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Abstract

Autophagy is an evolutionary conserved process of cellular self-degradation. It
involves the lysosomal degradation of cellular materials, via an intermediate double
membrane vesicle, where the degradation products can be reused by the cell. It is
known that as well as bulk degradation autophagy can happen in a highly selective
manner through receptors and adapters. One of the key players in this is the LC3
protein. This project investigates selective autophagy using Drosophila Melanogaster
as a genetically modifiable organism. The Drosophila homologue of the mammalian
LC3 proteins is ATG8a. ATG8a has a hydrophobic binding pocket (LDS) which binds
autophagy substrates that contain a LC3 interacting region (LIR). Quantitative
proteomics on Drosophila with a mutated LDS hydrophobic binding pocket was used
to identify a panel of ATG8a interacting proteins. From this analysis, Drosophila GMAP
(Golgi microtubule-associated protein) was discovered as a novel autophagy receptor.
This study has shown that Drosophila GMAP has a role in golgiphagy, the selective

degradation of the Golgi complex.

15



Chapter 1 Introduction

1.1 Overview of Autophagy

1.1.1 Summary of the Three Main Types of Autophagy

Intracellular degradation happens in two main ways, the proteasome system
and autophagy. The proteasome system is involved in the degradation of individual
ubiquitinated proteins (Bochtler et al., 1999), whereas autophagy is more commonly
associated with bulk degradation (Glick, Barth and Macleod, 2010). The degradation
products of both autophagy and the proteasome can be re-used by the cell.
Autophagy is typically triggered through nutrient stress or starvation, although there
is a basal level of autophagy which is involved in cell homeostasis. Basal autophagy
tends to happen in a very selective manner through specific receptors and adapters
(Sharma et al., 2018). During autophagy, misfolded proteins, damaged organelles, and
pathogens are all degraded through the lysosome and recycled to produce new
cellular materials. The three main types of autophagy comprise microautophagy,
macroautophagy and chaperone mediated autophagy of which macroautophagy is

the most well characterised.

Microautophagy is the direct uptake of cytosolic components by lysosomes
(Figure 1-1). The two main ways in which this can occur is through lysosomal
invagination or lysosomal protrusions. Microautophagy can also happen through
endosomal-microautophagy whereby sequestration of cargo into multivesicular
bodies (MVB) on late endosomes in a process dependent on the ESCRT family of
proteins. Chaperone proteins would then deliver these MVB to the lysosome (Tekirdag
and Cuervo, 2018). The most characterised form of microautophagy is lysosomal
invagination which has been studied mostly in yeast. Initially, there is an invagination
of the lysosomal membrane, forming a tube like structure known as an autophagic
tube, on the end of which a lipid rich vesicle forms and grows (Muller et al., 2000). The

subsequent fission of vesicles into the lysosomal lumen is a process that is not fully
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understood but it does not seem to involve the t-SNARES and v-SNARES that are
required for homotypic fission. The vesicles and its cytoplasmic contents are then
degraded by lysosomal hydrolases (Epple et al., 2001), and then permeases export the
degradation products into the cytoplasm for reuse (Yang and Klionsky, 2007).
Microautophagy can also happen in a selective manner, mainly for the degradation of
organelles. For example, micropexophagy is the degradation of peroxisomes (Bellu et
al., 2001), piecemeal microautophagy degrades non-essential parts of the nucleus
(Dawaliby and Mayer, 2010) and micromitophagy degrades mitochondria (Kissova et

al., 2007).

Cargo

Figure 1-1 Overview of microautophagy. Cargo is directly taken up into lysosomes and
captured into vesicles. Vesicles are lysed so cargo is now exposed to lysosomal hydrolases
and degraded. The breakdown products can then be exported from the lysosome for
reuse.

Chaperone-mediated autophagy (CMA) is more selective by nature and is
specifically involved in the degradation of cytosolic proteins (Figure 1-2). Specific

proteins are transported into the lysosome with the help of chaperone proteins, the

17



main chaperone being heat shock cognate protein of 70 kDa (HSC70) (Sahu et al.,
2011). Specific proteins to be degraded by CMA contain a pentapeptide motif, KFERQ
(Dice et al., 1986), which is recognised by and directly binds to the chaperone HSC70.
The motif needs to have a glutamine on one end and contain a positive residue (K or
R), a hydrophobic residue (F, L, I, or V) and a negatively charged residue (E or D).
However, the amount of CMA substrates is not limited to proteins that contain this
specific motif, as post-translational modifications allow similar motifs to become
functional. For example, the phosphorylation of residue S, T, or Y within the motif can
compensate for the lack of a full KFERQ motif (Park, Suh and Cuervo, 2015; Zhou et
al., 2016). Other modifications include ubiquitination and acetylation which produce
similar effects (Li et al., 2016a). Once a CMA substrate has bound HSC70, the protein
can enter the lysosome through a translocation protein called lysosome-associated
membrane protein type 2A (LAMP2A) (Cuervo and Dice, 1996). Lysosomal membrane
bound HSC70 in a complex with other chaperones is involved in the unfolding of
proteins, which is then translocated into the lysosomal lumen (Agarraberes and Dice,
2001). Luminal HSC70 is also required to complete this translocation step
(Bandyopadhyay et al., 2008). Thus, proteins entering the lysosomal lumen this way
enter one by one. So far, LAMP2A has only been found in mammals and birds (Tekirdag
and Cuervo, 2018). CMA is usually activated in response to nutrient stress and hypoxia
as well as being part of protein quality control (Dohi et al., 2012; Cuervo et al., 1995;
Arias and Cuervo, 2011). CMA usually degrades damaged or misfolded proteins before
they get a chance to become aggregates (Cuervo et al., 2004). Once the aggregated

proteins are formed, macroautophagy is required for its removal.
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Figure 1-2 Overview of chaperone mediated autophagy. Cargo is directed into the
lysosome with the help of chaperone proteins such as HSC70. The cargo-chaperone
complex then enters the lysosome through the translocation protein LAMP2A. Cargo is
then degraded through lysosomal hydrolases and degradation products exported for
reuse.

Macroautophagy involves the sequestration of autophagic substrate in a
double membrane phagophore forming an autophagosome (Figure 1-3). The
autophagosome then fuses with a lysosome, forming an autolysosome where the
cargo is then degraded. The degradation products are recycled and reused by the cell
(Parzych and Klionsky, 2014). Macroautophagy is responsible for the breakdown of
damaged or aggregated proteins, damaged organelles, and foreign bodies, and is
usually upregulated in response to nutrient or energy stress. Much of what we know
about macroautophagy has been gained from studying yeast, and eventual
mammalian studies (Parzych and Klionsky, 2014). This thesis will focus on
macroautophagy and our current understanding of this process. The main stages of
macroautophagy are the following: initiation of autophagy and the molecular switches
which trigger its activation, LC3 processing, selection of cargo, and the fusion of

autophagosome with lysosome.
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Figure 1-3 Overview of macroautophagy. Cargo is sequestered into a growing
phagophore double membrane which eventually closes and forms and autophagosome.
The cargo containing autophagosome then fuses with a lysosome to form an
autolysosome. The lysosomal hydrolases break down the cargo and the degradation
products are exported out of the cell for reuse.
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1.1.2 Overview of Macroautophagy

The mechanism of macroautophagy, which from now on will be referred to as
autophagy, was primarily discovered in yeast. The initiation of autophagy begins with
the formation of a phagophore membrane, where in yeast this originates at a cytosolic
component called the pre-autophagosomal structure (PAS) (Kawamata et al., 2008).
There is no evidence for a PAS in mammals. Instead, the phagophore formation
appears to initiate at the ER with help from other membrane bound organelles such
as the trans-Golgi, late endosome, and nuclear envelope. The ER membrane used to
form the phagophore is usually enriched for phosphatidylinositol 3-phosphate (PI(3)P)
forming what is called an omegasome (Axe et al., 2008). The two major complexes
involved with phagophore initiation is the Unc-51-like kinase 1 (ULK1) complex
(Zachari and Ganley, 2017) and the class Il Pl 3-kinase complex | (PI3KC3-C1) (Burman

and Ktistakis, 2010). Following this, the elongation of the phagophore membrane
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involves the ATG8 family of proteins (ATGS in yeast/flies and LC3s and GABARAPs in
mammals), the ATG5-ATG12 conjugation system as well as other ATG proteins
(autophagy related proteins). A common marker of autophagosomes is the presence
of ATG8a/LC3 in the phagophore membrane, which is a result of LC3 processing and
lipidation via a ubiquitin-like conjugation system (Abounit, Scarabelli and McCauley,
2012). There are also many other factors necessary for autophagy for example
membrane budding and fusion proteins such as COPI/COPII, Rab GTPases and SNAREs
(Soreng, Neufeld and Simonsen, 2018). Finally, a group of selective autophagy
adapters are required for the selection of cargo which is targeted for degradation
(Johansen and Lamark, 2011; Nezis, 2012). This process is discussed in more detail in

the following sections.

1.2 Regulation of Autophagy

1.2.1 Nutrient sensing

As alluded to previously, one of the main functions of autophagy is to provide
resources and energy for a cell during a state of nutrient depravation (Figure 1-4).
Therefore, it makes sense that there are various nutrient sensing pathways that can
trigger the initiation of autophagy. These pathways usually converge onto the protein
kinase TOR (target of rapamycin), which has a central role balancing between cell
growth and autophagy (Jung et al., 2010). mTOR (mammalian TOR) activation leads to
the phosphorylation of various autophagy proteins (ATG proteins), that are part of the
ULK/ATG1 complex, which leads to the inhibition of autophagy (Laplante and Sabatini,
2009). The other pathway that is negatively regulated during nutrient depravation is
the Ras-cAMP-PKA pathway, which has a role in glucose sensing (Caza and Kronstad,
2019). mTOR acts to inhibit autophagy and is activated by the presence of nutrients
such as amino acids and glucose (Hara et al., 1998). Conflicting literature reports on

the exact mechanism of mTOR nutrient sensing include: direct sensing and
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phosphorylation in response to nutrients (Long et al., 2005b), indirect activation
through Ras-related small GTPases (Rag GTPases) (Kim et al., 2008) and also indirectly
though hVps34 (Human vacuolar sorting protein 34, also known as PIK3C3
(phosphoinositide 3-kinase class Ill)) (Nobukuni et al., 2005). Amino acid sensing and
mMTOR activation also occurs through vacuolar V-ATPase in the lysosomal membrane
(Zoncu et al., 2011). A reduction of glucose in the cell can trigger autophagy through
AMP-activated protein kinase (AMPK). When glucose levels are low, the ATP:AMP
ratio is also low which leads to the phosphorylation and activation of AMPK by Liver
Kinase B1 (LKB1 also known as STK11) (Shaw et al., 2004). AMPK inhibits autophagy
through the phosphorylation of members of the mTOR complex or through
phosphorylation and activation of tuberous sclerosis complex 1/2 (TSC1/2), which in
turn inhibits an activator of mTOR, RheB (Ras homologue enriched in brain) (Long et
al.,, 2005a). Other glucose sensing mechanisms exist such as glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) which acts through the RheB-mTOR pathway
independent of TSC1/2 (Lee et al., 2009). When GAPDH is active in the glycolytic
pathway, it is no longer able to sequester Rheb which leads to autophagy inhibition.
The Ras/protein kinase A (PKA) is also involved in glucose sensing. Ras 1/2 lead to the
increased production of cAMP through adenylyl cyclase. Although not particularly well
studied, elevation of cAMP levels leads to the inhibition of PKA which appears to
suppress TOR inhibition dependent autophagy (Budovskaya et al., 2004). Due to these
nutrient sensing pathways, it is common practice in labs to induce autophagy through

starvation.
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Figure 1-4 Regulation of autophagy through nutrient sensing. Various nutrient (glucose
and amino acid) sensing pathways are involved with the induction of autophagy. mTOR is
a negative regulator of autophagy and found central in the autophagy initiation signalling
pathway. Autophagy is regulated through different nutrient sensing pathways, as a lack of
nutrient availability/starvation will trigger autophagic degradation of cytosolic material for
recycling. Different nutrient sending pathways include glucose sensing pathways such as
Ras-cAMP-PKA, AMP/AMPK, GADH/RHEB, as well as amino acid sensing pathways such as

V-ATPase or direct mTOR sensing.

1.2.2 Insulin and growth factors

Insulin and growth factor signalling can also regulate autophagy through the
activation of membrane tyrosine kinase receptors (Lum et al., 2005) (Figure 1-5).
Autophosphorylation of these receptors recruit insulin receptor substrates 1/2, which
in turn leads to the activation of class | PI3K. Production of phosphatidylinositol
trisphosphate (PIPs) leads to protein kinase B (PKB)/Akt signalling which ultimately
activates mTOR through inactivation of TSC1/2. Conversely, when there is a loss in
insulin and growth factor signalling, autophagy is activated (Stokoe et al., 1997;
Vander Haar et al., 2007). This is because there is a loss in Akt activity which normally
acts to inhibit glycogen synthase kinase 3 (GSK3p). GSK3 activates both TSC1/2 and
ULK1 which is one of the main initiators of autophagy (Inoki et al., 2006). Growth

factor signalling can also regulate autophagy through a TOR independent way. The Ras
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signalling/Raf1-MAPK (mitogen activated protein kinase) pathway can be activated by
growth factors which activate extracellular signal-regulated kinase 1/2 (ERK1/2). ERK1
activity leads to the induction of autophagy which can be reversed through the binding

of amino acids to the Rafl kinase (Furuta et al., 2004).
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Figure 1-5 Regulation of autophagy through insulin and growth factors. Insulin is an
indication of nutrient availability and so can inhibit autophagy. Insulin binding to its
tyrosine kinase receptor leads to activation of class | PI3K and production of PIPs. This in
turn activates the PKB/AKT signalling which activates mTOR through inhibition of TSC1/2.
Growth factors cause the activation of autophagy as there is more of a need for nutrient
availability. Growth factor signalling which activates the Ras-RAF-MEK-ERK pathway can
lead to autophagy activation through ERK1.

1.2.3 ER-stress

Endoplasmic reticulum (ER) stress can also lead to the induction of autophagy
(Figure 1-6). The role of the ER normally is to correctly fold proteins and ready them
to be sent to other organelles. As well as this the ER in mammalian cells acts as a Ca®*
reserve. ER stress is when there is an excessive amount of misfolded and unfolded

proteins due to low energy levels, production of aggregate-prone proteins, and
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oxidative stress. In this situation both yeast and mammalian cells trigger the unfolded
protein response (UPR) (Chakrabarti, Chen and Varner, 2011), which can in turn lead
to autophagy activation. There are three main pathways associated with the UPR
including: ATF6 (activating transcription factor 6), IRE1a (inositol requiring kinase 1),
and PERK (RNA-dependant protein kinase-like ER kinase), where GRP78 (glucose-
regulated protein 78) plays an important role in the ATF6 pathway. GRP78 appears to
be necessary for ER stress activated autophagy but evidence suggests it acts on the
phagophore elongation step rather than initiation (Li et al., 2008). The IRE1-JNK and
PERK-elF2a. pathway has a role in LC3 lipidation and targeted degradation of mutated
proteins (Kouroku et al., 2007; Yan et al., 2019). The ATF6 pathway leads to the
expression of CHOP (CEBP homologous protein), XBP1 (X-box binding protein 1) and
GRP78 which all act to activate autophagy (Yung, Charnock-Jones and Burton, 2011).
During a period of ER stress Ca®* is released into the cytoplasm through various
channels such as the IP3 receptors (inositol trisphosphate receptor). Ca%* in the
cytoplasm activates Ca®* activated calmodulin dependent kinase-B (CaMKK-B) which
can activate autophagy through AMPK. Ca?* efflux also induces phosphorylation and
activation of protein kinase C8 (PKCB) which again can activate autophagy (Sakaki, Wu
and Kaufman, 2008). Finally, calmodulin regulates death-associated protein kinase
(DAPK) activity which can phosphorylate and inhibit beclinl promoting autophagy
(Gozuacik et al., 2008).
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Figure 1-6 Regulation of autophagy through ER-stress. Er stress can be triggered upon
accumulation of misfolded proteins. This leads to the unfolded protein response which
can happen through the ATF6, IRE1a, and PERK pathways. All three pathways can induce
autophagy. ER stress can also lead to the release of Ca?* through IPs receptors which can
activate autophagy through calmodulin.

1.2.4 Oxidative stress and hypoxia

Another trigger of autophagy is oxidative stress (Figure 1-7). Reactive oxygen
species (ROS) can cause damage to cells as they are highly reactive and can disrupt
the function of DNA, proteins, and lipids. One of the main sources of these ROS is
damaged mitochondria (Murphy, 2009). If the enzymatic removal of these ROS using
superoxide dismutase is not enough, then the damaged mitochondria can be
degraded through autophagy (a process called mitophagy, discussed in Chapter 6) as
a last resort (Shefa et al., 2019). ROS themselves can trigger autophagy by oxidising
the residue Cys81 on ATG4 (Scherz-Shouval et al., 2007). ATG4 is an autophagy protein
that is a cysteine protease and usually has a role in cleaving ATG8/LC3 from the

membrane after lysosomal fusion. Once the Cys81 residue is oxidised, the LC3
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cleavage activity of ATG4 is inhibited, therefore promoting LC3 lipidation. Although
LC3 lipidation is required early on to start autophagy, ATG4’s cleavage activity post
lysosomal fusion is still required. The balance of ATG4 activity and inactivation is not
very well studied. The presence of hydrogen peroxide in the cell can also initiate
autophagy through the AMPK pathway by activating poly-ADP-ribose polymerase 1
(PARP1) (He and Klionsky, 2009). ROS, when it leads to DNA damage, also activates
the DNA damage response (DDR). There are various proteins that are involved in both
the DDR and autophagy, one of which is PARP1. PARP1 is a single strand break repair
enzyme as well as an autophagy inducer (Munoz-Gamez et al., 2009). One of the main
regulators of the DDR is p53 which has targets that are upstream of autophagy (such
as AMPK/TSC2) as well as those directly involved with autophagy (such as ULK1)
(Eliopoulos, Havaki and Gorgoulis, 2016). Similarly, reactive nitrogen species can also
activate autophagy through the ATM (ataxia-telangiectasia mutated) protein. This
protein is involved in cell cycle checkpoints as well as being able to activate the

AMPK/TSC2 pathway (Tripathi et al., 2013).

Hypoxia can lead to the production of ROS and activate autophagy through the
previously mentioned mechanism, but it can also activate autophagy directly (Figure
1-7). One of the ways is through TOR inhibition where the AMPK pathway can act as a
sensor for hypoxia (Papandreou et al., 2008). The other method is through hypoxia-
inducible factor 1 (HIF-1) which is a transcription factor that is activated upon local
oxygen depletion (Schofield and Ratcliffe, 2004). HIF-1 activation leads to the
expression of BNIP3 (Bcl-2 adenovirus Ela nineteen kDa interacting protein 3) and
BNIP3L (BNIP-like protein also known as NIX) which belong to the Bcl2 family of
proteins involved in cell death. BNIP3 and BNIP3L are involved in activating
mitochondrial degradation through mitophagy (Bellot et al., 2009). Whereby BNIP3L
interacts with GABARAP (one of the mammalian homologues of ATG8) as well as Rheb
(upstream of mTOR) (Li et al., 2007; Schwarten et al., 2009). BNIP3L can interact with

other survival factors and release Beclin1 which can induce autophagy.
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Figure 1-7 Activation of autophagy through reactive oxygen species and hypoxia.
Reactive oxygen species can oxidise residues on the cysteine protease ATG4, which
would normally cleave ATG8/LC3 from the autophagosome, promoting ATG8/LC3

lipidation and autophagy. Hydrogen peroxide can also activate autophagy though the
PARP1/AMPK pathway. Reactive oxygen species can damage DNA which can lead to
the DNA damage response activating p53 and eventually autophagy. Hypoxia can lead
to autophagy activation either through the AMPK pathway or through activation of the
HIF transcription factor and the BNIP3/Beclinl pathway.

1.2.5 Pathogens

Autophagy is also activated in response to pathogens (Figure 1-8) and many
pathogens have evolved methods of evading phagocytic degradation. For example,
some pathogens can puncture the phagosome membrane and escape into the
cytoplasm where they can grow and divide (Colombo, 2007). Autophagic degradation
through autophagosomes is a key method of eliminating and limiting the growth of
many pathogens such as Salmonella typhimurium and Burkholderia pseudomallei
(Birmingham et al., 2006; Cullinane et al., 2008). Not only the bacteria itself, but
autophagy can be an effective way of dealing with bacterial toxins such as those

produced by Vibrio cholerae (Gutierrez et al., 2007). The autophagic degradation of
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foreign molecules is called xenophagy, which is discussed in more detail later in this
chapter. The signal to start autophagy manifest through various receptors which are
stimulated by pathogens. Toll-like receptors (TLR) are a key player in mammalian
innate and adaptive immunity, and act as a method of autophagy activation. Different
TLRs respond to different bacterial components and activate the immune system
primarily through T-cell activation. TLR7 detects ssRNA, TLR2 detects zymosan and
TLR4 binds lipopolysaccharide (LPS) (Delgado et al., 2008; Sanjuan et al., 2007).
Majority of TLRs signal through downstream adapter proteins, the main two being
MyD88 and TRIF. These adapters that mediate the crosstalk between immunity and
autophagy. MyD88 and TRIF can prime innate and adaptive immune cells through the
NF-kB pathway but can also act to upregulate pathogen clearance through autophagy.
It has been suggested that the two adapters are able to work together in the presence
of bacterial components such as LPS to activate autophagy through reducing the
interaction of Beclinl with Bcl-2 (Shi and Kehrl, 2008). Moreover, cytokines such as
interferon-y can activate autophagy and is the signalling molecule most important in
dealing with intracellular Mycobacterium tuberculosis. Interferon-y promotes the
fusion of Mpycobacterium tuberculosis containing autophagosomes with late
endosomes and lysosomes (Gutierrez et al., 2004). Viral infections and viral genetic
material lead to the protein kinase R (PKR)/elF2a pathway which activates autophagy
and has been shown to involved in the degradation of Herpes simplex virus type 1

(HSV-1)(Talloczy, Virgin and Levine, 2006).
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Figure 1-8 Autophagy activation through pathogens. Toll-like receptors 2, 4, and 7,
detect zymosan, LPS and ssRNA respectively and can activate autophagy through the
adapter molecules TRIFF and MyD88. Cytokines such as interferon-y are very important
triggering the fusion of Mycobacterium containing autophagosomes with lysosomes.
Viruses such as herpes simplex 1 virus leads to autophagy activation through the protein
kinase R/elF2a pathway.
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1.2.6 Transcriptional Regulation

Upon autophagy activation, for example through starvation, not only is there
activation and mobilisation of the autophagic machinery but the transcription of many
autophagy proteins like LC3/ATGS8 are upregulated (Figure 1-9). Transcription factor
EB (TFEB) is part of the microphthalmia-associated transcription factor (MiTF) family
of transcription factors and plays an important role in the activation of autophagy
(Settembre et al., 2011). TFEB is usually sequestered in the cytoplasm through its
phosphorylation by many different kinases including the mTOR complex. Once
dephosphorylated, through phosphatases such as PP2a, it can translocate into the
nucleus where it is able to activate a plethora of autophagy related genes including
GABARAP, ATG9B and ATG5. (Martina et al., 2012). TFEB, like other basic-loop-helix

leucine zipper transcription factors, binds to DNA at the CANNTG motif which must be
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flanked by the CLEAR motif (coordinated lysosomal expression and regulation motif).
Many of these CLEAR motifs are found upstream of lysosomal genes such as protein
channels and hydrolytic enzymes (Sardiello et al., 2009). TFEB also upregulates the
expression of genes involved throughout the autophagy process including initiation,
phagophore elongation and lysosomal fusion. Similarly, class O forkhead box
transcription factors (FOXO) family, control the transcription many autophagy related
genes (ULK1, ULK2, ATG12 and LC3). Growth factor signalling leads to activation of
AKT which phosphorylates FOXO family members and retains them in the cytoplasm.
P53, a major tumour suppressor protein, is also thought to be involved in the
transcriptional regulation of autophagy. Although our understanding is limited, P53
can activate the transcription of many autophagy genes, as well as control the
transcription of TFEB and FOXO family genes (Di Malta, Cinque and Settembre, 2019).
When P53 is not in the nucleus it acts as a negative regulator of autophagy through
an unknown mechanism (Di Malta, Cinque and Settembre, 2019). E2F1 and NF-kB are
transcription factors that work antagonistically to control transcription of BNIP3, the
hypoxia related autophagy protein, as well as other autophagy genes. During a hypoxic
state NF-kB, the negative regulator of BNIP transcription is released from the

promotor of BNIP3 so that E2F1 can upregulate its transcription (Shaw et al., 2008).
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Figure 1-9 Regulation of autophagy through transcription. Transcription factors such as
the FOXO family of proteins and TFEB are sequestered in the cytoplasm through
phosphorylation by kinases such as mTOR and AKT. Upon dephosphorylation through
phosphatases like PP2a they can enter the cytoplasm and switch on the transcription of
autophagy related genes. P53 and E2F1/NF-kB are also transcription factors involved in
this.

1.2.7 Epigenetic regulation

As well as at the level of transcription, autophagy is epigenetically regulated
through DNA methylation, histone modifications (methylation and acetylation), and
micro-RNAs. There is evidence to show DNA methylation on the promotor region of
autophagy genes including, ULK2, beclin1, LC3, LAMP2, DAPK and others (Hu, 2019).
Methylation of CpG islands in the promotor regions of genes usually results in
transcriptional inhibition. However, this process is reversible, and demethylation can
restart transcription of such genes. Histone acetylation also has a role in autophagy
regulation. SIRT1 histone deacetylase (HDAC), removes acetylation from histone

H4K16ac and inhibits basal autophagy levels, whereas hMOF a histone acetyl
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transferase (HAT) counteracts this effect. AMOF itself is an autophagy substrate which
leads to a reduction in histone acetylation and acts as a negative feedback loop
(Hargarten and Williamson, 2018). Interestingly, many of the HATs and HDACs that
acetylate and deacetylate histones post-translationally modify non-histone proteins
including autophagy proteins. Therefore, when analysing experiments involving up
and down regulation of these enzymes, it can be hard to determine whether the
primary driver of autophagy induction/inhibition is the histone modification or
cytosolic protein modification. Histones can also be methylated, however, this can
both activate and supress transcription depending on the histone as well as the
methylated residue (lysine or arginine). For example, methylation of histone
H3R17me?2 leads to the transcription of TFEB, one of the key transcription factors that
activate autophagy. While histone H3K9 methylation leads to the silencing of many
autophagy linked genes such as LC3B and WIPI1 (WD-repeat protein Interacting
with Phospholnositide 1) (Hu, 2019). Micro-RNAs are small single stranded RNA
molecules that are complementary to certain mRNAs and promote their degradation
before translation can happen. Evidence suggests that miRNAs play a role in
autophagy regulation. MIR34 has been shown to target Bcl-2 and the HDAC SIRT1
which both play a role in autophagy. Other microRNAs have been shown to interact

with BENC1, ATG4, Rheb1, TFEB and many other transcripts (Lapierre et al., 2015).

1.2.8 Post-translational modification

Post-translational modifications of proteins play an important role in the
regulation of autophagy. Phosphorylation of proteins is one of the key methods to
activating or sequestering proteins in the cell. Some examples of post-translational
modification have already been mentioned (Section 1.2.6). mTOR inhibits autophagy
mainly through phosphorylating autophagy proteins. AMPK is activated in nutrient
starved conditions through its phosphorylation and, being a kinase itself, acts on
downstream proteins through phosphorylation. The activity of TFEB and PKCO are

both controlled through their phosphorylation. Another example of where
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phosphorylation regulates autophagy is the phosphorylation of beclinl by JNK and
DAPk which activate autophagy (Wei et al.,, 2008; Zalckvar et al., 2009). Other
important post-translational modifications include glycosylation, acetylation, and
ubiquitination (Xie et al., 2015). Glycosylation is an important modification in
membrane trafficking and the secretory pathway. ATG9 is a membrane protein that is
glycosylated and has a key role in growing the phagophore membrane through
coordinating membrane transport. SIRT1 the histone deacetylase mentioned
previously (Section 1.2.7) also has a dual effect of removing acetylation from histones
as well as autophagy related proteins. One target of SIRT1 is the FOXO3 transcription
factor which can activate autophagy. Ubiquitination also plays a role in autophagy
regulation. Two autophagy proteins that are ubiquitinated include BENC1 and ULK1.
Ubiquitination of BENC1 can regulate its interaction with BCL2, whereas ubiquitination
of ULK1 can stabilise and activate it (Xie et al.,, 2015). As well as activation of
autophagy, ubiquitination plays an important role in the selection of cargo which is

discussed in more detail later in the chapter.

1.3 Initiation of Autophagy

Two key components of autophagy are the initiation and nucleation of the
phagophore membrane are the ULK1 (Unc51-like kinase 1)/ATG1 complex and the
class lll phosphatidylinositol 3-kinase (PI3KCIII).

1.3.1 ULK1/ATG1 Complex

The signals for the initiation of autophagy usually converge on the downstream
ULK1 (mammals)/ATG1 (yeast/Drosophila) complex. The yeast and Drosophila ATG1
complex comprise of ATG1, ATG11, ATG13, and ATG17-ATG29-ATG31. The
mammalian ULK1 complex consists of ULK1, FIP200 (Focal adhesion kinase family-

interacting protein 200 kDa), ATG13, and ATG101 (Hurley and Young, 2017). Under
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normal fed conditions, the mTOR1 complex would hyperphosphorylate ATG13 and
ULK1/ATG1 preventing the formation of the ULK1/ATG1 complex. However, once
autophagy has been triggered, for example through starvation, there is inhibition of
mTOR which inactivates its kinase activity on ULK1/ATG1. This alone is not enough and
widespread dephosphorylation of the ULK1/ATG1 complex through currently
unknown phosphatases is also necessary (Wong et al., 2013). In addition, there is
dimerization of ULK1/ATG1 followed by the specific autophosphorylation of Thr 180
in ULK1 and Thr 226 in ATG1 which activates ULK1/ATG1 (Li and Zhang, 2019). This
then encourages the formation of the ULK1/ATG1 complex and enables its kinase
activity. Therefore, are careful balance between autophosphorylation and
hyperphosphorylation through mTOR and other means controls whether the
ULK1/ATG1 complex forms or not. Although not as well studied, the acetylation and
ubiquitination state of ULK1 also seems to play a role in its activation. TIP60, which is
downstream of AKT/GSK3B pathway, in mammals has been shown to acetylate and
activate the ULK1 complex (Lin et al., 2012). Lysine ubiquitination of ULK1 by Cul3-
KLHL20 ligase complex leads to its degradation (Liu et al., 2016). It is thought that this

degradation acts as a negative feedback loop to prevent excessive autophagy.

Once the ULK1/ATG1 complex has been activated, it needs to be recruited to
the phagophore initiation site. In yeast, autophagy is initiated at the pre-
autophagosome structure (PAS). In mammals, the membrane for the phagophore can
come from many different membrane bound organelles and forms around the PI(3)P
rich omegasome. In both mammals and yeast, assembly at the autophagy initiation
site is regulated through ATG13 phosphorylation (Suzuki et al., 2007). In yeast, ATG17
is the first to arrive at the PAS along with its accessory proteins ATG29 and ATG31,
which is then able to act as a scaffold to recruit ATG1 and ATG13. It is thought that
mammalian recruitment of ULK1 transpires in a similar way (Cheong and Klionsky,
2008). As mentioned previously, the ULK1 complex has kinase activity, the targets of
which include other members of the ULK1 complex, the PI3KC3-C1 complex and ATG9
(Papinski and Kraft, 2016).
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1.3.2 PI3KC Complex

Phosphatidylinositol 3-kinase (PI3K) phosphorylates phosphatidylinositol
which produces phosphatidylinositol 3-phosphate (PI(3)P), a key player in autophagy
initiation (Dikic and Elazar, 2018). PI3Ks form three complexes class I, class Il and class
[Il PI3KC. Each plays a role in autophagy, however, the class Il PI3KC is particularly
important in autophagy initiation. In yeast and Drosophila, the class Il PI3KC complex
is the VPS34 (vacuolar protein sorting 34) complex which forms a complex with Vsp15
(P150 in mammals), ATG6 (beclinl in mammals) and ATG14L (ATG14 in mammals)
(Juhasz et al., 2008). Class lll PI3Ks forms two complexes PI3KC3-C1 and PI3KC3-C2
(Kihara et al., 2001; Itakura et al.,, 2008). PI3KC3-C1 is involved in phagophore
membrane elongation while PI3KC3-C2 with the help of UVRAG (UV radiation
resistance-associated gene protein) is involved in autophagosome/endosome
maturation. The interaction of PI3KC3 with beclinl is necessary to increase the levels
of PI(3)P. It is the sequestering of beclin1 through its binding to Bcl-2 that prevents
the interaction with PI3KC3 from occurring (Dikic and Elazar, 2018). The sequestration
of beclinl is inhibited through methods such as toll-like receptors signalling or the
ubiquitination of beclinl. PI(3)P is involved in the targeting of autophagy protein to
the phagophore membrane. Some of these autophagy proteins include: Atg18, Atg20,
Atg21, and Atg24 (He and Klionsky, 2009). ATG14L/ATG14 is necessary to target PI3KC
to the PAS of yeast and the autophagy initiation site in mammals (Li and Zhang, 2019).
Two other important proteins part of the complex are ATG38 (NRBF2-nuclear receptor
binding factor 2 in mammals) and AMBRA1 (activating molecule in BENC1-regulated
autophagy protein 1). NRBF2/ATG38 helps with the kinase activity of PI3KC3-C1.
AMBRA1 is a phosphorylation target for the ULK1 complex, which then goes on to
activate PI3KC3-C1. Although extensive work has not been carried out on this protein,
it is thought that AMBRA1 helps with the PI3KC3 complex assembly (Li and Zhang,
2019). The primary role of PI3KC-C1, along with the other recruited ATG proteins, is
to recruit the ubiquitin-like conjugation system ATG12-ATG5-ATG16 and ATGS8-

phosphatidylethanolamine (PE) which is discussed later.
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1.3.4 ATG9/COPII Vesicles

ATG9 is a six-transmembrane protein that is phosphorylated by ULK1 and is
important in autophagosome formation. Both ATG9 containing vesicles and COPII
vesicles are necessary components (Hurley and Young, 2017). Trafficking between the
ER and Golgi happens through specialised ER regions called ER exit sites (ERES), it is
here that COP Il vesicles are found. ATG9 vesicles, which are very small and referred
to as micro-vesicles, are derived from the Golgi. Upon autophagy activation, the
protein Sec24 on the COPII vesicle membrane is phosphorylated (T324, T325, T328)
by the Hrr25 kinase, and a number of these vesicles are redirected to the PAS or
autophagy initiation site (Wang et al., 2017). Therefore, COPII vesicles provide a
mechanism whereby membrane can be exchanged form the ER to the growing
phagophore. Similarly, ATG9 containing vesicle relocate to the autophagy initiation
site from a vesicle reservoir which is found close to the Golgi. The activation of ATG9
as well as its cycling between the PAS/autophagosome and the vesicular pools are
necessary for autophagosome formation (Reggiori and Tooze, 2012; Reggiori et al.,
2004). Therefore, ATG9 can also be seen as a delivery mechanism to donate
membrane to the growing phagophore membrane. However, it should be noted that
ATG9 vesicles are small and do not provide anywhere near enough membrane to form
an autophagosome and the membrane donated is likely just a requirement of the
initial phagophore membrane growth (Yamamoto et al., 2012). Mammalian ATG9 is
not found on closed autophagosomes therefore, it is likely removed before this

process is completed.

1.3.5 ATG5-ATG12 Conjugation

Phagophore extension and formation of the autophagosome requires two
ubiquitin-like (Ubl) systems. One of these is the ATG5-ATG12 conjugation system. The
E1 activating enzyme equivalent, ATG7, uses a molecule of ATP and forms a thioester

bond with ATG12. The ATG12 is then transferred to ATG10, the E2 conjugating enzyme
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equivalent, and then finally attached to lysine 130 on the substrate ATG5, forming an
isometric peptide. There does not appear to be an equivalent E3 ligase enzyme and
the conjugation works without it. This is because the E2 conjugation like enzyme
ATG10 directly recognises the substrate ATG5 and transfers the ATG12 (Geng and
Klionsky, 2008). A pair of ATG12-ATG5 then forms a complex with ATG16 (ATG16L in
mammals) and dimerises. The ATG12-ATG5-ATG16 complex then attaches to the
growing phagophore membrane (Mizushima, Noda and Ohsumi, 1999). One of the
roles of the ATG12-ATG5-ATG16 complex it to promote curvature of the phagophore
membrane and to form/recruit LC3B-II/ATG8-PE which is discussed next. This complex
forms even without the induction of autophagy, and similar to ATG9, it is not found
on a completed autophagosome so is removed through some mechanism (Barth, Glick
and Macleod, 2010). It is worth noting here that there is a lot of interplay between
the two conjugation systems (ATG5-ATG12 and ATG8-PE), which will be discussed in

more detail later.

1.3.6 LC3 Processing

LC3 (microtubule associated protein 1 light chain 3) is the mammalian
homologue of the yeast ATG8 protein (ATG8a in Drosophila), which is part of the
second Ubl conjugation systems in autophagy. In fact, mammals contain a family of
ATG8 proteins which fall into two sub-families known as the microtubule-binding
protein-1 light-chain-3 (MAP1LC3, also known as LC3), and GABARAP (GABA type A
receptor associated protein)/Golgi-associated ATPase enhancer of 16 kDa (GATE-16).
(Weidberg et al., 2010). LC3A, LC3B, LC3C is part of the LC3 family, while GABARAP,
GABARAPL1 (GEC1), GABARAPL2 (GATE-16), GABARAPL3 is part of the
GABARAP/GATE-16 family. Drosophilas have two ATG8 proteins; ATG8a and ATGS8b.
ATG8a is the only one which has ubiquitous expression and is known to be vital for
autophagy. LC3 processing (Figure 1-10) refers to the proteolytic cleavage of LC3
followed by the Ubl conjugation of the lipid phosphatidylethanolamine (PE) to LC3.

LC3 is expressed as a full-length protein and when autophagy is induced, it is cleaved
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into LC3-I by the cysteine protease ATG4. Parallel to the ATG5-ATG12 conjugation,
LC3-lis activated by the E1 activating enzyme equivalent, ATG7, and then transferred
onto PE by ATG3. The membrane bound form of LC3-I is known as LC3-II-PE (or ATG8-
[I-PE in yeast). The process of LC3B attaching to a membrane is sometimes referred to
as LC3 lipidation. ATG3 is the E2 conjugating enzyme equivalent(Geng and Klionsky,
2008). GABARAP is processed in a very similar way. Since autophagy induction leads
to a conversion of LC3-I to LC3-Il, the conversion of LC3 to a lipidated molecule is a
commonly used marker for autophagy induction (Kirkin et al., 2009). LC3Il is found on
both the outside and inside of the phagophore membrane and has various effects. For
one, it has been shown to promote hemi-fusion of membranes in liposomes (where
only the outer layer of two membranes fuse together), leading to liposome
aggregation. Considering that the lack of ATG8 in cells leads to much smaller
autophagosomes, it is thought that this hemi-fusion process can be involved in the
growing of the phagophore membrane. Interestingly, upon ATG4 binding to LC3B, it
blocks the binding to PE (Li and Zhang, 2019). Therefore, ATG4 also acts to dissociate
LC3 from the autophagosome membrane. ATG8/LC3B is also critical to the selection

of cargo through a very specific motif, this is discussed at length in a later chapter.
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Figure 1-10 LC3 processing. This includes cleavage of LC3 into LC3-I followed by the
ubiquitin-like conjugation system. This results in the formation of LC3-PE (LC3 conjugated
to phosphatidylethanolamine (PE)). As well as being involved in the initial cleavage
process, ATG4 is also involved in dissociation of LC3 from PE once the autophagosome is
fully matured. There is also evidence that ATG12-ATG5 complex (described below) is the
E3 ligase in this process.
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The ATG12-ATG5 conjugation system interacts with the ATG8-PE conjugation
system. As well as being part of the ATG12-ATG5-ATG16 complex which binds to the
phagophore membrane, ATG16 appears to be very important in the formation of both
ATG12-ATG5 and ATGS8-PE. In an in-vitro system, it was shown that ATG12-ATG5 itself
was able to promote the formation of ATG8-PE (Walczak and Martens, 2013; Zens,
Sawa-Makarska and Martens, 2015). There is also evidence that ATG12-ATG5 can act
as an E3 ligase enzyme for ATG8-PE. ATG12-ATGS5 interacted with ATG3, the E2
conjugating enzyme equivalent for the ATG8-PE conjugation system, and promoted

the transfer of ATGS8 to PE (Li and Zhang, 2019).

1.4 The autophagosome

1.4.1 Cargo Selection

Autophagic degradation of cellular material was largely thought to be a non-
specific bulk process. This is because when looking at the contents of
autophagosomes, there was usually a variety of contents for example, mitochondria,
ER, Golgi, and aggregated proteins. However, it is now known that autophagy can
happen in a very selective manner through receptors and adapters. The exact
mechanism of selective autophagy in different species is discussed in detail later in
the chapter. Both bulk and selective autophagy can happen alongside each other and

there is usually a basal level of autophagy continuously occurring in cells.

Whether the phagophore membrane comes first and then cargo is recruited
to the site or the phagophore membrane forms around already present cargo is
dependent on the cause of autophagy (Zaffagnini and Martens, 2016). Starvation
induced autophagy seems to involve the formation of a phagophore membrane
upstream of cargo selection. However, when autophagy is occurring independent of
starvation, for example basal autophagy, the autophagic membrane appears to form

around the cargo to be degraded. In this scenario, cargo accumulates in one location
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and recruits various autophagy adapters and scaffold proteins. This in turn will activate
the autophagic machinery and trigger the formation of an isolation membrane around
the cargo. The Cvt pathway (Cytoplasm to vacuole targeting pathway) is a commonly
used model of selective autophagy in yeast and provides evidence of cargo selection
being upstream of phagophore nucleation (Lynch-Day and Klionsky, 2010). The Cvt
pathway involves the use of the autophagic machinery to sequester hydrolases in
autophagosomes and deliver them to the vacuole (yeast lysosome). When the protein
preApel, a cargo for the Cvt pathway, was deleted in yeast, it reduced basal
autophagy through preventing the recruitment of autophagy proteins to the PAS
(Shintani and Klionsky, 2004). However, starvation induced autophagy in the same
yeast was unaffected. Another piece of evidence for this model is during the selective
degradation of mitochondria (Mitophagy). Cargo receptors binding to damaged
mitochondria recruit autophagy proteins and trigger the formation of an
autophagosome around the mitochondria (Lazarou et al., 2015). Thus, it seems to be
that when there is the selective autophagy of specific proteins or organelles, the cargo
is what triggers the formation of the autophagosome. Whereas for starvation induced
autophagy, the phagophore membrane nucleation occurs upstream of cargo

selection. This is likely how most bulk degradation pathways occur.

1.4.2 Autophagosome maturation and fusion

The phagophore elongates and eventually closes off to form an
autophagosome. Once the autophagosome has been sealed, it undergoes maturation
which includes the removal of various autophagy proteins (Reggiori and Ungermann,
2017). The main one being ATG8/LC3 which in turn may destabilise other autophagy
proteins and lead to their dissociation. In yeast, when cells were expressing post
cleavage ATG8 and had ATG4 knocked down, they were able to form autophagosomes
but unable to fuse with the vacuole (Yu et al., 2012). This highlights the importance of
ATG4 action to dissociate ATG8 form the autophagosome. Similarly, PI3P
phosphatases (such as Ymrl and Sjl2/Sjl3), which remove PI2P from the
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autophagosome are also necessary for the fusion step to happen (Parrish, Stefan and
Emr, 2004). In mammalian cells, the importance of ATG4 and PIP3 phosphatases in
LC3/PIP3 removal is less characterised but various PIP3 phosphatases being involved
in autophagy initiation have been identified. As well as the removal of ATG proteins,
the recruitment of the fusion machinery, and the cellular localisation of the
autophagosome and vacuole/lysosome, is also a part of autophagosome maturation
(Nakamura and Yoshimori, 2017). This process occurs differently in yeast compared

to metazoan cells.

In yeast, fusion of the autophagosome with the vacuole requires various
factors including the HOPS (homotypic vacuole fusion and protein sorting) tethering
complex, SNAREs, and Rab7-like Ypt7 protein. The RAB GTPase Ypt7 requires the
guanine nucleotide exchange factor (GEF) Mon1-Ccz1 (Nordmann et al., 2010). The
HOPS complex is able to bind both Ypy7 and SNAREs, therefore able to connect the
two on different membranes (Stroupe et al., 2006). There are various SNARE proteins
found to be involved in autophagosome fusion including: Vam3, Vtil, Vam7, and Ykt6.
Vam7 appears to be particularly important as it interacts with ATG17, which is part of
the ATG17-ATG31-ATG29 complex. Without this interaction, there is a significant
reduction in autophagosome fusion (Reggiori and Ungermann, 2017). Unlike yeast,
the fusion of the autophagosome happens with both the late endosome
(amphisomes) and the lysosome. In metazoan cells RAB7 is required for
autophagosome fusion with late endosomes and lysosomes, and it was found that in
Drosophila, the GEF is also Mon1-Ccz1 (Hegedus et al., 2016). The recruitment of
HOPS to the autophagosome was suggested to be mediated by UVRAG (VPS38 in
yeast) which itself is regulated by mTORC1, making this another point of autophagy
control (Kim et al., 2015). HOPS in metazoan cells binds indirectly to RAB7 through the
GTPases ARL8, RAB2 and RAB7-interacting lysosomal protein. Additionally, other
proteins have been found to be very important in the autophagosome fusion process
such as PLEKHM1 (Plekstrin homology domain-containing family M member 1),
TECPR1 (Tectonin beta-propeller repeat-containing protein 1), and RUFY4 (RUN and
FYVE domain-containing Protein 4). PLEKHM1 promotes fusion by being able to
interact with both LC3 and HOPS (McEwan et al., 2015). TECPR1 seems to modulate
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its fusion effect through its interaction with the ATG12-ATG5 conjugate and PI3P
(Chen et al., 2012). RUFY4 promotes tethering of autophagosomes with lysosomes as
it contains both a RUN domain and an FYVE domain which allows it to interact with
small GTPases and PI3P respectively (Terawaki et al., 2015). The need for fusion
proteins to be binding both LC3 and PI3P seems contradictory to the previously
mentioned removal of these components during the maturation of autophagosomes.
An explanation for this may stem from incomplete removal of ATG8/LC3 and PI3P,
resulting in small clusters of these proteins remaining in position for fusion.
Alternatively, maturation and fusion can happen simultaneously, where fusion can
take place while the last few molecules of LC3 and PI3P are being cleaved off the
autophagosome. The SNAREs involved in metazoan autophagosome fusion include
SYN17 (Syntaxin 17), SNAP29, and VAMP7/8 (Itakura, Kishi-ltakura and Mizushima,
2012). There is also some evidence that ATG14L, which forms part of the PI3P kinase

complex, supports the assembly of these SNAREs (Diao et al., 2015).

1.4.3 Degradation and release of products

Once the autophagosome has fused with the lysosome, the lysosomal
hydrolases will have access to the autophagosome cargo and can degrade it. An
important hydrolase found in yeast vacuole is the Atg15/Aut5/Cvt17, a lipase which
has a role in the degradation of autophagic bodies in the vacuole (Epple et al., 2001).
Lysosomes in metazoan cells will receive both intracellular material from the
autophagosome as well as extracellular material from the endocytic pathway. The
primary role for the degradation of these molecules, is to reuse the material for the
synthesis of new macromolecules. To get the breakdown products back into the
cytoplasm, transporters and permeases are needed. In yeast this includes, Atg22, Avt3
(SLC36A1/LYAAT-1in mammals) and Avt4 (SLC36A4/LYAAT-2 in mammals) (Sagne et
al., 2001). However, much is unknown about this process. Another use for the
degradation products includes regeneration of storage molecules like glucose, where

processes like gluconeogenesis in the liver rely on these materials. Similar to this, the
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degradation products can be used directly as a source of energy through the

tricarboxylic acid cycle (TCA cycle) (Mizushima, 2007).

1.5 Selective Autophagy

1.5.1 The Cvt Pathway in yeast as a model for selective autophagy

The Cvt pathway is commonly used as a way of modelling selective autophagy
(Lynch-Day and Klionsky, 2010). The role of the Cvt pathway is to deliver hydrolases,
including aminopeptidase 1 (Apel) and a-mannosidase (Amsl), to the vacuole. In
yeast, the vacuole serves a similar purpose to the lysosome in mammalian cells. The
stages of the Cvt pathway delivery are very similar to autophagy, where there is a PAS,
which sequesters the cargo in a double membrane vesicle ready for fusion with the
vacuole. However, the selective Cvt vesicle is much smaller (=150 nm) than the bulk
degradation autophagosome under starved conditions (500 nm) (Lynch-Day and
Klionsky, 2010). This Cvt vesicle is then able to fuse with the vacuole and release its
contents where it is degraded and transported back out of the vacuole. Hydrolases
that are transported into the vacuole through this pathway become activated once
inside the vacuole and can then carry out their degradation functions. The selective
nature of this pathway comes from the specific hydrolases (precursors of Apel and
Ams1) being selected as cargo. Cargo is usually selected for sequestration through
cargo receptors. Apel is more well studied, and it was found that ATG19 (originally
called Cv19) was the receptor which recognises Apel (Leber et al., 2001; Scott et al.,
2001). In the Cvt pathway, there is also a specificity factor that connects the receptor
on cargo to the autophagic machinery. In the case of Apel the specificity receptor is
Atgl1 and its main job, through its interaction with ATG19, is to transport the cargo
to the PAS (Yorimitsu and Klionsky, 2005). Once there, a particular motif on the ATG19
called an LIR motif (LC3-interacting region) allows it to bind to ATG8 (Yamasaki and
Noda, 2017). The LIR motif and its binding pocket in ATG8/LC3 is a highly conserved

44



motif throughout eukaryotic organisms and this is discussed in detail in the next
section (Birgisdottir, Lamark and Johansen, 2013). There are many examples of
selective autophagy in yeast including the selective degradation of mitochondria
(mitophagy) and the selective removal of peroxisomes (pexophagy) (Kraft, Reggiori
and Peter, 2009). As mentioned previously in selective autophagy it is the cargo and
cargo complex with its receptors/adapters that comes first followed by its

sequestering into vesicles.

1.5.2 ATG8/LC3 and the LIR Motif

The majority of selective autophagy interactions discovered so far occur
through the LC3-interacting region motif (LIR motif) (Birgisdottir, Lamark and
Johansen, 2013). This motif is found on a select number of proteins and binds the LIR
docking site (LDS) found on the ATG8/LC3 protein found on the surface of the growing
phagophore membrane. LIR motif containing proteins are usually proteins that are
selectively degraded through basal levels of autophagy. However, they also include

receptors and adapters that can act as a specific bridge between ATG8 and cargo.

The first targets for selective autophagy to be discovered were the p62
receptor and the Cvt cargo protein ATG19. As alluded to previously, the role of
autophagy receptors is to bind both cargo and the ATG8 on the phagophore
membrane, which sequester cargo for degradation. Once it was identified that p62
contained a motif which specifically binds ATG8 (Pankiv et al., 2007), two groups, Noda
et al and Ichimura et al, were able to provide structural evidence for this interaction
(Ichimura et al., 2008; Noda et al., 2008). This was done through structural techniques
such as NMR and x-ray crystallography. Similar experiments were conducted for the
interaction between ATG19 and ATGS8. The general LIR motif has the consensus
sequence of [W/F/Y]-x-x-[L/I/V] where x represents any amino acid (Birgisdottir,
Lamark and Johansen, 2013). The W/F/Y and the L/I/V are the most conserved
positions amongst eukaryotes and are the most important. This is because these two

hydrophobic amino acids bind the two hydrophobic binding pockets found on the LIR
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docking site (LDS) of ATG8/LC3 protein. The most common amino acids in these two
positions are W and L and so sometimes the motif is simply referred to as WxxL. It was
also determined that the amino acids flanking the LIR motif are also important.
Upstream of the tryptophan (W) and/or downstream of leucine (L) are usually acidic
residues typically aspartic acid (D) and glutamic acid (E) but could also be
serine/threonine (S/T). Pankiv et al showed that three aspartic acid residues upstream
of tryptophan (W) was important for the interaction of p62 with LC3B (Pankiv et al.,
2007). This is likely due to the many basic residues which surround the first and second
hydrophobic binding pocket on ATG8 (HP1 and HP2). The fact that serine/threonine is
also present flanking the LIR motif is indicative of a potential control mechanism
through post-translational modification (phosphorylation). The two x amino acids in
the centre (now referred to as x1 and x2) usually have hydrophobic or acidic residues.
The second amino acid, x2, is the most flexible and can sometimes contain basic
residues (Johansen and Lamark, 2020). LIR motifs which contain an F in the first
position tend not to have as high of an affinity for the hydrophobic binding pocked on
ATG8a as motifs with W. However, for F containing LIR motifs, x1 seems to be a lot

more important.

It is worth noting that not every protein which contains a LIR motif is able to
interact with ATGS8. Popelka and Klionsky helped narrow down the number of
potential functional LIR motifs in a protein of interest (Popelka and Klionsky, 2015).
They did this by using modelling to determine disorder propensity of different LIR
motifs and discovered that many LIR motifs tend to occur in intrinsically disordered
protein regions (IDPR). In many cases during interaction of a LIR motif protein with
ATGS, the disordered region becomes ordered into a B-pleated sheet (occasionally a
helices), to allow binding to the LIR docking site. Intrinsically disordered regions also
tend to be phosphorylated more easily which could play a role in binding. The Nezis
lab has used the in-silico analysis of functional LIR motif to create a new consensus
sequence which extends the WxxL motif on either side. This motif, called xLIR, was
(ADEFGLPRSK)(DEGMSTV)(WEFY)(DEILQTV)(ADEFHIKLMPSTV)(ILV) where WFY and ILV

are the two main hydrophobic residues. This information, along with the prediction of
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intrinsically disordered regions, was then used to create a webtool which helps

identify likely functional LIR motifs (Jacomin et al., 2016; Kalvari et al., 2014).

As mammalian cells have different forms of ATGS8, including LC3 and the
GABARAP family of proteins, different LIR motifs show preference to certain forms of
ATG8. There are many LIR motif containing proteins that have a higher affinity for
GABARAP than LC3, some that bind exclusively to GABARAP and a few that are specific
to LC3 (Johansen and Lamark, 2020). LIR motifs which bind specifically to GABARAP
family of proteins was given the name GABRAP interaction motif (GIM), which has the
consensus sequence [W/F]-[V/I]-x-V (Rogov et al., 2017). There are of course some
exceptions to this motif, where some motifs do not contain a valine (V) or isoleucine
(1) at position 2 or a valine (V) at position 4. The C-terminal end of the LIR motif up to
position x10 in GIMs are very important as many seem to contain a lot of hydrogen
and hydrophobic interactions (Johansen and Lamark, 2011). However, not every LIR

motif which bind GABARAP specifically have a GIM.

There are also some LIR motifs which do not follow typical consensus
sequence. For example, one of the two main amino acids (W/F/Y and L/I/V) could be
missing, yet the interaction with ATG8/LC3 is maintained. An example of this is
NDP52/CALCOCO2 which does not have the first aromatic residue in its LIR motif (von
Muhlinen et al., 2012). The interaction with LC3 is maintained as other hydrophobic
residues can interact with the LDS. Examples of LIR motif proteins that have the
second hydrophobic amino acid missing are Bcl-2 and TRIM5a. (Ma et al., 2013;
Mandell et al., 2014). Similarly, a protein called UBAS (ubiquitin like modifier activating
enzyme 5) has a modified LIR motif W-G-I-E-L-V, which not only bind the first and
second hydrophobic binding pocket on GABARAP with Isoleucine (I) and valine (V), but
also a new third hydrophobic binding pocket with its tryptophan (W) residue. This new
binding pocket is only exposed during binding to LC3 as big changes to the proteins

3D structure allows this to be possible (Habisov et al., 2016).

1.5.3 ATG8/LC3 and the UIM Motif
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There has been identification of proteins that interact with ATG8 but not
through the characterised LIR motif LDS interaction. For example, the Vierstra group
identified RPN10 as cargo receptor for the autophagic degradation of the proteasome
in Arabidopsis in a LIR motif independent manner (Johansen and Lamark, 2020;
Marshall et al., 2019; Lei and Klionsky, 2019). This group recently identified and
characterised a novel motif which interacts with a different region on the ATG8
protein. They called this the ubiquitin interacting motif (UIM) which interacts with the
UIM-docking site (UDS) on ATG8. By using alanine substitution on plant ATG8 and the
3D structure of yeast ATGS, they located this UDS site. This UDS is located on the
opposite side to the LDS and so the simultaneous binding of a LIR motif containing
protein and UIM containing proteins is possible. The group showed the binding of UIM
containing RPN10 and LIR motif containing DSK2 (dominant suppressor of KAR 2) was
possible (Marshall et al., 2019).

The UIM, being only recently discovered, is broadly characterised as a 20
amino acid long sequence which takes the form of an amphipathic a-helix. The UDS
domain is described as having a conserved phenylalanine surrounded by many
hydrophobic residues. However, exact points of interactions are not yet known as no
structural biology experiments with a protein bound to ATGS8 via the UDS have been
done. In Arabidopsis there is a family of proteins called the plant ubiquitin regulatory
X domain proteins (PUX) which interact with ATG8. Of these, PUX7_ARATH,
PUX8_ARATH, PUX9_ARATH and PUX13_ARATH seem to bind ATG8 through the UIM-
UDS interaction (Marshall et al., 2019; Lei and Klionsky, 2019). As well as existing in
Arabidopsis, the UIM-UDS interaction is conserved in humans and yeast. In yeast
proteins Entl and Ent2, as well as Ubx5 bind ATG8 through the UDS. In humans,
Epsin1/2/3, Rabenosyn, Ataxin-3 and Ataxin-3L bind either LC3 or GRABARAP through
their UIM motifs. UIM/UDS interactions have yet to be identified in Drosophila.

A recent unpublished paper also described the UIM-UDS interaction in
mammalian ATG9 proteins (Ting Zhang, 2020). This includes both ATG9a and ATG9b.
It was shown that the ATG9s not only co-localise with the autophagosome, but also
directly interact with LC3 through the UDS domain. ATG9a has one predicted UIM and
ATGY9b has two. The interaction of ATG8 with proteins through the UIM-UDS domain
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seems to be very important at recruiting autophagy receptors and adapters to the

autophagosome site. Over the next few years, more functional UIM containing

proteins are likely to be discovered.

1.6 Autophagy adapters and substrates

Below is a table summarising key autophagy adapters and substrates discussed in the

next two section.

Table 1 — Key Autophagy receptors, adapters, and substrates

Adapter/ Adapter/ Role Reference

substrate substrate

name name

(Human) (Drosophila)

P62/SQSTM1 | Ref(2)P Adapter involved in (Zaffagnini and
degradation of Martens, 2016)
ubiquitinated proteins

NBR1 Adapter involved in Johansen and Lamark,
degradation of 2011
ubiquitinated proteins and
pexophagy

NDP52 Xenophagy Zaffagnini and

Martens, 2016

Optineurin Xenophagy, aggrephagy, Sharma et al., 2018
mitophagy

Alfy Blue cheese | Adapter involved in Filimonenko et al.,
degradation of 2010
ubiquitinated proteins

SNX18 SH3PX1 Regulation of autophagy Knaevelsrud et al.,

2013
CKA Movement of Neisch, Neufeld and
autophagosomes Hays, 2017
ULK1 ATG1 Regulator of autophagy Alemu et al., 2012
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The interaction between ATG8/LC3 and proteins to be selectively degraded
usually happens through receptors or adapters. The recognition of cargo by autophagy
adapters is largely controlled through the post-translational modification of target
proteins, specifically ubiquitination. The majority of adapters bind ubiquitinated
proteins through one of three ubiquitin binding domains: UBA domain, UBAN domain
and UBZ domains (Behrends and Fulda, 2012). The most well-known adapter is the
P62/SQSTM1 found in mammals which is an autophagy adapter which can bind
ubiquitinated proteins through its UBA domain. P62 also has a LIR motif through which
it can tether selective cargo to LC3 on the autophagosome membrane. The UBA
domain on P62 specifically recognises K48 and K49 polyubiquitin chains. Different
ubiquitin binding domains have different preferences. Other adapters include the
neighbour of BRCA1 (NBR1), optineurin (OPT) and nuclear dot protein 52 (NDP52).
These proteins are discussed in detail in the following section (Abert, Kontaxis and

Martens, 2016).

Selective autophagy can also happen through autophagy receptors. NIP3-like
protein X (Nix) (also known as BNIP3L), is a mitophagy (selective degradation of the
mitochondria) receptor which anchors its transmembrane domain to the outer
mitochondrial membrane (Ding et al., 2010). It is through this receptor that the
selective clearance of mitochondria takes place. Nix also seems to play a role in the
ubiquitination of damaged mitochondria for its targeted degradation. BNIP3 is
another mitophagy receptor which seems to be important in the selective degradation

of mitochondria in hypoxic conditions (as does Nix) (Zhang and Ney, 2009).

Post-translational modification is not only important for cargo selection, but
also important for activation of functional LIR motifs. As mentioned previously, there
are sometimes serine and threonine residues upstream of a LIR motif that can be the
target of phosphorylation. Approximately 25% of LIR motifs contain this
serine/threonine upstream of the motif, which can be used as a method of activating
or inactivating the functionality of the LIR motif (Birgisdottir, Lamark and Johansen,
2013). Optineurin, an autophagy adapter, recruits TBK1 which phosphorylates
optineurin at position S117 (the amino acid just before the LIR motif) which improves

its binding to LC3B (Wild et al., 2011). The negatively charged modification interacts
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with Lys51 and Arg11 on LC3. S17 and S24 residues on BNIP3 which flank the LIR motif
when phosphorylated show improved binding to ATG8. Whether or not this LIR motif
is phosphorylated determines if BNIP3 induces apoptosis or pro-survival (mitophagy)
(Zhu et al., 2013). An example of phosphorylation negatively affecting LIR motif-LDS
binding is with FUNDC1 (Liu et al., 2012). This protein is inactivated upon
phosphorylation, and unable to carry out its function as a selective mitophagy
receptor. Under hypoxic conditions, the protein is dephosphorylated and mitophagy
can continue as usual. There is also some evidence to suggest that the ATG8 protein
itself may be phosphorylated to control which LIR motifs it may or may not bind, but
more work is needed to verify this phenomenon (Cherra et al., 2010). A more detailed
description of different autophagy receptors and adapters are discussed in the

following section.

1.7 Examples of selective autophagy substrates

1.7.1 P62/SQSTM1

The mammalian/yeast p62/SQSTM1 gene produces the ubiquitin binding p62
protein also known as sequestosome 1. As mentioned previously, this is an autophagy
adapter that aids in the degradation of ubiquitinated cargo, such as aggregated
proteins and pathogens (Zaffagnini and Martens, 2016). p62 is part of a group of
autophagy adapters/receptors called the sequestosome-1-like receptors which also
include: NBR1 (neighbour of BRCA1), NDP52 (nuclear dot protein 52), TAX1BP1 (tax1
binding protein 1) and OPTN (Optineurin) (Birgisdottir, Lamark and Johansen, 2013).
The p62 protein is well studied in humans and mammals. The human p62 protein
contain 440 amino acids which contains a PB1 (Phox and Bem1p domain) domain, ZZ-
type zinc finger domain, nuclear localisation signal, LC3 interaction motif (LIR), KEAP1
interacting region motif, and a UBA (ubiquitin associated) domain (Johansen and

Lamark, 2011). The most important of these for selective autophagy are the LIR motif,
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the UBA domain and the PB1 domain. The UBA domain allows p62 to bind
ubiquitinated proteins, and the LIR motif allows it to bind to the LDS on LC3. This allows
it to act as a bridge holding the ubiquitinated cargo to the autophagosome membrane.
The p62 protein as well as the Cvt cargo receptor in yeast (ATG19) was among the first
selective autophagy adapter discovered. More recently, structural biology
experiments have determined the exact points of interaction between the LIR motif
on p62 and the LIR docking site (LDS) on ATG8a/LC3 (Kim, Kwon and Song, 2016). The
PB1 domain of p62 is its polymerisation domain that means p62 along with any bound
cargo can aggregate and strengthen its interaction to the autophagosome. This can
counteract the fact that individually the UBA domain does not have a very high affinity
for ubiquitin. The UBA domain of p62 also shows additional specificity to the type of
ubiquitination. Once polymerised, p62 has a higher affinity for K63-linked and linear
ubiquitin chains (both mono and poly-ubiquitin chains) (Johansen and Lamark, 2011).
p62 is most well-known for its role in the selective degradation of proteins and
aggrephagy, but it is also involved in pexophagy, xenophagy and mitophagy.
Pexophagy and mitophagy through p62 is dependent on the E3 ligase PARKIN which
is discussed in chapter 6 (Sharma et al., 2018). p62, along with other members of the
sequestosome-like receptor family of protein, was initially found as a selective
autophagy adapter to Salmonella (xenophagy receptor). As bacteria are ubiquitinated
upon entry to the cytosol, they can be recognised by the ubiquitin binding domains of
such proteins and targeted to the LC3 protein on the autophagosome through the LIR
motif. There is evidence of p62 being the selective autophagy adapter in the
degradation of S. typhimurium, S. flexneri and M. tuberculosis. Similar to other
adapters, the phosphorylation of p62 by TANK-binding kinase 1 (TBK1) enhances its
xenophagy activity (Sharma et al., 2018).

Ref(2)P (Refractory to sigma P) is the Drosophila homologue of the p62 protein
with similar domains and functions. This protein is regularly used in this study as a

marker of autophagic impairment and is discussed in more detail in chapter 3.
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1.7.2 NBR1

NBR1 is another member of the sequestosome-like receptors. Although, this
protein is much bigger, at 966 amino acids, it shares many of its domains with p62
(Johansen and Lamark, 2011). These include the ZZ-type zinc finger domain, the PB1
domain, the LIR motif, the UBA domain as well as domains unique to NBR1. As
supported by its domain structure, NBR1 has a very similar role to p62 as an autophagy
adapter. It tethers ubiquitin labelled cargo to the ATG8/LC3 on the autophagosome
through its UBA domain/LIR motif. The UBA domain of NBR1 seems to prefer K63
polyubiquitin chains. Therefore, there is some redundancy in the roles of NBR1 and
p62. However, there is a lot of evidence to suggest a more co-operative nature in the
function of p62 and NBR1. The PB1 domain found in p62 not only allows for homo-
polymerisation, but also hetero-polymerisation with the PB1 domain of NBR1 (Lamark
et al., 2009). Because this interaction happens in a slightly different region of the PB1
domain on p62, clusters of p62 as well as NBR1 at the phagophore membrane is seen.
Both NBR1 and p62 also seem to have a role in pexophagy, the autophagic
degradation of peroxisomes. The binding of NBR1 to peroxisomes involve the UBA
domain and the upstream amphipathic a-helical J domain, the LIR motif, and an
additional coiled coil domain (Deosaran et al., 2013). Once NBR1 is on the peroxisome
it recruits p62. Although both proteins are necessary for pexophagy under basal
conditions, p62 is no longer required when NBR1 is overexpressed. It is worth noting
that in the presence of p62, this process is more efficient, reinforcing the co-operative

nature of NBR1 and p62.

1.7.3 NDP52

NDP52, also known as calcium-binding and coiled-coil domain-containing
protein 2 (CALCOCO?2), is a selective autophagy receptor involved in the selective
degradation of bacteria (xenophagy) and damaged mitochondria (mitophagy)

(Zaffagnini and Martens, 2016). NDP52 contains a coiled- coiled domain, two zinc
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finger domains, galectin-8 binding region (Galbi), and a LIR motif. The coiled-coil
region allows for dimerization and the two zinc finger domains are what make up the
ubiquitin binding ability of this protein (UBZ type). The LIR motif of NDP52 is a non-
canonical LIR motif and specifically binds LC3C (Birgisdottir, Lamark and Johansen,
2013). When bacteria invade the cytosol of mammalian cells, they are usually
ubiquitinated as a signal to be degraded through autophagy (Behrends and Fulda,
2012). Similarly, bacteria can also be decorated with galectin-8, a protein which binds
B-galactoside-containing glycans. another marker that can be recognised by NDP52.
Therefore, NDP52 acts as an autophagy adapter by binding bacteria covered in
ubiquitin and/or galectin-8 and attaching it to the autophagosome membrane
through its interaction with LC3 (Viret, Rozieres and Faure, 2018). In terms of
specificity with ubiquitin, it was shown that NDP52 can bind both individual and
polyubiquitin chains (regardless of whether it is K48 or K63 linked). Much work has
been done on NDP52 as an autophagy adapter specifically for the degradation of
Salmonella bacteria (von Muhlinen et al., 2010). The autophagy adapter p62 has also
been shown to be involved in this degradation. Once NDP52 binds ubiquitinated
bacteria, it recruits TANK-binding kinase 1 (TBK1), an IKK family member also found
on the surface of cytosolic bacteria. NDP52 and TBK1 has been shown to degrade
bacteria other than Salmonella such as Streptococcus pyogenes. NDP52 also has a
paralogue called TAX1BP1/CALCOCO3 which has functional redundancy with NDP52
(Kirkin and Rogov, 2019). TAX1BP1 was shown to be important in the selective
degradation of S. typhimurium. It performs this selective degradation by binding to

the myosin motor VI and promoting autophagosome fusion with the lysosome.

1.7.4 OPTN

Optineurin (OPTN) is an autophagy adapter involved in xenophagy, aggrephagy
and mitophagy (Sharma et al., 2018). The human Optineurin protein is a 577 amino
acid protein of which there are 4 isoforms generated through alternative splicing.

Optineurin contains two ubiquitin binding domains which are of the UBAN type, a zinc
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finger domain, a leucine zipper domain, multiple coiled-coil domains, a NEMO-like
domain and a LIR motif (Ryan and Tumbarello, 2018). Again, the protein acts like other
adaptors in the sense that it recognises mostly polyubiquitin chains on autophagy
cargo and directs them to LC3 on the growing autophagosome membrane through its
LIR motif. In terms of xenophagy, optineurin was recognised to be involved in the
selective degradation of Salmonella, specifically S. enterica (Wild et al., 2011). Many
of these bacteria become covered in ubiquitin and thus were recognised through the
ubiquitin binding domains on optineurin. Optineurin is required along with NDP52 and
P62 for this process. Similar to NDP5, optineurin requires TBK1 to enhance its activity
(Sharma et al., 2018). Optineurin is needed as one of the final players in mitophagy to
provide bind the targeted mitochondria to the autophagosome membrane via its LIR
motif. Similarly, p62 is also recruited to the surface of the mitochondria but on a
distinct part of the mitochondria. However, it was shown that while optineurin is
mandatory for efficient mitophagy, p62 was not (Wong and Holzbaur, 2014).
Optineurin is also a part of the degradation of aggregated proteins (aggrephagy) and
is a key player in the degradation of ubiquitinated mutant Huntington-containing
aggregates (Shen et al., 2015). Overexpression of the p62 protein has been implicated
in the progression of many cancers. Optineurin, along with the tumour suppressor
protein HACE1, have a joint effect of supressing tumours through the increasing the

autophagic degradation of damaged proteins and p62 (Liu et al., 2014).

1.7.5 Alfy

Alfy is a mammalian autophagy receptor involved in the selective degradation
of ubiquitinated proteins (Filimonenko et al., 2010). It binds to and works alongside
p62, while also being PI(3)P and ATG5 interactors. Therefore, Alfy acts as a scaffold
protein that recruits other proteins to the autophagosome. It is a very large 3527
amino acid protein with a C-terminal ZZ-type zinc finger domain, BEACH domain,
WD40 repeats and an FYVE domain. Alfy has also been shown to interact with LC3C
and GABARAPs through a LIR motif dependent interaction (Lystad et al., 2014).
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Blue cheese is the Drosophila homologue of the mammalian Alfy protein. It is
a highly conserved protein and has similar C-terminal domains to its human
counterpart (Finley et al., 2003). Blue cheese mutant flies have ubiquitinated protein
aggregates in the brain which are Ref(2)P/p62 positive. This suggests that the
degradation of ubiquitinated proteins via Ref(2)P is blue cheese dependent. These

flies also have a reduced lifespan and age-related phenotypes like neurodegeneration.

1.7.6 SNX18/SH3PX1

SNX18 (SH3PX1 in Drosophila) is a mammalian sorting nexin protein involved
in membrane deformation/remodelling and endocytic trafficking. It also has a role as
a positive regulator of autophagy (Knaevelsrud et al., 2013). When SNX18 is knocked
down, no LC3 positive autophagosomes could form, however an overexpression of
SNX18 increased the numbers of LC3 positive autophagosomes. Therefore, SNX18
likely has an important role in the formation of autophagosomes. SNX18 has also been
shown to interreact with all members of the LC3 family of proteins apart from
GABARAP2, however this interaction is not LIR motif dependent. Instead, SNX18
interreacts with LC3 family through a WDDEW motif. The Drosophila homologue of
SNX18, SH3PX1 has similar functions and has been shown to interact with ATG8a.

1.7.7 CKA

CKA (connector of kinase to AP1) in Drosophila is a scaffolding protein that also
has a role in autophagy in specific cells (Neisch, Neufeld and Hays, 2017). CKA in
Drosophila is a 730 amino acid protein, which contains a striatin domain, a coiled coil
domain and several WD40 domains. In Drosophila larval motoneurones CKA has been
shown to facilitate the movement of autophagosomes to the assembly site for
lysosomal fusion. CKA can interact with dynein (a motor protein) as well as ATG8a

through a LIR motif dependent manner.
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1.7.8 ULK1/ATG1

ATG1 is the Drosophila homologue of mammalian ULK1. ATG1 is an 855 amino
acid serine/threonine kinase. Both the Drosophila and mammalian form of this protein
has been shown to interact with ATG8a and the LC3 family of proteins respectively in
a LIR motif dependent manner (Alemu et al., 2012). ATG1/ULK1 is described earlier
and is a regulatory protein found upstream of autophagosome formation. It acts as a
scaffold that recruits other ATG proteins required for the formation of
autophagosomes. ATG1/ULK1 is also found on the surface of autophagosomes,
recruited through the LIR motif interactions. This means ULK1 likely has roles in early-
stage autophagy initiation as well as downstream of autophagosome formation
(Nakatogawa et al., 2012). LIR motif mutations in yeast ATG1 only affects its role in

late autophagy events.

1.7.8 Organellophagy

There are also many autophagy receptors involved in the selective degradation
of organelles such as the mitochondria, nucleus, and ER. This is discussed in more

detail in chapter 6.

1.8 Studying Autophagy in Drosophila Melanogaster

1.8.1 Drosophila Melanogaster as a model organism
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Drosophila melanogaster make an excellent model organism due to being
small, cost effective, easy to maintain and able to produce large numbers of progeny.
They also have a very short lifecycle where; at 25°C, it takes 10-12 days to reach
adulthood from an egg. This includes the 5 days of 3 larval stages and 3-5 days of

pupae metamorphosis. Adults typically live for approximately 2 months.

Once the Drosophila genome was fully sequenced, it was found that it shares
60% homology with humans, making Drosophila useful for studying human diseases.
In fact, 75% of genes in humans that are linked to diseases have a counterpart in
Drosophila. The genes in Drosophila also have far less redundancy compared to
humans, which makes studying the function of individual genes through
overexpression or RNAi much easier. The genetics of Drosophila is also much simpler,
the total 13,900 fly protein coding genes are spread across only 4 chromosomes
(Kaufman, 2017). Mutant lines in Drosophila are usually maintained through balancer
chromosomes, which are homologous chromosomes that contain many inversions
and so prevent recovery of chromatids after recombination. Balancers usually also
contain a marker gene, such as the CyO balancer of the second chromosome which
gives flies curly wings, for easy identification. This helps maintain a mutation in a
population and help identify flies that are heterozygotes and homozygotes for the
mutant gene. The balancer itself contains recessive lethal mutations to ensure all flies

contain at least one copy of the mutant gene (Yamaguchi M., 2018).

1.8.2 Genetic tools available in Drosophila

Drosophila are very easy to genetically manipulate with mobile transposable
elements being the most common method used. Transposable elements can be used
to introduce mutations as well as introduce new genetic material into the genome
(Venken and Bellen, 2014). There are also systems that allow tissue and cell specific

expression of genes such as the GAL4-UAS system and the FRT-FLP system.

The GAL4-UAS system is a targeted gene expression system (Brand and

Perrimon, 1993). GAL4 is a transcription factor that binds to an upstream activating
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sequence (UAS) to allow expression of any downstream genes. This system requires
the use of two fly strains. One that contains a tissue specific expression of the GAL4
transcription factor (known as a driver line) and another strain which contains a
transgene with an upstream UAS signal. When these two lines are crossed, GAL4 will
drive the tissue specific expression of a transgene. This can also effectively be used for

gene knockdown by replacing a transgene for an RNAIi sequence.

The FRT-FLP, known as the FLP-out system, is commonly used in conjunction
with the GAL4-UAS system for mosaic expression of genes in tissues (Golic and
Lindquist, 1989). The FLP-out system requires a site-specific recombinase called
flipase, the expression of which can be induced through heat-shock (Hs-FLP) and a
FLP-out cassette. FLP recombinase recognises the FLP recognition site (FRT) which
allows recombination at these sites. The FLP-out cassette contains a marker gene and
a transcriptional termination signal flanked by the FRT sequences. Flies would usually
have a transgene downstream of a UAS sequence as well as the GAL4 transcription
factor which is downstream of a ubiquitous promotor. This would normally mean the
transgene is expressed in every cell. However, the GAL4 gene and its promoter would
contain the FLP-out cassette in between preventing its transcription. When these flies
are grown at 25°C, there will be some leaky expression of the Hs-FLP recombinase.
This recombinase would “Flip out” the cassette and allow normal GAL4 expression and
subsequent UAS-transgene expression. This will only happen in the subset of cells
which express the FLP recombinase, creating a mosaic pattern of expression where

cells expressing the transgene will be next to cells that don’t.

Both the GAL4-UAS system and the FLP-out system allow the expression of

genes in specific tissues/cells without altering the normal function of every tissue.

1.9 Project Outline

This project can be divided into two main sections. The main objective of this

project is to further develop our understanding of selective autophagy specifically the
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LIR motif and ATG8a-LDS interactions. This will involve a screening process that will
identify new LIR motif containing proteins. This will be carried out using CRISPR-Cas9
and ATG8a-LDS mutants that should accumulate many LIR motif-containing proteins.
Quantitative proteomics can then be used to identify novel ATG8a interactor proteins.
Once identified, an interesting protein from the proteomics will be selected and
studied further. The physiological significance of the LIR motif LDS interaction will be

investigated as well as the broader functions of the protein.
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Chapter 2 Materials and Methods

2.1 Fly stocks

Table 2 List of fly stocks

Name Genotype Source/ID
Wild Type (WT) w[1118] Well Genetics
da::Gal4 w[*]:Ptw[ mW.hs]“GAL4- Bloomington Stock Centre
da.G32uUH1, Sb[1]/TM6B, Tb[1] (55851)

Atg8aK® y P{hsFLP} Atg8a [KGO7569] Gifted from Gabor Juhdsz,
University of Budapest.

GMAP RNAi — P{KK107249}VIE-260B Vienna Drosophila Resource

108063-KK Center (VDRC) (108063)

Control RNAi — KK
library

FLP-out mCherry-
Atg8a

ATG8a LDS mutant

GMAP LIR mutant

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

yw, hsflp;, UAS- mCherryAtg8a;

Ac>CD2>GAL4/SM66

w([1118], Atg8a K48A Y49A CRISPR/

FM7a

w[1118], Gmap F322A V325A

CRISPR/ FM7a

Vienna Drosophila Resource
Center (VDRC) (60,100)
Lab Stock

Well Genetics

Well Genetics

ATG8a-LDS mutant and GMAP-LIR mutant flies were generated by Well

Genetics (Taipei City, Taiwan (R.0.C)). Point mutations were introduced using

PBacDsRed system, where excision of the selectable marker was done using PiggyBac

(PBac) Transposition. Excision was validated by genomic PCR and sequencing. For

experimental uses, homozygous flies (white eyes) were selected and used. Wild type

flies provided by well genetics were used as controls throughout.
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For GMAP RNAI fly experiments, GMAP RNAi or the associated control RNAi fly
lines were crossed with the full body driver line (da::GAL4). This created offspring that
expressed RNAIi in the whole fly. These flies were aged 1-2 weeks before used
experimentally. To produce mCherry-ATG8a/GMAP RNAi expressing mosaic flies,
GMAP RNAIi was crossed with FLP-out mCherry-ATG8a. Offspring from this cross had
tissues where some cells were expressing both mCherry-ATG8a and the relevant RNAI
and some cells expressing neither. The same cross was also done with the control
RNAI. These flies were used to visualise the morphology of the autophagosome with

or without GMAP knockdown. Method for crossing is described in the next section.

2.2 Fly Husbandry

2.2.1 Fly maintenance and fly food

Fly stocks were kept at 18°C at 70% relative humidity, while flies for
experimental uses were kept at 25°C at 70% relative humidity, both in plastic tubes.
Stocks were transferred to new food every 3-4 weeks and experimental flies were
transferred every 2-3 days. To manipulate flies and view under a light microscope a
gas pad with continuous carbon dioxide supply was used. Fly food recipe is as follows:
42g inactive dry yeast (Dutscher Ltd. Ref. 789126), 60g yellow cornmeal, 130g sucrose
(Sigma-Aldrich), 5.5g agar, 6ml propionic acid, Nipagin 15ml, to 1 litre of water.

2.2.2 Drosophila crosses

For all genetic crosses males were added to female virgins (identified by the
presence of a meconium and unexpanded wings) at a ratio of 3:1. Virgins were

collected and left for 2 days to confirm their virginity.
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2.2.3 Starvation

Starvation of flies and larvae was done through transferring flies into plastic
tubes with 20% sucrose solution in distilled water. These flies were left for 4 or 24

hours for all starvation experiments.

2.3 Lifespan assays/ageing

1-2 days old flies were collected over a 24-36 hr period. One hundred flies per
genotype were collected and split into 20 flies per tube. Flies were transferred to new
food every 2-3 days and the number of deaths recorded. Similarly, when 1-3 weeks
old flies were needed, flies are collected over 36 hours and transferred to new food
every 2-3 days. This was repeated twice for three biological repeats and so 300 flies
from each genotype were collected all together per experiment. All Drosophila lines

used were isogenic.

2.4 Molecular Biology/Cloning

Molecular biology enzymes and buffers were acquired from New England

Biolabs unless states otherwise.

2.4.1 DNA extraction from Drosophila

To verifying CRISPR mutant flies, genomic DNA from flies was extracted.
Extraction was done using a slightly modified protocol of the QIAGEN DNeasy Blood
and Tissue Kit. To create fly lysate 20 flies were frozen in dry ice and lysed in the lysis

buffer provided in the kit, the rest of the steps were identical to the protocol provided
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with the QIAGEN kit. The concentration of the DNA sample was determined using a
NanoDrop ND-1000 spectrophotometer (Thermo Scientific, DE, USA). Mutations (of
ATG8-LDS mutant flies) were confirmed by the LightRun Tube sequencing services of

Eurofins genomics (Germany). Primers used for this is in Table 5.

2.4.2 Plasmids

pET28a[+] — main plasmid used for cloning and protein expression purposes.
Contains 6x His tag for detection and purification, T7 promotor, and Kanamycin

resistance gene.

pGEX — used for GST pull down experiments, contains only the GST tag alone,
GST with Drosophila ATG8a (GST-ATG8a), or GST with Drosophila ATG8a-LDS mutant
(GST-ATG8a-LDS mutant).

Both plasmids were created and verified in the lab.

2.4.3 Plasmid amplification and PCR clean up

Both amplification of plasmids and clean-up of PCR products was done using
the respective QIAGEN kit. QlAprep® Spin Miniprep Kit was used to amplify/clone

plasmids. QlAquick® PCR Purification kit was used to clean up PCR product.

2.4.4 Polymerase chain reaction (PCR)

PCR was used to amplify gene of interest (insert) as well as to PCR verify the
successful insertion of insert into plasmid and selection of these clones. PCR was done
using the Dream Taq PCR master mix (ThermoFisher Scientific, MA, USA). Table 3

shows a typical PCR reaction mix.
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Table 3 Standard PCR reaction contents

Component Amount
Master mix 1x

Forward Primer 0.5 uM
Reverse Primer 0.5 uM
Template 100 ng

Nuclease free water Make up to 50 pl

Table 4 shows the PCR cycle conditions.

Table 4 PCR cycle conditions

Temperature °C  Time (mins) Cycles
Initial Step 95 1 1
Denature 95 0.5
Anneal Tm-5 0.5 25
Extension 72 2%
Final Step 72 15 1

* 1 min for 2 kb and 1 min for each additional kb, for example for full length GMAP

this was increased to 4 mins 15 secs.

Table 5 contains the list of primers used for generating GMAP inserts. These
include primers for full length GMAP as well as a truncated form of GMAP. The
truncated form was the first 490 amino acids of GMAP, which contained the DEFIVV
LIR motif. Complementary restriction site overhangs were also added to each end. The

restriction enzymes and their sequences were EcoRI: GAATTC and Hindlll: AAGCTT.




Table 5 Primers used for creating GMAP inserts and ATG8a sequencing

Primer Sequence
Full length GMAP forward CGGAATTCATGTCGTGGCTGAACAGC
Full length GMAP reverse CCCAAGCTTTTACTACAACAATCAGGAGTC

Truncated GMAP (aa 1-490) forward  CGGAATTCATGTCGTGGCTGAACAGC
Truncated GMAP (aa 1-490) reverse CCCAAGCTTTTATTAGTCCGCATCGTCCA
ATG8a sequencing primer GGTCAGTTCTACTTCCTCATTCG

For PCR validation of successful ligation of GMAP constructs, standard pET28a

T7 promotor forward primer was used and the truncated GMAP reverse primer.

2.4.5 Digestion with restriction endonuclease

Plasmids used contained many restriction sites, two of which were used to cut
open the plasmid to allow insertion of the gene of interest (GMAP). 1 ug of plasmid
was digested with both restriction endonucleases and rSAP phosphatase, with the
appropriate CutSmart® buffer at 37°C for 30 mins. The enzymes are then heat

inactivated by heating to 65°C for 20 mins.

2.4.6. Ligation of plasmid and insert

Reaction involves 100 ng of total DNA (with an insert to plasmid ratio of 3:1),
1 pg of T4 DNA ligase, and the appropriate buffer in accordance with New England
Biolabs instructions. Ligation conditions were 16°C overnight, after which the ligase

enzyme was inactivated through heating to 65°C for 10 mins.
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2.4.7 Transformation

1 ul of ligation mix was used to transform 50 pl of either NEB10-B or Rosetta™
2(DE3)plLacl Competent Cells, which was left on ice for 30 mins. Sample was then heat
shocked at 42°C for 20 secs, before being put back in ice for a further 2 mins. 1 ml of
growth media (SOC media for Rosetta cells and LB for NEB10-f) was then added and
incubated at 37°C with shaking for one hour. Cells were then streaked onto LB (Lennox
broth) agar plates with the appropriate antibiotic (Table 6) and incubated at 37°C

overnight. Plates were stored at 4°C and colonies selected when needed.

Table 6 Antibiotics used for selection

Antibiotic Working concentrations (ug/ml)
Ampicillin 100
Kanamycin 50
Chloramphenicol 35

2.4.8 Agarose gel electrophoresis

100 ml of 2 % agarose in 1X TAE buffer (20 mM acetic acid, 40 mM Tris, 1 mM
EDTA) was heated to boiling in a microwave and cooled before casting. 1X TAE buffer
was used and gels were run at 100 V for 60 mins. Gels was the visualised in a UV

transilluminator.
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2.4.9 Mutagenesis

Mutagenesis was used introduce point mutations in pET28a plasmids

containing GMAP. The identified LIR motif, DEFIVV, was mutated into DEAIVA using

the appropriate primers (Table 9) and the Pfu high-fidelity (HF) DNA polymerase. Table

7 shows a typical PCR reaction mix.

Table 7 Mutagenesis PCR reaction mix

Component Amount
Reaction Buffer 1x

DNA template 5-50 ng
Primer 1 125 ng
Primer 2 125 ng
dNTPS 200 uM
Nuclease free water Make up to 50 pl
Pfu HF DNA polymerase 2.5 Units

Table 8 shows the PCR cycling set up.

Table 8 Mutagenesis PCR cycle conditions

Temperature °C  Time (mins) Cycles
Initial Step 95 0.5 1
Denature 95 0.5
Anneal 55 1 18
Extension 68 1/Kb*
Final Step 68 10 1

*For pET28a containing full length GMAP this step was 10 mins, and for

truncated GMAP it was 7 mins.
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Once PCR was complete template DNA (methylated DNA) was digested

through incubation with Dpn1 at 37°C for 1 hr.

Table 9 lists the primers used for mutagenesis, highlighted in red are the point

mutations introduced. A sequencing primer upstream of GMAP was used to validate

mutation.

Table 9 Mutagenesis Primers

Primer

Sequence

GMAP LIR mutation forward

GMAP LIR mutation Reverse

GMAP Sequencing Primer

2.5 Western blotting

2.5.1 Protein extraction

GCACAGCGAGGATGAGGCCATAGTTGCACGCCAAGC
GGATGCC
GGCATCCGCTTGGCGTGCAACTATGGCCTCATCCTCG
CTGTGC

CATCGAACGCGTACGCG

Flies or larvae were collected, and once appropriately aged they were frozen

in dry ice. 10 whole flies or 20-30 fly heads were lysed in 200 pl RIPA lysis buffer using

a mechanical pestle and mortar. RIPA buffer consists of: 50 mM Tris pH 7.4, 150 mM

NaCl, 1 % Igepal, 0.5 % sodium deoxycholate, 0.1 % SDS, and a protease inhibitor tablet

(Roche). Sample was then centrifuged 13,000 rcf 4°C 10 mins, and stored at -20°C.
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2.5.2 Sample preparation

Protein concentration was determined using a protein assay (BSA assay). A
standard curve was created using known concentrations of BSA (0 — 20 pg/ml).
Bradford Reagent (BIO-RAD. Ref. 5000006) was added and absorbance measured at
595 nm. The standard curve was used to calculate the concentration of protein
samples. Protein sample at a concentration of 1 pg/10 pl was added to 1x laemmli
buffer. Sample was then boiled at 95°C for 5 mins. Stock solution of 6x laemmli buffer
consists of: 12 % SDS, 60 % glycerol, 0.12 % bromophenol blue, 0.375 M tris pH 6.8 in

water.

2.5.3 Sodium dodecyl sulphate - polyacrylamide gel electrophoresis (SDS-
PAGE) and transfer

Either 8 % or 12 % polyacrylamide resolving gels were made using stocks of:
1.5 M Tris pH 8.5, 30 % acrylamide/0.8 % bis-acrylamide, 10% SDS, 10% APS, TMED in
water. Stacking gel was made using stocks of 0.5 M Tris pH 6.8, 30 % acrylamide/0.8
% bis-acrylamide, 10 % SDS, 10 % APS, TMED in water.

Wells were loaded with 5-20 pl sample depending on well size, alongside 3 pl
of Precision Plus Protein Dual Colour Standards (BioRad, UK). Electrophoresis was run
at 50 V for 15 mins to allow sample to enter gel and then a further 60 mins at 150 V.
Running buffer consisted of: 25 mM Tris-HCI pH 6.8, 200 mM glycine, 0.1 % SDS.
Proteins on the gel was then transferred into PVDF membrane, which was soaked in
ethanol for 5 mins. Transfer was done over 60 mins at 100 V, the transfer buffer

consisted of: 25 mM Tris-HCI, 2 mM glycine, and 20 % ethanol.
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2.5.4 Immunoblotting

PVDF membranes were blocked in 5 % milk made up in Tris-buffered saline
(TBS) supplemented with 0.1 % Tween (TBST) for 40-60 mins. Membranes were
incubates with primary antibodies in TBST overnight on a roller at 4°C. Membranes
were washed in TBST. Membranes were incubated with secondary antibodies at room
temperature for 60 mins before washing in TBST and treated with ECL reagent for 2-
5 mins (GE Life Sciences). X-ray films were then exposed to the membrane and
developed (AGFA automated developer). Bands were quantified using Imagel/FlJI 2.0.
A histogram was generated for each band where the peaks were proportional to the
intensity of the band, the area under the curve was used as the quantitative value.
Where necessary these bands were normalised to control bands. Table 10 is a list of

antibodies used.

Table 10 List of antibodies used for western blotting

Antibody Dilution Source

Rabbit pAb to Ref(2)p 1:2000 Abcam

Kenny 1:5000 Gift from Dr N. Silverman
Mouse mAb to mono/poly- 1:1000 Enzo

ubiquitinated proteins (FK2)

Rabbit pAb to GM130 1:10,000 Abcam

Rabbit pAb to Syntaxin16 1:2000 Abcam

Mouse mAb to 6x His tag 1:1000 Abcam

Rabbit pAb to dGMAP 1:2000 Gift from Dr Pascal Therond
Mouse Anti-Tubulin 1:40,000 Sigma-Aldrich

Rabbit Anti-Mouse IgG HRP  1:5000 Thermo Scientific

Goat Anti-Rabbit IgG HRP 1:5000 Thermo Scientific
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2.6 Tissue staining/Immunofluorescence

2.6.1 Dissection and fixing of tissue

Larvae (feeding L3) were washed in PBS and adult flies anaesthetised with CO,.
Tissues (fat body, brain, salivary gland, gut, etc.) are then dissected in a drop of PBS
under a light microscope and placed in a collection basket in PBS. Tissues were fixed

in 4 % PFA (paraformaldehyde) for 20-30 mins.

2.6.2 Staining

Tissues are blocked and permeabilised in permeabilization buffer (0.1 %
Triton-X100, 0.3 % BSA, in PBS (phosphate buffered saline)). Tissues were incubated
with primary antibody (Table 11) diluted in permeabilization buffer overnight at 4°C.
Tissues were then incubated with secondary antibody (Table 11), diluted in
permeabilization buffer, for 2 hrs at room temperature. Wash steps took place
between fixation and antibody incubations with either PBS or PBST (PBS with 0.1 %
Tween). Nuclei were stained with 1 pg/ml Hoechst (Cell Signalling Technology, MA,
USA) in PBS for 15 mins before being left in PBS prior to mounting.

Table 11 Antibodies used for immunofluorescence

Antibody Dilution  Source
Rabbit pAb to Ref(2)p 1:500  Abcam
Mouse mAb to mono/poly- 1:500 Enzo

ubiquitinated proteins (FK2)

Rabbit pAb to GM130 1:1000 Abcam
Goat pAb anti-GMAP 1:1000 Developmental Studies Hybridoma
Bank
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Rabbit Anti-Goat I1gG CF488A 1:1000 Sigma
Goat Anti-Mouse I1gG CF488A 1:1000 Sigma
Chicken Anti-Goat I1gG CF488A 1:1000 Sigma
Goat Anti-Rabbit IgG CF568 1:1000 Sigma
Goat Anti-Mouse 1gG CF568 1:1000 Sigma
Donkey Anti-Mouse IgG CF568  1:1000 Sigma

Goat pAb to GMAP 1:2000 Developmental Studies Hybridoma
Bank

2.6.3 Mounting

Stained tissues were placed in mounting media (2 % n-propyl gallate, 70%
glycerol in PBS) on a microscope slide and covered with a cover slip. The edges of the
cover slips were sealed with nail varnish and allowed to dry in the dark. Samples were
visualised on a laser scanning confocal microscope (Zeiss LSM 880) and analysed with
Zen Software (Black edition, V.8.1). Fluorophores were excited with the following: 488
nm laser for CF488/GFP, 405 nm laser for Hoechst, 561 nm laser for mCherry/RFP.
Brain samples were viewed with a 64x/100x objective lens, whereas other tissues
were viewed at 10x/40x/63x/100x objective lens. When images were captured, they

were scanned, and an image was formed from an average of 8 scans.

2.7 Proteomics and Mass spectrometry

2.7.1 Proteomics sample preparation -Methanol/Chloroform

precipitation

After protein extraction using the method described earlier, 4x sample volume

of methanol was added to 100 pg of protein per sample. This was mixed via vortex for
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1 min at room temperature. 1x sample volume of chloroform was added vortexed for
1 min and left at room temperature for 1 min. 3x sample volume of water was added
and vortexed for one min at room temperature and then left for 10 mins at -20 °C.
this was then centrifuged at 10000 xG for 5 mins at room temperature and the top
agueous phase removed. The white interface layer was not disturbed, as this is where
the proteins are. 4x sample volume of methanol was added at vortexed for 1 min at
room temperature. This was then centrifuged a final time at 10000 xG for 5 mins at
room temperature and the liquid (methanol) removed. The protein (pellet) was first

air-dried at room temperature and then resuspended in 8 M urea buffer.

2.7.2 Proteomics sample preparation — FASP technique

The samples for mass spectrometry were prepared using the FASP method
(Filter aided sample preparation method). All the steps involve centrifugation at 8000
XxG after incubation period which is done at room temperature unless stated
otherwise. After protein extraction from whole fly or fly heads as described previously,
300 pg of protein from each sample was diluted into 8 M urea buffer (8 M Urea, 50
mM Tris, 75 mM NaCl). Sample was then added to a Millipore® protein concentration
filter tube 10 KDa (Merck, Kenilworth, USA), for 20 mins followed by centrifugation
and washed with 8 M Urea buffer. Buffer was then exchanged with 50 mM ABC
(ammonium bicarbonate) for 20 mins. This is followed by a reduction/alkylation step
which involves the addition of 10 mM TCEP (Tris (2-carboxyethyl) phosphine
hydrochloride), 40 mM CAA (chloroacetamide) in ABC incubated for 30 mins. Sample
is then washed in 50 mM ABC and digested with trypsin overnight at 37°C (2 ug trypsin
per 100 pg of protein in 200 ul of 50 mM ABC). The peptides are then eluted into a
clean tube through a 20 min centrifugation and then further eluted by repeating the
step with the addition of 400 ul water. The peptides were vacuum dried and stored at

-20°C.

The samples were run on a LC-MS (Liquid chromatography-mass

spectrometry) by the University of Warwick proteomics facility. 1ug of peptide was
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inserted into mass spectroscopy instrument. MaxQuant/Andromeda was used for
proteomics analysis, this is discussed in more detail in chapter 5. The statistical
analysis and generation of PCA/Volcano plots was done on the Perseus software and

Excel.

2.8 GST-Pulldown for protein-protein interaction analysis

GST pull down assays were used to test for the interaction between GMAP and
ATG8a wild type as well as ATG8a-LDS mutant. It was also used to test the interaction
between GMAP LIR mutated protein with ATG8a. Assay involves capturing
Glutathione-S-Transferase/ATG8a fusion proteins (bait) onto Glutathione Sepharose
beads (4 fast flow) and testing the interaction of ATG8a with recombinant GMAP and

its mutated form (prey).

2.8.1 Protein expression

Bait proteins (GST alone and GST-ATG8a) as well as prey proteins (GMAP and
GMAP LIR mutants) were expressed in Rosetta™ 2(DE3) competent cells (Novagen).
This is a protein expression strain that has an additional plasmid which contains tRNA’s
allowing for more efficient production of eukaryotic proteins. This additional plasmid
contains a chloramphenicol resistance marker. The creation of each plasmid is

described earlier.

1ug of plasmid is transformed into the competent cells through the same heat
shock technique described earlier. Once the cells are transformed, they were streaked
into an LB agar plate with the appropriate antibiotic and incubated overnight at 37°C.
A colony is then used to inoculate a starter culture of 5 ml LB media in a shaking
incubator (200 rpm, 37°C) overnight. This starter culture is used to inoculate a larger

culture (200 ml) with a 1:100 dilution, which is incubated in a shaking incubator (200
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rom, 37°C) until 0.6 ODeoo is reached. 0.5 mM IPTG (lsopropyl B- d-1-
thiogalactopyranoside) was used to include expression of recombinant protein
following which the culture was incubated in a shaking incubator (200 rpm,

approximately 16°C).

2.8.2 Lysate production

Samples were centrifuged at approximately 25,000 xG for pelleting and stored
at -20°C until ready for lysis. For lysis, the pellet was resuspended in lysis buffer (25
mM Tris pH 7.4, 100 mM NaCl, 2 mM EDTA, 0.01% B-mercaptoethanol, 1x protease
inhibitor tablet, 1ug/ml lysozyme. Sample is the sonicated 10 seconds on then 5
seconds off for 3 minutes at 35 % amplitude (EpiShear, probe sonicator, A5).
Supernatant containing protein was then collected after high-speed centrifugation

(48,500 xG).

2.8.3 GST-Pulldown

Glutathione beads were pelleted and resuspended in equal volume of lysis
buffer before use. For capturing of GST bait proteins, 100 ul of beads were added per
50 ml pelleted bacterial culture. This was incubated at 4°C on a microfuge tube
spinner for 40 mins. The beads were then pelleted and washed 3 times in high salt
buffer (25 mM Tris pH 7.4, 500 mM NaCl, 2 mM EDTA) and then washed further with

lysis buffer 2-3 times.

For the pulldown the prey lysate (GMAP or GMAP LIR mutants) was added to
the beads bound to bait protein (GST only, GST-ATG8a, and GST-ATG8a-LDS mutant).
This was incubated at 4°C on a microfuge tube spinner for 2 hrs. The beads were then
washed 3-4 times with lysis buffer followed by 3-4 washes with high salt buffer
supplemented with 10 mM imidazole. Equal volume of 2x laemmli buffer is then added

and sample heated to 95°C for 10 mins for western blot analysis.
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2.9 Software tools

2.9.1iLIR resource

The iLIR software web resource was used to identify potential functional LIR

motifs in the novel ATG8a interacting protein GMAP.

The iLIR software is an in-silico tool for identifying potential LIR motifs from an
amino acid sequence. This allows the identification of [W/F/Y]-x-x-[L/I/V] motifs as
well as the extended xLIR  (ADEFGLPRSK)(DEGMSTV)(WFY)(DEILQTV)
(ADEFHIKLMPSTV)(ILV). The software output is a list of potential LIR motifs from the
inputted FASTA amino acid sequence, a PSSM (Position Specific Score Matrix) score,
as well as whether the LIR motif is in an anchor region or not. PSSM is a scoring matrix
which assigns values to residues based on the aligned sequence, where a negative
value is for residues observed less frequently than expected and positive values for
residues which occur more frequently. Thus, the higher the PSSM score the more
confident we can be about the motif matching the xLIR sequence. Anchor regions are
regions in a protein sequence that are likely to be an intrinsically disordered region.
These are regions are more flexible as they lack secondary and tertiary structures,
making them promising locations for protein-protein interactions. Therefore, a high
PSSM score and the motif being found in an anchor region is a good candidate for a

potential functional LIR motif.

2.9.2 Statistical Analysis

Blots and confocal images were processed using Fiji/lmage J 2.0. For western
blots this was used for quantification based on intensity of the bands as described

earlier. For confocal images Fiji was used to add scale bars and measure sizes of
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subcellular structures like Golgi and protein aggregates. Statistical analysis was done
using Perseus, Excel and GraphPad Prism software. In all experiments, including
western blotting, aging, and immunofluorescence, a minimum of three biological
experiments were done for statistical analysis unless stated otherwise. For

quantitative proteomics four biological repeats were done for statistical analysis.

2.10 Chemicals and reagents

All chemicals and reagents used for experiments are listed below (Table 12). For any

chemicals not mentioned in the list their sources will be mentioned in the text.

Table 12 List of chemicals and reagents and their sources

Chemical Source

Absolute ethanol SLS Stores
Acrylamide AccuGel - SLS Stores
Agar SLS Stores

Agarose SLS Stores

Ammonium persulfate (APS) | SLS Stores

Bovine Serum Albumin (BSA) | Sigma A7906

Bromophenol blue sodium Sigma B8026

ECL reagent Amersham RPN2209
EDTA SLS Preparation room
Glutathione Sepharose Sigma GE17-0756-01
Glycerol Sigma G6279

lgepal CA-630 MP 198596
Imidazole Sigma 12399

IPTG SLS Stores

NaCL SLS Preparation room
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Lysozyme

Fisher Scientific 10249843

Ponceau S

Sigma P3504

Protease inhibitor cocktail

Roche 5892791001

(EDTA free)

SDS SLS Preparation room
Sucrose Sigma 16104

TEMED Sigma T9281
Tris-HCL SLS Preparation room
Triton X-100 Sigma 18787
Tween-20 SigmaP9416

16 % Formaldehyde

ThermoFisher 28908

2-Mercaptoethanol

Sigma M3148
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Chapter 3 Characterisation of ATG8a
K48A/Y49A Mutant Drosophila Melanogaster

3.1 ATG8a and Cargo Selection

3.1.1 Introduction

Bulk degradation of cytoplasmic material tends to be a direct response to
starvation, however, there is also the selective degradation of cytosolic proteins. The
selective degradation of these proteins usually has physiological consequences in
addition to aiding nutrient depravation. This project focusses on selective autophagy,
which involves the specific interaction between ATG8a (the Drosophila homologue of
the mammalian LC3 protein), and cargo targeted for degradation through the
autophagosome. ATG8a can interact with cargo selectively through the UIM docking
site (UDS) and the LIR docking site (LDS). Herein, we will exclusively investigate the
interaction between the LDS of ATG8a and LC3 interacting region (LIR) motif

containing proteins.

The ATG8/LC3 LDS-LIR motif interaction is highly conserved and observed in
both bacteria and viruses. Xenophagy is the selective degradation of intracellular
pathogens, through their ubiquitination and targeting of autophagosomes. Thus,
many pathogens have evolved methods of avoiding degradation through autophagy.
For example, the influenza A viral Matrix 2 (M2) protein contains a LIR motif which
interacts with LC3. The interaction of M2 with LC3 inhibits autophagy by redistributing
LC3 to the plasma membrane while also providing a method of enhancing viral
budding and virion stability (Beale et al., 2014). Legionella pneumophila is a bacterium
which produces the cysteine protease RavZ which can inhibit autophagy through the

irreversible de-lipidation of mammalian ATG8-PE. RavZ contains three LIR motif which
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localise it to the autophagosome, and mutations of these LIR motifs prevent de-

lipidation of ATG8-PE (Park et al., 2019).

The Drosophila ATG8a LDS is a site contains two hydrophobic binding pockets
and allows the binding of proteins which contain a LIR motif (Noda, Ohsumi and
Inagaki, 2010) (Figure 3-1). The conserved LIR motif is broadly defined as [W/F/Y]-x-x-

[L/I/V], although the motif has since been extended to become more relaxed.

:L-sne'v{%' ‘

Figure 3-1 The LIR motif-LDS interaction. Diagram showing the 3D structure of yeast ATG8
(Left) and rodent LC3 proteins. Two hydrophobic binding pockets can be seen, the W and L
sites where the hydrophobic residues of the LIR motif can bind. This interaction is highly
conserved through evolution. Figure adapted from (Noda, Ohsumi and Inagaki, 2010).

The interaction between cargo and ATG8a can either happen directly or
indirectly via adapters and receptors, as depicted in Figure 3-2 . An example of an
adapter is Ref(2)P (refractory to sigma P) which is a LIR motif containing protein
involved in the selective degradation of ubiquitinated proteins. It can do this by
binding to ubiquitinated proteins through a ubiquitin binding domain (UBA domain)
and targeting it to the autophagosome by interacting with ATG8a via its LIR motif. In

Drosophila, Ref(2)P is the main adapter protein which is involved in the selective
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degradation of many proteins, but other less characterised adapters and receptors

also exist.
Autophagosome
Membrns LIR motif containing protein
directly degraded through

ATG8a with AT

LIR Docking Site

Adapter Protein Protein indirectly
degraded via an
adapter protein
containing a LIR motif

Degraded Protein

Figure 3-2 Selective autophagy. Cargo selectively targeted to the autophagosome for
degradation can do so directly through interaction with ATG8a via its LIR motif or indirectly
through adapter proteins such as Ref(2)P. Ref(2)P can bind to ATG8a through its LIR motif
while also being able to bind to ubiquitinated proteins through its ubiquitin binding domain.

The initial goal of the project is to identify a panel of LIR motif containing
proteins that are autophagy adapters, receptors, or substrates. To accomplish this,

Drosophila with a full body ATG8a-LDS mutants were created.

3.1.2 Drosophila ATG8a K48A/Y49A

Two of the most important residues within the LDS is Lys-48 and Tyr-49.
Alanine substitutions at both these positions (K48A/Y49A) have been shown to
significantly reduce the LDS-LIR motif interaction. This has been extensively shown in
in-vitro studies (Tusco et al., 2017; Jain et al., 2015). Drosophila containing the
K48A/Y49A mutation have been created using Well Genetics (Taiwan, R.O.C) services.

An overview of the process is described in Figure 3-3.
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Figure 3-3 Creation of ATG8a*®~Y4%A muytant flies. A) Schematic showing the process of
mutagenesis. B) Location of K48A/Y49A mutations within ATG8a. Well Genetics used
CRISPR/Cas9 and the Piggybac™ transposition system for generation of ATG8a LDs mutant
flies. CRISPR/Cas9 was used to create double strand breaks at the target gene and
homologous recombination was used to insert the mutated DNA fragment along with the
Piggybac™ vector. The vector contains DsRed a selectable marker that can be excised using
the Piggybac™ transposase.

Well Genetics combines piggyBac™ transposition with CRISPR/Cas9 genome
editing for the seamless editing of genomic DNA. The piggyBac™ transposase

recognises inverted terminal repeat sequences (ITRs) which are on either end of the

83



transposon vector. It can then insert a DNA sequence from the transposon vector into
the chromosomal TTAA sites found throughout the genome. The transposase also
allows excision of the transposase is a seamless manner. To introduce the K48A and
Y49A mutation into the ATG8a gene, a double strand DNA donor vector was created
containing the mutation in the gene as well as the transposon. The vector also
contained a selectable marker such as DsRed, which can be used in the selection of
clones. CRISPR/Cas9 which is a site-specific nuclease is used to introduce double stand
breaks in the point mutation site. This promotes the cell to use the piggyBac™
transposase vector in homology directed repair, that incorporates the K48A/Y49A
mutations into the host genome. Once the selectable marker is used to find the
successfully mutated clones, the transposase is used to seamlessly excise the
piggyBac™ transposon from the genome. The result is a line of flies where every cell

in the Drosophila body contains the ATG8a K48A/Y49A mutations.

Since these mutations reduce the interaction of ATG8a and LIR motif
containing proteins, many LIR motif-containing proteins will accumulate in the cells of
these flies. It was understood that the phenotype of these flies would be like the
ATG8a null flies commonly used in the Nezis laboratory. In these flies, ubiquitinated
proteins and other selective autophagy substrates form protein aggregates in the
cells. If similar aggregates are seen in ATG8a K49A/Y49A mutant Drosophila, the
aggregates are likely to be enriched for LIR motif containing proteins, which can then

be identified through quantitative proteomics.

Therefore, the first experiments look to characterise the ATG8a K48A/Y49A
mutant flies, validate the LDS mutation, check they display similar phenotypes to

ATG8a null flies, and confirm their suitability for proteomics analysis.

3.2 Sequencing of ATG8a K48A/Y49A mutant flies

Multiple fly lines were sent by Well Genetics, including pre-excision lines. The

ATG8a-LDS mutant flies were labelled Ex1, Ex2, and Ex4 with their associated pre-
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excision line labelled C, F and G. All three excision lines were identical in the sense that

they had the ATG8a K48A/Y49A mutation.

To confirm the successful mutation of the ATG8a protein, genomic DNA was
extracted from each line and a small section of DNA containing the ATG8a gene was
amplified with PCR. Standard primers used for ATG8a sequencing present in the
laboratory were used for this. Figure 3-4 is the agarose gel of the PCR amplicon
showing successful amplification of the ATG8a gene. The ATG8a gene is around 351

bp long, and the amplicon generated can be seen to be under the 500 bp marker.

Ex1 Ex2 Ex4

Figure 3-4 Agarose gel showing PCR amplicon of ATG8a for sequencing. Three fly lines
(Ex1, Ex2, and Ex4) received from Well Genetics which all have the successful K48A/Y49A
mutation had genomic DNA extracted and ATG8a gene amplified using PCR. The
approximate size of ATG8a amplicon was 300 bp.

The PCR products were then quantified with a nanodrop and sequenced using
the Eurofins genomics (Germany) sequencing services. Figure 3-5 is the sequencing
chromatogram received from Eurofins confirming the K48A/Y49A mutation in all three

excision lines.
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Figure 3-5 Sequencing chromatogram of ATG8a from Ex1, Ex2 and Ex4. Sequencing was
done by Eurofins sequencing services. All three fly lines had successful incorporation of
the K48A/Y4A9A point mutations. As all three were suitable, fly line Ex2 was used from this
point onwards.

Since all three excision lines were confirmed to contain the correct ATG8a
K48A/Y49A mutation, Ex2 was selected and used exclusively from here onwards. This

Ex2 line will henceforth be referred to as ATG8aK48AY4%A mytants.

3.4 ATG8a expression in ATG8a K48A/Y49A mutant flies

The expression of the ATG8a also needed to be confirmed. This is achieved
through western blot analysis using the a-GABARAP antibody which recognises
Drosophila ATG8a. ATG8a is a 15 kDa protein and its expression in mutant flies is
shown in Figure 3-6. Expression of ATG8a can be seen in the wild type flies (WT) as
well as the ATG8aK*8# 4% mytants. This shows ATG8a is successfully being expressed
in the CRISPR mutant flies. ATG8a null flies were used as a negative control as there
was no expression of ATG8a. There is also no expression of ATG8a in the Ex2 line prior
to excision. This is expected as the selectable marker must first be excised before

proper expression can take place.
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Figure 3-6 Confirmation of ATG8a expression in ATG8a"#V¥494 ATG8a expression was
confirmed with the GABARAP antibody which, can recognise Drosophila ATG8a. Both wild
type (WT) and ATG8a *8#¥4%A expressed ATG8a. The ATG8a ¥4 |ine prior to Piggybac™
excision as well as full ATG8a mutants did not express ATG8a. Tubulin was used as a loading
control.

3.5 ATG8a K48A/Y49A mutant flies have a reduced

lifespan

Wild type flies under laboratory conditions (25°C at 70% relative humidity),
typically live for just over 2 months (65-70 days). In contrast to this, ATG8a null flies,
which are commonly used in the Nezis lab would have a lifespan of approximately half
this (30-40 days). Autophagy plays an important role in the ageing process since
defects in autophagy tend to reduce lifespan. This is due to several reasons such as
being unable to respond appropriately to starvation, the build-up of toxic aggregates,
inefficient organelle turnover or mitochondria quality control (Rubinsztein, Marino
and Kroemer, 2011). Yeast with autophagy defects were shown not to be sensitive to

lifespan extension with limiting amino acids in growth media (Matecic et al., 2010). In
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Drosophila, sestrinl is an activator of AMPK and a negative regulator of mTOR and
therefore activates autophagy. Knock down of this sestrinl protein decreased the
lifespan and promoted age related phenotypes such as muscle degeneration, as well

as cardiac and mitochondrial dysfunction (Lee et al., 2010).

The lifespan of ATG8aK*8#Y4% compared to wild type and ATG8a null flies was
assessed. 100 male flies of each genotype were collected and aged in an incubator
(25°C at 70% relative humidity) while being transferred to new food every 2-3 days.
This was repeated twice for 3 biological repeats making the total number of flies
analysed 300 per genotype. The number of deaths were recorded and the percentage

of flies that survived over time is shown in Figure 3-7.
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Figure 3-7 Lifespan assay comparing WT control flies with ATG8a*“é#Y4A mutant flies and
ATG8a mutant flies. ATG8a*¢#¥4%A had a significantly shorter lifespan than WT flies of
approximately 1 month as opposed to two months (****p<0.0001). This reduction in
lifespan is similar to that of ATG8a mutants (****p<0.0001). Graph shows % population
survival (n=3 where curves were compared using Mantel-Cox longrank test)

As expected, the lifespan of ATG8a*8#"4% flies were like the ATG8a null flies.

Both flies have a defect in autophagy, which significantly reduced their lifespan when
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compared to wild type flies. Curve comparison was performed using the log-rank
Mantel-Cox test (WT/ATG8a: chi square = 456.7 p<0.0001, WT/ATG8a 48A/Y4%A: chj
square = 400.5 p<0.0001) Statistically the lifespan of the LDS mutant flies was the
same as the full ATG8a knockout. This highlights the importance of the ATG8a-LDS-LIR
motif interaction in the overall health of the flies. Selective autophagy is involved in
many of the cells processes like pexophagy, mitophagy, aggrephagy and immunity.
Therefore, it is unsurprising that an ATG8a-LDS mutant fly would experience similar

shortening of lifespan compared to ATG8a null flies.

3.6 Accumulation of Ref(2)p, Kenny, and ubiquitinated
proteins in ATG8a K48A/Y49A mutant flies

As mentioned previously, ATG8a *#/¥49A flies cannot form ATG8a-LDS to LIR
motif interactions and so these flies will naturally accumulate proteins containing LIR
motifs. ATG8a null flies accumulate many proteins that are usually degraded by
autophagy. These are typically found in the form of protein aggregates in fly cells. To
assess the accumulation of proteins in the ATG8a-LDS mutant flies, Ref(2)p, Kenny and

Ubiquitinated proteins were analysed though western blotting.

Drosophila Ref(2)p (Figure 3-8), the mammalian p62/SQSTM1 homologue, is a
599 amino acid protein which is an autophagy adapter. It contains a LIR motif which
allows interaction with the ATG8a-LDS as well as a C-terminal UBA domain which
further facilitates interaction with K63 linked polyubiquitin chains. Therefore, this
adapter protein allows for the selective degradation of ubiquitinated proteins through
the autophagosome. Other domains in Ref(2)p include the polymerisation domain PB1
(Phox and Bem1p domain) and the ZZ-type zinc finger domain (Nezis, 2012). Ref(2)P
was shown to be a major component of protein aggregates in the brain of aged flies
and autophagy impaired flies (Nezis et al., 2008). As well as targeting ubiquitinated

proteins to the autophagosome, Ref(2)P itself is an autophagy substrate. As the main
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LIR motif containing selective autophagy cargo receptor in Drosophila, this protein

should accumulate in ATG8aK48A/Y49A mytant flies.

Ref(2)P

B _ R - 599 22

Figure 3-8 Ref(2)P domains. Diagram showing the location of key domains in the 599
amino acid Ref(2)P protein which include: Phox and Bem1p domain (PB1), ZZ-type zinc
finger domain (ZZ), Ubiquitin associated domain (UBA). The location of the LIR motif can
also be seen

Drosophila Kenny, the homologue of the mammalian inhibitor of nuclear
factor kappa-B kinase subunit gamma (IKKy) also known as NF-kappa-B essential
modulator (NEMO), is another selective autophagy receptor. Kenny is a 387 amino
acid protein, which has two coiled coil domains, a UBAN (ubiquitin binding in ABIN and
NEMO) domain and a ZnF (Zin finger motif) (Figure 3-9). Kenny along with IKKB/ird5 is
part of the IkB kinase (IKK) complex which is involved in the nuclear localisation of the
transcription factor, Relish. Relish promotes the transcription of many innate immune
genes such as the antimicrobial peptide gene, Diptericin (Rutschmann et al., 2000).
The immune deficiency (IMD) pathway is a conserved NF-kB immune signalling
pathway in insects. IKKy has been shown to be involved in selective degradation of the
IKK complex, which prevents commensal bacteria from continuously activating the
Immune Deficiency (IMD) pathway. Without this system in place, Drosophila would
experience systemic inflammation leading to death. Kenny has a functional LIR motif
which allows interaction with ATG8a (Tusco et al., 2017). Surprisingly, this interaction
is not conserved in mammals as mammalian IKKy/NEMO does not interact with LC3
family of proteins. Kenny is also degraded by autophagy itself and so should

accumulate in ATG8aK48A/Y49A mytant flies.
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Figure 3-9 Kenny domains. Diagram showing location of key domains in the 387 amino acid
Kenny protein. Domains include: two coiled-coil domains, ubiquitin binding in ABIN and
NEMO domain (UBAN), and Zin finger motif (ZnF). The location of the LIR motif is also
shown.

The accumulation of ubiquitinated proteins is a hallmark of autophagy
disruption. Ubiquitination is a common post-translational modification which is used
to tag proteins for degradation through either the proteosome or autophagy. It is
adapter proteins like Ref(2)p which contain a ubiquitin binding domain that facilitate
the selective degradation of such proteins. As alluded to previously, different adapters
and ubiquitin binding domains have different preferences to the type of ubiquitin
chains they interact with. For example, Ref(2)p and its UBA domain bind to both mono
and poly-ubiquitinylated K63 linked linear chains (Johansen and Lamark, 2011). The
FK2 antibody is often used to detect ubiquitinated proteins. Hybridoma clone FK2, is
specific to K29, K48 and K63-linked mono and poly-ubiquitinylated proteins (Fujimuro,
Sawada and Yokosawa, 1994). On a western blot, accumulation of ubiquitinated
proteins appear as a high molecular smearing. As ATG8a null flies have an autophagy
deficiency, we expect to see large amounts of ubiquitinated proteins and so a similar

result in the ATG8a-LDS mutant flies is expected.

Flies were aged 1, 2 and 3 weeks before proteins were extracted and analysed

using SDS-PAGE and western blotting (Ref(2)P, Kenny, Ubiquitinated proteins).
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Figure 3-10 Accumulation of Ref(2)P, Kenny and Ubiquitinated proteins in ATG8a 48A/Y4%A
and ATG8a mutant flies compared to WT controls. A) Flies were aged approximately 1, 2
and 3 weeks and the protein lysate extracted and blotted for the relevant protein. There is
an accumulation of Ref(2)P, Kenny and Ubiquitinated proteins in both autophagy mutant

flies with the ATG8a mutant have the most amount of accumulation. The degree of

accumulation was higher in older flies (2 and 3 weeks old). Tubulin was used as a loading
control. B) Quantification of western blot for 2-week-old flies. Autophagy mutant samples
are relative to control flies. Students t-test was used for statistical significance, n=3, error

bars show + SDs. *p<0.05, ***p<0.001.
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Figure 3-10 shows Ref(2)p accumulation in ATG8a and ATG8aX*8/¥4%A mytant
flies compared to wild type flies. There is a very small amount of Ref(2)p in wild type
flies regardless of age, since it is degraded through basal autophagy. When autophagy
is disrupted, either through loss of ATG8a or through the LDS mutant, Ref(2)P
accumulates. There is a much higher degree of accumulation in ATG8a null flies
compared to ATG8a-LDS mutant flies. The older the flies become, the more Ref(2)P
accumulates in both autophagy disrupted flies, with 3 week old flies having the
greatest amount of accumulation. ATG8a-LDS mutants seem to have an intermediate
phenotype where there is accumulation of Ref(2)P compared to wild type but not as

much as ATG8a mutants.

Figure 3-10 shows kenny and ubiquitinated proteins have a similar pattern of
accumulation. Some kenny accumulation can be seen in 1-week-old flies but its only
in 2- and 3-week-old flies where this is a lot more prominent. Again, ATG8ak4eA/Y4%A
mutants have an intermediate phenotype between wild type and ATG8a null flies. For
ubiquitinated proteins, there is much more high molecular weight smearing in the two
mutants (ATG8a and ATG8a *¢*/Y4%A) compared to wild type. This means these flies
have more ubiquitinated protein aggregates. In 3-week-old flies, there are more
ubiquitinated proteins in the ATG8a null flies compared to ATG8ak*e4Y4% mutant flies.
Quantifications of 2-week-old fly blots can be seen in Figure 3-10B, showing that the
accumulation of kenny and ubiquitinated proteins is significant compared to wild type

flies..

Accumulation of protein aggregates increases linearly with fly age, and thus
appear more abundant in a western blot. This is because there is more time for
proteins to accumulate which are normally degraded through sequestration in the
autophagosome. The fact that there are more LIR motif proteins (Ref(2)P and Kenny)
and more ubiquitinated proteins in ATG8a null flies compared to ATG8aK48A/Y4% g
promising. It suggests that proteins accumulating in the ATG8a *Y4%A gre [ikely
specifically due to the inhibition of the LDS-LIR motif interaction. Therefore,
ATG8aK*8MY49A mutant flies are likely to be enriched specifically with LIR motif

containing proteins compared to ATG8a null flies.
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The next goal is to confirm that the ATG8a*¥*¥4°A mutants have protein

aggregates similar to that of ATG8a null flies.

3.7 Visualisation of protein aggregates in ATG8a 48A/Y4%A

mutant flies

Confocal microscopy was used to visualise protein aggregates that contained
ubiquitinated proteins and Ref(2)P. Flies aged 1-week did not have a large amount of
protein accumulation (specifically Kenny and Ubiquitinated proteins (Figure 3-10).
Therefore, 2-week-old flies were used for subsequent experiments. This would give
enough time for potential LIR motif containing proteins to accumulate in

ATG8aK48AY4%A flias.

It is already known that ATG8a null flies have Ref(2)p aggregates in brain cells.
These aggregates usually co-localise with ubiquitin staining as well. This is because
Ref(2)P is required for the formation of ubiquitinated protein aggregates (DeVorkin
and Gorski, 2014; Nezis et al., 2008). Immunofluorescence with Ref(2)P and FK2
(mono- and polyubiquitin) antibodies were used to visualise these aggregates. Figure

3-11 are stained images of the mid brain of Drosophila which were aged 2-weeks.
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Figure 3-11 Accumulation of Ref(2)P and ubiquitin positive aggregates in ATG8a**##¥4% and
ATG8a mutant fly brains. Flies were aged two weeks and the brain tissue was stained for
Ref(2)P (green) and ubiquitin (Red). Co-localisation of Ref(2)P and ubiquitin staining
(arrows) are protein aggregates which are found throughout the brain in both autophagy
mutant flies. Arrows only indicate examples of the aggregates, but the aggregates are found
throughout the sample. This is not seen in control flies. DNA was stained with Hoechst. Scale
bars 60 pum.

Figure 3-11 shows Ref(2)P (green) and Ubiquitin (red) positive aggregates (white
arrow) in the brains of both ATG8aK8#/Y4% 35 well as ATG8a null flies. These aggregates
are similar in size to the nucleus (Hoechst stain — blue) and are usually found one per
cell. These protein aggregates were not present in wild type brain samples. It was then
tested whether these aggregates are also present in other tissues, specifically the mid-

gut.
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Figure 3-12 Accumulation of Ref(2)P and ubiquitin positive aggregates in ATG8a VY494
and ATG8a mutant fly mid-gut. Flies were aged two weeks and the gut tissue was stained
for Ref(2)P (green) and ubiquitin (Red). Co-localisation of Ref(2)P and ubiquitin staining
(arrows) are protein aggregates which are found throughout the gut in both autophagy
mutant flies. Arrows only indicate examples of the aggregates, but the aggregates are
found throughout the sample. Occasional aggregates were seen in control flies. DNA was
stained with Hoechst. Scale bars 60 pm.

Figure 3-12 shows the same immunofluorescence experiment with 2-week-old
Drosophila mid-gut. Some of the aggregates are highlighted with the white arrows.
Just like in the brain ref(2)P (green) and ubiquitin (red) positive aggregates can be seen
in ATG8a *8A/¥4% and ATG8a null flies. There were a few aggregates seen in wild type
samples, but they were very sparse. Many more aggregates were present in the

mutant lines and these aggregates were much bigger in size.

Since similar protein aggregates were found in ATG8aK**/Y4% flies, it suggests

that the point mutations were sufficient in disrupting autophagy. The aggregates
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present in the ATG8a *8*/Y4%A gre likely to contain proteins that specifically interact
with ATG8a through the LIR motif. It is important to note that not every protein in the
aggregate will be a LIR motif containing protein. This is because many proteins interact
with ATG8a for selective degradation indirectly. Ref(2)P and other adapter proteins
may be responsible for the degradation of many other proteins and the disruption of
the LDS-LIR motif interaction would also lead to accumulation of these proteins.
Nonetheless, there should still be an enrichment of LIR motif containing proteins in

the cells of ATG8a**#*Y4%A mutants compared to ATG8a null.

3.8 Summary

Characterisation of the ATG8aké4Y4% flies suggest that they can be used in
quantitative proteomics to identify novel ATG8a interacting proteins. The K48A/Y49A
mutation in ATG8a was confirmed through PCR and genomic DNA sequencing. It was
shown that these flies have a similar phenotype to ATG8a null flies, such as reduced
lifespan. The accumulation of LIR motif containing proteins such as Ref(2)P and Kenny
as well as ubiquitinated protein aggregates was confirmed biochemically through
western blotting and visually though confocal microscopy. Based on these data, flies
can be aged 2-weeks to allow LIR motif proteins to accumulate, with subsequent

analysis using quantitative proteomics.
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Chapter 4 Quantitative proteomics analysis of
ATG8a and ATG8a K48A/Y49A mutant flies

compared to wild type flies.

4.1 Introduction

4.1.1 Accumulation of aggregated proteins in autophagy deficient flies

Basal level of autophagy occurs all the time and is involved in the degradation
and turnover of many proteins, which has physiological consequences. Many of these
proteins are selectively chosen for degradation via the autophagosome which is the
focus of this project. Proteins that are selectively degraded through the ATG8a-LDS

and LIR motif interactions are of particular interest.

This project is focussed on identifying proteins that interact with ATG8a
specifically through its LIR motif. Using ATG8a"*%#/"4%A mutants, which have a mutated
LDS, can further help identify such proteins. In chapter 2, it was shown that these flies
have a similar phenotype to ATG8a mutant flies and show similar protein aggregates
in their cells. However, these aggregates appear smaller as rather than removing the
whole function of ATG8a only the LDS is mutated. Therefore, the proteins that
aggregate in ATG8aK*%Y4%" mutant flies are likely to be enriched for LIR motif
containing proteins. This makes using both ATG8aK*8/Y4%A and ATG8a mutant flies
advantageous over using ATG8a mutant flies alone. This is because ATG8a mutant flies
alone will have too many proteins aggregating in the cells making it too difficult to
detect specific proteins of interest. Quantitative proteomics of ATG8a*8/4%A mutant
flies alongside ATG8a mutant flies will help narrow down the number of significantly
abundant proteins. By utilising quantitative proteomics on aged flies, it is possible to

identify proteins which are significantly overabundant in ATG8a mutant and
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ATG8aK*84Y49%A mutant flies compared to wild type flies. Proteins that accumulate in
both these flies are likely to good candidates for novel selective autophagy receptors

and substrates.

4.1.2 Quantitative proteomics — LC/MS

Mass spectrometry-based proteomics is a commonly used technique in
biology. A mass spectrometer allows analysis of ionised molecules by measuring their
mass to charge ratio (m/z). The core components of a mass spectrometer include an
ion source, mass analyser, and a detector. Molecules are transferred from a liquid or
solid phase to a gaseous phase and ionised. The ionised molecules can then be
separated in a mass analyser based on their m/z ratio. This ratio is then recorded by a
detector. The output is a mass spectrum which shows the relative abundance of each

signal based on their m/z ratio (Matthiesen, 2013).

For proteomics, proteins are usually digested with a protease such as trypsin
before mass spectroscopy analysis (“bottom-up proteomics”). This is because unlike
whole proteins, peptides produce less complex spectrums, rendering the analysis
much easier. Once the protein is fragmented, it is usually separated using reverse
phase liquid chromatography (LC) before being fed into the mass spectrometer.
Reverse phase LC is a type of partition chromatography that uses a hydrophobic
stationary phase and a hydrophilic mobile phase. By combining LC with mass
spectrometry, you can obtain a series of mass spectrums as the peptides elute.
Tandem mass spectrometry is employed often in proteomics studies where peptides
are ionised (in this experiment using electrospray ionisation) and separated based on
their m/z ratio using the first analyser. The molecules are then further fragmented
(using collision-induced dissociation (CID)) into smaller ions and detected by a second
mass analyser which again separates the fragments based on their m/z ratio
(Matthiesen, 2013). The result is an MS/MS spectrum which can be used to query
spectrums to known protein databases, such as the Drosophila protein database,

using software (such as MaxQuant/Andromeda). Combining two mass analysers

99



allows for the unambiguous identification of peptides and proteins. In this study,
shotgun proteomics was employed where mixtures of proteins are digested together
and analysed using liquid chromatography — mass spectrometry (LC-MS). For
quantitative analysis, labelled, and label free methods are available. For this study,

label free quantification was used.

4.1.3 Label free quantification

Label free quantification analyses different protein samples and controls
separately (Figure 4-1). This contrasts with labelled methods such as stable isotope
labelling where different samples are labelled separately before being combined and
analysed in one LC-MS. Quantification of peptides can based on two parameters, peak
ion intensity and spectral count (Zhu, Smith and Huang, 2010). Quantification by peak
intensity is much more difficult and requires specific programs that automatically align
peak intensity values. Quantification of spectral count is much easier but requires
additional normalisation and statistical analysis. Spectral counting relies on the
quantification of the number of MS/MS spectra that belong to the same protein. The
principle is that the more abundant a protein is, the more peptides which belong to
that protein will be present in the sample. Proteins which are highly abundant have
more peptides, more sequence coverage, and contain more unique peptides.
However, larger proteins tend to have more peptides and thus more MS/MS spectra
than smaller proteins which is why normalisation is required. Normalised spectral
abundance factor (NSAF) is used to normalise label free quantification which considers
protein length (Zhu, Smith and Huang, 2010). Label free quantification by spectral

counting is the technique used in this study.
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Figure 4-1 Label free quantification technique. Control and experimental samples are
digested and analysed using LC-MS/MS separately. The proteins are then quantified using
peak intensity or spectral counts and relative abundance compared between samples.
Figure adapted from (Zhu, Smith and Huang, 2010).

4.1.4 MaxQuant and Andromeda

MaxQuant is the computational platform which was used in the proteomics
study for data analysis (Tyanova, Temu and Cox, 2016). This platform is used in the
identification of proteins and quantification of results from the raw MS/MS data.
MaxQuant utilises andromeda, which is a peptide search engine that relies on
probabilistic scoring. Andomreda generates theoretical fragment ions mass for
comparisons with the experimental MS/MS spectra. The Andromeda score is -10 times
the logarithm of matching at least k out of n theoretical masses by chance. Where kis
the number of matching ions in the spectra and n is the total number of theoretical
ions (Cox et al., 2011). Andromeda was used for the identification of proteins based
on the MS/MS spectra of peptides. MaxQuant also quantifies each protein based on

the number of peptide MS/MS spectra for each protein. The resulting output is a label
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free quantification (LFQ) value for each protein which represents its relative
abundance in the biological sample (Cox et al., 2011). For some of the data analysis,
the software Perseus was used. This software allows pre-processing, such as
normalisation and handling of missing values, as well as statistical and functional

analysis (Tyanova and Cox, 2018).

4.2 Aims and objectives

The aim of the next sets of experiments is to use quantitative proteomics to
identify novel LIR motif containing autophagy adapters, receptors, and substrates.
Protein aggregates accumulate in ATG8a and ATG8ak*3/¥4%A mutant flies compared to
wild type. The proteomics experiment was used to identify proteins significantly
overabundant in each of the mutant flies compared to wild type flies. This will
generate two lists of significant proteins; ATG8a compared to wild type and
ATG8ak*8AY4%A compared to wild type. Proteins which are significantly overabundant
in both lists can be analysed further as a potential LIR motif containing ATG8a

interactor.

4.3 Optimisation of proteomics protocol

The initial goal of the proteomics experiment is to use mass spectrometry to
identify as many proteins as possible from the fly protein sample. The Drosophila
proteome has approximately 14,000 proteins, so by identifying as many proteins as
possible, we can be confident that most of the major accumulated proteins were
identified. This required careful optimisation of sample preparation and use of the

mass spectrometer.
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4.3.1 Shotgun proteomics — methanol/chloroform precipitation

Figure 4-2 is a schematic showing the overview of the first attempt at the
proteomics experiment. Ten flies, half male, and half female, from each genotype
(wild type, ATG8aK48#/Y49% ATG8a) were collected over 2-3 days and aged 2-weeks. 2
weeks was selected as it allows sufficient time for LIR motif containing proteins, such
as Ref(2)P and Kenny, to accumulate in these flies. Therefore, this would give ample
time for other potential LIR motif containing proteins to accumulate as well. Proteins
were extracted and digested in-solution (using trypsin), using the
methanol/chloroform precipitation method. All three samples were then run on a

mass spectrometer and processed using MaxQuant/Andromeda.

From this initial first experiment (n=1), only 1103 protein were identified. This
was not a lot of proteins when compared to the total 14,000 that are in the fly
proteome. Also, Ref(2)P, a protein which is known to accumulate in autophagy mutant
flies was not identified in this experiment. It was thought that the process of methanol
precipitation technique and in-solution digestion of proteins may be losing some
proteins. Other techniques for digestion of proteins using trypsin before LC-MS was

investigated.

103



. ATG8a
Wild Type KABA/Y49A

ATG8a

Collect Male and Female
Flies over 2-3 days

&/
& A
‘ o A

@ \&
,'\:\J‘ )’}

Protein extraction of whole
flies in RIPA buffer

In solution protein digestion J

‘ Age flies 2 weeks

with methanol/chloroform
precipitation

Mass-spec anlysis
of peptides

L 4

N/
Alignment with Drosophila 1103 Proteins
Patabase J__Identified

Figure 4-2 Overview proteomics experiment using methanol/chloroform precipitation.
Using this technique, 1103 proteins were identified in the proteomics analysis. Experiment
was one biological repeat (n=1).
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4.3.2 Shotgun proteomics — Filter Aided Sample Preparation (FASP)

For the second attempt of the proteomics, a different protocol for sample
preparation was used. Filter Aided Sample Preparation (FASP) is a technique where
the detergent removal, buffer exchanges, digestion and elution of peptides is done in
an ultra-filtration tube (Wisniewski et al., 2009). For the experiment 10,000 molecular
mass cut off filtration tube was used. This technique, over in-solution digestion,

outputs pure peptides which covered much more of the proteome.

Figure 4-3 is the schematic for the second attempt (n=1) using the FASP
technique, 1843 proteins were identified which is more than the first attempt. In this

experiment Ref(2)P was among those proteins which were identified.
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Figure 4-3 Overview proteomics experiment using filter-aided sample preparation (FASP)
technique. Using this technique, 1843 proteins were identified in the proteomics analysis.
Experiment was one biological repeat (n=1).

Although more proteins were identified than the first attempt, one more
change was made to try to increase the protein number. This change was to use fly

heads for the proteomics instead of the whole fly. Thirty fly heads (all male) were
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lysed, and proteins extracted before trypsin digestion. The reason behind this is that
very highly abundant proteins, for example Ref(2)P which was always one of the more
abundant proteins in the mutant samples, can cause less abundant proteins to not be
identified. Therefore, only using the fly heads can reduce the amount of these highly
abundant proteins that are found throughout the fly body. Additionally, the whole fly
contained many different organs and tissues. This means that quantitative analysis will
be more difficult as some tissues may have an overabundance of a protein while in
other tissues it is reduced. This can prevent proteins from appearing significantly
increased in certain tissues. By using only fly heads, proteins specifically accumulating

in the brain will be the focus.

Figure 4-4 is the schematic for the third attempt of the proteomics using fly
heads 2528 proteins were identified which was higher than the 1843 proteins in whole
flies. This experiment was conducted with three biological repeats (n=3) thus some

statistical analysis could be undertaken.
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Figure 4-4 Further optimisation of using the FASP technique to increase the number of
proteins identified. Only male flies were used for this experiment. Fly head were used as
opposed to whole flies. 2528 proteins were identified in the proteomics analysis.

Figure 4-5 is the principal component analysis (PCA) for this experiment that shows
that the different biological repeats for each genotype (wild type, ATGS8a,

ATG8aK*8Y494) did not cluster very well together. This suggests that there was a lot of

variability between the biological repeats.
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Figure 4-5 PCA blot of wild type, ATG8a"*34"4°A mutant, and ATG8a mutant flies. The
biological repeats of each sample to not cluster together denoting large variability
between repeats. Three biological repeats are shown for each sample (n=3).

Two volcano plots (Figure 4-6) were produced with the three proteomics
repeats. Log, fold change was plotted against -Log P. A two-tailed Students t-test was
used, which compared wild type flies with each of the mutant flies (ATG8a and
ATG8aK48/Y49%) "with a significance level of p = 0.05. Anything above the black line
represents proteins that were found to be significantly lower (left side) or higher (right
side) in the mutants compared to wild type flies. In both comparisons, no proteins
were found to be significant. This again would be because there was too much

variability in the biological repeats (as can be seen in the PCA plot).

Although many more proteins were identified (2528 as opposed to 1843), the next

issue to overcome was to improve the quality of the data.
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Figure 4-6 Volcano plot of Log, fold change against -Log P-value for ATG8a"*54/Y4% (A) and
ATG8a (B) mutant compared to wild type samples. Black lines on the right indicate cut off
for significant increased abundance of proteins in mutants compared to wild type (p<0.05).
No proteins identified were significant in either group.

4.3.3 Optimised conditions

To minimise variation in biological repeats, changes were made to the
collection of flies. The proteome of flies changes once the flies have started mating,
therefore only virgin flies were collected. Like the previous experiment, these were all
male flies to further reduce variation in the proteome between male and female flies.
All flies were collected on the same day so that they were all aged to exactly 14 days
as opposed to 13-16 days old. Since using Drosophila heads instead of whole flies lead
to the identification of more proteins, thirty fly heads from each genotype were used

to produce protein lysate.

In addition to fly collection, it was understood that running biological repeats
on different days could impact results. This is because there may be slight variations
to the mass spectrometry machinery on each day, which could also lead to
inconsistent repeats. Therefore, to avoid this problem, protein lysates for biological

repeats were collected and stored at -20°C until all repeats were ready. Mass
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spectrometry data was collected for the samples on the same day. In addition to this,

four biological repeats were conducted to ensure the results were representative.

3736 proteins were identified once the aforementioned modification was
implemented. This is a substantial improvement over the previous attempts and
similar statistical analysis was carried out with this new set of data. Figure 4-7 is an

overview of the proteomics optimisation process.
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Proteins Flies: Whole flies virgin male heads
Identfied All repeat samples run on same day
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Figure 4-7 Optimisation process of quantitative proteomics. Filter-aided sample
preparation was more effective than methanol/chloroform precipitation. The number of
proteins identified was first increased through optimisation of fly collection and use of
heads as opposed to whole flies. The quality of the data was improved through ensuring
all variables were kept as identical as possible, such as fly age, and running all biological
repeats for mass-spec analysis on the same day.
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4.4 Optimised quantitative proteomics experiment

4.4.1 Principal component analysis and volcano plot

Figure 4-8 is the PCA plot of the optimised proteomics data from 4 biological
repeats (n=4). All three genotypes (wild type, ATG8a, ATG8ak*8#"4%) of the four
biological repeats were clustered together, indicating that the quality of the data was

much better this time and far less variation between repeats was observed.

Wild Type
] .‘ ‘ ATG8aK48A/Y49A
@ ATG8a

20

T ] T % T

T T T T T
-30 -20 -10 0 10 20 30

Component 1 (31.8%)

Component 2 (16.3%)

Figure 4-8 PCA blot of optimised proteomics for wild type, ATG8aX*é4Y4A mytant, and ATG8a
mutant flies. The biological repeats of each sample cluster into obvious groups. Four
biological repeats are shown for each sample (n=4).

Figure 4-9 is the volcano plot produced for this data. Similar to last time,
Students t-test was done to find significant proteins when comparing each of the two
mutants (ATG8a and ATG8a 84494 to wild type flies (P<0.05). Many proteins were

seen to be significant (above the black line). Any protein on the top right-hand side of
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the graph are proteins which are overabundant in the autophagy mutant flies and

therefore these are the proteins of interest.
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(ATG8a/Wild Type) Type)

Figure 4-9 Volcano plot of optimised proteomics showing Log, fold change against -Log P-
value for ATG8a"*¥#"4%A (A) and ATGS8a (B) mutant compared to wild type samples. Black
lines on the right indicate cut off for significant increased abundance of proteins in mutants
compared to wild type (p<0.05). Many proteins can be seen in this upper right region which
are significantly overabundant in autophagy mutant flies compared to wild type.

4.4.2 |dentification of significant proteins

Figure 4-10is a Venn diagram highlighting the number of significant proteins identified
when comparing wild type flies to ATG8a and ATG8a*#*Y4%A mutant flies. The
numbers only include those which are significantly overabundant in the mutants as
those are likely to be LIR motif containing proteins. 985 proteins were found
significantly overabundant in the ATG8a mutants, and 876 proteins were found to be
significantly overabundant in the ATG8aX*3#/"4%A mutants compared to wild type flies.

It was expected that LIR motif containing proteins would be significantly overabundant
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in both these mutant flies and so proteins common to both lists (521 proteins) were

investigated further.

ATG8a / Wild Type
P <0.05

463 521 355

ATG8aK48AY4%A] Wild Type
P <0.05

Figure 4-10 Venn diagram showing proteins significantly overabundant in ATG83"42A/¥4%A
and ATG8a mutant flies compared to wild type. 984 proteins were significantly
overabundant in ATG8a mutants compared to wild type and 876 proteins for
ATG8a 84¥4% compared to wild type. 521 proteins were found to be significantly
overabundant in both autophagy mutant flies.

Gene ontology analysis was carried out on the 521 proteins found significantly
overabundant in both mutant flies (Figure 4-11). A range of GO terms that cover a
variety of cellular processes were identified. This was expected due to autophagic
degradation being involved in many physiological processes from protein turnover to
immunity. Many proteins were involved with parts of the protein synthesis pathway,
such as protein folding, translation, and amino acid/carbohydrate biosynthesis. Others

were also involved in various other cell metabolic processes.
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Figure 4-11 Gene Ontology analysis of the 521 proteins significant in both autophagy
mutant flies compared to wild type. Broad range of biological processed are covered by
these proteins.

Of the 521 proteins, only those that had at least a 2-fold increase in abundance
were considered for further experimentation. 158 proteins were both significantly

more abundant and had at least a 2-fold increase in ATG8a mutant flies compare to

wild type flies. 102 proteins were both significantly more abundant and had at least a

2-fold increase in ATG8aX*3*/¥4%A mutant flies compared to wild type flies. 29 proteins

were found to be common between both these lists (Figure 4-12).
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ATG8a/ WT
P <0.05 & Ratio > 2

ATGB8aK48NY49A] WT
P <0.05 & Ratio > 2

Figure 4-12 Venn diagram of proteins which were significantly overabundant in autophagy
mutant compared to wild type and had at least a 2-fold increase in quantification. A total

4.5 Analysis of the 29 significant proteins

A list of the 29 significant proteins can be seen in Table 13. The label free
guantification value of all proteins in each of the three fly genotypes (ATG8a,
ATG8aK*3AY49A \vild type) is shown. Fold change was calculated as a ratio of one of the
mutant flies LFQ compared to wild type flies. N/Ain the ratio column is for calculations
where no protein was detected in wild type flies (LFQ = 0). P values were calculated
using an unpaired student’s t-test, which compared the biological repeats of both

mutant flies to wild type flies.

The amino acid sequence of each of the 29 proteins was obtained from the
Uniprot website and analysed using the iLIR software. This software allowed for the
detection of predicted LIR motifs in the sequence. As described in section 2.9.1 a

predicted LIR motif with a high PSSM score is much more likely to be a functional LIR
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motif. A PSSM score of greater than 13 was regarded as a high score. Although not
always, the case most functional LIR motifs were found within an anchor region
(intrinsically disordered regions). Therefore, proteins with a predicted LIR motif with
a PSSM score of greater than 13 and found within an anchor region are good

candidates for novel autophagy adapters/substrates.

4 proteins matched these criteria which are highlighted in Table 13. Amongst
these is Ref(2)P, a well-studied LIR motif containing protein. This acts as a good
positive control for the experiment, as one of the most important autophagy adapters
was identified in this study. This is very promising for the other three proteins
identified on the list, GMAP, Ras and Dally. A graph showing the label free
quantification of Ref(2)P in ATG8a and ATG8a *é*Y4%A mutants compared to wild type
control flies can be seen in Figure 4-13. The iLIR software output for Ref(2)P is also
shown, which identified PEWQLI as the highest scoring LIR motif. This was already

known as a functional LIR motif.
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Query:  >sp|P14199|REF2P_DROME Protein ref(2)P  OS=Drosophila
melanogaster OX=7227 GN=ref(2)P PE=1 SvV=2
Motif Start End Pattern PSSM Score LIR in Anchor
xLIR 452 457 PEWAQLI 18 Yes
WxxL 28 33 QNYTIL 10 No
WxxL 138 143 FRYKCV 4 No
WxxL 342 347 EMEFSKI 9 Yes
WxxL 485 490 RDFGQL 10 Yes

Figure 4-13 Ref(2)P label free quantification and predicted LIR motif. A) Label free
quantification (LFQ) of Ref(2)P in wild type control, ATG8AXE4%A mytants, and ATG8a
mutants. There is a significantly increased quantity of Ref(2)P in both autophagy mutants
compared to the control. B) Predicted LIR motifs from the iLIR software. The PEWQLI motif
has the highest PSSM score and is found in an anchor region. This motif is known to be the
functional LIR motif in Ref(2)P. Significance for quantification was calculated through one
sample t-test, ***p<0.001, n=4.
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Protein . Averagfe LFQ Averagfe LFQ Ayeragg LFQ Ratio . Ratio p value. p value LIR motif LIR motif
ame Uniprot ID intensity of  intensity of intensity of ATG8a/Wild ATG8ak48AY49A  ATG8a/Wild ATG8aK48A/Y49A —
ATG8a  ATG8akK48AY4%A Wild Type Type /Wildtype Type /Wildtype Anchor
CG5080 Q7K3E2 66049000 49880000 24680750 2.68 2.02 0.011592959 0.03557181 YES NO
faf AOAOB4K6W?2 10005750 6905775 0 N/A N/A 7.57817E-06 0.031221334 YES NO
CG34172 Q6IHYS 78076250 65039750 0 N/A N/A 0.000200425 0.028880452 NO NO
CG32638 Q8IR72 71748250 47748500 0 N/A N/A 0.030183763 0.024545484 NO NO
Naam QovDbU7 13968250 12606750 3127500 4.47 4.03 0.014600354 0.024337065 NO NO
Proc Q9VLV9 9499525 5946700 2449725 3.88 2.43 0.001153117 0.023807031 NO NO
PI31 AOAOB4KEK7 15120500 15557250 7441175 2.03 2.09 0.049797907 0.021273536 YES NO
CG17544 Q9VIX4 64562500 29556500 7295675 8.85 4.05 0.002104985 0.018795974 YES NO
CG1309 Q9VZF1 18514250 17333000 4914325 3.77 3.53 0.007762399 0.012796017 NO NO
Hsp22 P02515 102654000 15283625 3565725 28.79 4.29 0.001372423 0.00707916 YES NO
RIC-3 AOAOB4LH23 16832750 21163500 3699000 4.55 5.72 0.01354687 0.005457873 NO NO
Ect3 QSVGE7 17569000 22742000 7319475 2.40 3.11 0.013959163 0.004790721 NO NO
CG11208 Q7K3B7 31894750 23780750 5412925 5.89 4.39 0.003005442 0.002326007 YES NO
Sipl Q7K5M6 13654500 12544500 1685325 8.10 7.44 0.001478584 0.001739584 NO NO

119



GstD3
dally
CG11857
ref(2)P
CG10166
Pdp
Gmap
numb
GstD8
CG9775
GstE4

ras
CG10253
CG13284

[tp-r83A

Q9VvG97
Q53XG2
Q9VBUG6
P14199
QaviIu7
Qow3Q1l
Q9VvXu2
M9OPCN6
Q9VGE92
Q9VN39
A17ZB69
A4VA88
AOAOB4JD21
Q86BQ3

AOAOB4LGN1

23691500

6415900

67521500

439115000

16126750

7285250

21619000

9419675

7492950

4383875

100038250

6900275

17562750

9120525

8355075

20625000

6058650

56856000

73883500

14461625

7405125

12620000

7279075

9249725

6414125

141875000

9904250

12872500

9271100

7834000

1531550

0

28036750

4403050

0

0

0

45458750

0

15.47
N/A
2.41

99.73
N/A
N/A
N/A
N/A
N/A
N/A

2.200637941
N/A
N/A
N/A

N/A

13.47
N/A
2.03

16.78
N/A
N/A
N/A
N/A
N/A
N/A

3.120961311
N/A
N/A
N/A

N/A

0.000945625

4.06908E-06

6.91077E-05

9.40137E-05

1.29866E-08

0.037598688

0.000306313

9.77008E-05

4.91912E-06

0.031306116

0.000851777

0.032566158

1.54079E-07

1.9801E-05

4.04003E-09

0.000784903

0.000449452

0.000258626

0.000198945

0.000170861

4.52877E-05

4.20151E-05

2.04783E-05

1.72223E-05

9.1257E-06

8.33344E-06

6.71249E-06

5.61398E-06

3.86807E-06

6.57104E-08

YES

YES

YES

YES

YES

YES

YES

NO

YES

NO

YES

YES

NO

YES

YES

Table 13 List of significant proteins. Highlighted proteins (Dally, Ras, GMAP, and Ref(2)P) were selected as they had the following properties: 1) They were
significantly overabundant in both ATG8a" 84 and ATG8a mutant flies compared to WT, 2) a LIR motif found in an anchor region with a PSSM score of

greater than 13, 3) They had at least a 2-fold increase in ATG8a**®¥4% and ATG8a mutant flies compared to WT flies. An N/A in the fold change column was a
high value as it means that no protein was detected in the WT sample.

NO
YES
NO
YES
NO
NO
YES
NO
NO
NO
NO
YES
NO
NO

NO
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4.6 Dally, Ras and GMAP

4.6.1 Dally

Division abnormally delayed (dally) is one of two Drosophila glypicans (the
other being dally-like protein (Dlp)), which has a developmental role in the fruit fly. It
is a glycosylphosphatidylinositol (GPl)-anchored heparan sulphate proteoglycan
(HSPGs), which is a cell surface protein (Akiyama et al., 2008). It is involved in the
regulation of the morphogens such as Decapentaplegic (Dpp), Wingless (Wg) and
Hedgehog (Hh). Morphogens form concentration gradients across the developing
embryo/larvae and regulate the transcription of different genes and so determine the
cell's fate (Han et al., 2005). Morphogens are involved in many developmental

processes such embryo segmentation, and limb pattering such as the wing.

Dpp has been shown to be specifically involved in the development of the wing
and is distributed along the anterior to posterior axis (Akiyama et al., 2008). When
dally is knocked down, the Dpp pattering is not formed properly and when dally is
overexpressed, Dpp signalling is increased. This suggests dally is an important
regulator of Dpp during development. Similarly, daily has been shown to be involved
in regulating the gradient of Wg gradients, which is also involved in the development
of the wing. Morphogens such as Hh, need to signal over long distances such as
patterning across the 300 um of Drosophila neural tube. Therefore, the ability to
spread over these distances is vital. Although dally is a membrane protein, there is
evidence that it is cleaved by the enzyme Notum and take part in the long-range

regulation of Hh gradients (Takeo et al., 2005).

Dally also has specific roles for eye and nervous system development. Eye
development is controlled through the regulation of the distribution of Unpaired
(Upd) family. Upd is found upstream of the Janus kinase- signal transducer and

activator of transcription (JAK-STAT) pathway (Zhang et al., 2013). There is also
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evidence that dally is involved in promoting cell division during post-embryonic

development of the Drosophila nervous system (Nakato, Futch and Selleck, 1995).

In addition to the role in development and morphogens, dally seems to have a
role in the maintenance of adult stem cells, such as the germline stem cells found in
Drosophila ovaries (Su et al., 2018). Dally has been shown to regulate and maintain
follicle stem cells and facilitate stem cell replacement through competition for niche

occupancy.

Unfortunately, as a potential LIR motif containing ATG8a interactor, dally is
unlikely to be a good candidate. This is because dally is either found as a GPl anchored
extracellular membrane protein or a secreted protein. This would mean dally does not
have good access to the ATG8a protein LDS. Dally would be made in the ER and sent
through the secretory pathway. Dally is likely an indirect accumulation of autophagy

defect rather than direct ATG8a interactions.

The label free quantification of dally in ATG8a and ATG8a"*#*¥4%A mutants
compared to wild type control flies can be seen in Figure 4-14. The iLIR output for dally
is also shown. The LIR motif GDYTQL has a PSSM score of 14 and was found to be in
an anchor region and so a good potential LIR motif. However, as mentioned

previously, dally is unlikely to be an ATG8a interactor.
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Query: >tr|Q53XG2|Q53XG2_DROME Division abnormally delayed, isoform B

OS=Drosophila melanogaster OX=7227 GN=dally PE=1 SV=1

Motif Start End Pattern PSSM Score LIR in Anchor
WxxL 12 17 LLFTLL 5 No
WxxL 18 23 CGFVGL 6 No
WxxL 74 79 SYFESI 8 No
WxxL 113 118 GMFEQL 10 No
WxxL 154 159 SLFSKV 4 No
WxxL 173 178 QLYTEI 7 No
WxxL 213 218 HFFVQL 3 No
WxxL 253 258 HPFGDI 1 No
WxxL 342 347 AEYAGL 7 No
WxxL 350 355 SPWSGV 10 No
WxxL 452 457 EFYTTI 8 Yes
WxxL 481 486 GDYTQL 14 Yes
WxxL 610 615 ATWMLL 15 Yes

Figure 4-14 Dally label free quantification and predicted LIR motif. A) Label free
quantification (LFQ) of Dally in wild type control, ATG8AK®44%A mytants, and ATG8a
mutants. There is a significantly increased quantity of Dally in both autophagy mutants
compared to the control. B) Predicted LIR motifs from the iLIR software. GDYTQL and
ATWMILL are both predicted LIR motifs which have a PSSM score of >13 and found in an
anchor region. Significance for quantification was calculated through one sample t-test,
***p<0.001, n=4.
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4.6.2 Ras

Ras is a small G protein found upstream of the RAF-MEK-ERK signalling
pathway, which is involved in development. It is involved in promoting cell division
and growth as a response to epidermal growth factor (EGF) (Sriskanthadevan-Pirahas,
Lee and Grewal, 2018). EGF would signal through the EGF receptor which is a receptor
tyrosine kinase. Activation of this receptor leads to activation of guanine nucleotide
exchange factors, replacing GDP for GTP on ras. Raf is a ras effector which is a
serine/threonine protein kinase that phosphorylates MEK. MEK is also a
serine/threonine kinase that phosphorylates ERK. ERK is part of the MAP-kinase family
of proteins which can phosphorylate many targets such as proteins in the cytoplasm,
cell membrane, nucleus and many transcription factors leading to downstream

effects. These effects include growth, differentiation and cell division (Li et al., 2016b).

Because of the ras protein effect on cell growth and proliferation, it is
considered and oncogene and investigated extensively for it its ability to cause
tumours and metastasis. Ras has been shown to promote tumorigenesis through
accelerating G1/S cycle progression, causing DNA damage and inhibiting DNA damage
repair (Murcia et al.,, 2019). Ras has many other less characterised functions. For
example, in Drosophila Ras-Ref inhibition of rho kinase (ROCK) is involved in inhibiting
anaesthesia-resistant memory (ARM). This is a stable form of intermediate-term
memory, which is essential for protein synthesis-dependent long-term memory (PSD-

LTM) (Noyes, Walkinshaw and Davis, 2020).

Ras is a protein that is also discussed in detail in section 1.2, as it has a role in the
regulation of autophagy. Both Raf/PKA and RAF/MAPK pathway have the ability to
induce autophagy under nutrient depravation. This makes Ras a particularly
interesting protein to study as an autophagy substrate. Upstream signalling molecules
being part of the downstream degradation in the autophagosome may be indicative

of self-regulated negative feedback of autophagy.

The label free quantification of Ras in ATG8a and ATG8aX*8#"*%A mutants

compared to wild type control flies can be seen in Figure 4-15. The iLIR output for Ras
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is also shown. The LIR motif NDFLIL has a PSSM score of 14 and it is found to be in an

anchor region and so likely to be a functional LIR motif.
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Query: >tr|]A4V488|A4V488 DROME Inosine-5'-monophosphate dehydrogenase
OS=Drosophila melanogaster OX=7227 GN=ras PE=1 SV=1
Motif Start End Pattern PSSM Score LIR in Anchor
xLIR 119 124 PEYQAL 12 No
WxxL 55 60 NDFLIL 14 Yes
WxxL 311 316 ETYPEL 9 No

Figure 4-15 Ras label free quantification and predicted LIR motif. A) Label free
quantification (LFQ) of Ras in wild type control, ATG8A Y4 mytants, and ATG8a
mutants. There is a significantly increased quantity of Ras in both autophagy mutants
compared to the control. B) Predicted LIR motifs from the iLIR software. NDFLIL is a
predicted LIR motif which has a PSSM score of >13 and found in an anchor region.
Significance for quantification was calculated through one sample t-test, *p<0.05,
**%p<0.001, n=4.
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4.6.3 GMAP

There is only one paper which describes the role of Drosophila GMAP titled
“The cis-Golgi Drosophila GMAP has a role in anterograde transport and Golgi
organization in vivo, similar to its mammalian ortholog in tissue culture cells” (Friggi-
Grelin, Rabouille and Therond, 2006). Papers that describe the mammalian
homologue of Drosophila GMAP called GMAP-210 exist and are discussed in the next

chapter.

GMAP is a coiled-coil tethering protein found on the cis-Golgi. Drosophila
GMAP has been shown to be involved in the anterograde transport pathway. As a
tethering protein, its role is to capture vesicles coming from the ER or ERGIC to the
Golgi apparatus. In Drosophila, the Golgi stacks are found scattered through the
cytoplasm unlike mammalian Golgi where it is localised and connected through the
Golgi ribbon. The Drosophila GMAP associates with the Golgi through a C-terminal
GRAB (GRIP-related Arf-binding) domain, which interacts with Arfl on the Golgi
membrane (Sinka et al., 2008). GMAP also has a role in the maintenance of Golgi
morphology and stability, likely through its interaction with the cytoskeleton (Friggi-
Grelin, Rabouille and Therond, 2006).

The label free quantification of GMAP in ATG8a and ATG8a e*Y4% mutants
compared to wild type control flies can be seen in Figure 4-16. The iLIR output for
GMAP is also shown. The LIR motif DEFIVV has a PSSM score of 14 and it is found to
be in an anchor region and so it is likely to be a functional LIR motif. The LIR motif also

has acidic residues upstream of the hydrophobic residues which is very promising.
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Query: >tr|Q9VXU2|Q9VXU2_DROME Golgi microtubule-associated protein,

isoform A 0OS=Drosophila

melanogaster

OX=7227 GN=Gmap PE=1 SV=2

Motif Start End Pattern PSSM Score LIR in Anchor
XLIR 320 325 DEFIVV 14 Yes
WxxL 524 529 RAWNAL 12 No
WxxL 531 536 DRWHRL 13 No
WxxL 655 660 QEYLQL 10 Yes
WxxL 948 953 QYYAEI 4 No

Figure 4-16 GMAP label free quantification and predicted LIR motif. A) Label free
quantification (LFQ) of GMAP in wild type control, ATG8AXS4%A mytants, and ATG8a
mutants. There is a significantly increased quantity of GMAP in both autophagy mutants
compared to the control. B) Predicted LIR motifs from the iLIR software. DEFIVV is a
predicted LIR motif which has a PSSM score of >13 and found in an anchor region.
Significance for quantification was calculated through one sample t-test, ***p<0.001, n=4.
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4.7 Conclusions

Out of the 4 identified proteins from the proteomics study, GMAP was selected
as the one to investigate further. GMAP has a very good predicted LIR motif, and it is
a poorly studied protein. Despite this, there are many tools available for
experimentation including Drosophila GMAP antibodies and GMAP RNAI flies which
are both available commercially (listed in methods). GMAP is also of particular interest
as it is part of the secretory system. There is a lot of cross play between the secretory
system, the endosomal system and autophagy. GMAP is also a potential receptor for
the less understood process of Golgiphagy, the selective degradation of the Golgi
complex, as it is found on the surface of the Golgi. The confirmation of GMAP as a LIR
motif containing substrate and determining the significance of the GMAP LIR motif-

ATG8a LDS interaction is discussed in the next three chapters.
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Chapter 5 Drosophila GMAP is a LIR motif

containing golgin.

5.1 Introduction

As described in the previous chapter, Drosophila GMAP (dGMAP) is a cis Golgi
coiled coil Golgin involved in the anterograde transport in the secretory system.
Before discussing the current understanding dGMAP as well as its
homologues/orthologs in mammalian cells, a brief description of the role of the Golgi

and the secretory system is discussed below.

5.2 The Golgi and the secretory system

5.2.1 The Golgi apparatus

The Golgi is a central player in the secretory and endosomal system. The Golgi
organelle, in mammalian cells, appears as flattened sacks (cisternae) of membrane
connected together to form a ribbon (Huang and Wang, 2017). This is usually around
a microtubule organising centre and the structure is stabilised through tethering to
microtubules. There are additional regions created either side of the Golgi called the
cis/trans Golgi network (CGN/TGN) (Huang and Wang, 2017). The main function of
the Golgi is to process the proteins which were synthesised in the rough endoplasmic
reticulum (RER). Typically, proteins translated on the ribosome simultaneously enter
the lumen of the RER. While secretory proteins enter the RER lumen, intermembrane
proteins stay in the membrane of the RER through their start and stop transfer signals.
These intermembrane proteins either stay in the RER or are later transferred to the

plasma membrane of membranes of other organelles in the cell. Proteins made in
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ribosomes which are intended to be a secreted protein must contain an N terminal ER

signal sequence, which allows proteins to enter the RER (Lodish H, 2000).

In mammals, vesicles form on the RER and transport cargo to the ER to Golgi
intermediary compartment (ERGIC) before being transported to the Golgi. The
vesicles bud from a non-ribosome containing curved region of the RER called the ER
exit sites (ERES). The ERGIC composed of a combination of vesicles and tubules but its
function is not very well defined (Glick and Nakano, 2009). The Golgi itself has tubular
connections which link Golgi stacks together to form a Golgi ribbon. Each region of the
Golgi has a different purpose as they contain differing composition of modifying
proteins. These enzymes can post-translationally modify proteins including
glycosylation and phosphorylation. Many of these modifications are necessary for
protein function as well as for directing them to the correct region of the cell. The
cisternae themselves are held together by matrix proteins, which include a class of
coiled-coil proteins called Golgins. Occasionally, there are additional regions created
either side of the Golgi called the cis/trans Golgi network (CGN/TGN). The TGN is
particular important as it has a role in cargo sorting, which allows proteins to move to
the correct locations in the cell (Huang and Wang, 2017). The Golgiis a highly dynamic
structure which has many variable features when looked at in different organisms and
cells. The dynamic nature of the Golgi is most apparent during mitosis in cells, as the
entire Golgi disassembles once mitosis starts and then reassembles towards the end
of mitosis (Lucocq, Berger and Warren, 1989). In mammalian cells, Golgi disassembly
involves the Golgi ribbon detaching, the cisternae separating and splitting into small
vesicular and tubular structures which are seen throughout the cytoplasm. This is
likely to make sure that the Golgi is separated equally into the two daughter cells.

(Efimov et al., 2007).

In Drosophila, as well as yeast, protozoa, plants, and Caenorhabditis elagans,
Golgi organisation is different. Rather than a Golgi ribbon, stacks are found dispersed
throughout the cytoplasm, next to different ERES. Interestingly, proteins necessary for
the formation of the Golgi ribbon (GM130, Golgin 84, different GRASPS) are present
in Drosophila. Golgi ribbons can be occasionally seen in some cells such as onion stage

spermatids, but this is not the case for majority of cells. The Golgi stacks do often exist
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in pairs which could be a primitive Golgi ribbon. However, unlike the mammalian Golgi
ribbon, the stability of the pair is not reliant on microtubules but on actin instead. The
cis-trans polarity of the Drosophila Golgi is still maintained and so is the presence of
the trans Golgi network (TGN). There is also no ERGIC in Drosophila, although vesicles
and tubules were identified between the two compartments. Similar to mammalian
cells Drosophila Golgi disassembles and reassembles during mitosis (Stanley, Botas
and Malhotra, 1997). The enzyme contents of the dispersed stacks are different and
so likely process different proteins and may be important in the apical-basal polarity

of cell membranes.

5.2.2 The secretory pathway

Movement through the secretory pathway is bi-directional, where there is the
retrograde pathway and the anterograde pathway. The anterograde pathway is
movement of proteins from the ER to Golgi, while the retrograde pathway is in
reverse. Within the Golgi itself, newly synthesised proteins need to move through the
Golgi whereas the Golgi proteins must remain within the Golgi (Rothman and Wieland,
1996). Coat proteins are the molecular machinery required for vesicle formation and
selection of cargo and are very important in protein/lipid movement throughout the
secretory and endosomal systems. Anterograde transport of cargo from the ER to
Golgi is mediated by COPIl (Coat protein complex 2) coated vesicles. The post-
translational modification enzymes that must remain in the Golgi are transported back
to the previous stack through COPI (coat protein complex 1) vesicles. However, COPI
vesicles are not the only possible method of retrograde transport in the Golgi. There
is evidence for tubular connections between Golgi stacks and if this is the case, it
would provide a pathway for bi-directional movement between Golgi cisternae (Glick
and Nakano, 2009). Any ER resident proteins in the Golgi are also transported back to
the ER from the Golgi via COPI vesicles. Capturing of vesicles require various proteins
like tethering proteins (TRAPP, golgins), Rab-GTPases (membrane identity markers),
and SNARES. The homologue of COPI, COPIl and all the aforementioned vesicle
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capturing proteins are present in Drosophila and thus the mechanism of protein
trafficking is likely conserved. Many of these proteins also have much more limited
redundancy in Drosophila making it an excellent model to study the secretory system

(Ke Yang, 2021).

When it comes to how proteins are moving through the Golgi stacks, there are
two main models used to explain this movement (Connerly, 2010). The vesicular
transport model, which is the lesser of the accepted models, states that the Golgi
compartments are stable, and each contain distinct enzymes necessary for post-
translational modification. Vesicles containing newly synthesised proteins arrive at the
cis Golgi and once modified, move through each of the Golgi cisternae through
budding and fusion of vesicles. The cisternal maturation model (Glick and Malhotra,
1998), which is more widely accepted amongst scientists, states that rather than the
proteins moving through the cisternae, it is the enzymes which change over time. The
Golgi cisternae forms on this cis side of the Golgi through the combining of vesicles,
which then matures into the medial-Golgi followed by the trans-Golgi. Therefore, the
individual stacks of the cisternae will contain the same newly synthesized protein,
which progressively goes through series of changes and physically moves to the trans-
Golgi location (Glick and Nakano, 2009). However, a problem when this model was
first suggested, was the presence of many vesicles surrounding the Golgi stacks,
presumably carrying the cargo forward through the stacks. It was suggested that these
vesicles are actually moving backwards (retrograde transport) through the stacks

carrying the Golgi enzymes to the previous cisternae (Glick and Malhotra, 1998).

From the Golgi, secreted proteins are packaged into vesicles and released by
the cell through exocytosis. Budding of vesicles destined for the secretion through the
plasma membrane usually happens at the trans Golgi network. These vesicles are
made using a different class of carriers known as pleomorphic tubular-vesicular
carriers. These vesicles tend to be varied in size and shape and lack any kind of coat
protein. Different mechanisms of vesicle formation and transport have been
suggested including, Arfl positive carriers, LAMP1 positive carriers, Rab6 associated

carriers, CtBP1-S/BARS (C-terminus binding protein 3/BFA adenosine diphosphate—
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ribosylated substrate) positive carriers, sphingomyelin carriers, and CARTS (CARriers

of the TGN to the cell Surface) (Stalder and Gershlick, 2020).

5.2.3 Golgins

Golgins are large coiled-coil vesicle tethering proteins found on the surface of
the Golgi organelle. These proteins tend to form large rod like structures that extend
far out of the Golgi in prime position to capture vesicles. Only 500 residues of coiled
coilis 75 nm in length and so many golgins can reach much further out (Munro, 2011).
These coiled coil regions are separated by non-coiled regions potentially to allow for
flexibility. There are 11 golgins which are highly conserved and found in all eukaryotic
organisms including Drosophila. Golgins can be found on the cis, medial and trans
Golgi stacks, allowing the capture of vesicles to all Golgi compartments. These Golgins
attach to the Golgi either through a transmembrane domain or through Arf/Rab family
proteins (Muschalik and Munro, 2018). The vesicle tethering function of golgins were
demonstrated originally through vesicle rerouting experiments. 10 conserved golgins
were chosen (golgin-245, GCC185, Golgin-97, GCC88, TMF, Giantin, Golgin-84, CASP,
GMAP-210 GM130), and attached to the mitochondria through fusion of the golgin
with the transmembrane mitochondrial protein monoamine oxidase (MOA) (Wong
and Munro, 2014). To identify which golgins capture vesicles from the endosome, the
cargo cation-dependent mannose 6-phosphate receptor (CD-MPR), which traffics
lysosomal hydrolases to endosomes and back to the Golgi were followed. It was found
that trans-Golgi golgins, golgin-97, golgin-245 and GCC88 which all contain C-terminal
GRIP domain, were involved in capturing vesicles from the endosome. For capturing
newly synthesized proteins from the ER to golgi, a secreted protein was tagged with
GFP and followed. The cis-Golgi golgins GM130, GMAP-210, was shown to capture
vesicles from the ER. Golgin-84 and TMF were shown to be involved in the tethering
of vesicles containing Golgi resident proteins, likely to be involved in recycling these
proteins to earlier or later Golgi stacks. Giantin, CASP and GCC185 did not reroute any

vesicles, and so either may be involved in anchoring to microtubules or may need
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other golgins to carry out their tethering functions. In terms of the way in which
golgins interact with vesicles it is largely unknown with a couple of exceptions. One of
these is GMAP-210 which is discussed in more detail in the next section. The other is
golgin-97 and golgin-245 which interacts with vesicles via an N-terminal motif which

binds the vesicle adapter TBC1D23 (Shin et al., 2017).

As alluded to previously, the Rab and Arf family of proteins play an important
role in golgin recruitment and activity. Rab and Arf family of proteins are GTPases
which along with phosphoinositide lipids are involved in membrane identity
(Gillingham et al, 2014). Specific Rabs are recruited to different
membranes/organelles which in turn recruit other cytosolic proteins creating unique
membrane protein structures. GTPases work by switching between an inactive state,
where is it bound to guanosine diphosphate (GDP) and an active state, where it is
bound to guanosine triphosphate (GTP). Activation is controlled by guanine nucleotide
exchange factors (GEFs) and inactivation is controlled by GTPase activator proteins
(GAPs). Drosophila contain many of the Rabs found in mammalian cells. Rab and Arf
family GTPases facilitate the binding of some golgins to the golgi. Four GRIP domain
containing golgins (golgin-97, golgin-245 and GCC88, GCC185) interact with the Golgi
through Arl1 (Arf-like GTPase). TMF interacts with the Golgi through Rab6. Golgin-160
(no ortholog in Drosophila) and GMAP-210 interact with the Golgi through Arfl. There
are also many Rab binding sites along the lengths of Golgi which no doubt has a role
in golgin tethering function. Many of these Rab-golgin interactions have been

identified.

The cis-Golgi golgin GMAP-210 is discussed in more detail in the next section.
The other conserved cis-Golgi golgin is GM130 which interacts with Rab1, Rab30, and
Rab33b. GM130 does not seem to be essential for protein trafficking and has
redundant functions with other golgins. However, GM130 has been associated with a
multitude of cellular functions such as: cell cycle progression, cell polarity and cell
migration (Nakamura, 2010). Its binding partners include, the p115 tethering protein,
GRASP65 (Golgi reassembly stacking protein) and giantin. Conserved medial Golgi
golgins include: Giantin, Golgin-84 and CASP. These are all attached to the Golgi via

their C-terminal transmembrane domain (Munro, 2011). The golgins are also found
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on COPI vesicles and so involved in the retrograde transport in the golgi. Giantin is the
largest golgin and not found in invertebrates like Drosophila, but the fruit fly does have
another large, coiled coil protein called Lava Lamp. Giantin has been shown to interact
with Rabl and Rab6. Golgin-84 is a Rab1l GTPase binding golgin, which is found in
Drosophila (Satoh et al., 2003). CASP is another golgin not found in Drosophila and its
function as well as Golgin-84 not very well understood. Knockdowns of these golgins
suggest they have a role in Golgi structure and organisation but that is true for many
golgins. Conserved trans-Golgi golgins include: golgin-245, GCC185, Golgin-97, and
GCC88. As mentioned before, these are GRIP domain containing golgins that bind to
the Golgi through Arfl. These interact with various Rabs such as Rab2, Rab6 and
Rab30.

Investigating the function of individual golgins can be quite difficult. Many
golgins interact with the same rabs and so potentially have many redundant functions.
It is likely that the role of golgins is to create a network of tethering proteins around
the golgi, which bring vesicles closer to the golgi, so more specific interactions can
take place. Therefore, knocking down golgins tends to have very mild phenotypes and
most of the time these phenotypes are tissue specific. For example, knocking down
TMF in mice affects spermatogenesis, yet TMF is expressed in every cell (Muschalik
and Munro, 2018). Most of the time when golgins are knocked down it causes Golgi
fragmentation, since most golgins have some role in Golgi organisation and structure,
and glycosylation defects. The exact mechanism of tethering and vesicle fusion is still
under debate. Golgins are very long molecules so once captured, the distance
between the vesicle and the Golgi needs to be reduced. The fact that golgins can bind
multiple rabs could mean that golgins bend and interact with Golgi membrane rabs,
bringing vesicles closer to the golgi. This is a possibility as many of the coiled-coil
regions of golgins are spaced with more flexible regions. Another possibility is that
vesicles may hop between different binding sites and potentially onto different

golgins/tethering proteins bringing it closer to the golgi.

There are also other coiled-coil proteins found on the golgi, such as the vesicle
tethering protein p115 and the dynein adapter Bicaudal-1/2. SCOCO (short coiled-coil

protein) and golgin-45 also have short coiled-coil regions, but their functions are
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unknown. SNAREs also all fall into this category of coiled-coil containing Golgi proteins
(Munro, 2011). Other than golgins there are tethering proteins which are multi-unit
complexes such as golgi-associated retrograde transport protein (GARP), conserved
oligomeric Golgi (COG), and transport protein particle (TRAPP) (Muschalik and Munro,
2018). These are all also found in Drosophila. GARP is found on the trans-Golgi and
captures vesicles from the endosome, COG is found in the cis-medial Golgi and
involved in Golgi protein recycling, and TRAPP is found on the cis Golgi involved in ER
to Golgi transport. However, these tethering proteins are much shorter than golgins
and are likely involved in an intermediate step between golgin tethering and SNARE

fusion.

5.2.4 GMAP-210 the mammalian ortholog of dGMAP

GMAP-210is a GRAB domain containing protein which interacts with the Golgi
through Arfl GTPase. For most golgins the method of binding to vesicles is not well
understood, but this is not the case for human GMAP-210. Human GMAP-210 has an
N-terminal amphipathic lipid-packing sensor (ALPS) motif which can bind highly
curved membranes. However, this motif is not well conserved and not seen in
invertebrate GMAP such as Drosophila GMAP (Munro, 2011). This suggests that there

are yet undiscovered methods of tethering vesicles.

In one study, knockdown of GMAP-210 seems to cause Golgi fragmentation,
suggesting a structural role of GMAP-210 in Golgi organisation. Secretory protein
trafficking seemed unaffected. However, overexpression of GMAP-210 caused
inhibition of the secretory pathway. This is likely due to sequestering of important
binding partners such as Rabs and Arf GTPases (Pernet-Gallay et al., 2002). This was
also shown to be true for dGMAP (Friggi-Grelin, Rabouille and Therond, 2006), which
conflicts with previous studies that show GMAP-210 is required for membrane
trafficking (Roboti, Sato and Lowe, 2015). Roboti et.al., showed that GMAP-210 is
necessary for efficient anterograde and retrograde trafficking, acting on both the

Golgi and the ERGIC. GMAP-210 also shares some redundancy in this function with
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the golgin GM130, where the difference is that GM130 is only involved in anterograde
trafficking.

GMAP-210 has been shown to interact with IFT20 which is part of the intra-
flagellar transport particle. This protein is involved in the formation of the primary
cilium, an organelle that has a role in monitoring the extracellular environment.
GMAP-210 appears to localise IFT20 to the Golgi and potentially has a role in sorting
proteins trafficked to the cilia. Knockdown and mutations in GMAP-210 is also
implicated in some bone related diseases (Wehrle et al., 2019). Mutations in GMAP-
210 are implicated in impaired skeleton development (Smits et al., 2010). Knockdowns
in mice tend to specifically affect chondrocytes and their ability to secrete the
extracellular matrix protein Perlecan. This indicates that in chondrocytes GMAP-210
does have some specificity towards certain cargo. Whether that is true for all golgins
or all cells has not been ascertained. It is debateable why some golgins like GMAP-210,

which are expressed in every cell, would only affect a specific subset of cells.

GMAP-210is also able to bind to the minus end of microtubules through its C-
terminus. Therefore, GMAP-210 likely forms a contact point between the cis-Golgi and
microtubules extending from the centrosome, which is important for Golgi structure
maintenance. GMAP-210 also recruits y-tubulin complexes to the golgi, thus it is likely
involved in localisation of Golgi near the centrosome as well as any mitotic events that

the Golgi will take part in (Rios et al., 2004).

There is only one published study of dGMAP which is discussed in the previous

chapter, and so we aim to investigate further functions of this protein in Drosophila.

5.3 The dGMAP LIR motif

As described in Figure 4-16, dGMAP has a very good predicted LIR motif near
its N-terminus. The predicted LIR motif is DEFIVV and located between amino acid 320
and 325 which is found in an anchor region. A schematic showing the major domains

(coiled-coil domains and GRAB domain) and the location of the predicted LIR motif is
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shown in Figure 5-1. There is also a region labelled “GMAP 1” which is a truncated
form of dGMAP created for use in certain experiments. The next main objective is to
prove that this LIR motif is functional. This means that the motif is responsible for its
direct interaction with the Drosophila ATG8a protein. However, before this, the
accumulation of GMAP in autophagy deficient flies must first be confirmed.
Overabundance of dGMAP in ATG8aK*3#/¥4%A mutant flies would provide supporting

evidence to the proteomics experiment.

GMAP 1 Coiled coil region

1 - GRAB domain
[ |

\ J
1

Full length GMAP

Figure 5-1 Key domains in dGMAP. Full length dGMAP is 1398 amino acids long with a N-
terminal GRAB domain which interacts with Arfl, anchoring dGMAP to the cis-golgi. It
contains 12 coiled-coil domains and a predicted LIR motif close to the N terminal (aa 320-
325). GMAP1 is also labelled as this is the truncated for of dGMAP used for GST-pulldown
experiments, this truncated form of dGMAP contains the predicted LIR motif (DEFIVV).

5.4 Accumulation of dGMAP in ATG8a and ATG8aK48A/Y49A

mutant flies

The accumulation of dGMAP in ATG8a and ATG8aK*®*Y4%A mutant flies
compared to wild type controls was confirmed through both western blotting and
immunofluorescence. There is a commercial dGMAP antibody available through
hybridoma bank, however this antibody only seemed effective in

immunofluorescence experiments. For western blotting, dGMAP antibody was given
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as a gift from Dr Pasacal Therond an author from the paper “The cis-Golgi Drosophila
GMAP has arole in anterograde transport and Golgi organization in vivo, similar to its
mammalian ortholog in tissue culture cells.”. Figure 5-2 is a western blot analysis
which shows significantly increased levels of dGMAP in both autophagy mutant flies

compared to wild type control flies.
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Figure 5-2 GMAP accumulation in ATG83a"*34¥4% and ATG8a mutant flies. A) western blot
showing increased levels of dGMAP in both autophagy mutant flies with a greater level of
accumulation in ATG8a mutant flies. Tubulin was used as a loading control B)
Quantification of western blot relative to control flies showing dGMAP accumulation in
autophagy mutant flies are significant. Significance of quantification was done using a one
sample t-test, error bars show + SDs. *p<0.05, **p<0.01, n=3.

Immunofluorescence was also used to see the accumulation of dGMAP in aged
ATG8a and ATG8aK*34/Y4%A Brain tissue for wild type, ATG8a and ATG8aK*é4Y4%A mutant
flies, as well as the larval fat body of wild type and ATG8a mutant flies, was stained for
dGMAP and ubiquitinated proteins. ATG8a*8¥4%A |arval tissue could not be

investigated as the homozygous marker can only be seen in adult flies.
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Figure 5-3 shows brain tissue stained with dGMAP as well as ubiquitin. In wild
type flies, dGMAP puncta can be seen which is likely staining the golgi. As described
previously, the Golgi in Drosophila is fragmented and spread throughout the cell and
dGMAP is a cis-Golgi marker. Multiple puncta can be seen around the nuclei in wild
type cells. In ATG8aKX43#/Y49%A mutant flies, the dGMAP puncta staining is much brighter
and larger in size. A similar phenotype is also seen in ATG8a mutant flies. Some of
these dGMAP puncta co-localise with ubiquitin and so are likely part of the protein
aggregates seen in these flies. The size of dGMAP puncta were also measured, and on
average, the dGMAP puncta size was large in both autophagy mutant flies compared

to the wild type flies.
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Figure 5-3 Accumulation of dGMAP in 2-week-old ATG8a"**4¥4%A and ATG8a mutant fly
brains. A) dGMAP puncta (green) can be seen in control flies representing the golgi. In both
autophagy mutant flies dGMAP puncta are much larger and brighter and sometimes
elongated (white arrows). Some of these dGMAP puncta are part of the ubiquitin (red)
positive aggregates but many are not. DNA is stained with Hoechst (blue), scale bars are 10
um. B) Graph showing average dGMAP puncta size in wild type, ATG8a**"*°A mutant and
ATG8a mutant. Statistical significance of dGMAP size was calculated using one sample t-
test. *p<0.05.

141



Figure 5-4 shows dGMAP and ubiquitinated protein staining in wild type and ATG8a
mutant larval fat body. Again, dGMAP puncta can be seen in wild type larvae but these
puncta appear brighter and more numerous in ATG8a mutant larvae. Some of these

puncta also co-localise with the ubiquitin positive aggregates.
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Figure 5-4 Accumulation of dGMAP in ATG8a mutant larval fat body. dGMAP puncta (green)
are seen in both controls and ATG8a mutant fat body. However, the dGMAP puncta in
ATG8a mutant larvae are larger and much brighter. Many of these puncta also co-localise
with ubiquitin positive aggregates. Scale bars are 10 um.

Together these results show that the dGMAP is overabundant in ATG8aK48A/Y49A
and ATG8a mutants compared to wild type. This suggests that dGMAP may be
degraded through autophagy, specifically through the LIR motif-LDS interaction. The
next objective is to determine whether the predicted LIR motif in dGMAP is functional

or not.
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5.5 dGMAP has a functional LIR motif (DEFIVV)

The interaction between dGMAP and ATG8a was tested in-vitro using GST-
pulldown experiments. A truncated form of dGMAP (referred to a GMAP 1) was cloned
into a pET28 plasmid and expressed in Rosetta™ 2(DE3) cells. A truncated form of the
protein was used as the full-length protein is too large (1398 aa) to effectively express
in bacterial cells. This truncated form of dGMAP contained the first 490 amino acids
and included the predicted LIR motif site DEFIVV. GMAP 1 was used as a prey protein
and captured using GST-ATG8a bait proteins. GST-ATG8a with LDS mutations was also
tested. This ATG8a had the same K48A/Y49A mutation in the hydrophobic binding
pockets of the LIR motif binding site. Figure 5-5 shows the results of the GST pulldown

experiment.

143



ATGS8a LDS GMAP 1 (aa 1-490)
Input GST ATG8a mutant 4

35
3

25

1
05 I
0 -

GST ATG8a ATGS8a
LDS
mutant

*%

GST - GST - ATG8a

GST ATG8a LDS mutant

Ponceau

Quantification

Figure 5-5 dGMAP interacts with ATG8a through its LIR motif. GST pulldown assay was done
using the bait proteins GST tagged ATG8a and GST tagged ATG8a"*®4Y4%A with GST alone
used as control. A) GMAP1 (truncated dGMAP aa 1-490) which contains the predicted LIR
motif (DEFIVV) was used as the prey protein. dGMAP can interact with ATG8a and this
interaction is greatly reduced with the ATG8a LDS mutant bait protein. B) Quantification of
the GMAP1 GST pulldown assay. Quantification of GMAP1 and ATG8a LDS mutant was
relative to wild type ATG8a and normalised with the ponceau stain. There was a significant
reduction in binding of GMAP1 to ATG8a-LDS mutant compared to wild type ATGS8a.
Statistical significance was determined using one sample t-test. **p<0.01, n=3.

There is a clear interaction with dGMAP1 and ATG8a. This interaction was
significantly reduced for dGMAP1 in the ATG8a-LDS mutant pulldown suggesting an
LDS dependent interaction. Since there was a reduction of interaction between
dGMAP1 and ATG8a-LDS mutants, the predicted LIR motif was investigated next. The
LIR motif of dGMAP 1 was mutated. The predicted LIR motif DEFIVV at position 320-
325 was mutated to DEAIVA. The amino acid phenylalanine and valine are the two
most important amino acids which position themselves in the hydrophobic binding
pockets of the LDS. The mutated LIR motif should prevent the interaction between the
LIR motif and ATG8a-LDS. The dGMAPF?2AV325A mytant was then tested for its

interaction with ATG8a. This pull down is shown in Figure 5-6.
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Figure 5-6 DEFIVV at position 320-325 is a functional LIR motif of dGMAP. A) GST pulldown
assay was done using the bait proteins GST- ATG8a and GST (control). GMAP1 and GMAP1
LIR mutant (F322A/V325A) was used as a bait. As with before GMAP1 interacts with wild
type ATG8a. This interaction is reduced when the LIR motif of dGMAP is mutated (dGMAP
F322A/V325A). B) Quantification of GST pulldown with GMAP122A/V325A gnd ATG8a was
relative to wild type dGMAP and normalised to the ponceau stain. Statistical significance
was determined using one sample t-test. **p<0.01, n=3.

It is known that even if the LIR motif is mutated, the interaction between the
LIR motif containing protein and ATG8a is not completely abolished (Tusco et al.,
2017). dGMAPF322A/V325A had 3 significantly reduced interaction with ATG8a compared
to GMAP1. This indicates that dGMAP is an ATG8a interacting protein which
specifically interacts through its LIR motif (DEFIVV).
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5.5 Conclusions

Since we know dGMAP is a LIR motif containing protein, we next aim to further
investigate the significance of the dGMAP LIR to ATG8a-LDS interaction. As dGMAP
was identified as a novel ATG8a interacting protein, there are two main lines of
investigation when trying to determine the functionality of this interaction. The first is
to investigate dGMAP as an autophagy receptor/adapter. Since dGMAP is a cis-Golgi
resident protein, it is natural to hypothesise that dGMAP may be involved with the
selective degradation of the Golgi organelle (golgiphagy). The second is to investigate
whether dGMAP may have a role in the autophagic process itself. It also cannot be

disregarded that dGMAP turnover may simply be regulated through basal autophagy.
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Chapter 6 dGMAP is a golgiphagy receptor

6.1 Introduction

Selective autophagy receptors exist for many organelles such as mitochondria
(mitophagy), peroxisomes (pexophagy), lysosomes (lysophagy), nucleus
(nucleophagy), and endoplasmic reticulum (reticulophagy). However, the selective
degradation of the Golgi apparatus (golgiphagy) is a field that is very understudied. An
overview of our current knowledge on the selective degradation of organelles and the

associated receptors/adapters are discussed below.

6.1.1 Mitophagy

Mitophagy is the selective degradation of mitochondria. There are several
mitophagy receptors that are responsible for this including ATG32 in yeast, NIX3-like
protein (NIX)/BNIP3 and FUNDC1 in mammals. Additionally, mitophagy in metazoan
cells is partly controlled by Parkin and PTEN-induced putative kinase protein 1 (PINK1)

which are known to be involved in Parkinson’s disease (Youle and Narendra, 2011).

In yeast, the genes essential for mitophagy are AUP1, Uth1 and ATG32. AUP1
is a mitochondrial protein phosphatase and Uth1 is a SUN family protein. Although the
function of AUP1 and Uth1 in relation to mitophagy are not yet known, ATG32 was
identified as a specific mitophagy receptor (Kanki et al., 2009). ATG32 is a 60kDa
transmembrane protein found spanning the outer mitochondrial membrane. Its C-
terminus is in the intermembrane space and majority of the protein is on the cytosolic
side. Once mitophagy has been triggered, ATG32 binds to the adapter protein ATG11
and together they are able to recruit mitochondria to the autophagosome through

interaction with ATG8 (Okamoto, Kondo-Okamoto and Ohsumi, 2009). Interestingly,
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ATG32 also contains a LIR motif and so can interact with ATG8 both directly and
through ATG11.

There is no homologue of ATG32 in mammalian cells, instead a mitophagy
receptor called NIX/BINP3L in involved in the selective degradation of mitochondria.
NIX is also an outer mitochondrial membrane protein, the cytosolic part of which
contains a LIR motif. This provides a method of interacting with the LDS on the
LC3/GABARAP protein, of the growing phagophore membrane. Mitophagy also
requires the action of the proteins Parkin and PINK1 (Wei, Liu and Chen, 2015). Under
normal conditions, PINK1 is transported into the mitochondria where it is subject to
degradation. However, when mitochondria are damaged, indicated by a disruption in
the mitochondrial membrane potential, PINK1 is stabilised on the surface of the
mitochondria. In doing so, PINK1 acts as a marker for damaged mitochondria. Once
stabilised, PINK1 is activated through post-translational modification, which in turn
phosphorylates and activates Parkin. Parkin has E3-ubiquitin ligase activity and
proceeds to ubiquitinate many outer mitochondrial membrane proteins (Jin and
Youle, 2012). It is these ubiquitinated proteins that attract selective autophagy
receptors such as those already mentioned (p62 and Optineurin). The exact
interactions of p62 and Optineurin in the PINK1/Parkin pathway still needs to be
studied further (Okatsu et al., 2010; Wong and Holzbaur, 2014). PINK1/Parkin
dependent mitophagy also takes place in Drosophila where Parkin null mutants had
drastically reduced turnover of mitochondria compared to wild type flies (Vincow et

al., 2013).

In mammalian cells, the FUN14 domain containing protein 1 (FUNDC1) is
another mitophagy receptor that is found on the outer mitochondrial membrane (Liu
et al.,, 2012). FUNDCI1 is a transmembrane protein that has a LIR motif on its cytosolic
side allowing it to interact with the LDS of LC3. FUNDC1 is a receptor that is specifically
involved in hypoxia induced mitophagy and plays a much less significant role in
starvation induced mitophagy (Wei, Liu and Chen, 2015). Meaning that under hypoxic
conditions, there needs to be a control mechanism to activate FUNDC1. This is carried
out through a kinase called SRC kinase. Under normal conditions, SRC kinase would

phosphorylate the LIR motif of FUNDC1 which inhibits FUNDC1 interaction with LC3.
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Under hypoxic conditions, SRC kinase is inactivated by dephosphorylation by an

unknown phosphatase, and its inhibitory effects are reversed (J.Klionsky, 2014).

6.1.2 Pexophagy

Pexophagy is the autophagic degradation of peroxisomes. Peroxisomes are
small organelles involved in the oxidation of fatty acids, synthesis of bile salts, and
reduction of reactive oxygen species arising from hydrogen peroxide. Much of what is
known about pexophagy was discovered in yeast, Pichia pastoris. Pexophagy is
triggered upon change of nutrient conditions for example going from methanol to
glucose. Two identified pexophagy receptors in yeast are ATG30 and ATG36. They
interact with peroxin proteins found on the surface of peroxisomes such as pex3,
pex5, and pex14. They can target peroxisomes to the autophagosome through
interacting with ATG8 through its AIM and other ATG proteins (ATG11, ATG17).
Peroxisome fission proteins have also been shown to be involved in pexophagy. It
seems that damaged proteins are concentrated in certain parts of the peroxisome and
pinched off before targeting to the autophagosome. Although there is no ATG30/36
in mammals, p62 and NBR1 has been shown to interact with ubiquitinated
peroxisomes (through their UBA and JUBA domains respectively). These receptors

contain LIR motifs which can interact with LC3 (Germain and Kim, 2020).

6.1.3 Lysophagy

As well as being part of the final stages of autophagy, the lysosomes
themselves are turned over by autophagy. Lysosomes are acidic organelles that
contain hydrolytic enzymes for digestion of cellular material. Thus far, lysophagy
seems to be a galectin 3, p62, and ubiquitin dependent process. TAX1BP1 and other
autophagy adapters were also found on damaged lysosomal membranes and may be

involved. Different membrane damaging agents seem to recruit different autophagy
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adapters. For example, salmonella induced damage leads to recruitment of the

autophagy receptor NDP52 (Papadopoulos, Kravic and Meyer, 2020).

6.1.4 Nucleophagy

The nucleus contains all the genetic material of the cell and it would be
detrimental to the cell if the nucleus is degraded through autophagy. Usually, there is
only partial degradation through piecemeal micronucleophagy (PMN). However, in
some fungal species like Aspergillus oryzae, macroautophagy of the whole nucleus
does take place. It allows the release of nutrients which can be used for mycelial
growth (Shoji et al., 2010). In yeast, a nucleophagy receptor was identified, ATG39,
although this protein is not present in higher eukaryotes (Mochida et al., 2015). Here,
nucleophagy is essential to rescue cells from nitrogen starvation. Plenty of evidence
for nucleophagy taking place in mammalian cells have been described, however, as of
yet, no selective autophagy receptor has been identified (Anding and Baehrecke,
2017). There is some evidence to suggest nucleophagy does occur such as the

apparent degradation of the nuclei in fragmented nurse cells (Nezis et al., 2010).

6.1.5 ER-Phagy (Reticulophagy)

When the endoplasmic reticulum (ER) is under stress, for example through a
build-up of misfolded proteins, part of the response is the partial degradation of the
ER through autophagy. This process is either described as ER-phagy or reticulophagy.
In yeast, ATG39 (also involved in nucleophagy) and ATG40 are selective reticulophagy
receptors which can interact with ATG8 through their AIM (Mochida et al., 2015).
Interestingly, these receptors are localised to different regions of the ER and are
involved in the selective degradation of their respective region. ATG39 is localised to

the perinuclear ER and ATG40 is found in the cortical ER.
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The mammalian ATG40 protein is called FAM134B (family with sequence
similarity 134 member B). FAM134B is an ER-phagy adapter protein containing a
functional LIR motif. Since overexpression of this protein leads to fragmentation of the
ER followed by degradation, it was proposed that this receptor could be involved in
the pinching off the ER and then targeting to the autophagosome through its LIR motif
(Khaminets et al., 2015). It was shown that the GTPase family atlastins (ATL) may be
involved in the FAM134B dependent fragmentation of the ER. Although ATL proteins
may work downstream of FAM134B, recently ATL3 has been described as an
autophagy receptor itself. ATL3 is a GTPase which contain two GABARAP-interacting
motifs (GIMs) which specifically binds to the GABARAP subfamily of autophagy
proteins (Chen, Teng and Chen, 2019). Other ER-phagy receptors include SEC62,
RTN3, CCPG1, ATL3, EPR1, TEX264 and CALCOCO1 (described in golgiphagy section).

SEC62 is a LIR motif containing protein that is part of the translocon complex
and is involved in ER-phagy after the unfolded protein response to clear excess ER

(Fumagalli et al., 2016).

Of all the isoforms of RTN3 (reticulon 3), the longest full-length isoform
contains 6 LIR motifs which allows interaction with LC3/GABARAP. It is also able to
oligomerise which enables ER fragmentation and is a response to starvation (Grumati

etal., 2017).

CCPG1 (cell cycle progression 1) is an ER-phagy receptor which responds to
accumulation of misfolded and aggregated proteins in the ER. As it is a
transmembrane receptor with its C-terminus in the ER lumen it could potentially
directly recognise these aggregated proteins. It also contains a functional LIR motif
and FIP200 interacting domain which together can target the ER to autophagosomes

(Smith et al., 2018).

TEX264 (testis expressed gene 264) is an ER resident transmembrane protein
with a C-terminal cytosolic LIR motif (Chino et al., 2019; An et al., 2019). What is
interesting about this receptor is that when multiple ER-phagy receptors were

knocked down (FAM134B, CCPG1, RTN3 and Sec62), ER-phagy could still occur to a

151



significant level. However, when TEX264 was also knocked down, it significantly

reduced ER-phagy, suggesting that TEX264 is a major player in ER-phagy.

EPR1 is a soluble ER-phagy receptor, identified in Schizosaccharomyces pombe.
It can interact with ATG8 through its AIM and to the ER via the VAP (vesicle-associated
membrane protein-associated protein) proteins Scs2 and Scs22. VAP proteins interact
with proteins such as EPR1 which contain an FFAT (acid tract) motif. EPR1 appears to
be dependent on the Irel UPR regulator and is upregulated in response to ER stress

(Zhao and Du, 2020).

6.2 Golgiphagy

The selective degradation of the Golgi (golgiphagy) is something that is not
very well understood. Currently, there are only two papers discussing golgiphagy and

the receptors which could mediate this process are suggested.

6.2.1 The Golgi is degraded through autophagy and GOLPH3 is a potential

autophagy receptor

For a long time, it was unclear whether the Golgi was degraded through
autophagy. There is a need for the removal of damaged Golgi which can lead to many
diseases such as neurodegeneration and cancer. The process of golgiphagy was
confirmed by Lu et al., in 2020 in their paper titled: “Regulation of the Golgi apparatus
via GOLPH3-mediated new selective autophagy” (Lu et al., 2020). This study was done
on mammalian cells (H9c2 cells, HUVECs, HA-VSMCs, and HEK293T cells). Lu et al.,
showed that under starvation conditions, there was co-localisation between the cis
and trans Golgi markers, GM130/TGN46, and LC3B positive autophagosomes. The

sequestration of Golgi in autophagosomes was confirmed using electron microscopy.
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The study also proposes Golgi phosphoprotein 3 (GOLPH3) as a potential golgiphagy

receptor.

GOLPH3 is a membrane protein found in the trans-Golgi and is involved in a
variety of Golgi related processes. These processes include maintenance of Golgi
structure, vesicle trafficking, and promoting Golgi budding. This protein is also
considered oncogenic and investigated for many cancers such as gliomas (Wu et al.,
2018), lung adenocarcinoma (Zhao et al., 2020) and nasopharyngeal carcinoma

(Wang, Wang and Deng, 2020).

GOLPH3 can bind both LC3B and the Golgi membrane, making it a good
candidate as a golgiphagy receptor. The study showed that knockdown of GOLPH3
decreased the co-localisation of cis and trans Golgi markers to LC3B positive
autophagosomes. However, the specific interaction between GOLPH3 and LC3B and

whether it was LIR motif dependent was not explored.

Nonetheless, this study did confirm that the Golgi is indeed degraded through

autophagy and this process may be receptor mediated.

6.2.2 The reticulophagy receptor CALCOCOL1 is also a golgiphagy receptor

A recent paper (June 2021), by Nthiga et al.,, showed that a previously
discovered ER-phagy receptor also is a golgiphagy receptor (Nthiga et al., 2020; Nthiga
et al., 2021). Previously, this group has showed that CALCOCO1 is able to degrade
endoplasmic reticulum through interacting with ER localised VAP proteins. This
interaction takes place through an FFAT (acid tract) motif on CALCOCO1. CALCOCO1
can interact with ATG8 through both its LIR motif and its UIM motif which occurs
concomitantly. However, they also noticed that upon depletion of CALCOCO1, Golgi
size as well as the quantity of Golgi associated proteins increased. This suggests that

COLCOCO1 may be responsible for Golgi turnover and regulation of Golgi size.

Nthiga et al., showed that CALCOCO1 can interact with ZDHHC17/13 through
its ZDHH-AR-binding motif (zDABM). ZDHHC17/13 is a Golgi transmembrane palmitoy!
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transferase. CALCOCO1 dependent degradation of the Golgi seemed dependent on its
interaction with ZDHHC17. Under normal conditions, CALCOCO1 would be anchored
to the Golgi via ZDHHC17 and only when starvation in induced and the Golgi is

fragmented, would it recruit ATG8 and start the autophagosome formation.

Under starvation conditions, CALCOCO1 would recruit and co-localise with
some of the Golgi fragments to the autophagosome. This process was dependent on
the LIR and UIM motif of CALCOCO1. This study also showed accumulation of Golgi
resident protein under autophagy deficient conditions, indicating the degradation of
these proteins via autophagy. This was supported by previous experiments showing
that LIR motif and UIM motif double mutants interfered with Golgi protein
(GM130/TMEM165) turnover.

Although it is clear that CALCOCO1 is involved in the degradation of the golgi,
it does not account for all Golgi degradation in the cell. Therefore, there are potentially

many more golgiphagy receptors yet to be identified.

6.3 dGMAP is involved in the turnover of the Golgi

apparatus

Here experiments are highlighted which suggest that dGMAP is a novel

golgiphagy receptor involved in the turnover of the Golgi organelle in Drosophila.

6.3.1 There is an accumulation of Golgi marker GM130 in autophagy

deficient flies

To prove that dGMAP is indeed a golgiphagy receptor, the first objective is to
show that there is more Golgi in autophagy deficient flies. To do this, two common

Golgi markers were used. Antibodies for GM130 which is a cis-Golgi marker and
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Syntaxin 16 which is a trans-Golgi marker were used. Syntaxin 16 is a commonly used
trans-Golgi marker (Chen, Gan and Tang, 2010). It is a SNARE protein involved in
membrane fusion activities, of which there is a homologue found in Drosophila (Xu,
Boulianne and Trimble, 2002). GM130 is discussed earlier and is a cis Golgi golgin and

a very useful marker of the cis golgi.

An accumulation of these Golgi markers will show that there is an increase in
Golgi size and/or Golgi number. Figure 6-1 shows a western blot of GM130 and
Syntaxin 16 in two-week-old wild type flies compared to ATG8a and ATG8ak48A/¥4%A
mutants. The cis-Golgi marker GM130 significantly accumulated in both mutant flies.
This could suggest that there is an increased amount of Golgi in autophagy mutant
flies. However, the trans Golgi marker Syntaxin 16 did not show any significant amount
of accumulation. This means that it is specifically the cis Golgi which is increasing in
size. If the hypothesis of dGMAP, a cis Golgi protein, being a golgiphagy receptor is
true, then it makes sense that the cis-Golgi is disproportionately affected. This data
does not tell us if there is simply more Golgi markers or if there a change in Golgi
organelle size and morphology. Immunofluorescence experiments need to be done to

elaborate on this.

155



ATGsaK48AIY49A

Control
ATG8a

-150
-100

Relative GM130 accumulation
o -
o wn - wn N
]
I *
H
I

GM130 = = "= aue

Syntaxin16 37

; — 50 &
Tubulin s s

Figure 6-1 Accumulation of cis Golgi markers in ATG83**34¥4% and ATG8a mutant flies
compared to wild type control. A) Western blot showing accumulation of the cis Golgi
marker GM130 in both autophagy mutant flies compared to wild type controls. No
accumulation was seen in the trans Golgi marker Syntaxin 16. Tubulin was used as a
loading control. B) Quantification of GM130 accumulation relative to control flies showing
significant increase in GM130 in autophagy mutant flies compared to controls. Statistical
significance was determined using one sample t-test, error bars show +SDs, *p<0.05,
***p<0.001.

6.4 There is no alteration of Golgi in the highly secretory

organs of autophagy mutant flies

dGMAP is a tethering protein located on the cis Golgi and is responsible for
capturing vesicles arriving from the ER. Therefore, it is logical that cells which are
highly secretory will be most affected by a lack of dGMAP/Golgi degradation. In
Drosophila the two main organelles that secrete many proteins are the malpighian
tubules and the salivary gland. The malpighian tubule is the equivalent of the
mammalian kidney, specifically the nephron tubules, in flies and so involved in the
production of urine through movement of ions and organic substances (Gautam,
Verma and Tapadia, 2017). The secretory system is important in mobilising membrane

proteins, channels, and active transporters. The salivary gland contains secretory cells
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which are involved in the secretion of many proteins. This gland is also very important
in the secretion of salivary glue proteins that help the larvae get ready for pupariation
(Andrew, Henderson and Seshaiah, 2000). If there is an issue with the Golgi size and
Golgi trafficking in autophagy deficient conditions, it is likely that these tissues will be
the most affected. Wild type, ATG8a and ATG8aX*3*/¥4%A mutant flies were aged two
weeks and the malpighian tubules were stained for the cis Golgi marker GM130. This
would allow identification of any accumulated and morphological changes to the Golgi
apparatus. For the salivary gland, it is mostly degraded in adult flies and so the staining
was only done in larvae, which is why only wild type and ATG8a mutant samples are
shown. Figure 6-2 shows GM130 staining of malpighian tubules and salivary glands.
For both these tissues, the Golgi apparatus in autophagy mutants appear to be normal

is size and morphology.

The malpighian tubule is a hollow tube so the GM130 puncta representing the
Golgi and the nuclei can be seen on the edges of the tube. In all three genotypes (wild
type, ATG8a and ATG8a **/¥49A) 'similar sized puncta can be seen and the Golgi does

not appear to be malformed in any way.

For salivary gland staining, there is an even distribution of similar sized GM130
puncta throughout the salivary gland cells. There is also no obvious difference in Golgi
morphology either. A similar experiment was done by Charroux and Royet, 2013,
where the Golgi pH regulator protein (GPHR) mutants’ effect on Golgi organisation
was investigated. The Golgi puncta was uniformly distributed and when GPHR was
mutated, it caused some of the puncta to become more diffuse and weaker (Charroux
and Royet, 2014). Secretory organs did not show alterations in Golgi size or shape. To
see if this is the case for most tissues in Drosophila, other organs which are likely less

secretory in nature need to be checked for Golgi alterations.
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Figure 6-2 There is no accumulation of Golgi in malpighian tubules and salivary glands in
autophagy mutant flies. A) GM130 staining (red) of 2-week-old fly malpighian tubules,
showing Golgi size and morphology. GM130 puncta representing the Golgi can be seen in
wild type, ATG8a*¥#¥4%A mutant, and ATG8a mutant flies. As the malpighian tubules are a
tube, cell contents such as the Golgi are seen on the edges of the tubules. No difference is
seen between wild type and autophagy mutant samples. B) GM130 staining (red) of larval
salivary gland. Many GM130 puncta (golgi) can be seen throughout the cytoplasm of both
wild type and ATG8a mutant flies. No difference is seen between control and ATG8a mutant
flies. DNA was stained with Hoechst (blue). Scale bars are 20 um and 60 um for A) and B)
respectively.
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6.5 There is a difference in Golgi size and morphology in

autophagy mutant larval fat body and adult fly brains

Wild type and ATG8a mutant larval fat body was stained for GMAP and GM130
(Figure 6-3). Since these are both cis-Golgi localised proteins there should be some
co-localisation of GM130 and GMAP puncta. Figure 6-3 shows that in wild type larval
fat body there are small but numerous GMAP and GM130 puncta which do co-localise.
In the ATG8a mutant larval fat body, the GMAP/GM130 puncta are much larger in size.
There is a 2-3-fold increase in GM130 puncta size. Some GMAP/GM130 puncta were
much larger than what the quantification suggests. The increase in size of the
GMAP/GM130 puncta indicate that the Golgi organelle fragments in autophagy
deficient flies are much larger. There also seems to be alterations in Golgi morphology.
The Golgi puncta in ATG8a mutant larvae are more elongated and sometime appear
to be hollow. This indicated that there is reduced degradation of the Golgi in

autophagy mutants.
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Figure 6-3 There is an increase in Golgi size and change in Golgi morphology in ATG8a
mutant larval fat body compared to wild type controls. A) Co-localisation of GMAP (green)
and GM130 (red) indicated Golgi apparatus. GM130 and GMAP positive puncta can be
seen in both control and ATG8a mutant fat bodies (white arrows). The Golgi in ATG8a
mutant fat bodies are much larger, elongated and occasionally hollow. DNA was stained
with Hoechst (blue), scale bars are 10 um. B) Quantification of average GMAP/GM130
positive puncta size shows that the Golgi is significantly larger in ATG8a mutant fat body
compared to controls. Statistical significance was determined using t-test, error bars show
+SDs, *p<0.05.

A similar experiment was also performed in adult Drosophila brain. This time, two-

week-old wild type, ATG8aK43#/¥4%A and ATG8a mutant adult brains were stained with
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GM130 and GMAP. Figure 6-4 shows that in both autophagy mutant flies there is an
increased amount of golgi. Both cis Golgi markers GM130 and GMAP accumulated in
these flies and their colocalization suggests these puncta are golgi. The Golgi also
appears much brighter and, in some places, longer in length suggesting changes to

Golgi morphology as well.
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Figure 6-4 There is an increase in Golgi size and change in Golgi morphology in ATG83a*434/¥4%A
and ATG8a mutant fly brains compared to wild type controls. Co-localisation of GMAP
(green) and GM130 (red) represents the Golgi apparatus and is seen in controls and
autophagy mutants. In both autophagy mutants GMAP and GM130 positive puncta are
much brighter, larger, and sometimes elongated. This phenotype is most severe in ATG8a
mutants. DNA was stained with Hoechst (blue), scale bars are 10 um.
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6.6 The Drosophila Golgi is degraded through autophagy

The Golgi is larger in autophagy mutant flies; however this does not confirm
that the Golgi is degraded through autophagy. To confirm that the Golgi is degraded
through autophagy like other organelles such as mitochondria and the ER, co-

localisation between autophagosomes and the Golgi marker GM130 was investigated.

FLP-out mCherry-ATG8a flies were used for this experiment. They were
created previously through crossing of: yw, hs:FLP; UAS-mCherry-Atg8a;
AC>CD2>Gal4 (FLPout empty lines) with Bloomington’s UAS-mCherry-Atg8a flies.
These flies have a mosaic expression of mCherry-ATG8a, where in tissues some cells
will express mCherry-ATG8a and cells around it will not. These flies were starved for
24 hours which induced autophagy. Autophagosomes can be visualised as there will
be many small mCherry positive puncta in the cytoplasm. Fat body from these larvae
were also stained for GM130 to see if there is any co-localisation between the cis Golgi
marker and mCherry-ATG8a. Figure 6-5 shows that there were some co-localisations
between mCherry-ATG8a and GM130 suggesting that the Golgi is degraded through
autophagy. This result supports the data from Lu et al., the group who suggested
GOLPH3 as a golgiphagy receptor. They also showed co-localisation of GM130 and
LC3B positive puncta under starvation in mammalian cells. Figure 6-5 confirms that

golgiphagy is also present in Drosophila.
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mCherry-Atg8a

Figure 6-5 The Golgi is degraded by autophagy (golgiphagy) in Drosophila. Larvae from FLP-
out mCherry-ATG8a were starved for 24 hours and stained for GM130 (green). Multiple
mCherry puncta in each cell can be seen which represents autophagosomes in the
cytoplasm. There is co-localisation of GM130 and mCherry (white arrows) suggesting that
Golgi is present within the autophagosome. DNA was stained with Hoechst (blue), scale bars
are 10 um.

6.7 Knockdown of dGMAP causes accumulation of

GM130

dGMAP RNAI lines were crossed with DaGAL4 driver lines. This created
offspring which had dGMAP RNAi expressed in every cell of the body. These flies
allowed the effect of dGMAP knockdown to be investigated. Figure 6-6 shows that
dGMAP was successfully knocked down as there was a significant reduction in dGMAP
expression in dGMAP RNAI lines compared to wild type. These RNAI lines also had a
significantly increased level of GM130 which could suggest a lack of golgiphagy due to
a reduction in dGMAP. However, it is worth noting that there are studies which
suggest that a reduced expression in either GMAP or GM130 can cause the other gene
to be overexpressed to compensate for it. This is due to the redundancy in some of

their functions.
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Figure 6-6 dGMAP RNAI causes accumulation of cis Golgi marker GM130. dGMAP RNA: flies
were crossed with the full body driver line daGAL4 and aged 3-4 days. A) western blot
confirming knockdown of dGMAP. GM130 accumulates in these flies. Tubulin was used as
a loading control. B) and C) are quantifications of dGMAP and GM130 respectively.
Statistical significance was determined using one sample two-tailed t-test, errors bars show
+SDs, *p<0.05, ***p<0.001.

6.8 Generation of LIR mutant dGMAP

To investigate the importance of dGMAP LIR motif, dGMAP flies with a LIR
motif mutation was created. This was done in the same was as creating the
ATG8aK*3MY49%A mutants by Well Genetics. The LIR motif was mutated from DEFIVV to
DEAIVA (F322A/V325A). A schematic of the CRISPR/Cas9 editing is shown in Figure
6-7.

164



10 kbp , : )
490k 00K, 10k

i i 1549 155001 }< 1551

> >

IncRNA:CR44583 : :1r—283:nr—12 AC13E

6340-RB Gnap-RC
oo H::—CD—GD
6340-RA Gnap-RD ACL3E-RC
- (= i —00———(I >
6340-RE Gnap-RA i AC13E-RA
— o> Ot :
6340-RF i

% B3 B+ 2 8 Natural TE (only visible below 300Kb)
+ E183 ® - 3 8 Repeat region

IncRNA :CR44885-RA
Gnap-RE 1

:1Rm:mr—283—RH

miRNA:mir-283-RA

_j \ A :nir-283-RB
-TTAA</>TTAA niRNA mir-304-RH
:\iRm:mir—:)Od-Rﬁ
.nil?m:mir—'.iod—ke
! miRNA:mir-12-RM
:anNR:mir—iZ—Rﬂ
ImiRNﬁ:mir‘—lZ—RB
: AC13E-RB

Figure 6-7 Creation of dGMAP™3224V325A mytant flies. dGMAP LIR mutant (DEFIVV = DEAIVA)
were created by Well Genetics using the same technique as when generating ATG8a*84/Y4%A
mutant flies. CRISPR/Cas9 was used to create double strand breaks at the target gene and
homologous recombination was used to insert the mutated DNA fragment along with the
Piggybac™ vector. The vector contains DsRed a selectable marker which can be excised

using the Piggybac™ transposase.

6.9 dGMAP LIR mutant flies have accumulation of golgi

dGMAPP22AV325A mytants were aged two weeks and investigated for signs of

Golgi accumulation. Figure 6-8 shows western blot analysis of GM130, in two-week-

old wild type flies compared to dGMAP™322A/V325A and ATG8a mutant flies. There was a

significant increase in the levels of GM130 in dGMAPF322AV325A and ATG8a mutant flies.

This suggests that there is reduced Golgi degradation in the dGMAP LIR mutant flies,

therefore the LIR motif of dGMAP is crucial for golgiphagy to take place.
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Figure 6-8 There is an accumulation of cis-Golgi marker GM130 in dGMAP™22AV325A mytant
flies compared to wild type controls. A) Western blot showing GM130 accumulation in
dGMAPP2AV32A mutant flies, ATG8a mutant flies are shown as a positive control. Tubulin
is used as the loading control. B) Quantification of GM130 accumulation. Statistical
significance was determined using one sample two-tailed t-test, error bars are +SDs,
*p<0.05, ***p<0.001.

The accumulation of Golgi in the dGMAP™322A/V325A mytants was also verified
using immunofluorescence. Figure 6-9 shows an increase in GM130 puncta (golgi) in
dGMAPF22A/V325A 3nd ATG8a mutant flies compared to wild type. The GM130 puncta
appear to be much brighter and larger. There is also the presence of longer more
elongated Golgi in the two mutant flies. The lengths of the puncta in each of the fly
lines were measured and the relative size of the Golgi were compared. Quantification
was calculated as a ratio of large puncta (>1 um) to small puncta (<1 um). The Golgi in

dGMAPF22A/V325A and ATG8a mutant flies were significantly larger than wild type flies.
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Figure 6-9 Increase in Golgi size and change in Golgi morphology in dGMAPF322A/V325A fy,
brains compared to wild type control. A) Flies were aged 2 weeks and stained for GM130
(red) which represents the golgi. GM130 puncta (golgi, white arrows) appear much larger
and elongated suggesting a change in Golgi morphology. A similar phenotype is seen in the
ATG8a mutant flies. DNA was stained using Hoechst (blue, scale bars are 10 um. B)
Quantification of relative size of GM130 puncta calculated as a ratio of large puncta (>1 um)
to small puncta (<1 um). Statistical significance was determined using one sample two-tailed
t-test, error bars are +SDs, *p<0.05, ***p<0.001.
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The confocal data on the dGMAPF322AV325A confirms that the identified LIR

motif is necessary for AGMAP dependent turnover of the golgi.

6.10 Conclusion

Western blot analysis of ATG8aK43#/¥4%A syggests that there is an accumulation
of the cis-Golgi marker GM130 compared to wild type. It is unclear why the trans Golgi
marker, Syntaxin 16, did not also accumulate. In the future it may be worth analysing
the accumulation of other tans-Golgi markers. What is confirmed is the increase in
Golgi size and change in Golgi morphology (through immunofluorescence) when
autophagy is disrupted. A similar phenotype was seen when the LIR motif of dGMAP
was mutated which confirms dGMAP as a novel LIR motif containing golgiphagy
receptor. However, the Golgi in every cell was not affected in the same way. The fat
body and brain had obvious alterations to Golgi structure and size yet the malpighian
tubules and salivary glands seem unaffected. This is interesting as golgins when
mutated cause tissue specific phenotypes which is described in the earlier section
“Golgins”. To summarise, even though some golgins are ubiquitously expressed, their
knockdown affects some tissues more than others. There is obviously a more complex
interaction between different golgins, redundant functions, and occasional niche roles
of golgins in some tissues. Therefore, it is not surprising that dGMAP may be involved
in golgiphagy in a subset of tissues/cells rather than ubiquitously. The fact that the
quantitative proteomics analysis was done on fly heads mean that the aggregated
proteins investigated were enriched for brain proteins. Therefore, it is not surprising
that the golgin involved in golgiphagy in the brain was identified. The identification of

dGMAP now makes the total golgiphagy receptor count three.
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Chapter 7 dGMAP is a potential regulator of
autophagy

Although the evidence suggests that dGMAP is a golgiphagy receptor, this does
not mean that dGMAP is not also a part of the autophagy process itself. By inhibiting
LIR motif dependent autophagy through ATG8aX*3#/¥4%A mutant flies, it is likely that
autophagy regulator proteins may also accumulate. To see if dGMAP and its
interaction with ATG8a is involved in autophagy regulation, autophagy defects in

dGMAPF322A/V325A mytant flies were investigated.

7.1 There is an accumulation of Ref(2)P in dGMAP
F322A/V325A mutant flies

The easiest way to check for any defects in autophagy is to check for the
accumulation of the LIR motif containing protein Ref(2)P in dGMAP LIR mutant flies.
Figure 7-1 is the western blot showing that there is an increased amount of Ref(2)P

present in the dGMAP LIR mutant flies.
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Figure 7-1 Accumulation of Ref(2)P in dGMAP™224V3254 A) Flies were aged two weeks and
blotted for Ref(2)P. Ref(2)P accumulation in ATG8a was used as a positive control. There
was accumulation of Ref(2)P in the dGMAP LIR mutant flies but not as much as in the
ATG8a mutants. Tubulin was used as a loading control. B) Quantification of Ref(2)P
accumulation in dGMAP224V325A mutant flies relative to wild type controls, shows the
difference is significant. ATG8a mutant samples is now shown in the graph as the
quantification value is much higher than both the control and dGMAP™22AV32%A mytant
flies. Statistical significance was determined using one sample two-tailed t-test, error bars
are +SDs, *p<0.05.

Accumulation of Ref(2)P was also tested using immunofluorescence, ubiquitin was
stained for identification of protein aggregates. Figure 7-2 shows that There are
Ref(2)P and ubiquitin positive aggregates present in two week old Drosophila brains
in dGMAPP22AV3ZA mytant flies compared to wild type. ATG8a mutant flies are also
there as a positive control. However, it is worth noting that these protein aggregates
were not seen across the whole brain but only in sub sections of different parts of the
brain. This could mean that dGMAP is involved in regulating autophagy in only some
cells and not ubiquitously. Although not done in this study, further experimentation
investigating protein aggregates in different Drosophila tissue would provide more

insight into this.
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Figure 7-2 Accumulation of Ref(2)P and ubiquitinated proteins in dGMAP322V325A mytant
fly brains. Ref(2)P (green) and ubiquitin (red) positive puncta represent protein aggregates
(white arrows) which, similar to ATG8a mutants, can be seen in some cells of
dGMAPP22AV325A mytant fly brains. These aggregates were not seen in wild type control fly
brains. DNA was stained with Hoechst (blue), scale bars are 10 um.

7.2 dGMAP LIR motif mutations cause defects in

autophagosome formation

dGMAP RNAI flies were crossed with mCherry-ATG8a to see the effect of
dGMAP knockdown on autophagosome formation. Control RNAi lines were also
crossed with mCherry-ATG8a flies. Larvae of the offspring from this cross were starved

for 4 hours to induce autophagy and the fat bodies stained for dGMAP (to verify
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dGMAP knockdown). Larval fat bodies under fed conditions were used as controls.
Like Figure 6-5, mCherry-ATG8a fly fat bodies will have a mosaic appearance where
cells which express mCherry-ATG8a will be next to cells that don’t. The mosaic staining
of the tissue represents the fact that Gal4 is expressed in these cells, which means
that the mCherry expressing cells will also be expressing the relevant RNAI. Figure 7-3
shows that under fed conditions, no distinct mCherry-ATG8a positive puncta can be
seen in either cross. In starved conditions with the control RNAI cross, there were
many mCherry-ATG8a puncta (autophagosomes) seen in the cytoplasm. This indicated
normal autophagy taking place and autophagosomes forming as usual. Many of these
mCherry-ATG8a puncta also co-localises with dGMAP further supporting the fact that
dGMAP is facilitating the autophagic degradation of the golgi. In the dGMAP RNAI
cross under starved conditions, there are some autophagosomes present but are far
less common. In each mCherry-ATG8a positive cell there are much fewer or
occasionally no mCherry puncta. When there are mCherry puncta they appear to be
much larger. In cells which are positive for mCherry-ATG8a, the dGMAP staining is
much more diffuse indicating successful knockdown of dGMAP in these cells. These

data suggest there is a defect in autophagy in dGMAP LIR mutant flies.
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Figure 7-3 dGMAPF322AV325A has impaired autophagy. FLP-out mChrry-ATG8a flies were
crossed with either control RNAI flies or dGMAP RNAI flies. Larval fat bodies from larvae
which were either fed or starved for 4 hours were then stained for GMAP (green). Cells

which express mCherry-ATG8a will also express the associated RNAI. In control RNAI lines
starved condition there are many mCherry puncta in the cytoplasm representing
autophagosomes. These are not seen in fed conditions. In dGMAP RNAi flies starved
conditions, there are much fewer mCherry puncta and the autophagosomes appear to be
much larger. Again, these are not present in fed conditions. DNA was stained with Hoechst
(blue), scale bars are 20 um.

The fewer autophagosomes when dGMAP is knocked down could suggest a
defect in autophagosome formation. For example, the initiation of the phagophore

membrane may be affected by a lack of dGMAP. In addition, since the
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autophagosomes appear much larger, defects in phagophore elongation and closure
could also be present. Alternatively, dGMAP may be involved in the mobilisation of
membrane which contributes to the growing phagophore. Many sources of
membrane have been suggested for the autophagosome including mitochondria
(Hailey et al., 2010), plasma membrane (Ravikumar et al., 2010), ER-mitochondria
contact site (Hamasaki et al, 2013), and ER-plasma membrane contact site
(Nascimbeni et al., 2017). The Golgi as a membrane source is probably the least
understood and a potential role for dGMAP. Other tethering proteins like COG and
TRAPP have been implicated in autophagosome biogenesis. ATGS compartments and
vesicles which contribute membrane to the growing phagophore has been shown to
derive from many locations including the Golgi (Axe et al., 2008). However, without
further experimentation, a definitive role of dGMAP in the regulation of autophagy is

difficult.
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Chapter 8 Summary and conclusions

The thesis can be split into two main sections; a screening process to identify
a panel of potential LIR motif containing proteins and an in-depth analysis of one of
these identified proteins. Chapter 3 and 4 describes the process of using quantitative
proteomics to identify LIR motif containing proteins. The approach was to use flies
which had a mutated ATG8a LDS binding pocket (K48A/Y49A) which are unable to
interact with the LIR motif. Proteins which accumulate in these mutant flies are
potential autophagy substrates/adapters which contain a LIR motif. This is much more
effective that simply looking at accumulated proteins in ATG8a null mutant flies as
ATG8a interacts with many proteins in a LIR motif independent manner. The Nezis lab
has previously used different screening techniques to identify LIR motif containing
proteins such as a yeast-2-hybrid (Y2H) screening. The Y2H screen allows in-vitro
analysis of ATG8a interactors which helped identify many LIR motif containing
proteins including Kenny. However, the main issue with the Y2H screen is that it
identified all ATG8a interactors, which includes both LIR motif dependent and
independent interactors. This means more downstream analysis of identified proteins
is needed. By comparing both ATG8a and ATG8aX*8*¥4%A mutants to wild type it is
possible to quickly narrow down proteins which interact with ATG8a in a LIR motif

dependent manner.

Chapter 3 describes the experiments used to characterise the ATG8a<48A/Y4%A
mutants, to see if they have a similar phenotype to ATG8a mutants. Once the
mutations were verified with sequencing, experiments looking at Ref(2)P, Kenny and
Ubiquitin accumulation showed that ATG8aK*#*Y4%A had an intermediate phenotype
between wild type and ATG8a mutants. Both western blotting (whole flies) and
immunofluorescence (brain and gut) showed that LIR motif containing proteins and
ubiquitinated proteins aggregate in ATG8a *#*/Y4%A but to a slightly lesser degree than
ATG8a mutants. Therefore, it can be speculated that the protein aggregates seen in

ATG8aK*8MY49%A mutants are enriched for LIR motif containing proteins that are
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selectively degraded. This makes ATG8ak*¢*Y4%A mutant flies useful for quantitative

proteomics experiments.

Chapter 4 highlights the quantitative proteomics experiment used to identify
proteins which accumulate in ATG8a*®*Y4°A mutant and ATG8a mutant flies
compared to wild type flies. After optimisation it was found that the better technique
for protein extraction and digestion was the FASP technique rather than the
methanol/chloroform precipitation. Protein lysate of each genotype was collected
from virgin male fly heads and four biological repeats were collected before all
samples were run on the mass spectrometer on the same day. 3,736 proteins out of
the total 14,000 in the Drosophila proteome were identified in the screening. Perseus
software and excel were used to analyse the LFQ values and identify proteins which
were significantly overabundant in both mutant lines compared to wild type. 29
proteins were identified which were significantly overabundant in both mutant lines

compared to wild type and had at least a 2-fold increase in quantification.

Looking at the list of 29 proteins, there are a few proteins which we know
cannot be selective autophagy substrates. Firstly, there are the proteins which are
found within organelles which will not be able to interact with ATG8a. For example,
CG11208 and CG10253 (AGPS) are enzymes found in peroxisomes, CG17544 is an
enzyme found in mitochondria and CG10166 is an enzyme found in the ER lumen.
These enzymes are all found within membrane bound compartments and so cannot
physically interact with ATG8a. A likely explanation of this is that these proteins
accumulate indirectly, as there is far less selective degradation of the associated
organelle and their associated proteins. This could mean that receptors for mitophagy,
ER-phagy and pexophagy accumulated in the autophagy mutant flies. It is likely that
not every autophagy receptor was found as only 3736 proteins out of the total 14,000
proteins in the fly proteome was identified. Secondly, there are some extracellular
proteins on the list, which again will not have access to ATG8a. This is not an issue for
transmembrane proteins on the plasma membrane such as CG508, and Sip1 which
likely have cytosolic domains for ATG8a interaction. This is likewise for organelle
transmembrane proteins such as the ER membrane resident Itp-r83A. However,

proteins such as dally, which are secreted or anchored to the outside of the cell, are
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unlikely to be ATG8a interactors. The rest of the proteins could potentially be ATG8a
interactors, as most of them are enzymes. Interestingly, there was also another Golgi
protein found in the list (in addition to dGMAP) called RER1 which is involved in the
retrieval of ER resident proteins from the early Golgi compartments. This protein may
be worth investigating further as potential golgiphagy receptor. Three proteins RIC-3,
PI31 and Prolactin are neuronal proteins, which is unsurprising considering the

proteomics was done of fly heads.

After using the iLIR software to identify potential LIR motifs in the 29 proteins,
only 4 proteins were found to contain a LIR motif which had a high PSSM score (>13)
and was within an anchor region. These proteins were Ref(2)P, dGMAP, Dally and Ras.
Ref(2)P being identified was a good positive control and shows that the proteomics
was able to identify a known LIR motif containing protein which accumulates in
ATG8aK48A/Y49A flies. As mentioned previously, daily is an extracellular protein and
unlikely to be an ATG8a interactor. This leaves dGMAP and Ras as potential LIR motif
containing ATG8a interactors. Although dGMAP was chosen for further investigation,
Ras is worth looking into in the future. Ras is part of the MAPK pathway as well as
autophagy and so its degradation through autophagy likely has important

physiological consequences.

Chapters 5, 6, and 7 describe experiments used to confirm dGMAP as a
functional LIR motif containing protein and investigates its physiological significance.
Chapter 5 covered the experiments which confirmed dGMAP as a LIR motif containing
protein. First the accumulation of dGMAP in autophagy mutants (ATG8aK484/¥4%A and
ATG8a) was verified through western blotting and immunofluorescence (brain and
larval fat body). Following this, the high PSSM score predicted LIR motif from iLIR
(DEFIVV) was confirmed as a functional LIR motif. Truncated form of dGMAP which
contained the predicted LIR motif was able to interact with ATG8a in GST pulldown
experiments. This interaction was significantly reduced with the pull down was done
with ATG8a LDS mutant. The same dGMAP with a mutated LIR motif (DEFIVV =
DEAIVA) also had a reduced interaction with ATG8a. This suggests that dGMAP
interacts with ATG8a through a functional LIR motif in position 320-325 (DEFIVV).
Mutation of the LDS binding pocket of ATG8a and the dGMAP LIR motif did not
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completely inhibit their interaction. It is likely that dGMAP can interact with ATG8a
through both LIR motif dependent and LIR motif independent mechanisms which is
not uncommon. However, the fact that dGMAP has significant accumulation in
ATG8aK*84Y49% means that the primary method of interaction would be through the

LIR motif-ATG8a LDS.

Chapter 6 highlights experiments that identified dGMAP as a selective
autophagy receptor, involved in the selective degradation of the Golgi complex
(golgiphagy). Western blotting and immunofluorescence showed there was a lack of
Golgi turnover in autophagy mutant flies. GM130 a cis Golgi marker was used for these
experiments. However, the accumulation of Golgi affected some organs but not
others. The salivary gland and malpighian tubules, two highly secretory organs did not
show any difference in Golgi size or morphology. Whereas the brain and fat body had
an increase in Golgi size and change in Golgi morphology in autophagy mutants. This
indicates that golgiphagy may be tissue specific and regulated differently in different
cells. This means there are likely many more golgiphagy receptors yet to be identified.
The importance of the dGMAP LIR motif in Golgi turnover was demonstrated using
dGMAPP22AV32A - mytant  flies (LIR  mutants). Western  blotting  and
immunofluorescence (brain) in these flies showed that there is an increase in Golgi
size and change in Golgi morphology compared to wild type. Therefore, dGMAP is a
golgiphagy receptor which regulates the turnover of the Golgi through its interaction
with ATG8a via its LIR motif. Figure 8-1 is a diagram showing the proposed way in
which dGMAP may target the Golgi to the autophagosome. The C-terminal GRAB
domain is what anchors dGMAP to the cis Golgi via Arf1 GTPase and the functional LIR

motif which interacts with ATGS8a is located near the N-terminus.
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Figure 8-1 Schematic showing the proposed model for dGMAP dependent golgiphagy.
dGMAP is a cis-Golgi resident protein which is anchored to the Golgi through interaction
with Arfl via its C-terminal GRAB domain. dGMAP has a functional LIR motif (DEFIVV) near
its N-terminal which allows interaction with ATG8a-LDS. This targets the Golgi to the
autophagosome for autophagic degradation.

Chapter 7 provides preliminary data to show dGMAP may have additional
functions in autophagy. This was because it was found that ref(2)P accumulates in flies
which have a mutated dGMAP LIR motif (F322A/V325A), suggesting some kind of
defect in autophagy. This was verified in western blot and immunofluorescence of
brain tissue although the phenotype in the brain was not as extreme. Not every cell in
the brain had ref(2)P and ubiquitin positive aggregates. This could mean that dGMAP
is not essential for autophagy to happen but may have a niche role in subsets of cells.
In addition, when dGMAP was knocked down with RNAi, there were much fewer
autophagosomes forming in starved larval fat body. The autophagosomes that did
form were much larger, suggesting dGMAP may have a role in the regulation of

autophagy and autophagosome formation.
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Further study into the role of dGMAP as a golgiphagy receptor and its
additional role as a regulator of autophagy is needed. To confirm whether the
morphology of Golgi in dGMAP LIR mutant flies is different, transmission electron
microscopy could be done for a more detailed image of Golgi structure. It is clear that
dGMAP has tissue specific roles and so staining of other tissues for example, testis,
ovaries, accessory glands, and different regions of the gut would be interesting.
Lifespan assays on dGMAPP22A/V3254 flias would also give an indication of the general
health of flies which have reduced Golgi turnover. When it comes to the role of
dGMAP in autophagy regulation, the downstream effect of dGMAP knockdown can be
investigated. For example, are there any issues with lysosomes and autolysosome
formation? Staining with LysoTracker labels acidic compartments which could identify
defects in lysosome number and size. To check for defects in autophagosome-
lysosome fusion, there are already systems which exist such as the mCherry-GFP-
ATG8a fly lines. In these flies, after autophagy induction, mCherry-Atg8a puncta
denotes autophagosome-lysosome fusion. This is because the GFP signal is quenched
by the acidic hydrolases of the lysosome whereas the mCherry signal is unaffected.
Co-localisation of GFP and mCherry is an indication that there is a defect in lysosomal
fusion. Furthermore, checking the levels of dGMAP RNA under autophagy deficient
conditions could rule out the possibility of dGMAP upregulation in autophagy deficient

flies rather than the lack of Golgi degradation.

There are other questions which remain unanswered. Future work would look
to investigate why only the cis Golgi marker accumulates in flies but not the trans golgi.
From the immunofluorescence data, the Golgi is larger, so it may just be the case that
other trans Golgi markers need to be tested. Additionally, elucidating the role of
GM130 in golgiphagy and autophagy regulation would be another area of focus. Since
GM130 is another cis Golgi coiled-coil tethering protein which has redundant
functions with dGMAP and accumulates in autophagy deficient flies, it would not be
surprising if GM130 is involved in golgiphagy or autophagy in general, within the same
or different subsets of cells. It is quite possible that dGMAP has three functions:
anterograde transport, autophagy regulation, and golgiphagy. The types of signalling

molecules involved in switching the role of dGMAP whether this is facilitated through
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protein-protein interaction or post-translational modification is worth exploring.
Finally, it would be valuable to confirm if the LIR motif in dGMAP is conserved in higher
organisms too. Whether the mammalian homologue GMAP-210 is a selective
autophagy substrate or a LIR motif containing golgiphagy receptor has clinical

implications.

In conclusion, this study has established dGMAP as a novel LIR motif containing
ATG8a interacting protein. It is a selective autophagy receptor which is involved in the
selective degradation of the Golgi (golgiphagy) and may also be involved in the
regulation of autophagy. Golgiphagy is the least studied form of organelle degradation
through autophagy, so the identification of a new golgiphagy receptor is a step closer
to understanding this process. Another output of this study is the generation of
candidate LIR-motif containing proteins which may be involved in selective autophagy.

Further study into these proteins will unveil more mechanisms of selective autophagy.
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Abstract

Selective autophagy receptors and adaptors contain short linear motifs called LIR
motifs (LC3-interacting region) which are required for the interaction with the Atg8-
family proteins. LIR motifs bind to the hydrophobic pockets of the LIR docking site
(LDS) of the respective Atg8-family proteins. The physiological significance of LDS
binding site has not been clarified. Here, we show that Atg8a-LDS mutant Drosophila
flies accumulate autophagy substrates and have reduced lifespan. Using quantitative
proteomics to identify the proteins that accumulate in Atg8a-LDS mutants, we
identified the cis-Golgi protein GMAP (Golgi microtubule-associated protein) as a
novel LIR-motif containing protein that interacts with Atg8a. GMAP LIR-mutant flies
exhibit accumulation of Golgi markers and elongated Golgi morphology. Our data
suggest that GMAP mediates the turnover of Golgi by selective autophagy to regulate

its morphology and size via its LIR-motif dependent interaction with Atg8a.



Introduction

Autophagy is an evolutionary conserved process where the cells degrade their own
cellular material. It is involved in protein and organelle degradation and plays an
essential role in both cellular and whole-animal homeostasis. Autophagy is a cellular
response in nutrient starvation but also responsible for removing aggregated proteins,
damaged organelles, invading bacteria & viruses (Lamb, Yoshimori and Tooze, 2013;
Randow and Youle, 2014). There are various types of autophagy such as
macroautophagy, microautophagy and chaperone-mediated autophagy (Lamb,
Yoshimori and Tooze, 2013). During macroautophagy there is sequestration of cellular
material into double-membrane vesicles called autophagosomes. The autophagosomes
are subsequently fused with the lysosomes where the sequestered cargoes are degraded
by lysosomal hydrolases. The products of degradation are transported back into the
cytoplasm through lysosomal membrane permeases and can be reused by the cell
(Lamb, Yoshimori and Tooze, 2013). Although it was initially believed that autophagy
occurs randomly inside the cell, it is now established that sequestration and degradation
of cytoplasmic material by autophagy can be selective through receptor and adaptor
proteins (Randow and Youle, 2014; Johansen and Lamark, 2020).

Selective autophagy receptors and adaptors contain short linear motifs called LIR
motifs (LC3- interacting region motifs), LC3 recognition sequences (LRS) or Atg8-
interacting motifs (AIM), which are required for the interaction with Atg8-family
proteins (Atg8/LC3/GABARAP) (Pankiv et al., 2007; Ichimura et al., 2008; Noda,
Ohsumi and Inagaki, 2010). LIR-motif containing proteins (LIRCPs) bind via their LIR
motif to the hydrophobic pocket 1 (HP1) and hydrophobic pocket HP2 of the LIR
docking site (LDS) of the respective Atg8 protein (Johansen and Lamark, 2020).
Another type of interaction with Atg8 proteins that is LIR motif/LDS-independent was
also recently identified (Marshall et al., 2019). Despite the growing identification of
selective autophagy receptors and adaptors in mammals, the regulation and
mechanisms of action of selective autophagy receptors and adaptors and the
physiological significance of Atg8’s LDS docking site are poorly described in the fruit

fly Drosophila melanogaster.



Selective autophagy mediates the degradation of organelles (Anding and Baehrecke,
2017). However, autophagic degradation of Golgi apparatus is not well studied
(Mijaljica, Prescott and Devenish, 2006; Lu ef al., 2020; De Tito et al., 2020; Nthiga et
al.,2021). In this study, we created Atg8a LDS mutant flies using CRISPR. Atg8a LDS
mutants exhibit a similar phenotype with Atg8a full mutant flies, like accumulation of
ubiquitin positive aggregates and reduced lifespan. To identify the proteins that
accumulate in these mutants we performed quantitative proteomics. We identified
GMAP, a cis Golgi protein, as a novel Atg8a interacting protein that regulates Golgi

turnover.

Results and discussion

Generation and characterization of Atg8aK*AY4A mutants

To elucidate the physiological significance of Atg8a-LIRCPs interactions in
Drosophila, we used CRISPR to generate Atg8aX484/Y4A mutants (Suppl. Fig. 1A, B).
Atg8ak#AY®A flies have two point mutations (K48A & Y49A) within the hydrophobic
LDS of Atg8a that abolish interactions with LIR motif containing proteins (Johansen
and Lamark, 2020). The K48A/Y49A mutation was confirmed using genomic
sequencing (Fig. 1A). Expression of Atg8a is observed in the wild type flies (WT) as
well as the Atg8ak*AY4%A mutants. This shows that ATG8a is successfully being

expressed in Atg8ak48AY49A

mutant flies. Atg8a mutant flies were used as a negative
control as there was no expression of Atg8a (Suppl. Fig. 1A). Atg8ak*8A/Y¥A flies are
homozygous viable. To examine whether Atg8ak44/Y49A flies accumulate LIRCPs, we
did western blotting for Ref(2)P and Kenny, two proteins that have been shown to
interact with Atg8a via a LIR motif (Jain et a/, 2015; Nezis et al., 2008; Tusco et al.,
2017). Western blotting analysis showed that Ref(2)P, Kenny as well as ubiquitin
accumulated in Atg8aX*AY49A mutant flies, (Figs. 1B and 1C), indicating that LIR
motif is important for their degradation by autophagy. We further used
immunofluorescence confocal microscopy to determine the expression of Ref(2)P in

adult Drosophila brain and found that Atg8aX*3A/Y49A mytant flies showed a significant

number of Ref(2)P- and ubiquitin-positive structures (Fig. 1D). We also observed that



Atg8akBAYHA mutant flies have a short lifespan which was similar to that of Atg8a full
mutant flies (Fig. 1E). All together these data show that Atg8a’s LDS docking site is
physiologically important for the function of Atg8a protein to degrade LIRCPs.

uantitative proteomics analysis of Atg8aK48A/Y49A myytants
Q p y g

K4BANA mutants, we collected 2-

To identify the proteins that accumulate in Atg8a
week-old fly heads and performed quantitative proteomics analysis. Analysis by LC-
MS/MS identified 3036, 2342, 2468 proteins from wild type, Atg8a and Atg8ak48A/Y49A
mutant fly heads (Supplementary Table S1). Principal component analysis (PCA)
divided the twelve protein samples into obvious three groups, wild type, Atg8a and
Atg8akBAYHA mutant (Fig 2A). To identify the up-regulated proteins in mutant flies,
we set the cut-off p-value as less than 0.05 together with a difference of more than two-
fold between mutant and wild-type flies (Supplementary Table S2). 29 proteins passed
these two criteria and showed up-regulated expression in both of Atg8a and
Atg8akBAYHA mutant (Fig 2B and Supplementary Table S2). Among them, Ref(2)P
(Fig 2C) has been already shown to have a functional LIR motif (Jain et al., 2015).

GMAP (Golgi microtubule associated protein) was also shown to be significantly

upregulated in Atg8aK43AY49A flies (Fig 2C).

GMAP is a novel Atg8a-interacting protein

GMAP is a cis-Golgi protein that has a role in anterograde transport and Golgi
organization in vivo (Friggi-Grelin, Rabouille and Therond, 2006; Sinka et al., 2008).
To verify the proteomics data, we tested if GMAP accumulates in Atg8a LDS mutants.
Western blot analysis showed that GMAP is accumulated in Atg8a and ATG8ak484/Y49A
mutant flies compared to wild type flies (Figs. 3A and 3B). We further used
immunofluorescence confocal microscopy to determine the expression pattern of
GMAP in adult Drosophila brain. We observed that there is a significant increase in
the number of GMAP and ubiquitin-positive structures in the adult brain of Atg8a and
ATG8aKBAYPA mutant flies, compared to wild type files (Fig. 3C). Additionally, the

K48A/Y49A

size of GMAP puncta was significantly increased in Atg8a and ATG8a mutant



flies (Figs. 3C and 3D). These data suggest that selective autophagy regulate the size
and morphology of the cis Golgi.

GMAP is a coiled-coil protein which has 12 coiled-coil domains and a GRAB domain
(Friggi-Grelin, Rabouille and Therond, 2006; Sinka et al., 2008) (Fig. 4A). We used
iLIR software (Kalvari et al., 2014; Jacomin et al., 2016) to predict functional LIR
motifs in the GMAP protein. GMAP has a predicted LIR motif at position 320-325
with the sequence DEFIVV (Fig. 4B). To examine whether GMAP interacts with Atg8a
and has a functional LIR motif, we performed GST pulldowns and we confirmed the
direct interaction between GMAP and Atg8a (Figs. 4C and 4D). Atg8a-LDS showed
significantly less binding to GMAP (Figs. 4C and 4D). Additionally, point mutations
of the GMAP LIR motif in positions 322 and 325 by alanine substitutions of the
aromatic and hydrophobic residues (F322A and V325A) reduced its binding to Atg8a
(Figs. 4E and F). These results together indicate that GMAP interacts with Atg8a in a

LIR motif dependent manner.

GMAP mediates Golgi turnover

Since GMAP is a cis Golgi protein that interacts with Atg8a we examined if it regulates
the autophagic degradation of the Golgi complex. We observed that GMAP colocalizes
with mCherry-Atg8a during starvation (Fig. 5A). We also observed that the Golgi
marker GM130 accumulates in Atg8a LDS and Atg8a full mutants suggesting that
autophagy regulates Golgi turnover (Fig. 5B). Additionally, knockdown of GMAP also
led to accumulation of GM 130 (Fig 5C). To elucidate the role of GMAP in Golgiphagy
we used CRISPR/Cas9 technology to generate GMAP LIR mutants (GMAP F322A
V325A) (Suppl. Fig. 1C). GMAPF22AV325A mutants are homozygous viable. To
examine whether GMAPF322A/V32A mytant flies accumulate Golgi markers, we used
western blotting. We observed that GM130 significantly accumulates in GMAP LIR
mutant flies (Fig. 5D). We further used immunofluorescence confocal microscopy to
examine the morphology of the Golgi using GM130, in adult Drosophila brain of
GMAPFZ2ANIZA and Atg8a mutant flies. We observed that Golgi appeared to be
deformed and elongated compared to wild type flies (Figs. SE and 5F). To further

examine Golgi morphology, we used transmission electron microscopy.



We observed that the area and length of cis Golgi compartments is significantly larger
in GMAP LIR mutants compared to controls (Suppl. Figure 2). All together these

results suggest that GMAP regulates Golgi complex turnover via selective autophagy.

Molecular mechanisms of selective autophagy are mostly characterized in mammals
(Johansen and Lamark, 2020). To elucidate selective autophagy in the fruit fly
Drosophila melanogaster, we created Atg8a LDS mutants that cannot bind LIRCPs.
Atg8a LDS mutants have a similar phenotype with Atg8a full mutants: 1) they are
homozygous viable, ii) they accumulate experimentally verified LIRCPs and
ubiquitinated proteins, iii) and they have reduced lifespan. These results show that LIR
motif is important for the function of Atg8a in autophagy in vivo.

Selective of autophagy mitochondria, peroxisomes, lysosomes and ER has been
described and their receptors have been identified (Johansen and Lamark, 2020). Golgi
turnover by autophagy is poorly described. Very recently work by Johansen group
identified CALCOCOL as a selective autophagy receptor for Golgiphagy (Nthiga et al.,
2021). They showed that CALCOCOI1 binds the Golgi palmitoyl-transferase
ZDHHC17 to mediate Golgi degradation by autophagy during starvation. Depletion of
CALCOCOI causes expansion of the Golgi and accumulation of its proteins. Here, we
show that in Drosophila, cis Golgi protein GMAP binds directly to Atg8a (without the
involvement of an intermediate receptor) to mediate Golgi turnover and control the size
and morphology of the Golgi complex. GMAP binding to Atg8a is mediated by a LIR
motif and GMAP LIR motif mutants exhibit accumulation of Golgi markers and
elongated Golgi morphology.

In summary, we have shown that LDS binding pocket in Atg8a plays an important role
in the execution of autophagy. We identified the cis Golgi protein GMAP as a novel
Atg8a-intarcting protein. We suggest that GMAP mediates Golgi turnover via its LIR
motif dependent interaction with Atg8a. Our study highlights the physiological
importance of Atg8a’s LDS binding pocket and opens new avenues in the regulation of

Golgi turnover by selective autophagy.



Materials and Methods

Fly Husbandry and generation of Transgenic Lines

Flies used in experiments were kept at 25C and 70% humidity raised on cornmeal-based
feed. CRISPR-mediated mutagenesis was performed by WellGenetics Inc. For
generation of Atg8a-LDS and GMAP-LIR mutants, selected gRNA sequences were
cloned into U6 promoter plasmid(s). Cassettes K48A/Y49A-PBacDsRed and
F322A/V325A-PBacDsRed containing two PiggyBac sites, 3xP3-DsRed, designed
point mutation and two 1kb-homology arms were cloned into pUC57-Kan as donor
template for repair. Atg8a- and GMAP targeting gRNAs and hs-Cas9 were supplied in
DNA plasmids, together with donor plasmid for microinjection into embryos of control
strain w[1118]. F1 flies carrying selection marker of 3xP3-RFP were further validated
by genomic PCR and sequencing. CRISPR generates a break in Atg8a and GMAP and
is replaced by cassettes K48A/Y49A-PBacDsRed and F322A/V325A-PBacDsRed

respectively.

Protein extraction and western blotting

Protein content was extracted from the head and the full fly body in RIAP lysis buffer
(50 mM Tris pH 7.4, 150 mM NaCl, 1% Igepal, 0.5% sodium deoxycholate, 0.1% SDS
supplemented with EDTA-free proteases inhibitors cocktail, Roche, 5892791001)
using a motorized mortar and pestle. Protein concentrations were determined by the
Bradford method. 100-200 ug proteins were loaded on polyacrylamide gels and were
transferred onto PVDF membranes (cold wet transfer in 10% ethanol for 1h at 100V).
Membranes were blocked in 5% non-fat milk in TBST (0.1% Tween-20 in TBS) for 1h.
Primary antibodies diluted in TBST were incubated overnight at 4C with gentle
agitation. HRP-coupled secondary antibodies binding was done at room temperature
(RT) for 1 h in 1% non-fat milk dissolved in TBST and ECL mix incubation for 2 min.
All washes were performed for 10 min in TBST at RT. The following primary

antibodies were used:



List of antibodies used for western blotting

Antibody Dilution Source

Rabbit pAb to Ref(2)p 1:2000 Abcam

Kenny 1:5000 Gift from Dr N. Silverman
Mouse mADb to mono/poly-ubiquitinated 1:1000 Cell Signalling Technology
proteins (FK2)

Rabbit pAb to GM130 1:10,000 Abcam

Mouse mAD to 6x His tag 1:1000 Abcam

Rabbit pAb to dGMAP 1:2000 Gift from Dr Pascal Therond
Mouse Anti-Tubulin 1:40,000 Sigma-Aldrich

Rabbit Anti-Mouse IgG HRP 1:5000 Thermo Scientific

Goat Anti-Rabbit [gG HRP 1:5000 Thermo Scientific

Protein bands were quantified using ImageJ/FIJI 2.0. A histogram was generated for
each band where the peaks were proportional to the intensity of the band. The area
under the curve was used as the quantitative value. Where necessary these bands were
normalised to control bands. At least three biological repeats were done and averaged.

Statistical analysis was done using a one sample-two tailed t-test.

Immunohistochemistry

Fly tissues were dissected in PBS and fixed for 30 min in 4% formaldehyde in PBS.
Blocking and antibody incubations were performed in PBT (0.3% BSA, 0.3% Triton
X-100 in PBS). Primary antibodies were incubated overnight at 4 °C in PBST,
secondary antibodies were incubated 2 h at room temperature in PBST. Samples were

observed under a Zeiss 880 confocal microscope. The following primary antibodies

were used:
Antibody Dilution Source
Rabbit pAb to Ref(2)p 1:500 Abcam

Mouse mAb to mono/poly- 1:500 Gift from Dr N. Silverman
ubiquitinated proteins (FK2)
Rabbit pAb to GM130 1:1000 Abcam



Goat pAb anti-GMAP 1:1000  Developmental Studies Hybridoma

Bank
Rabbit Anti-Goat IgG CF488A 1:1000 Sigma
Goat Anti-Mouse [gG CF488A 1:1000  Sigma
Chicken Anti-Goat IgG CF488A 1:1000 Sigma
Goat Anti-Rabbit IgG CF568 1:1000 Sigma
Goat Anti-Mouse 1gG CF568 1:1000 Sigma

Donkey Anti-Mouse IgG CF568 1:1000 Sigma

Proteomics

Proteins were extracted from the drosophila head by using RIAP buffer. Solubilized
proteins were recovered by centrifugation (12,000 g, 10 min) and placed in an
ultrafiltration tube (MWCO 3,000, Millipore, USA), and reduced with 15 mM
dithiothreitol for 120 min, and alkylated with 50 mM iodoacetamide for 60 min in the
dark. Protein samples were washed three times with 50 mM NH4HCO3 and then
digested with trypsin at a weight ratio of 1:50 (trypsin:protein) for 20 hours at 37°C.
Tryptic peptides were recovered by centrifugation, lyophilized, and resuspended in 40
puL 0.1% formic acid. Tryptic peptides (4 pnL) were separated on a Thermo Fisher
Scientific EASY-nLC 1000 system using a Thermo Fisher Scientific EASY-Spray
column (C18, 2 um, 100 A, 50 pm x 15 cm), and were analyzed using a Thermo
Scientific Q Exactive mass spectrometer. Four biological replicates were used for the
LC-MS/MS analyses. Mass spectra raw data were analysed using MaxQuant software.
Peptide searches were performed with Andromeda search algorithms. All common
contaminants and reverse hits were removed. The label-free intensity quantification
(LFQ) algorithm in MaxQuant was used to estimates the protein abundance. Identified
proteins were listed in Supplementary Table S1. FactorMineR was used to perform
PCA analysis on the basis of protein expression (logl0-transformed LFQ values). To
find the differential proteins between wild-type and mutant drosophila, unpaired t-tests
were used with a significance level set at p < 0.05 and a cut-off difference of more than
two-fold (Supplementary Table S2). LIR motifs were predicted using iLIR software at

https://ilir.warwick.ac.uk/.


https://ilir.warwick.ac.uk/

Lifespan measurement

All fly lines used were isogenic. We used the Kaplan-Meier method to measure lifespan
of flies, which estimates survival probability of each risk group according to daily death
events counted. Male and female flies were collected within 24 hours from hatching
and cohorts of 20-25 flies were maintained on standard or autoclaved/antibiotics
supplemented Drosophila food at 25°C in a humidified incubator. Flies were transferred
into new tubes every 2-3 days. Dead events were recorded daily. Survival curves were
constructed in Prism (GraphPad, versions 8 and 9), which was also used to perform the

statistical analysis for curve comparison using the Mantel-Cox test.

Plasmid constructs

GMAP plasmid were obtained from Drosophila Genomics Resource Centre. Sequences
of the GMAP were amplified by PCR and inserted in desired plasmid using either
Gateway recombination system or restriction enzyme cloning. PCR products were
amplified from cDNA using Phusion high fidelity DNA polymerase with primers
containing the Gateway recombination site or restriction enzyme sites for Gateway
entry vector and cloned into pDONR221 or pENTR using Gateway recombination
cloning. Point mutants were generated using the QuickChange site-directed
mutagenesis (Stratagene, 200523). Plasmid constructs were verified by conventional
restriction enzyme digestion and/or by DNA sequencing (Applied Biosystems,

4337455). Primers are as follow:

GMAP truncated protein: Forward Primer:
CGGAATTCATGTCGTGGCTGAACAGC
Reverse Primer (R490):

CCGCTCGAGTTATTAGTCCGCATCGTCCA.

Primers for GMAP  F322A/V325A  mutagenesis:  Forward  Primer:
GCACAGCGAGGATGAGGCCATAGTTGCACGCCAAGCGGATGCC

Reverse Primer:



GGCATCCGCTTGGCGTGCAACTATGGCCTCATCCTCGCTGTGC

GST Pull-down assays

GST-fusion proteins were expressed in Escherichia coli Rosetta2. GST pull-down
assays were performed using recombinant proteins produced in bacteria. A volume of
10 mL of the in vitro translation reaction products (0.5 mg of plasmid in a 25 mL
reaction volume) were incubated with 1-10 mg of GST-recombinant protein in 200 mL
of NETN buffer (50 mM Tris, pH 8.0, 150 mM NaCl, ]| mM EDTA,

0.5% Nonidet P-40, 1 mM dithiothreitol supplemented with Complete Mini EDTA-free
protease inhibitor cocktail (Roche Applied Science)) for 2 h at 4C, washed six times
with 1 mL of NETN buffer, boiled with 2X SDS gel loading buffer, and subjected to

SDS-PAGE. Gels were stained with Coomassie Blue and vacuum- dried.

Transmission Electron Microscopy

Brains of 20 days (after emerging from the pupal case) old adult control and mutant
animals were dissected in ice cold PBS, then fixed with 3.2% paraformaldehyde, 1%
glutaraldehyde, 1% sucrose, and 3mM CaClz in 0.1 N sodium cacodylate (pH 7.4,
overnight, 4 °C). Next day samples were washed with sodium cacodylate then post-
fixed in 0.5% osmium tetroxide (60 min, RT) then in half-saturated aqueous uranyl
acetate (30 min, RT). Samples were then dehydrated in graded series of ethanol and
embedded in araldite to the manufacturer’s instructions. Ultrathin sections were stained
with Reynold’s lead citrate and viewed at 80kV operating voltage on a JEM-1011
transmission electron microscope (JEOL) equipped with a Morada digital camera
(Olympus) using iTEM software (Olympus). All reagents and materials used for
electron microscopy were obtained from Merck. The area and width of cis-Golgi
cisterns were measured using iTEM software (Olympus). Cells with whole Golgi
apparatus were quantified and only the cis-Golgi cisterns facing the nucleus (first
cistern) were measured to avoid the possibility of misidentification of different cisterns.
Cells in which the whole Golgi apparatus were not present and therefore it was not
possible to identify the first cis-Golgi cistern were not evaluated. The quantified data

were evaluated using SPSS21 (IBM) and independent samples t-test.



Statistical analysis and reproducibility
Statistical analyses were done with Prism6/7 software (GraphPad). For the comparison

of two groups, two-tailed #-test was used.

Figure legends

Figure 1. Characterization of Atg8aXA/Y#A (I DS) mutant flies. (A) Genomic DNA

from Atg8a K48A/Y49A

mutant flies was extracted, and the sequenced results confirmed
the successful incorporation of the K48A/Y49A mutations. (B) Wild type, Atg8a and
Atg8akBAYHA myutant flies were aged for 2 weeks. Western blot analysis of lysates
from whole flies showed that Ref(2)P, Kenny and ubiquitin were accumulated in both
Atg8a and Atg8ak*AY#A mutant flies. (C) Quantifications of the western blottings in
B shows significant accumulations of the aforementioned proteins in both Atg8a and
ATG8aK¥AYA mutant flies. (D) Confocal images from 2-week-old adult brains.
Ref(2)P (green) and ubiquitin (red) aggregates (arrows) can be seen in Atg8a and
ATG8ak#BAY4A mytant flies and not in wild type flies. DNA was dyed with Hoechst
(blue). Scale bars are 60 um. (E) Survival test of wild type, Atg8a and ATG8ak484/Y49A
mutant flies. The results show that Atg8a and ATG8a**84Y49%A mutant flies have a short
lifespan.

Bar charts show means + s.d. Statistical significance was determined using two-tailed

Student’s z-test. *p < 0.05, **p <0.01, ***p <0.001.

Figure 2. Quantitative proteomic analysis of Atg8aK®8AY4¥A mutant flies. (A) PCA
analysis of wild type, Atg8a and ATG8aX*34/Y4A mytant adult Drosophila heads. Two-
week-old male flies were selected and collected the heads to perform the proteomics.
Four biological replicates were performed for each sample. PCA analysis divided the
twelve protein samples into obvious three groups. (B) Venn diagram representing up-
regulated genes in Drosophila mutant flies. The cut-off p-value was set as less than 0.05
together with a difference of more than two-fold between mutant and wild type

drosophila heads. 29 proteins passed these two criteria and showed up-regulated



expression in both of Atg8a and ATG8aX*¥4Y49A mutants. (C) The iBAQ intensity is
used to show upregulation of Ref(2)P and GMAP. Bar charts show means + s.d.
*p <0.05, **p <0.01, and ***p <0.001.

Figure 3. Accumulation of GMAP in Atg8a and ATG8aXAY4#A mutant flies. (A)
Western blot analysis shows that GMAP is accumulated in both Atg8a and
ATG8aKBAYOA mutant flies. (B) Quantification of GMAP in Atg8a and
ATG8akBAYPA mytant flies. (C) Confocal images from 2-week-old adult brains,
GMAP (green) and ubiquitin (red) aggregates (arrows) can be seen in Atg8a and
ATG8aKBAYA mutant flies and not in wild type flies. DNA was dyed with Hoechst
(blue). Scale bars are 10 um. (D) Average GMAP puncta size is larger in Atg8a and
ATG8aKBAY4A myutant flies compared to wild type flies. Bar charts show means =+ s.d.

Statistical significance was determined using two-tailed Student’s #-test. *p < 0.05.

Figure 4. GMAP interacts with Atg8a via a LIR motif. (A) Structure of GMAP.
GMAP is a coiled-coil protein which has 12 coiled-coil domains (gray) and a GRAB
domain (red). Yellow represent the predicted LIR motif. (B) GMAP has a predicted
LIR motif as identified using iLIR at position 320-325. (C-D) GST-pull-down assay
between GST-tagged Atg8a-WT or GST-tagged Atg8a-LDS mutant and GMAP.
GMAP interacts with Atg8a-WT but significantly less with Atg8a-LDS. GST was used
as negative control. (E-F) GST-pull-down assay between GST-tagged Atg8a-WT and
GMAP or GMAP LIR mutant. GMAP interacts with Atg8a. Point mutations of the
GMAP LIR motif in positions 322 and 325 by alanine substitutions of the aromatic and
hydrophobic residues (F322A and V325A) significantly reduced its binding to Atg8a.
GST was used as negative control. Truncated form of GMAP (1-490 aa) was used. Bar
charts show means + s.d. Statistical significance was determined using two-tailed

Student’s #-test. **p < 0.01.

Figure 5. GMAP regulates Golgi turnover via autophagy. (A) Confocal images
showing co-localisation of mCherry-Atg8a and the Golgi marker GM130 under



starvation conditions in larval fat body. (B) Western blots showing accumulation of the
Golgi marker GM 130 in Atg8a and ATG8aK*3AY49A mutant flies compared to wild type
flies and its quantification below. (C) Western blots showing accumulation of GM130
in GMAP RNAI lines compared to control RNAi and its quantification shown below.
(D) Western blots showing accumulation of GM130 in GMAP LIR mutant flies
(GMAP F3224/V325A) compared to wild type flies, and its quantification shown below.
(E) Immunofluorescence confocal microscopy of Drosophila brain showing increased
accumulation of the golgi marker (GM130) and the altered morphology of Golgi in
GMAP F3224V325A and ATG8a mutant flies. Scale bars are 10 um. (F) Quantification of
relative size of GM 130 puncta shown as a ratio of large puncta (> 1 pm) to small puncta
(< 1 um). Significantly more large puncta were seen in GMAP F3224/V325A and ATG8a
mutant flies compared to wild type flies. Bar charts show means =+ s.d. Statistical
significance was determined using two-tailed Student’s #-test. *p < 0.05, **p < 0.01,

wx%p < 0,001
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Supplementary Figure Legends

Supplementary Figure 1. (A) Western blots showing expression Atg8a. Expression of ATG8a
can be seen in the wild type flies (WT) as well as the ATG8a YA mutants. This shows
ATG8a is successfully being expressed in the ATG8a CRISPR mutant flies. ATG8a null flies
were used as a negative control as there was no expression of ATG8a. There is also no
expression of ATG8a in the Ex2 line prior to excision which is expected as the selectable
marker must first be excised before proper expression can take place. (B) Schematics
showing the generation of ATG8a ®MY4A mutant flies using CRISPR. (C) Schematics showing
the generation of GMAP FS22AIV325A 1 utant flies using CRISPR.

Supplementary Figure 2. Electron micrographs of adult neurons of control (A) and GMAP
LIR mutants (B). Enlarged cis-Golgi cisternae are readily apparent in mutants compared to
control (A-C). Abbreviations: Golgi (G), Nucleus (N), Mitochondria (M). Scale bars: 0.5 um.

Supplementary Table 1. Results of identified proteins from Atg8a mutant, Atg8ak48A/Y49A
mutants, and wild-type (WT) flies using quantitative proteomics.

Supplementary Table 2. Results showing the expression level of 29 proteins that are
upregulated in Atg8a and Atg8aK48A/Y49A mutants. The proteins are listed by accession
number in Uniprot, number of protein and peptides, and LFQ (label-free quantification)
intensity. These 29 proteins were screened using the following contitions: ratio > 2 and p
value < 0.5.
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