the brains (optic lobe) that express GFPUbcD4WT visualised with a 488 laser. A2-A3 
shows the brains (optic lobes) that express GFPUbcD4WT visualized with GFP antibody (1:1000).  
A3 represents a higher magnification of A2 (white box). No increase in overexpressed GFP-
UbcD4WT signal was observed in Atg8aKG07569 brains. 
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Figure 4. 26: Attempts to test the overexpression of UAS-GFP-UbcD4ΔUBA lines 
GFP-UbcD4ΔUBA signal in Atg8aKG07569 background is shown.  
A1 shows the brains (optic lobe) that express GFPUbcD4ΔUBA visualised with a 488 laser. A2-A3: 
show the brains (optic lobe) that express GFPUbcD4ΔUBA visualised with GFP antibody (1:1000). 
A3 represents a higher magnification of A2 (white box). No increase in overexpressed GFP-UbcD4 
signal was observed in Atg8aKG07569 brains. 
 

Analysis presented in 4.2.11.1 demonstrates that UAS-GFP-UbcDWT and UAS-

GFP-UbcDΔUBA lines exhibit low expression. Since the level of expression was 

low, laser properties were increased to improve visualization of the signal. When the 
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Endogenous UbcD4 and overexpressed GFP-tagged UbcD4 differ in molecular 

weight. Hence, it is possible to distinguish between them based on this property. The 

expected size of each construct is summarized in Table 4.4. The expected molecular 

weights of GFP-UbcD4WT and GFP-UbcD4ΔUBA are 51.2 kDa and 47.2 kDa, 

respectively. The Bio-Rad protein molecular weight marker used for this study has 

bands close to these expected sizes, namely, 37 kDa and 50 kDa.  

Table 4. 4 Expected molecular weights of endogenous UbcD4, GFP-UbcD4WT and GFP-
UbcD4ΔUBA proteins 
 

Protein Components Total molecular 
weight 

Endogenous 
UbcD4 

UbcD4 ≈22 kDa 

GFP-UbcD4WT GFP(≈27kDa)+UbcD4(≈22kDa)+linker (≈2.2Da)  ≈51.2kDa 

GFP-
UbcD4DUBA 

GFP(≈27kDa)+UbcD4DUBA (≈18)kDa+linker 
(≈2.2Da)  

≈47.2kDa 

Western blot analysis was performed with UbcD4 and GFP antibody. Two different 

GFP antibodies were used: 1) monoclonal GFP mouse, that usually produce one 

clean GFP band and 2) polyclonal GFP Rabbit, which is highly efficient, but 

produces several bands. In theory, monoclonal antibody detects single epitope, 

whereas polyclonal antibody detects multiple epitopes.  We speculated that GFP in 

GFP-UbcD4WT and GFP-UbcD4ΔUBA could undergo conformational change or 

mutations that may cause destruction of an epitope. If this occurs, a polyclonal GFP 

antibody will have greater chances to detect GFP since it detects multiple epitopes.  

Western blot analysis for GFP-UbcD4WT and GFP-UbcD4ΔUBA in head lysate 

using monoclonal GFP antibody: Proteins were extracted from indicated genotypes, 

[(A) UbcD4EY05497- negative control for the GFP-UbcD4 constructs (mutant with less 

UbcD4 protein), (B) GFP-UbcD4WT-Tubulin, (C) GFP-UbcD4ΔUBA-Tubulin (D) 

Atg8aKG07569/GFP-UbcD4WT-Tubulin and (E) Atg8aKG07569/GFP-UbcD4ΔUBA-

Tubulin, by serial detergent extraction. Both Triton-soluble and Triton-insoluble 

fractions were subjected to western blot analysis with GFP monoclonal antibody.  

A band close to the expected size of GFP-UbcD4WT and GFP-UbcD4ΔUBA was 

detected after 1 to 2 hours of exposure (Figure 4.27:lane 2-6 and 9). Long exposure 

time indicates less protein in the sample. However, the same size band appeared on 
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the negative control (UbcD4EY05497-lane2). The appearance of this band on negative 

control made it difficult to confirm the identity of the band observed.  

The same blot was probed for Tubulin and endogenous UbcD4 after stripping. As 

expected, both bands were detected within a short exposure time. This suggests that 

the protein loaded was suitable for detection by western blot analysis. Hence, the 

issue lies with the GFP-UbcD4WT and GFP-UbcD4ΔUBA lines. 

Overexpressed proteins may form aggregates. If they form aggregates, it is difficult 

to extract aggregates in a mild lysis buffer such as 1% Triton. Such a situation can 

result in a lack of protein for analysis. However, we did not observe overexpressed 

proteins in the Triton-insoluble fraction (Figure 4.27). This suggests that 

overexpressed protein does not aggregate.  

GFP has a barrel-like structure and is thus resistant to proteolysis. When GFP-tagged 

overexpressed proteins undergo degradation, GFP is released from the protein and 

appears at around 27 kDa. However, no truncated GFP band was detected (Figure 

4.27), suggesting no rapid degradation of GFP-UbcD4WT and GFP-UbcD4ΔUBA. 
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Figure 4. 27: Probing of head lysates from indicated genotypes with monoclonal GFP antibody 
indicated low/no expression of GFP-UbcD4WT and GFP-UbcD4ΔUBA 
Heads were collected from indicated genotypes. Sequentially extracted proteins were subjected to 
immunoblotting and probed using GFP-monoclonal antibody (Top panel). The same blot was probed 
for Tubulin and UbcD4. 
A band close to the expected size of GFP-UbcD4WT (lane 3,5 in Triton-soluble and lane 9 in Triton-
insoluble) and GFP-UbcD4ΔUBA (lane 4,6 in Triton-soluble) appeared after 1-2 hours of exposure. 
However, a similar size band was observed in the negative control (UbcD4EY05497, lane 2 in Triton-
soluble).  
When the same blot was probed for Tubulin and endogenous UbcD4 with Tubulin and UbcD4 
antibody, the bands for Tubulin and endogenous UbcD4 appeared within 5-10 minutes of exposure. 
The absence of overexpressed proteins in the Triton-insoluble fraction (except in lane 9) 
indicated the absence of overexpressed protein aggregation. The absence of truncated GFP 
(expected to be around 27 kDa) indicated that overexpressed proteins were not undergoing 
degradation. 
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Western blot analysis for GFP-UbcD4WT and GFP-UbcD4ΔUBA in whole fly 

lysate using monoclonal GFP antibody: 

Proteins were extracted from indicated genotypes, (A) GFP-Tubulin (B) GFP-

UbcD4WT-Tubulin and (C) GFP-UbcD4ΔUBA-Tubulin, in 1% Triton lysis buffer 

and subjected to western blot analysis with GFP monoclonal antibody.  

A band close to the expected size of GFP-UbcD4WT and GFP-UbcD4ΔUBA was 

detected after 1 to 2 hours of exposure in GFP-UbcD4WT-Tubulin and GFP-

UbcD4ΔUBA-Tubulin (Figure 4.28). However, long exposure time resulted in the 

appearance of a band with similar size in GFP-Tubulin (negative control for the 

GFP-UbcD4 construct). As expected for positive control, the GFP-alone band 

(27kDa) was observed in GFP-Tubulin within 10 minutes of exposure time. As 

previously observed (Figure 4.27), no truncated GFP was observed from GFP-

UbcD4WT-Tubulin or GF-PUbcD4ΔUBA Tubulin lines. 
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Figure 4. 28: Probing of whole fly lysates from indicated genotypes with monoclonal GFP 
antibody demonstrated low/no expression of GFP-UbcD4WT and GFP-UbcD4ΔUBA 
Whole flies from indicated genotypes were processed in 1% Triton lysis buffer and subjected to 
immunoblotting for GFP-UbcD4WT, GFP-UbcD4ΔUBA and GFP using GFP monoclonal antibody. 
Results for blots with long (top panel-≈1hour exposure) and short exposure time (bottom panel -
≈5min exposure) are shown. 
As expected, GFP band (27kDa) was observed in GFP-Tubulin lysates (lane 2, 3) with a short 
exposure time (bottom panel). No bands were observed in GFP-UbcD4WTTubulin or GFP-
UbcD4ΔUBA Tubulin lysates with a short exposure time. A long exposure time (top panel) resulted in 
the appearance of a band close to the expected sizes of GFP-UbcD4WT and GFP-UbcD4ΔUBA. 
However, the band also appeared in the negative control (GFP-Tubulin). Several intermediate 
exposure times were tested, but no difference was observed. 
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As expected, GFP band appeared in GFP-Tubulin with less than 5 minutes of ECL 

exposure. A long exposure time resulted in the formation of several bands close to 

the expected sizes in GFP-UbcD4WT-Tubulin and GFP-UbcD4ΔUBA-Tubulin 

lysates. However, these bands were present in GFP-Tubulin flies (negative control 

for GFP-UbcD4 constructs). Additionally, long exposure time resulted in the 

appearance of multiple bands close in size to that of GFP-alone (27 kDa) in GFP-

UbcD4WT-Tubulin and GFP-UbcD4ΔUBA-Tubulin lysates. This could be the 

truncated GFP detached from GFP-UbcD4WT and GFP-UbcD4ΔUBA, but no 

truncated GFP was observed with GFP monoclonal antibody (Figure 4.27-4.28). 
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Figure 4. 29: Probing of whole fly lysates from indicated genotypes with polyclonal GFP 
antibody demonstrated low/no expression of GFP-UbcD4WT and GFP-UbcD4ΔUBA 
Proteins were extracted from the whole fly in Triton buffer from indicated genotypes. Proteins were 
subjected to immunoblotting and probed for GFP to detect GFP, GFP-UbcD4WT and GFP- 
UbcD4ΔUBA.  
Blots with long (top panel-≈20 min exposure) and short (bottom panel -≈5min exposure) ECL 
exposure time are shown. A GFP band (27kDa) was observed in GFP-Tubulin lysates (lanes 2 and 3) 
with a short exposure time (Bottom panel). A long exposure time (top panel) resulted in the 
appearance of a band close to the expected size for GFP-UbcD4WT and GFP-UbcD4ΔUBA. 
However, the band also appeared in the negative control (GFP-Tubulin, lanes 2 and 3). Long exposure 
time caused the appearance of multiple bands close in size to the GFP band for GFP-UbcD4WT-
Tubulin lines and GFP-UbcD4ΔUBA-Tubulin lines.  
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Western blot analysis for GFP-UbcD4WT and GFP-UbcD4ΔUBA in whole fly 

lysate using UbcD4 antibody: 

Proteins were extracted from indicated genotypes, (A) UbcD4EY05497, (B) GFP-

UbcD4WT-Tubulin, and (C) GFP-UbcD4ΔUBA-Tubulin in 1% Triton lysis buffer 

and subjected to western blot analysis with UbcD4 antibody (Figure 4.30).  

A short exposure time of five minutes resulted in the appearance of endogenous 

UbcD4. As expected, the intensity of the UbcD4 band was low in 

UbcD4EY05497(UbcD4-deficient flies). During this time, few bands were observed 

similar to the expected size of those of GFP-UbcD4WT and GFP-UbcD4ΔUBA. 

However, a longer exposure resulted in the appearance of several bands similar to the 

expected size (51.2 kDa for GFPUbcD4WT and 47.2kDa for GFPUbcD4ΔUBA). 

One out of two other replicates exhibited the presence of a unique band just above 

50kDa in GFP-UbcD4WT-Tubulin. There is a chance that this could be the 

overexpressed GFP-UbcD4WT. No unique band was observed for GFP-

UbcD4ΔUBA. UbcD4 antibody was made by using full-length UbcD4. In this case, 

the immunogenic recognition site is unknown and may even be outside the UBA 

domain.  

Importantly, the result suggests that the endogenous UbcD4 level is higher compared 

to the overexpressed GFP-UbcD4WT level.  
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Figure 4. 30: Probing of whole fly lysates from indicated genotypes with UbcD4 antibody 
demonstrated that levels of overexpressed GFP-UbcD4WT is below the level of endogenous 
UbcD4 
The proteins were extracted in Triton buffer from indicated genotypes. Extracted proteins were 
subjected to SDS-PAGE and probed for GFP-UbcD4WT and GFP-UbcD4ΔUBA and endogenous 
UbcD4 with the UbcD4 antibody. Blots exposed for a long (top panel-≈20 min exposure) and short 
ECL exposure time (bottom panel -≈10min exposure) are shown. A short exposure time resulted in 
the appearance of endogenous UbcD4 (22 kDa). As expected, the intensity of this band was less in 
UbcD4EY05497a (lane 2, 3). At this exposure time, another band between 37 kDa and 50 kDa began to 
show. A long exposure time (top panel-≈20 min exposure) resulted in the appearance of bands close to 
the expected size (GFP-UbcD4WT=51.2 kDa) One out of two replicates exhibited the presence of a 
unique band just above 50kDa in GFPUbcD4WTTubulin. This could be the overexpressed GFP-
UbcD4WT. However, no unique band was observed for GFP-UbcD4ΔUBA. 
 

25#kDa#

20#kDa#

25#kDa#

20#kDa#

50#kDa#

37#kDa#

GF
P$
Ub
cD
4Δ
UB
A$
Tu
bu
lin
2

?"

2#1 #3# 4# 5# 6# 7#

M
ar
ke
r2

Ub
cD
4E

Y0
54
97
22

Ub
cD
4E

Y0
54
97
22

GF
P$
Ub
cD
4Δ
UB
A$
Tu
bu
lin
2

2G
FP
$U
bc
D4
W
T$
Tu
bu
lin
2

2G
FP
$U
bc
D4
W
T$
2T
ub
ul
in
2

?"

2#1 #3# 4# 5# 6# 7#

50#kDa#

37#kDa#

≈"
10
"m
in
"e
xp
os
ur
e"
"

"
≈"
20
"m
in
"e
xp
os
ur
e"
"

"

Expected##
GFP7UbcD4WT##

and##
GFP7UbcD4#ΔUBA#
2
#

Endo#
#UbcD4#(22#kDa)#

Expected##
GFP7UbcD4WT##

and##
GFP7UbcD4#ΔUBA#
2
#

Endo#
#UbcD4#(22#kDa)#



 188 

Immunoprecipitation of GFP-UbcD4 from GFP-UbcD4WT-Tubulin for 

enriching GFP-UbcD4  

Low expressed proteins can be enriched by immunoprecipitation. 

Immunoprecipitation of protein interest, followed by western blotting, can increase 

the chance of protein detection.  

To enrich GFP-UbcD4WT, immunoprecipitation was performed. Fifty adult whole 

flies from GFP-UbcD4WT-Tubulin were processed in IP buffer (Section 2.10). A 

GFP antibody (Abcam-Rabbit) was used to immunoprecipitate GFP-UbcD4WT. The 

ability of this GFP antibody to immunoprecipitate GFP was confirmed before its use 

(Dr. Nezis’ unpublished results). Precipitated proteins were subjected to SDS-PAGE 

and immunoblotting for GFP-UbcD4 using GFP (mouse) monoclonal (Figure 4.31A) 

and GFP (rabbit) polyclonal antibody (Figure 4.31B).  

The sepharose G bead, which was used for immunoprecipitation, exhibited high 

affinity for heavy and light chains of antibody. The expected size of GFP-UbcD4WT 

was 51.2 kDa and it is similar to the size of the antibody heavy chain (50 kDa). The 

appearance of heavy chain often interferes with the detection of a protein of interest 

if both are the same size (in this case, GFPUbcD4WT). Therefore, in parallel, as a 

negative control, w1118 flies were immunoprecipitated with GFP antibody.  

A “veriblot secondary antibody for IP” was used to avoid the detection of heavy 

chain. In theory, “veriblot secondary antibody preferably, recognizes native (non-

reduced) antibody over reduced antibody. Additionally, it detects primary antibody 

from a wide range of animals, including mouse and rabbit antibody, which is used 

here. Although the company claims that use of a veriblot secondary antibody avoids 

the detection of heavy chain, the appearance of heavy chain is typical with “veriblot 

antibody.” 

Figure 4.31A shows immunoprecipitated proteins visualized with GFP mouse 

monoclonal antibody. Lanes 1-5 represent lysate from GFP-UbcD4WT-Tubulin and 

lanes 6-10, with the exception of 7, represent lysates from w1118 (negative control). 

The top panel shows a blot from a long ECL exposure time, and the bottom panel 

shows the same blot from a short exposure time. The GFP-UBCD4WT band was not 

observed in IP. The presence of heavy chain (arrows) was observed in GFP-
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UbcD4GFPWT-Tubulin lP and w1118 IP. This suggests that GFP-UbcD4WT was not 

precipitated. No band for GFP-UbcD4WT was observed in input or the flow 

(unbound fraction). In previous experiments (Figure 4.27-4.28), monoclonal GFP 

antibody was able to detect a band close to 50 kDa in GFP-UbcD4WT-Tubulin 

lysates. However, this band was not detected in input or flow fraction with a different 

secondary antibody. This suggests that the band appeared close to the band expected 

in Figure 4.27-4.298 may be a non-specific band from a secondary antibody.  

Figure 4.31B shows immunoprecipitated proteins visualized with GFP rabbit 

polyclonal antibody. Lanes 1-5 represent lysates from GFP-UbcD4WT-Tubulin and 

lanes 6-10, with the exception of 7, represent lysate from w1118 (negative control). 

The top panel shows a blot from long ECL exposure time, and bottom panel shows 

the same blot from short exposure time. The GFP-UbcD4WT band was not observed 

in IP. The presence of heavy chain (arrows) was observed in GFP-UbcD4GFPWT-

Tubulin lP and w1118 IP, suggesting that GFP-UbcD4WT was not precipitated. No 

band for GFP-UbcD4WT was observed in input or the flow (unbound fraction). The 

longer exposure results in the appearance of a band close to 27 kDa (size of GFP) in 

GFP-UbcD4WT- Tubulin- IP lysate. However, a similar sized band was also 

observed in the negative controls (w1118 IP panel). This again suggests that GFP-

UbcD4WT was not precipitated. Having observed no band in input or flow (unbound 

fraction) suggests the absence of GFP-UbcD4WT in the sample or implies that 

overexpressed proteins cannot be detected by western blot analysis. In a previous 

experiment (Figure 4.29), polyclonal GFP antibody was able to detect a band close to 

50 kDa in GFP-UbcD4WT-Tubulin lysates. However, this band was not detected in 

input or flow fraction with a different secondary antibody. This suggests that the 

band appeared close to the band expected in Figure 4.29 and may be a non-specific 

band from a secondary antibody.  
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Figure 4. 31: GFP-UbcD4 was not co-immunoprecipitated from GFP-UbcD4-Tubulin whole fly 
lysates with GFP IP-antibody  
GFP-UbcD4WT was observed in neither the input nor the flow fraction. This suggests low expression 
of GFP-UbcD4WT in GFP-UbcD4-Tubulin flies.  
It was attempted to immunoprecipitate GFPUbcD4WT from GFP-UbcD4WT-Tubulin flies using a 
GFP antibody. The extracted proteins were incubated with GFP-IP-antibody onto G sepharose beads 
to capture the antibody and antigen complex.  
The bound complexes were eluted in SDS sample buffer, subjected to SDS-PAGE and visualized with 
GFP (mouse) monoclonal shown in A or with GFP (rabbit) polyclonal antibody shown in B. The 
expected size of GFP-UbcD4WT was 51.2 kDa, which is similar to the size of the antibody heavy 
chain (50 kDa). The appearance of heavy chain interferes with the detection of GFP-
UbcD4WT.Therefore, in parallel, as a negative control, w1118 flies were immunoprecipitated with GFP 
antibody. 
(A,right side blot): No GFP-UbcD4WT (≈51.2kDa) was observed in the IP fraction. Heavy chain 
appeared in both the GFP-UbcD4WT-Tubulin lysates and w1118 lysates. No GFP-UbcD4WT was 
observed in the input or the flow.  
(B, left side blot): No GFPUbcD4WT (≈51.2kDa) was observed in the IP. A band corresponding to 
the size of GFP was observed in the GFP-UbcD4WT IP fraction. However, a similar band was 
observed in the negative control. Heavy chain appeared in both the GFP-UbcD4WT-Tubulin and 
w1118 lysates. No GFPUbcD4WT was observed in the input or the flow. 
 

In conclusion, UAS-transgenic lines suffer from low expression, and any results 

obtained from these lines would be inconclusive.  

4.2.12 Characterisation of the effect of UbcD4 knockdown in adult flies  

Understanding function of UbcD4 is vital to decipher the meaning of UbcD4 

accumulation as aggregates in Atg8a-deficient brains. Therefore we characterised the 
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effect of UbcD4 knockdown 1) on ubiquitinated proteins and Ref(2)P accumulation 

profile  2) survival rate and 3) autophagy.  

Effect of UbcD4 knockdown on ubiquitin and Ref(2)P profile  

UbcD4 comprises UBC and UBA domains. Both of these domains are associated 

with ubiquitination. Although it has been shown that E2-25K is involved in the 

formation of polyglutamine and UBB+-induced aggregate formation, the effect of 

E2-25K on aggregate formation in general has not been investigated. To investigate 

the role of UbcD4 on aggregate formation, the effect of UbcD4 knockdown on 

ubiquitinated proteins and Ref(2)P accumulation was tested in adult heads. Neurons 

are post mitotic. They are most vulnerable to the defects in protein degradation 

pathways compared to other tissues. Therefore head/brain is an excellent model 

tissue to identify the regulators of protein degradation pathways and aggregates 

formation. ubiquitinated proteins and Ref(2)P accumulation are considered as 

markers of aggregate formation. Since decrease in autophagy is associated with 

Ref(2)P and ubiquitin accumulation, measuring ubiquitinated proteins and Ref(2)P 

accumulation by western blot analysis is also considered an assay for monitoring 

autophagy (Section 2.6.2).   

A UbcD4EY05497 mutant line was used for this purpose. This line contains a 

transposable element insertion in the UbcD4 gene that significantly reduces the 

UbcD4 level. The UbcD4EY05497 mutant was created in a yw background. Therefore, 

the yw line (BL-6599) was used as a control (similar to wild-type). 

To confirm UbcD4 knockdown, western blot analysis was performed. This analysis 

indicated that UbcD4 level was halved in UbcD4EY05497 compared to the level in the 

control (Figure 4.32). This confirms that UbcD4EY05497 is a knockdown line.  
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Figure 4. 32: There is a significant reduction of UbcD4 in UbcD4EY05497 
Proteins were extracted from young BL-6599 (control) and UbcD4EY05497 heads using 1% Triton lysis 
buffer. Lysates were subjected to SDS-PAGE and immunoblotting for UbcD4 and Actin (loading 
control).  
The blots were quantified by densitometry. Each value was normalized to its Actin (loading control) 
and expressed as a percentage of control. An unpaired Student’s t-test was performed to test the 
significance. The bar graph represents Mean ±SEM. 
UbcD4 level was halved in UbcD4EY05497 compared to the level in the control (BL-6599 =100, 
UbcD4EY05497 =45.5±11.87, P=0.0037, N=4).  
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To examine the profile of ubiquitinated proteins and Ref(2)P, one-week-old and five-

week-old adult heads were collected from UbcD4EY05497 and BL-6599 flies. Samples 

were processed by serial detergent extraction and subjected to SDS-PAGE and 

immunoblotting for Ref(2)P or ubiquitinated proteins. The ubiquitinated proteins 

level was measured with the FK2 antibody, which detects mono or polyubiquitin, but 

not free ubiquitin.  

Western blot analysis of Triton-soluble and Triton-insoluble fractions is shown in 

Figure 4.33-4.34. Four multiple comparisons were made in each fraction: 

 1) BL-6599 1W and UbcD4EY05497 1W,  

2) BL-6599 1W and BL-6599 5W,  

3) UbcD4EY05497 1W and UbcD4EY05497 5W, and  

4) BL-6599 5W and UbcD4EY05497 5W. 

Analysis of the ubiquitin profile in the Triton-soluble fraction (Figure 4.33A) did not 

show any difference in ubiquitinated proteins between BL-6599 1W and 

UbcD4EY05497 1W. Interestingly, as expected, the control flies (BL-6599) underwent a 

significant increase in ubiquitinated proteins from 1W to 5W. However, the 

UbcD4EY05497 did not undergo a significant change in the ubiquitinated proteins from 

1W to 5W. The difference observed between UbcD4EY05497 1W and UbcD4EY05497 5W 

was not significant. Most importantly, a consistent decrease in ubiquitinated proteins 

was observed in UbcD4EY05497 5W compared to BL-6599 5W. However, the 

difference was not significant. 

Analysis of the ubiquitin profile in the Triton-insoluble fraction (Figure 4.33B) did 

not show any difference in ubiquitinated proteins between BL-6599 1W and 

UbcD4EY05497 1W. As expected, the control flies (BL-6599) underwent a significant 

increase in ubiquitinated proteins from 1W to 5W. Similarly, the UbcD4EY05497 

underwent a significant increase in the ubiquitinated proteins from 1W to 5W. Most 

importantly, a small consistent increase in ubiquitinated proteins was observed in 

UbcD4EY05497 5W compared to BL-6599 5W. However, the difference was not 

significant.  
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Figure 4. 33: UbcD4 knockdown alters ubiquitination profile in 5W old heads  
Sequentially extracted proteins from indicated age and genotypes were subjected to SDS-PAGE and 
immunoblotting for ubiquitination proteins and Actin (loading control).  
The blots were quantified by densitometry. Each value was normalized to its Actin (loading control) 
and expressed as a percentage of control (BL-6599 1W). The graph represents Mean +SEM. One-way 
ANOVA with Sidak’s multiple comparisons test was used to test the significance. Adjusted P values 
were given.  
Four multiple comparisons were made in Triton-soluble and Triton-insoluble fractions: 1) BL-6599 
1W and UbcD4EY05497 1W, 2) BL-6599 1W and BL-6599 5W, 3) UbcD4EY05497 1W and UbcD4EY05497 

5W and 4) BL-6599 5W and UbcD4EY05497 5W.  
 (A): The Triton-soluble fraction showed no significant difference in the ubiquitinated proteins 
between BL-66599 1W and UbcD4EY05497 1W (P>0.05). As expected, a significant increase in the 
ubiquitinated proteins was observed in BL-6599 5W compared with BL-6599 1W (P=0.03). 
Interestingly, there was no significant difference in the ubiquitinated proteins between UbcD4EY05497 
1W and UbcD4EY05497 5W (P>0.05). A consistent decrease in ubiquitinated proteins was observed in 
UbcD4EY05497 5W compared with BL-6599 5W. However, the difference was insignificant (P>0.05).  
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(BL-66599 1W=100, BL-6599 5W=191±17.76, UbcD4EY05497 1W=107.3±19.09, UbcD4EY05497 

5W=128±35.79, N=5) 
(B): The Triton-insoluble fraction showed no significant difference in the ubiquitinated proteins 
between BL-6599 1W and UbcD4EY05497 1W(P>0.05). As expected, an increase in ubiquitinated 
proteins was observed in BL-6599 5W versus BL-6599 1W (P=0.0001). Similarly, an increase in 
ubiquitinated proteins was observed in UbcD4EY05497 5W versus UbcD4EY05497 1W(P=0.0001). A small 
consistent increase in ubiquitinated proteins was observed in UbcD4EY05497 5W compared to BL-6599 
5W. However, the difference was not significant(P>0.05).  
(BL-66599 1W=100, BL-6599 5W=287.9±23.02, UbcD4EY05497 1W=94.21±15.44, UbcD4EY05497 

5W=308±9.33, N=3).  
 

Analysis of the Ref(2)P profile in the Triton-soluble fraction (Figure 4.34A) did not 

show any difference in Ref(2)P accumulation between BL-6599 1W and 

UbcD4EY05497 1W. Interestingly, as expected, the control flies (BL-6599) underwent a 

significant increase in Ref(2)P accmulation from 1W to 5W. However, the 

UbcD4EY05497 did not undergo a significant change in the Ref(2)P accumulation from 

1W to 5W. The difference observed between UbcD4EY05497 1W and UbcD4EY05497 5W 

was not significant. Most importantly, a significant decrease in Ref(2)P accumulation 

was observed in UbcD4EY05497 5W compared to BL-6599 5W.  

Analysis of the Ref(2)P profile in the Triton-insoluble fraction (Figure 4.34B) did 

not show any difference in Ref(2)P accumulation between BL-6599 1W and 

UbcD4EY05497 1W. As expected, the control flies (BL-6599) underwent a significant 

increase in ubiquitinated proteins from 1W to 5W. Similarly, the UbcD4EY05497 

underwent a significant increase in the ubiquitinated proteins from 1W to 5W. Most 

importantly, a small consistent increase in ubiquitinated proteins was observed in 

UbcD4EY05497 5W compared to BL-6599 5W. However, the difference was not 

significant. 
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Figure 4. 34: UbcD4 knockdown alters Ref(2)P profile in 5W old heads  
Sequentially extracted proteins from indicated age and genotypes were subjected to SDS-PAGE and 
immunoblotting for ubiquitination proteins and Actin (loading control). 
The blots were quantified by densitometry. Each value was normalized to its Actin (loading control) 
and expressed as a percentage of control (BL-65991W). The graph represents Mean +SEM. One-way 
ANOVA with Sidak’s multiple comparisons was used to test significance. Adjusted P values were 
given.  
Four multiple comparisons were made in Triton-soluble and Triton-insoluble fractions: 1) BL-6599 
1W and UbcD4EY05497 1W, 2) BL-6599 1W and BL-6599 5W, 3) UbcD4EY05497 1W and 
UbcD4EY054975W and 4) BL-6599 5W and UbcD4EY05497 5W.  
(A): The Triton-soluble fraction showed no significant difference in the Ref(2)P accumulation 
between BL-66599 1W and UbcD4EY05497 1W (P>0.05). As expected, a significant increase in the 
Ref(2)P accmulation was observed in BL-66599 5W compared with BL-66599 1W (P=0.0001). 
Interestingly, there was no significant difference in Ref(2)P accumulation between UbcD4EY05497 1W 
and 5W (P>0.05). Importantly, a significant decrease in Ref(2)P accumulation was observed in 
UbcD4EY05497 5W compared with  BL-6599 5W(P=013).  
(BL-66599 1W=100, BL-6599 5W=362.7±58.11, UbcD4EY05497 1W=92.92±11.83, UbcD4EY05497 

5W=203.5±28.25, N=5).  
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(B): The Triton-insoluble fraction showed no significant difference in the Ref(2)P accumulation 
between BL-6599 1W and UbcD4EY05497 1W (P>0.05). As expected, an increase in Ref(2)P 
accmulation was observed in BL-6599 5W versus BL-6599 1W (P=0.0001). Similarly, an increase in 
Ref(2)P accmulation was observed in UbcD4EY054975W versus UbcD4EY054971W (P=0.0001). A small 
but a consistent increase in Ref(2)P accumulation was observed in UbcD4EY05497 5W compared to BL-
6599 5W. However, the difference was not significant (P>0.05). 
(BL-66599 1W=100, BL-6599 5W=215±.7.13, UbcD4EY05497 1W=90.89±9.10, UbcD4EY05497 

5W=230.9±18.56, N=5).  
 

The Triton-soluble fraction demonstrated a trend towards reduced level of 

ubiquitinated proteins in UbcD4EY05497 5W compared to BL-6599 5W. However, the 

opposite was the case in the Triton-insoluble fraction. An increase in ubiquitinated 

proteins was observed in UbcD4EY05497 5W compared to BL-6599 5W in the Triton-

insoluble fraction. Different blots and exposure times were used to detect the signals 

for Triton-soluble and Triton-insoluble fractions. Therefore, it was not possible to 

combine Triton-soluble and Triton-insoluble fractions to find the total level. Same 

was the case for Ref(2)P measurement. Although a significant decrease in Ref(2)P 

was observed for UbcD4EY05497- 5W compared with BL-6599 5W in Triton-soluble 

fraction, the case was opposite in Triton-insoluble fraction. The Triton-insoluble 

fraction, demonstrated a trend towards increased Ref(2)P in UbcD4EY05497  5W 

compared with BL-6599 5W.  Different exposure times were used to detect the signal 

for Triton-soluble and Triton-insoluble fraction. Different blots were also used for 

densitometry. Therefore it was not possible to combine the Triton-soluble and 

Triton- insoluble fraction to find the total level of Ref(2)P accumulation.  

Taken together, these results suggest that UbcD4 knockdown does not affect 

ubiquitinated proteins and Ref(2)P profiles at a young age (one-week-old period). 

However, it alters ubiquitinated proteins and Ref(2)P profiles in five-week-olds. 

UbcD4 may have a role in maintaining the ubiquitination and Ref(2)P profile during 

ageing process. 

Effect of UbcD4 knockdown on life span/survival rate 

Given the potential role of UbcD4 in mediating protein aggregation, the survival 

rates (life span) of BL-6599 and UbcD4EY05497 were compared. To analyse the 

survival rate, same aged (one-old flies) were collected from both UbcD4EY05497 (64 

females and 71 males) and BL-6599 (65 females and 71 males). The number of dead 

flies was monitored every one to two days until all flies were expired.  



 198 

Survival analysis indicated (Figure 4.35) a significant increase in survival rate for 

UbcD4EY05497compared with BL-6599 in males. The survival curve indicates that the 

survival rate of UbcD4EY05497 was high most of the time period. This suggests that 

UbcD4 knockdown increases survival/lifespan in males. However, survival analysis 

indicated no significant difference in the survival rate for UbcD4EY05497compared 

with BL-6599 in females. However, the survival curve indicates that survival rate of 

UbcD4EY05497 was always lower compared to that of BL-6599 until 30 to 35 days. 

After this period, the survival rate became similar. A summary of survival analysis is 

shown in Table 4.5 

Table 4. 5 Median life span of flies 
Genotypes Males Females 

BL-6599 32 34 days 

UbcD4EY05497 37 30 days 
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Figure 4. 35 UbcD4 knockdown significantly increased life span/survival rate in males, but no 
significant difference was observed in females.  
(A-Males): Survival assay displayed an increased survival rate for UbcD4EY05497compared to BL-6599 
(P=0.03). The median life span was 37 and 32 days for males from UbcD4EY05497 and BL-6599, 
respectively. A total of 71 males from each genotype were monitored.  (B-Females): Survival assay 
displayed no significant difference in survival between UbcD4EY05497 and BL-6599 (P<0.05). The 
median life span of females was 30 and 34 days from UbcD4EY05497 days and BL-6599, respectively. A 
total of 65 females from BL-6599 and 64 females from UbcD4EY05497 were monitored. Survival curves 
were calculated using Kaplan-Meier plots. The log-rank test was performed to test significance. 
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4.2.13 Characterisation of effect of UbcD4 knockdown in larval fat bodies 

UbcD4 knockdown does not affect ubiquitin profile in larval fat body 

To understand whether UbcD4 has a role in regulation of autophagy in general, 

effects of UbcD4 knockdown on larval fat bodies were tested. Third instar larval fat 

bodies are considered as an excellent model tissue to identify regulators of autophagy 

(Section 2.6-2.6.1).   

FLP-out system was used to create mosaic fat bodies that contain wild-type and 

UbcD4 knockdown cells in the same animal. FLP-out GFP lines were crossed with 

UAS-UbcD4-IR lines. FLP-out GFP contains an FLP-out construct for mosaic 

generation and also directs GFP expression in mutant cells to mark them (Section 

2.2.4). Two independent UbcD4 RNAi lines (VDRC-35873 and VDRC-106600) 

were selected. These lines hereinafter are referred to as UAS-UbcD4-IR-35873 and 

UAS-UbcD4-IR-106600. The ability of UAS-UbcD4-IR-106600 to reduce UbcD4 

expression was confirmed by western blot analysis (supplementary section, Chapter 

4, Figure 10.3). Although UbcD4 knockdown ability was not tested by myself in 

35873 lines, it has been used in published research (Park et al., 2015). This suggests 

that UAS-UbcD4-IR-35873 lines are a true knockdown.  

We tested whether ubiquitinated proteins accumulates in larval fat bodies upon 

UbcD4 knockdown under fed condition (basal condition). Fed third instar larval 

bodies from indicated genotypes were immunostained for the FK2 antibody. 

Immunofluorescence confocal microscopy analysis indicated no difference in 

ubiquitin staining between wild-type (non-green) and UbcD4 knockdown cells 

(green). As expected, the ubiquitin signal observed in wild-type cells was low, 

indicating efficient degradation pathway. A Similar, low ubiquitin signal was 

observed in UbcD4 knockdown cells (Figure 4.36). As a positive control, the same 

antibody concentration was used to stain Atg8a knockdown and wild-type cells in 

FLP-out GFP>Atg8a-IR fed larval fat bodies (Figure 4.37). As expected, ubiquitin 

accumulation was observed as ubiquitin aggregates (dot-like structures) in Atg8a 

knockdown cells (green) but not in the wild-type cells. This confirms that the 

antibody concentration used was sufficient to detect ubiquitination. These results 

suggest that UbcD4 does not play an important role in maintaining ubiquitination in 

the larval fat body.   
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Figure 4. 36: No difference in ubiquitination was observed between wild-type and UbcD4 
knockdown cells  
FLP-out GFP line was crossed with UAS-UbcD4-IR lines to create mosaic lines containing UbcD4 
knockdown and wild-type cells. UbcD4 knock down cells were marked with (green). F1 fed third 
instar larval fat bodies were immunostained with FK2 antibody (1:500) for ubiquitin. The nuclei were 
stained with DAPI. (A): FLP-out GFP>UbcD4-IR-35783 third instar larval fat bodies displayed no 
difference in ubiquitin signal between wild-type (non-green) and UbcD4 knockdown (green)cells. The 
signal for ubiquitination was low under both conditions. (B): Similarly, FLP-out GFP>UbcD4-IR-
106600 third instar larval fat bodies showed no difference in ubiquitination wild-type and UbcD4 
knockdown cells. Five larvae from each genotype were used.  

Genotypes: (A) hs-FLP;UAS-UbcD4-IR-35783/+;AC>CD2>GAL4, UAS::mCD8::GFP/+ and (B) hs-
FLP;;AC>CD2>GAL4, UAS::mCD8::GFP/UAS -UbcD4-IR-106600. 
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Figure 4. 37: Positive control for ubiquitin antibody concentration showing ubiquitination signal   
As a positive control for FK2 antibody concentration (1:500), FLP-out GFP>Atg8a-IR fed larval fat 
bodies were immunostained. The mosaic line contains Atg8a knockdown (green) and wild-type (non-
green). As expected, accumulation of ubiquitinated proteins was observed as ubiquitin aggregates 
(dot-like structure-arrows) in Atg8a knockdown cells (green) but not in the wild-type cells. This 
confirms that the antibody concentration used was sufficient to detect ubiquitination. 
Genotype: hs-FLP; AC>CD2>GAL4, UAS::mCD8::GFP/UASAtg8-IR. 
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UbcD4 knockdown does not affect autophagy under fed condition 

We further investigated whether UbcD4 knockdown affects basal autophagy in third 

instar larval fat bodies. Autophagy was monitored with mCherry-Atg8a reporter 

(Section 2.6-2.6.1). FLP-out mCherry-Atg8a line was crossed with UAS-UbcD4-IRs. 

FLP-out mCherry-Atg8a contains an FLP-out construct and directs mCherry-Atg8a 

overexpression in mutant cells. F1 mosaic progenies resulting from this cross contain 

mutant cells (in this case, UbcD4 knockdown cells) with mCherry-Atg8a expression 

and wild-type cells. In parallel, control lines (w1118 and Empty (60100), termed 

empty) were crossed with the FLP-out mCherry-Atg8a line to direct the 

overexpression of Cherry-Atg8a in wild-type cells.   

UAS-UbcD4-IR-106600 is a KK line, and UAS-UbcD4-IR-35782 is a GD line. 

According to the VDRC website, the most suitable control for the KK line is 60100 

(also known as empty) and for the GD line is w1118. The 60100 line contains an 

empty plasmid used to create KK IR constructs.  

Immunofluorescence confocal microscopy analysis of F1 fed third instar larval 

bodies showed no difference in mCherry-Atg8a localization between wild-type and 

UbcD4 knockdown cells. As expected, in control lines, mCherry-Atg8a exhibited 

diffused localization. It was located mainly in the nucleus and the cytoplasm. 

Localization of mCherry-Atg8a was similar in UbcD4 knockdown. In all cases, 

mCherry-Atg8a remained in the nucleus and cytoplasm in a diffused manner (Figure 

4.38). These results demonstrate that UbcD4 knockdown does not affect basal 

autophagy in larval fat bodies under fed condition. 
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Figure 4. 38: UbcD4 knockdown does not affect autophagy in the larval fat bodies under fed 
condition 
Two independent UAS-UbcD4 IR (B, D) lines and their controls (A, C) were crossed with FLP-out 
mCherry-Atg8a. Confocal sections of F1 fed third instar larval fat bodies expressing mCherry-Atg8a 
in UbcD4 knockdown and wild-type cells (control). Fat bodies were stained with phalloidin to 
visualize cell boundaries. Nuclei were stained with DAPI. Arrows represents mCherry-Atg8a 
localization.  
(A-B): Localization of mCherry-Atg8a did not differ between wild-type (A) and UbcD4 knockdown 
cells (B). mCherry-Atg8a localized both in the nucleus and cytoplasm in a diffused manner.   
(C-D): Localization of mCherry-Atg8a did not differ between wild-type (C) and UbcD4 knockdown 
cells (D). mCherry-Atg8a localized in both the nucleus and cytoplasm in a diffused manner.  
Five larvae from each genotype were used for the experiment. 
Genotype A: hs-FLP/w; mCherry- Atg8a/+; AC>CD2>GAL4/+ 
B: hs-FLP/+; UAS-mCherry- Atg8a/UAS-UbcD4-IR; AC>CD2>GAL4/+  
C: hs-FLP/yw; UAS-mCherry-Atg8a; AC>CD2>GAL4/+  
D: hs-FLP/+; UAS-mCherry- Atg8a/+; AC>CD2>GAL4/UAS-UbcD4-IR 
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UbcD4 knockdown does not affect starvation-induced autophagy  

We further investigated whether UbcD4 knockdown affects starvation-induced 

autophagy in larval fat bodies. It has been shown that starvation induces autophagy 

in the larval fat body. Starvation-induced autophagy is characterized by the presence 

of Atg8a puncta in the cytoplasm (Section 2.6-2.6.1).  

Third instar larvae from the following genotypes were starved for 4 hours in 20% 

sucrose to induce autophagy: 1) FLP-out mCherry-Atg8a> w1118, 2) FLP-out Cherry-

Atg8a>UbcD4-1R-35783, 3) FLP-out Cherry-Atg8a>Empty and 4) FLP-out Cherry-

Atg8a>UbcD4-1R-106600.   

Immunofluorescence confocal microscopy analysis of starved third instar larval 

bodies did not show any difference in mCherry-Atg8a localization between wild-type 

and UbcD4 knockdown cells (Figure 4.39). As expected, induction of autophagy was 

observed in wild-type cells of FLP-out mCherry-Atg8a>w1118 as cytoplasmic 

mCherry-Atg8a puncta. Similarly, starvation resulted in the formation of cytoplasmic 

mCherry-Atg8a puncta in the UbcD4 knockdown cells of FLP-out mCherry-

Atg8a>UbcD4IR-35783 lines. Similar results were observed between FLP-out 

mCherry-Atg8a>empty and mCherry-Atg8a>UbcD4-IR-106600.  

In addition, the number and size of mCherry- Atg8a puncta in the aforementioned 

conditions were systematically analyzed with Image J (Section 2.7.5). Comparisons 

were performed between 1) FLP-out mCherry-Atg8a>w1118 and FLP-out Cherry-

Atg8a>UbcD4-IR-35783 and 2) FLP-out mCherry-Atg8a>empty and mCherry-

Atg8a>UbcD4-IR-106600. Image analysis indicated no significant difference in size 

and number of mCherry-Atg8a in both conditions (Figure 4.40). These results 

demonstrate that UbcD4 knockdown does not affect starvation-induced autophagy.  
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Figure 4. 39: UbcD4 knockdown does not affect starvation-induced autophagy in the larval fat 
bodies 
Two independent UAS-UbcD4-IR (B, D) lines and their controls (A, C) were crossed with FLP-out 
mCherry-Atg8a. Confocal sections of F1 starved third instar larval fat bodies expressing mCherry-
Atg8a in UbcD4 knockdown and wild-type cells (control). Fat bodies were stained with phalloidin to 
visualize cell boundaries. Nuclei were stained with DAPI. Arrows represents mCherry-Atg8a 
localization as puncta 
(A-B): Starvation-induced autophagy in wild type (A) and UbcD4 knockdown (B) cells, which is 
characterized by the presence of mCherry-Atg8a as puncta (arrows) in the cytoplasm. (C-D): 
Starvation-induced autophagy in wild type (C) and UbcD4 knockdown (D) cells, which is 
characterized by the presence of mCherry-Atg8a as puncta (arrows) in the cytoplasm. No obvious 
difference was observed in the number or size of mCherry-Atg8a puncta between wild-type and 
UbcD4 knockdown cells. This was further confirmed by systematic image analysis (Figure 4.40). Ten 
larvae from each genotype were tested in two independent experiments.  
Genotypes A: hs-FLP/w; mCherry- Atg8a/+; AC>CD2>GAL4/+  
B: hs-FLP/+; UAS-mCherry- Atg8a/UAS-UbcD4-IR; AC>CD2>GAL4/+  
C: hs-FLP/yw; UAS-mCherry-Atg8a; AC>CD2>GAL4/+  
D: hs-FLP/+; UAS-mCherry- Atg8a/+; AC>CD2>GAL4/UAS-UbcD4-IR 
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Figure 4. 40: UbcD4 knockdown does not affect starvation-induced autophagy in the larval fat 
bodies  
The number or size of mCherry-Atg8a puncta between wild-type and UbcD4 knockdown cells were 
analyzed using Image J. An unpaired Student’s t-test was used to test the significance. The bar graph 
represents Mean ±SEM. 
(A): Graphical representation of average size and number of mCherry-Atg8a in FLP-out mCherry-
Atg8a>w1118 and FLP-out mCherry-Atg8a>UbcD4-IR-35783, demonstrating no significant difference 
(P>0.05). (B): Graphical representation of average size and number of mCherry-Atg8a in FLP-out 
mCherry-Atg8a> empty and mCherry-Atg8a>UbcD4-IR-106600, showing no significant difference 
(P>0.05).  

In addition, autophagy flux was compared between UbcD4 knockdown and wild-

type cells using Tandem-Atg8a reporter (Section 2.6.1) under starved condition. 

Tandem-Atg8a reporters contain Atg8a tagged with GFP and mCherry. Tandem-

Atg8a reporter is able to distinguish autophagosome in yellow (GFP merged with 
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mCherry) and autolysosome in red (mCherry only). The lysosomal environment is 

highly acidic and causes quenching of GFP fluorescence. However, mCherry is 

stable in the lysosome and can be viewed as red (Mauvezin et al., 2014). To compare 

the flux colocalization coefficient of GFP-Atg8a with mCherry-Atg8a in the UbcD4 

knockdown cells were compared with wild-type cells.  

To investigate the expression of Tandem-Atg8a in UbcD4 knockdown cells, UAS-

UbcD4-IR line was crossed with FLP-out Tandem-Atg8a. In parallel, FLP-out 

Tandem Atg8a was crossed with w1118 to direct Tandem-Atg8a expression in wild-

type cells. Only one UbcD4 IR line was used for this experiment.   

Immunofluorescence confocal microscopy analysis of starved third instar larval 

bodies showed no obvious difference in autophagy flux between wild-type and 

UbcD4 knockdown cells (Figure 4.41). In addition, colocalization of GFP and 

mCherry were measured using Pearson’s coefficient in Image J. No significant 

difference in autophagy flux was observed between wild-type and knockdown cells.  
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Figure 4. 41: UbcD4 knockdown does not affect autophagy flux in the starved larval fat bodies 
FLP-out Tandem-Atg8a was crossed with UAS-UbcD4-IR to direct Tandem-Atg8a expression in 
UbcD4 knockdown cells. In parallel, FLP-out Tandem-Atg8a was crossed w1118 to direct Tandem-
Atg8a expression in wild-type cells. Third instar larvae were starved to induce autophagy. (A): As 
expected, starvation induced autophagy in wild-type cells that is characterised by GFP and mCherry 
tagged Atg8a puncta. Autophagosomes (yellow) and autolysosomes (red) were visible (B): Similarly, 
starvation induced autophagy in UbcD4-knockdown cells that are characterised by GFP and mCherry 
tagged Atg8a puncta. Autophagosomes (yellow) and autolysosomes (red) were visible. No obvious 
difference was visually observed between wild-type and UbcD4 knockdown cells. (C): To compare 
the flux, colocalization coefficient of GFP-Atg8a with mCherry-Atg8a in UbcD4-knockdown cells 
were compared with that in wild-type cells. Colocalization analysis indicated no significant difference 
in Pearson’s coefficient. The bar represents Mean±SEM. An unpaired Student’s t-test was used to test 
the significance of the difference. Five larvae from each category were used for the experiments.  
Genotypes: A: hs-FLP/w; UAS-Tandem- Atg8a; AC>CD2>GAL4/+ 
B: hs-FLP; UAS-Tandem Atg8a; AC>CD2>GAL4/UAS-UbcD4-IR 
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4.3 Discussion  

Chapter 4 aims to characterise UbcD4 in vivo in the context of ubiquitin-dependent 

selective autophagy of protein aggregates.  

Summary of key findings: 

• UbcD4 accumulates in aggregates in young Atg8aKG07569 brains and bulbs. 
However, it does not accumulate in other tested tissues.  

• UbcD4 aggregates colocalize with Ref(2)P, and ubiquitin aggregates in 
Atg8aKG07569 brains. Atg8aKG07569 heads have a significant increase in UbcD4 
accumulation in the Triton-insoluble fraction compared with w1118 Triton-
insoluble fraction  

• Old flies (w1118) that also have Atg8a/autophagy deficiency demonstrated no 
difference in UbcD4 localization or the level in brains compared with their 
younger counterparts. However, UbcD4 in aggregate was observed in the old 
w1118 bulbs.  

• No difference in UbcD4 localization or the level was observed between 
proteasome deficient and control brains. Similarly, no difference in UbcD4 
level or localization was observed between Drosophila Htt93Q and control 
brains. 

•  UbcD4 does not bind with Atg8a in vitro in a GST pull-down assay or in 
cellulo co-immunoprecipitation, indicating that UbcD4 does not interact with 
Atg8a. This suggests that putative xLIR identified by iLIR may be not 
functional. 

• Further analysis of UbcD4 using two alternate in silico putative LIR 
predictive approaches identified no genuine putative LIR in UbcD4. 
Additionally, disorder analysis indicated a low disorder score for UbcD4, 
suggesting that UbcD4 has less chance to form a transient interaction with 
Atg8a.  

• Taken together, these results suggest that UbcD4 is not a selective autophagy 
receptor 

• UbcD4 knockdown alters ubiquitin and Ref(2)P profile in five-weeks-old 
flies 

• UbcD4 does not act as a regulator of autophagy  
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UbcD4 is an important component of the protein aggregates formed in the brain in 
response to autophagy dysfunction. However, it is not a selective autophagy 
receptor for ubiquitinated protein aggregates  

UbcD4 was initially identified in an in silico screening for the proteins that have 

UBA (SMART) and a putative xLIR motif (iLIR). The screening was aimed at 

identifying novel putative selective autophagy receptors, which are involved in the 

clearance of ubiquitinated protein aggregates. UbcD4 accumulated in aggregates in 

Atg8aKG07569 brains, but not in w1118brains. The localization of UbcD4 in Atg8aKG07569 

brains was similar to the localization of Ref(2)P, a selective autophagy receptor for 

ubiquitinated protein aggregates (Nezis et al., 2008, Jain et al., 2015). Double 

immunolabeling studies indicated UbcD4 aggregates colocalize with Ref(2)P and 

ubiquitin in Atg8aKG07569 brains. Western blot analysis of head lysates indicated a 

significant increase in UbcD4 in Atg8aKG07569 Triton-insoluble fraction versus w1118 

Triton-insoluble fraction. The level of Triton-soluble UbcD4 did not differ between 

the genotypes. This result suggests that UbcD4 is an important component of protein 

aggregates formed in response to autophagy dysfunction in Drosophila brains. 

However, any difference in UbcD4 mRNA in w1118 and Atg8aKG07569 brains should 

be tested. In addition, whether UbcD4 accumulates in brains that are deficient for 

other autophagy genes should be addressed. 

It was initially hypothesised that the accumulation of UbcD4 to the aggregates in 

Atg8aKG07569 brains depends on its putative xLIR motif. It was speculated that UbcD4 

interacts with Atg8a through its putative xLIR motif. Failure of UbcD4 in Atg8a-

deficient brains to interact with Atg8a prevents UbcD4 degradation through 

autophagy and causes its accumulation. However, we did not observe direct 

interaction or co- immunoprecipitation of UbcD4 with Atg8a. Further analysis of the 

UbcD4 amino acid sequence with two alternate in silico putative LIR prediction 

approaches (Popelka and Klionsky, 2015, Xie et al., 2016) did not identify a genuine 

putative LIR in UbcD4. Evidence for no direct interaction between Atg8a and 

UbcD4 suggests that the putative xLIR motif in UbcD4 is not functional, and there is 

no strong interaction between Atg8a and UbcD4. Alternatively, the interaction can 

be weak and transient in nature. However, transient interactions are mediated 

through the disorder region. Disorder profile analysis of UbcD4 (with PONDR-FIT) 

suggests that putative xLIR or its downstream and upstream sequences are not 

located on the disorder region. In addition to putative xLIR and its flanking 
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sequences, the rest of the amino acid sequences on UbcD4 exhibit low disorder 

scores, suggesting that UbcD4 is a structured protein and cannot undergo substantial 

conformational changes. Moreover, recent results from Dr. Nezis’ and Professor 

Johanson’s lab revealed that majority of xLIR prediction with iLIR result in true 

positives (successful direct interaction with Atg8a in Drosophila; similarly, human 

putative candidates with human Atg8 family proteins) when a putative xLIR overlaps 

with an anchor region. Together, these data favour rejecting the functionality of the 

putative xLIR motif in the context of full proteins and the interaction of UbcD4 with 

Atg8a. This suggests that UbcD4 is not a selective autophagy receptor.  

UbcD4 aggregates colocalize with Ref(2)P aggregates in Atg8a-defeicnet brains. 

Therefore, we speculated that UbcD4 may directly interact with Ref(2)P, and this 

interaction targets UbcD4 to the aggregates. However, GST pull-down assay 

indicated that UbcD4 does not interact with Ref(2)P. No direct interaction of Ref(2)P 

and UbcD4 suggests that Ref(2)P does not target UbcD4 to the aggregates.  

E2-25K and Ubc1 interact with ubiquitin as they synthesise the polyubiquitin chain. 

It has been shown that the UBA domain of these proteins is necessary for this 

function. The UBA domain recognizes pre-ubiquitinated substrates and further aids 

in the assembly of polyubiquitin on pre-ubiquitinated substrates. To date, neither 

direct interaction of UbcD4 with ubiquitin nor its ability to form polyubiquitin chains 

have been tested. We observed a colocalization of UbcD4 aggregates with ubiquitin 

aggregates in Ag8a-deficent brains. Moreover, two independent large sale 

proteomics studies aimed to isolate ubiquitin-attached proteins effectively pull-down 

UbcD4 with ubiquitin from the Drosophila embryo nervous system and adult 

photoreceptor cells (Franco et al., 2011, Ramirez et al., 2015). Thus, we 

hypothesised a role of the UBA domain of UbcD4 in targeting UbcD4 to the 

aggregates in Atg8aKG07569 brains (Section 4.2.11, Figure 4.22). 

 However, the technical difficulties (i.e., low expression level) resulting from the 

UAS-GFP-UbcD4WT and UAS- UbcD4∆UBA lines hindered further testing of this 

hypothesis. Several attempts have been made to increase expression and understand 

the cause. These analyses suggest that these constructs experience some trouble in 

expressing the transgenes but not rapid degradation of the overexpressed transgene. 

Possible reasons of low expression of UAS-GFP-UbcD4WT and UAS- GFP-

UbcD4∆UBA lines are discussed below.  
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• The occurrence of a mutation while cloning the construct: There is a 

possibility of a detrimental mutation arising during PCR. Both UbcD4WT 

and UbcD4∆UBA were cloned into the entry vector pENTR by PCR. After 

cloning, these constructs (pENTR-UbcD4WT and pENTER-UbcD4∆UBA) 

were sequenced, and it was confirmed that there were no mutations. The 

transfer of these fragments from pENTR to pPGW was through ligase 

reaction, which does not cause mutations. At this stage, only a small part of 

the plasmid was sequenced to ensure that transgene was cloned in frame with 

GFP in pPGW. It was speculated that since these clones showed no mutation 

when they were sequenced in pENTR, it is unlikely they will have a mutation 

in pPGW (Personal communication with Dr. Ashish Jain, University of 

Tormso). 

• Flies may inhibit the expression of overexpressed proteins by an 

unknown pathway to avoid the adverse effects of overexpression: This 

speculation can be tested with the help of a GAL80 driver line. To test if 

there is an unknown pathway trying to restrict expression, the transgene 

expression needs to be driven for certain time points and the expression level 

should be checked at these time points by quantitative PCR. GAL80 has an 

inhibitory effect on GAL4 at 25°C. This inhibitory effect prevents the 

expression of the transgene. However, the inhibitory effect of GAL80 to 

GAL4 and subsequently to the transgene expression can be removed by 

transferring the flies to 29°C. For example, a cross can be set up between 

UAS-GFP-UbcD4WT and Tubulin-GAL80 line at 25°C. FI progenies from 

the cross should be transferred to 29°C for different time periods (For 

example 2, 5, 12, 24 and 48 hours) to induce expression. Expression level of 

UbcD4 can be monitored at each time point. If any expression or a difference 

in expression is observed between the time points, it may be possible to find a 

point where the unknown pathway, which is inhibiting the transgene 

expression is activated.   

• The addition of the GFP tag may affect the expression of recombinant 

UbcD4 proteins: The UbcD4 constructs have GFP at the N-terminal. The 

addition of GFP to the N-terminal can sometimes affect its localization and 

expression. This effect varies by protein. The size of GFP is 27 kDa, whereas 
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the size of full-length and UBA deleted UbcD4 are 22 kDa and 18 kDa, 

respectively. An untagged UAS-UbcD4 overexpression construct was 

generated recently and has been used successfully by Dr. Yung Joon Yoo 

(Park et al., 2015) to trigger UbcD4 overexpression. This illustrates that it is 

possible to overexpress UbcD4WT.  This overexpression may help to exclude 

the second possibility, at least for UbcD4WT constructs. 

• All the UAS-UbcD4 constructs were inserted into the genome, where it 

has less expression: However, transposable element insertions are random. 

The probability of all the 17 constructs being inserted into regions of low 

expression is low.    

How and why is UbcD4 targeting to aggregates? 
Possible reasons for UbcD4 accumulation in aggregates in Atg8aKG07569 brains are 
as follows:  
 
(1). We speculated that autophagy deficiency in Atg8aKG07569 brains resulted in the 

accumulation of ubiquitinated proteins. UBA domains of UbcD4 targets UbcD4 to a 

pool of pre-ubiquitinated proteins, where UbcD4 interacts with pre-ubiquitinated 

substrates and is involved in the attachment of polyubiquitin chains onto pre-

ubiquitinated substrates. The role of the UBA domain of UbcD4 in targeting UbcD4 

to the ubiquitinated aggregates could not be tested due to low expression of the UAS- 

transgenic flies.  

(2). E2-25K interacts with Huntingtin (Htt) in humans. It has been proposed that E2-

25K may be involved in the attachment of ubiquitin onto Htt. (Kalchman et al., 

1996). Htt acts as a scaffold for selective autophagy. In mammals, Htt interacts with 

p62, Atg8 and ULK1. Htt aids the assembly for autophagosome around ubiquitinated 

cargo and involved in the removal of ubiquitinated proteins. Depletion of Htt 

weakens the interaction of p62 with ubiquitinated cargo. It has been shown that 

deletion of Htt in Drosophila results in ubiquitin and Ref(2)P accumulation in old 

flies from the age of five-weeks. Ref(2)P interacts with Htt (Rui et al., 2015) in 

Drosophila. Interaction of Huntingtin with Atg8a was not tested in Drosophila. It 

will be interesting to see whether UbcD4 interacts with Htt in Drosophila and exists 

in a complex with Huntingtin-Ref(2)P-Atg8a-Ubiquitinated cargo, thus contributing 

to the function of Huntingtin in the selective autophagy removal of ubiquitinated 

cargo.  
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(3). A recent study observed the accumulation of Kenny in Atg8aKG07569 flies. Kenny 

possesses a LIR motif and a UBAN (a sub-class of UBD) domain. Kenny interacts 

with Atg8a through LIR. Failure to interact with Atg8a in Atg8a-deficient flies 

causes Kenny accumulation in aggregates in Atg8aKG07569. Kenny is a major 

component of the IKK complex, which is involved in the IMD pathway (Section 4.1, 

Figure 4.2). Kenny aggregates colocalize with ubiquitin aggregates in Atg8aKG07569 

brains. Kenny does not interact with monoubiquitin but does interact with 

polyubiquitin (Dr. Nezis’ unpublished results). It will be interesting to see if UbcD4 

a role in providing polyubiquitin for Kenny.  

(4). Polyubiquitination of substrates does not always result in degradation. 

Polyubiquitination acts as a scaffold to recruit and assemble protein complexes for 

interaction. For example, polyubiquitination of DREDD is critical for its role in 

Relish endoproteolysis (Section 4.1, Figure 4.2). Polyubiquitination of DREDD does 

not result in DREDD degradation; instead, it acts as a signal for the recruitment and 

assembly of other proteins that contain UBD domains (Meinander et al., 2012). 

UbcD4 may provide  polyubiquitin chain, thus recruit and assemble autophagy-

associated proteins around a ubiquitinated cargo.   

A hypothetical model is as follows. We hypothesised a role of the UBA domain of 

UbcD4 in targeting UbcD4 to the aggregates in Atg8aKG07569 brains. Autophagy 

deficiency in Atg8aKG07569 brains results in the accumulation of ubiquitinated 

proteins. UBA domains of UbcD4 targets UbcD4 to the pool of pre-ubiquitinated 

proteins. Attachment of UBA to the pre-ubiquitinated substrates further aids UBC in 

processing the polyubiquitin chain onto pre-ubiquitinated substrates. Attachment of 

polyubiquitin chains further acts as a scaffold to assemble UBD-containing proteins 

such as Ref(2)P and Kenny, which will further interact with Atg8a and contribute to 

the selective autophagy degradation of ubiquitinated proteins. In addition, UbcD4 

further interacts with Huntingtin, the scaffold for selective autophagy of 

ubiquitinated proteins. Interaction of UbcD4 with Huntingtin contributes to the role 

of Huntingtin in the assembly of Ref(2)P, Atg8a and ubiquitinated proteins and Atg1 

around the cargo.  
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Localization studies indicate a tissue-specific function for UbcD4 

In addition to the brain, UbcD4 in aggregates was also observed in bulbs in 

Atg8aKG07569flies. Localization of UbcD4 did not differ between w1118 and 

Atg8aKG07569 flies in other tested tissues, suggesting no accumulation of UbcD4 in 

these tissues. UbcD4 localized in the cytoplasm in all the tested tissues both in w1118 

and Atg8aKG07569, except for the larval fat body. Surprisingly. UbcD4 was observed 

in the nucleus in third instar larval fat bodies both in wild-type and Atg8a- 

knockdown cells. Localization study suggests a tissue-specific role for UbcD4, 

especially an important role for UbcD4 in the brain and bulb connected to the 

degradation pathway. UbcD4 accumulates only in these tissues in response to 

autophagy dysfunction. It has been shown that E2-25K is highly expressed in the 

brain compared to other regions (i.e., heart, liver, kidney and testes) in the same 

animals, suggesting an important and tissue-specific role of E2-25K in the brain 

(Kalchman et al., 1996). It will be interesting to see if this is the case for UbcD4. 

Alternatively, it may that brains and bulbs are sensitive to minor imbalances in the 

degradation pathway compared to other tissues since UbcD4 accumulation was 

observed only in these tissues. Neurons are post-mitotic and carry a highly reactive 

neurotransmitter, which produces reactive oxygen species, therefore making them 

more vulnerable than other tissues (Uttara et al., 2009). For instance, Huntingtin is 

present in almost all tissues but only aggregates in the brain (Cattaneo et al., 2005, 

Rubinsztein, 2002).  

UbcD4 in Drosophila HD model 

E2-25K accumulates in aggregates in HD patients’ brains. Some of the E2-25K 

aggregates colocalizes with polyglutamine-induced Htt aggregates in the HD patients 

(de Pril et al., 2007). However, UbcD4 did not accumulate as aggregates in the 

Drosophila HD model. This suggests that the Drosophila HD model does not 

recapitulate the aggresome phenotype of E2-25K. This could be that UbcD4 may 

lack some of the function of E2-25K that is necessary for this phenotype, or E2-25K 

aggregation indicates a specific stage in disease progression. Available evidence 

suggests that E2-25K aggregation indicates a specific stage in disease progression. 

Immunostaining for endogenous E2-25K in neuronal cell cultures that 

overexpressing Htt exon143Q demonstrated diffused cytoplasmic staining of E2-25K 

in majority of cells. Only, some of the cells in the Htt exon143Q background indicate 
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the presence of E2-25K as aggregates. The cells that contain E2-25K aggregates also 

contain accumulation of cell-death markers, suggesting that these cells represent a 

different stage in disease progression (de Pril et al., 2007). The HD flies used in this 

study were 7 to 10 days old. These HD flies have a median life span of 20 days, 

suggesting that 7 to10-day-old flies represent an early stage of disease that is 

different from the post-mortem brains samples from HD patients. It will be 

interesting to see if UbcD4 accumulates as aggregates in the HD flies that are close 

to their death.  

Genetic inhibition of proteasome does not cause UbcD4 accumulation in brains 

Genetic inhibition of proteasome function does not result in UbcD4 accumulation in 

Drosophila. Both Elav>UAS-β6β2 at29oC (proteasome-deficient) and Elav>UAS-

β6β2 at25oC (control) exhibited no difference in UbcD4 localization or protein level. 

Autophagy and proteasome degradation pathways are closely related. Several 

proteins such as alpha-Synuclein (Webb et al., 2003) and Ref(2)P (Seibenhener and 

Babu, 2004, Pankiv et al., 2007) degrade through both autophagy and proteasome. 

Proteasome dysfunction often results in the activation of autophagy (Pandey et al., 

2007). Direct interaction with Atg8a is not necessary for autophagy-mediated 

degradation. If UbcD4 is ubiquitinated, it can be degraded by autophagy that targets 

ubiquitinated proteins for autophagy degradation, suggesting that UbcD4 could be 

effectively targeted for degradation via ubiquitin-dependent autophagy in 

proteasome-deficient flies. Whether pharmaceutical inhibition of proteasome causes 

UbcD4 accumulation in Drosophila should be investigated 

UbcD4 does not accumulate in old brains that also have Atg8a/autophagy 

deficiency 

Ageing is associated with a decrease in autophagy. Old flies have reduced levels of 

many autophagy genes, including Atg8a. Old brains from wild-type flies exhibit 

ubiquitin-positive protein accumulation associated with autophagy dysfunction 

(Simonsen et al., 2008). Old flies (w1118) demonstrated no difference in UbcD4 

localization or accumulation in brains compared with their younger counterparts. 

However, UbcD4 in aggregates was observed in old w1118 bulbs. Unpublished results 

from Dr. Ioannis Nezis’ lab suggest that the extent of protein aggregation in old 

brains is low compared to young Atg8aKG07569 brains. The number and size of 
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ubiquitin and Ref(2)P aggregates are low in old brains compared to young 

Atg8aKG07569 brains. Similarly, the intensity of the ubiquitin profile and Ref(2)P 

detected by western blot is higher in young Atg8aKG07569 heads compared to those in 

old w1118. This implies that protein degradation in young Atg8aKG07569 brains is worse 

compared to old brains. UbcD4 may undergo degradation in old brains through 

autophagy, proteasome or both.  

These results show that both young Atg8aKG07569 and old w1118 brains share a similar 

aggregation phenotype although some components of these protein aggregates can be 

different.  

Effect of UbcD4 knockdown in adults and larvae 

Ubiquitin and Ref(2)P profiles were monitored in adult heads to investigate the role 

of UbcD4 in aggregate formation or removal of aggregates. Ubiquitin and Ref(2)P 

accumulation are considered markers for protein aggregation and autophagy. An 

increase in ubiquitin and Ref(2)P accumulation indicates an increase in protein 

aggregation/accumulation and a reduction in autophagy.  

Western blot analysis of Triton-soluble and Triton-insoluble head lysates from one-

week old UbcD4EY05497 and BL-6599 (control lines), indicated no significant 

difference in ubiquitinated proteins or Ref(2)P accumulation, meaning that UbcD4 

does not have a role in determining ubiquitinated proteins or Ref(2)P accumulation 

in one-week old heads. This aligns with the facts that young one-week old flies have 

efficient degradation pathways, therefore accumulation of ubiquitinated proteins or 

Ref(2) are not common during the one-week period (Simonsen et al., 2008, Nezis et 

al., 2008).  

Ubiquitin and Ref(2)P accumulation increases with age. Analysis of the ubiquitin 

and Ref(2)P profile in five-weeks old BL-6599 and UbcD4EY05497 indicates a possible 

role of UbcD4 in determining ubiquitination and Ref(2)P profile. A trend was 

observed toward a decrease in ubiquitinated proteins accumulation in UbcD4EY05497 

Triton-soluble fraction compared with the control of the same age. Similarly, a 

significant decrease in Ref(2)P accumulation was observed in five-weeks old 

UbcD4EY05497 compared with a control of the same age. Most imporantly, 

UbcD4EY05497 flies did not undergo a significant increase in ubiquitianed proteins or 

Ref(2)P accmulation in five-weeks compared with their one-week counterparts in the 



 219 

Triton-soluble fraction, meaning that UbcD4 has a role in mediating ubiquitinated 

proteins and Ref(2)P accumulation  in older flies.  

The five-weeks old flies used in this study were males aged between 35 and 40 days. 

The extent of ubiquitination and Ref(2)P accumulation in these flies was less 

compared to 50-days-old and Atg8aKG07569 flies. A better understanding of the 

UbcD4 role in mediating ubiquitin and Ref(2)P accumulation could be achieved  by 

examining 50-days-old flies and a double mutant of UbcD4 and Atg8a knockdown 

flies. Additionally, the UbcD4EY05497 flies are not a complete knockout for UbcD4. It 

could be that the UbcD4 expression level in UbcD4EY05497 is sufficient to perform its 

function. Generation of a complete UbcD4 knockout is needed for better 

understanding of UbcD4 function. E2-25K is involved in polyubiquitin synthesis and 

aggregate formation. However, mice that lack E2-25K (E2-25K-/-) show no 

abnormality. These mice were monitored until the age of 9-months (Song et al., 

2008). Due to failure to observe any abnormality, the authors of the study suggested 

that the function of E2-25K may be compensated by other proteins, or the function of 

E2-25K may be related to the neuropathology (Song et al., 2008). The function of 

Ubc1 in protein turnover, ER-stress and cell growth overlaps with other ubiquitin-

conjugating enzymes such as Ubc4, Ubc5 and Ubc7 (Seufert and Mcgrathl, 1990, 

Friedlander et al., 2000). This suggests that the function of UbcD4 in regulating 

ubiquitination and Ref(2)P profile may be related to a pathophysiological condition 

or its function may overlap with other proteins.  

In an attempt to understand whether UbcD4 has a role in the regulation of autophagy, 

effect of UbcD4 knockdown on autophagy was tested in third instar, larval fat 

bodies. Comparison of ubiquitination using immunofluorescence analysis indicated 

no different between UbcD4 knockdown and wild-type cells, suggesting that UbcD4 

does not play a role in the regulation of ubiquitination in the larval fat body. Also, 

comparison of autophagy in UbcD4 knockdown and wild-type cells using mCherry-

Atg8a and Tandem-Atg8a reporter demonstrated no significant difference under fed 

and starved conditions, thus suggest that UbcD4 does not play a role in the regulation 

of autophagy in the larval fat body.  

In summary, it was mentioned in Chapter 3 that the aim was to identify novel 

selective autophagy receptors for ubiquitinated proteins. In silico analysis identified 

putative xLIR in UbcD4. UbcD4 was analyzed in vivo to determine whether the  



 220 

putative LIR in UbcD4 is functional and it has a role in ubiquitin-dependent selective 

autophagy. The results from chapter 4 show that putative xLIR in the UbcD4 is not 

functional. This result helped to increase understanding of the importance of putative 

xLIR in the anchor region in order for the LIR to be functional. This also suggests 

that an in silico xLIR prediction followed by the confirmation of Atg8a interaction 

with GST pull-down and then in vivo analysis of candidate proteins in Drosophila is 

a better strategy. The work and analysis presented in this chapter contributes to the 

understanding of the role of UbcD4 in mediating aggregates formation and its 

connection to autophagy. 

Chapter 5 presents a preliminary analysis of PAR1, one of the eight proteins 

identified from the in silico screening. Apart from Ref(2)P, PAR1 was the only 

protein that has putative xLIR overlaps with an anchor region.   
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Chapter 5 
Preliminary analysis of PAR1 
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5.1 Introduction 

PAR1 is one of the eight proteins, which contain putative xLIR motif and UBA 

domain. Apart from Ref(2)P, PAR1 is the only proteins, which has putative xLIR 

overlaps with an anchor region (Chapter 3, Table 3.6). It was observed that a 

majority of xLIR prediction with iLIR was a true positive when a putative xLIR 

overlaps with an anchor region (Dr.Nezis’ unpublished results). These observations 

led us to go back to the initial lists and work on PAR1. This chapter concentrates on 

the preliminary analysis of PAR1.  

PAR1 is a member of conserved PAR (PAR-titioning-defective) family proteins. The 

PAR proteins involve in determining cell polarity in a wide range of cells types and 

developmental stages in animal systems including Drosophila. The core of PAR 

protein network comprises six conserved proteins, which include PAR1, PAR3 

(Bazooka), PAR4 (Lkb1), PAR5 (14-3-3), PAR6 and aPKc (Nance and Zallen, 

2011). The mammalian homolog of PAR1 is called MARK (microtubules affinity- 

regulating kinase). The MARK proteins have been initially identified as kinases that 

phosphorylate Tau and MAPs (microtubule-associated proteins) (Drewes et al., 

1998). Drosophila PAR1 is a serine/threonine kinase. At least five isoforms of PAR1 

have been identified in Drosophila (Shulman et al., 2000). The PAR1 isoforms 

contain a highly conserved catalytic kinase domain, and UBA domain (Marx et al., 

2010). The UBA domain follows a spacer domain, which is necessary for membrane 

localization (Vaccari et al., 2005). The spacer domain follows a less conserved C-

terminal tail region. PAR1 isoforms exhibit less similarity in their N-terminal head 

region and the C-terminal tail region (Marx et al., 2010, Tomancak et al., 2000).  

 

Figure 5. 1: Domain architecture of PAR1 
PAR1 contains a conserved catalytic serine/threonine kinase (253-504 amino acids), and a UBA (525-
562 amino acids) domains. Two putative xLIR motifs are identified at amino acid positions 338-343 
(FDYLVL-PSSM 17) and 556-561 (ATYLLL-PSSM 11). The putative xLIR motif at amino acids 
positions 556-561 overlaps with an anchor region. Followed by the UBA domain is a spacer region, a 
characteristic of PAR1 family proteins. PAR1 isoform L is shown here.  

KINASE' UBA'

pLIR%1' pLIR%2'

SPACER'
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PAR1 mediates polarization events in Drosophila female germline. It is necessary 

for the maintenance of oocyte fate during the early stages of oogenesis (Figure 5.2). 

During oogenesis, the germ line stem cell undergoes consecutive divisions to form 

16-cell germline cysts. In the wild-type egg chamber, one of the 16-germ line cysts 

develops into an oocyte, and others develop into nurse cells. However, in the egg 

chamber that lack PAR1, all the 16-cell germline cysts develop into nurse cells 

(Huynh et al., 2001a, Huynh et al., 2001b). par1-null mutants exhibit defects in 

microtubule organization. PAR1 is required for the posterior localization of oocyte-

specific markers, Orb, and centrosome. PAR1 regulates microtubule dynamics, 

hence provides a polarized microtubule transport system for the oocyte fate 

determination (Cox et al., 2001).  

 

 

Figure 5. 2: PAR1 is required for the oocyte determination 
[taken from (Huynh et al., 2001a)]  
(A-B): Wild-type egg chamber stained for DNA (red) shows polyploid nurse cells and one oocyte (A-
arrow). The Orb protein (Red), one of the oocyte determinants localizes at the posterior of the oocyte 
(B-arrow).  
(C-D): par1-null egg chamber shows all 16 cells of the cyst as polyploid nurse cells, including the 
posterior one, which should be an oocyte (C-arrow). Orb does not localize in any of the 16 cells. (D). 
The par1-null mutant cells are marked by loss of nuclear GFP. Stage 4-egg chamber is shown. 
Genotype: y,w,hs-Flp; FRTG13-par-1W3/FRTG13-GFPnls. 
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PAR1 determines anterior-posterior axis polarity in the oocyte (Figure 5.3). PAR1 

localizes at the posterior pole together with Oskar mRNA, an important posterior 

determinant. However, par1-null mutants exhibit mislocalization of Oskar mRNA to 

the center of the oocyte. Additionally, they exhibit defects in pole cell and abdominal 

pattern formation (Figure 5.3). The posterior localization of Oskar depends on the 

proper organization of microtubule cytoskeleton, and it is mediated by PAR1 

(Shulman et al., 2000, Tomancak et al., 2000, Tian and Deng, 2009).  

 

 
Figure 5. 3: PAR1 is required for posterior development 
[taken from (Shulman et al., 2000)] 
(A-C): Wild-type embryo shows proper posterior development, characterized by abdominal pattern 
formation (A) and the presence of pole cells (B-arrow) marker with Vasa (a marker for pole cell). 
Wild-type egg chamber shows the posterior localization of Oskar mRNA (C-arrow).  
(D-F): par1-null mutant shows defects in posterior development, characterized by a lack of abdominal 
segment (D) and the absence of pole cells characterized by a lack of Vasa staining (E). par1-null egg 
chamber shows Oskar mRNA localization to the center (F-arrow). 

 

PAR1 mediates Tau phosphorylation and toxicity. Tau is a microtubule-associated 

protein, and it is involved in microtubule assembly and stabilization. Abnormal 

phosphorylations of Tau cause its detachment from the microtubules, and promote its 

accumulation. Tau accumulation has been implicated in many neurodegenerative 
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diseases including AD. Several kinases have been involved in Tau phosphorylation. 

PAR1 acts as an initiator kinase, and phosphorylates Tau at S262 and S356 amino 

acid positions. Phosphorylation at S262 and S356 is necessary for further 

phosphorylations at other sites that are mediated by other kinases such as GSK3 and 

cyclin-dependent kinase-5 (Cdk5). Mutations of PAR1 phosphorylation sites (S262 

and S356) into non-phosphorylatable sites reduce overall phosphorylation and Tau-

induced toxicity in Drosophila. Overexpression of PAR1 in the Drosophila eye, 

generates a degenerative phenotype in newly eclosed flies. However, overexpression 

of kinase-dead PAR1 does not cause such phenotype (Nishimura et al., 2004).  

Kinase activity of PAR1 is important in the regulation of signalling pathways such as 

Hippo (Huang et al., 2013) and Wnt pathway (Sun et al., 2001). The Hippo pathway 

regulates organ size by balancing the cell proliferation and cell death during 

development. PAR1 negatively regulates Hippo pathway. Phosphorylation of Hpo (a 

kinase in the Hippo pathway) by PAR1 restricts the phosphorylation capacity of Hpo 

on its downstream target called Sav. Dephosphorylation of Sav causes its 

destabilization. Thus removes the inhibitory effect of the Sav on a downstream 

transcriptional activator Yorkie. The activated Yorkie moves to the nucleus and 

activates the transcriptional factors that promote growth and inactivates the factors, 

which induces cell death (Huang et al., 2013). Similarly, PAR1 phosphorylates 

Dishevelled (an important protein in Wnt signaling pathway), and positively 

regulates Wnt signaling. The Wnt signaling mediates the cell fate decision during 

development. The phosphorylated Dishevelled further stabilizes a transcriptional co-

activator called β-catenin. The stabilized β-catenin further moves to the nucleus to 

activate the expression of Wnt-targeted genes (Sun et al., 2001). 

The activity of PAR1 is tightly regulated by phosphorylation and ubiquitination. The 

phosphorylation of PAR1 at T408 amino acid (close to the kinase domain) by Lkb1 

is critical for its kinase activity (Wang et al., 2007). The level of phosphorylated 

PAR1 is very low under normal condition. The phosphorylated PAR1 is 

ubiquitinated by SCF slimb (a ubiquitin ligase), and targeted for proteasomal 

degradation. Fat facets (a deubiquitinating enzyme) functions to remove the ubiquitin 

tag and stabilizes PAR1 (Lee et al., 2012).  



 226 

5.1.1 Aim and approach 

Chapter 6 aims to perform preliminary experiments to investigate whether PAR1 has 

a role in autophagy, thus provides insights for further in-depth analysis.  

5.2 Results 
5.2.1 PAR1 interacts with Atg8a. However, the interaction is not dependent on 
putative xLIR motif. 

In collaboration with Professor Johansen at the University of Tromsø, we tested 

whether PAR1 directly interacts with Atg8a.  

Binding of in vitro translated 35S-radiolabeled Myc-PAR1 with a recombinant GST-

Atg8a was tested by GST pull-down assay (Section 2.11). It was observed that 35S-

radiolabeled Myc-PAR1 bound with GST-Atg8a, but not with GST-alone, the 

negative control (Figure 5.4A-lane 1), suggesting that the interaction is specific to 

Atg8a, thus demonstrating a direct interaction of PAR1 with Atg8a.  

Further, we tested whether the interaction is mediated through putative xLIR motifs. 

iLIR predicted 2 putative xLIRs on PAR1 (338-343-FDYLVL, PSSM 17, no anchor, 

and 556-561-ATYLLL, PSSM 11, presence of anchor). The putative xLIR1 and 

putative xLIR2 were mutated independently, and their interactions with Atg8a were 

tested. The core aromatic Y and hydrophobic L residues in pxLIR1 (FDYLVL) were 

mutated to A (alanine) by site-directed mutagenesis. Similarly, the core aromatic Y 

and hydrophobic L residues in pxLIR2 (ATYLLL) were mutated to A. The pxLIR1 

mutated PAR1 construct is termed as PAR1-Y340A/L343A and the pxLIR2 mutated 

PAR1 construct is termed as PAR1-Y558A/L561A. These mutated PAR1 constructs 

were tagged with 35S-radiolabeled Myc and tested for binding with GST-Atg8a by 

GST pull-down assay. GST pull-down assay indicated an interaction of PAR1-

Y340A/L343A, and PAR1-Y558A/L561A with GST-Atg8a, but not with a GST-

alone construct (Figure 5.4A lane 3-4), suggesting that interaction of PAR1 with 

Atg8a does not dependent on the putative xLIR sequences.  

We have not tested the interaction by simultaneously mutating both the putative 

xLIR sequences in one construct. There was no difference in the strength of 

interaction with a single putative xLIR mutation, therefore it is unlikely that these 

putative xLIR-like sequences contributes toward Atg8a interaction.  
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The residues F48 and Y49 on Atg8a are important for LIR-dependent interaction 

(Section 1.6, Figure 1.8). Since these residues mediate LIR-dependent interaction, 

these sites are called LIR-docking site (LDS). It has been shown that mutation of 

F48 and Y49 into A on Atg8a completely abolishes its interaction with Ref(2)P (Jain 

et al., 2015). Therefore GST-pull down assay was performed between 35S-

radiolabeled Myc-PAR1 and LDS-mutated Atg8a (GST-Atg8aLDSm). It was 

observed that mutations of LDS on Atg8a did not affect its interaction with PAR1 

(Figure 5.4B lane 1), thus confirms that interaction of PAR1 with Atg8a is 

independent of LIR and LDS sites. 
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Figure 5. 4: In vitro GST pull-down shows PAR1 directly interacts with Atg8a.  
However, the interaction is not dependent on putative xLIR motifs.  
(A): Wild-type and LIR mutated PAR1 interact with wild-type Atg8a.  
Myc-tagged wild-type and putative xLIR mutated (Y340A/L343A, Y558A/L561A) PAR1 were in 
vitro translated in the presence of 35S-methionine and tested by GST pull-down assay for binding with 
GST-Atg8a or GST-alone. Bound proteins were detected by autoradiography (AR). The top panel 
(panel 1) indicates that wild-type PAR1 and the xLIR mutated PAR1 interact with GST-Atg8a. The 
2nd panel indicates no interaction of wild-type PAR1 and xLIR mutated PAR1 with GST-alone 
(negative control). The 3rd panel shows the presence of indicated constructs in the input. The 4th and 
5th panels) show CBB gels of immobilized GST-Atg8aWT and GST respectively. 
(B): Wild-type and LIR mutated PAR1 interact with LDS mutated Atg8a. 
Myc-tagged wild-type and putative xLIR mutated PAR1 (Y340A/L343A, Y558A/L561A) were in 
vitro translated in the presence of 35S-methionine and were tested by GST pull-down assays for 
binding with GST-Atg8aLDSm or GST-alone. The top panel (panel 1) indicates that wild-type and the 
putative xLIR mutated PAR1 interact with GST-Atg8aLDSm. The 2nd panel indicates no interaction 
of wild-type and putative xLIR mutated PAR1with GST-alone (negative control). The 3rd panel shows 
the presence of indicated constructs in the input. The 4th and 5th panels (bottom panels) show the CBB 
gels of immobilized GST-Atg8aLDSm and GST respectively.  
PAR1 isoforms L (Total 833 amino acid) was tested for interaction. 
Performed by Dr. Ashish Jain. 
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5.2.2 Basal autophagy does not contribute to PAR1 degradation under normal 
condition 

To understand the significance of PAR1-Atg8a in a biological context, we 

investigated whether basal autophagy contributes toward PAR1 degradation.  

Western blot analysis was performed in young w1118 and Atg8aKG07569 heads to 

examine PAR1 accumulation in wild-type and Atg8a-defeicent conditions. The 

samples were processed by differential serial detergent extraction (Section 2.6.2) and 

subjected to SDS-PAGE and immunoblotting. It was observed that there was no 

significant difference in PAR1 accumulation between w1118 and Atg8aKG07569 head 

lysates both in the Triton-soluble and Triton- insoluble fractions (Figure 5.5), thus 

indicates that PAR1 does not degrade through autophagy under basal condition.  
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Figure 5. 5: Basal autophagy does not contribute to PAR1 degradation in the head  
Sequentially extracted proteins from heads were subjected to SDS-PAGE and immunoblotting for 
PAR1 and Actin (loading control). As expected, PAR1 was identified as a band close to the molecular 
weight of 100 kDa.  
The bar graph represents Mean±SEM. The blots were quantified by densitometry. Each value was 
normalized to its Actin and expressed as a percentage of control (young w1118). An unpaired Student’s 
t-test was performed to test the significance.  
Both Triton-soluble fraction (w1118=100, Atg8aKG07569 =105.2±7.35, P>0.05, N=3) and Triton-insoluble 
fraction (w1118=100, Atg8aKG07569 =109 ±7.35, P>0.05 N=3) did not differ in PAR1 accumulation 
between young w1118 and Atg8aKG07569 .heads.  
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5.2.3 Characterization of the role of PAR1 in autophagy regulation 

Overexpression of GFP-PAR1 did not affect autophagy, and there was no 
colocalization between GFP-PAR1 and mCherry-Atg8a 

Immunostaining for PAR1 in w1118 and Atg8aKG07569 brains suggest no difference in 

PAR1 localization between wild-type and Atg8a-deficient conditions. PAR1 exhibits 

diffused cytoplasmic localization under both conditions (Chapter 3. Figure 3.9), thus 

demonstrates that PAR1 is not a component of aggregates formed in response to 

autophagy dysfunction. Also, western blot analysis of w1118 and Atg8aKG07569 heads 

suggests that PAR1 does not degrade through autophagy under basal condition 

(Figure 5.5). Atg8-interacting UBD receptors are found to accumulate with 

ubiquitin-positive aggregates under autophagy-deficient conditions (Section 3.2.3). 

Therefore, we hypothesized that the interaction of PAR1 with Atg8a may not be 

connected to ubiquitin-dependent selective autophagy. Atg8-interacting proteins 

have diverse function and the majority of them function as regulators of autophagy 

(Birgisdottir et al., 2013). Thus, we investigated whether PAR1 has a role in the 

regulation of autophagy. Additionally, we investigated whether PAR1 colocalizes 

with Atg8a in vivo.  

The larval fat body was chosen as model tissue to test whether PAR1 has a role in 

the regulation of autophagy. The larval fat bodies have been served as an excellent 

system (Section 2.6-2.6.1) to identify novel regulators of autophagy. The cells in the 

larval fat body are large, therefore it is ideal to test if there is a colocalization 

between PAR1 and Atg8a. 

To investigate whether 1) PAR1 plays a role in the regulation of autophagy, and 2) to 

test whether PAR1 colocalizes with Atg8a in vivo we used UAS-GFP-PAR1 and 

UAS-GFP-PAR1 kinase dead (KD) transgenic lines which were generated by Vaccari 

and colleagues. The PAR1KD was generated with a mutation of the core 

serine/threonine into an alanine (Vaccari et al., 2005).  

Effect of the overexpression of PAR1 and PAR1KD on autophagy was monitored in 

the third instar larval fat body using mCherry-Atg8a reporter under fed and starved 

conditions. FLP-out mCherry-Atg8a lines were crossed either with UAS-GFP-PAR1 

or with UAS-GFP-PAR1KD (Section 2.2.4). FLP-out mCherry-Atg8a contains an 

FLP-out construct, and direct mCherry-Atg8a overexpression in mutant cells. In 

parallel, the control line (UAS-GFP) were crossed with FLP-out mCherry-Atg8a to 
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direct the overexpression of mCherry-Atg8a in the control cells (GFP-expressing 

cells) The F1 progenies were heat shocked after 12-24 hours AEL to induce clones.  

Immunofluorescence confocal microscopy analysis of GFP-PAR1 overexpressed fat 

bodies (Figure 5.6) displayed GFP-PAR1 in the cytoplasm under fed and starved 

conditions. GFP-PAR1 signal was distributed uniformly in the cytoplasm. In 

addition, GFP-PAR1 was visible as small dot-like structures (Figure 5.6A arrows) 

that resemble vesicles. There were a few locations in the larval fat body where PAR1 

seems to be high (long arrow), and these regions may coincide with mCherry-Atg8a 

expression (Figure 5.6B). Apart from that, there was no solid colocalization between 

GFP-PAR1 and mCherry-Atg8a under fed and starved conditions. mCherry-Atg8a 

was distributed mainly in the nucleus and the cytoplasm in a diffused manner under 

fed condition (Figure 5.6A). In response to starvation, mCherry-Atg8a was observed 

in the cytoplasm as puncta (an indication of autophagy activation). Localization of 

mCherry-Atg8a in the GFP-PAR1 overexpressing cells was similar to the 

localization of mCherry-Atg8a in the GFP overexpressing cells under similar 

conditions (Figure 5.8).  
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'  

Figure 5. 6: GFP-PAR1 localizes in the cytoplasm under fed and starved conditions  
UAS-GFP-PAR1 was crossed with FLP-out mCherry-Atg8a to generate mutant cells that 
simultaneously express both mCherry-Atg8a and GFP-PAR1. F1 third instar larval fat bodies under 
fed and starved conditions were monitered using immunofluorescence confocal microscopy. Nuclei 
were visualized with DAPI.  
(A): Under fed condition, mCherry-Atg8a was localized in the nucleus and distributed evenly in the 
cytoplasm. GFP-PAR1 was localized in the cytoplasm uniformly. Also, small dot-like structures were 
observed (arrows). (B): Under the starved condition, mCherry-Atg8a was observed as cytoplasmic 
puncta. GFP-PAR1 were distributed evenly in the cytoplasm. There are a few locations in the larval 
fat body where GFP-PAR1 seems to be high (long arrow), and this region seems to coincide with 
mCherry-Atg8a puncta. Apart from these regions, there was no solid colocalization between GFP-
PAR1 and mCherry-Atg8a. Five larvae from each genotype were tested in an experiment. Genotype: 
hs-FLP;UAS-mCherry-Atg8a; AC>CD2>GAL4/UAS-GFP-PAR1.  
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Inhibition of kinase activity of PAR1 seems to produce mCherry-Atg8a puncta 
under fed condition 

Immunofluorescence confocal microscopy analysis of GFP-PAR1KD overexpressed 

larval fat bodies (Figure 5.7) displayed GFP-PAR1KD in the cytoplasm under fed 

and starved conditions. Interestingly, mCherry-Atg8a was observed as puncta in the 

cytoplasm under fed condition. This may indicate an induction of autophagy under 

fed condition (Figure 5.7A). No mCherry-Atg8a puncta was observed for GFP-PAR1 

(Figure 5.6A) or GFP overexpressed cells under fed condition (Figure 5.8A). During 

starved condition, mCherry-Atg8a was observed as puncta in the cytoplasm (Figure 

5.7B) in GFP-PAR1KD overexpressing cells.  

As expected, in the control cells (GFP overexpressing larval fat bodies) mCherry-

Atg8a was localized mainly in the nucleus and distributed evenly in the cytoplasm 

under fed condition. During starved condition, the mCherry-Atg8a was observed in 

the cytoplasm as puncta, an indication of autophagy induction. The dot-like 

structures observed in GFP-PAR1 overexpressing fat bodies were not observed with 

GFP overexpressing fat bodies (Figure 5.8).  

There was no obvious difference in mCherry-Atg8a puncta localization under starved 

condition in response to GFP-PAR1, GFP-PAR1KD, and GFP expression. However, 

no quantification and statistical analysis have been performed to measure the size or 

the number of mCherry-Atg8a puncta under these conditions.  
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Figure 5. 7: GFP-PAR1KD localizes in the cytoplasm under fed and starved conditions. A small 
population of mCherry-Atg8a puncta is observed under fed condition 

UAS-GFP-PAR1KD was crossed with FLP-out mCherry-Atg8a to generate mutant cells that 
simultaneously express both mCherry-Atg8a and GFP-PAR1KD. F1 third instar larval fat bodies 
under fed and starved conditions were analysed using immunofluorescence confocal microscopy. 
Nuclei were visualized with DAPI. (A):Under fed condition, a small population of mCherry-Atg8a 
was observed as puncta in the cytoplasm. GFP-PAR1KD was appeared in the cytoplasm uniformly. 
(B): Under the starved condition, mCherry-Atg8a was observed as puncta in the cytoplasm. GFP-
PAR1KD appeared uniformly in the cytoplasm. Five larvae from each genotype were examined in an 
experiment. Genotypes: hs-FLP;UAS-mCherry- Atg8a;AC>CD2>GAL4/UAS-GFP-PAR1KD. 
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Figure 5. 8: Larval fat bodies clonally overexpressing GFP and mCherry-Atg8a  
UAS-GFP was crossed with FLP-out mCherry-Atg8a to generate mutant cells that simultaneously 
express both mCherry-Atg8a and GFP. F1 third instar larval fat bodies under fed and starved 
conditions were analysed using immunofluorescence confocal microscopy. Nuclei were visualized 
with DAPI. (A): As expected, under fed condition, mCherry-Atg8a was localized mainly in the 
nucleus and distributed evenly in the cytoplasm. GFP signal was observed in the cytoplasm and the 
nucleus (B): As expected, under the starved condition, mCherry-Atg8a was observed as puncta in the 
cytoplasm. GFP was observed in the cytoplasm and the nucleus.  
Genotypes: hs-FLP;UAS-mCherry-Atg8a;AC>CD2>GAL4/UAS-GFP.  
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5.3 Discussion  

The aim of Chapter 5 was to perform preliminary experiments to investigate whether 

PAR1 has a role in autophagy, thus provides insights into the biological meaning for 

PAR1-Atg8a interaction.  

Summary of the key findings: 

• PAR1 interacts with Atg8a in vitro. The interaction is not mediated through  
putative xLIR motif. 

• Basal autophagy does not contribute to PAR1 degradation. 

• GFP-PAR1 localizes in a diffused manner in the cytoplasm under fed and 
starved conditions. There is no solid colocalization observed between GFP-
PAR1 and mCherry-Atg8a  

• Overexpression of kinase-dead form of PAR1, but not the wild-type PAR1 
seems to induce mCherry-Atg8a puncta under fed condition. 

PAR1 was initially identified in an in silico screening to identify the proteins that 

have UBA (SMART) and a putative xLIR motif (iLIR). It is one of the two proteins, 

which has a putative xLIR overlapping with an anchor region. The other protein is 

Ref(2)P (Chapter 3, Table 3.6). The screening was aimed at identifying novel 

putative selective autophagy receptors that involved in the clearance of ubiquitinated 

protein aggregates. The initial in vivo screen that was designed to investigate the 

localization of putative xLIR candidate proteins in wild-type and Atg8-deficient 

brains indicated no difference in PAR1 localization between them (Chapter 3, Section 

3.2.3, Figure 3.9).  

GST pull-down assay indicated that PAR1 interacts with Atg8a. However, the 

interaction is not mediated through LIR motif (Figure 5.4 and 5.5). Therefore 

suggests the presence of another protein binding site for Atg8a and PAR1. This 

observation is similar to the observation in human where regions outside of LIR and 

LDS mediated many of the Atg8 interactions (Behrends et al., 2010). It is important 

to test whether PAR1 interacts with Atg8a in vivo in Drosophila. A first step is to 

attempt co-immunoprecipitation of Atg8a with PAR1 in different developmental 

stages both under fed and starved conditions. It is puzzling that we have not observed 

any solid colocalization between GFP-PAR1 and mCherry-Atg8a in the larval fat 

body. It may be that the interaction between PAR1 and Atg8a is transient in nature.  
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In an attempt to understand the significance of the interaction between PAR1 and 

Atg8a, we examined whether PAR1 degrades through autophagy. Western blot 

analysis indicated no significant difference in PAR1 accumulation between young 

w1118 and Atg8a KG07569 head lysates both in the Triton-soluble and Triton-insoluble 

fractions. This suggests that interaction of PAR1 with Atg8a does not contribute to 

its degradation via basal autophagy. At least it is the case for the tested tissue (head). 

It has been shown that the phosphorylated PAR1 is ubiquitinated and targeted to 

proteasome degradation in adult Drosophila heads and the larval neuromuscular 

junction (Wang et al., 2007, Lee et al., 2012). The antibody used in the current study 

does not distinguish between phosphorylated and non-phosphorylated PAR1. Thus 

we cannot test if basal autophagy contributes to the degradation of phosphorylated 

PAR1. If only the phosphorylated PAR1 undergoes ubiquitination and degradation, 

looking for overall (phosphorylated and non-phosphorylated) PAR1 may not provide 

a true picture.  

Immunofluorescence and western blot analysis did not show any difference in PAR1 

localization (Figure 3.9) or accumulation (Figure 5.5) between wild-type and Atg8a-

deficent conditions, suggesting that PAR1 is not a component of aggregates formed 

under autophagy-deficient condition. Atg8-interacting UBD receptors are found to 

accumulate with ubiquitin-positive aggregates under autophagy-deficient conditions 

(Section 3.2.3). Therefore, the interaction of PAR1 with Atg8a may not be connected 

to ubiquitin-dependent selective autophagy.  

In a further attempt to understand the significance of PAR1-Atg8a interaction, we 

tested if PAR1 regulates autophagy. Effect of GFP-PAR1 and GFP-PAR1KD 

overexpression on autophagy was tested in the third instar larval fat body under fed 

and starved conditions. Autophagy was monitored with mCherry-Atg8a reporter. 

Immunofluorescence confocal microscopy analysis indicated that GFP-PAR1 

localizes in the cytoplasm uniformly. Interestingly, we also observed GFP-PAR1 in 

small dot-like structures. It will be interesting to investigate the identity of these dot-

like structures. Because it has been shown that the GFP-PAR1 localizes in 

Drosophila ovarian follicular cells laterally and also with intracellular membrane 

bound organelles, which appeared in dot-like fashion, by confocal microscopy 

analysis. Further electron microscopy analysis shows that these organelles are 

endoplasmic reticulum and Golgi apparatus (Vaccari et al., 2005). In terms of 
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autophagy, no difference in mCherry-Atg8a localization was observed between GFP- 

PAR1 overexpressing cells and GFP overexpressing cells under fed and starved 

conditions. Thus suggests that overexpression of PAR1 does not affect autophagy 

both under fed and starved conditions. Interestingly, overexpression of kinase-dead 

version of PAR1 resulted in the appearance of a small population of cytoplasmic 

mCherry-Atg8a puncta (Figure 5.7) under fed condition. mCherry-Atg8a puncta may 

indicate an activation of autophagy. All the experiments (Figure 5.6, 5.7,5.8) were 

performed under the same condition. However, the appearance of mCherry-Atg8a as 

puncta was seen under fed condition only in PAR1KD overexpressing cells. Possible 

explanation for autophagy activation in response to PAR1KD overexpression is as 

follows:- 

1). PAR1 has a role in development. The overexpression of PAR1KD might 

have altered proper development and activated developmental autophagy 

earlier than wild-type larvae. Larvae induce development autophagy as a 

transition towards its pupil stage in the response to the hormonal cues. This 

developmental autophagy is usually present in the larvae that crawl outside 

the food to pupariate (from day 5 AEL), and it is absent when the larvae 

present in the food (day 4 AEL). When these experiments were performed, 

the larvae were in the early stages of day 4 and were in the food. This 

suggests that the observed mCherry-Atg8a puncta could not arise from 

developmental autophagy.   

2). It has been shown that Atg8 (LC3) in mammals undergoes 

phosphorylation by PKA and phosphorylation of Atg8 inhibit autophagy 

(Cherra et al., 2010). It will be interesting to see if Atg8a undergoes 

phosphorylation by PAR1 and phosphorylation of Atg8a inhibits autophagy 

in Drosophila. However, the phosphorylation status of Atg8a during 

autophagy in Drosophila is unclear. It could be that overexpression of 

PAR1KD inhibits PAR1-mediated phosphorylation of Atg8a and induces 

autophagy that appeared as mCherry-Atg8a puncta. 

Accumulation of mCherry-Atg8a could indicate an increase in the level of autophagy 

or a defect in autophagy flux. A defect in autophagy flux could arise from a defect in 

the fusion of autophagosome with the lysosome and also defect in lysosome-

mediated degradation. To distinguish these scenarios, autophagy flux needs to be 
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tested by using Tandem-Atg8a reporter. Tandem-Atg8a reporter will distinguish 

autophagosome (GFP + Cherry=Yellow) from autolysosome (Cherry=Red) (Section 

2.6.1). Since the PAR1KD is tagged with GFP, it is not possible to perform this 

experiment using the current UAS-GFP-PAR1KD line. However, the lysosomal 

activity can be measured using Lysotracker or Cathepsin L staining. If it is an 

induction of autophagy, an increase in Lysotracker and Cathepsin L staining will be 

observed after GFP-PAR1KD expression.  

A large-scale screen for kinases that regulates TOR activity in Drosophila S2 cells 

identifies PAR1 as a negative regulator of TOR activity. RNAi-mediated knockdown 

of PAR1 increases TOR activity (Li and Guan, 2013). TOR is a negative regulator of 

autophagy. TOR is active in fed condition and inhibits autophagy (Scott et al., 2007). 

However, we had not observed an induction of autophagy under fed condition when 

GFP-PAR1 was overexpressed. Further studies need to be performed to reach any 

conclusion. Effect of PAR1 knockdown on autophagy needs to be examined with the 

use of UAS-PAR1-IR and Tandem-Atg8a reporter. 

Microtubules dynamics is important for different stages for autophagy. These include 

the recruitment of markers of autophagosome formation such as ULK1 complex, 

class III PtdIns3K complex. Moreover, mature autophagosome transports from its 

origination point to the site of lysosome by microtubules (Di Bartolomeo et al., 

2010). Both lipidated and non-lipidated Atg8/LC3 has been found in microtubule 

containing subcellular fractions. Pharmaceutical drugs that stabilize or destabilize 

microtubules disrupt autophagosome formation (Mackeh et al., 2013). PAR1/MARK 

has been shown to modulate microtubules dynamics (Shulman et al., 2000, 

Tomancak et al., 2000, Tian and Deng, 2009). It will be interesting to examine if 

PAR1/MARK-mediated microtubule dynamics contributes toward autophagy.  

The results and analysis presented in this chapter will provide insights into the 

biological significance of PAR1-Atg8a interaction and a potential role of PAR1 in 

autophagy.  
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Chapter 6 
Analysis of Sequoia 
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6.1 Introduction 

Chapter 6 describes in vivo analysis of Sequoia, a novel Atg8a-interacting protein. 

The major aim of Dr.Nezis’ lab was to extend the in silco identification of LIR motif 

to entire Drosophila proteome. In line with this, Sequoia was identified in an in silico 

screening for putative xLIR and ZnF-C2H2 domains containing proteins. Sequoia 

was tested for its interaction with Atg8a using GST pull-down assay and found that 

Sequoia interacts with Atg8a (Dr. Nezis’ unpublished results).  

ZnF-C2H2 domains are small motifs composed of tandem repeats of small finger-

like projections. The consensus sequence for ZnF-C2H2 is represented as CX2-

4CX3FX5LX2-HX3-4HTGEKPYX, where X could be any amino acid. Three-

dimensional structure of ZnF-C2H2 contains two short β-strands and an α-helical 

structure. The β-strand contains two cysteine residues, and an α-helix contains two 

histidine residues. Both cysteine and histidine interact with a zinc ion and the 

interaction is critical for proper folding. The ZnF-C2H2 domain was initially 

identified as a DNA-binding domain and often found in transcriptional factors. Later 

studies indicate that ZnF-C2H2 is involved in RNA, proteins and lipid interactions 

(Dhwani Tadepally and Aubry, 2001).  

Sequoia is a transcription factor and it localizes to the nucleus. It contains two ZnF-

C2H2 domains. This region has similarity to Tramtrack, a transcriptional factor that 

regulates neuronal morphology in Drosophila (Brenman et al., 2001). Additionally, 

Sequoia contains a coil-coil domain (Figure 6.1). Drosophila has two Sequoia 

isoforms: Isoform A and Isoform B. A putative xLIR motif is present at 311-316 

amino acid positions on both the isoforms.  

 

Figure 6. 1: Domain architecture of Sequoia 
Sequoia contains a coil- coil domain positioned from amino acids 147-167. Two ZnF-C2H2 domains 
are present at 393-421 and 429-452 amino acid positions. A putative xLIR motif (EEYQVI-PSSM 
14) is present at 311-316 amino acid positions. The putative xLIR overlaps with an anchor region. The 
Sequoia isoform A is shown here.  

Coil%Coil& ZnF%C2H2&
pxLIR&
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Sequoia modulates dendrite and axon morphogenesis in Drosophila embryo (Figure 

6.2). Sequoia was initially identified in a genetic screen that was performed in dorsal 

md (multiple dendritic) neurons of the embryonic peripheral nervous system (PNS). 

In the wild-type embryo (Figure 6.2A-B), the growth of dorsal dendrites toward the 

dorsal direction is ceased before it reaches the dorsal midline at 20-21 hours AEL. 

This creates a dendrite-free zone near the dorsal midline at the end of embryogenesis. 

However, in the sequoia-null mutant embryo, the dorsal dendrites grow excessively 

and are able to cross the dorsal midline leaving no “dendrite-free zone” (Gao et al., 

1999). Further studies show that the sequoia-null mutant initiates dorsal dendrite 

outgrowth abnormally early and also fails to stop the growth at the current time. 

Hence this results in the production of abnormally long and extra md neurons. The 

extra md neurons are formed at the expense of es (external sensory) neurons. The 

number of es neurons is comparatively low in sequoia-null mutants. Additionally, 

these mutants exhibit defects in axonal development that are characterized by the 

break points in the axon (Figure 6.2C-D). They exhibit shorter axon both in PNS and 

CNS (Gao et al., 1999, Brenman et al., 2001). Microarray analysis suggests that the 

sequoia-null mutants exhibit differential expression of many genes such as 

connectin, frazzled, roundabout 2, and longitudinals lacking, which mediate axon 

and dendrite morphogenesis. This suggests that Sequoia modulates dendrite and axon 

development through its downstream target genes (Brenman et al., 2001).  
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Figure 6. 2:Loss of Sequoia function causes abnormal dendrite dorsal branch outgrowths (A-B) 
and defects in axonal development (C-D) 
[Images A-B are taken from (Gao et al., 1999) and images C-E are taken from (Brenman et al., 
2001)].  
(A-B): The md neurons were visualised by driving GFP expression in md neuron using an enhancer 
trap line. Wild-type embryo (A) of 20–21 hours AEL shows the dendrite-free zone near the dorsal 
midline (red bracket). The same aged sequoia-null embryo (B) reveals excessive dendritic outgrowth 
(green bracket).  
(C-D): The embryos were immunostained with 1D4 antibody against fasII for visualizing the axon 
The wild-type (C) embryo with normal axonal development. The sequoia- null mutant (D) 
demonstrates severe reductions in the motor neuron axon and its projections to the periphery (arrows).  
  

Sequoia acts as an upstream regulator of genes that mediates cell fate decisions in 

adult external sensory organ (ESO). The adult ESO comprises socket cells, hair cells, 

glial cells and sheath cells. Adult mosaic animal mutant for Sequoia develop more 

sockets cells at the expense of hair cells in sequoia-null clones.These mutants exhibit 

reduced expression of crucial transcriptional factors D-Pax2, Prospero and Hamlet, 

which regulate ESO cell fate. Exogenous expressions of these transcriptional factors 

in sequoia-null mutant restore the proper development of socket and hair cells. This 

suggests that Sequoia indirectly or directly regulates these transcriptional factors 

(Andrews et al., 2009).  

A" B"

C" D"

WT seq 
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Sequoia negatively regulates the transcription of Branchless and thus modules tip-

cell number in the ganglionic branch (GB) of tracheal system in Drosophila embryo. 

In wild-type embryo, the GB grows towards the CNS and forms a single terminal 

cell from each branch. The cell, which leads the migration establishes as the terminal 

cell. The tracheal system in Drosophila develops through controlled cell migration 

and rearrangement. Branchless, a fibroblast growth factor plays an important role in 

modulating cell migration. It is expressed in localised patches, and the expression is 

dynamic. The expression of Branchless is at low levels in the region where new 

branches will form and grow. Branchless binds and activates Breathless, which is 

expressed constitutively in all the tracheal cells. Breathless activation by Branchless 

activates and guide cell migration and to induce DSRF expression, which establishes 

tip cell. In the sequoia-null mutant embryo, the GB grows towards the CNS and 

forms bifurcations and multiple terminal cells from each branch. Sequoia is 

expressed in the CNS and non-autonomously acts as a negative regulator of 

branchless in the tracheal system. An increase in branchless expression in the 

absence of Sequoia increases the number of cells which leads the migration and 

subsequently increases the number of terminal cells (Araújo and Casanova, 2011). 
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6.1.1 Aim and approach 

Chapter 6 aims to investigate whether Sequoia has a role in autophagy, thus to 

understand the significance of Sequoia-Atg8a interaction.  

6.2 Results 
6.2.1 Sequoia interacts with Atg8a in vitro and the interaction partially depends on 
the putative xLIR motif.  

To investigate the significance of putative xLIR on Sequoia, both the wild-type 

Sequoia and the xLIR-mutated Sequoia were tested for its interaction with Atg8a by 

GST pull-down assay. The xLIR mutated Sequoia was generated by site-directed 

mutagenesis, in which the core aromatic Y and hydrophobic L in putative xLIR 

(EEYQVL-311-316) were converted into an alanine. The putative xLIR mutated 

construct is shown as Y313A/L316A in Figure 6.3. The experiment was performed 

by Dr. Ashish Jain in Professor Johansen’s group.  

Myc-tagged wild-type and xLIR mutated Sequoia were in vitro translated in the 

presence of 35S-methionine and tested by GST pull-down assays for binding with 

recombinant GST-Atg8a. A similar experiment was performed with GST-alone 

construct as a control (Figure 6.3). It was observed that the wild-type form of 

Sequoia bound with GST-Atg8a (AR-panel, lane 5), but not with GST-alone (AR 

panel, lane 3), thus suggests that Sequoia directly interacts with Atg8a and the 

interaction is specific. Also, a weak interaction was observed between xLIR mutated 

Sequoia and GST-Atg8a (lane 6). The intensity of the band observed for the xLIR 

mutated Sequoia was weaker compared to the wild-type Sequoia. There was no 

interaction observed between xLIR mutated Sequoia and GST-alone (AR-panel, lane 

4), thus demonstrates that the xLIR motif in the Sequoia partially mediates the 

interaction of Sequoia with Atg8a. 
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Figure 6. 3: In vitro GST pull-down shows that Sequoia interacts with Atg8a and the interaction 
partially depends on predicted xLIR motif  
Myc-tagged wild-type Sequoia and xLIR mutated (Y313A/L316A) Sequoia were in vitro translated in 
the presence of 35S-methionine and tested by GST pull-down assays for binding with GST-Atg8a or 
GST-alone. Bound proteins were detected by autoradiography (AR). The AR panel indicates that 
wild-type Sequoia interacts with GST-Atg8a (lane 5), but not with the GST-alone (lane 3). Lane 6 
indicates a weak interaction of xLIR mutated Sequoia with GST-Atg8a (please note the difference in 
intensity between lane 5 and lane 6). There were no interactions observed with GST-alone (lane 4).  
Lane 1 and 2 shows the presence of indicated constructs in the input fraction (The input panel is not 
very visible in this picture). The CBB panel indicates the presence of immobilized GST-Atg8a or 
GST-alone.  
Sequoia isoforms A was used to test the interaction.  
Performed by Ashish Jain at Professor Johansen’s group.  
 

6.2.2 Identification of putative homolog of Sequoia  

To acquire a better understanding of Sequoia function, we searched for a homolog of 

Sequoia in yeast and human. A blast of Sequoia protein sequence in Ensembl, NCBI 

did not show a homolog for Sequoia in yeast and human. Similarly, Flybase or 

DIOPT [DRSC Integrative Ortholog Prediction Tool, (Hu et al., 2011)] did not show 

a homolog for Sequoia in yeast and mammals. Nevertheless, Flybase indicates that 

jmjd-2 as a homolog of Sequoia in C.elegans. Wormbase indicated Rph1 as yeast 

homolog, KDM4 family proteins as human homolog for jmjd-2. Additionally, we 

searched for proteins similar to Sequoia in Drosophila melanogaster itself and their 

yeast and human homologs. A blast of Sequoia protein sequence in FlyBase 
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identified KDM4B as the most similar protein for Sequoia, followed by Tramtrack. 

Flybase indicated Rph1 as yeast homolog, KDM4 family proteins as human homolog 

of KDM4B. Hence, we consider Rph1 and KDM4 as putative Sequoia homolog in 

yeast and human respectively (Figure 6.4). 

 

Figure 6. 4: Comparison of domain architecture of yeast Rph1, human KDM4, Drosophila 
KDM4B and Drosophila Sequoia 
Yeast Rph1 (Nordberg et al., 2014) and human KDM4 (Shmakova et al., 2014) contain JmjN and 
JmjC domains (domain involved in histone demethylase activity) and ZnF finger type domains. Rph1 
contains C2H2-type ZnF domain, and human KDM4 contains PHD-type ZnF domain. In contrast to 
C2H2 that contains one Zn ion (Section 5.1), the PHD contains two Zn ions (Aasland et al., 1995). 
Drosophila KDM4B contains JmjN and JmjC domains, but not ZnF domain (Lloret-Llinares et al., 
2008). Drosophila Sequoia does not contain JmjN and JmjC domains. Instead it contains ZnF-C2H2 
(Brenman et al., 2001). 

We further tested whether human KDM4 interacts with LC3B or GABARAP. 

KDM4 has three homologs in the human: KDM4A, KDM4B, and KDM4C. Two out 

of three KDM4s contain putative xLIRs that were identified by iLIR (Table 6.1). 

However, they were not located in the anchor region.   

Table 6. 1 Putative xLIR motif in KDM4s 

Protein xLIR Position PSSM Anchor 

KDM4A 57-62 ASYDDI 12 No 

 112-117 SEFEEL 14 No 

KDM4B No    

KDMC 114-119 LDYEDL 15 No 
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GST pull-down assay indicated (Figure 6.5) an interaction of KDM4A, KDM4B and 

KDMC with GABARAP, but not with LC3B. Drosophila Atg8a is more similar to 

GABARAP than LC3 family proteins (Section 1.6.1). We have not tested whether 

these interactions depends on xLIR. 

 
Figure 6. 5 In vitro GST pull-down assay shows that KDM4s interact with GABARP, but not 
with LC3B 
Myc-tagged KDM4A, KDM4B, and KDMC were in vitro translated in the presence of 35S- 
methionine and tested by GST pull-down assays for binding with GST-GABARAP, GST-LC3B or 
GST-alone. KDM4s interact with GST-GABARAP (Panel 1). However, there was no interaction 
observed with GST-LC3B (panel 2) or with GST-alone (negative control, panel 3). The presence of 
indicated constructs was shown in the input fraction (panel 4). The CBB panels indicate the presence 
of immobilized GST-GABARAP, GST-LC3B or GST-alone constructs.  
Performed by Ashish Jain at Professor Johansen’s group.  
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6.2.3 Basal autophagy does not contribute to Sequoia degradation 

Sequoia regulates neuronal morphology, and it exhibits pan-neuronal expression 

pattern in the adult head (Brenman et al., 2001). Many proteins including nuclear 

proteins use their interaction with Atg8a as a mechanism for their degradation via 

basal autophagy (Dou et al., 2015). To understand the biological significance of 

Sequoia-Atg8a interaction, we investigated whether Sequoia degrades through basal 

autophagy. Western blot analysis was performed to compare Sequoia accumulation 

in young w1118 and Atg8aKG07569 heads. A Sequoia antibody that was generated by 

Brenman and colleagues was used to probe for Sequoia. The Sequoia antibody was 

generated by injecting GST-Sequoia fusion (amino acids 185-703) construct as an 

antigen in rabbit (Brenman et al., 2001).  

Western blot analysis indicated that there was no significant difference in Sequoia 

accumulation between w1118 and Atg8aKG07569 heads (Figure 6.6), suggesting that 

Sequoia does not degrade through autophagy under basal condition. Hence, this 

suggests that interaction of Sequoia with Atg8a does not contribute to Sequoia 

degradation.  



 251 

 
Figure 6. 6: Basal autophagy does not contribute to Sequoia degradation  
Proteins were extracted from indicated genotypes using 1% Triton lysis buffer and subjected to SDS-
PAGE and immunoblot analysis. The blots were probed for Sequoia and Actin (loading control). A 
band between 150 kDa and 100 kDa consistently appeared with the Sequoia antibody.  
The blots were quantified by densitometry. Each value was normalized to its Actin (loading control) 
and expressed as a percentage of control (w1118). An unpaired Student’s t-test was performed to test 
the significance. The bar graph represents Mean±SEM. 
There was no significant difference in Sequoia accumulation between young w1118 and Atg8aKG07569 

heads  (w1118 =100, Atg8aKG07569 =75±11, P>0.05, N=4). 

 

The predicted molecular weight of Sequoia isoform A (882 amino acids) is 97 kDa 

and Sequoia isoform B (873 amino acids) is 96 kDa. However, in this study, a band 

between 100 kDa and 150 kDa consistently appeared with the Sequoia antibody. The 

increase in molecular weight could arise from following reasons: 1) post-translation 

modifications 2) dimerization 3) Sequoia protein sequence contains long 
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polyglutamine stretches,  polyglutamine stretches may alter the normal migration of 

Sequoia on the gel or 4) the antibody has detected a wrong band.  

To confirm the band, we decided to generate both Sequoia knockdown and Sequoia 

overexpression flies. The idea was to obtain flies with low and high Sequoia 

expression compared to that in wild type flies and then performs western blot 

analysis to detect the Sequoia level among these flies. If the Sequoia antibody detects 

the correct band, it will have less intensity in Sequoia knockdown and high intensity 

in Sequoia overexpression flies when comparing with wild-type flies. An RNAi 

construct (UAS-Sequoia-IR-VDRC) and an overexpression construct (UAS-Sequoia-

BL) were crossed with an Elav-GAL4 driver. However, overexpression of Sequoia 

was embryonic lethal (Section 6.2.4 for lethality details). Therefore, western blot 

analysis was performed to compare the Sequoia band in Elav>UAS-Sequoia-IR and 

Elav>w1118 (control).  

It was observed that a band between 150 kDa and 100 kDa was reduced to 50% in 

Sequoia knockdown compared with wild-type condition (Figure 6.7). Thus confirms 

that the band observed between 150 kDa and 100 kDa is the band for Sequoia. 

 



 253 

 
Figure 6. 7: Confirmation of the Sequoia band  
Young heads from indicated genotypes were processed in 1% Triton lysis buffer. Lysates were 
subjected to SDS-PAGE and immunoblotting for Sequoia and Actin (loading control).  
The blots were quantified by densitometry. Each value was normalized to its Actin (loading control) 
and expressed as a percentage of control (Elav>w1118). An unpaired Student’s t-test was performed to 
test the significance. The bar graph represents Mean±SEM. 
(A): A representative blot showing that the band between 150 kDa and 100 kDa is reduced to 50 % in 
Elav>Sequoia-IR compared to Elav>w1118, confirming that the band between 150 kDa and 100 kDa is 
the band for Sequoia (Elav>w1118=100, Elav>Sequoia-IR=56.33±4.81, P=0.0008, N=3).  
 
6.2.4 Overexpression of Sequoia using Elav-GAL4 causes embryonic lethality  

To confirm the Sequoia band, we had attempted to overexpress Sequoia in CNS 

using two different Elav-GAL4 drivers: homozygous Elav-GAL4 on the X 

chromosome [Elav (x)] and heterozygous Elav-GAL4, on the 2nd chromosome [Elav 

(2)]. The Ealv-(2) is balanced with a dominant marker Curly (CyO). It was described 

in the literature that Elav-(X) drives stronger expression compared to Elav (2) (Weiss 
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et al., 2012, Lee et al., 2004). UAS-Sequoia-BL is located on the 3rd chromosome and 

is homozygous.  

The virgins from Elav-(X) were crossed with males from UAS-Sequoia-BL. All the 

progenies from such crosses should contain both Elav and Sequoia, thus Sequoia 

overexpression. The Elav-(X) flies were further crossed with w1118 as a control. The 

crosses were set up at 25ºC. The parents were transferred to a new tube every four 

days. Numbers of progenies eclosed from the crosses were monitored up to 17 days 

from the day of the cross. Overexpression of Sequoia was embryonic lethal. Only 

two small first instar larvae were obtained. However, these larvae failed to survive. 

The experiment was stopped when a total of 180 adult progenies were counted from 

the control cross [Elav-(X) and w1118 cross]. Table 6.2 shows the outcome of the 

cross. 

Table 6. 2 Outcome of crosses between [Elav-(x) and UAS-Sequoia] or [Elav-(x) and w1118 ] 

 
 
Genotypes 

 
Total number of flies obtained 

Elav/+;+/+;UAS-Sequoia/+ 0 

Elav/w1118;+/+;+/+ 180 

Similarly, the virgins from Elav-(2) were crossed with males from UAS-Sequoia-BL. 

A typical cross like this should produce 1:1 ratio of Elav>Sequoia and 

CyO>Sequoia. The Elav-(2) virgins were further crossed with UAS-RFP as a control 

[a UAS homozygous line carrying red fluorescent protein (RFP)]. Since the Elav was 

balanced on CyO, it was not possible to distinguish between +/+;Elav/+;Sequoia/+ 

(Elav>UAS-Sequoia) and +/+;CyO/+;UAS-Sequoia/+ (CyO> Sequoia) at larval and 

pupal stages. However, all the eclosed adults were CyO>Sequoia. The experiment 

was stopped when all the pupae were eclosed. A total of 162 +/+;Elav/UAS-

RFP;+/+ (Elav>RFP) and a total of 159 +/+;CyO/UAS-RFP;+/+ (CyO>RFP) were 

obtained from the cross between Elav-(2)/CyO and UAS-RFP. A Chi-Square test 

indicated no significant difference in expected and observed frequencies in relation 

to RFP expression. A Chi-square test indicated a significant difference between 

expected and observed frequencies when Sequoia was expressed   (P<0.0001), 

confirming that Sequoia overexpression is embryonic lethal. Table 6.3 shows the 

outcome of crosses. 
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Table 6. 3 Outcome of crosses between [Elav-(2) and UAS-Sequoia] or [Elav-(2) and UAS-RFP ] 

 
 
Genotypes 

 
Number observed 

 
Expected % 

 
Observed % 

Cross between Elav (2)/CyO and UAS-Sequoia 

+/+;Elav/+;UAS-Sequoia/+ 0 50 0 

+/+;CyO/+;UAS-Sequoia/+ 180 50 100% 

Cross between Elav-(2)/CyO and UAS-RFP 

+/+;Elav/UAS-RFP;+/+ 162 50 50.47 

+/+;CyO/UAS-RFP;+/+ 159 50 49.53 

 
6.2.5 Sequoia acts as a negative regulator of autophagy under fed condition 

Atg8-interacting proteins have diverse function and the majority of them function as 

regulators of autophagy (Section 1.9). Since Sequoia contains ZnF-C2H2 DNA-

binding proteins, we hypothesized a role of Sequoia in the regulation of autophagy.  

Third instar larval fat body was chosen as model tissue to test this hypothesis. The 

larval fat bodies have been served as an excellent system (Section 2.6-2.6.1) to 

identify novel regulators of autophagy.   

Monitoring basal autophagy using mCherry-Atg8a reporter under fed condition 

We investigated the effect of Sequoia knockdown on basal autophagy using 

mCherry-Atg8a reporter. Sequoia knockdown was performed with two independent 

RNAi lines: one from VDRC (UAS-Sequoia-IR-1-VDRC) and another from 

Bloomington (UAS-Sequoia-IR-2-BL). FLP-out mCherry-Atg8a line was crossed 

with UAS-Sequoia-IRs (Section 2.2.4). F1 mosaic progenies resulting from this cross 

contain mutant cells (in this case, Sequoia knockdown cells) with mCherry-Atg8a 

expression, and wild-type cells. In parallel, as a control, FLP-out Cherry Atg8a line 

was crossed with w1118 to direct the overexpression of mCherry-Atg8a in the wild 

type cells.  

Immunofluorescence confocal microscopy analysis of F1 fed third instar larval fat 

bodies indicated that knockdown Sequoia by using UAS-Sequoia IR-1-VDRC causes 

the formation of mCherry-Atg8a puncta in the cytoplasm (Figure 6.8). This 

localization was similar to that observed during autophagy induced conditions such 

as starvation. As expected mCherry-Atg8a localized mainly in the nucleus and 
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distributed evenly in the cytoplasm in the wild-type cells (FLP-out mCherry-

Atg8a>w1118).  

However, no cytoplasmic mCherry-Atg8a puncta was observed when UAS-Sequoia 

IR-2-BL was used (Figure 6.9). The localization of mCherry-Atg8a was similar to 

that observed in wild-type cells (FLP-out mCherry-Atg8a> w1118, Figure 6.8A). The 

signal for mCherry-Atg8a was localized in the nucleus and distributed evenly in the 

cytoplasm.  
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Figure 6. 8: Silencing of Sequoia by UAS-Sequoia-IR-1-VDRC results in the formation of 
mCherry-Atg8a puncta in the cytoplasm under fed condition   

Confocal sections of fed third instar larval fat bodies clonally expressing mCherry-Atg8a in the wild-
type cells (A) and the Sequoia knockdown cells (B). Nuclei were stained with DAPI. Alexa Fluor 488 
Phalloidin was used to visualize the Actin. A): As expected, mCherry-Atg8a was localized mainly in 
the nucleus and distributed evenly in the cytoplasm in the wild-type cells (B): Sequoia knockdown 
resulted in the formation of mCherry-Atg8a puncta (arrows) in the cytoplasm. A total of 10-15 larvae 
from each genotype were tested in three independent experiments.  

Genotypes: A) hs-FLP/w1118;UAS-mCherry-Atg8a; AC>CD2>GAL4 

B) hs-FLP/+; UAS-mCherry-Atg8a; AC>CD2>GAL4/UAS-Sequoia-IR-VDRC. 

 

mCherry!Atg8a Phalloidin) 

Nucleus Merge 

mCherry!Atg8a Phalloidin) 

Nucleus Merge 

FL
P-

ou
t  

m
C

he
rr

y-
At

g8
a>

w
11

18
 

A 

FL
P-

ou
t m

C
he

rr
y-

At
g8

a>
Se

qu
oi

a-
IR

-1
- V

D
RC

 

B 



 258 

 

 
Figure 6. 9: Silencing of Sequoia by UAS Sequoia IR-2-BL does not produce cytoplasmic 
mCherry-Atg8a puncta under fed condition 
Confocal sections of fed third instar larval fat bodies clonally expressing mCherry-Atg8a in the 
Sequoia knockdown cells. Nuclei were stained with DAPI. Alexa Fluor 488 Phalloidin was used to 
visualize the Actin.  
Sequoia knockdown cells displayed mCherry-Atg8a in mainly the nucleus and distributed evenly in 
the cytoplasm The localization of mCherry-Atg8a was similar to that observed in the wild-type cells 
(Figure 6.9A). A total of 10 larvae were tested in two independent experiments.  
Genotypes: hs-FLP/+; UAS-mCherry-Atg8a; AC>CD2>GAL4/UAS-Sequoia-IR -2-BL. 
 
UAS-Sequoia-IR-2-BL line is less efficient in the induction of Sequoia knockdown 
compared with UAS-Sequoia-IR-1-VDRC line 

The knockdown of Sequoia using UAS-Sequoia-IR-1-VDRC resulted in the 

formation of cytoplasmic mCherry-Atg8a puncta under fed condition. However, the 

knockdown of Sequoia using UAS-Sequoia-IR-2-BL did not cause mCherry-Atg8a 

puncta under similar condition. The localization of mCherry-Atg8a in Sequoia-IR-2 

BL knockdown cells resembled that of the wild-type cells. We hypothesized that this 

discrepancy could arise from the differences in the efficiency of RNAi-mediated 

Sequoia knockdown. To determine the efficiency of RNAi-mediated Sequoia 

knockdown, a reverse transcriptase (RT-PCR) was performed. To perform RT-PCR, 

UAS-Sequoia-IR-1-VDRC, and UAS-Sequoia-IR-2-BL was overexpressed in larval 

fat bodies by using the Cg-GAL4 driver. Similarly, w1118 was crossed with Cg-GAL4 
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as a control. The Cg (collagen) driver directs expression in the fat body, hemocytes, 

and lymph gland. 

 

Figure 6. 10: UAS-Sequoia-IR-2-BL is less efficient in the induction of Sequoia knockdown 
compared to UAS-Sequoia-IR-1-VDRC 
RT-PCR analysis was performed to compare the efficiency of RNAi-mediated knockdown between 
Sequoia IR-1-VDRC and Sequoia-IR-2-BL. The RNAi lines (UAS-Sequoia-IR-2-BL, UAS-Sequoia-IR-
1-VDRC) were crossed with Cg-GAL4 to induce Sequoia knockdown in the larval fat bodies. In 
parallel, the control (w1118 ) line was crossed with Cg-GAL4. Fat bodies were dissected out from F1 
larvae for RNA extraction. The samples were treated with DNAase to destroy the genomic DNA. The 
cDNA was synthesized using a Thermoscientific RevertAid First Strand cDNA Synthesis Kit. The 
cDNA was amplified using specific primers that target Sequoia to measure Sequoia level. rp49 was 
used as a loading control.  
The level of Sequoia was normalized to the loading control and expressed as relative to the control 
(Cg>w1118). Approximately 50% reduction in Sequoia level was observed in Cg>Sequoia-IR-1-VDRC 
compared with that in Cg>w1118 . However, only 25% reduction in Sequoia level was observed in 
Cg>Sequoia- IR-2-BL compared with Cg>w1118. The experiment was performed only once. Thus no 
statistical analysis was performed.  
Performed by Dr. Anne-Clarie Jacomin, a Postdoctoral researcher in Dr. Nezis’ lab. 
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RT-PCR indicated (Figure 6.10) approximately 50% reduction in Sequoia level in 

Cg>Sequoia-IR-1-VDRC compared with that in Cg>w1118. This reduction is similar 

to that observed in western blot analysis (Figure 6.6). In contrast, only approximately 

25% reduction in Sequoia level was observed in Cg>Sequoia-IR-2-BL compared 

with that in Cg>w1118. This suggests that UAS-Sequoia-IR-2-BL is less efficient to 

induce Sequoia knockdown compared with UAS-Sequoia-IR-1-VDRC. Hence 

suggest that Sequoia knockdown induced by UAS-Sequoia-IR-2-BL may not be 

efficient enough for autophagy induction. Therefore for further analysis we did not 

use UAS-Sequoia-IR-2-BL. 

These results also indicate a dosage-sensitive regulation of autophagy by Sequoia. 

Sequoia has been known to involve in a dosage-sensitive regulation. A study 

performed by Dean and colleagues showed a dosage-sensitive role of Sequoia in the 

regulation of Trio Mutant phenotype. The trios036810/trioM89 mutant exhibits moderate 

pre-pupal lethality. The pre-pupal lethality is increased to a greater extent only in one 

specific Trio-sequoia double mutant, which has a specific sequoia point allelic 

mutation. Other tested sequoia allelic mutations or chromosomal deletions, which 

completely lacks Sequoia, only showed minor enhancement in pre-pupal lethality 

(Dean et al., 2013).  

Monitoring starvation-induced autophagy using mCherry-Atg8a reporter  

We further investigated whether Sequoia knockdown affects starvation-induced 

autophagy in the larval fat body. Starvation-induced autophagy is characterized by 

the presence of Atg8a puncta in the cytoplasm (Section 2.6.1). Third instar larvae 

from the following genotypes were starved for 4 hours in 20% sucrose to induce 

autophagy: 1) FLP-out mCherry-Atg8a>w1118 and, 2) FLP-out mCherry-

Atg8a>Sequoia-IR-1-VDRC.  

Immunofluorescence confocal microscopy analysis of starved third instar larval 

bodies did not show any difference in mCherry-Atg8a localization between wild-type 

and Sequoia knockdown cells. As expected, induction of autophagy was observed in 

wild-type cells as cytoplasmic mCherry-Atg8a puncta. Similarly, starvation resulted 

in the formation of cytoplasmic mCherry-Atg8a puncta in the Sequoia knockdown 

cells (Figure 6.11) indicating autophagy induction. There was no obvious difference 

in mCherry-Atg8a puncta between wild-type and Sequoia knock down cells.  
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Figure 6. 11: Starvation results in the formation of cytoplasmic mCherry-Atg8a puncta in wild-
type and Sequoia knockdown cells 
Confocal sections of starved third instar larval fat bodies clonally expressing mCherry-Atg8a in the 
wild-type cells (A) and Sequoia knockdown cells (B). Nuclei were stained with DAPI. Alexa fluor 
488 Phalloidin was used to visualize the Actin. (A): As expected the wild-type cells displayed 
mCherry-Atg8a as puncta in the cytoplasm, indicating autophagy induction. (B): Similarly, Sequoia 
knockdown cells displayed mCherry-Atg8a puncta in the cytoplasm, an indication of autophagy 
activation. A total of five larvae from each genotype were tested.  
Genotypes: A) hs-FLP/w1118; UAS-mCherry-Atg8a/+; AC>CD2>GAL4/+  
B) hs-FLP/+; UAS-mCherry-Atg8a/+; AC>CD2>GAL4/UAS-Sequoia-IR-VDRC. 
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Monitoring autophagy using Tandem-Atg8a reporter under fed condition. 

We further investigated the effect of Sequoia knockdown on autophagy in third instar 

larval fat bodies using Tandem-Atg8a reporter. Accumulation of mCherry-Atg8a 

could indicate an increase in the level of autophagy or a defect in autophagy flux. 

Defects in autophagy flux could arise from a defect in the fusion of autophagosome 

with the lysosome, and also a defect in lysosome-mediated degradation. To 

distinguish these scenarios autophagy flux was examined by using Tandem-Atg8a 

reporter that distinguishes autophagosome (GFP + mCherry=Yellow) from 

autolysosome (Cherry=Red) (Section 2.6.1). To examine the autophagy flux, 

colocalization coefficient of GFP-Atg8a with mCherry-Atg8a was examined.  

To investigate the localization of Tandem-Atg8a in Sequoia knockdown cells, FLP-

out Tandem-Atg8a was crossed with UAS-Sequoia-IR-1-VDRC. F1 mosaic progenies 

from the cross express Tandem-Atg8a in Sequoia knockdown cells, whereas rest of 

cells remains as wild-type. As a control, FLP-out Tandem-Atg8a was crossed with 

w1118 for expressing Tandem-Atg8a in the wild-type cells.  

Immunofluorescence confocal microscopy analysis of Sequoia knockdown larvae 

indicated the presence of cytoplasmic Atg8a puncta under fed condition. As expected 

wild-type cells exhibited diffused cytoplasmic and nuclear localization (Figure 6.12). 

Sequoia knockdown cells contained increased number of mCherry-Atg8a puncta 

than GFP-Atg8a puncta, suggesting more autolysosome than autophagosome. 

Colocalization analysis indicated low Pearson’s coefficient (mean 0.22), 

demonstrating very little colocalization between GFP-Atg8a and mCherry-Atg8a. 

The low colocalization confirms that there is no defect in autophagosome-lysosome 

fusion, and autophagy flux is normal in Sequoia knockdown larvae under fed 

condition. A histogram showing Pearson’s coefficient from 26 images (15 animals) 

is shown in Figure 6.13  

Taken together these results (localization of mCherry-Atg8a and Tandem-Atg8a 

under fed condition) suggest that Sequoia knockdown induces autophagy under fed 

condition.  
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Figure 6. 12: Sequoia knockdown does not affect autophagy flux under fed condition  
Confocal sections of fed third instar larval fat bodies clonally expressing Tandem-Atg8a in the wild 
type cells (A) and Sequoia knockdown cells (B). Nuclei were visualized with DAPI. (A): As 
expected, mCherry-Atg8a and GFP-Atg8a were localized in mainly the nucleus and distributed evenly 
in the cytoplasm in wild-type cells (B): Knockdown of Sequoia resulted in the formation of mCherry-
Atg8a as puncta in the cytoplasm (long arrow). Similarly, GFP-Atg8a punta were also observed (small 
arrow). The numbers of mCherry- Atg8a puncta were higher compared to GFP-Atg8a puncta. Thus 
indicates that there was no defect in flux. A total of 10-15 larvae from each genotype were tested in 
three independent experiments.  
Genotypes: A) hs-FLP/w1118; UAS-Tandem-Atg8a/+; AC>CD2>GAL4/+  
B) hs-FLP/+; UAS-Tandem-Atg8a/+; AC>CD2>GAL4/UAS-Sequoia-IR-VDRC. 
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Figure 6. 13: Histogram shows the frequency distribution of Pearson’s coefficient.  
Most of the images showed very low Pearson coefficient (below 0.3). The maximum value observed 
was 0.7. Mean Pearson coefficient was 0.22. A total of 10-15 larvae were tested.  
 

Monitoring autophagy using Tandem-Atg8a reporter under Starved condition. 

Similarly, the autophagy flux was measured under starved condition. The third instar 

FLP-out Tandem-Atg8a>w1118 and FLP-out Tandem-Atg8a>Sequoia-IR-1-VDRC 

larvae were starved for 4 hours in 20% sucrose to induce autophagy.  

Immunofluorescence confocal microscopy analysis of starved third instar larval fat 

bodies showed no difference in autophagy flux between wild-type and Sequoia 

knockdown cells (Figure 6.14). In addition, colocalization of GFP-Atg8a with 

mCherry-Atg8a was measured using Pearson's coefficient in Image J. There was no 

significant difference in Pearson’s coefficient between wild-type and Sequoia 

knockdown cells (Figure 6.14C), demonstrating that no defects in autophagy flux in 

Sequoia knockdown cells under starved condition.  

Taken together, these results (localization of mCherry-Atg8a and Tandem-Atg8a 

under starved condition) suggest that Sequoia knockdown does not affect autophagy 

under starved condition. 

Pearson'coefficient 
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Figure 6. 14: Sequoia knockdown does not affect autophagy flux under starved condition 
Confocal sections of starved third instar larval fat bodies clonally expressing Tandem-Atg8a in the 
wild-type (A) and Sequoia knockdown (B) cells. Nuclei were visualized with DAPI. Autophagosomes 
(yellow) and autolysosomes (red) were observed in wild-type (A) and Sequoia knockdown (B) cells. 
The number and the intensity of mCherry-Atg8a puncta were higher compared to GFP-Atg8a puncta 
in both genotypes. (C): To compare the flux, colocalization coefficient of GFP-Atg8a with mCherry-
Atg8a in Sequoia knockdown cells were compared with that in wild-type cells. Colocalization 
analysis indicated no significant difference in Pearson’s coefficient, demonstrating no difference in 
autophagy flux. The bar represents Mean±SEM. An unpaired Student’s t-test was used to test the 
significance of the difference. A total of 10-15 larvae from each genotype were tested in three 
independent experiments.  
Genotypes: A) hs-FLP/w1118;UAS-Tandem-Atg8a;AC>CD2>GAL4 and B) hs-FLP/+;UAS-Tandem-
Atg8a;AC>CD2>GAL4/UAS-Sequoia-IR-VDRC.  
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6.2.6 Generation of GFP-tagged SequoiaWT, and SequoiaLIRm overexpression 
lines 

Knockdown of Sequoia results in the induction of autophagy in larval fat bodies 

under fed condition. We further investigated whether this phenotype depends on 

xLIR motif, and subsequently the interaction of Sequoia with Atg8a. In collaboration 

with Professor Terje Johanson, we created UAS-GFP-SequoiaWT and UAS-GFP- 

SequoiaLIRm flies (Figure 6.15). These flies were created by Dr. Ashish Jain as 

described in Section 2.2.5  

The reasons for choosing GFP-tagged Sequoia constructs over untagged Sequoia 

includes 1) Limited availability of Sequoia antibody, and 2) the presence of GFP to 

help screening larvae or flies using a GFP filter under a stereomicroscope during 

crosses, thus speeding up time-consuming crosses. 

 

Figure 6. 15: Domain structure of Sequoia proteins used for the generation of UAS-GFP-
SequoiaWT and UAS-GFP-SequoiaLIRm flies 

 

6.2.7 Testing the ability of Sequoia (UAS-GFP-SequoiaWT and UAS-GFP-
SequoiaLIRm) flies to overexpress  

GFP-SequoiaWT and GFP-SequoiaLIRm localize in the nucleus under fed 
condition 

The transgenic flies were created at BestGene Inc using P-element-mediated 

transformation. The insertion of the P-element in the Drosophila genome is random. 

The inserted P-element produces different expression levels depending on where it is 

  GFP                     

Coil2Coil 

    

  

ZnF2C2H2 

  

pxLIR 

  GFP                     

Coil2Coil 

    

  

ZnF2C2H2 

  

xLIR' 
mutated 



 267 

inserted (O'Hare and Rubin, 1983, Liao et al., 2000). A total of nine lines for UAS-

GFP-SequoiaWT (one for the X chromosome, three for the 2nd chromosome and five 

for the 3rd chromosome insertion) and seven lines for UAS-GFP-SequoiaLIRm (one 

for the X chromosome, three for the 2nd chromosome and three for the 3rd 

chromosome insertion) were received from BestGene Inc. The ability of these lines 

to overexpress was tested by confocal microscopy.  

A screen was performed to test the expression level in third instar larval fat bodies 

using FLP-out system. A FLP-out line (termed as FLP-out empty) was crossed with 

UAS-GFP-SequoiaWT or UAS-GFP-SequoiaLIRm. FLP-out empty contains a FLP-

out construct that generates mutant (expression of UAS-driven transgene) and wild-

type cells within the same animal. The FLP-out system was chosen because it can 

ameliorate the undesired lethal effect of transgene expression (if any) by expressing 

transgene only in some cell populations and retaining the remaining cell population 

as a wild-type background. In parallel, UAS-GFP line was crossed with FLP-out 

empty as a control for GFP-tag. The third instar larval bodies of F1 progenies were 

processed by immunofluorescence and tested for GFP fluorescence using a 488 laser 

with a confocal microscope. A representative of one line from the 2nd chromosome 

and the 3rd chromosome for each category is shown in Figure 6.16. 

Both the GFP- SequoiaWT and GFP-SequoiaLIRm proteins exhibited similar nuclear 

localization. Both of these proteins were colocalized with the DAPI signal. DAPI 

binds to the A-T rich region of DNA (Larsen et al., 1989), suggesting a localization 

of Sequoia on DNA. The nuclear localization of overexpressed wild-type Sequoia is 

consistent with the previously reported endogenous Sequoia localization. The 

expressions levels of Sequoia in all the lines (UAS-GFP-SequoiaWT or UAS-GFP-

SequoiaLIRm) were consistent and good. Moreover, overexpressed GFP localized 

both in the cytoplasm and the nucleus (Figure 6.17). Hence confirms that the 

localizations of GFP-SequoiaWT or GFP-SequoiaLIRm are specific for Sequoia.  
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Figure 6. 16: UAS-GFP-SequoiaWT and UAS-GFP-SequoiaLIRm exhibit good expression.  
GFP-SequoiaWT and GFP-SequoiaLIRm localizes in the nucleus 
UAS transgenic flies from indicated genotypes were crossed with FLP-out empty to trigger the 
expression of the transgene in the clones. F1 third instar fat bodies from indicated genotypes were 
processed by immunofluorescence and visualized with a 488 laser for detecting GFP-tagged proteins. 
Texas Red Phalloidin was used to visualize the Actin. Nuclei were stained with DAPI.  
A total of nine lines for UAS-GFP-SequoiaWT and seven lines for UAS-GFP-SequoiaLIRm were 
tested. A representative line from the 2nd (A,C) and the 3rd chromosome (B,D) insertion are shown for 
each category. 
(A–B) GFP-Sequoia (arrow) localized in the nucleus. All the lines tested exhibited a consistent and 
good expression of GFP-Sequoia. 
(C-D): GFP-SequoiaLIRm (arrow) localized in the nucleus. All the lines tested exhibited a consistent 
and good expression of GFP-SequoiaLIRm.  
Genotypes 
A) hs-Flp/+;UAS-SequoiaWT/+; AC>CD2>GAL4/+ 
B) hs-Flp/+; +/+;AC>CD2>GAL4>UAS-SequoiaWT/+ 
C) hs-Flp/+;UAS-SequoiaLIRm/+; AC>CD2>GAL4/+ 
D) hs-Flp/+/+; +/+;AC>CD2>GAL4>UAS-SequoiaLIRm/+. 
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Figure 6. 17: Localization of overexpressed GFP in the larval fat bodies  

As a control for GFP tag, UAS-GFP line was crossed with FLP-out empty. F1 third instar larval fat 
bodies clonally expressing GFP were processed by immunofluorescence and visualized with a 488 
laser for detecting GFP. Texas Red Phalloidin was used to visualize the Actin. Nuclei were stained 
with DAPI. GFP localized both in the cytoplasm and the nucleus.  
 

6.2.8 Both GFP-SequoiaWT and GFP-SequoiaLIRm localize in nucleus under 
starved condition 

Autophagy-related nuclear proteins (for example, Alfy and DOR) have been shown 

to shuttle from nucleus to cytoplasm during autophagy activation (Simonsen et al., 

2004, Mauvezin et al., 2010). For this reason, we asked whether Sequoia relocates to 

the cytoplasm in response to autophagy induction.  

FLPout >GFP-SequoiaWT and FLPout>GFP-SequoiaLIRm third instar larvae were 

starved for 4 hours in 20% sucrose. Immunofluorescence confocal microscopy 

indicated the presence of GFP-SequoiaWT and GFP-SequoiaLIRm in the nucleus 

(Figure 6.18) under starved condition, thus indicates that SequoiaWT or 

SequoiaLIRm does not relocate to the cytoplasm in response to autophagy induction.  
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Figure 6. 18: GFP-SequoiaWT and GFP-SequoiaLIRm localize in the nucleus under starved 
condition  

Starved third instar larval fat bodies clonally expressing GFP-SequoiaWT (A-B) and GFP- 
SequoiaLIRm (C-D) are shown. Texas Red Phalloidin was used to visualize the Actin. Nuclei were 
stained with DAPI. GFP-tagged proteins were visualized with a 488 laser. A representative line from 
the 2nd (A, C) and the 3rd chromosome (B, D) insertion are shown for each category. 

Both GFP-Sequoia (A–B, arrows) and GFP-SequoiaLIRm (C-D, arrows) localized in the nucleus.  

Genotypes 

A) hs-Flp/+;UAS-SequoiaWT/+; AC>CD2>GAL4/+ 

B) hs-Flp/+; +/+;AC>CD2>GAL4>UAS-SequoiaWT/+ 

C)hs-Flp/+;UAS-SequoiaLIRm/+; AC>CD2>GAL4/+ 

D) hs-Flp/+/+; +/+;AC>CD2>GAL4>UAS-SequoiaLIRm/+ 
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6.2.9 Overexpression of SequoiaLIRm induces autophagy under basal condition 

Knockdown of Sequoia induces autophagy under fed condition. Therefore we 

investigated the effect of SequoiaWT and SequoiaLIRm overexpression on 

autophagy under fed condition. Autophagy was measured using mCherry-Atg8a 

reporter. FLPout- mCherryAtg8a line was crossed with UAS-GFP-SequoiaWT to 

direct the expression of mCherry-Atg8a in GFP-SequoiaWT overexpressing cells. 

Similarly, FLP-out-mCherry-Atg8 was crossed with UAS-GFP-SequoiaLIRm to 

direct the expression of mCherry-Atg8a in GFP-SequoiaLIRm overexpressing cells. 

This experiment was performed by Emma Powell, an M.Sc student in Dr.Nezis’ lab.  

Immunofluorescence confocal analysis of the third instar larval fat bodies indicated 

the presence of mCherry-Atg8a in a diffused manner in the cytoplasm and nucleus 

when GFP-SequoiaWT was overexpressed. (Figure 6.19A). However, mCherry-

Atg8a was observed as cytoplasmic puncta when GFP-SequoiaLIRm was 

overexpressed (Figure 6.19B), thus indicating autophagy induction upon 

SequoiaLIRm expression. These cytoplasmic Atg8a puncta was similar to that 

observed in response to Sequoia knockdown (Figure 6.8B) hence suggests that the 

role of Sequoia in regulating autophagy at least partially depends on xLIR motif and 

Atg8a interaction.  
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Figure 6. 19: Overexpression of GFP SequoiaLIRm induces mCherry-Atg8a puncta under fed 
condition.  
Confocal sections of fed third instar larval fat bodies, clonally overexpressing mCherry-Atg8a in 
GFP-SequoiaWT overexpressing cells (A) or GFP-SequoiaLIRm overexpressing (B) cells. 
(A): When GFP-SequoiaWT was overexpressed mCherry-Atg8a localized mainly in the nucleus and 
the cytoplasm in a diffused fashion, suggesting no induction of autophagy. (B): When GFP-
SequoiaLIRm was overexpressed cytoplasmic mCherry-Atg8a punta (arrow) was observed, thus 
suggesting autophagy induction.  
Nuclei were visualized with DAPI. The images were taken with a 63X objective.  
Genotypes: 
A) hs-FLP/+; UAS-mCherry-Atg8a/+; AC>CD2>GAL4/UAS-GFP-SequoiaWT. 
B) hs-FLP/+; UAS-mCherry-Atg8a/+; AC>CD2>GAL4/UAS-GFP-SequoiaLIRm. 
Performed by Miss Emma Powell. 
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6.2.10 Preliminary RT-PCR indicates an up-regulation of Atg7 in response to 
Sequoia knock down 

A recent study indicated that Rph1 (the putative yeast homolog of Sequoia, Figure 

6.4) act as a transcriptional repressor of autophagy under fed condition. Rph1 

negatively regulates the expression of several autophagy-related genes. Rph1 deleted 

cells (Rph1∆) cells exhibit a significant increase in Atg7, Atg8, Atg9, Atg14, Atg29 

and Atg32 mRNA compared to the wild-type cells under fed condition. The highest 

increase is observed for Atg7. Additionally, no difference in mRNA levels of these 

Atg genes is seen in Rph1∆ cells versus wild-type cells under starved condition. The 

DNA-binding ability of the Rph1 (via ZnF-C2H2), but not the histone demethylase 

activity (via JmjN and JmjC) is critical for autophagy repression under fed condition. 

Similarly, siRNA-mediated knockdown of KDM4A results in an up-regulation of 

Atg7, WIPI and Atg14 mRNA in HeLa cells under fed condition (Bernard et al., 

2015).   

Based on the aforementioned information about yeast and mammals, we investigated 

whether Sequoia is involved in the repression of autophagy genes under fed 

condition in Drosophila. The level of Atg1, Atg5, Atg7, Atg8, Atg9, Atg13 and Atg14 

were measured in wild-type and Sequoia knockdown larvae by RT-PCR (Figure 

6.20) under fed condition. Sequoia knockdown was performed in the larval fat body 

using Cg-GAL4 and UAS-Sequoia-IR-1-VDRC line. In parallel, the Cg-GAL4 line 

was crossed with w1118 as a control.   

The knockdown of Sequoia resulted in an increase in the expression of tested 

autophagy genes: Atg7, Atg1, Atg5, Atg7, Atg8, Atg9, and Atg13. The highest 

increase was observed for Atg7, thus suggesting that Sequoia acts a repressor of 

autophagy genes (at the minimum Atg7) under fed condition.  
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Figure 6. 20: Sequoia may act as repressor of Atg7 
RT-PCR was performed to compare the level of autophagy genes (Atg1, Atg5, Atg7, Atg8a, Atg9, 
Atg13, and Atg14) between wild-type and Sequoia knock down larval fat bodies under fed condition. 
An increase in the level of autophagy genes was observed in Cg>Sequoia-IR-1-VDRC versus 
Cg>w1118 (control). Atg7 showed the highest difference among them. rp49 was used as a loading 
control. The level of Sequoia was normalized to the loading control and expressed as a relative to the 
control. RT-PCR PCR was performed once. Quantitative PCR (q-PCR) needs to be performed to 
confirm this results. Performed by Dr. Anne-Claire Jacomin.  
 
6.2.11 Attempts to optimize Sequoia antibody for immunofluorescence applications  

It is vital to understand the localization of endogenous Sequoia for understanding its 

function. The Sequoia antibody used in this study has been used for 

immunofluorescence applications in the embryo (Brenman et al., 2001, Araújo and 

Casanova, 2011) and adult photoreceptor neurons (Petrovic and Hummel, 2008). The 

antibody concentration of 1:1000 was used for adult photoreceptor neurons (Petrovic 

and Hummel, 2008). These studies identified Sequoia signals in the nucleus and no 

staining for Sequoia was observed in the cytoplasm.  

We have attempted different concentrations of the Sequoia antibody to detect its 

nuclear localization in the larval fat body and adult brain.  

Two different Sequoia antibody concentrations (1:700 and 1:500) were used to detect 

the localization of Sequoia in the larval fat body. By using these dilutions, Sequoia 
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was observed in the nucleus and cytoplasm (Figure 6.21). In parallel, the antibody 

concentrations of 1:1000 and 1:500 were used to detect Sequoia localization in the 

adult head. The signal for Sequoia was observed in the cell body and neuropil 

(Figure 6.22). It is uncertain why the Sequoia antibody detects Sequoia in the 

cytoplasm in addition to the nucleus. GFP-Sequoia localizes only in the nucleus, and 

no GFP-Sequoia signal is observed in the cytoplasm when expressed in the larval fat 

body (Figure 6.16). All the published records regarding Sequoia localization consider 

Sequoia as a nuclear protein. This may suggest that the antibody concentrations 

tested here need to be optimised further for accurate visualisation. However, owing 

to the limited amount of antibody, we were unable to repeat the experiment to 

optimize the antibody concentration for immunostaining.   
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Figure 6. 21: Sequoia antibody detects endogenous Sequoia in the nucleus and the cytoplasm 
Wild-type larval fat bodies were immunostained with Sequoia antibody at 1:700 (A) and 1:500 (B) 
dilutions. The signal for Sequoia was detected in the cytoplasm and the nucleus. The dilutions of 
1:500 works better compared with 1:700, for highlighting nuclear localization. However, it was not 
possible to ascertain the known nuclear localization of Sequoia with these dilutions.  
The dilution of 1:700 was performed by me, and 1:500 was performed by Emma Powell.  
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Figure 6. 22: Sequoia antibody detects endogenous Sequoia in the cell body and the neuropil 
Wild-type adult brains were immunostained with Sequoia antibody using 1:1000 (A) and 1:500 (B) 
dilutions. Similarly, the brains were stained only with secondary antibody as a control to detect the 
non-specific bindings of the secondary antibody. The signal for Sequoia was detected both in the cell 
body and the neuropil. The secondary antibody (control) did not detect any signal.   
The dilution of 1:1000 was performed by me, and 1:500 was performed by Emma Powell.  
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6.3 Discussion 

The work presented in this chapter concentrates on the analysis of Sequoia, a novel 

Atg8a-interacting protein.  

Summary of key findings: 

• Sequoia interacts with Atg8a in vitro and the interaction partially depends on 
its xLIR motif.  

• There was no significant difference in Sequoia accumulation between w1118 
and Atg8aKG07569 heads, thus suggesting that Sequoia does not degrade 
through autophagy under basal condition in the brain.   

• Pan-neuronal overexpression of Sequoia causes embryonic lethality. 

• Knockdown of Sequoia expression causes an induction of autophagy under 
fed condition in the larval fat body.  

• Overexpression of xLIR mutated Sequoia causes an induction of autophagy 
under fed condition in the larval fat body.  

• Knockdown of Sequoia expression may cause an increase in Atg7 under fed 
condition.   

• Both wild-type and xLIR mutated Sequoia localize in the nucleus under fed 
and starved conditions. 

Sequoia is a novel Atg8a-interacting protein 

Sequoia was initially identified in an in silico screen for proteins containing putative 

novel xLIR and C2H2-ZnF domains. Sequoia contains an xLIR motif, and it overlaps 

with an anchor region. GST pull-down indicated that Sequoia interacts with Atg8a. 

Mutations of xLIR partially reduced the strength of Atg8a-Sequoia interaction, 

suggesting that interaction of Sequoia with Atg8a is partially mediated through the 

xLIR motif. This confirms that the xLIR motif identified by the iLIR is functional. It 

is important to check whether we can verify these interactions in vivo by co-

immunoprecipitation. In additions, other factors, which mediate this interaction 

needs to be identified. Further, we investigated the biological meaning of Sequoia-

Atg8a interaction. 
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Sequoia-Atg8a interaction does not mediate the degradation of Sequoia  

Sequoia is a nuclear protein and is studied in the context of neuronal morphogenesis. 

Atg8 interaction is utilized as a mechanism to capture proteins for autophagy 

degradation in many Atg8-interacting proteins under basal condition. Western blot 

analysis of lysates from w1118 and Atg8aKG07569 heads indicated no significant 

difference in Sequoia accumulation. At least it is the case in the head. Therefore 

demonstrates that interaction of Sequoia with Atg8a does not direct Sequoia 

degradation via autophagy. Since Sequoia is located in the nucleus, a stronger lysis 

buffer may be needed for the complete Sequoia extraction. It will be interesting to 

examine whether Sequoia degrades through autophagy in other tissues.  

The predicted molecular weight of Sequoia is approximately 100 kDa. However, the 

higher molecular weight observed for Sequoia (100<150 kDa) suggests the 

possibilities of multiple posttranslational modifications under basal condition. Rph1 

undergoes phosphorylation at multiple sites under starvation. A total of 11 

phosphorylation sites have been identified, and also suggested the existence of 

additional phosphorylation sites in Rph1. However, very little phosphorylation has 

been observed under basal condition (Bernard et al., 2015). It will be interesting to 

check whether Sequoia undergoes any change in molecular weight under starved 

condition. The phosphorylation at a single site only causes an addition of 2 kDa. 

However, glycosylation and acetylation could contribute to the increase observed 

here.  

Overexpression of Sequoia by using Elav-GAL4 result in embryonic lethality   

Overexpression of Sequoia using Elav-GAL4 was detrimental, and it caused 

embryonic lethality. Similarly, loss of Sequoia was embryonic lethal (Araújo and 

Casanova, 2011, Brenman et al., 2001), This suggests that tight regulation of Sequoia 

is critical for survival.  

Sequoia may act a repressor of autophagy at multiple levels 

Autophagy is maintained at basal level under fed condition. It is up-regulated in 

response to unfavorable situations such as starvation (Yang and Klionsky, 2009). 

Atg8 is localized mainly in the nucleus and distributed evenly in the cytoplasm in a 

diffused manner in many organisms including in the larval fat bodies of Drosophila 

under fed condition. However, Atg8 is appeared as cytoplasmic puncta upon 
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autophagy induction. These Atg8 puncta are considered as autophagy-related 

structures such as autophagosomes and autolysosomes (Klionsky et al., 2016, 

Mauvezin et al., 2014).    

The knockdown of Sequoia resulted in the accumulation of cytoplasmic Atg8a 

puncta under fed condition. Additionally, there was no defect in autophagy flux in 

response to Sequoia knockdown. Thus, suggests that knockdown of Sequoia induces 

autophagy under fed condition. The preliminary RT-PCR analysis showed an 

increase in several autophagy genes especially Atg7 in Sequoia knockdown larvae. 

This reinforces that similar to Rph1 and KDM4A, Sequoia negatively regulates the 

expression of autophagy genes under fed condition. It has been shown that the DNA-

binding function of Rph1, but not the demethylase function is necessary for 

autophagy repression. Rph1-binding sites are presents in the promoter of autophagy 

genes, which are up-regulated in response Rph1 deletion. It has been suggested that 

Rph1 binds these promoter sites under fed condition. Binding of Rph1 to these 

promoter sites may inhibit the access to other transcriptional machinery or the 

potential activators. Rph1 undergoes phosphorylation in response to starvation. 

Phosphorylation of Rph1 inhibits its repressive effect on autophagy. The 

phosphorylated Rph1 no longer binds to the promoter region of autophagy genes, 

thus allowing the transcription of autophagy genes. Rph1 and KDM4A repress the 

expression of common autophagy genes and also specific autophagy genes. 

Expression of Atg7 is repressed to a greater extent both by Rph1 and KDM4A. Atg7 

is necessary for the conjugation of Atg8 to PE (Section 1.4). By limiting the 

expression of Atg7, both Rph1 and KDM4A inhibit the conjugation of Atg8 to PE 

and thus autophagy (Bernard et al., 2015).    

The role of Sequoia in regulating autophagy needs to be investigated further. The 

differences in autophagosome and autolysosome structures can be monitored in the 

wild-type and Sequoia knockdown fat bodies with electron microscopy analysis or 

by using lysosomal markers such as Lysotracker and Cathepsin L. If Sequoia is a 

repressor of autophagy we should be observing more autophagosome and 

autolysosome structures in Sequoia knockdown cells.  

Nucleus plays an important role in maintaining autophagy at basal level under fed 

condition. Several transcriptional factors that suppress ATG genes expression under 

fed condition have been identified. For example, in yeast, Ume6 and Pho23 
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negatively regulate the expression of Atg8 and Atg9 respectively (Bartholomew et 

al., 2012, Jin et al., 2014). In addition to the transcriptional regulation, the nuclear 

Atg8 plays an important role in autophagy regulation. Studies in mammalian cells 

suggest that the nuclear Atg8/LC3 act as a quick reservoir of LC3 for autophagy 

induction under unfavorable condition. Both the nuclear and the cytoplasmic LC3 are 

acetylated by unknown factors under fed condition. The interaction between 

acetylated LC3 and Atg7 is weak. Therefore acetylation of LC3 prevents the 

conjugation of LC3 to the PE. The acetylation mainly occurs at K49 and K51 

positions. These residues are conserved in all the Atg8 family proteins and are 

located in the hydrophobic region that mediates the interaction with LIR motif 

(Figure 1.8). Sirt1 deacetylates nuclear LC3 in response to nutrient-deprivation. Sirt1 

belongs to a family of sirtuin class III histone deacetylases, and it localizes to the 

nucleus. The deacetylation of LC3 permits its interaction with DOR. DOR is a 

nuclear protein, and it shuttles to the cytoplasm upon autophagy induction. Therefore 

deacetylation of LC3 results in nuclear export of LC3 together with DOR to the 

developing phagophore in the cytoplasm. The deacetylated LC3 further interacts 

with Atg7, and form LC3-PE (Huang et al., 2015).   

In addition to the direct repression of Atg7, Sequoia may regulate the nuclear pool of 

Atg8a. Overexpression of LIR-mutated Sequoia resulted in the accumulation of 

cytoplasmic mCherry-Atg8a puncta under fed condition. It is tempting to speculate 

that Sequoia’s LIR mediated Atg8a interaction is critical in retaining Atg8a in the 

nucleus under normal condition (wild type cells under fed condition). Subsequently, 

mutation of LIR motif affects the interaction of Sequoia with Atg8a. The Atg8 that 

no longer interacts with Sequoia is free to interact with Dor and shuttles to the 

cytoplasm, once in the cytoplasm Atg8 interacts with Atg7 and forms Atg8a-PE. 

Sequoia and Dor may compete for deacetylated Atg8a. The acetylation and 

deacetylation status of Atg8a, and the involvement of Dor in the translocation of 

nuclear Atg8a to the cytoplasm are unclear in Drosophila. It will be interesting to 

investigate whether Rph1 and KDM4A involve in retaining Atg8 and LC3 in the 

nucleus under fed condition. Also, expression of autophagy genes in response to 

SequoiaLIRm overexpression needs to be examined by q-PCR.  

Thus, Sequoia may regulate autophagy at multiple levels under fed condition. 

Sequoia negatively (via DNA-binding domain) regulates the expression of autophagy 
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genes especially the conjugation machinery, Atg7. Sequoia’s interaction with 

nuclear Atg8a (via LIR motif) restricts the translocation of deacetylated Atg8a to the 

cytoplasm and thus prevents the interaction with Atg7. A hypothetical model for the 

role of Sequoia in autophagy regulation is shown in Figure 6.23. The work and 

analysis presented in this chapter will contribute toward the understanding of nuclear 

autophagy regulatory network under fed condition. 

 

Figure 6. 23: A hypothetical model for regulation of autophagy by Sequoia  
Sequoia negatively regulates autophagy by multiple ways. 
(1) It has been shown that DOR interacts with Atg8/LC3 in mammals through LIR motif. Interaction 
of Atg8 with DOR results in the nuclear export of Atg8, thus initiate autophagy induction. We 
hypothesize that Sequoia and Dor compete for Atg8 interaction in Drosophila. Interaction of Sequoia 
with Atg8a prevents Dor-Atg8a interaction. Failure to interact with Dor, prevents the cytoplasmic 
export of Atg8a, thus inhibits autophagosome formation. Under the condition where Sequoia LIR is 
mutated, Atg8a favors the interaction with Dor. Thus, overexpression of LIR mutated Sequoia results 
in autophagy induction. 
(2) Sequoia is a transcriptional repressor of Atg7 gene. Downregulation of Atg7 affects Atg8a 
conjugation to PE (Section 1.4), an important step in autophagosome formation. Knockdown of 
Sequoia increases the expression of Atg7. The increase in Atg7 promotes Atg8a conjugation to PE. 
Therefore knockdown of Sequoia results in autophagy induction.  
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Chapter 7 
The role of Ref(2)P in mediating the cytotoxicity associated with 
mutant Huntingtin (Htt) expression 
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7.1 Introduction 

Selective autophagy plays a pivotal role in mediating cellular homeostasis (Section 

1.7.1.2, 1.8). Protein misfolding and aggregation has been implicated in many 

diseases, including neurodegenerative diseases. Selective autophagy receptors target 

ubiquitinated cargo to autophagy machinery under basal condition (Lamark and 

Johansen, 2012). In this chapter, we investigate the role of Ref(2)P in mediating the 

cytotoxicity associated with mutant Huntingtin (Htt), a protein mutated in 

Huntington’s disease (HD) expression. Specifically, we investigate whether 

overexpressing Ref(2)P alleviates HD-associated phenotypes in Drosophila.  

7.1. 1. Huntington’s disease (HD) 

HD is an autosomal dominant neurodegenerative disease. It is caused by the 

expansion of CAG trinucleotide repeats in the exon1 region of the Huntingtin gene 

(HTT). These expanded CAG repeats translate into abnormally large polyglutamine 

(polyQ) tracts in the N-terminal region of the Htt protein. Mutant Htt accumulates in 

the neuron, forms neuronal aggregates, and causes neuronal cell death (Rubinsztein, 

2002). Several lines of evidence suggest that these aggregates contain ubiquitin 

(DiFiglia et al., 1997, Gutekunst et al., 1999, Bjorkoy et al., 2005) and p62 (Nagaoka 

et al., 2004, Bjorkoy et al., 2005, Bartlett et al., 2011). The area of the brain most 

affected by HD is striatum (Rubinsztein, 2002).  

HD is characterized by motor impairments and cognitive dysfunctions. The 

symptoms of the disease manifest at a mean age of 35. The disease is progressive and 

is fatal 15-20 years after the onset of symptoms. There is an inverse correlation 

between the length of the CAG repeat and the age of disease onset. CAG repeats of 

35 or greater are reported in adult-onset HD, whereas CAG repeats 55 or greater are 

common in the juvenile onset of HD. Several studies have shown that an increase in 

polyQ repeats increases the tendency of the protein to form aggregates (Rubinsztein, 

2002, Cattaneo et al., 2005).  

The Htt protein is ubiquitously expressed in mammals with highest expression levels 

in the brain and testes (Dragatsis et al., 2000). Loss of HTT causes embryonic 

lethality in mice (Cattaneo et al., 2005). Conditional inactivation of HTT in the brain 
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causes p62-positive aggregate formation, motor impairment, and early lethality, 

whereas in testes, conditional inactivation results in sterility (Dragatsis et al., 2000).  

7.1.2 HD animal models 

Most widely used HD animal models were developed by expressing either 

polyglutamine-expanded full-length human Htt or polyglutamine-expanded- 

truncated fragments of human Htt (Green and Giorgini, 2012, Steffan et al., 2001). It 

has been shown that mutant Htt containing expanded polyQ undergoes proteolytic 

cleavage at the N-terminal and forms toxic fragments (Lunkes et al., 2002). Among 

all these fragments, the exon1 fragment is considered as the most pathogenic 

fragment (Barbaro et al., 2015). Several in vivo and in vitro studies suggest that 

exon1 fragments containing polyQ tracts in a pathological range (>37) form 

insoluble aggregates with fibrillar morphology. Moreover, the exon1 fragment 

containing polyQ tracts in the normal range (20-32) does not form insoluble 

aggregates (Waelter et al., 2001).  

The human Htt exon1 fragment with expanded polyQ has been used to model HD 

pathogenesis in animal model systems including Drosophila (Mangiarini et al., 1996, 

Steffan et al., 2001). Drosophila that expresses human exon1 with pathogenic polyQ 

repeats of 93 or non-pathogenic polyQ repeats of 20 were generated under the 

control of UAS. Targeted expression of exon1 Htt with 93 polyQ in photoreceptor 

neurons causes progressive degeneration, but not the expression of exon1 Htt with 20 

polyQ (Green and Giorgini, 2012, Steffan et al., 2001). In addition to the progressive 

neurodegeneration, this exon1 HD model recapitulates several HD phenotypes such 

as Htt aggregation, behavioral abnormalities, and short lifespan. Numerous studies 

have been used this model for identifying novel chemical and genetic regulators of 

HD pathology (Green and Giorgini, 2012, Pouladi et al., 2013). In this study, the 

exon model generated by Steffan and colleagues was used to understand whether 

Ref(2)P modulates HD-associated phenotypes (Steffan et al., 2001). The exon1 Htt 

with 93 polyQ is hereinafter referred to as Htt93Q. Similarly, the exon1 Htt with 20 

polyQ is hereinafter referred to as Htt20Q. 

7.1.3 HD and Autophagy 

Autophagy is important for the removal of protein aggregates including mutant Htt 

aggregates (Jimenez-Sanchez et al., 2012). Although defects in autophagy are 
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associated with several neurodegenerative diseases, the precise mechanism of 

autophagy dysfunction is different among these diseases. Dysfunctions of autophagy 

could arise from defects in the autophagy initiation, defects in autophagosome-

lysosome fusion, or defects in lysosomal degradation (Wong and Cuervo, 2010). 

Interestingly, HD is associated with a defect in cargo sequestration. Autophagy flux 

is unchanged in HD. Autophagosomes form and fuse with lysosomes and degrades 

cargo efficiently; however, these autophagosomes fail to recognize cargo. The 

presence of autophagosomes lacking cargo has been observed in HD cell culture 

models, mouse models, and in postmortem brain tissues from HD patients (Martinez-

Vicente et al., 2010). It has been shown that mutant Htt aggregates colocalize with 

p62 (Nagaoka et al., 2004, Bjorkoy et al., 2005), and LC3/Atg8 (Bjorkoy et al., 

2005). In addition, depletion of p62 enhances mutant Htt-induced cell death in cell 

culture models of HD (Bjorkoy et al., 2005), suggesting a protective role of p62 

against mutant Htt toxicity. Induction of autophagy alleviates HD-associated 

pathology in cell culture and animal HD models (Rubinsztein et al., 2012, Jimenez-

Sanchez et al., 2012). Developing a means to improve cargo recognition by directly 

providing selective autophagy receptors could be a beneficial strategy. The cargo 

defects associated with HD led us to choose HD over other neurodegenerative 

models.  
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7.1.4 Aim and approach 

Chapter 7 aims to investigate the role of Ref(2)P in mediating the toxicity associated 

with mutant Htt expression in Drosophila. Specifically, we investigate whether 

Ref(2)P overexpression ameliorates mutant Htt-induced cytotoxicity. This can be 

achieved using the following strategy: 

• To characterize the effect of Htt93Q overexpression in Drosophila, 

• To generate transgenic flies which co-overexpress Htt93Q and Ref(2)P in a 

similar pattern, and 

• To characterize the effect of Ref(2)P overexpression in Htt93Q flies, thus to 

examine whether Ref(2)P overexpression ameliorates Httt93Q-induced 

cytotoxicity. 

 

7.2. Results 
7.2.1 Neuronal expression of mutant Htt causes aggregate formation, reduced 
survival rate, and motor impairment.  

To characterize the effects of Htt93Q expression, Htt93Q was overexpressed in 

Drosophila brains by using GAL4/UAS expression system. UAS-Htt93Q flies were 

crossed with Elav-GAL4 to direct Htt93Q expression in neuronal cells. In parallel, 

UAS-Htt20Q flies were crossed with Elav-GAL4 as a control (Steffan et al., 2001).  

Young brains from Elav>Htt93Q and Elav>Htt20Q were immunostained with a 

polyclonal S830 antibody (The S830 antibody hereinafter referred to as Htt 

antibody). The Htt antibody was raised against human exon1 by using a GST-exon1 

with 53Q as the antigen (Sathasivam et al., 2001, Landles et al., 2010). 

Immunofluorescence confocal microscopy analysis of young adult brains 

demonstrated the presence of Htt93Q in aggregates (Figure 7.1). No “aggregate like 

phenotype” was observed when Htt20Q was overexpressed, demonstrating that 

Htt93Q expression results in aggregation. 
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Figure 7. 1: Mutant Htt forms aggregates  
Young adult brains from indicated genotypes were immunostained for Htt (1:1000). Nuclei were 
stained with Hoechst (1:500). A1 and B1 show low magnification images whereas A2 and B2 show a 
magnified region from the optic lobes (red box). (A-A1): Elav>Htt20Q brains showed no aggregation 
phenotype. (B-B1): However, Elav>Htt93Q brains showed Htt as aggregates (arrows). A total of 10-
15 brains from each genotype were tested in three experiments. 
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Survival rates and motor function of Elav>Htt93Q and Elav>Htt20Q were 

compared.  

To analyze the survival rate, one-day old flies were collected from Elav>Htt93Q and 

controls (Elav>Htt20Q and Elav>w1118), and their Survival rates were monitored. 

Elav>Htt93Q flies exhibited a significant reduction in survival rate (Figure 7.2A, 

and Table 7.1) compared with controls. The number of surviving Elav>Htt93Q flies 

were reduced to 50% by day 13. However, 93% of Elav>Htt20Q and 94% of 

Elav>w1118 flies were surviving at the same time point. By the 25th day, no flies from 

Elav>Htt93Q had survived. At the same time point, 88% of Elav>Htt20Q and 90% 

of Elav>w1118 were surviving. No significant difference in survival was observed 

between Elav>Htt20Q and Elav>w1118 until this time point. This suggests that 

neuronal overexpression of Htt93Q is detrimental for survival.  

Table 7. 1 The percentage of flies survived at different time points.  

Genotypes % Survival  

on day 13 

% Survival 

on day 25 

Elav>Htt93Q 50 0 

Elav>Htt20Q (Control) 93 88 

Elav>w1118(Control) 94 90 

To measure motor function, a climbing assay was performed. When a mechanical 

stimulus is applied, the flies display a negative geotaxis response. When tapped at 

the bottom of the vial, the flies have an inherent tendency to climb up rapidly. 

However, a decrease in this ability is associated with a diseased state (Chakraborty et 

al., 2011). (Section 2.3,The climbing assay variant 1 is used here). The climbing 

ability of Elav>Htt93Q and Elav>Htt20Q (control) flies was compared. The 

percentage of flies climbing past a fixed distance (5.5 cm) in a given time 

(10seconds) was measured. During week one, Elav>Htt93Q flies exhibited less 

climbing ability compared with Elav>Htt20Q flies. However, the difference was not 

significant. During weeks two-three, Elav>Htt93Q flies showed a significant 

reduction in climbing ability compared to Elav>Htt20Q flies (Figure 7.2B). Most of 

the Elav>Htt93Q flies failed to survive at the beginning of the week three, therefore 

the samples sizes used at week three were small (Figure 7.2B). To increase the 

sample size, a new set of biological replicates were reared for Elav>Htt93Q and 

Elav>Htt20Q, and climbing ability was measured at week three (Figure 7.2C). As 

expected, the Elav>Htt93Q flies exhibited a significant reduction in climbing ability 
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at this time point. This suggests that neuronal expression of Htt93Q causes 

progressive degeneration of motor function.  

Taken together, analysis of survival rates and motor performance demonstrates that 

neuronal expression of Htt93Q is detrimental. These observations are consistent with 

previous studies that used this HD fly model (Steffan et al., 2001, Sontag et al., 

2012).  
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Figure 7.2: Overexpression of mutant Htt results in reduced survival rate and reduced motor 
performance that manifests with ageing  
(A): Survival rates of Elav>Htt93Q and controls (Elav>Htt20Q, Elav>w1118) were compared. Flies 
were transferred onto new food every 2-3 days. The numbers of deaths were counted. The experiment 
was stopped, when all the Elav>Htt93Q flies were dead. Survival curves were calculated using 
Kaplan–Meier plots. The log-rank test was performed to test the significance. Elav>Htt93Q flies 
demonstrated a significant reduction in survival rates (p<0.0001) compared with controls 
(Elav>Htt20Q and Elav>w1118). Only 50% of Elav>Htt93Q flies were surviving by day 13, whereas 
about 93% of Elav>Htt20Q and 94% of and Elav>w1118 were surviving at this time point. No flies 
from Elav>Htt93Q were surviving on day 25, whereas 88% of Elav>Htt20Q and 90% of Elav>w1118 

were surviving on day 25. There was no significant difference in survival rate between Elav>Htt20Q 
and Elav>w1118. A total of 110 flies (100 females and 10 males) from each genotype were monitored 
for the survival assay.  
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(B-C): Climbing ability of Elav>Htt93Q and Elav>Htt20Q was monitored from week-one to week- 
three. Elav>Htt93Q flies exhibited a significant reduction in climbing ability compared to the same 
aged Elav>Htt20Q flies. The percentage of flies climbing past a fixed distance in 10seconds was 
measured. Statistical significance was analyzed using unpaired Student’s t-tests. (B): Two 
independent cohorts of females from indicated genotypes were analyzed. Each cohort contained 18 
flies. A total of 38 females were tested. Although Elav>Htt93Q showed less climbing ability during 
week-one, the difference observed was not significant. However, a significant reduction in climbing 
ability had started to appear from week two (p<0.001). Between weeks two and three most of the 
Elav>Htt93Q flies had died. Only 18% of Elav>Htt93Q flies were surviving at the beginning of week 
three. The climbing ability of these surviving flies was measured in week-three. Similar to week two, 
the Elav>Htt93Q flies showed a significant reduction in climbing ability at week-three (P<0.001). 
The line plot represents Mean±SEM. (C): Since most of the Elav>Htt93Q flies were dead by week 
three, the sample size used was low. Therefore, a new group of biological replicates was set up to 
obtain enough flies for the climbing assay at week-three. This repeated climbing assay is shown as a 
bar graph. As expected, Elav>Htt93Q exhibited a significant reduction (P<0.02) in climbing ability 
compared with Elav>Htt20Q. For group C, five independent cohorts of flies were analyzed. Each 
cohort contained 11 females, thus a total of 55 females. The bar graphs represent Mean±SEM.  
 
7.2.2 Endogenous Ref(2)P accumulation remains unchanged in Elav>Htt93Q 
compared with Elav>Htt20Q.  

As a first step toward understanding the role of Ref(2)P in mediating mutant Htt 

induced toxicity, Ref(2)P accumulation and localization were investigated in 

Elav>Htt93Q and Elav>Htt20Q brains.  

To test whether Ref(2)P accumulates in Elav>UASHtt93Q flies, western blot 

analysis was performed (Figure 7.3). Western blot analysis of head lysates indicated 

no significant difference in Ref(2)P accumulation between Elav>Htt93Q and 

Elav>Htt20Q lysates.  

7.2.3 Endogenous Ref(2)P does not colocalize with mutant Htt aggregates. 
Although, the size of Ref(2)P dots seems to be large in Elav>Htt93Q brains 
compared with Elav>Htt20Q brains. 

Double immunolabeling for Ref(2)P and Htt in Elav>Htt93Q and Elav>Htt20Q 

brains was performed. Immunofluorescence confocal microscopy analysis 

demonstrated that the size and number of Ref(2)P dots were large in Elav>Htt93Q 

brains compared with Elav>Htt20Q (Figure 7.4 arrow). This suggests that Ref(2)P 

may be sequestered into these aggregates. Localization of Htt93Q aggregates was 

mainly nuclear in Elav>Htt93Q brains, whereas Ref(2)P was localized in the 

cytoplasm. Thus, Ref(2) dots did not colocalize with Htt93Q aggregates (Figure 7.5).  
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Figure 7. 3: No difference in Ref(2)P accumulation is observed between Elav>Htt93Q and 
Elav>Htt20Q head lysates.  
Adult heads from 7-10 day old flies from indicated genotypes were collected, and processed in 2% 
SDS lysis buffer and subjected to immunoblotting for Ref(2)P and Actin (loading control).  
The blots were quantified by densitometry. Each value was normalized to its Actin (loading control) 
and expressed as a percentage of the control (Elav>Htt20Q). Statistical significance was analyzed 
using an unpaired Student’s t-test. The bar graph represents Mean±SEM.  
No significant difference in Ref(2)P was observed between Elav>Htt93Q and Elav>Htt20Q lysates 
(Elav>Htt20Q=100, Elav>Htt93Q=101±7.2, P>0.05, N=3) 
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Figure 7. 4: Number and size of Ref(2)P dots seems to be large in Elav>Htt93Q brains.   
Adult brains (7-10 days old) from Elav>Htt20 (A) and Elav> Htt93Q (B) were immunostained for Htt 
(1:700) and Ref(2)P (1:500). Nuclei were stained with Hoechst (1:500). Optic lobes from indicated 
genotype were shown. The size and number of Ref(2)P dots (arrows) seem to be high in Elav>Htt93Q 
compared with Elav>Htt20Q. A total of 10-15 brains from each genotype were tested in three 
experiments. Please refer Figure 7.5 for a magnified image ( red box) for the optic lobe.  
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Figure 7. 5 Ref(2)P dots do not colocalize with Htt aggregates  
Adult brains (7-10 days old) from Elav> Htt93Q were double immunostained for Htt (1:700) and 
Ref(2)P (1:500). Nuclei were visualized with Hoechst. A high magnification of Elav>Htt93Q optic 
lobe (the region shown as red box in Figure 7.4) demonstrating no colocalization between Ref(2)P and 
Htt93Q aggregates. Broken arrows and continuous arrows represent Ref(2)P and Htt respectively.  

 

7.2.4 Generation of a recombinant line which harbors both UAS-Htt93Q and 
UAS-mCherry-Ref(2)P. 

The role of Ref(2)P in mediating the cytotoxicity associated with mutant Htt 

expression was further investigated. Specifically, we investigated whether Ref(2)P 

overexpression alleviates HD pathology (aggregate formation, reduced survival rate, 

climbing ability).  

To overexpress Ref(2)P, we first generated a double transgenic line which harbors 

both Htt93Q and Ref(2)P under a UAS control. UAS-Htt93Q is located on the 3rd 

chromosome. A transgenic UAS line containing mCherry-tagged Ref(2)P on the 3rd 

chromosome was selected. A recombinant UAS line which harbors both mCherry-

Ref(2)P and Htt93Q was generated. The crossing scheme used for the recombination 

of mCherry-Ref(2)P and Htt93Q is shown in Section 2.2.6. The recombinant line 

was further crossed with Elav-GAL4 to drive the transgenes expression. The presence 

Ref(2)P(

Htt(

Merge(

Nucleus(

El
av
>H
tt
93
Q+



 296 

of transgenes was confirmed by immunofluorescence. Figure 7.6 shows the 

successful recombination of between UAS-Htt93Q and UAS-mCherry-Ref(2)P.  

 
 

Figure 7. 6: Confirmation of successful recombination between UAS-Htt93Q and UAS- mCherry-
Ref(2)P  
(A1-A2): A potential recombinant line was crossed with Elav-GAL4 to drive the expression of Htt93Q 
and mCherry-Ref(2)P. Brains from one-week old F1 progenies were immunostained with Htt (1:1000) 
to test for the presence of Htt. The presence of mCherry-Ref(2)P was tested with the 561 laser for 
detecting mCherry fluorescence. Nuclei were stained with Hoechst (1:500). A1 (low magnification) 
and A2 (a magnifed image of an optic lobe represented in the white box): The recombinant line 
displayed the presence of both Htt and mCherry-Ref(2)P (arrows), thus, confirming the successful 
recombination of UAS-Htt93Q and UAS-mCherry-Ref(2)P  
(B1): Elav>Htt93Q brains (positive control for Htt93Q expression, negative control for mCherry-
Ref(2)P fluorescence) displayed the presence of Htt93Q (arrow). No signal was observed with the 561 
laser. (C): Elav>mCherry-Ref(2)P (positive control for mCherry fluorescence) displayed the presence 
of mCherry-Ref(2)P (arrow), when detected with the 561 laser. 
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7.2.5 Neuronal expression of mCherry-Ref(2)P does not rescue mutant Htt-
induced pathology   

We next investigated whether mCherry-Ref(2)P overexpression rescues the toxicity 

associated with mutant Htt expression.  

Immunofluorescence confocal microscopy analysis of Elav>Htt93Q and 

Elav>Htt93Q-mCherry-ref(2)P showed no obvious reduction in Htt aggregates 

(Figure 7.6 A2-B). Additionally, overexpressed Ref(2)P did not colocalize with 

Htt93Q aggregates (Figure 7.7A). The size of Htt aggregates was compared in both 

genotypes. To compare the size of the aggregates, the optic lobe was selected as the 

region of interest. Images (Z-stack) of 15µm3 were taken with a 63X objective using 

the same magnification. The space between each slice was 1 µm3. The sizes of 

aggregates were measured with Image J (Section 2.7.5). No difference in the average 

size of Htt93Q aggregates was observed between Elav>Htt93Q-mCherry-Ref(2)P 

and  Elav>Htt93Q (Figure 7.7B), demonstrating that Ref(2)P expression does not 

reduce Htt93Q aggregate formation. 
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Figure 7.7: Overexpressed mCherry-Ref(2)P does not colocalize with Htt93Q. Also, 
overexpression of Ref(2)P does not prevent Htt93Q aggregation in the brain.  
(A): Adult brains (7-10 days old) were visualized for mCherry-Ref(2)P and Htt signals. The Htt signal 
was visualized with Anti-Htt antibody (1:700) and mCherry-Ref(2)P with a 561 laser. Nuclei were 
visualized with Hoechst. Dotted arrow represents Ref(2)P signal and full arrow represents Htt signal. 
A higher magnification of Elav>Htt93Q-mCherry-Ref(2)P optic lobe demonstrating no colocalization 
between mCherry-Ref(2)P dots and Htt93Q aggregates.  
(B): The size of Htt aggregates in the optic lobes was measured with Image J. A total of 4 brains from 
each genotype were used for the analysis. A total of 8 Z-sacks were taken from one brain. Statistical 
significance was analyzed using an unpaired Student’s t-test.  
There was no significant difference in the average size of aggregates between Elav>Htt93Q and 
Elav>Htt93QmCherry-Ref(2)P brains.  
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Effect of Ref(2)P overexpression on survival and motor function  

The effect of mCherry-Ref(2)P overexpression on survival rates and motor 

performance was analyzed. Expression of transgenes was targeted with two driver 

lines: Elav-GAL4 and APPL-GAL4.  

The initial genotype of the UAS-mCherry-Ref(2)P line was w;Sp/CyO;UAS- 

mCherry-Ref(2)P. The complete genotype of the balancer line, which was used for 

making the recombinant was w;Sp/CyO;Dr/TM3Ser. Therefore, the newly generated 

recombinant UAS-Htt93Q-mCherry-Ref(2)P line contains Sp and CyO on its 2nd 

chromosome (Section 2.2.6). Hence, the full genotype of the newly generated 

recombinant line is represented as w;Sp/CyO;UAS-Htt93Q-mCherry-Ref(2)P. Elav-

GAL4 used in this study is located on the 2nd chromosome and balanced with CyO. 

Therefore, when Elav-GAL4 was crossed with UAS-Htt93Q-mCherryRef(2)P, only 

the F1 progeny with Sp, but not CyO was chosen for further analysis.  

Elav-GAL4 was crossed with either UAS-Htt93Q or the UAS-Htt93Q-mCherry-

Ref(2)P. Survival rates of the Elav>Htt93Q and Elav>Sp;Htt93Q-mCherry-Ref(2)P 

lines were monitored. Survival analysis of females and males from both genotypes 

exhibited no difference in survival rates (Figure 7.8A-B). Survival curves 

demonstrated that Ref(2)P overexpression may have a protective effect during the 

initial time periods (week-one in female ad week-two in males), however, it failed to 

maintain this effect at later stages. The protective effect of Ref(2)P in the early stages 

was more evident in females. A summary of median lifespan for females and males 

from both genotypes is given in Table 7.2. This survival analysis suggests that 

Ref(2)P overexpression does not rescue the lethality associated with Htt93Q 

expression in females or males.  

Table 7. 2 Median life span of Elav flies  

Genotypes Males Females 

Elav>Htt93Q 19 16 

Elav>Sp;Htt93Q-mCherry-Ref(2)P 19 19 

Motor performance of Elav>Htt93Q and Elav>Sp;Htt93Q-mCherry-Ref(2)P was 

monitored by climbing assay. Both Elav>Htt93Q and Elav>Sp;Htt93Q-mCherry-

Ref(2)P flies were relatively weak. To increase the sensitivity of the climbing assay, 

instead of examining at the “percentage of flies crossed the threshold”, the “average 
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distance climbed” was measured. Therefore, the variant 2 of the climbing assay was 

performed (Section 2.3). It was observed that “average distance climbed’’ was lower 

in Elav>Htt93Q-mCherry-Ref(2)P compared with Elav>Htt93Q flies. The difference 

was significant in females at week three and males at week two (Figure 7.8C–D). 

This suggests that overexpression of Ref(2)P does not rescue flies from the climbing 

dysfunction associated with Htt93Q expression. 

 
Figure 7. 8: Overexpression of mCherry-Ref(2)P does not rescue flies from reduced survival 
rate and motor dysfunction associated with the mutant Htt expression 
(A-B): There was no significant difference in survival rate between Elav>Htt93Q and 
Elav>Sp;Htt93Q-mCherry-Ref(2)P flies. A total of 69 females (A) and males (B) flies from indicated 
genotypes were tested for their survival at 25°C. Flies were transferred onto new food every alternate 
day. Numbers of dead flies were counted every day or every other day until all the flies had died. 
Survival curves were generated using Kaplan–Meier plots. The log-rank test was performed to test the 
significance. The median lifespan for Elav>Htt93Q females was 16 days and for Elav>Sp;Htt93Q-
mCherry-Ref(2)P females was 19 days. The median lifespan for Elav>Htt93Q males and 
Elav>Htt93Q-mCherry-Ref(2)P males was 19 days. The survival curve shows that the expression of 
Ref(2)P may have increased the survival rate during the initial time period. However, it failed to 
maintain the protective effect at later stages.  
(C-D): Overexpression of Ref(2)P does not rescue from the climbing dysfunction associated with 
Htt93Q expression in females (C) and males (D). Four independent cohorts of males and females 
from indicated genotypes were analyzed from week one to week three. Each cohort had 17-20 flies. A 
total of 70 females and 70 males were analyzed. In order to monitor the climbing ability, average 
distance climbed was measured. The line plot represents Mean±SEM. Statistical significance was 
analyzed using unpaired Student’s t tests. Elav>Sp;Htt93Q-mCherry-Ref(2)P flies exhibited less 
climbing ability compared to same-aged Elav>Htt93Q flies. The difference was significant in females 
at week three (P=0.01) and in males at week two (P=0.02).  
Genotype: Elav/Sp;Htt93Q-mcherry-Ref(2P, and Elav;Htt93Q.  
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It has been shown that overexpression of Atg8a using APPL-driver extends life span 

and ameliorates motor dysfunction associated with ageing. However, Atg8a 

overexpression by Elav-GAL4 neither increases life span nor ameliorates motor 

dysfunction. Both APPL and Elav are neuronal drivers. However, the expression of 

Elav starts from embryonic stage 12 and it is expressed in all neuronal cells. In 

contrast, APPL expression is restricted to the larval brain (Simonsen et al., 2008). 

Therefore, we investigated the effect of transgenes expression by using APPL-GAL4 

driver.  

APPL-GAL4 was located on the X chromosome. The recombinant line 

(w;Sp/CyO;UAS-Htt93Q-mCherry-Ref(2)P) was balanced on the 2nd chromosome 

with Sp and CyO. Therefore, when APPL-GAL4 was crossed with UAS-Htt93Q-

mCherryRef(2)P, two sets of F1 progenies were obtained: APPL;Sp;Htt93Q-

mCherry-Ref(2)P and APPL;CyO;Htt93Q-mCherry-Ref(2)P.  

Survival rate of females and males from APPL>Htt93Q, APPL>Sp;UAS-Htt93Q-

mCherry-Ref(2)P, and APPL>Cyo;UAS-Htt93Q-mCherry-Ref(2)P flies were 

monitored (Figure 7.9A-B). Survival curves indicated that overexpression of 

mCherry-Ref(2)P slightly improved the survival rate in females and males, 

especially during initial time periods. However, the protective effects were 

maintained at later stages only in females. A small, but a significant increase in 

survival rate was observed in females. But there was no significant difference in 

survival rate in males. A summary of median lifespan for females and males are 

shown in Table 7.3.  

Table 7. 3 The median life span of APPL flies  

Gender and Genotypes Females Males 

APPL>Htt93Q, 14 7 

APPL>Sp Htt93Q-mCherry-Ref(2)P, 16 9 

APPL>CyO;Htt93Q-mCherry-Ref(2)P, 19 10 

Since a significant increase in female survival rate was observed upon Ref(2)P 

expression, the motor performance of these females were monitored. In order to 

monitor motor function “average distance climbed” was measured using the climbing 

assay (Section 2.3). Overexpression of Ref(2)P did not rescue the climbing 

dysfunction associated with Htt93Q overexpression. When the climbing ability of 

APPL>Htt93Q was compared with APPL>Sp;Htt93Q-mCherry-Ref(2)P, no 
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significant difference was observed. Similarly, there was no significance difference 

between APPL>Htt93Q and APPL>CyO;Htt93Q-mCherry-Ref(2)P flies (Figure 

7.9C-D). This suggests that overexpression of Ref(2)P does not rescue the climbing 

dysfunction associated with Htt93Q expression.  

 

 

Figure 7. 9: Overexpression of mCherry-Ref(2)P results in a small, but a significant increase in 
survival rate in females, but not in males. The climbing ability of females is not improved by 
Ref(2)P overexpression 
To measure the survival rates, the flies were transferred onto new food every alternate day. Numbers 
of dead were counted every one-two days until all the flies had died. Survival curves were generated 
using Kaplan–Meier plots. The log-rank test was performed to test the significance. 
(A): Survival analysis indicated that Ref(2)P overexpression using APPL driver contributes a small, 
but a significant increase in survival rate in females. A total of 69 females from each genotype were 
tested. Multiple comparisons (2) were performed. P values were adjusted using Bonferroni correction 
(P<0.05/2=0.025). A small, but significant difference was observed among the following genotypes 
(median life span given in the brackets).  
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APPL>Sp;Htt93Q-mCherry-Ref(2)P (16) and APPL>Htt93Q (14), P=0.0001 
APPL>CyO;Htt93Q-mCherry-Ref(2)P (19) and APPL>Htt93Q (14), P=0.0001 
(B): No significant difference in survival rate was observed in males. A total of 14 males from 
APPL>Sp;Htt93Q-mCherry-Ref(2)P, 32 from APPL>CyO;Htt93Q-mCherry-Ref(2)P, and 13 from 
APPL>Htt93Q were tested for their survival rates. Multiple comparisons (2) were performed. P 
values were adjusted using Bonferroni correction (P<0.05/2=0.025). The median lifespan is shown in 
the brackets. No significant differences were observed among the following genotypes  
APPL>Sp; Htt93Q-mCherryRef(2)P (9) and APPL>Htt93Q (7), P>0.025 
APPL>CyO; Htt93Q-mCherry-Ref(2)P (10) and APPL>Htt93Q (7), P>0.025 
The small sample size used for the males may affect the experimental conclusion.  
(C-D): To monitor the climbing ability, average distance climbed was measured. 
Overexpression of Ref(2)P does not rescue the climbing dysfunction associated with Htt93Q 
expression in females. The difference in climbing performance between APPL>Sp;Htt93Q-mCherry-
Ref(2)P and APPL>;Htt93Q (C, P>0.05) or APPL>CyO;Htt93Q-mCherryRef(2)P and APPL>Htt93Q 
(D, P>0.05) was not significant.  
Five independent cohorts of flies with a total of 40 flies from each genotype were monitored for group 
C and two independent cohorts of flies with a total of 18 flies from each genotype were monitored for 
group D. Each cohort contained 8-10 flies. The bar graph represents Mean±SEM. Statistical 
significance was analyzed using an unpaired Student’s t- test.   
 

Balancers or mutations can sometimes affect survival rate. The 2nd chromosome in 

UAS-Htt93Q contains no balancers or mutations. Hence a cross between UAS-

Htt93Q and the drivers (Elav or APPL) produces F1 progeny with transgenes on the 

3rd chromosome, and they possess no mutations or balancers on the 2nd chromosome. 

The recombinant UAS-Htt93Q-mCherry-Ref(2)P line contains Sp and CyO on the 2nd 

chromosome. Hence a cross between Sp/CyO;UAS-Htt93Q-mCherry-Ref(2)P line 

and the drivers (Elav or APPL) produces progeny with additional Sp or CyO in the 

2nd chromosome together with transgenes expression on the 3rd chromosome. It is not 

certain whether the presence of Sp or CyO affected the survival performed in this 

study. The survival analysis needs to be repeated without any additional balancers or 

mutations. Sp or CyO from the recombinant line can be removed by a two-step cross 

shown below.  
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To gain insight into this process, the survival rates of flies which have two balancers 

and no balancers were monitored. Elav-GAL4 was crossed either with w1118 or with 

double balancer (DB-Sp/CyO; Dr/TM3Ser). The survival rates of Elav>DB 

(w;+/Sp;+/TM3Ser) or Elav>w1118 (w1118;+/+;+/+) were monitored. Survival 

analysis showed that both females and males with a double balancer have a reduction 

in life span compared with w1118 (Figure 7.10). It is worth mentioning that the flies 

Elav>Sp;+/TM3Ser contains both Sp and TM3Ser balancers. Additionally, it is 

unlikely that balancers or mutations (Sp or CyO) affect the number and size of 

mutant Htt aggregates (Figure 7.7) and to some extent the climbing assay.   

 

 

Figure 7. 10: Balancers may affect survival rate  
To examine the effect of balancers on survival rate, Elav-GAL4 were crossed with either w1118 or a 
double balancer line, Sp/CyO;Dr/TM3Ser. Elav>w1118 and Elav>sp;+/TM3Ser were monitored for 
their survival rates for 75 days. A total of 69 flies from females (A) and males (B) were used. The 
flies were transferred onto new food three-five days, and number of dead was counted at least every 5 
days. The median survival rate for females was 58 days for Elav>w1118 and 40 days for 
Elav>Sp;+/TM3Ser The median survival rate for males was 65 days for Elav>w1118 and 34 days for 
Elav>Sp;+/TM3Ser.   
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7.3 Discussion 
The work presented in this Chapter aims to assess the role of Ref(2)P in mediating 

HD-associated phenotypes.  

Summary of key findings:   

• Overexpression of Htt93Q using Elav-GAL4 results in reduced survival rate 
and motor dysfunction. The overexpressed Htt93Q localizes as aggregates in 
Elav>Htt93Q brains. 

• Western blot analysis indicated no significant difference in Ref(2)P 
accumulation between Elav>Htt93Q and Elav>Htt20Q head lysates.  

• Immunofluorescence analysis shows an increase in the number and size of 
Ref(2)P signal in Elav>Htt93Q brains compared with Elav>Htt20Q brains 

• Immunofluorescence analysis indicates that neither endogenous nor 
overexpressed Ref(2)P colocalizes with mutant Htt aggregates.   

• Overexpression of Ref(2)P does not prevent the accumulation of Htt93Q as 
aggregation in the brains  

• Overexpression of Ref(2)P does not rescue the reduced survival rate and 
motor dysfunction associated with Htt93Q expression  

HD is a genetically inherited neurodegenerative disease and is associated with the 

accumulation of mutant Htt as aggregates in the brains. Selective autophagy 

receptors are involved in the removal of protein aggregates. To assess the role of 

selective autophagy receptor Ref(2)P in mediating mutant Htt induced toxicity, we 

specifically addressed, whether overexpressing Ref(2)P ameliorates HD-associated 

phenotypes in Drosophila. A well-established HD model that expresses human Htt 

exon1 fragment with expanded polyQ (Htt93Q) was chosen. Similarly, human Htt 

exon1 fragment with normal polyQ (Htt20Q) was chosen as a control.  

Overexpression of Htt93Q by Elav-GAL4 resulted in the localization of Htt93Q as 

aggregates. However, overexpression of Htt20Q by Elav-GAL4 resulted in diffused 

cytoplasmic staining. The flies that express Htt93Q demonstrated reduced survival 

rate and progressive defect in motor performance. Together, these results assert the 

previous finding that overexpression of exon1 with abnormally large polyQ is 

detrimental (Steffan et al., 2001, Sontag et al., 2012).  

Measuring the level of Ref(2)P accumulation is considered as a reliable indicator for 

autophagy flux (Mauvezin et al., 2014). Western blot analysis indicated that there 
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was no difference in Ref(2)P accumulation between Elav>Htt93Q and Elav>Htt20Q 

brains. This suggests that Elav>Htt93Q flies have no defects in autophagy flux. This 

result is consistent with the observation that autophagy flux is unchanged in mice 

and cell culture HD models (Martinez-Vicente et al., 2010). However, the size of 

Ref(2)P aggregates seemed to be large in Elav>Htt93Q brains when compared with 

Elav>Htt20Q brains. It has been shown that mutant Htt proteins have a tendency to 

sequester normal proteins to the aggregates (Landles and Bates, 2004). The mutant 

Htt may directly or indirectly sequester Ref(2)P to aggregates that causes the 

formation of larger Ref(2)P dots in Elav>Htt93Q flies.  

Neither endogenous nor overexpressed Ref(2)P colocalizes with mutant Htt 

aggregates. However, several reports demonstrated that full-length mutant Htt and 

exon1 mutant Htt colocalize with p62 (Nagaoka et al., 2004, Bjorkoy et al., 2005, 

Bartlett et al., 2011). This suggests that Ref(2)P behave differently than its human 

counterpart. Overexpression of Ref(2)P did not rescue the life span and climbing 

ability of Htt93Q expressed flies. There was no significant difference in survival rate 

or motor performance between Elav>Htt93Q and Elav>Htt93Q-mCherry-Ref(2)P 

flies. In fact, Elav>Htt93Q-mCherry-Ref(2)P males climbed significantly less at 

week two and females at week three compared with Elav>Htt90Q flies. When the 

experiment was repeated with APPL-GAL4, a similar trend was observed except for 

female survival rate. Moreover, no reduction in Htt93Q aggregates was observed in 

Elav>Htt93Q-mCherry-Ref(2)P brains. Together, these results suggest that Ref(2)P 

does not suppress the detrimental effect of Htt93Q expression. The next step is to 

investigate the effect of Ref(2)P knockdown in relation to Htt93Q overexpression. It 

has been demonstrated that Ref(2)P knockdown increases Htt93Q-induced toxicity in 

Drosophila compound eye (Saitoh et al., 2015). If Ref(2)P knockdown increases 

Htt93Q-induced toxicity in the brain, it could be that neither Ref(2)P overexpression 

nor the knockdown have a effect on Htt93Q-induced toxicity in Drosophila. 

HD pathology is associated with a defect in cargo selection. Autophagosome with 

empty cargo are observed in several HD models (Martinez-Vicente et al., 2010). 

However, the current study shows that overexpression of cargo receptor, Ref(2)P 

does not rescue the toxicity associated with mutant Htt expression. This can be 

explained based on a newly discovered function of Htt. Recent studies show that Htt 

acts as a scaffold for selective autophagy. The cargo recognition defects in HD arise 
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from the impairment of the normal function of wild-type Htt as a scaffold protein 

(Ochaba et al., 2014, Martinez-Vicente et al., 2010, Rui et al., 2015). Htt facilitates 

the interaction of ubiquitinated cargo with p62 and Atg8 proteins, thus aiding in the 

selective removal of ubiquitinated cargo (Rui et al., 2015). Htt interacts with ULK1, 

p62, and Atg8 family proteins (Ochaba et al., 2014). Loss of Htt causes a reduction 

in the interaction of p62 with ubiquitinated cargo, hence the accumulation of 

ubiquitinated cargo. Assembly of autophagy proteins around cargo, especially the 

assembly of p62, is an underlying issue in HD. Under these circumstances, providing 

excess p62 does not help in HD. In the absence of normal Htt, the exogenously 

provided Ref(2)P may not be able to assemble around the cargo, thus prevent mutant 

Htt accumulation. It is worth mentioning that overexpression of Ref(2)P/p62 has a 

protective effect on other polyglutamine-associated diseases.  

Ataxia is a polyglutamine-associated disease. A recent study shows that knockdown 

of Ref(2)P enhances MJDtr-Q78 (polyQ expanded ataxia protein) mediated 

cytotoxicity in Drosophila. A study in Drosophila analyzed the effect of MJDtr-Q78 

overexpression in wild-type and Ref(2)P knockdown flies. The flies, which express 

MJDtr-Q78 in Ref(2)P knockdown background exhibit severe retinal degeneration 

compared with MJDtr-Q78 flies under wild-type background. This study also shows 

that Ref(2)P colocalizes with cytoplasmic MJDtr-Q78 aggregates (Saitoh et al., 

2015). However, in this study, no localization of Htt93Q was observed with 

endogenous or overexpressed Ref(2)P in HD brains.  

Spinal and bulbar muscular atrophy (SBMA) is polyglutamine associated 

neuromuscular disease that is caused by a mutation in AR (androgen receptor). 

Overexpression of p62 protects against AR toxicity in SBMA mice. The knockdown 

of p62 exuberates AR induced toxicity. This study also shows that p62 colocalizes 

with mutant AR aggregates in SBMA mice (Doi et al., 2013).  

We have initially speculated that similar to SBMA, knockdown of p62 may 

exacerbate HD-induced phenotypes. However, to our surprise, Kurosawa and 

colleagues show that knockdown of p62 ameliorates HD-associated pathology in 

mouse HD models. Depletion of p62 coincides with an increase in lifespan, an 

increase in cytoplasmic insoluble Htt aggregates (where autophagy machinery 

works) and a decrease in nuclear insoluble Htt aggregates. The increased cytoplasmic 

Htt aggregates formation caused a reduction in the nuclear influx of insoluble Htt 
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aggregates. The authors of this study suggested that the decrease in nuclear insoluble 

Htt aggregates observed upon p62 knockdown could be the reason for the 

amelioration of HD phenotypes (Kurosawa et al., 2015). However, Lim and 

colleagues suggested that in addition to the decrease in nuclear shuttling of Htt, the 

function of p62 in the context of Keap1-Nrf2 pathway, the antioxidant responsive 

pathway, could also be contributing toward the amelioration of HD phenotypes. p62 

is a multifaceted protein, and it is capable of shuttling between nucleus and 

cytoplasm. The downregulation of p62 might have caused the release of Keap1, the 

inhibitor of Nrf2 and, thus caused a reduction in the Nrf2-induced oxidative stress-

responsive pathway (Lim et al., 2015). In contrast to the mouse model, the 

knockdown of Ref(2)P in Htt93Q models (Htt93Q expressed in the compound eye) 

exacerbates eye degeneration (Saitoh et al., 2015). This makes sense, because 

Ref(2)P does not function in Kepa1-Nrf2 pathway as Ref(2)P does not bind with 

Drosophila KEAP1 and it cannot induce NRF2 pathway in response to oxidative 

stress (Jain et al., 2015). Additionally, Ref(2)P localizes only in the cytoplasm, and 

no nuclear localization has been reported for Ref(2)P till now.   

Although the HD model used in this study contains the most important fragment that 

causes HD-related cytotoxicity, it lacks major parts of the Htt protein. The length of 

the human exon1 fragment is around 90 amino acids long. The length of full-length 

Htt is 3144 amino acids long. The Drosophila HD model which carries full-length 

human Htt with 128 polyQ exhibits diffused cytoplasmic Htt localization (Romero et 

al., 2008). Another Drosophila HD model carrying N-terminal Htt (588 amino acids) 

with 128 poly Q forms cytoplasmic aggregates (Lee et al., 2004). It is important to 

tests whether overexpression or knockdown of Ref(2)P ameliorates the HD-

associated phenotypes in the full-length and N-terminal HD models and compare the 

results with the Htt93Q exon1 model.  

In conclusion, the results obtained from this study suggest that Ref(2)P 

overexpression does not rescue the cytotoxicity associated with human mutant Htt 

exon1 expression. The study conducted by Saitoh and colleagues shows that Ref(2)P 

knockdown exacerbates the cytotoxicity associated with human mutant the Htt exon1 

expression (Saitoh et al., 2015). Together, these observations demonstrate that 

Ref(2)P does not mediate the cytotoxicity associated with mutant Htt exon1 

expression in Drosophila.   
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Chapter 8  
A label-free shotgun proteomics to identify the proteins that 
accumulate under autophagy-deficient condition 
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8.1 Introduction  
8.1.1 Mutation in autophagy genes result in the accumulation of ubiquitinated 
protein aggregates 

Autophagy maintains protein homeostasis. Defects in autophagy results in the 

accumulation of ubiquitinated protein aggregates (Sections 1.7.1.2, 2.6 and 2.6.3). 

Chapter 8 describes a proteomics study aimed to identify proteins that exhibit 

increased accumulation in Atg8a-deficent versus wild-type brains. We assume that 

some of these proteins may rely on basal autophagy for their degradation. Failure to 

degrade them may contribute to some of the phenotypes associated with autophagy 

deficiency. Thus, identification of these proteins will provide insights into molecular 

mechanisms of autophagy, and the consequence of impaired autophagy. 

Additionally, many Atg8 interactors utilize Atg8 interaction as a mechanism for their 

degradation through autophagy. Therefore, failure to interact with Atg8 in Atg8-

deficient condition results in their accumulation upon Atg8 deficiency. Identification 

of proteins that accumulates in Atg8a-deficient flies will provide a reservoir to 

discover putative Atg8a interactors. 

8.1.2 LC-MS/MS  

Mass spectrometry (MS) is an analytical tool used for sorting analyte (samples) 

based on its mass to charge ratio (m/z). Mass spectrometers consist of an ion source, 

a mass analyzer, and a detector. A typical mass spectrometry experiment involves: 1) 

the conversation of neutral molecules into charged ions by an ion source. These ions 

are separated in a mass analyzer by an electromagnetic field. Ions of different m/z 

ratio undergo a different amount of deflection under the electromagnetic field, a 

property that was used to sort ions in MS. The separated ions are detected and 

converted into an electrical signal by a detector and recorded by a computer system. 

The computer system generates a mass spectrum. The mass spectrum displays the 

relative abundance of the signals according to their m/z ratio (Aebersold and Mann, 

2003). 

Mass spectrometry is used for the large-scale identification and quantification of 

proteins from complex biological samples. Shotgun proteomics is a major branch of 

MS-based proteomics. This method provides information (identity and amount) 

about a protein by analyzing its proteolytic peptides. Small peptides are easy to 

ionize and generate simple mass spectrum compared with intact proteins. Shotgun 
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proteomics involves digestion of proteins into peptides by sequence-specific 

proteases (In this study, we used trypsin, and it cut proteins at the C-terminal of 

arginine and lysine). The peptide mixtures are fractionated by reverse phase liquid 

chromatography (LC). Chromatography separation is intended to reduce peptide 

complexity. It separates peptides based on its hydrophobicity. The reverse phase 

liquid chromatography is connected to a tandem mass spectrometer (Aebersold and 

Mann, 2003, Marcotte, 2007). The eluted peptides are ionized by electrospray 

ionization (an ionization method used to ionize biological samples). The ionized 

peptides are separated by m/z using a process called survey scan (MS1 scan). During 

MS1 scan, the system continuously analyzes a series of ions and select most intense 

ions for a further scan called MS/MS scan. These selected ions are called precursor 

ions (The mass spectrometer used in this study was capable of selecting 20 most 

intense ions for MS/MS scan in one second). During MS/MS scan, the precursor ions 

undergo collision-induced dissociation (CID) and forms fragment ions (MS2 ions). 

The resulting MS2 spectra are used to infer their amino acid sequence. The 

fragments peptides are further used to identify the proteins. It is achieved by using 

computational methods. For example, Mascot (software employed in this study) 

searches the fragment mass values against a protein database (In this study, we chose 

Uniprot Drosophila melanogaster). Mascot performs an in silico digestion of 

proteins in the database with trypsin and calculates their theoretical mass. The 

experimental mass values are further compared with the theoretical mass values to 

find the most likely matches. Mascot provides a score based on the probability that 

the peptide from the samples matches to that in the database. Also, Mascot limits 

false discovery rate by performing a decoy search. The search is repeated by using 

the same parameters but in a randomized or shuffled version of the same database. 

The number of matches from this search provides insight into an estimate for false 

positive (Marcotte, 2007). An outline of LC-MS/MS analysis is shown in Figure 8.1 
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Figure 8. 1:An overview of a typical LC-MS/MS analysis  
The steps specific to the current study are shown in italics. [Modified and taken from 
(Aebersold and Mann, 2003, Domon and Aebersold, 2010)]. 
The proteins to be analyzed are extracted from tissues (Drosophila head) using preferred methods 
(serial detergent extraction). This often follows a fractionation step to create sub-proteome’, thus 
reduces the complexity of the samples (Fractionation was performed by SDS-PAGE which separates 
proteins based on its size, therefore sorts proteins into sub-proteomes of similar sizes). Full intact 
proteins are less sensitive to MS-based analysis. Hence proteins are cut enzymatically into peptides 
(Trypsin was used to cut the proteins into peptides by using In-gel trypsin digestion protocol). 
Peptides are separated by one or more steps of liquid chromatography, hence reduce further 
complexity (Reverse-phase chromatography was performed to sort peptides based on its 

Protein(
extraction((in(the(

lysis(buffer(

Fractionation(
of(Protein(
mixtures((

Chromatography(separation((
of(peptide(mixes(((and(ESI(

Digestion(of(proteins(into(peptides(
by(In=gel((trypsin(digestion(

SDS=PAGE(

Intact(
Proteins( Peptides(Trypsin(

Mass(
analyzer(

Mass(
analyzer(

Fragment
ation(by(
Collision(

MS2((MS1(

1

2

3

Experimental(
(mass(spectrum(

Theoretical((
(mass(spectrum(

Database'search''

Pep-des'and'Proteins'
Iden-fica-on'

4



 313 

hydrophobicity). Separated peptides are eluted into an ion source (ESI) where they became highly 
charged ion droplets. These charged ions enter the mass spectrometer, where the mass spectrums of 
the ions are measured as an MS1 spectrum. The most intense ions (precursor ions) are further taken 
for fragmentation and generate MS2 spectrum. The experimental mass values of MS2 are compared 
with the theoretical mass values by database search (Aebersold and Mann, 2003, Domon and 
Aebersold, 2010) (Mascot was used for database search).  
 
8.1.3 Quantification strategies  

MS-based approaches that are used to identify differentially expressed proteins are 

grouped into two categories: 1) Stable isotope labeling and 2) label-free methods. 

Both of these methods have their advantages and disadvantages. 

Stable isotope labeling involves the incorporation of stable isotopes into the samples. 

The samples that are differentially labeled are combined, and analyzed together in 

LC-MS/MS. The differences in fold change are inferred from the differences in the 

intensity of the isotope variants. This method is more accurate compared with label-

free methods. However, it is expensive and involves complex sample preparation and 

MS analysis steps (Zhu et al., 2010).  

Label-free Method avoids isotopes labeling. Therefore it is less expensive, and 

involves simple sample preparation and MS analysis compared with labeling 

methods. Label-free methods compare samples that are analyzed separately in 

different LC-MS/MS runs. This method offers better dynamic range compared with 

labeling methods. There are two types of label-free methods, which are based on 1) 

precursor ion intensity and 2) spectral counting. In precursor ion intensity, the 

proteins abundance is measured by examining the intensity (peak area) of the 

peptide, which elutes from chromatography. In spectral counting methods, peptide 

and protein abundance are measured by counting the number of fragment spectra 

(MS2) associated with them. It is based on the assumption that an increase in 

abundance is associated with an increase in the number of spectra. Spectral counting 

methods are easy to implement compared with peak intensity methods. Also, they 

offer a better dynamic range (Zhu et al., 2010). In this study, we preferred label-

free spectral counting as methods for semi-quantification. An outline of 

quantification strategies is shown in Figure 8.2.  
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Figure 8. 2: An outline of quantification strategies 
[taken from (Zhu et al., 2010)] 
(A): In the stable isotope labeling method, the samples that are differentially labeled are combined 
and analyzed together in one LC-MS/MS analysis. The intensity ratio of isotope-labelled peptide pairs 
was used to perform the quantification (B): In label-free methods, the control and sample are 
processed by individual LC-MS/MS analysis. Quantification is performed by comparing the peak 
intensity or by comparing the spectral counts of similar peptides from different samples.  
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8.1.4 Aim and approach  

Chapter 8 aims to identify the proteins that accumulate (increased protein levels) in 

autophagy-deficient condition 

• To perform pilot shotgun proteomics in young w1118 and Atg8aKG07569  brains  

• To identify the proteins that exhibit increased expression in Atg8aKG07569 

brains versus wild-type brains.  

8.2 Results  
8.2.1 Sample processing and LC-MS/MS  

All the LC-MS/MS runs were performed at WPH facility by Dr.Susan Slade and Dr. 

Alex Jones. Data analysis was performed by me.  

Samples (Young w1118 and Atg8aKG07569 heads) were processed by LC-MS/MS 

analysis (Section 2.12 and Figure 2.3, 8.1). Peptide and protein identification were 

validated with Scaffold (Section 2.12.5). 

Replicates were performed in two batches. The first batch contained the first 

biological replicate and the second batch contained the second and third biological 

replicates. The first biological replicate was performed to check whether the protocol 

is sufficient to identify proteins. It was observed that number of proteins identified 

from first biological replicate was less compared with other proteomics studies. For 

example, a proteomics study aimed to map Drosophila head proteome identified 708 

proteins from the adult head (Taraszka et al., 2005). To identify more proteins, we 

increased the LC-MS/MS time from 30 minutes to 60 minutes for the second batch 

experiments. An increase in LC separation further reduces the complexity of samples 

and increases resolution, which will improve proteins identification. As expected, the 

number of proteins identified were increased in second and third replicates (Table 

8.1).  

Table 8. 1 Total proteins identified 
Total number of proteins identified  

Replicates Triton-
soluble 
w1118 

Triton-soluble 
Atg8aKG07569 

Triton-
insoluble 
w1118 

Triton-
insoluble 
Atg8aKG07569 

FDR (%) 

Bio-Rep-1 198 137 170 160 0.2 

Bio-Rep-2 873 982 479 411 0.2 

Bio-Rep-3 925 827 534 546 0.2 
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8.2.2 Comparing the quality of biological replicates 

One of the major challenges of the spectral counting approach is low reproducibility 

compared to other quantification methods. The main source of experimental variance 

arises from the random sampling nature of data-dependent acquisition (DDA). As 

described in section 8.1.2, the selection of a precursor ion for MS2 fragmentation is 

skewed towards more abundant peptides. Therefore, identification of low abundant 

peptides becomes random. For example, if an DDA acquisition is set up to select the 

most abundant 20 precursor ions for MS2 fragmentation in one second, the chances 

of selecting the 21st ion for the fragmentation is low. Moreover, if the level of the 21st 

precursor ions is very low, there is a chance that it will not be detected in any runs. 

When the level of an ion is below the detection level, it results in a missing value. 

Also, variations could arise from sample preparation and inherent instrument drift 

(Domon and Aebersold, 2010). Therefore it was vital to compare the quality of the 

replicates (Figure 8.3-8.4). Since the first replicate was generated with 30 minutes 

LC, it shows the least similarity to the second and third replicates, which was 

generated with 60 minutes LC. The majority of the proteins in the second and third 

replicates were similar. It is important to have at least three replicates to obtain a 

reliable conclusion from statistical analysis. However, the inclusion of the first 

replicates distorted the further statistical analysis. Since the first replicates exhibit 

high levels of dissimilarity, we removed the first replicate from further analysis. 
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Figure 8. 3: Comparison of quality of three biological replicates in theTriton-soluble fraction  
The experiment contains three biological replicates, which was performed in two batches. First, 
biological replicate (1-Rep) was analyzed in the first batch. The second (2-Rep) and third (3-Rep) 
replicates were analyzed in the second batch. Venn diagram demonstrates a total number of proteins 
identified from each condition. 1-Rep exhibited fewer overlaps with 2-Rep and 3-Rep. 2-Rep and 3-
Rep displayed 68.76 % and 64.95 % overlap in protein identification for w1118 and Atg8aKG07569 
respectively. 
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Figure 8. 4: Comparison of quality of 3 biological replicates in the Triton-insoluble fraction.  
The experiment contains three biological replicates, which was performed in two batches. First, 
biological replicate (1-Rep) was analyzed in the first batch. The second (2-Rep) and third (3-Rep) 
replicates were analyzed in the second batch. Venn diagram demonstrates a total number of proteins 
identified from each condition. 1-Rep exhibited fewer overlaps with 2-Rep and 3-Rep. 2-Rep and 3-
Rep displayed 61.1 % and 65% overlap in protein identification for w1118 and Atg8aKG07569 
respectively. 
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8.2.3 Tsc as parameter for protein abundance value 

To identify differentially expressed proteins total spectral count (hereinafter referred 

to as Tsc) was used as a parameter for protein abundance. Tsc of a protein represents 

the total number of MS2 spectra identified for a given protein. Tsc was calculated in 

Scaffold. The missing values were treated as a default scaffold option“0”. For 

example, if a sample (control) contains protein A with a count of 10, and another 

sample (mutant) contains protein A, but below the detection level. In this case, there 

will not be any spectra identified for protein A in the mutant sample, and the mutant 

sample will have a missing value for protein A. By default, Scaffold provides a 

minimum value of “0” for protein A in the mutant sample.  

8.2.4 Data normalization and differential expression analysis  

Comparisons were performed between 1) Triton-soluble w1118 and Triton-soluble 

Atg8aKG07569 2) Triton-insoluble w1118 and Triton-insoluble Atg8aKG07569. A summary 

of analysis is shown in Figure 8.5.  

Comparative studies that analyze the performance of different statistical tests on 

spectral count data suggest that Student’s t-tests perform well (regarding true 

positives and true negatives) when there are more than three replicates. Beta-

binomial tests, G-test, and Fisher’s exact perform equally well when replicates are 

less than three (Zhang et al., 2006, Pham et al., 2010). G-test and Fisher’s exact test 

are mainly used when there is only one replicate. Because when there are two 

replicates, the data needs to be pooled for performing G-test or Fisher’s exact test 

(Pham and Jimenez, 2011). Pooling of data neglects the between sample variations. 

Beta-binomial tests account for both within and between the sample variations. Beta-

binominal test models the within sample variation using binomial distribution, and 

the between sample variation using beta distribution. Additionally, a software 

package designed for applying Beta-binominal test on spectral count data was easily 

available from the author (Pham et al., 2010). Therefore, we chose beta-binominal 

test over Fisher’s exact and G-test for differential expression analysis.  

Tsc (Section 8.2.3) that was calculated in Scaffold were exported into Excel for 

normalization (Section 2.9, Table 2.12). This normalization ensures equal sum total 

among samples.  

Normalized Tsc was exported to R-package for beta-binomial tests. P-values, which 

were below 0.05, were considered as significant. Results from differential analysis 

were further exported into Excel. Proteins that exhibit a significant increase in 
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Atg8aKG07569 conditions were selected in Excel. We identified 69 and 57 proteins with 

increased expression in Atg8aKG07569 Triton-soluble and Triton-insoluble fraction 

respectively (Table 8.2-8.3). Most importantly, no significant difference in 

expression was observed for identified housekeeping proteins such as Actin and 

Tubulin (Supplementary data, Chapter 8, excel files presentedwith CD). Also, the 

excel file contains additional information related to overexpressed proteins. 

8.2.5 Identification of putative LIR motifs 

Additionally, these proteins were searched computationally for putative LIR motif 

using iLIR (Section 2.13.3) and hfAIM (Section 2.13.4) to identify potential Atg8a 

interactors. When iLIR was used, only the predictions that are overlapping with an 

anchor was considered (Table 8.2-8.3) as putative xLIR. 19 proteins out of 69 

contained at least one putative LIR motif, detected by either iLIR or hfAIM in 

Triton-soluble fraction. Similarly, 15 proteins out of 57 contained at least one 

putative LIR motif, identified by either iLIR or hfAIM in Triton-insoluble fractions. 

8.2.6 GO analysis 

To understand the nature of proteins that exhibit increased expression in Atg8aKG07569 

brains, a gene ontology (GO) analysis was performed (Section 2.14). The proteins 

that exhibited increased level involve in a broad range of the biological process. The 

majority of the proteins were linked to developmental process in Triton-soluble 

Atg8aKG07569 fraction. Similarity, the majority of the proteins in Triton-soluble 

Atg8aKG07569 fraction were linked to metabolism (Figure 8.6-8.7). 
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Figure 8. 5: A summary of differential expression analysis to identify proteins that exhibit 
increased levels in Atg8aKG07569 brains.  
Differential expression analysis was performed with two replicates (2-Rep and 3-Rep). Venn diagram 
shows the total number of proteins identified in Atg8aKG07569 and w1118  in the Triton-soluble (A) and 
Triton-insoluble (B) fractions.  
(A-Triton-soluble): A total of 210 proteins were identified only in Atg8aKG07569. A total of 882 
common proteins were identified in both conditions. (B-Triton-insoluble): A total of 116 proteins 
were identified only in Atg8aKG07569. A total of 461 common proteins were identified in both 
conditions. To perform differential expression analysis, Tsc was calculated in Scaffold, and the 
missing values were treated as “0”. Differential analysis was performed with Beta-binominal tests. 
Volcano plots represent Log2 of fold change (Atg8aKG07569./w1118) versus -Log10 of P-value. Red 
points represent the values that are significant (below 0.05). The values presented on the right side 
(Positives fc) represents proteins with increased expression levels in Atg8aKG07569. 
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Table 8. 2 Proteins, which show a significant increase Triton-soluble Atg8aKG07569. brains  
Fc represents fold change calculated by dividing normalized mean Atg8aKG07569 by normalized mean 
w1118. The entries which show n/a (not applicable) were detected only in Atg8aKG07569. xLIR represents 
putative xLIR detected by iLIR, Aa represents amino acids. hfAIM represents putative LIR identified 
by hfAIM.  
 

Name Accession 
Number 

Fc P value xLIR, Positions of Aa, 
PSSM 

hfAIM, Positions of Aa 

Megalin A8JTM7 n/a 0.006 PMYDAV (4677-
4882), 11 

SEEFAVI (4288-
4234), EDGYTCI 
(1508-1514) 

CG3088  Q9VT15 n/a 0.007 No No 
CG6812  Q9VVW3 n/a 0.007 No PELYEDL (303-309) 
CG5482  Q7K3D4 n/a 0.007 SSFEDL (9-14), 10 YEEFADL (176-182) 
Whd  Q7JQH9  n/a 0.010 No WEEYVYL (236-

242) 
Cadps Q9NHE5 n/a 0.010 PSFLKL (432-437), 

10 
EDLFWKL (1111-
1117) 

Mtp Q9VIH3 n/a 0.010 No QEQFEDL (327-333) 
Pyrroline5carb
oxylate 
reductase  

Q9V3F8 n/a 0.010 No No 

Transglutamin
ase 

Q8IPH0  n/a 0.010 No EEYYDKL (606-612) 

NinaA P15425 n/a 0.010 No PDDFNIL (330-336) 
p241 Q9VYT6 n/a 0.010 No No 
Twr  O97066 n/a 0.010 No No 
AP50, isoform 
A1 

O62530 n/a 0.017 No No 

Bcn92  O46098 n/a 0.017 No No 
Cluster of 
SPoCk  

Q7KTU2  n/a 0.017 No No 

Protein white  P10090 n/a 0.017 No No 
CkIIbeta  P08182 n/a 0.017 No No 
ImpL3 B5RJQ0  n/a 0.017 No No 
CG31248 Q9VI66 n/a 0.017 No No 
CG7860 B4F5C5  n/a 0.017 No No 
CG13928  Q9W0C3 n/a 0.017 No N 
Ccdc56 P0DKM0 n/a 0.017 No No 
CG34228  Q6IGN6 n/a 0.017 No No 
Marf  Q7YU24 n/a 0.017 No No 
REG Q9V3P3 n/a 0.017 No ERNFEEV (46-52), 

EKEYLSL (202-208) 
CG6707, 
isoform B  

Q9VT68  n/a 0.017 No EKEYLSL (202-208) 

Rbcn3A Q9W425 n/a 0.003 KDYDEL (1763-
1768), 17,SSFLII 
(110115), 12 

DKDYDEL (1662-
1768), EEPFYIV 
(1071-1077) 

Sc2  Q9VZL3 n/a 0.003 No No 
Rbp1-like Q9VYD8  n/a 0.004 No No 
Fatp  E1JHE4  n/a 0.004 No No 
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RpS28b  Q9W334  n/a 0.006 No No 
RpS30  Q9VDH8 n/a 0.006 No No 
Ykt6  Q9W3M8 n/a 0.006 No No 
CG31549  Q8SX57 n/a 0.006 No No 
CG8768  Q8T0N5 n/a 0.011 No No 
NADH 
dehydrogenase 
(Ubiquinone) 
B17.2 subunit 

(ND-B17.2) 

Q9VQD7 n/a 0.011 No No 

 
Serine/threoni
neprotein 
phosphatase 
PP2A  

P23696  n/a 0.011 No No 

Innexin  M9PGW0  n/a 0.011 No No 
Frequenin 1 M9PHW6  n/a 0.011 No EEMYNIV (119-125) 
CG42361  Q9W136 n/a 0.011 No No 
CG16826 Q9VK00 n/a 0.011 No No 
Pmp43 Q9VZD9 n/a 0.005 No No 
CG8778  A1Z934 n/a 0.011 No No 
CG3603 Q9W4U2 n/a 0.011 No ERDYDDV (105-

111) 
CG11857 Q9VBU6 n/a 0.011 No No 
TRAF Q86BR8  n/a 0.006 No No 
CG9676  Q9VXC9 n/a 0.006 No No 
Ref(2)P  P14199 n/a 0.000 (452-457) ,18 DPEWQLI (451-457) 
CG45057 X2JGQ6 9.235 0.005 No No 
CG10830  Q9VDH3 7.337 0.014 No No 
CG8329  Q9VT23 6.156 0.014 No No 
Ugt Q09332 5.412 0.019 No DLEYLLL (1088-

1094) 
Cut up M9NDP1  4.540 0.032 No No 
CG7675 Q8T0J5  4.104 0.048 No No 
Hsp27  P02518  4.104 0.048 No No 
CG6089 Q9VKM7 4.104 0.048 No No 
CHOp24 Q9W4K0 4.104 0.048 No No 
CG5676  Q9VL16 4.104 0.033 No No 
Usp5 Q9VZU7 3.564 0.041 No No 
RdgB E1JJK6 3.297 0.026 No EEFFDCL (412-424) 
Cluster of 
Dynein heavy 
chain 64C 

M9PBQ3  2.852 0.006 No DDEYDKL (424-
430), DDEYDKL 
(2399-2405) 

CG1902 Q7K1M4 2.360 0.799 No No 
Mf5 Q9VFC7 2.353 0.027 No No 
CG9674 M9NFH8 2.081 0.006 No EKEFDDL (175-181), 

QKDWDEV (1644-
1650) 

Cluster of 
Crystallin 

Q9VKE2  1.910 0.003 No No 
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ninaE  P06002 1.828 0.030 No No 
Glycoprotein 
93 

Q9VAY2 1.742 0.038 No No 

 Eyes shut A0A1F4  1.394 0.326 No SEEYTTV (609-615) 
Cluster of 
Myosin heavy 
chain 

E1JHJ5  1.220 0.034 No No 
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Table 8. 3 Proteins, which show a significant increase in Triton-insoluble Atg8aKG07569. brains  
Fc represents fold change calculated by dividing normalized mean Atg8aKG07569 by normalized mean 
w1118 . The entries which show n/a (not applicable) were detected only in Atg8aKG07569. xLIR 
represents putative xLIR detected by iLIR, Aa represents amino acids. hfAIM represents putative LIR 
identified by hfAIM. 
 

Name Accession 
Number 

Fc 
 

P-
value 

xLIR, Positions of Aa, 
PSSM 

hfAIM, 
Positions of Aa 

Cluster of 
SNF4Agamma  

Q7JQX9  n/a 0.016 No GSNYEDV (11-
17) 

Caprin, E4NKG1 n/a 0.003 No No 
Synapsin E2QCY9  n/a 0.016  AGYQPV (696-701), 

10 
No 

Ribosomal protein 
S26 

M9PG47  n/a 0.016 No No 

eIF3-S10 Q9VN25 n/a 0.005 GEWTSV (1132-
1137), 17 

EVDFNPL 
(339-405), 
DGEWTSV 
(1131-1137) 

Cluster of 
Ribosomal protein 
S15 

A1ZAH8  n/a 0.006 No No 

Rap1 GTPase M9MRT6  n/a 0.016 No No 
CG3689 Q0E8G6  n/a 0.016 No REEFDRI (78-

84) 
CG30159, 
isoform A  

Q7K332 n/a 0.007 No No 

Veli Q8IMT8  n/a 0.012 No No 
CG8329  Q9VT23 n/a 0.016 No No 
CG10237 Q9I7M3 n/a 0.016 No DTEFDTI (287-

293) 
RNA-binding 
protein squid  

Q08473 n/a 0.003 No No 

Prohibitin 2 A8DYI6 n/a 0.016 No No 
Rbp2  Q7KUX7  n/a 0.001 No No 
FK506bp1 P54397 n/a 0.004 No No 
CG7903  Q9VAC9 n/a 0.005 DDYDPV(164-169),18 FDDYDPV(163

-169) 
qkr58E1  Q9W255 n/a 0.001   
Hrb27C E1JHA4  n/a 0.002 No No 
Vig2  Q960D3  n/a 0.002 No No 
CG2233  Q9W3L4 n/a 0.000 No LVVYEDL 

(240-246) 
Vig Q9V426 n/a 0.001 No No 
Muscle LIM 
protein at 84B 

A4V2J1  n/a 0.007 No No 

Cluster of 
CaMKII 

D1YSG7  n/a 0.000 No GELFEDI (96-
102), 
SPEWDTV(235
-241) 
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Name Accession 
Number 

Fc 
 

P-
value 

xLIR, Positions of Aa, 
PSSM 

hfAIM, 
Positions of Aa 

Glo Q9VGH5 n/a 0.003  EEFFSGL(163-
169),DIEYYTI(
477-483) 

Ref(2)P  P14199 n/a 0.003 (452-457),18 DPEWQLI(451-
457) 

Srp72 Q9VDK7 n/a 0.009   
rasputin Q9VFT4 n/a 0.006 No No 
CG17816, 
isoform G  

A8JQV3 n/a 0.005 No No 

CG3996  Q9VH10 8.450 0.005 KSYVEL(2899-
2904),11 

EDLFQAL(203
0-
2036),DREYNS
L(812-818) 

lark  Q94901 8.247 0.009 No No 
CG6995  (Saf-B) Q8IMV6 7.753 0.008 LSYQKI(522-527), 10,  

DDYTAV(713-718), 
17 

VDDYTAV(71
2-718) 

CG30122, A1ZBB4  7.144 0.020 EGYVLI(681-686),13 EDEYEDV(663
-669) 

Arrestin 1 M9NES0  6.688 0.003 No No 
Galectin Q9VPU6 5.641 0.020 No EGEFPFV(237-

243) 
SF2 Q9V3W7 5.574 0.026 No No 
PIP82  Q9W3E2 5.402 0.045 No EEAFGQI(679-

688), 
DEDYPRV(745
-751) 

Nopp140 M9PFZ1 5.227 0.026   
Hrb98DE  A4V3J5  5.223 0.003 No No 
Cluster of Rm62 E1JJ68  4.340 0.000 No No 
CG32017, 
isoform B  

Q8IM93 4.303 0.024 No No 

Growl/Lost Q8IPM3  4.181 0.028 No No 
Unc115b  Q8INN5  3.907 0.014 No No 
Cluster of Histone 
H2A  

P84051  3.534 0.041 No No 

Syp  Q95TW4 3.459 0.047 No No 
Bor Q9VEX6 3.270 0.013  LTDWDKV(24

7-253) 
DNA 
topoisomerase 2  

M9PDQ1  2.959 0.025 No YKIFDEI(63-
69), 
PGEFERI(954-
960) 

NADH:ubiquinoe 
reductase 42kD 
subunit(ND-42) 

A4V383 2.861 0.010 No No 
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Name Accession 
Number 

Fc 
 

P-
value 

xLIR, Positions of Aa, 
PSSM 

hfAIM, 
Positions of Aa 

RpS27  Q9VBU9 2.840 0.024 No No 
CG5787 Q9VK59 2.744 0.012 No KQAFDEL 

(925-931) 
Hrb87F  E1JIK0  2.698 0.021 No No 
RpL10 M9PIM0  2.691 0.029 No SDEYEQL(54-

60) 
Rtp Q9VN91 2.559 0.027 No No 
CG16886 M9MSI3 2.164 0.018 No No 
ninaC  P10676  1.917 0.001 No FEIYEEI (14-

22), 
YREFENI(574-
580) 

RpS3  Q06559 1.861 0.037 No EDGYSGV (34-
39) 

Cluster of 
Diacylglycerol 
kinase  

A0A023G
PM5  

1.656 0.048 No No 
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Figure 8. 6: GO analysis of proteins with increased expression level in Triton-soluble 
Atg8aKG07569. brains  
The proteins that exhibited increased level involves in a broad range of the biological process. The 
majority of proteins participate in biological processes related to development and transport. Top 15 
enriched GO groups are shown. 
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Figure 8. 7: GO analysis of proteins with increased expression level in Triton-insoluble 
Atg8aKG07569. brains 
The proteins that exhibited increased level involve a broad range of the biological process. The 
majority of proteins participate in biological processes related to metabolism and development. Top 
15 enriched GO groups are shown. 
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8.3 Discussion  

Chapter 8 was aimed to perform a label-free shotgun proteomics analysis to identify 

the proteins that accumulate under autophagy-deficient condition.  

Summary of key findings: 

• By using spectral counting approaches we characterized the Triton-soluble 
and Triton-insoluble proteome of Atg8aKG07569 and w1118 brains  

• Differential expression analysis identified 69 proteins with increased 
expression level in Atg8aKG07569 Triton-soluble fraction, and 57 proteins with 
increased expression level in Atg8aKG07569 Triton-insoluble fraction 

• In silico search for putative LIR motif identified 19 potential candidates in 
the Triton-soluble fraction and 15 potential candidates in the Triton-insoluble 
fraction  

The proteins that have increased expression in Atg8aKG07569 brains may rely on basal 

autophagy for their degradation. However, some of these increases also relate to an 

increase in mRNA level rather than a block in their degradation. We speculate that 

the majority of proteins with increased expression in the Triton-insoluble 

Atg8aKG07569 fraction rely on basal autophagy for their degradation. These proteins 

may represent major components of proteins aggregates formed in response to 

autophagy dysfunction. Western blot and q-PCR analysis will help to differentiate 

whether the increased expressions occur at mRNA level or due to the block in their 

degradation.  

Atg8aKG07569 flies recapitulates major pathogenic phenotypes (presence of insoluble 

protein aggregation in the brain, short lifespan, defects in motor function, and 

vulnerability to stress condition) related to ageing and neurodegeneration (Simonsen 

et al., 2008, Nezis et al., 2008). Two previous proteomics studies (isotope labeling 

method) that characterized the components of insoluble protein aggregates in old C 

elegans indicated that the majority of proteins that exhibited increased level in old 

animals (versus young) belong to development, translation, and metabolic process. 

Additionally, these studies show that limiting the levels of these proteins increase 

lifespan (David et al., 2010, Reis-Rodrigues et al., 2012). In the current study, we 

also observed a similar phenomenon. The proteins that exhibited increased 

expression level in insoluble fraction were connected to development, metabolic 
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process, translation and mRNA processing (Figure 8.7), demonstrating common 

mechanisms in autophagy-deficient condition, ageing and neurodegenerative 

diseases. Moreover, literature analysis suggested that some of the proteins are 

associated with ageing, neurodegenerative diseases, and autophagy (Table. 8.4). 

These candidates will serve as possible candidates for further in-depth analysis.  

Table 8. 4 Functions of selected proteins  

 
Protein Fraction Comment Reference 

ND-42 
(A4V383) Triton-insoluble 

A mitochondrial protein that 
ameliorates Parkinson disease (PD) 
–associated phenotypes in 
Drosophila PD model  
Mutation in the human homolog 
NDUFA10 is associated with 
disease Leigh Syndrome.  
 

(Pogson et al., 
2014) 

 
CaMKII 
(D1YSG7) 

 
Triton-insoluble 

Exacerbates HD-associated 
phenotypes in Drosophila HD 
model 

(Shirasaki et al., 
2012) 

Dynein 
heavy chain 
64C(M9PB
Q3) 

Triton-soluble Exacerbates HD- associated 
phenotypes Drosophila HD model 

(Kaltenbach et al., 
2007) 

Hsp27 
(P02518) Triton-soluble Determine lifespan  (Wang et al., 

2004) 
Ref(2)P 
(P14199) 

Triton-soluble 
Triton-insoluble 

Selective autophagy of 
ubiquitinated proteins 

(Nezis et al., 
2008) 

Marf 
(Q7YU24) Triton-soluble 

Mediates Mitochondrial membrane 
tethering and fusion, and interacts 
with PINK that mediates mitophagy 

(Park et al., 2009) 

SNF gamma 
(Q7JQX9) Triton-insoluble Regulator of stress, and 

developmental autophagy  
(Lippai et al., 
2008) 

Galectin 
(Q9VPU6) Triton-insoluble 

Not well characterized in 
Drosophila. The human Galectin 
homologs involve the removal of 
bacteria through selective 
autophagy 

(Kim et al., 2013) 

CG5676 
(Q9VL16) Triton-soluble 

Not well characterized in 
Drosophila. The human homolog 
(FUND1) is a selective autophagy 
receptor for mitophagy 

(Liu et al., 2012) 

FK506bp1 
(P54397) Triton-insoluble Regulates Foxo, a transcriptional 

regulator of autophagy 
(Juhasz et al., 
2007b) 

CG3996 
(Q9VH10) Triton-insoluble 

A TBC-domain protein. Not well- 
characterized in Drosophila. 
Human TBC family protein 
(TBC1D25) interacts with Atg8 and 
mediates autophagosome 
maturation 

(Itoh et al., 2011, 
Popovic et al., 
2012) 
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In this study, we did not adjust P-values for multiple comparisons. Due to small 

sample sizes and variation between samples, an application of Benjamini–Hochberg 

procedure to control the FDR, led to few proteins showing up as differentially 

expressed. Therefore, this factor should be taken into consideration when interpreting 

these results. One of the ways to improve the quality of the replicates is to use Strong 

cation exchange (SCX) chromatography as the first-dimensional separation, instead 

of SDS-PAGE. This method helps to avoid the differences that may arise from gel 

fractionations. SCX chromatography followed by reverse phase LC-MS/MS reduces 

the sample complexity and provide better resolution and sensitivity. The better 

resolution will produce reproducible LC runs. Additionally, the use of peak intensity 

based label-free quantification will also improve the quality of the data (Mohammed 

and Heck, 2011, Christie-Oleza et al., 2015b).  
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Chapter 9 
Summary  
The research presented in this thesis investigated the molecular mechanisms of 

autophagy in Drosophila. The major focus of the research was Atg8, a central 

protein in autophagy. Atg8 is involved in autophagosome formation and also, serves 

to recruit selective autophagy receptors, autophagy regulators and autophagy 

substrates. These receptors, regulators and substrates are characterized by the 

presence of the LIR motif that mediates Atg8 interaction. Several Atg8 interactors 

were identified in human and yeast. However, knowledge of these interactors in 

Drosophila is limited.  

Ref(2)P, the well-characterised Atg8a-interacting protein in Drosophila involves in 

the removal of ubiquitinated protein aggregates (Nezis et al., 2008). It contains a LIR 

motif for binding with Atg8a and UBA for binding with ubiquitinated proteins. First 

part of this thesis (Chapter 3-6) was focused on identifying novel Atg8 interactors 

and characertizing the function of promising candidates in selective autophagy of 

ubiquitinated proteins and autophagy regulation. Chapter 3 described an in silico 

screening to identify novel putative LIR and UBA proteins in Drosophila proteome 

and identified eight candidates, including Ref(2)P. These putative candidates were 

characterized in Atg8a-deficient and wild-type brains. It was observed that one of the 

candidates, UbcD4, accumulates as an aggregates in Atg8a-defienct brains, a 

localization similar to that of Ref(2)P. Thus we performed in-depth analysis of 

UbcD4 (Chapter 4). UbcD4 colocalizes with Ref(2)P and ubiquitin-positive 

aggregates in Atg8a-deicifient brains. However, UbcD4 did not interact with Atg8a, 

which shows that the putative LIR identified is not functional, and UbcD4 is not a 

selective autophagy receptor. Further, we analysed whether UbcD4 has a role in the 

regulation of autophagy and found that it does not regulate autophagy under fed and 

starved conditions. Since UbcD4 was observed in aggreagtes, we investigated the 

effect of UbcD4 knockdown on aggregate formation and observed that UbcD4 plays 

a role in maintaining protein aggregation during ageing. Aged UbcD4 knockdown 

flies exhibited a decrease in Ref(2)P and ubiquitinated protein accumulation in the 

brains compared with same-aged wild-type brains. UbcD4 knockdown flies did not 

undergo a significant increase in ubiquitinated proteins or Ref(2)P accumulation 
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during ageing. More studies are needed to elucidate the function of UbcD4 in 

mediating aggregating formation and its connection with autophagy.  

Chapter 5 depicts preliminary experiments performed to understand the role of 

PAR1, one of the eight putative LIR and UBA proteins. PAR1 interacts with Atg8a, 

but the interaction is not mediated through a LIR motif. Characterisation of PAR1 in 

Atg8a-deficent and wild-type brains suggested that PAR1 is not a major component 

of protein aggregates formed in response to Atg8-deficiency, demonstrating that 

PAR1 is not found with ubiquitinated proteins and thus may not be associated with 

ubiquitin-dependent selective autophagy. Further analysis suggested that PAR1 acts 

as a regulator of autophagy. Overexpression of kinase-dead PAR1, but not the wild-

type PAR1 induces mCherry-Atg8a puncta (a marker of autophagy) under fed 

condition, suggesting a novel role of kinase activity of PAR1 in autophagy.  

Chapter 6 describes the identification and characterization of Sequoia, a novel 

repressor of autophagy. Sequoia contains a putative LIR and a ZnF-C2H2 domain 

(potentially involved in DNA-binding/protein-protein interactions). Sequoia interacts 

with Atg8a, and the interaction is partially mediated by the LIR motif. Sequoia does 

not accumulate in response to Atg8- deficiency. Knockdown of Sequoia and 

overexpression of LIR-mutated Sequoia induces autophagy under fed conditions in 

the larval fat body. Also, Sequoia acts as a repressor of Atg7 transcription. Thus the 

work provided a possible model for Sequoia-mediated autophagy regulation.  

To the best of our knowledge, this is the first study that connects these proteins 

(UbcD4, PAR1 and Sequoia) to autophagy. 

The second part of the thesis (Chapter 7) investigated the role of Ref(2)P in 

mediating the cytotoxicity associated with the expression of mutant Htt, a toxic 

protein that accumulates in HD brains. We examined whether overexpression of 

Ref(2)P ameliorates HD-associated phenotypes in a Drosophila HD model. This HD 

model faithfully recapitulates HD-associated phenotypes such as Htt aggregation, 

motor dysfunction, and short lifespan. It was observed that overexpression of 

Ref(2)P does not rescue the tested HD-associated phenotypes. Additionally, no 

colocalization of Htt93Q with either endogenous or overexpressed Ref(2)P was 

observed, suggesting that Ref(2)P may not be involved in the removal of Htt 

aggregates. Thus suggest that Ref(2)P does not mediate Htt- induced toxicity in the 

current HD model.  
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The last part of the thesis (Chapter 8) describes a label-free shotgun proteomics study 

aimed to identify the proteins that accumulate under autophagy-deficient condition. 

Using spectral counting approaches, we characterised the Triton-soluble and Triton-

insoluble proteome of Atg8a-deficient and wild-type brains. We identified 69 Triton-

soluble proteins and 57 Triton-insoluble proteins with increased accumulation in 

Atg8a-deficient brains. These proteins will provide insights in identifying novel 

autophagy substrates and Atg8a interactors. These proteins were searched further 

computationally for the occurrence of the putative LIR motif and potential Atg8a 

interactors were identified. Literature analyses revealed that some of these proteins 

are connected to autophagy regulation, ageing and neurodegeneration.  

The findings from this research provide a platform for future investigation of 

selective autophagy of ubiquitinated proteins and autophagy regulation. The 

characterisation of these proteins helps to decipher the complex network for 

autophagy and thus provide the potential for effectively intervening autophagy for 

therapeutic purposes.  
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Supplementary materials 
Chapter 3: Supplementary materials 
PSSM analysis shows (Table 10.1) shows that a meaningful values for PSSM 
threshold lie in the range 13–17. This provides a balanced accuracy in the range 
74.5–83.9% with sensitivity and specificity in the ranges 59.3–88.9% and 60.0–
100.0%, respectively (Table 10.1).  

• Kalaveri et al.,(2014) derived a PSSM from the 27 experimentally verified LIR-motifs. This 
PSSM was used to scan sequences of the 26 experimentally verified LIR containing proteins. 
xLIR pattern identifies 27 experimentally verified LIR and is considered as verified LIR. In 
addition, xLIR identifies pattern additional 20 LIR sequences that are considered as 
unverified LIR. PSSM score was obtained for 27 verified LIR and for 20 unverified LIRs. In 
addition, rest of the amino acid sequences were considered as 18,018 hexapeptides (termed 
background) and obtained PSSM for this background sequence. 18018 hexapepetides were 
reshuffled. Different cutoff-value for the PSSM score was tested on  

o 27 verified xLIR-motifs  
o 20 unverified LIR   
o 18,018 hexapeptides   
o Random 18,018 hexapeptides.  

Table 10.1 Validation of the PSSM method as a predictor of LIR-motifs. N represents total number. 
ACC= accuracy, Sens=sensitivity, Spec=specificity and BACC= Balanced accuracy (Kalaveri et 
al.,(2014) 

 

 

Table 1 Validation of the PSSM method as a predictor of LIR-motifs. N 

represents total number.  

!
Above!cutoff! PSSM!validation!

PSSM!

score!

Cutoff!

xLIR!

(verified)!

N=27!

xLIR!

(unverified)!

N=20!

Background!

N=18018!

(Randomized,!

N=18065)!

ACC! Sens! Spec! BACC!

9" 26" 19" 93"(85)" 57.4" 96.3! 5.0" 50.7"

10" 26" 14" 63"(63)" 63.8" 96.3! 30.0" 63.2"

11" 25" 11" 47"(49)" 72.3" 92.6" 45.0" 68.8"

12" 24" 9" 28"(32)" 74.5" 88.9" 55.0" 72.0"

13" 24" 8" 17"(25)" 76.6" 88.9" 60.0" 74.5"

14" 23" 5" 13"(16)" 80.9" 85.2" 75.0" 80.1"

15" 22" 3" 10"(14)" 83.0! 81.5" 85.0" 83.3"

16" 21" 2" 4"(11)" 83.0! 77.8" 90.0" 83.9!

17" 16" 0" 2"(7)" 76.6" 59.3" 100.0! 79.7"

18" 13" 0" 0"(5)" 70.2" 48.2" 100.0! 74.1"
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Figure 10. 1 UbcD4 accmulation as aggregates in Atg8aKG07569 central brain region. One week old 
Atg8aKG07569 brains were stained with UbcD4 (1:500) antibody. The nuclei were stained with Hoechst 
(1:500). The low magniifcation showing the whole brain (A). The aggreagtes are not viisble with this 
magnification. The magnified regions of central brain (shown in the red box) are shown in B and C. 
Accmulation of UbcD4 as aggregates was observed (arrows) in the central brain.  
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Figure 10. 2 In vitro GST-pull down assay indicates that E2-25K does not interact with Atg8 
homologs. Myc tagged E2-25K was in vitro translated in the presence of 35Smethionine and tested in 
GST pulldown assays for interaction with GST-Atg8 family proteins or GST. Top panel 

autoradiograph (AR) showing the presence of 35S-myc –E2-25K in the input, but not with GST Atg8 
family proteins or with the control GST. The bottom panel coomassie staining (CBB) showing the 
presence of GST-Atg8 family proteins or GST. Performed by Dr. Ashish Jain  

 

 
Figure 10. 3: Checking the efficiency of RNAi-mediated knockdown of UbcD4 by UbcD4-IR-106600 
line. Western blot analysis demonstrated a decrease in UbcD4 in Elav>UbcD4-IR heads versus 
Elav>control 
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Please see the supplementary excel file provided in the CD.   
Publications; Please see the provided CD for the publications in which I have co-
authored 
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