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Summary 
The γ-aminobutyric acid type A receptor-associated protein (GABARAP) is one out of seven human 

autophagy related 8 (ATG8) proteins, which can be divided into the GABARAP and microtubule-

associated protein 1 light chain 3 (MAP1LC3/LC3) subfamilies. The seven paralogs show high 

structural similarity and all consist of a ubiquitin-like fold with two additional, less conserved N-

terminal α-helices, which participate in protein-protein and protein-lipid interactions. Furthermore, 

the ATG8 proteins can be covalently conjugated to membranes by an E1-E2-E3-like enzyme cascade 

after exposure of a C-terminal glycine. Many interaction partners bind to the two hydrophobic 

pockets (HP1 and HP2) on the surface of the ATG8s via a moderately conserved so-called LC3-

interacting region (LIR), supporting a wide range of affinities. This explains, at least partially, how 

the paralogs fulfill their non-redundant functions in autophagy-related and -unrelated processes, 

and can be exploited to develop selective binders for the two subfamilies or even for individual 

members. 

In this work, interactions of GABARAP were studied from different perspectives: First, from a 

structural perspective by investigating artificial ligands of ATG8s, namely stapled (i.e., internally 

crosslinked) peptides including Pen3-ortho and Pen8-ortho. These peptides, which only differ in the 

position of two methyl groups, bind GABARAP and LC3B with different selectivity, with Pen3-ortho 

preferring GABARAP 100-fold over LC3B, while Pen8-ortho binds both paralogs with similar 

affinities. The X-ray structures of the two stapled peptides in complex with GABARAP revealed 

different binding modes—one resembling the orientation of natural ligands and the other showing 

antiparallel orientation relative to the β2-strand of GABARAP. Additionally, the small-molecule 

compound GW5074 was analyzed regarding its interaction with GABARAP. Chemical shift 

perturbation determined by a heteronuclear single quantum coherence (HSQC) nuclear magnetic 

resonance (NMR) titration of 15N-GABARAP with GW5074 revealed engagement of HP1, 

complementing data on the structure-activity relationships of arylidene-indolinone ligands of 

GABARAP and LC3B. 

Concurrently, the epidermal growth factor receptor (EGFR) was investigated as a putative direct 

biological interactor of GABARAP from both a structural and a biophysical perspective. Preceding 

this work, enhanced degradation of the EGFR after EGF stimulation had been reported for cells 

lacking GABARAP, but not its paralogs. In-vitro affinity measurements with an EGFR-derived LIR 

peptide revealed selectivity for GABARAP and its closest paralog GABARAPL1. Additionally, the X-

ray structure of a chimeric protein generated by fusion of the putative EGFR LIR with GABARAP 

revealed canonical binding to HP1 and HP2 of GABARAP. HSQC NMR titrations of the putative EGFR 

LIR peptide and GABARAP further supported this notion, offering a potential explanation for the 

reported phenotype. 
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Finally, a bivalent GABARAP-mTagBFP2-GABARAP construct was applied to study putative 

interactions from a live-cell imaging perspective. Interestingly, the construct strongly highlighted 

microtubules, which have been reported to interact with GABARAP in early in-vitro studies. 

Positively charged residues in the N-terminal region of GABARAP suggested to be responsible in 

these studies proved to be crucial for the peculiar localization of the bivalent construct in living 

cells. Additionally, microtubule association was dependent on the choice of mTagBFP2 as a 

fluorophore. 

In conclusion, this work provides insights from different perspectives that enhance our 

understanding of the multifaceted human ATG8 protein family—with a focus on GABARAP. The 

findings reported herein can be applied in future research to further investigate biological 

processes involving these proteins and to develop powerful modulators for application in cell 

biology and medicine. 
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Zusammenfassung  
Das γ-aminobutyric acid type A receptor-associated protein (GABARAP) ist eines von sieben 

humanen Autophagie assoziierten (ATG8) Proteinen, welche sich in die GABARAP und microtubule-

associated protein 1 light chain 3 (MAP1LC3/LC3) Unterfamilien unterteilen lassen. Die sieben 

Paraloge weisen eine hohe strukturelle Ähnlichkeit auf und besitzen eine ubiquitinähnliche Faltung 

mit zwei zusätzlichen, weniger konservierten N-terminalen α-Helices, welche an Protein-Protein 

und Protein-Lipid Interaktionen beteiligt sind. Des Weiteren können die ATG8 Proteine nach 

Freilegung eines C-terminalen Glycins durch eine E1-E2-E3-ähnlichen Enzymkaskade kovalent an 

Membranen konjugiert werden. Viele Interaktionspartner binden an zwei hydrophobe Taschen 

(HP1 und HP2) auf der Oberfläche der ATG8 mithilfe einer moderat konservierten LC3-

interagierenden Region (LIR), die ein breites Spektrum an Affinitäten abdeckt. Dies erklärt 

zumindest teilweise, wie die Paraloge ihre nicht-redundanten Funktionen in autophagischen und 

nicht-autophagischen Prozessen erfüllen und kann für die Entwicklung selektiver Bindungspartner 

für die zwei Unterfamilien oder sogar individuelle Mitglieder der ATG8s genutzt werden 

In dieser Arbeit wurden Interaktionen von GABARAP aus verschiedenen Perspektiven untersucht: 

Erstens aus einer strukturellen Perspektive durch die Untersuchung artifizieller Liganden, genauer 

stapled (d.h. intern vernetzten) Peptiden, unter anderem Pen3-ortho and Pen8-ortho. Diese 

Peptide, welche sich nur in der Position zweier Methylgruppen unterscheiden, binden GABARAP 

und LC3B mit verschiedenen Selektivitäten, wobei Pen3-ortho GABARAP 100-fach gegenüber LC3B 

präferiert, während Pen8-ortho beide Paraloge mit vergleichbarer Affinität bindet. Die 

Röntgenkristallstruktur der beiden stapled Peptide in einem Komplex mit GABARAP zeigte 

verschiedene Bindungsmodi — einer ähnelt der Ausrichtung natürlicher Liganden, der andere zeigt 

eine antiparallele Ausrichtung zu GABARAPs β2-Strang. Außerdem wurde das small-molecule 

compound GW5074 in Bezug auf seine Interaktion mit GABARAP untersucht. Die Änderung der 

chemischen Verschiebung, welche mittels heteronuclear single quantum coherence (HSQC) NMR 

Titration von 15N-GABARAP mit GW5074 bestimmt wurde, zeigte die Einbindung der HP1. Dies 

ergänzt Daten zur Struktur-Aktivität Beziehung von Aryliden-Indolinon-Liganden mit GABARAP und 

LC3B. 

Gleichzeitig wurde der epidermal growth factor receptor (EGFR) als möglicher direkter biologischer 

Interaktionspartner von GABARAP, sowohl aus struktureller als auch aus biophysikalischer Sicht 

untersucht. Im Vorhinein dieser Arbeit wurde ein verstärkter Abbau von EGFR nach EGF-

Stimulation, spezifisch in GABARAP-defizienten, aber nicht Paralog-defizienten Zellen berichtet. In-

vitro Affinitätsmessungen mit einem EGFR abgeleiteten LIR-Peptid zeigten eine Selektivität für 

GABARAP und sein nächstes Paralog GABARAPL1. Darüber hinaus ergab die Röntgenkristallstruktur 

eines chimären Proteins, welches als Fusion des mutmaßlichen EGFR-LIR Peptids mit GABARAP 
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generiert wurde, eine kanonische Bindung an GABARAPs HP1 und HP2. HSQC NMR Titration des 

mutmaßlichen EGFR-LIR-Peptids zu GABARAP unterstützten diese Beobachtung und bieten eine 

mögliche Erklärung für den beschriebenen Phänotyp.  

Zuletzt wurde ein bivalentes GABARAP-mTagBFP2-GABARAP zur Untersuchung möglicher 

Interaktionen aus einer Lebendzellmikroskopie Perspektive angewendet. Interessanterweise hob 

das Konstrukt Mikrotubuli stark hervor, von denen in frühen in-vitro-Studien berichtet wurde, dass 

sie mit GABARAP interagieren. Positiv geladene Seitenketten in der N-terminalen Region von 

GABARAP, welche in diesen Studien für die Assoziation mit Mikrotubuli verantwortlich gemacht 

wurden, erwiesen sich entscheidend für die besondere Lokalisierung des bivalenten Konstrukts in 

Zellen. Darüber hinaus war die Mikrotubuli Assoziation abhängig vom Fluorophor, im speziellen 

mTagBFP2.  

Zusammenfassend bietet diese Arbeit Einsichten aus verschiedenen Perspektiven, welche unser 

Verständnis der vielen Facetten humaner ATG8 Proteine erweitern — mit besonderem Fokus auf 

GABARAP. Die hier erlangten Erkenntnisse können in Zukunft genutzt werden, um biologische 

Prozesse, an denen diese Proteine beteiligt sind, weiter zu untersuchen und wirksame Modulatoren 

für die Anwendungen in der Zellbiologie und Medizin zu entwickeln. 
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1 Introduction 

1.1. The human ATG8 protein family 

Autophagy related (ATG) proteins comprise a group of evolutionarily conserved proteins involved 

in the eponymous process of autophagy and have initially been discovered in the yeast 

Saccharomyces cerevisiae (Tsukada and Ohsumi, 1993, Thumm et al., 1994). Atg8 was among the 

first discovered proteins in yeast, and soon after, mammalian homologs were described and 

characterized (Kabeya et al., 2000, Kabeya et al., 2004, Lang et al., 1998, He et al., 2003). Humans 

possess seven ATG8 paralogs, which can be divided into the γ-aminobutyric acid type A receptor-

associated protein (GABARAP) and microtubule-associated protein 1 light chain 3 (MAP1LC3/LC3) 

subfamilies, with the former comprising GABARAP, GABARAPL1 and GABARAPL2 (Xin et al., 2001) 

and the latter LC3A, LC3B, LC3B2 and LC3C (He et al., 2003). Notably, LC3B2, which differs from 

LC3B by only one amino acid residue, and LC3C only show very low and/or tissue-specific 

expression. In the following the two human ATG8 subfamilies and their structural features and 

interactions will be described to demonstrate the versatility and uniqueness defining this protein 

family. 

1.1.1. The GABARAP and LC3 subfamilies 

While yeast possesses one Atg8 protein, several homologs have emerged in the evolution of 

multicellular organisms (Shpilka et al., 2011). Varying numbers of Atg8-like proteins exist in higher 

eukaryotes with up to 22 in plants (Kellner et al., 2017) and only two in Caenorhabditis elegans (Wu 

et al., 2015). Phylogenetic analysis of the seven human paralogs indicated closest relation between 

GABARAP and GABARAPL1 in the GABARAP subfamily and LC3A and LC3B in the LC3 subfamily, 

while GABARAPL2 and LC3C branched into separate clades. Consistently, sequence identity is 

diverse ranging from 31% between GABARAP and LC3B to 87% between GABARAP and GABARAPL1 

and 83% between LC3A and LC3B (Jatana et al., 2020).  

Several of the ATG8 proteins were described before or in parallel to their identification as homologs 

of yeast Atg8 and connecting them to autophagy. As its name implies, GABARAP was first described 

as a protein associated with the γ-aminobutyric acid type A (GABAA) receptor (Wang et al., 1999, 

Wang and Olsen, 2000) and has subsequently been shown to be important for anterograde 

trafficking of the receptor (Ye et al., 2021, Leil et al., 2004, Chen et al., 2000). Similarly, GABARAPL1, 

initially named glandular epithelial cell protein 1 (GEC-1), encoded by an estrogen regulated gene 

(Pellerin et al., 1993, Vernier-Magnin et al., 2001) has been reported to be involved in trafficking of 

both the GABAA and κ-opioid receptor (Chen et al., 2006, Mansuy et al., 2004). GABARAPL2 was 

originally proposed to modulate intra-Golgi transport and accordingly termed Golgi-associated 

ATPase enhancer of weight 16 kDa (GATE-16; Sagiv et al., 2000). The microtubule-associated 
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protein 1 light chain 3 (MAP1LC3/LC3) protein subfamily, hereafter referred to as the LC3 subfamily, 

was originally copurified with bovine brain microtubules (Kuznetsov and Gelfand, 1987). While light 

chains 1 and 2 (MAP1ALC1 and MAP1BLC2) associate with microtubule associated proteins 1A and 

1B (MAP1A and MAP1B), respectively, LC3 was shown to co-purify with both. Additionally, in 

contrast to LC1 and LC2, expression of LC3 was found to not be linked to the heavy chain genes 

(Mann and Hammarback, 1996, Mann and Hammarback, 1994), indicating a distinct function early 

on.  

Soon after the discovery of autophagy related proteins in yeast, including Atg8, homologs of yeast 

proteins in higher eukaryotes were identified and characterized regarding their function during 

autophagy—including the members of the LC3 and GABARAP subfamilies in humans (Kabeya et al., 

2000, Kabeya et al., 2004, Tanida et al., 2003, Tanida et al., 2002, Tanida et al., 2001). The fact that 

in humans seven paralogs have emerged, compared to a single one in yeast, raises the question of 

functional divergence versus redundancy of the subfamilies as well as individual ATG8s. Proteomic 

analysis of the interactome of the ATG8s revealed that about one third of each of the identified 

proteins interacted specifically with the GABARAP and the LC3 subfamily, respectively, and one 

third interacted with both subfamilies (Behrends et al., 2010). While different expression levels and 

tissue distributions offer one explanation for the specific interactions, structural features of the 

individual paralogs may also regulate binding and thereby support distinct functions in both 

autophagy-related and -unrelated processes. 

1.1.2. Structural features and interaction sites  

The versatile roles of ATG8 proteins are, at least partially, based on their structural features and 

interaction sites, many of which are evolutionarily conserved (Noda et al., 2010, Zhang et al., 2022). 

All ATG8s share a ubiquitin-like fold with one or two additional N-terminal helices (Paz et al., 2000, 

Krichel et al., 2019, Coyle et al., 2002; Figure1A). The sequence of the N-terminal helices is the least 

conserved part among the paralogs, with higher sequence variation within the LC3 subfamily 

compared to the GABARAPs (Jatana et al., 2020; Figure 1B) and has been suggested to be important 

for selective interactions with binding partners (Sugawara et al., 2004, Shvets et al., 2011). The N-

terminal helix α2 aligning with the ubiquitin-fold forms hydrophobic pocket 1 (HP1), which together 

with hydrophobic pocket 2 (HP2) within the ubiquitin-like domain constitutes the interface of 

interaction with proteins harboring an LC3-interacting region (LIR) motif (Pankiv et al., 2007, 

Ichimura et al., 2008, Noda et al., 2010), termed LIR docking site (LDS). Additionally, ATG8 proteins 

are able to interact with proteins containing a ubiquitin-interacting motif (UIM) via another less 

well characterized interaction site located opposite to the LDS, namely the UIM docking site (UDS; 

Marshall et al., 2019). Finally, a function-defining feature of ATG8 proteins is their conjugation to 

lipids, by a ubiquitin-like E1-E2-E3 enzyme conjugation system (Tanida et al., 2002, Tanida et al., 
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2001, Hanada et al., 2007, Fujita et al., 2008b, Otomo et al., 2013), via a terminal glycine once 

exposed after processing by the cysteine protease ATG4 (Kabeya et al., 2004).  

 
Figure 1. Structural and sequence overview of human ATG8 proteins. (A) Cartoon structural models of Ubiquitin (PDB 
ID: 1UBQ, Vijay-Kumar et al., 1987), GABARAP (PDB ID: 1KOT, Stangler et al., 2002), and LC3B (PDB ID: 1V49, Kouno et al., 
2005). For GABARAP and LC3B α-helices and β-strands are marked. Images were created using the PyMOL Molecular 
Graphics System, Version 3.0 Schrödinger, LLC. (B) Sequence alignment of Saccharomyces cerevisiae Atg8 and human 
ATG8 proteins generated with Clustal Omega (Sievers and Higgins, 2014, Madeira et al., 2022). Identical residues are 
marked in orange and similar ones in yellow. 
 

As this work mostly focusses on GABARAP, an exemplary overview of the interaction sites mapped 

on the surface of this paralog is shown in Figure 2A. The N-terminal region of GABARAP, together 

with a loop region following the β1 strand, has been reported to be involved in membrane 

expansion and thereby regulating autophagosome size (Zhang et al., 2023). Additionally, early in-

vitro studies have revealed that the association of GABARAP with microtubules as well as the ability 

to induce tubulin polymerization are dependent on the N-terminal region of GABARAP, likely 

through interactions of positively charged residues with the negatively charged C-terminal tails of 

the tubulin monomers (Coyle et al., 2002, Wang and Olsen, 2000). 
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In case of GABARAP, HP1 of the abovementioned LDS is lined by Glu17, Ile21, Pro30, Lys48, Leu50, 

Phe104 and has been shown to preferentially bind indole-based substances and aromatic side 

chains of amino acids (Thielmann et al., 2008). HP2 is formed by Tyr49, Val51, Pro52, Leu55, Phe60, 

Leu63 and Ile64 (Thielmann et al., 2008, Noda et al., 2008) and is extended by an additional 

hydrophobic residue (Phe62) in the GABARAPs compared to the LC3 subfamily, possibly regulating 

subfamily selective binding (Wirth et al., 2019). These two hydrophobic pockets build the interface 

for the majority of interactions of ATG8s with other proteins (Johansen and Lamark, 2020, 

Birgisdottir et al., 2013, Rogov et al., 2023), harboring a LIR motif (Figure 2B). Since the description 

of the first LIR in sequestosome-1 (SQSTM1/p62), where binding to LC3B is mediated by a W-X1-X2-L 

motif, with W (Trp) and L (Leu) interacting with HP1 and HP2, respectively, and X being any amino 

acid, as well as an acidic cluster preceding the conserved core motif (Pankiv et al., 2007, Ichimura 

et al., 2008), a wide variety of LIRs have been described. Structural studies and mutational analysis 

have refined the canonical core motif to ϴ0-X1-X2-Г3, with ϴ0 representing aromatic residues 

(Trp/Phe/Tyr) and Г3 (Ile/Leu/Val) large hydrophobic residues. The X1 and X2 core LIR residues, often 

represented by acidic or hydrophobic residues, as well as the residues N- and C-terminal to the core 

LIR are less conserved (Johansen et al., 2017, Johansen and Lamark, 2020, Birgisdottir et al., 2013, 

Alemu et al., 2012). Notably, with the growing number of characterized LIRs, the importance of 

these residues for regulating binding affinity and selectivity for the different paralogs/subfamilies, 

has become apparent. The residues in the immediate N-terminal vicinity of the core LIR are often 

acidic and enhance binding with the ATG8 through the basic surface surrounding the hydrophobic 

pockets (Johansen and Lamark, 2020). Additionally, favorable binding to LC3s over GABARAPs has 

been reported when X-3 and X-4 are acidic (Wirth et al., 2019, Cheng et al., 2016). The core LIR 

position X1 is frequently occupied by Val or Ile in case of proteins showing selective binding for the 

GABARAP subfamily, though exceptions are known (Rogov et al., 2017a). In contrast, X2, despite 

being the most promiscuous position of the core LIR, appears to be a stronger determinant for LC3 

binding, as substitution to Gly or Pro in the pleckstrin homology domain-containing family M 

member 1 (PLEKHM1) LIR was disruptive to binding LC3s but only mildly affected binding of the 

GABARAPs (Johansen and Lamark, 2020, Rogov et al., 2017a). Regarding the region C-terminal to 

the core LIR, X4 appears to play a role for selectivity, with Pro in this position being favorable for 

GABARAP binding (Wirth et al., 2019). X7 is frequently occupied by acidic residues, and charge-

mediated interactions with a conserved Arg residue adjacent to HP2 (Arg67 in GABARAP) likely 

support binding (Cheng et al., 2016). Furthermore, in FAM134B (also called reticulophagy regulator 

1), ankyrin-G (AnkG) and ankyrin-B (AnkB), X7 marks the start of an amphipathic helix, which has 

been proposed to facilitate extraordinarily strong binding (Li et al., 2018). 

Both binding affinity and selectivity of proteins towards ATG8s can additionally be regulated 

through phosphorylation of certain LIR residues (Rogov et al., 2013, Rogov et al., 2017b, Kuang et 
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al., 2016, Wild, 2011, Wirth et al., 2021, Zhou et al., 2023, Birgisdottir et al., 2019, Zhu et al., 2013, 

Yang et al., 2015, Chino et al., 2022). Positive regulation of binding is frequently facilitated by 

phosphorylation of residues in the region N-terminal to the core LIR, where Ser/Thr residues are 

common, with the strongest effects seen for phosphorylation of residues immediately preceding 

the core LIR (Birgisdottir et al., 2013, Rogov et al., 2023). One example is the phosphorylation of 

Ser177 (X-1) of optineurin (OPTN), which leads to a five-fold increase in affinity to LC3B and has been 

shown to be involved in the clearance of cytosolic Salmonella (Wild, 2011, Rogov et al., 2013). 

Phospho-mimicking mutations of Ser244 and Ser249 of phosphatidylinositol 3-kinase catalytic 

subunit type 3 (PIK3C3/VPS34) result in 15- to 20-fold increase in affinity to GABARAP/GABARAPL1 

and LC3C (Birgisdottir et al., 2019). In case of the mitophagy receptor NIP-3-like protein X 

(NIX/BNIP3L), an even more drastic about 100-fold increase in affinity to LC3B as a result of Ser34 

(X-2) and Ser35 (X-1) phosphorylation has been reported (Rogov et al., 2017b). In contrast, 

phosphorylation of Tyr18 of FUN14 domain-containing protein 1 (FUNDC1) in position ϴ0 of its core 

LIR negatively regulates binding to LC3B, possibly serving as a molecular switch in mitophagy (Kuang 

et al., 2016). Another putative example of negative regulation through phosphorylation has been 

proposed for the hepatocyte growth factor receptor (HGF) MET (mesenchymal-epithelial transition 

factor) in the context of liver cancer. While phosphorylated putative core LIR residues ϴ0 and X1 

(Tyr1234 and Tyr1235) contribute to growth factor signaling, their dephosphorylation induces 

autophagy (Huang et al., 2019). Despite being less common, an impact of phosphorylation C-

terminal to the core LIR on ATG8 binding has also been reported. Interestingly, phosphorylation of 

Ser18 of short coiled-coil protein (SCOC) leads to positive regulation of binding specifically to the 

LC3 subfamily proteins but not the GABARAPs (Wirth et al., 2021). Notably, several studies on the 

effects of phosphorylation on binding are limited to one ATG8 subfamily or paralog (Kuang et al., 

2016, Wild, 2011, Rogov et al., 2017b, Wu et al., 2014), thus it remains to be determined whether 

all paralogs are similarly affected in these cases. 

In addition to canonical LIR motifs, non-canonical ones have been described, including the LC3C 

specific CLIR in nuclear domain 10 protein 52 (NDP52/CALCOCO2), which only engages HP2 (von 

Muhlinen et al., 2012), and the apoptosis regulator Bcl-2 LIR, which preferentially binds GABARAP 

and GABARAPL1 and only occupies HP1 (Ma et al., 2013). Regarding its orientation relative to 

GABARAP, the synthetic peptide K1 is noteworthy since it binds in a non-canonical fashion, 

antiparallel to the β2 strand of GABARAP (Weiergräber et al., 2008). 

While LIR-LDS interactions have been and continue to be thoroughly characterized, with more and 

more complex structures of GABARAP (and paralogs) with LIR-harboring peptides being resolved, 

structural data for the UDS-UIM interaction is still lacking. However, interactions with GABARAP 

and LC3A dependent on predicted UIMs have been identified by yeast-two-hybrid assays, with 

epsin-1-3 and rabenosyn interacting with both paralogs and ataxin-3 and ataxin-3L binding 
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GABARAP only (Marshall et al., 2019). Interestingly, ATG4B has been suggested to interact with 

both the LDS and UDS region of ATG8s (Satoo et al., 2009, Skytte Rasmussen et al., 2017), even 

though no UIM has been identified for ATG4B. Due to the ability of ATG4B to stabilize pools of 

unlipidated GABARAP, protecting them from proteasomal degradation, the UDS has been proposed 

as an interaction site for receptors for proteasomal degradation, possibly without ubiquitylation 

(Skytte Rasmussen et al., 2017, Johansen and Lamark, 2020). Conversely, ubiquitylation of Lys13 

and Lys23 by the E3 ligase MIB1 and subsequent degradation has been reported in the absence of 

pericentriolar material 1 protein (PCM1), which appears to stabilize GABARAP through a LIR-LDS 

based interaction and thereby regulates autophagosome formation (Joachim et al., 2017). Another 

posttranslational modification (PTM), namely acetylation and deacetylation of Lys46 and Lys48, has 

been proposed to be important for shuttling of GABARAP between nucleus and the cytoplasm 

where it can undergo conjugation to membranes (Baeken et al., 2020, Ali et al., 2024). This 

conjugation to membranes can be viewed either as a PTM of GABARAP/ATG8s, as lipids (e.g. 

phosphatidylethanolamine or phosphatidylserine (Durgan et al., 2021, Ichimura et al., 2000) are 

covalently conjugated to the C-terminal glycine exposed by ATG4, or as a modification of 

membranes similar to the modification of proteins by ubiquitin—recently termed Atg8ylation 

(Kumar et al., 2021). In the following chapters, conjugation of ATG8s to autophagic membranes, 

often referred to as double membranes, and single membranes and the corresponding functions in 

autophagy-related and -unrelated processes will be discussed, with particular attention to non-

redundant functions of the individual ATG8 proteins.  
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Figure 2. Interaction sites of GABARAP and its binding partners. (A) Verified and putative interaction sites of GABARAP 
mapped to the primary structure and molecular surface. (PDB ID: 1KOT, Stangler et al., 2002). HP1 (red), HP2 (blue), 
tubulin association site (green), UDS (yellow), lipidation site (orange), and membrane association site (pink) are marked. 
Additionally, ubiquitylation sites (gray arrows) and putative acetylation sites (brown arrows) are indicated. Images were 
created using the PyMOL Molecular Graphics System, Version 3.0 Schrödinger, LLC and BioRender.com. (B) The conserved 
LIR sequence of ATG8 interaction partners. The core LIR motif is marked in gray with colored frames indicating residues 
interacting with HP1 (red) and HP2 (blue). Residues modulated by phosphorylation are indicated by ‘P’ with selected 
examples of interacting proteins indicated above, in green in case of positive regulation and red in case of negative 
regulation. Asterisk indicates subfamily/paralog specific positive regulation. Below the sequence, the significance of 
individual positions regarding binding affinity and selectivity is indicated. For details and references refer to the main text. 

 

1.2. Human ATG8 proteins and autophagy 

The evolutionary conserved process of macroautophagy, hereafter referred to as autophagy, is a 

degradative process for maintenance of cellular homeostasis. The term ‘autophagy’ was defined 

around 60 years ago as engulfment of cytoplasmic contents by double membrane structures, 

namely autophagosomes, and their delivery to the lysosome for degradation (De Duve, 1963, Arstila 

and Trump, 1968). While these early studies were mostly based on morphological investigations by 

electron microscopy, a breakthrough for understanding the molecular mechanisms behind this 

process was achieved by identification of autophagy-related genes (ATGs) and the respective 
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proteins in yeast (Tsukada and Ohsumi, 1993, Harding et al., 1995, Thumm et al., 1994) as well as 

their mammalian and human counterparts (Mizushima et al., 1998, Mizushima et al., 2011). Since 

then, extensive research on autophagy and the related proteins has led to the current 

understanding of the process—from initiation of phagophore formation over its expansion, and 

closure to transport of the resulting autophagosome to the lysosome and subsequent fusion (Figure 

3). Autophagy can be non-selective, mainly as a response to starvation, or selective with a wide 

range of cargos ranging from protein aggregates to whole organelles and invading pathogens (Feng 

et al., 2014, Mizushima and Komatsu, 2011, Jin et al., 2013, Johansen and Lamark, 2020, Bjorkoy et 

al., 2005, Ma et al., 2022, Lazarou et al., 2015, Deosaran et al., 2013, Tumbarello et al., 2015, 

Thurston et al., 2009). Please note that in the following chapters referring to cell-based and in-vitro 

studies, human protein names will be used for simplicity, even though some studies additionally 

include other mammalian cell lines or proteins.  

 

In humans, the Unc-51-like kinase (ULK) complex, comprising ULK1/2, FAK family kinase-interacting 

protein of 200 kDa (FIP200/RB1CC1), ATG13, and ATG101, is initially recruited to the phagophore 

initiation site at endoplasmic reticulum (ER) subdomains enriched in phosphatidylinositol-synthase 

(Chan et al., 2007, Ganley et al., 2009, Nishimura et al., 2017). While occurring independently of 

the ULK kinase function, downstream ATG proteins and the phospholipid phosphatidylinositol-3-

phosphate (PI3P), the determinants regulating this recruitment remain incompletely understood 

(Nishimura and Tooze, 2020, Melia et al., 2020). ATG9A vesicles appear to be involved in these 

initial steps, in that they deliver phosphatidylinositol 4-kinase IIIβ (PI4KIIIβ) to the phagophore 

nucleation site, leading to phosphatidylinositol-4-phosphate (PI4P) generation. PI4KIIIβ and PI4P 

have been proposed to be involved in ULK complex recruitment, possibly through association of the 

ATG13 N-terminus with negatively charged phospholipids like PI4P (Judith et al., 2019, Karanasios 

et al., 2013). Additionally, ATG9A together with ATG2 and WD repeat domain phosphoinositide-

interacting protein 4 (WIPI4) mediate lipid transfer from the ER (and possibly other source 

membranes) to the expanding phagophore (Gomez-Sanchez et al., 2018, Maeda et al., 2019, Maeda 

et al., 2020, Chowdhury et al., 2018).  

The ULK complex recruits and activates the class III phosphatidylinositol 3-kinase complex I 

(PI3KC3-C1), consisting of VPS34, Beclin1, PI3-kinase p150 subunit (VPS15) and ATG14 (Baskaran et 

al., 2014), by phosphorylation, leading to the generation of PI3P on the phagophore membrane 

(Russell et al., 2013). Subsequently, PI3P binds WD repeat domain containing phosphoinositide-

interacting protein 2 (WIPI2), which in turn associates with ATG16L1 of the ATG12-ATG5-ATG16L1 

complex and thereby regulates conjugation of ATG8 proteins to the phagophore membrane 

(Dooley et al., 2014). Subsequently, the ATG8s are involved in phagophore expansion (Zhang et al., 

2023, Weidberg et al., 2011), recognition of selective cargoes (Gatica et al., 2018, Ravenhill et al., 



  Introduction 

9 
 

2019, Johansen and Lamark, 2020), autophagosome closure (Fujita et al., 2008b, Weidberg et al., 

2011) and transport (Pankiv et al., 2010, Fu et al., 2014), and fusion with the lysosome (Nguyen et 

al., 2016). 

 
Figure 3. Schematic overview of the autophagic process. Initiation of phagophore formation is followed by expansion 
and finally closure of the autophagosome. Subsequently, autophagosomes are transported for fusion with the lysosome, 
where autophagosomal content, ranging from protein aggregates to whole organelles and pathogens, is degraded. Cargo 
recruitment can be either non-selective, or selective with the help of cargo receptors, which in turn associate with ATG8 
proteins (green circles) decorating autophagic membranes. Involvement of ATG8 proteins has also been proposed for 
expansion, closure, transport of the phagophore/autophagosome and fusion with the lysosome. Image was created with 
BioRender.com. 

1.2.1. Conjugation of human ATG8s to autophagic membranes 

During autophagy, ATG8s are conjugated to double membrane sheets by a ubiquitin-like E1-E2-E3 

enzyme cascade (Figure 4). Initially, a C-terminal glycine is exposed by the cysteine protease ATG4 

(Kabeya et al., 2004), which can also delipidate conjugated ATG8s (Kauffman et al., 2018, Tamargo-

Gomez et al., 2021). The glycine is then covalently bound to a cysteine of the E1-like activating 

enzyme ATG7 under adenosine triphosphate (ATP) consumption (Mizushima, 2020, Tanida et al., 

2001, Tanida et al., 2014). Next, ATG8 proteins are transferred to the E2-like enzyme ATG3, whose 

association with curved membranes through an N-terminal amphipathic helix is critical for ATG8 

lipidation (Nath et al., 2014, Hervas et al., 2017, Tanida et al., 2003). ATG3 interacts with ATG12 of 

the ATG12-ATG5-ATG16L1 complex, which functions as the E3-like enzyme conjugating ATG8s to 

phosphatidylethanolamine (PE; Otomo et al., 2013, Hanada et al., 2007, Zheng et al., 2019). 

Notably, ATG7 also functions as an E1-like enzyme in the conjugation of ATG12 to ATG5, with ATG10 

as the E2-like enzyme and no known E3-like enzyme (Mizushima et al., 1998). Subsequently, ATG12-

ATG5 associates with a dimeric ATG16L1 to form the E3-like complex for the ATG8 conjugation 

system (Mizushima et al., 2003, Dooley et al., 2014). ATG16L1 determines the site of ATG8 

conjugation to the autophagosomal membrane through interaction with WIPI2 or FIP200, in both 

cases mediated by its FIP200 binding domain (FBD; Dooley et al., 2014, Fujita et al., 2008b, Lystad 

et al., 2019, Gammoh et al., 2013). In-vitro reconstitution of the ATG8 membrane conjugation 

system has revealed that WIPI2 and the PI3KC3-C1 complex mutually enhance their recruitment to 

the membrane and thereby accelerate ATG12-ATG5-ATG16L1 binding and ATG8 lipidation. Beyond 
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its recruitment, WIPI2 appears to allosterically activate the ATG12-ATG5-ATG16L1 complex 

(Fracchiolla et al., 2020). Thus, conjugation to autophagic membranes relies on the ULK complex, 

PI3P generation by PI3KC3-C1 and WIPI2. 

 
Figure 4. Conjugation of ATG8 proteins to autophagic membranes. ATG8 proteins are conjugated by an E1 E2 E3-like 
enzyme cascade after initial exposure of the C-terminal glycine by the action of ATG4. ATG7 functions as E1, ATG3 as E2 
and the ATG12-ATG5-ATG16L1 complex as E3. Via its FIP200 binding domain (FBD), ATG16L1 associates with WIPI2, which 
in turn is recruited by PI3P. Double-membrane conjugation thus depends on PI3P generation by the class III 
phosphatidylinositol 3-kinase complex I (PI3KC3-C1) and its activation by the ULK complex (Shi et al., 2020). Image was 
created with BioRender.com. 

 

1.2.2. Roles of GABARAP and LC3 during the different steps of autophagy 

ATG8 proteins are involved in the different steps of autophagy—from phagophore expansion to 

fusion with the lysosome (Figure 3). Even though lipidation of ATG8s occurs downstream of ULK 

complex and PI3KC3-C1 complex recruitment to the phagophore initiation site (Itakura and 

Mizushima, 2010, Nishimura et al., 2017), ATG8s can interact with components of these complexes 

through their LIRs (Alemu et al., 2012, Kraft et al., 2012, Birgisdottir et al., 2019). This points towards 

positive feedback loops for recruitment of the complexes, additional downstream functions of the 

ULK and PI3KC3-C1 complexes during autophagosome maturation and/or negative regulation 

through degradation of the complexes themselves by autophagy (Martens and Fracchiolla, 2020, 

Nishimura and Tooze, 2020). While LC3 subfamily proteins have been shown to be negative 

regulators of ULK activity, GABARAP subfamily members positively regulate ULK (Grunwald et al., 

2020). Interestingly, activity of the ULK kinase has been proposed to inhibit the delipidating enzyme 

ATG4, which is also recruited to autophagic membranes through interaction with ATG8s, during 

phagophore expansion (Pengo et al., 2017, Sanchez-Wandelmer et al., 2017). Additionally, 
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prevention of ATG4-mediated delipidation appears to be regulated through phosphorylation of 

LC3C and GABARAPL2 by serine/threonine-protein kinase TBK1, aiding in the maintenance of 

lipidated LC3C/GABARAPL2 on the growing phagophore (Herhaus et al., 2020). After conjugation to 

the phagophore ATG8s, in conjunction with the ATG9-ATG2 axis (Maeda et al., 2020, Noda, 2021), 

are important for phagophore expansion through membrane tethering functions of their N-termini. 

One the one hand, GABARAP and LC3 subfamily proteins have been proposed to associate with two 

distinct lipid bilayers, thereby achieving expansion through fusion of their host membrane with 

vesicles (Weidberg et al., 2011). In line with that, a study on yeast Atg8 reports tubulovesicular 

structure formation through insertion of two aromatic residues (Phe77, Phe79) into the membrane 

to which Atg8 is conjugated, with its N-terminus facing away from the membrane, possibly aiding 

lipid supply during phagophore expansion (Maruyama et al., 2021). On the other hand, association 

with the same membrane that the respective ATG8 is conjugated to has been reported to also 

mediate membrane expansion (Zhang et al., 2023).  

In addition to these roles during biogenesis of the autophagosome, ATG8s are also important for 

selective cargo recruitment (Birgisdottir et al., 2013, Pankiv et al., 2007, Johansen and Lamark, 

2020, Kirkin and Rogov, 2019). This is facilitated by cargo receptors, which tether the cargo to the 

growing phagophore membrane by binding to ATG8s via LIR motifs. The first identified cargo 

receptor was p62/SQSTM1 (Bjorkoy et al., 2005, Pankiv et al., 2007), which was followed by many 

others including the now well characterized OPTN (Korac et al., 2013), next to BRCA1 gene 1 protein 

(NBR1; Kirkin et al., 2009), and NDP52 (Thurston et al., 2009). Beside these soluble cargo receptors, 

there are also membrane-bound cargo receptors located on organelles, for example FAM134B for 

ER-phagy (Khaminets et al., 2015) and NIX for mitophagy (Novak et al., 2010, Schwarten et al., 

2009). The exact roles of the different ATG8 paralogs in selective cargo receptor recruitment are 

not clear. However, the selectivity of NDP52 for LC3C, which is crucial for innate immunity against 

Salmonella, is an example of paralog-specific cargo receptor binding (von Muhlinen et al., 2012).  

 

When ATG8s are depleted, cells accumulate immature, open autophagosomes, indicating a role of 

these proteins in the closure of the expanded phagophore (Fujita et al., 2008a, Weidberg et al., 

2010). A recent study has shown that both GABARAP and LC3 subfamily proteins interact with the 

endosomal sorting complex required for transport I (ESCRT-I) component vacuolar protein sorting-

associated protein 37A (VPS37A) to seal autophagosomes and maintain them in a sealed state 

(Javed et al., 2023). Furthermore, an interaction between GABARAP and ATG2 has been suggested 

to be critical for formation and closure of the expanded phagophore (Bozic et al., 2020).  

Before fusion of the matured autophagosome with the lysosome, they are transported along 

microtubules. Here, LC3s are involved through interaction with JNK-interacting protein 1 (JIP1), 

thereby regulating dynein driven minus-end transport (Fu et al., 2014), and through binding the 
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Rab7 effector FYVE and coiled-coil domain-containing protein 1 (FYCO1) mediating plus-end 

transport (Pankiv et al., 2010). Finally, ATG8 proteins are important for autophagosome-lysosome 

fusion and subsequent degradation of autophagolysosomal contents by recruiting various factors 

for fusion, with GABARAP playing a prominent role, as rescue of knockout of all ATG8s was more 

efficient with GABARAPs than with LC3s (Nguyen et al., 2016, Vaites et al., 2018). These factors 

include the phosphatidylinositol 4-kinase IIα (PI4KIIα; Wang et al., 2015), the large scaffolding 

protein PLEKHM1, which preferentially binds to GABARAP in a LIR-dependent manner (McEwan et 

al., 2015, Nguyen et al., 2016, Rogov et al., 2017a), and the SNARE protein syntaxin-17 (STX17; Gu 

et al., 2019, Kumar et al., 2018). PLEKHM1 additionally binds the HOPS complex as a tethering factor 

(McEwan et al., 2015) and the small GTPase ADP-ribosylation factor-like protein 8B (ARL8B) on 

lysosomes (Marwaha et al., 2017). STX17 is only recruited to mature autophagosome, thereby 

preventing premature fusion with lysosomes, and recruits the cytosolic SNARE synaptosomal-

associated protein 29 (SNAP29; Itakura et al., 2012). Additionally, the complex is stabilized by 

oligomeric ATG14, which primes the complex for interaction with the lysosomal SNARE vesicle-

associated membrane protein 8 (VAMP8) and promotes fusion of the autophagosome with the 

lysosome (Diao et al., 2015). 

After fusion the SNAREs are disassembled by N-ethylmaleimide-sensitive factor (NSF) together with 

its cofactor, the alpha-soluble NSF attachment protein (α-SNAP; Baker and Hughson, 2016). 

Notably, GABARAP has been reported to bind NSF (Kittler et al., 2001), hinting toward its 

involvement in SNARE disassembly (Johansen and Lamark, 2020, Thielmann et al., 2009). 

 

Due to multiple, context-dependent roles of participating proteins and the complexity of the 

process in general, reports on the roles of ATG8s during autophagy can appear contradicting, 

regarding the essentiality of ATG8s for autophagy (Weidberg et al., 2010, Nguyen et al., 2016, Szalai 

et al., 2015, Vaites et al., 2018, Lee and Lee, 2016). With regard to the early steps of autophagy, 

namely phagophore formation and expansion, some studies have reported that ATG8s are essential 

(Sou et al., 2008, Komatsu et al., 2005), while others have concluded that they are not strictly 

required (Nguyen et al., 2016, Collier et al., 2021). In contrast, most studies agree on the 

indispensability of ATG8s during later steps of autophagy, ultimately leading to cargo degradation 

(Tsuboyama et al., 2016, Nguyen et al., 2016, Weidberg et al., 2010), though there are examples of 

some cargos being degraded without involvement of the ATG8s (Ohnstad et al., 2020, Honda et al., 

2014). These discrepancies can be accounted to context-dependent (e.g. specific cargos, specific 

tissue, health/disease related) differences in the autophagic process as well as methodological 

differences between the studies (e.g. depletion of components of the conjugation machinery vs. 

depletion of the ATG8, different analyzed timepoints).  
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Recently, Nguyen and Lazarou offered a reconciling hypothesis for the function of ATG8s in 

autophagy, proposing that ATG8s are dispensable for autophagosome formation, but act on the 

efficiency of the process. In contrast, concerning autophagosome-lysosome fusion, the presence of 

ATG8s is considered mandatory, but their lipidation is not. The latter however can enhance the 

fusion process through recruiting fusion factors with increased avidity (Nguyen and Lazarou, 2022). 

While there are many open questions regarding the specific roles of the different paralogs during 

autophagy, a central role for GABARAP has become clear on a functional level and is supported by 

the fact that many of the core autophagy components, including the ULK complex (Alemu et al., 

2012), the PI3KC3-C1 complex (Birgisdottir et al., 2019), ATG4 (Skytte Rasmussen et al., 2017) and 

ATG2 (Bozic et al., 2020), preferentially bind to GABARAP subfamily proteins over LC3 subfamily 

proteins (Johansen and Lamark, 2020). 

 

1.3. Unconventional roles of human ATG8 proteins 

While autophagy is a process for degradation of intracellular cargoes, extracellular material can be 

engulfed and degraded by endocytosis. Historically, autophagy and endocytosis were considered 

separate pathways with the lysosome as the shared degradative compartment (De Duve, 1963). 

This view, however had to be revised after observation of LC3B conjugation to single endolysosomal 

membranes in different contexts (Florey and Overholtzer, 2012), namely phagocytosis of pathogens 

(Sanjuan et al., 2007, Gong et al., 2011) and apoptotic cells (Martinez et al., 2011, Florey et al., 

2011) referred to as LC3-associated phagocytosis (LAP), entosis and macropinocytosis (Florey et al., 

2011). Due to the involvement of autophagy related proteins and the degradative nature of the 

described processes, they are frequently referred to as non-canonical autophagy. Conjugation of 

ATG8s to single membranes (CASM) has now been established as the term describing the molecular 

features shared by these processes, which are distinct from conjugation to autophagic membranes 

during canonical autophagy (Durgan and Florey, 2022, Durgan et al., 2021) and will be discussed in 

the following chapter. Interestingly, single-membrane conjugation has also been shown to be 

involved during endocytosis and recycling of certain plasma membrane receptors and this process 

was termed LC3-associated endocytosis (LANDO; Heckmann et al., 2020, Heckmann et al., 2019). 

Furthermore, CASM has been proposed to be involved in secretion of extracellular vesicles (Guo et 

al., 2017, Gardner et al., 2023, Leidal et al., 2020), accordingly called LC3-dependent extracellular 

vesicle loading and secretion (LDELS; Leidal and Debnath, 2020) and antigen presentation (Fletcher 

et al., 2018, Ma et al., 2012). 

Notably, most studies on CASM focus on LC3 proteins (Wang et al., 2022), however GABARAP has 

been shown to be conjugated to single membranes in the same manner as LC3s (Sakuma et al., 
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2024, Kuwahara and Iwatsubo, 2024). In case of folliculin (FLCN) - folliculin-interacting protein 

(FNIP) tumor suppressor sequestration, single membrane conjugation of GABARAP even appears 

to be specifically required (Goodwin et al., 2021).  

1.3.1. Conjugation of human ATG8s to single membranes 

Since the first reports on non-canonical autophagy and conjugation of ATG8 proteins to single 

membranes, diverse stimuli, processes and contexts with both distinct and shared molecular 

features have been described. Recently, a unifying mechanism for CASM centering around the E3-

like complex component ATG16L1 and the V-ATPase has been proposed (Durgan and Florey, 2022; 

Figure 5). The upstream stimuli activating CASM are diverse and depend on the specific process. 

When induced by ionophores, lysosomotropic drugs or stimulator of interferon genes protein 

(STING), CASM is independent of VPS34 activity and PI3P formation (Goodwin et al., 2021, Florey 

et al., 2015), while LAP relies on Rubicon controlled VPS34 activity (Yang et al., 2012, Inomata et al., 

2020). Subsequently, the mechanism of V-ATPase dependent membrane conjugation of ATG8s 

appears to be shared for different contexts (Durgan and Florey, 2022, Fletcher et al., 2018, 

Fracchiolla and Martens, 2018, Hooper et al., 2022). As with canonical autophagy, conjugation relies 

on the E1-E2-E3-like enzyme cascade. However, instead of interacting with membrane-bound 

WIPI2 via its FBD (see Figure 4), ATG16L1 interacts with V-ATPase depending on K490 in its WD40 

domain, previously reported to be important for non-canonical autophagy (Hooper et al., 2022, 

Fletcher et al., 2018). During Salmonella infection this interaction is blocked by the bacterial 

effector SopF, hinting toward a function of CASM in innate immunity (Xu et al., 2019). Due to the 

fact that lysosomotropic drugs, ionophores (Florey et al., 2015, Jacquin et al., 2017) and pathogenic 

factors (Ulferts et al., 2021) activate CASM but the V-ATPase inhibitor BafilomycinA1 (BafA1) 

inhibits it (Goodwin et al., 2021, Fischer et al., 2020), a proton transport-independent function of 

the V-ATPase is likely (Durgan and Florey, 2022). Interestingly, another V-ATPase inhibitor, namely 

saliphenylhalamide, which like BafA1 raises the lysosomal pH by blocking proton pump activity (Xie 

et al., 2004) activates CASM (Hooper et al., 2022). While BafA1 dissociates the V-ATPase membrane 

subunit V0 from the cytosolic V1 subunit, saliphenylhalamide stabilizes the assembled V-ATPase, 

implying that V-ATPase assembly plays a role during CASM (Hooper et al., 2022). This idea is further 

supported by the fact that increased V1 recruitment has been observed during STING activation-

induced CASM (Fischer et al., 2020), LAP (Hooper et al., 2022) and after treatment with the 

ionophore monensin (Timimi et al., Preprint 2023). A direct interaction between the V1H subunit of 

the V-ATPase and ATG16L1 only occurs when V0 and V1 are assembled and in cells lacking V1H, 

recruitment of ATG16L1 failed after influenza infection and monensin treatment (Timimi et al., 

Preprint 2023). Thus, conjugation of ATG8 proteins to single membranes is independent of the ULK 

complex and WIPI2, but depends on the interaction of ATG16L1 with the V-ATPase via its WD40 
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domain (Durgan and Florey, 2022). A further defining feature is that ATG8s are not only conjugated 

to phosphatidylethanolamine (PE) but also phosphatidylserine (PS), with the physiological function 

of this modification remaining to be investigated (Durgan and Florey, 2021, Durgan et al., 2021). 

Notably, a different mechanism of ATG8 conjugation to damaged single membrane lysosomes has 

been recently described, which is independent of ATG16L1 and V-ATPase. Upon treatment with 

lysosomotropic compounds and subsequent sphingomyelin exposure, ATG8s are conjugated by the 

action of a E3-like complex containing tectonin beta-propeller repeat-containing protein 1 (TECPR1) 

in place of ATG16L1 (Kaur et al., 2023).  

 
Figure 5. Conjugation of ATG8 proteins to single membranes (CASM). As shown in Figure 4, conjugation occurs by an E1-
E2-E3-like enzyme cascade. Here, the WD40 domain of ATG16L1 binds to the V1 subunit of the V-ATPase. ATG8s are 
conjugated to both phosphatidylethanolamine (PE, turquoise) and phosphatidylserine (PS, pink). Image was created with 
BioRender.com. 

 

1.3.2. Interplay of autophagy and endocytic trafficking 

Endocytic trafficking and autophagy share several molecular features (Birgisdottir and Johansen, 

2020, Fraser et al., 2017). The role of ATG8 proteins and the conjugation machinery in non-

canonical autophagy processes and CASM is one such example and has been discussed above. 

Additionally, endocytic trafficking and autophagy intersect at several stages and appear to depend 

on each other (Birgisdottir and Johansen, 2020, Tooze et al., 2014, Sakuma et al., 2024). On the one 

hand, endosomal vesicles supply lipids and proteins during autophagosome formation and 

maturation (Noda, 2017, Kuroki et al., 2018, Gordon and Seglen, 1988). On the other hand, 

endolysosomal membranes can be degraded by autophagy when they are damaged (e.g. lysophagy; 

Chauhan et al., 2016, Maejima et al., 2013). Additionally, the autophagy machinery and/or ATG8 

proteins have been proposed to regulate trafficking of various plasma membrane proteins, 

including receptors, though the exact role is poorly understood and appears to be highly dependent 
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on the context and the protein of interest (Carosi et al., 2024, Fraser et al., 2019, Coelho et al., 

2022). 

The retromer-interacting protein TBC1 domain family member 5 (TBC1D5) and its role in regulating 

receptor recycling is an example of this complexity. TBC1D5 is a Rab GTPase-activating protein, 

which colocalizes with endosomes under basal conditions and with autophagosomes upon 

starvation, proposedly in a LIR-LDS dependent manner (Popovic et al., 2012). It was shown that 

TBC1D5 shuttles to autophagosomes during glucose deprivation, thereby releasing retromer and 

increasing recycling of the glucose transporter solute carrier family 2 member 1 (SLC2A1) to the 

plasma membrane (Roy et al., 2017). In contrast, TBC1D5 remains bound to retromer during 

nutrient starvation and is captured by autophagy, which leads to decreased recycling of the beta-2 

adrenergic receptor (ADRB2) to the plasma membrane, likely in a LIR-independent manner (Carosi 

et al., 2024). 

Association with ATG8 proteins has additionally been reported for several receptors, including the 

κ-opioid (Chen et al., 2006, Chen et al., 2011, Huang et al., 2022), vanilloid (Lainez et al., 2010), 

angiotensin (Cook et al., 2008), transferrin (Green et al., 2002), HGF (Barrow-McGee et al., 2016, 

Bell et al., 2019), GABAA (Wang et al., 1999, Ye et al., 2021) and EGF receptors (Dobner et al., 2020). 

In case of the GABAA receptor, anterograde trafficking from the Golgi complex to the cell surface 

appears to be regulated through a direct LIR-LDS based interaction with GABARAP (Ye et al., 2021). 

For the transferrin and HGF receptors LIR based interactions have been proposed (Huang et al., 

2019, Gardner et al., 2023) alongside reports indicating engagement of the LC3C C-terminal tail in 

endosome localization for autophagic degradation of the receptors under starvation conditions 

(Coelho et al., 2022, Coelho and Park, 2023). In case of the EGFR, endogenously tagged GABARAP 

was shown to co-migrate with the labeled ligand of the EGFR and endogenous EGFR 

coimmunoprecipitated with overexpressed GABARAP, hinting towards an interaction between the 

two. Notably, depletion of GABARAP, but not GABARAPL1 and GABARAPL2 led to enhanced EGFR 

degradation and altered signaling in cells (Dobner et al., 2020). Interestingly, extracellular signal-

regulated kinase (ERK1/2) cascade components have also been shown to increasingly colocalize 

with ATG8 proteins after growth factor stimulation (Martinez-Lopez et al., 2013).  

While many open questions remain regarding the involvement of ATG8 proteins in endocytic 

trafficking of receptors, they appear to be involved in both the autophagic regulation of their 

plasma membrane abundance depending on nutrient availability (Coelho and Park, 2023) and in 

anterograde transport, likely independent of autophagy (Ye et al., 2021, Chen et al., 2011). The 

latter is supported by the observation that cells lacking GABARAP-type proteins show altered Golgi 

morphology and surfaceome composition (Sanwald et al., 2020). 
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1.4. Studying human ATG8 protein function  

Since their discovery, a wide range of methods have been developed and applied to study ATG8 

proteins and have shaped the current understanding of these proteins, their interactions and the 

processes they are involved in (Ktistakis and Florey, 2019, Klionsky et al., 2021a, Johansen et al., 

2017). Using ATG8 proteins, either overexpressed or endogenously tagged, as baits for affinity 

enrichment and subsequent analysis by mass spectrometry has been one strategy to identify 

interaction networks of ATG8 proteins under different conditions (Behrends et al., 2010, Eck et al., 

2020). 

Today, many phenotypic observations can be related to a cellular function and an underlying 

molecular mechanism. Nevertheless, open questions remain regarding canonical and 

non-canonical autophagy, paralog-specific roles of ATG8 proteins in different contexts, and the 

regulation of their versatile functions (Cuervo et al., 2024, Johansen and Lamark, 2020, Martens 

and Fracchiolla, 2020). In the following chapters, two general strategies, complementing each other 

to broaden the understanding of human ATG8 proteins and their functions, will be summarized. 

1.4.1. From phenotypes to molecular mechanisms 

Classically, morphological and phenotypic observations precede the investigation of the underlying 

molecular mechanisms and interactions. As described above, this also holds true in the context of 

autophagy research in general (Tsukada and Ohsumi, 1993, Ohsumi, 2014). In case of ATG8s, the 

observation of two distinct forms of LC3B by immunoblot analysis, combined with microscopy 

revealing localization of green fluorescent protein (GFP)-LC3B at autophagosomal membranes 

(Kabeya et al., 2000), paved the way for elucidation of the conjugation system in mammalian cells 

(Tanida et al., 2003, Tanida et al., 2002). Moreover, this led to the wide-spread use of both GFP-

LC3B as a marker for autophagic membranes (Mizushima, 2004, Klionsky et al., 2021a) and red 

fluorescent protein (RFP)-GFP-LC3B, exploiting the different pH sensitivities of the fluorophores, as 

a readout for autophagic flux (Kimura et al., 2007). 

The development of methods for gene manipulation in mammalian cells, including siRNA-based 

knockdown (Elbashir et al., 2001) and CRISPR/Cas9 mediated knockout (Doudna and Charpentier, 

2014) of genes, has enabled screening for genes and respective proteins generating specific 

phenotypes related to canonical or non-canonical autophagy (Orvedahl et al., 2011, Ulferts et al., 

2021). Additionally, individual proteins or protein families can be knocked out to study their specific 

functions. In the case of ATG8 proteins, studies applying knockout of individual proteins, either of 

the two subfamilies, or all ATG8s have revealed different functions of these proteins. Knockout of 

all ATG8 proteins in HeLa cells revealed that ATG8s are crucial for autophagosome-lysosome fusion 

but not autophagosome formation and cargo recognition, in PINK1/Parkin-mediated mitophagy as 
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well as starvation induced autophagy. Furthermore, the GABARAP subfamily appears to be the main 

driver during these processes, as only GABARAP—but not LC3-subfamily knockout has led to a 

significant phenotype (Nguyen et al., 2016). Accordingly, degradation of protein aggregates appears 

to mostly rely on members of the GABARAP subfamily rather than the LC3s (Vaites et al., 2018). 

Mechanistically, these observations can at least partially be linked to GABARAP, either alone or 

along with its two paralogs GABARAPL1 and GABARAPL2, selectively interacting with factors 

required for autophagosome-lysosome fusion, like PI4KIIα (Wang et al., 2015, Behrends et al., 2010) 

and PLEKHM1 (Nguyen et al., 2016, Rogov et al., 2017a). LAP represents another example of 

phenotypic observations, namely rapid recruitment of a GFP-tagged LC3B to phagocytosed 

pathogens (Sanjuan et al., 2007) and entotic cells (Florey et al., 2011), that initiated extensive 

research revealing mechanistic insights (Durgan and Florey, 2021, Durgan et al., 2021, Hooper et 

al., 2022). In contrast, the mechanisms behind other ATG8-related phenotypes and their 

connections to other functions of these proteins remain to be investigated. These include the 

observation of disrupted Golgi morphology and altered surface protein abundance in GABARAP 

subfamily knockout cells (Sanwald et al., 2020) as well as altered EGFR degradation and signaling 

after stimulation, specifically in GABARAP-deficient cells (Dobner et al., 2020). 

1.4.2. From molecular interaction to modulation of function 

Exploring molecular interactions and their determinants to predict physiological functions is 

another approach for studying ATG8 proteins. Through phage display approaches, screening 

randomized peptide libraries, the GABARAP ligands NIX (Schwarten et al., 2009), clathrin heavy 

chain (Mohrlüder et al., 2007a) and calreticulin (Mohrlüder et al., 2007b) have been identified and 

binding determinants characterized. After description of the LIR consensus motif for ATG8 binding 

(Noda et al., 2010, Alemu et al., 2012), a web tool for in silico identification of LIR containing 

proteins was developed, allowing selection of putative ATG8 interactors for further experimental 

verification (Kalvari et al., 2014). In addition to identification of putative biological interactor of 

ATG8s, there have been efforts to develop artificial interactors. Fluorescently labelled sensors 

based on peptides identified by phage-display have been introduced as tools for monitoring the 

localization of individual ATG8s, revealing paralog-specific functions (Stolz et al., 2017). Moreover, 

screening of small-molecule compound libraries for ATG8 binders represents another strategy to 

identify modulators of canonical as well as non-canonical functions (Steffek et al., 2023, Hartmann 

et al., 2021). Such approaches have gained additional relevance with the emergence of autophagy 

as a potential therapeutic target (Kocak et al., 2022).  
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1.5. Modulation of autophagy as a therapeutic strategy 

Soon after the discovery of the first autophagy-related genes and respective proteins in yeast and 

in mammalian cells, connections to cancer (Liang et al., 1999, Yue et al., 2003) and 

neurodegenerative diseases were drawn (Ravikumar et al., 2002, Komatsu et al., 2006). Despite a 

lack of methods to measure autophagic activity in humans, extensive research involving mouse 

models as well as analysis of mutations in disease have now linked autophagy to a wide variety of 

additional human pathologies including cardiovascular, pulmonary, musculoskeletal, infectious, 

and metabolic disorders (Klionsky et al., 2021b, Yamamoto et al., 2023). In the following, the roles 

of autophagy in neurodegeneration and cancer will be summarized along with strategies for its 

modulation as a therapeutic approach. 

Regarding cancer, autophagy plays a dual, highly context-dependent role, with both tumor-

promoting and tumor-suppressive functions (Yang and Klionsky, 2020, Debnath et al., 2023). 

Autophagic tumor suppression is established through various mechanisms, including removal of 

damaged proteins and organelles, maintaining genomic stability, and regulating the immune 

response (Galluzzi et al., 2015). Even though mutations of core autophagy genes are rare in human 

cancers (Lebovitz et al., 2015), several studies have provided evidence for an antitumor effect of 

autophagy. Increased tumor formation in mice after heterozygous disruption of the PI3KC3-C1 

complex component Beclin1 (Qu et al., 2003, Yue et al., 2003) or deletion of Atg7 (Takamura et al., 

2011) are two examples of such studies. Additionally, autophagy is stimulated by the tumor 

suppressor p53 upon cellular stress like DNA damage (Crighton et al., 2006, Kenzelmann Broz et al., 

2013). 

In contrast, once a tumor has developed, autophagy promotes tumor progression by supporting 

the metabolic demands in the microenvironment resulting from insufficient oxygen and nutrient 

supply (Russell and Guan, 2022, Yang and Klionsky, 2020). Accordingly, depleting mice of Atg7 has 

been shown to attenuate tumor growth in different cancers (Yang et al., 2014, Karsli-Uzunbas et 

al., 2014). It is important to note that autophagy may also influence tumor cell survival by 

promoting resistance to chemotherapy (Rubinsztein et al., 2012, Rebecca and Amaravadi, 2016). 

Due to the versatile roles of ATG8 proteins in autophagy, their involvement in cancer is not far-

fetched. Indeed, ATG8 proteins can be a marker for either poor or good prognosis regarding tumor 

progression, depending on the type and stage of the disease (Jacquet et al., 2021).  

Due to its ambivalent role in cancer, both activation and inhibition of autophagy are considered as 

therapeutic strategies (Rebecca and Amaravadi, 2016, Kocak et al., 2022). On the one hand, 

autophagy appears to be required for an immune response against the cancer cells during certain 

treatments (Masuelli et al., 2017, Michaud et al., 2011), on the other hand autophagy inhibition 

appears to be useful for sensitizing certain cancer cells for chemotherapy (Verbaanderd et al., 

2017). Treatment with chloroquine or hydroxychloroquine, which decrease autophagosome-
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lysosome fusion (Mauthe et al., 2018), are clinically applied for this purpose (Xu et al., 2018). 

However, due to some reported side-effects (Leung et al., 2015), only partial therapeutic response 

in many cases and multiple, not fully elucidated mechanisms of action (Verbaanderd et al., 2017), 

efforts are being made to find more specific inhibitors (Kocak et al., 2022). Targeting ATG8 proteins 

has been one approach in this direction (Cerulli et al., 2020, Gray et al., 2021), which succeeded in 

positive complementation of treatment with chemotherapeutic drugs in cancer cell lines and mice 

(Gray et al., 2021). The connection between upregulation of specific ATG8 paralogs and poor 

prognosis in certain cancer types represents a rationale for developing paralog-specific modulators 

(Jacquet et al., 2021). 

A connection between neurodegeneration and autophagy became evident with reports of 

autophagic clearance of aggregation-prone proteins (Ravikumar et al., 2002) and 

neurodegeneration in mice depleted of core autophagy proteins Atg5 (Hara et al., 2006) and Atg7 

(Komatsu et al., 2006). While the specific mechanisms are incompletely understood and dependent 

on the specific disease, autophagy has now been linked to a variety of neurodegenerative disorders, 

including Parkinson’s, Alzheimer’s and Huntington’s disease (Klionsky et al., 2021b, Yang and 

Klionsky, 2020, Menzies et al., 2015). Deposition of protein aggregates and dysfunctional 

mitochondria are characteristic of these diseases, and impaired autophagy may contribute to this 

pathology (Menzies et al., 2015, Sliter et al., 2018, Fang et al., 2019, Narendra et al., 2008). 

Accordingly, mutations of autophagy-related proteins have been associated with different 

neurodegenerative diseases (Yamamoto et al., 2023, Stamatakou et al., 2020). Induction of 

autophagy, e.g. through mammalian target of rapamycin (mTOR) inhibition, has been shown to 

mitigate symptoms of neurodegeneration in mice and has therefore been proposed as a 

therapeutic strategy (Caccamo et al., 2010, Ravikumar et al., 2004), with several autophagy 

activators currently undergoing preclinical and clinical trials (Kocak et al., 2021). Targeted protein 

degradation is a newly emerging field in the context of autophagy-modulating drugs. While 

proteolysis targeting chimeras (PROTACs) are high molecular weight compounds which utilize the 

ubiquitin-proteasome system and involve target ubiquitylation (Nalawansha and Crews, 2020, Ding 

et al., 2020), autophagosome-tethering chimeras (ATTECs) are smaller molecules which function 

independently of ubiquitylation and have the potential to degrade larger targets as they rely on 

macroautophagy (Kocak et al., 2021). Up to now, degradation of aggregated proteins and 

mitochondria has been shown using the ATTEC strategy (Mei et al., 2023, Li et al., 2019, Tan et al., 

2023). Targets are usually tethered to phagophores via ATG8 proteins, either through ATG8 binding 

peptides or small-molecule compounds (Schwalm et al., 2023b, Schwalm et al., Preprint 2023a). 
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2 Aims 
Since its discovery 25 years ago, a plethora of interactions of the human ATG8 protein GABARAP 

have been described. These include artificial ligands which are of potential interest for therapeutic 

applications and biological interactors important for cellular functions of GABARAP. Understanding 

the molecular determinants of these interactions can aid in both further development of 

modulators and explaining biological processes. 

Investigating the interaction of GABARAP with the stapled peptides Pen3-ortho and Pen8-ortho and 

the small-molecule compound GW5074 from a structural perspective and thereby elucidating the 

structural features determining the binding mode and functionality of these ligands represents the 

first aim of this work.  

The second aim, namely the structural and biophysical characterization of the interaction between 

GABARAP and a putative physiological binding partner, is inspired by the phenotype of enhanced 

EGFR degradation after stimulation—specifically in GABARAP single knockout cells—previously 

observed in our institute. To understand whether a direct interaction can provide an explanation 

for this phenotype, GABARAP as well as its paralogs will be analyzed regarding their binding 

affinities to EGFR derived peptides. Additionally, the molecular interactions between GABARAP and 

one of these peptides will be analyzed.  

Finally, a live cell imaging-based approach using a bivalent GABARAP-mTagBFP2-GABARAP 

construct will be employed to highlight interactions that may be overlooked by conventional 

tagging strategies. The microtubule cytoskeleton may represent such a twilight zone, as interaction 

with GABARAP has been reported in early in-vitro studies, but evidence in cells is sparse. In this 

work the factors determining the interaction between microtubules and GABARAP-mTagBFP2-

GABARAP will be investigated. 
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3 Results 

3.1. Structure-based design of stapled peptides that bind GABARAP and Inhibit 
autophagy 
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Note that only the main text is included in this dissertation, SI 
material can be found here: 

https://pubs.acs.org/doi/full/10.1021/jacs.2c04699 
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3.2. Exploring arylidene-indolinone ligands of autophagy proteins LC3B and 
GABARAP 
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3.3. GABARAP interacts with EGFR — supporting the unique role of this 
hAtg8 protein during receptor trafficking 
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3.4. Highlighting the hidden: monitoring the avidity-driven association of a 
fluorescent GABARAP tandem with microtubules in living cells 
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4 Summary and Conclusion 

Since mammalian and human homologs of yeast Atg8 were first mentioned (Kirisako et al., 1999, 

Lang et al., 1998), these proteins and their functions have been extensively studied. The 

manuscripts presented in this thesis focus on interactions of GABARAP, which is the human ATG8 

paralog with the highest mRNA expression levels under basal conditions in many cell lines, including 

the ones used here (Figure 6A). Interestingly, this pattern can also be observed on a tissue level, 

with GABARAP being the paralog with highest mRNA expression in most of the tissues listed in the 

Human Protein Atlas (Uhlen et al., 2015, Uhlen et al., 2010; Figure 6B). Although protein levels 

cannot be directly inferred from mRNA expression levels, a positive correlation between the two 

has been reported (Buccitelli and Selbach, 2020). It is noteworthy that, while ATG8 proteins in 

general have been the subject of an increasing number of publications, with a peak in 2021 (Figure 

6C), LC3B and the LC3 subfamily have received substantially more attention than GABARAP and the 

GABARAP subfamily, respectively (Figure 6D). 

 
*Figure 6, continued on next page 
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Figure 6. Overview of paralog mRNA expression in selected cell lines and tissues and ATG8 related publications. mRNA 
expression levels of ATG8 paralogs in cell lines applied in this work (A) and in selected tissues (B) according to the Human 
Protein Atlas (Uhlen et al., 2015, Uhlen et al., 2010). Tissues exhibiting mRNA expression in the top 10% for any one of 
the paralogs were included. LC3C and LC3B2 are not shown in (B) due to expression levels below 10 nTPM for all tissues 
documented. nTPM: normalized transcripts per million. (C) Publications on human ATG8 paralogs listed on PubMed 
(http://www.ncbi.nlm.nih.gov/pubmed; Sayers et al., 2011, Sayers et al., 2024), search term: LC3A[Title/Abstract] OR 
LC3B[Title/Abstract] OR LC3C[Title/Abstract] OR LC3[Title/Abstract] OR LC3B2[Title/Abstract] OR 
MAP1LC3A[Title/Abstract] OR MAP1LC3B[Title/Abstract] OR MAP1LC3C[Title/Abstract] OR MAP1LC3[Title/Abstract] OR 
MAP1ALC3[Title/Abstract] OR MAP1ALC3A[Title/Abstract] OR MAP1ALC3B[Title/Abstract] OR 
MAP1ALC3C[Title/Abstract] OR GABARAP[Title/Abstract] OR GABARAPL1[Title/Abstract] OR GEC-1[Title/Abstract] OR 
GEC1[Title/Abstract] OR GABARAPL2[Title/Abstract] OR GATE16[Title/Abstract] OR GATE-16[Title/Abstract] over time 
(1998–2023). (D) Number of publications retrieved by PubMed search for GABARAP, the GABARAP subfamily, LC3B and 
the LC3 subfamily as of 06/07/2024. Graphs were created using GraphPad Prism 9. 

 

Nevertheless, it has become clear that the GABARAPs fulfill non-redundant functions and play a 

prominent role during autophagy, e.g. in autophagosome-lysosome fusion (Nguyen et al., 2016, 

Vaites et al., 2018). The fact that GABARAP appears to play a specific role in certain pathologies 

(Gulla et al., 2024, Salah et al., 2016) provides an additional rationale for putting GABARAP more 

into the spotlight. The studies included in this work contribute to this task by providing new insights 

into GABARAP function from different perspectives, applying a broad range of methods.  

In the following paragraphs, the key findings of these studies are summarized (Figure 7) and 

limitations and future perspectives are described. More detailed discussions on each study can be 

found in the respective sections of the included manuscripts. 

 

The interactions of the stapled peptides Pen3-ortho and Pen8-ortho, respectively, with GABARAP, 

described in chapter 3.1. (Brown et al., 2022), were investigated by x-ray crystallography. Purified 

GABARAP was co-crystallized with the stapled peptides (provided by collaboration partners: Kritzer 

Group, Tufts University, MA, USA), and diffraction data were collected (ESFR, Grenoble, France). 

The resolved structural models (PDB IDs: 7ZKR & 7ZL7) revealed binding of the stapled peptides to 

the hydrophobic pockets of GABARAP in different orientations, which correlates with distinct 

paralog selectivity. This is likely facilitated through GABARAPs ability to undergo induced fit to 

support binding of an additional large hydrophobic residue to HP2 in case of antiparallel binding as 
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seen for Pen3-ortho. Notably, these peptides can penetrate cells, inhibit autophagy and synergize 

with cisplatin to inhibit proliferation of ovarian cancer cells (chapter 3.1., Brown et al., 2022). 

The small-molecule compound GW5074 (also provided by the Kritzer Group, Tufts University, MA, 

USA) has been previously described as the LC3 binding component of an ATTEC (Li et al 2019). 

However, subsequent reports showed that this compound can also covalently interact with the E3 

ligase DCAF11, thereby directing at least some of its targets to the proteasome (Xue et al., 2023). 

Addressing contradictory reports on interactions between GW5074 and ATG8 proteins (Pei et al., 

2021, Li et al., 2019, Schwalm et al., Preprint 2023a), chapter 3.2. reports binding of GW5074 to 

LC3B and GABARAP (Leveille et al., Preprint 2024). While within this project, co-crystallization 

efforts with GW5074 and GABARAP did not yield diffracting crystals, HSQC titration experiments 

with 15N-labelled GABARAP revealed engagement of GW5074 with GAPARAPs HP1. Furthermore, 

the study describes the binding determinants of arylidene-indolinone ligands in regulating 

selectivity and affinity, thereby laying the groundwork for further development of improved 

(selective) small-molecule interactors of ATG8 proteins.  

In order to evaluate the applicability of both stapled peptides and small-molecule compounds as 

research tools and therapeutics, further research regarding their functions in cells and organisms 

will be required. This includes investigations on how different processes including canonical and 

non-canonical autophagy, as well as receptor trafficking processes are affected. Considering that 

GABARAP can have both tumor-promoting and tumor-suppressing functions (Gulla et al., 2024, 

Jacquet et al., 2021, Salah et al., 2016), it will be crucial to define suitable indications for the 

administration of artificial GABARAP/ATG8 ligands to human subjects. 
 

Chapter 3.3. explores a previously reported EGFR degradation phenotype, specifically in GABARAP 

knockout cells, from a biophysical and structural perspective (Üffing et al., 2024b). For this purpose, 

the ATG8 paralogs were purified and analyzed regarding their affinity towards EGFR-derived 

peptides, LIR1 and LIR2 as well as phosphorylated analogs, by biolayer interferometry (BLI). These 

experiments revealed selective binding of LIR1 to GABARAP/GABARAPL1, with moderate influence 

of phosphorylation in residues surrounding the core LIR. Subsequently, a chimeric 

EGFR LIR1-GABARAP protein was purified, crystallized and diffraction data collected, leading to a 

structural model (PDB ID: 8S1M) which showed binding of the EGFR LIR1 to GABARAP in a canonical 

LIR-LDS dependent fashion, while also confirming molecular determinants regulating selectivity in 

a broader sense. In addition, the EGFR LIR1 binding site on GABARAP was mapped by the use of 

chemical shift perturbation data gained from a 15N-HSQC titration experiment, further confirming 

engagement of HP1 and HP2 residues of GABARAP in the interaction in solution. Overall, these 

results provide a plausible hypothesis for the observed phenotype of enhanced EGFR degradation, 

specifically in GABARAP knockout cells. 
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However, whether and to which degree this direct interaction influences EGFR’s fate in a cellular 

context still remains to be determined. On the one hand, this question could be tackled by 

reintroducing wildtype and LIR binding-deficient GABARAP into GABARAP knockout cells, either at 

endogenous levels or through overexpression. However, as most of GABARAPs interactions are 

LIR-LDS based, this might not yield conclusive results. This approach additionally requires 

determination of mutations leading to disruption of the interaction between GABARAP and the 

EGFR LIR1 in vitro, as this was not achieved by exchanging Tyr49 and Leu50 (residues typically 

addressed) to alanine. On the other hand, the LIRs in the EGFR C-terminal domain could be mutated 

endogenously. While this could impede putative GABARAP binding, it could also influence EGFR 

signaling due to the presence of the regulatory tyrosine residues Tyr1092 (LIR1) and Tyr1197 (LIR2) 

in the vicinity of or within the LIRs, respectively. With the interplay between endocytic trafficking 

and autophagy in mind, it also seems likely that multiple mechanisms involving GABARAP, possibly 

including this direct interaction, affect EGFR trafficking after stimulation. These could potentially 

attenuate the phenotype in cells containing LIR-deficient EGFR. Another question for future 

investigations concerns the posttranslational modifications of the EGFR after stimulation. To 

elucidate whether GABARAP indeed reduces phosphorylation and/or growth factor receptor-bound 

protein 2 (GRB2) association to pTyr1092, EGFR phosphorylation and ubiquitylation patterns at 

different timepoints after stimulation in wildtype and GABARAP knockout cells could be analyzed 

by mass spectrometry.  

 

Finally, intracellular GABARAP localization and corresponding interactions were investigated by 

live-cell microcopy applying novel fluorescent fusion proteins in chapter 3.4 (Üffing et al., 2024a; 

raw data on BioImage Archive, Accession: S-BIAD952). Typically, fusion of fluorescent proteins to 

the N-terminus of ATG8s (yielding, e.g., EYFP-GABARAP) is applied to monitor localization in cells. 

Here, a bivalent GABARAP-mTagBFP2-GABARAP tandem construct was introduced with the idea 

that it could potentially exhibit a localization distinct from conventionally tagged GABARAP, through 

increased avidity in case of inherently weak interactions and/or through the availability of two free 

termini. Indeed, GABARAP-mTagBFP2-GABARAP associates with microtubules, bringing their early 

reported interaction with GABARAP back into focus. Besides requiring specific fluorophore 

properties and two GABARAP moieties, the interaction between the GABARAP tandem construct 

and microtubules relies on positively charged amino acids in the N-terminus of GABARAP. Thereby, 

the study connects early in-vitro studies (Coyle et al., 2002, Wang and Olsen, 2000, Wang et al., 

1999) with observations in cells. However, due to the artificial nature of the construct and transient 

overexpression, the biological relevance of this interaction remains to be determined. For this 

purpose, one could endogenously mutate the positively charged residues (Lys2, Lys13, Arg15, 

Lys20, Lys23) in the GABARAP N-terminus and analyze the localization of the respective GABARAP 
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mutant protein compared to wildtype GABARAP. On a functional level, effects on transport of 

endolysosomal vesicles and autophagosomes could be examined, by tracking Rab7- and LC3B- 

positive structures, respectively (Fu et al., 2014, Cason and Holzbaur, 2023). Another question for 

future investigation will be whether the observed behavior of the GABARAP tandem construct is 

paralog specific. Despite LC3s being initially described as microtubule associated proteins (Mann 

and Hammarback, 1994), preliminary data with an analogous LC3B tandem construct strikingly 

indicate less association with microtubules (not shown). Besides microtubule association, the 

GABARAP tandem construct showed additional differences in subcellular localization compared to 

conventionally tagged GABARAP. Further investigations of these differences under both basal and 

autophagy inducing conditions have the potential to highlight additional localizations and 

corresponding functions of ATG8 proteins, which are otherwise overlooked. 

 

 
Figure 7. Overview of artificial (pink background) and putative biological interactors of GABARAP (green background) 
investigated in this work. The artificial GABARAP ligands Pen3-ortho and Pen8-ortho (stapled peptides) interact with both 
hydrophobic pockets of GABARAP via different binding modes, explaining paralog-selective binding of Pen3-ortho but not 
Pen8-ortho (I., chapter 3.1.). The small-molecule compound GW5074 primarily engages with HP1 of GABARAP (II., chapter 
3.2.). The putative biological interactors include the EGFR, which interacts with GABARAP HP1 and HP2 via the LIR1 motif 
in its C-terminal domain (III., chapter 3.3.) and tubulin/microtubules, which associate with positively charged residues in 
the N-terminus of GABARAP (IV., Chapter 3.4.). Image was created with BioRender.com and PyMOL Molecular Graphics 
System, Version 3.0 Schrödinger, LLC. GW5074 2D structure reprinted from PubChem (CID 5924208, 
https://pubchem.ncbi.nlm.nih.gov/compound/5924208#section=2D-Structure) HP1: red, HP2: blue, basic N-terminal 
residues: green. 
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Despite being a small protein of only 14 kDa, the ATG8 protein GABARAP is involved in wide variety 

of processes, which are important for cellular homeostasis but can also contribute to disease. By 

revealing novel aspects of the versatile interactions of GABARAPs, this work contributes to 

balancing the knowledge of individual ATG8 paralogs and motivates further research on their non-

redundant functions. 

 



  Publications and Presentations 

 119  
 

5 List of Publications and Presentations 

5.1. Publications 

Hawley Brown, Mia Chung, Alina Üffing, Nefeli Batistatou, Tiffany Tsang, Samantha Doskocil, 
Weiqun Mao, Dieter Willbold, Robert C. Bast Jr., Zhen Lu, Oliver H. Weiergräber, and Joshua A. 
Kritzer. Structure-Based Design of Stapled Peptides That Bind GABARAP and Inhibit Autophagy. 
Journal of the American Chemical Society, 2022 144 (32), 14687-14697. 
doi.org/10.1021/jacs.2c04699. 

 

Alina Üffing, Lisa Gold, Thomas Gensch, Oliver H. Weiergräber, Silke Hoffmann, Dieter Willbold. 
Highlighting the hidden: monitoring the avidity-driven association of a fluorescent GABARAP 
tandem with microtubules in living cells. Autophagy Reports, 2024 3(1). 
doi.org/10.1080/27694127.2024.2348899. 

 

Alina Üffing, Oliver H. Weiergräber, Melanie Schwarten, Silke Hoffmann, Dieter Willbold. GABARAP 
interacts with EGFR — supporting the unique role of this hAtg8 protein during receptor trafficking. 
FEBS Letters, 2024. doi.org/10.1002/1873-3468.14997. 

 

Additional publication not included in this thesis: 

Julia L. Sanwald, Jochen Dobner, Indra M. Simons, Gereon Poschmann, Kai Stühler, Alina Üffing, 
Silke Hoffmann, Dieter Willbold. Lack of GABARAP-Type Proteins Is Accompanied by Altered Golgi 
Morphology and Surfaceome Composition. International Journal of Molecular Sciences. 2021, 22, 
85. Doi.org/ 10.3390/ijms22010085. 

 

5.2. Preprints/submitted manuscripts 

Alexandria N. Leveille, Hawley Brown, Thomas Schwarzrock, Bennett True, Joanet Plasencia, Philipp 
Neudecker, Alina Üffing, Oliver H. Weiergräber, Dieter Willbold, Joshua A. Kritzer. Exploring 
Arylidene-Indolinone Ligands of Autophagy Proteins LC3B and GABARAP. BioRxiv, 2024, 
doi.org/10.1101/2024.02.25.581879. 

 

 

 

 

 

 



  Publications and Presentations 

 120  
 

5.3. Poster Presentations 

Alina Üffing, Silke Hoffmann, Oliver H. Weiergräber & Dieter Willbold. GABARAP meets EGFR –
Structural clues to the GABARAP-specific phenotype during EGFR degradation. 
FOR2625 SYMPOSIUM “LYSOSOMES & AUTOPHAGY”, May 5-6, 2022, Berlin, Germany 

 

Alina Üffing, Silke Hoffmann, Oliver H. Weiergräber & Dieter Willbold. GABARAP meets EGFR –
Structural clues to the GABARAP-specific phenotype during EGFR degradation. 
EMBO Workshop “Integrating the molecular, mechanistic and physiological diversity of 
autophagy”, 27 June – 01 July 2022, Eger, Hungary 

 

Alina Üffing, Lisa Gold, Thomas Gensch, Oliver H. Weiergräber, Silke Hoffmann, Dieter Willbold. 
Monitoring the association of hATG8s with microtubules in living cells. 
Gordon Research Conference “Autophagy in Stress, Development and Disease”, March 10 – 15, 
2024, Barga (Lucca), Italy & associated Gordon Research Seminar, March 9 – 10, 2024, Barga 
(Lucca), Italy 
 



  References 

 121  
 

5 References 

ALEMU, E. A., LAMARK, T., TORGERSEN, K. M., BIRGISDOTTIR, A. B., LARSEN, K. B., JAIN, A., OLSVIK, 
H., OVERVATN, A., KIRKIN, V. & JOHANSEN, T. 2012. ATG8 family proteins act as scaffolds 
for assembly of the ULK complex: sequence requirements for LC3-interacting region (LIR) 
motifs. J Biol Chem, 287, 39275-90. 

ALI, M. G., WAHBA, H. M., IGELMANN, S., CYR, N., FERBEYRE, G. & OMICHINSKI, J. G. 2024. Structural 
and functional characterization of the role of acetylation on the interactions of the human 
Atg8-family proteins with the autophagy receptor TP53INP2/DOR. Autophagy, 1-20. 

ARSTILA, A. U. & TRUMP, B. F. 1968. Studies on cellular autophagocytosis. The formation of 
autophagic vacuoles in the liver after glucagon administration. Am J Pathol, 53, 687-733. 

BAEKEN, M. W., WECKMANN, K., DIEFENTHALER, P., SCHULTE, J., YUSIFLI, K., MOOSMANN, B., 
BEHL, C. & HAJIEVA, P. 2020. Novel Insights into the Cellular Localization and Regulation of 
the Autophagosomal Proteins LC3A, LC3B and LC3C. Cells, 9. 

BAKER, R. W. & HUGHSON, F. M. 2016. Chaperoning SNARE assembly and disassembly. Nat Rev Mol 
Cell Biol, 17, 465-79. 

BARROW-MCGEE, R., KISHI, N., JOFFRE, C., MENARD, L., HERVIEU, A., BAKHOUCHE, B. A., NOVAL, 
A. J., MAI, A., GUZMAN, C., ROBBEZ-MASSON, L., ITURRIOZ, X., HULIT, J., BRENNAN, C. H., 
HART, I. R., PARKER, P. J., IVASKA, J. & KERMORGANT, S. 2016. Beta 1-integrin-c-Met 
cooperation reveals an inside-in survival signalling on autophagy-related endomembranes. 
Nat Commun, 7, 11942. 

BASKARAN, S., CARLSON, L. A., STJEPANOVIC, G., YOUNG, L. N., KIM, D. J., GROB, P., STANLEY, R. E., 
NOGALES, E. & HURLEY, J. H. 2014. Architecture and dynamics of the autophagic 
phosphatidylinositol 3-kinase complex. Elife, 3. 

BEHRENDS, C., SOWA, M. E., GYGI, S. P. & HARPER, J. W. 2010. Network organization of the human 
autophagy system. Nature, 466, 68-76. 

BELL, E. S., COELHO, P. P., RATCLIFFE, C. D. H., RAJADURAI, C. V., PESCHARD, P., VAILLANCOURT, R., 
ZUO, D. & PARK, M. 2019. LC3C-Mediated Autophagy Selectively Regulates the Met RTK 
and HGF-Stimulated Migration and Invasion. Cell Rep, 29, 4053-4068 e6. 

BIRGISDOTTIR, A. B. & JOHANSEN, T. 2020. Autophagy and endocytosis - interconnections and 
interdependencies. J Cell Sci, 133. 

BIRGISDOTTIR, A. B., LAMARK, T. & JOHANSEN, T. 2013. The LIR motif - crucial for selective 
autophagy. J Cell Sci, 126, 3237-47. 

BIRGISDOTTIR, A. B., MOUILLERON, S., BHUJABAL, Z., WIRTH, M., SJOTTEM, E., EVJEN, G., ZHANG, 
W., LEE, R., O'REILLY, N., TOOZE, S. A., LAMARK, T. & JOHANSEN, T. 2019. Members of the 
autophagy class III phosphatidylinositol 3-kinase complex I interact with GABARAP and 
GABARAPL1 via LIR motifs. Autophagy, 15, 1333-1355. 

BJORKOY, G., LAMARK, T., BRECH, A., OUTZEN, H., PERANDER, M., OVERVATN, A., STENMARK, H. & 
JOHANSEN, T. 2005. p62/SQSTM1 forms protein aggregates degraded by autophagy and 
has a protective effect on huntingtin-induced cell death. J Cell Biol, 171, 603-14. 

BOZIC, M., VAN DEN BEKEROM, L., MILNE, B. A., GOODMAN, N., ROBERSTON, L., PRESCOTT, A. R., 
MACARTNEY, T. J., DAWE, N. & MCEWAN, D. G. 2020. A conserved ATG2-GABARAP family 
interaction is critical for phagophore formation. EMBO Rep, 21, e48412. 

BROWN, H., CHUNG, M., ÜFFING, A., BATISTATOU, N., TSANG, T., DOSKOCIL, S., MAO, W., 
WILLBOLD, D., BAST, R. C., JR., LU, Z., WEIERGRÄBER, O. H. & KRITZER, J. A. 2022. Structure-
Based Design of Stapled Peptides That Bind GABARAP and Inhibit Autophagy. J Am Chem 
Soc, 144, 14687-14697. 

BUCCITELLI, C. & SELBACH, M. 2020. mRNAs, proteins and the emerging principles of gene 
expression control. Nat Rev Genet, 21, 630-644. 

CACCAMO, A., MAJUMDER, S., RICHARDSON, A., STRONG, R. & ODDO, S. 2010. Molecular interplay 
between mammalian target of rapamycin (mTOR), amyloid-beta, and Tau: effects on 
cognitive impairments. J Biol Chem, 285, 13107-20. 



  References 

 122  
 

CAROSI, J. M., HEIN, L. K., SANDOW, J. J., DANG, L. V. P., HATTERSLEY, K., DENTON, D., KUMAR, S. & 
SARGEANT, T. J. 2024. Autophagy captures the retromer-TBC1D5 complex to inhibit 
receptor recycling. Autophagy, 20, 863-882. 

CASON, S. E. & HOLZBAUR, E. L. F. 2023. Axonal transport of autophagosomes is regulated by dynein 
activators JIP3/JIP4 and ARF/RAB GTPases. J Cell Biol, 222. 

CERULLI, R. A., SHEHAJ, L., BROWN, H., PACE, J., MEI, Y. & KRITZER, J. A. 2020. Stapled Peptide 
Inhibitors of Autophagy Adapter LC3B. Chembiochem, 21, 2777-2785. 

CHAN, E. Y., KIR, S. & TOOZE, S. A. 2007. siRNA screening of the kinome identifies ULK1 as a 
multidomain modulator of autophagy. J Biol Chem, 282, 25464-74. 

CHAUHAN, S., KUMAR, S., JAIN, A., PONPUAK, M., MUDD, M. H., KIMURA, T., CHOI, S. W., PETERS, 
R., MANDELL, M., BRUUN, J. A., JOHANSEN, T. & DERETIC, V. 2016. TRIMs and Galectins 
Globally Cooperate and TRIM16 and Galectin-3 Co-direct Autophagy in Endomembrane 
Damage Homeostasis. Dev Cell, 39, 13-27. 

CHEN, C., LI, J. G., CHEN, Y., HUANG, P., WANG, Y. & LIU-CHEN, L. Y. 2006. GEC1 interacts with the 
kappa opioid receptor and enhances expression of the receptor. J Biol Chem, 281, 7983-93. 

CHEN, C., WANG, Y., HUANG, P. & LIU-CHEN, L. Y. 2011. Effects of C-terminal modifications of GEC1 
protein and gamma-aminobutyric acid type A (GABAA) receptor-associated protein 
(GABARAP), two microtubule-associated proteins, on kappa opioid receptor expression. J 
Biol Chem, 286, 15106-15. 

CHEN, L., WANG, H., VICINI, S. & OLSEN, R. W. 2000. The γ-aminobutyric acid type A (GABAA) 
receptor-associated protein (GABARAP) promotes GABAA receptor clustering and 
modulates the channel kinetics. PNAS, 97, 11557-11562. 

CHENG, X., WANG, Y., GONG, Y., LI, F., GUO, Y., HU, S., LIU, J. & PAN, L. 2016. Structural basis of 
FYCO1 and MAP1LC3A interaction reveals a novel binding mode for Atg8-family proteins. 
Autophagy, 12, 1330-9. 

CHINO, H., YAMASAKI, A., ODE, K. L., UEDA, H. R., NODA, N. N. & MIZUSHIMA, N. 2022. 
Phosphorylation by casein kinase 2 enhances the interaction between ER-phagy receptor 
TEX264 and ATG8 proteins. EMBO Rep, 23, e54801. 

CHOWDHURY, S., OTOMO, C., LEITNER, A., OHASHI, K., AEBERSOLD, R., LANDER, G. C. & OTOMO, T. 
2018. Insights into autophagosome biogenesis from structural and biochemical analyses of 
the ATG2A-WIPI4 complex. Proceedings of the National Academy of Sciences of the United 
States of America, 115, E9792-E9801. 

COELHO, P. P., HESKETH, G. G., PEDERSEN, A., KUZMIN, E., FORTIER, A. N., BELL, E. S., RATCLIFFE, C. 
D. H., GINGRAS, A. C. & PARK, M. 2022. Endosomal LC3C-pathway selectively targets plasma 
membrane cargo for autophagic degradation. Nat Commun, 13, 3812. 

COELHO, P. P. & PARK, M. 2023. LEAP: a novel LC3C-dependent pathway connects autophagy, 
endocytic trafficking and signaling. Autophagy, 19, 1354-1356. 

COLLIER, J. J., GUISSART, C., OLAHOVA, M., SASORITH, S., PIRON-PRUNIER, F., SUOMI, F., ZHANG, 
D., MARTINEZ-LOPEZ, N., LEBOUCQ, N., BAHR, A., AZZARELLO-BURRI, S., REICH, S., SCHOLS, 
L., POLVIKOSKI, T. M., MEYER, P., LARRIEU, L., SCHAEFER, A. M., ALSAIF, H. S., ALYAMANI, 
S., ZUCHNER, S., BARBOSA, I. A., DESHPANDE, C., PYLE, A., RAUCH, A., SYNOFZIK, M., 
ALKURAYA, F. S., RIVIER, F., RYTEN, M., MCFARLAND, R., DELAHODDE, A., MCWILLIAMS, T. 
G., KOENIG, M. & TAYLOR, R. W. 2021. Developmental Consequences of Defective ATG7-
Mediated Autophagy in Humans. N Engl J Med, 384, 2406-2417. 

COOK, J. L., RE, R. N., DEHARO, D. L., ABADIE, J. M., PETERS, M. & ALAM, J. 2008. The trafficking 
protein GABARAP binds to and enhances plasma membrane expression and function of the 
angiotensin II type 1 receptor. Circ Res, 102, 1539-47. 

COYLE, J. E., QAMAR, S., RAJASHANKAR, K. R. & NIKOLOV, D. B. 2002. Structure of GABARAP in two 
conformations: Implications for GABAA receptor localization and tubulin binding. Neuron, 
33, 63-74. 

CRIGHTON, D., WILKINSON, S., O'PREY, J., SYED, N., SMITH, P., HARRISON, P. R., GASCO, M., 
GARRONE, O., CROOK, T. & RYAN, K. M. 2006. DRAM, a p53-induced modulator of 
autophagy, is critical for apoptosis. Cell, 126, 121-34. 



  References 

 123  
 

CUERVO, A. M., ELAZAR, Z., EVANS, C., GE, L., HANSEN, M., JAATTELA, M., LIANG, J. R. A., LOOS, B., 
MIZUSHIMA, N., SIMON, A. K., TOOZE, S., YOSHIMORI, T. & NAKAMURA, S. 2024. Next 
questions in autophagy. Nat Cell Biol, 26, 661-666. 

DE DUVE, C. 1963. The lysosome concept. In: DE REUCK, A. & CAMERON, M. (eds.) Novartis 
Foundation Symposia. 

DEBNATH, J., GAMMOH, N. & RYAN, K. M. 2023. Autophagy and autophagy-related pathways in 
cancer. Nat Rev Mol Cell Biol, 24, 560-575. 

DEOSARAN, E., LARSEN, K. B., HUA, R., SARGENT, G., WANG, Y., KIM, S., LAMARK, T., JAUREGUI, M., 
LAW, K., LIPPINCOTT-SCHWARTZ, J., BRECH, A., JOHANSEN, T. & KIM, P. K. 2013. NBR1 acts 
as an autophagy receptor for peroxisomes. J Cell Sci, 126, 939-52. 

DIAO, J., LIU, R., RONG, Y., ZHAO, M., ZHANG, J., LAI, Y., ZHOU, Q., WILZ, L. M., LI, J., VIVONA, S., 
PFUETZNER, R. A., BRUNGER, A. T. & ZHONG, Q. 2015. ATG14 promotes membrane 
tethering and fusion of autophagosomes to endolysosomes. Nature, 520, 563-6. 

DING, Y., FEI, Y. & LU, B. 2020. Emerging New Concepts of Degrader Technologies. Trends Pharmacol 
Sci, 41, 464-474. 

DOBNER, J., SIMONS, I. M., RUFINATSCHA, K., HÄNSCH, S., SCHWARTEN, M., WEIERGRÄBER, O. H., 
ABDOLLAHZADEH, I., GENSCH, T., BODE, J. G., HOFFMANN, S. & WILLBOLD, D. 2020. 
Deficiency of GABARAP but not its Paralogs Causes Enhanced EGF-induced EGFR 
Degradation. Cells, 9. 

DOOLEY, H. C., RAZI, M., POLSON, H. E., GIRARDIN, S. E., WILSON, M. I. & TOOZE, S. A. 2014. WIPI2 
links LC3 conjugation with PI3P, autophagosome formation, and pathogen clearance by 
recruiting Atg12-5-16L1. Mol Cell, 55, 238-52. 

DOUDNA, J. A. & CHARPENTIER, E. 2014. Genome editing. The new frontier of genome engineering 
with CRISPR-Cas9. Science, 346, 1258096. 

DURGAN, J. & FLOREY, O. 2021. A new flavor of cellular Atg8-family protein lipidation - alternative 
conjugation to phosphatidylserine during CASM. Autophagy, 17, 2642-2644. 

DURGAN, J. & FLOREY, O. 2022. Many roads lead to CASM: Diverse stimuli of noncanonical 
autophagy share a unifying molecular mechanism. Sci Adv, 8, eabo1274. 

DURGAN, J., LYSTAD, A. H., SLOAN, K., CARLSSON, S. R., WILSON, M. I., MARCASSA, E., ULFERTS, R., 
WEBSTER, J., LOPEZ-CLAVIJO, A. F., WAKELAM, M. J., BEALE, R., SIMONSEN, A., OXLEY, D. & 
FLOREY, O. 2021. Non-canonical autophagy drives alternative ATG8 conjugation to 
phosphatidylserine. Mol Cell, 81, 2031-2040 e8. 

ECK, F., PHUYAL, S., SMITH, M. D., KAULICH, M., WILKINSON, S., FARHAN, H. & BEHRENDS, C. 2020. 
ACSL3 is a novel GABARAPL2 interactor that links ufmylation and lipid droplet biogenesis. J 
Cell Sci, 133. 

ELBASHIR, S. M., HARBORTH, J., LENDECKEL, W., YALCIN, A., WEBER, K. & TUSCHL, T. 2001. Duplexes 
of 21-nucleotide RNAs mediate RNA interference in cultured mammalian cells. Nature, 411, 
494-8. 

FANG, E. F., HOU, Y., PALIKARAS, K., ADRIAANSE, B. A., KERR, J. S., YANG, B., LAUTRUP, S., HASAN-
OLIVE, M. M., CAPONIO, D., DAN, X., ROCKTASCHEL, P., CROTEAU, D. L., AKBARI, M., GREIG, 
N. H., FLADBY, T., NILSEN, H., CADER, M. Z., MATTSON, M. P., TAVERNARAKIS, N. & BOHR, 
V. A. 2019. Mitophagy inhibits amyloid-beta and tau pathology and reverses cognitive 
deficits in models of Alzheimer's disease. Nat Neurosci, 22, 401-412. 

FENG, Y., HE, D., YAO, Z. & KLIONSKY, D. J. 2014. The machinery of macroautophagy. Cell Res, 24, 
24-41. 

FISCHER, T. D., WANG, C., PADMAN, B. S., LAZAROU, M. & YOULE, R. J. 2020. STING induces LC3B 
lipidation onto single-membrane vesicles via the V-ATPase and ATG16L1-WD40 domain. J 
Cell Biol, 219, e202009128. 

FLETCHER, K., ULFERTS, R., JACQUIN, E., VEITH, T., GAMMOH, N., ARASTEH, J. M., MAYER, U., 
CARDING, S. R., WILEMAN, T., BEALE, R. & FLOREY, O. 2018. The WD40 domain of ATG16L1 
is required for its non-canonical role in lipidation of LC3 at single membranes. EMBO J, 37. 

FLOREY, O., GAMMOH, N., KIM, S. E., JIANG, X. & OVERHOLTZER, M. 2015. V-ATPase and osmotic 
imbalances activate endolysosomal LC3 lipidation. Autophagy, 11, 88-99. 



  References 

 124  
 

FLOREY, O., KIM, S. E., SANDOVAL, C. P., HAYNES, C. M. & OVERHOLTZER, M. 2011. Autophagy 
machinery mediates macroendocytic processing and entotic cell death by targeting single 
membranes. Nat Cell Biol, 13, 1335-43. 

FLOREY, O. & OVERHOLTZER, M. 2012. Autophagy proteins in macroendocytic engulfment. Trends 
Cell Biol, 22, 374-80. 

FRACCHIOLLA, D., CHANG, C., HURLEY, J. H. & MARTENS, S. 2020. A PI3K-WIPI2 positive feedback 
loop allosterically activates LC3 lipidation in autophagy. J Cell Biol, 219. 

FRACCHIOLLA, D. & MARTENS, S. 2018. Sorting out "non-canonical" autophagy. EMBO J, 37. 
FRASER, J., CABODEVILLA, A. G., SIMPSON, J. & GAMMOH, N. 2017. Interplay of autophagy, receptor 

tyrosine kinase signalling and endocytic trafficking. Essays Biochem, 61, 597-607. 
FRASER, J., SIMPSON, J., FONTANA, R., KISHI-ITAKURA, C., KTISTAKIS, N. T. & GAMMOH, N. 2019. 

Targeting of early endosomes by autophagy facilitates EGFR recycling and signalling. EMBO 
Rep, 20, e47734. 

FU, M. M., NIRSCHL, J. J. & HOLZBAUR, E. L. F. 2014. LC3 binding to the scaffolding protein JIP1 
regulates processive dynein-driven transport of autophagosomes. Dev Cell, 29, 577-590. 

FUJITA, N., HAYASHI-NISHINO, M., FUKUMOTO, H., OMORI, H., YAMAMOTO, A., NODA, T. & 
YOSHIMORI, T. 2008a. An Atg4B mutant hampers the lipidation of LC3 paralogues and 
causes defects in autophagosome closure. Mol Biol Cell, 19, 4651-9. 

FUJITA, N., ITOH, T., OMORI, H., FUKUDA, M., NODA, T. & YOSHIMORI, T. 2008b. The Atg16L 
complex specifies the site of LC3 lipidation for membrane biogenesis in autophagy. Mol Biol 
Cell, 19, 2092-100. 

GALLUZZI, L., PIETROCOLA, F., BRAVO-SAN PEDRO, J. M., AMARAVADI, R. K., BAEHRECKE, E. H., 
CECCONI, F., CODOGNO, P., DEBNATH, J., GEWIRTZ, D. A., KARANTZA, V., KIMMELMAN, A., 
KUMAR, S., LEVINE, B., MAIURI, M. C., MARTIN, S. J., PENNINGER, J., PIACENTINI, M., 
RUBINSZTEIN, D. C., SIMON, H. U., SIMONSEN, A., THORBURN, A. M., VELASCO, G., RYAN, 
K. M. & KROEMER, G. 2015. Autophagy in malignant transformation and cancer 
progression. EMBO J, 34, 856-80. 

GAMMOH, N., FLOREY, O., OVERHOLTZER, M. & JIANG, X. 2013. Interaction between FIP200 and 
ATG16L1 distinguishes ULK1 complex-dependent and -independent autophagy. Nat Struct 
Mol Biol, 20, 144-9. 

GANLEY, I. G., LAM DU, H., WANG, J., DING, X., CHEN, S. & JIANG, X. 2009. ULK1.ATG13.FIP200 
complex mediates mTOR signaling and is essential for autophagy. J Biol Chem, 284, 12297-
305. 

GARDNER, J. O., LEIDAL, A. M., NGUYEN, T. A. & DEBNATH, J. 2023. LC3-dependent EV loading and 
secretion (LDELS) promotes TFRC (transferrin receptor) secretion via extracellular vesicles. 
Autophagy, 19, 1551-1561. 

GATICA, D., LAHIRI, V. & KLIONSKY, D. J. 2018. Cargo recognition and degradation by selective 
autophagy. Nat Cell Biol, 20, 233-242. 

GOMEZ-SANCHEZ, R., ROSE, J., GUIMARAES, R., MARI, M., PAPINSKI, D., RIETER, E., GEERTS, W. J., 
HARDENBERG, R., KRAFT, C., UNGERMANN, C. & REGGIORI, F. 2018. Atg9 establishes Atg2-
dependent contact sites between the endoplasmic reticulum and phagophores. J Cell Biol, 
217, 2743-2763. 

GONG, L., CULLINANE, M., TREERAT, P., RAMM, G., PRESCOTT, M., ADLER, B., BOYCE, J. D. & 
DEVENISH, R. J. 2011. The Burkholderia pseudomallei type III secretion system and BopA 
are required for evasion of LC3-associated phagocytosis. PLoS One, 6, e17852. 

GOODWIN, J. M., WALKUP, W. G., HOOPER, K., LI, T., KISHI-ITAKURA, C., NG, A., LEHMBERG, T., JHA, 
A., KOMMINENI, S., FLETCHER, K., GARCIA-FORTANET, J., FAN, Y., TANG, Q., WEI, M., 
AGRAWAL, A., BUDHE, S. R., ROUDURI, S. R., BAIRD, D., SAUNDERS, J., KISELAR, J., CHANCE, 
M. R., BALLABIO, A., APPLETON, B. A., BRUMELL, J. H., FLOREY, O. & MURPHY, L. O. 2021. 
GABARAP sequesters the FLCN-FNIP tumor suppressor complex to couple autophagy with 
lysosomal biogenesis. Sci Adv, 7, eabj2485. 

GORDON, P. B. & SEGLEN, P. O. 1988. Prelysosomal convergence of autophagic and endocytic 
pathways. Biochem Biophys Res Commun, 151, 40-7. 



  References 

 125  
 

GRAY, J. P., UDDIN, M. N., CHAUDHARI, R., SUTTON, M. N., YANG, H., RASK, P., LOCKE, H., ENGEL, 
B. J., BATISTATOU, N., WANG, J., GRINDEL, B. J., BHATTACHARYA, P., GAMMON, S. T., 
ZHANG, S., PIWNICA-WORMS, D., KRITZER, J. A., LU, Z., BAST, R. C., JR. & MILLWARD, S. W. 
2021. Directed evolution of cyclic peptides for inhibition of autophagy. Chem Sci, 12, 3526-
3543. 

GREEN, F., O'HARE, T., BLACKWELL, A. & ENNS, C. A. 2002. Association of human transferrin 
receptor with GABARAP. FEBS LETT, 518. 

GRUNWALD, D. S., OTTO, N. M., PARK, J. M., SONG, D. & KIM, D. H. 2020. GABARAPs and LC3s have 
opposite roles in regulating ULK1 for autophagy induction. Autophagy, 16, 600-614. 

GU, Y., PRINCELY ABUDU, Y., KUMAR, S., BISSA, B., CHOI, S. W., JIA, J., LAZAROU, M., ESKELINEN, E. 
L., JOHANSEN, T. & DERETIC, V. 2019. Mammalian Atg8 proteins regulate lysosome and 
autolysosome biogenesis through SNAREs. EMBO J, 38, e101994. 

GULLA, A., MORELLI, E., JOHNSTONE, M., TURI, M., SAMUR, M. K., BOTTA, C., CIFRIC, S., FOLINO, P., 
VINAIXA, D., BARELLO, F., CLERICUZIO, C., FAVASULI, V. K., MAISANO, D., TALLURI, S., 
PRABHALA, R., BIANCHI, G., FULCINITI, M., WEN, K., KURATA, K., LIU, J., PENAILILLO, J., 
BRAGONI, A., SAPINO, A., RICHARDSON, P. G., CHAUHAN, D., CARRASCO, R. D., HIDESHIMA, 
T., MUNSHI, N. C. & ANDERSON, K. C. 2024. Loss of GABARAP mediates resistance to 
immunogenic chemotherapy in multiple myeloma. Blood, 143, 2612-2626. 

GUO, H., CHITIPROLU, M., RONCEVIC, L., JAVALET, C., HEMMING, F. J., TRUNG, M. T., MENG, L., 
LATREILLE, E., TANESE DE SOUZA, C., MCCULLOCH, D., BALDWIN, R. M., AUER, R., COTE, J., 
RUSSELL, R. C., SADOUL, R. & GIBBINGS, D. 2017. Atg5 Disassociates the V(1)V(0)-ATPase to 
Promote Exosome Production and Tumor Metastasis Independent of Canonical 
Macroautophagy. Dev Cell, 43, 716-730 e7. 

HANADA, T., NODA, N. N., SATOMI, Y., ICHIMURA, Y., FUJIOKA, Y., TAKAO, T., INAGAKI, F. & 
OHSUMI, Y. 2007. The Atg12-Atg5 conjugate has a novel E3-like activity for protein 
lipidation in autophagy. J Biol Chem, 282, 37298-37302. 

HARA, T., NAKAMURA, K., MATSUI, M., YAMAMOTO, A., NAKAHARA, Y., SUZUKI-MIGISHIMA, R., 
YOKOYAMA, M., MISHIMA, K., SAITO, I., OKANO, H. & MIZUSHIMA, N. 2006. Suppression of 
basal autophagy in neural cells causes neurodegenerative disease in mice. Nature, 441, 
885-9. 

HARDING, T. M., MORANO, K. A., SCOTT, S. V. & KLIONSKY, D. J. 1995. Isolation and characterization 
of yeast mutants in the cytoplasm to vacuole protein targeting pathway. J Cell Biol, 131, 
591-602. 

HARTMANN, M., HUBER, J., KRAMER, J. S., HEERING, J., PIETSCH, L., STARK, H., ODADZIC, D., 
BISCHOFF, I., FURST, R., SCHRODER, M., AKUTSU, M., CHAIKUAD, A., DOTSCH, V., KNAPP, 
S., BIONDI, R. M., ROGOV, V. V. & PROSCHAK, E. 2021. Demonstrating Ligandability of the 
LC3A and LC3B Adapter Interface. J Med Chem, 64, 3720-3746. 

HE, H., DANG, Y., DAI, F., GUO, Z., WU, J., SHE, X., PEI, Y., CHEN, Y., LING, W., WU, C., ZHAO, S., LIU, 
J. O. & YU, L. 2003. Post-translational modifications of three members of the human 
MAP1LC3 family and detection of a novel type of modification for MAP1LC3B. J Biol Chem, 
278, 29278-87. 

HECKMANN, B. L., TEUBNER, B. J. W., BOADA-ROMERO, E., TUMMERS, B., GUY, C., FITZGERALD, P., 
MAYER, U., CARDING, S., ZAKHARENKO, S. S., WILEMAN, T. & GREEN, D. R. 2020. 
Noncanonical function of an autophagy protein prevents spontaneous Alzheimer's disease. 
Sci Adv, 6, eabb9036. 

HECKMANN, B. L., TEUBNER, B. J. W., TUMMERS, B., BOADA-ROMERO, E., HARRIS, L., YANG, M., 
GUY, C. S., ZAKHARENKO, S. S. & GREEN, D. R. 2019. LC3-Associated Endocytosis Facilitates 
beta-Amyloid Clearance and Mitigates Neurodegeneration in Murine Alzheimer's Disease. 
Cell, 178, 536-551 e14. 

HERHAUS, L., BHASKARA, R. M., LYSTAD, A. H., GESTAL-MATO, U., COVARRUBIAS-PINTO, A., BONN, 
F., SIMONSEN, A., HUMMER, G. & DIKIC, I. 2020. TBK1-mediated phosphorylation of LC3C 
and GABARAP-L2 controls autophagosome shedding by ATG4 protease. EMBO Rep, 21, 
e48317. 



  References 

 126  
 

HERVAS, J. H., LANDAJUELA, A., ANTON, Z., SHNYROVA, A. V., GONI, F. M. & ALONSO, A. 2017. 
Human ATG3 binding to lipid bilayers: role of lipid geometry, and electric charge. Sci Rep, 
7, 15614. 

HONDA, S., ARAKAWA, S., NISHIDA, Y., YAMAGUCHI, H., ISHII, E. & SHIMIZU, S. 2014. Ulk1-mediated 
Atg5-independent macroautophagy mediates elimination of mitochondria from embryonic 
reticulocytes. Nat Commun, 5, 4004. 

HOOPER, K. M., JACQUIN, E., LI, T., GOODWIN, J. M., BRUMELL, J. H., DURGAN, J. & FLOREY, O. 2022. 
V-ATPase is a universal regulator of LC3-associated phagocytosis and non-canonical 
autophagy. J Cell Biol, 221. 

HUANG, P., ZHAO, C., CHEN, C., WHITEHEART, S. W. & LIU-CHEN, L. Y. 2022. Does GEC1 Enhance 
Expression and Forward Trafficking of the Kappa Opioid Receptor (KOR) via Its Ability to 
Interact with NSF Directly? Handb Exp Pharmacol, 271, 83-96. 

HUANG, X., GAN, G., WANG, X., XU, T. & XIE, W. 2019. The HGF-MET axis coordinates liver cancer 
metabolism and autophagy for chemotherapeutic resistance. Autophagy, 15, 1258-1279. 

ICHIMURA, Y., KIRISAKO, T., TAKAO, T., SATOMI, Y., SHIMONISHI, Y., ISHIHARA, N., MIZUSHIMA, N., 
TANIDA, I., KOMINAMI, E., OHSUMI, M., NODA, T. & OHSUMI, Y. 2000. A ubiquitin-like 
system mediates protein lipidation. Nature, 408, 488-92. 

ICHIMURA, Y., KUMANOMIDOU, T., SOU, Y. S., MIZUSHIMA, T., EZAKI, J., UENO, T., KOMINAMI, E., 
YAMANE, T., TANAKA, K. & KOMATSU, M. 2008. Structural basis for sorting mechanism of 
p62 in selective autophagy. J Biol Chem, 283, 22847-57. 

INOMATA, M., XU, S., CHANDRA, P., MEYDANI, S. N., TAKEMURA, G., PHILIPS, J. A. & LEONG, J. M. 
2020. Macrophage LC3-associated phagocytosis is an immune defense against 
Streptococcus pneumoniae that diminishes with host aging. Proc Natl Acad Sci U S A, 117, 
33561-33569. 

ITAKURA, E., KISHI-ITAKURA, C. & MIZUSHIMA, N. 2012. The hairpin-type tail-anchored SNARE 
syntaxin 17 targets to autophagosomes for fusion with endosomes/lysosomes. Cell, 151, 
1256-69. 

ITAKURA, E. & MIZUSHIMA, N. 2010. Characterization of autophagosome formation site by a 
hierarchical analysis of mammalian Atg proteins. Autophagy, 6, 764-76. 

JACQUET, M., GUITTAUT, M., FRAICHARD, A. & DESPOUY, G. 2021. The functions of Atg8-family 
proteins in autophagy and cancer: linked or unrelated? Autophagy, 17, 599-611. 

JACQUIN, E., LECLERC-MERCIER, S., JUDON, C., BLANCHARD, E., FRAITAG, S. & FLOREY, O. 2017. 
Pharmacological modulators of autophagy activate a parallel noncanonical pathway driving 
unconventional LC3 lipidation. Autophagy, 13, 854-867. 

JATANA, N., ASCHER, D. B., PIRES, D. E. V., GOKHALE, R. S. & THUKRAL, L. 2020. Human LC3 and 
GABARAP subfamily members achieve functional specificity via specific structural 
modulations. Autophagy, 16, 239-255. 

JAVED, R., JAIN, A., DUQUE, T., HENDRIX, E., PADDAR, M. A., KHAN, S., CLAUDE-TAUPIN, A., JIA, J., 
ALLERS, L., WANG, F., MUDD, M., TIMMINS, G., LIDKE, K., RUSTEN, T. E., AKEPATI, P. R., HE, 
Y., REGGIORI, F., ESKELINEN, E. L. & DERETIC, V. 2023. Mammalian ATG8 proteins maintain 
autophagosomal membrane integrity through ESCRTs. EMBO J, 42, e112845. 

JIN, M., LIU, X. & KLIONSKY, D. J. 2013. SnapShot: Selective autophagy. Cell, 152, 368-368 e2. 
JOACHIM, J., RAZI, M., JUDITH, D., WIRTH, M., CALAMITA, E., ENCHEVA, V., DYNLACHT, B. D., 

SNIJDERS, A. P., O'REILLY, N., JEFFERIES, H. B. J. & TOOZE, S. A. 2017. Centriolar Satellites 
Control GABARAP Ubiquitination and GABARAP-Mediated Autophagy. Curr Biol, 27, 2123-
2136 e7. 

JOHANSEN, T., BIRGISDOTTIR, Å. B., HUBER, J., KNISS, A., DÖTSCH, V., KIRKIN, V. & ROGOV, V. V. 
2017. Methods for Studying Interactions Between Atg8/LC3/GABARAP and LIR-Containing 
Proteins. Molecular Characterization of Autophagic Responses, Pt A, 587, 143-169. 

JOHANSEN, T. & LAMARK, T. 2020. Selective Autophagy: ATG8 Family Proteins, LIR Motifs and Cargo 
Receptors. J Mol Biol, 432, 80-103. 

JUDITH, D., JEFFERIES, H. B. J., BOEING, S., FRITH, D., SNIJDERS, A. P. & TOOZE, S. A. 2019. ATG9A 
shapes the forming autophagosome through Arfaptin 2 and phosphatidylinositol 4-kinase 
IIIbeta. J Cell Biol, 218, 1634-1652. 



  References 

 127  
 

KABEYA, Y., MIZUSHIMA, N., UENO, T., YAMAMOTO, A., KIRISAKO, T., NODA, T., KOMINAMI, E., 
OHSUMI, Y. & YOSHIMORI, T. 2000. LC3, a mammalian homologue of yeast Apg8p, is 
localized in autophagosome membranes after processing. EMBO J, 19, 5720-8. 

KABEYA, Y., MIZUSHIMA, N., YAMAMOTO, A., OSHITANI-OKAMOTO, S., OHSUMI, Y. & YOSHIMORI, 
T. 2004. LC3, GABARAP and GATE16 localize to autophagosomal membrane depending on 
form-II formation. J Cell Sci, 117, 2805-2812. 

KALVARI, I., TSOMPANIS, S., MULAKKAL, N. C., OSGOOD, R., JOHANSEN, T., NEZIS, I. P. & 
PROMPONAS, V. J. 2014. iLIR: A web resource for prediction of Atg8-family interacting 
proteins. Autophagy, 10, 913-25. 

KARANASIOS, E., STAPLETON, E., MANIFAVA, M., KAIZUKA, T., MIZUSHIMA, N., WALKER, S. A. & 
KTISTAKIS, N. T. 2013. Dynamic association of the ULK1 complex with omegasomes during 
autophagy induction. J Cell Sci, 126, 5224-38. 

KARSLI-UZUNBAS, G., GUO, J. Y., PRICE, S., TENG, X., LADDHA, S. V., KHOR, S., KALAANY, N. Y., JACKS, 
T., CHAN, C. S., RABINOWITZ, J. D. & WHITE, E. 2014. Autophagy is required for glucose 
homeostasis and lung tumor maintenance. Cancer Discov, 4, 914-27. 

KAUFFMAN, K. J., YU, S., JIN, J., MUGO, B., NGUYEN, N., O'BRIEN, A., NAG, S., LYSTAD, A. H. & MELIA, 
T. J. 2018. Delipidation of mammalian Atg8-family proteins by each of the four ATG4 
proteases. Autophagy, 14, 992-1010. 

KAUR, N., DE LA BALLINA, L. R., HAUKAAS, H. S., TORGERSEN, M. L., RADULOVIC, M., MUNSON, M. 
J., SABIRSH, A., STENMARK, H., SIMONSEN, A., CARLSSON, S. R. & LYSTAD, A. H. 2023. 
TECPR1 is activated by damage-induced sphingomyelin exposure to mediate noncanonical 
autophagy. EMBO J, 42, e113105. 

KELLNER, R., DE LA CONCEPCION, J. C., MAQBOOL, A., KAMOUN, S. & DAGDAS, Y. F. 2017. ATG8 
Expansion: A Driver of Selective Autophagy Diversification? Trends Plant Sci, 22, 204-214. 

KENZELMANN BROZ, D., SPANO MELLO, S., BIEGING, K. T., JIANG, D., DUSEK, R. L., BRADY, C. A., 
SIDOW, A. & ATTARDI, L. D. 2013. Global genomic profiling reveals an extensive p53-
regulated autophagy program contributing to key p53 responses. Genes Dev, 27, 1016-31. 

KHAMINETS, A., HEINRICH, T., MARI, M., GRUMATI, P., HUEBNER, A. K., AKUTSU, M., LIEBMANN, L., 
STOLZ, A., NIETZSCHE, S., KOCH, N., MAUTHE, M., KATONA, I., QUALMANN, B., WEIS, J., 
REGGIORI, F., KURTH, I., HUBNER, C. A. & DIKIC, I. 2015. Regulation of endoplasmic 
reticulum turnover by selective autophagy. Nature, 522, 354-8. 

KIMURA, S., NODA, T. & YOSHIMORI, T. 2007. Dissection of the autophagosome maturation process 
by a novel reporter protein, tandem fluorescent-tagged LC3. Autophagy, 3, 452-60. 

KIRISAKO, T., BABA, M., ISHIHARA, N., MIYAZAWA, K., OHSUMI, M., YOSHIMORI, T., NODA, T. & 
OHSUMI, Y. 1999. Formation process of autophagosome is traced with Apg8/Aut7p in 
yeast. J Cell Biol, 147, 435-446. 

KIRKIN, V., LAMARK, T., SOU, Y. S., BJORKOY, G., NUNN, J. L., BRUUN, J. A., SHVETS, E., MCEWAN, 
D. G., CLAUSEN, T. H., WILD, P., BILUSIC, I., THEURILLAT, J. P., OVERVATN, A., ISHII, T., 
ELAZAR, Z., KOMATSU, M., DIKIC, I. & JOHANSEN, T. 2009. A role for NBR1 in 
autophagosomal degradation of ubiquitinated substrates. Mol Cell, 33, 505-16. 

KIRKIN, V. & ROGOV, V. V. 2019. A Diversity of Selective Autophagy Receptors Determines the 
Specificity of the Autophagy Pathway. Mol Cell, 76, 268-285. 

KITTLER, J. T., ROSTAING, P., SCHIAVO, G., FRITSCHY, J. M., OLSEN, R., TRILLER, A. & MOSS, S. J. 
2001. The subcellular distribution of GABARAP and its ability to interact with NSF suggest a 
role for this protein in the intracellular transport of GABAA receptors. Mol Cell Neurosci, 18, 
13-25. 

KLIONSKY, D. J., ABDEL-AZIZ, A. K., ABDELFATAH, S. & AL., E. 2021a. Guidelines for the use and 
interpretation of assays for monitoring autophagy (4th edition). Autophagy, 17, 1-382. 

KLIONSKY, D. J., PETRONI, G., AMARAVADI, R. K., BAEHRECKE, E. H., BALLABIO, A., BOYA, P., BRAVO-
SAN PEDRO, J. M., CADWELL, K., CECCONI, F., CHOI, A. M. K., CHOI, M. E., CHU, C. T., 
CODOGNO, P., COLOMBO, M. I., CUERVO, A. M., DERETIC, V., DIKIC, I., ELAZAR, Z., 
ESKELINEN, E. L., FIMIA, G. M., GEWIRTZ, D. A., GREEN, D. R., HANSEN, M., JAATTELA, M., 
JOHANSEN, T., JUHASZ, G., KARANTZA, V., KRAFT, C., KROEMER, G., KTISTAKIS, N. T., 
KUMAR, S., LOPEZ-OTIN, C., MACLEOD, K. F., MADEO, F., MARTINEZ, J., MELENDEZ, A., 



  References 

 128  
 

MIZUSHIMA, N., MUNZ, C., PENNINGER, J. M., PERERA, R. M., PIACENTINI, M., REGGIORI, 
F., RUBINSZTEIN, D. C., RYAN, K. M., SADOSHIMA, J., SANTAMBROGIO, L., SCORRANO, L., 
SIMON, H. U., SIMON, A. K., SIMONSEN, A., STOLZ, A., TAVERNARAKIS, N., TOOZE, S. A., 
YOSHIMORI, T., YUAN, J., YUE, Z., ZHONG, Q., GALLUZZI, L. & PIETROCOLA, F. 2021b. 
Autophagy in major human diseases. EMBO J, 40, e108863. 

KOCAK, M., EZAZI ERDI, S., JORBA, G., MAESTRO, I., FARRES, J., KIRKIN, V., MARTINEZ, A. & PLESS, 
O. 2021. Targeting autophagy in disease: established and new strategies. Autophagy, 1-23. 

KOCAK, M., EZAZI ERDI, S., JORBA, G., MAESTRO, I., FARRES, J., KIRKIN, V., MARTINEZ, A. & PLESS, 
O. 2022. Targeting autophagy in disease: established and new strategies. Autophagy, 18, 
473-495. 

KOMATSU, M., WAGURI, S., CHIBA, T., MURATA, S., IWATA, J., TANIDA, I., UENO, T., KOIKE, M., 
UCHIYAMA, Y., KOMINAMI, E. & TANAKA, K. 2006. Loss of autophagy in the central nervous 
system causes neurodegeneration in mice. Nature, 441, 880-4. 

KOMATSU, M., WAGURI, S., UENO, T., IWATA, J., MURATA, S., TANIDA, I., EZAKI, J., MIZUSHIMA, N., 
OHSUMI, Y., UCHIYAMA, Y., KOMINAMI, E., TANAKA, K. & CHIBA, T. 2005. Impairment of 
starvation-induced and constitutive autophagy in Atg7-deficient mice. J Cell Biol, 169, 425-
34. 

KORAC, J., SCHAEFFER, V., KOVACEVIC, I., CLEMENT, A. M., JUNGBLUT, B., BEHL, C., TERZIC, J. & 
DIKIC, I. 2013. Ubiquitin-independent function of optineurin in autophagic clearance of 
protein aggregates. J Cell Sci, 126, 580-92. 

KOUNO, T., MIZUGUCHI, M., TANIDA, I., UENO, T., KANEMATSU, T., MORI, Y., SHINODA, H., HIRATA, 
M., KOMINAMI, E. & KAWANO, K. 2005. Solution structure of microtubule-associated 
protein light chain 3 and identification of its functional subdomains. J Biol Chem, 280, 
24610-7. 

KRAFT, C., KIJANSKA, M., KALIE, E., SIERGIEJUK, E., LEE, S. S., SEMPLICIO, G., STOFFEL, I., BREZOVICH, 
A., VERMA, M., HANSMANN, I., AMMERER, G., HOFMANN, K., TOOZE, S. & PETER, M. 2012. 
Binding of the Atg1/ULK1 kinase to the ubiquitin-like protein Atg8 regulates autophagy. 
EMBO J, 31, 3691-703. 

KRICHEL, C., MÖCKEL, C., SCHILLINGER, O., HUESGEN, P. F., STICHT, H., STRODEL, B., WEIERGRÄBER, 
O. H., WILLBOLD, D. & NEUDECKER, P. 2019. Solution structure of the autophagy-related 
protein LC3C reveals a polyproline II motif on a mobile tether with phosphorylation site. Sci 
Rep, 9, 14167. 

KTISTAKIS, N. & FLOREY, O. 2019. Autophagy - Methods and Protocols. 
KUANG, Y., MA, K., ZHOU, C., DING, P., ZHU, Y., CHEN, Q. & XIA, B. 2016. Structural basis for the 

phosphorylation of FUNDC1 LIR as a molecular switch of mitophagy. Autophagy, 12, 2363-
2373. 

KUMAR, S., JAIN, A., FARZAM, F., JIA, J., GU, Y., CHOI, S. W., MUDD, M. H., CLAUDE-TAUPIN, A., 
WESTER, M. J., LIDKE, K. A., RUSTEN, T. E. & DERETIC, V. 2018. Mechanism of Stx17 
recruitment to autophagosomes via IRGM and mammalian Atg8 proteins. J Cell Biol, 217, 
997-1013. 

KUMAR, S., JIA, J. & DERETIC, V. 2021. Atg8ylation as a general membrane stress and remodeling 
response. Cell Stress, 5, 128-142. 

KUROKI, T., OSARI, S., NAGATA, K. & KAWAGUCHI, A. 2018. Influenza A Virus NS1 Protein 
Suppresses JNK1-Dependent Autophagosome Formation Mediated by Rab11a Recycling 
Endosomes. Front Microbiol, 9, 3120. 

KUWAHARA, T. & IWATSUBO, T. 2024. CASM mediates LRRK2 recruitment and activation under 
lysosomal stress. Autophagy. 

KUZNETSOV, S. A. & GELFAND, V. I. 1987. 18 kDa microtubule-associated protein: identification as 
a new light chain (LC-3) of microtubule-associated protein 1 (MAP-1). FEBS LETT, 212, 145-
8. 

LAINEZ, S., VALENTE, P., ONTORIA-OVIEDO, I., ESTEVEZ-HERRERA, J., CAMPRUBI-ROBLES, M., 
FERRER-MONTIEL, A. & PLANELLS-CASES, R. 2010. GABAA receptor associated protein 
(GABARAP) modulates TRPV1 expression and channel function and desensitization. FASEB 
J, 24, 1958-70. 



  References 

 129  
 

LANG, T., SCHAEFFELER, E., BERNREUTHER, D., BREDSCHNEIDER, M., WOLF, D. H. & THUMM, M. 
1998. Aut2p and Aut7p, two novel microtubule-associated proteins are essential for 
delivery of autophagic vesicles to the vacuole. EMBO J, 17, 3597-607. 

LAZAROU, M., SLITER, D. A., KANE, L. A., SARRAF, S. A., WANG, C., BURMAN, J. L., SIDERIS, D. P., 
FOGEL, A. I. & YOULE, R. J. 2015. The ubiquitin kinase PINK1 recruits autophagy receptors 
to induce mitophagy. Nature, 524, 309-314. 

LEBOVITZ, C. B., ROBERTSON, A. G., GOYA, R., JONES, S. J., MORIN, R. D., MARRA, M. A. & GORSKI, 
S. M. 2015. Cross-cancer profiling of molecular alterations within the human autophagy 
interaction network. Autophagy, 11, 1668-87. 

LEE, Y. K. & LEE, J. A. 2016. Role of the mammalian ATG8/LC3 family in autophagy: differential and 
compensatory roles in the spatiotemporal regulation of autophagy. BMB Rep, 49, 424-30. 

LEIDAL, A. M. & DEBNATH, J. 2020. LC3-dependent extracellular vesicle loading and secretion 
(LDELS). Autophagy, 16, 1162-1163. 

LEIDAL, A. M., HUANG, H. H., MARSH, T., SOLVIK, T., ZHANG, D., YE, J., KAI, F., GOLDSMITH, J., LIU, 
J. Y., HUANG, Y. H., MONKKONEN, T., VLAHAKIS, A., HUANG, E. J., GOODARZI, H., YU, L., 
WIITA, A. P. & DEBNATH, J. 2020. The LC3-conjugation machinery specifies the loading of 
RNA-binding proteins into extracellular vesicles. Nat Cell Biol, 22, 187-199. 

LEIL, T. A., CHEN, Z. W., CHANG, C. S. & OLSEN, R. W. 2004. GABAA receptor-associated protein 
traffics GABAA receptors to the plasma membrane in neurons. J Neurosci, 24, 11429-38. 

LEUNG, L. S., NEAL, J. W., WAKELEE, H. A., SEQUIST, L. V. & MARMOR, M. F. 2015. Rapid Onset of 
Retinal Toxicity From High-Dose Hydroxychloroquine Given for Cancer Therapy. Am J 
Ophthalmol, 160, 799-805 e1. 

LEVEILLE, A. N., BROWN, H., SCHWARZROCK, T., TRUE, B., PLASENCIA, J., NEUDECKER, P., ÜFFING, 
A., WEIERGRÄBER, O. H., WILLBOLD, D. & KRITZER, J. A. 2024. Exploring Arylidene-
Indolinone Ligands of Autophagy Proteins LC3B and GABARAP. BioRxiv. 

LI, J., ZHU, R., CHEN, K., ZHENG, H., ZHAO, H., YUAN, C., ZHANG, H., WANG, C. & ZHANG, M. 2018. 
Potent and specific Atg8-targeting autophagy inhibitory peptides from giant ankyrins. Nat 
Chem Biol, 14, 778-787. 

LI, Z., WANG, C., WANG, Z., ZHU, C., LI, J., SHA, T., MA, L., GAO, C., YANG, Y., SUN, Y., WANG, J., SUN, 
X., LU, C., DIFIGLIA, M., MEI, Y., DING, C., LUO, S., DANG, Y., DING, Y., FEI, Y. & LU, B. 2019. 
Allele-selective lowering of mutant HTT protein by HTT-LC3 linker compounds. Nature, 575, 
203-209. 

LIANG, X. H., JACKSON, S., SEAMAN, M., BROWN, K., KEMPKES, B., HIBSHOOSH, H. & LEVINE, B. 
1999. Induction of autophagy and inhibition of tumorigenesis by beclin 1. Nature, 402, 672-
6. 

LYSTAD, A. H., CARLSSON, S. R. & SIMONSEN, A. 2019. Toward the function of mammalian ATG12-
ATG5-ATG16L1 complex in autophagy and related processes. Autophagy, 15, 1485-1486. 

MA, J., BECKER, C., LOWELL, C. A. & UNDERHILL, D. M. 2012. Dectin-1-triggered Recruitment of Light 
Chain 3 Protein to Phagosomes Facilitates Major Histocompatibility Complex Class II 
Presentation of Fungal-derived Antigens. J Biol Chem, 287, 34149-34156. 

MA, P., SCHWARTEN, M., SCHNEIDER, L., BOESKE, A., HENKE, N., LISAK, D., WEBER, S., MOHRLÜDER, 
J., STOLDT, M., STRODEL, B., METHNER, A., HOFFMANN, S., WEIERGRÄBER, O. H. & 
WILLBOLD, D. 2013. Interaction of Bcl-2 with the autophagy-related GABAA receptor-
associated protein (GABARAP): biophysical characterization and functional implications. J 
Biol Chem, 288, 37204-15. 

MA, X., LU, C., CHEN, Y., LI, S., MA, N., TAO, X., LI, Y., WANG, J., ZHOU, M., YAN, Y. B., LI, P., HEYDARI, 
K., DENG, H., ZHANG, M., YI, C. & GE, L. 2022. CCT2 is an aggrephagy receptor for clearance 
of solid protein aggregates. Cell, 185, 1325-1345 e22. 

MADEIRA, F., PEARCE, M., TIVEY, A. R. N., BASUTKAR, P., LEE, J., EDBALI, O., MADHUSOODANAN, 
N., KOLESNIKOV, A. & LOPEZ, R. 2022. Search and sequence analysis tools services from 
EMBL-EBI in 2022. Nucleic Acids Res, 50, W276-W279. 

MAEDA, S., OTOMO, C. & OTOMO, T. 2019. The autophagic membrane tether ATG2A transfers lipids 
between membranes. Elife, 8. 



  References 

 130  
 

MAEDA, S., YAMAMOTO, H., KINCH, L. N., GARZA, C. M., TAKAHASHI, S., OTOMO, C., GRISHIN, N. 
V., FORLI, S., MIZUSHIMA, N. & OTOMO, T. 2020. Structure, lipid scrambling activity and 
role in autophagosome formation of ATG9A. Nat Struct Mol Biol, 27, 1194-1201. 

MAEJIMA, I., TAKAHASHI, A., OMORI, H., KIMURA, T., TAKABATAKE, Y., SAITOH, T., YAMAMOTO, A., 
HAMASAKI, M., NODA, T., ISAKA, Y. & YOSHIMORI, T. 2013. Autophagy sequesters damaged 
lysosomes to control lysosomal biogenesis and kidney injury. EMBO J, 32, 2336-47. 

MANN, M. & HAMMARBACK, J. A. 1996. Gene Localization and Developmental Expression of Light 
Chain 3: A Common Subunit of Microtubule-Associated Protein 1A (MAPlA) and MAPlB. J 
Neurosci Res, 43. 

MANN, S. S. & HAMMARBACK, J. A. 1994. Molecular characterization of light chain 3. A microtubule 
binding subunit of MAP1A and MAP1B. J Biol Chem, 269, 11492-11497. 

MANSUY, V., BOIREAU, W., FRAICHARD, A., SCHLICK, J. L., JOUVENOT, M. & DELAGE-MOURROUX, 
R. 2004. GEC1, a protein related to GABARAP, interacts with tubulin and GABAA receptor. 
Biochem Biophys Res Commun, 325, 639-48. 

MARSHALL, R. S., HUA, Z., MALI, S., MCLOUGHLIN, F. & VIERSTRA, R. D. 2019. ATG8-Binding UIM 
Proteins Define a New Class of Autophagy Adaptors and Receptors. Cell, 177, 766-781 e24. 

MARTENS, S. & FRACCHIOLLA, D. 2020. Activation and targeting of ATG8 protein lipidation. Cell 
Discov, 6, 23. 

MARTINEZ-LOPEZ, N., ATHONVARANGKUL, D., MISHALL, P., SAHU, S. & SINGH, R. 2013. Autophagy 
proteins regulate ERK phosphorylation. Nat Commun, 4, 2799. 

MARTINEZ, J., ALMENDINGER, J., OBERST, A., NESS, R., DILLON, C. P., FITZGERALD, P., HENGARTNER, 
M. O. & GREEN, D. R. 2011. Microtubule-associated protein 1 light chain 3 alpha (LC3)-
associated phagocytosis is required for the efficient clearance of dead cells. Proc Natl Acad 
Sci U S A, 108, 17396-401. 

MARUYAMA, T., ALAM, J. M., FUKUDA, T., KAGEYAMA, S., KIRISAKO, H., ISHII, Y., SHIMADA, I., 
OHSUMI, Y., KOMATSU, M., KANKI, T., NAKATOGAWA, H. & NODA, N. N. 2021. Membrane 
perturbation by lipidated Atg8 underlies autophagosome biogenesis. Nat Struct Mol Biol, 
28, 583-593. 

MARWAHA, R., ARYA, S. B., JAGGA, D., KAUR, H., TULI, A. & SHARMA, M. 2017. The Rab7 effector 
PLEKHM1 binds Arl8b to promote cargo traffic to lysosomes. J Cell Biol, 216, 1051-1070. 

MASUELLI, L., GRANATO, M., BENVENUTO, M., MATTERA, R., BERNARDINI, R., MATTEI, M., 
D'AMATI, G., D'ORAZI, G., FAGGIONI, A., BEI, R. & CIRONE, M. 2017. Chloroquine 
supplementation increases the cytotoxic effect of curcumin against Her2/neu 
overexpressing breast cancer cells in vitro and in vivo in nude mice while counteracts it in 
immune competent mice. Oncoimmunology, 6, e1356151. 

MAUTHE, M., ORHON, I., ROCCHI, C., ZHOU, X., LUHR, M., HIJLKEMA, K. J., COPPES, R. P., ENGEDAL, 
N., MARI, M. & REGGIORI, F. 2018. Chloroquine inhibits autophagic flux by decreasing 
autophagosome-lysosome fusion. Autophagy, 14, 1435-1455. 

MCEWAN, D. G., POPOVIC, D., GUBAS, A., TERAWAKI, S., SUZUKI, H., STADEL, D., COXON, F. P., 
MIRANDA DE STEGMANN, D., BHOGARAJU, S., MADDI, K., KIRCHOF, A., GATTI, E., HELFRICH, 
M. H., WAKATSUKI, S., BEHRENDS, C., PIERRE, P. & DIKIC, I. 2015. PLEKHM1 regulates 
autophagosome-lysosome fusion through HOPS complex and LC3/GABARAP proteins. Mol 
Cell, 57, 39-54. 

MEI, L., CHEN, X., WEI, F., HUANG, X., LIU, L., YAO, J., CHEN, J., LUO, X., WANG, Z. & YANG, A. 2023. 
Tethering ATG16L1 or LC3 induces targeted autophagic degradation of protein aggregates 
and mitochondria. Autophagy, 19, 2997-3013. 

MELIA, T. J., LYSTAD, A. H. & SIMONSEN, A. 2020. Autophagosome biogenesis: From membrane 
growth to closure. J Cell Biol, 219. 

MENZIES, F. M., FLEMING, A. & RUBINSZTEIN, D. C. 2015. Compromised autophagy and 
neurodegenerative diseases. Nat Rev Neurosci, 16, 345-57. 

MICHAUD, M., MARTINS, I., SUKKURWALA, A. Q., ADJEMIAN, S., MA, Y., PELLEGATTI, P., SHEN, S., 
KEPP, O., SCOAZEC, M., MIGNOT, G., RELLO-VARONA, S., TAILLER, M., MENGER, L., 
VACCHELLI, E., GALLUZZI, L., GHIRINGHELLI, F., DI VIRGILIO, F., ZITVOGEL, L. & KROEMER, 



  References 

 131  
 

G. 2011. Autophagy-dependent anticancer immune responses induced by 
chemotherapeutic agents in mice. Science, 334, 1573-7. 

MIZUSHIMA, N. 2004. Methods for monitoring autophagy. Int J Biochem Cell Biol, 36, 2491-502. 
MIZUSHIMA, N. 2020. The ATG conjugation systems in autophagy. Curr Opin Cell Biol, 63, 1-10. 
MIZUSHIMA, N. & KOMATSU, M. 2011. Autophagy: renovation of cells and tissues. Cell, 147, 728-

41. 
MIZUSHIMA, N., KUMA, A., KOBAYASHI, Y., YAMAMOTO, A., MATSUBAE, M., TAKAO, T., NATSUME, 

T., OHSUMI, Y. & YOSHIMORI, T. 2003. Mouse Apg16L, a novel WD-repeat protein, targets 
to the autophagic isolation membrane with the Apg12-Apg5 conjugate. J Cell Sci, 116, 1679-
88. 

MIZUSHIMA, N., SUGITA, H., YOSHIMORI, T. & OHSUMI, Y. 1998. A new protein conjugation system 
in human - The counterpart of the yeast Apg12p conjugation system essential for 
autophagy. J Biol Chem, 273, 33889-33892. 

MIZUSHIMA, N., YOSHIMORI, T. & OHSUMI, Y. 2011. The role of Atg proteins in autophagosome 
formation. Annu Rev Cell Dev Biol, 27, 107-32. 

MOHRLÜDER, J., HOFFMANN, Y., STANGLER, T., HÄNEL, K. & WILLBOLD, D. 2007a. Identification of 
clathrin heavy chain as a direct interaction partner for the gamma-aminobutyric acid type 
A receptor associated protein. Biochemistry, 46, 14537-43. 

MOHRLÜDER, J., STANGLER, T., HOFFMANN, Y., WIESEHAN, K., MATARUGA, A. & WILLBOLD, D. 
2007b. Identification of calreticulin as a ligand of GABARAP by phage display screening of a 
peptide library. FEBS J, 274, 5543-55. 

NALAWANSHA, D. A. & CREWS, C. M. 2020. PROTACs: An Emerging Therapeutic Modality in 
Precision Medicine. Cell Chem Biol, 27, 998-1014. 

NARENDRA, D., TANAKA, A., SUEN, D. F. & YOULE, R. J. 2008. Parkin is recruited selectively to 
impaired mitochondria and promotes their autophagy. J Cell Biol, 183, 795-803. 

NATH, S., DANCOURT, J., SHTEYN, V., PUENTE, G., FONG, W. M., NAG, S., BEWERSDORF, J., 
YAMAMOTO, A., ANTONNY, B. & MELIA, T. J. 2014. Lipidation of the LC3/GABARAP family 
of autophagy proteins relies on a membrane-curvature-sensing domain in Atg3. Nat Cell 
Biol, 16, 415-24. 

NGUYEN, T. N. & LAZAROU, M. 2022. A unifying model for the role of the ATG8 system in autophagy. 
J Cell Sci, 135. 

NGUYEN, T. N., PADMAN, B. S., USHER, J., OORSCHOT, V., RAMM, G. & LAZAROU, M. 2016. Atg8 
family LC3/GABARAP proteins are crucial for autophagosome-lysosome fusion but not 
autophagosome formation during PINK1/Parkin mitophagy and starvation. J Cell Biol, 215, 
857-874. 

NISHIMURA, T., TAMURA, N., KONO, N., SHIMANAKA, Y., ARAI, H., YAMAMOTO, H. & MIZUSHIMA, 
N. 2017. Autophagosome formation is initiated at phosphatidylinositol synthase-enriched 
ER subdomains. EMBO J, 36, 1719-1735. 

NISHIMURA, T. & TOOZE, S. A. 2020. Emerging roles of ATG proteins and membrane lipids in 
autophagosome formation. Cell Discov, 6, 32. 

NODA, N. N. 2021. Atg2 and Atg9: Intermembrane and interleaflet lipid transporters driving 
autophagy. Biochim Biophys Acta Mol Cell Biol Lipids, 1866, 158956. 

NODA, N. N., KUMETA, H., NAKATOGAWA, H., SATOO, K., ADACHI, W., ISHII, J., FUJIOKA, Y., 
OHSUMI, Y. & INAGAKI, F. 2008. Structural basis of target recognition by Atg8/LC3 during 
selective autophagy. Genes Cells, 13, 1211-8. 

NODA, N. N., OHSUMI, Y. & INAGAKI, F. 2010. Atg8-family interacting motif crucial for selective 
autophagy. FEBS LETT, 584, 1379-85. 

NODA, T. 2017. Autophagy in the context of the cellular membrane-trafficking system: the enigma 
of Atg9 vesicles. Biochem Soc Trans, 45, 1323-1331. 

NOVAK, I., KIRKIN, V., MCEWAN, D. G., ZHANG, J., WILD, P., ROZENKNOP, A., ROGOV, V., LOHR, F., 
POPOVIC, D., OCCHIPINTI, A., REICHERT, A. S., TERZIC, J., DOTSCH, V., NEY, P. A. & DIKIC, I. 
2010. Nix is a selective autophagy receptor for mitochondrial clearance. EMBO Rep, 11, 45-
51. 



  References 

 132  
 

OHNSTAD, A. E., DELGADO, J. M., NORTH, B. J., NASA, I., KETTENBACH, A. N., SCHULTZ, S. W. & 
SHOEMAKER, C. J. 2020. Receptor-mediated clustering of FIP200 bypasses the role of LC3 
lipidation in autophagy. EMBO J, 39, e104948. 

OHSUMI, Y. 2014. Historical landmarks of autophagy research. Cell Res, 24, 9-23. 
ORVEDAHL, A., SUMPTER, R., JR., XIAO, G., NG, A., ZOU, Z., TANG, Y., NARIMATSU, M., GILPIN, C., 

SUN, Q., ROTH, M., FORST, C. V., WRANA, J. L., ZHANG, Y. E., LUBY-PHELPS, K., XAVIER, R. 
J., XIE, Y. & LEVINE, B. 2011. Image-based genome-wide siRNA screen identifies selective 
autophagy factors. Nature, 480, 113-7. 

OTOMO, C., METLAGEL, Z., TAKAESU, G. & OTOMO, T. 2013. Structure of the human ATG12~ATG5 
conjugate required for LC3 lipidation in autophagy. Nat Struct Mol Biol, 20, 59-66. 

PANKIV, S., ALEMU, E. A., BRECH, A., BRUUN, J. A., LAMARK, T., OVERVATN, A., BJORKOY, G. & 
JOHANSEN, T. 2010. FYCO1 is a Rab7 effector that binds to LC3 and PI3P to mediate 
microtubule plus end-directed vesicle transport. J Cell Biol, 188, 253-69. 

PANKIV, S., CLAUSEN, T. H., LAMARK, T., BRECH, A., BRUUN, J. A., OUTZEN, H., OVERVATN, A., 
BJORKOY, G. & JOHANSEN, T. 2007. p62/SQSTM1 binds directly to Atg8/LC3 to facilitate 
degradation of ubiquitinated protein aggregates by autophagy. J Biol Chem, 282, 24131-45. 

PAZ, Y., ELAZAR, Z. & FASS, D. 2000. Structure of GATE-16, membrane transport modulator and 
mammalian ortholog of autophagocytosis factor Aut7p. J Biol Chem, 275, 25445-50. 

PEI, J., PAN, X., WANG, A., SHUAI, W., BU, F., TANG, P., ZHANG, S., ZHANG, Y., WANG, G. & OUYANG, 
L. 2021. Developing potent LC3-targeting AUTAC tools for protein degradation with 
selective autophagy. Chem Commun (Camb), 57, 13194-13197. 

PELLERIN, I., VUILLERMOZ, C., JOUVENOT, M., ORDENER, C., ROYEZ, M. & ADESSI, G. L. 1993. 
Identification and characterization of an early estrogen-regulated RNA in cultured guinea-
pig endometrial cells. Mol Cell Endocrinol, 90, R17-21. 

PENGO, N., AGROTIS, A., PRAK, K., JONES, J. & KETTELER, R. 2017. A reversible phospho-switch 
mediated by ULK1 regulates the activity of autophagy protease ATG4B. Nat Commun, 8, 
294. 

POPOVIC, D., AKUTSU, M., NOVAK, I., HARPER, J. W., BEHRENDS, C. & DIKIC, I. 2012. Rab GTPase-
activating proteins in autophagy: regulation of endocytic and autophagy pathways by direct 
binding to human ATG8 modifiers. Mol Cell Biol, 32, 1733-44. 

QU, X., YU, J., BHAGAT, G., FURUYA, N., HIBSHOOSH, H., TROXEL, A., ROSEN, J., ESKELINEN, E. L., 
MIZUSHIMA, N., OHSUMI, Y., CATTORETTI, G. & LEVINE, B. 2003. Promotion of 
tumorigenesis by heterozygous disruption of the beclin 1 autophagy gene. J Clin Invest, 112, 
1809-20. 

RAVENHILL, B. J., BOYLE, K. B., VON MUHLINEN, N., ELLISON, C. J., MASSON, G. R., OTTEN, E. G., 
FOEGLEIN, A., WILLIAMS, R. & RANDOW, F. 2019. The Cargo Receptor NDP52 Initiates 
Selective Autophagy by Recruiting the ULK Complex to Cytosol-Invading Bacteria. Mol Cell, 
74, 320-329 e6. 

RAVIKUMAR, B., DUDEN, R. & RUBINSZTEIN, D. C. 2002. Aggregate-prone proteins with 
polyglutamine and polyalanine expansions are degraded by autophagy. Hum Mol Genet, 
11, 1107-17. 

RAVIKUMAR, B., VACHER, C., BERGER, Z., DAVIES, J. E., LUO, S., OROZ, L. G., SCARAVILLI, F., EASTON, 
D. F., DUDEN, R., O'KANE, C. J. & RUBINSZTEIN, D. C. 2004. Inhibition of mTOR induces 
autophagy and reduces toxicity of polyglutamine expansions in fly and mouse models of 
Huntington disease. Nat Genet, 36, 585-95. 

REBECCA, V. W. & AMARAVADI, R. K. 2016. Emerging strategies to effectively target autophagy in 
cancer. Oncogene, 35, 1-11. 

ROGOV, V. V., NEZIS, I. P., TSAPRAS, P., ZHANG, H., DAGDAS, Y., NODA, N. N., NAKATOGAWA, H., 
WIRTH, M., MOUILLERON, S., MCEWAN, D. G., BEHRENDS, C., DERETIC, V., ELAZAR, Z., 
TOOZE, S. A., DIKIC, I., LAMARK, T. & JOHANSEN, T. 2023. Atg8 family proteins, LIR/AIM 
motifs and other interaction modes. Autophagy Reports, 2. 

ROGOV, V. V., STOLZ, A., RAVICHANDRAN, A. C., RIOS-SZWED, D. O., SUZUKI, H., KNISS, A., LOHR, 
F., WAKATSUKI, S., DOTSCH, V., DIKIC, I., DOBSON, R. C. & MCEWAN, D. G. 2017a. Structural 
and functional analysis of the GABARAP interaction motif (GIM). EMBO REP, 18, 1382-1396. 



  References 

 133  
 

ROGOV, V. V., SUZUKI, H., FISKIN, E., WILD, P., KNISS, A., ROZENKNOP, A., KATO, R., KAWASAKI, M., 
MCEWAN, D. G., LOHR, F., GUNTERT, P., DIKIC, I., WAKATSUKI, S. & DOTSCH, V. 2013. 
Structural basis for phosphorylation-triggered autophagic clearance of Salmonella. 
Biochem J, 454, 459-66. 

ROGOV, V. V., SUZUKI, H., MARINKOVIC, M., LANG, V., KATO, R., KAWASAKI, M., BULJUBASIC, M., 
SPRUNG, M., ROGOVA, N., WAKATSUKI, S., HAMACHER-BRADY, A., DOTSCH, V., DIKIC, I., 
BRADY, N. R. & NOVAK, I. 2017b. Phosphorylation of the mitochondrial autophagy receptor 
Nix enhances its interaction with LC3 proteins. Sci Rep, 7, 1131. 

ROY, S., LEIDAL, A. M., YE, J., RONEN, S. M. & DEBNATH, J. 2017. Autophagy-Dependent Shuttling 
of TBC1D5 Controls Plasma Membrane Translocation of GLUT1 and Glucose Uptake. Mol 
Cell, 67, 84-95 e5. 

RUBINSZTEIN, D. C., CODOGNO, P. & LEVINE, B. 2012. Autophagy modulation as a potential 
therapeutic target for diverse diseases. Nat Rev Drug Discov, 11, 709-30. 

RUSSELL, R. C. & GUAN, K. L. 2022. The multifaceted role of autophagy in cancer. EMBO J, 41, 
e110031. 

RUSSELL, R. C., TIAN, Y., YUAN, H., PARK, H. W., CHANG, Y. Y., KIM, J., KIM, H., NEUFELD, T. P., DILLIN, 
A. & GUAN, K. L. 2013. ULK1 induces autophagy by phosphorylating Beclin-1 and activating 
VPS34 lipid kinase. Nat Cell Biol, 15, 741-50. 

SAGIV, Y., LEGESSE-MILLER, A., PORAT, A. & ELAZAR, Z. 2000. GATE-16, a membrane transport 
modulator, interacts with NSF and the Golgi v-SNARE GOS-28. EMBO J, 19, 1494-504. 

SAKUMA, C., SHIZUKUISHI, S., OGAWA, M., HONJO, Y., TAKEYAMA, H., GUAN, J.-L., WEISER, J., 
SASAI, M., YAMAMOTO, M., OHNISHI, M. & AKEDA, Y. 2024. Individual Atg8 paralogs and a 
bacterial metabolite sequentially promote hierarchical CASM-xenophagy induction and 
transition. Cell Rep, 43. 

SALAH, F. S., EBBINGHAUS, M., MULEY, V. Y., ZHOU, Z., AL-SAADI, K. R., PACYNA-GENGELBACH, M., 
O'SULLIVAN, G. A., BETZ, H., KONIG, R., WANG, Z. Q., BRAUER, R. & PETERSEN, I. 2016. 
Tumor suppression in mice lacking GABARAP, an Atg8/LC3 family member implicated in 
autophagy, is associated with alterations in cytokine secretion and cell death. Cell Death 
Dis, 7, e2205. 

SANCHEZ-WANDELMER, J., KRIEGENBURG, F., ROHRINGER, S., SCHUSCHNIG, M., GOMEZ-SANCHEZ, 
R., ZENS, B., ABREU, S., HARDENBERG, R., HOLLENSTEIN, D., GAO, J., UNGERMANN, C., 
MARTENS, S., KRAFT, C. & REGGIORI, F. 2017. Atg4 proteolytic activity can be inhibited by 
Atg1 phosphorylation. Nat Commun, 8, 295. 

SANJUAN, M. A., DILLON, C. P., TAIT, S. W., MOSHIACH, S., DORSEY, F., CONNELL, S., KOMATSU, M., 
TANAKA, K., CLEVELAND, J. L., WITHOFF, S. & GREEN, D. R. 2007. Toll-like receptor signalling 
in macrophages links the autophagy pathway to phagocytosis. Nature, 450, 1253-7. 

SANWALD, J. L., DOBNER, J., SIMONS, I. M., POSCHMANN, G., STUHLER, K., ÜFFING, A., HOFFMANN, 
S. & WILLBOLD, D. 2020. Lack of GABARAP-Type Proteins Is Accompanied by Altered Golgi 
Morphology and Surfaceome Composition. Int J Mol Sci, 22. 

SATOO, K., NODA, N. N., KUMETA, H., FUJIOKA, Y., MIZUSHIMA, N., OHSUMI, Y. & INAGAKI, F. 2009. 
The structure of Atg4B-LC3 complex reveals the mechanism of LC3 processing and 
delipidation during autophagy. EMBO J, 28, 1341-50. 

SAYERS, E. W., BARRETT, T., BENSON, D. A., BOLTON, E., BRYANT, S. H., CANESE, K., CHETVERNIN, 
V., CHURCH, D. M., DICUCCIO, M., FEDERHEN, S., FEOLO, M., FINGERMAN, I. M., GEER, L. 
Y., HELMBERG, W., KAPUSTIN, Y., LANDSMAN, D., LIPMAN, D. J., LU, Z., MADDEN, T. L., 
MADEJ, T., MAGLOTT, D. R., MARCHLER-BAUER, A., MILLER, V., MIZRACHI, I., OSTELL, J., 
PANCHENKO, A., PHAN, L., PRUITT, K. D., SCHULER, G. D., SEQUEIRA, E., SHERRY, S. T., 
SHUMWAY, M., SIROTKIN, K., SLOTTA, D., SOUVOROV, A., STARCHENKO, G., TATUSOVA, T. 
A., WAGNER, L., WANG, Y., WILBUR, W. J., YASCHENKO, E. & YE, J. 2011. Database resources 
of the National Center for Biotechnology Information. Nucleic Acids Res, 39, D38-51. 

SAYERS, E. W., BECK, J., BOLTON, E. E., BRISTER, J. R., CHAN, J., COMEAU, D. C., CONNOR, R., 
DICUCCIO, M., FARRELL, C. M., FELDGARDEN, M., FINE, A. M., FUNK, K., HATCHER, E., 
HOEPPNER, M., KANE, M., KANNAN, S., KATZ, K. S., KELLY, C., KLIMKE, W., KIM, S., KIMCHI, 
A., LANDRUM, M., LATHROP, S., LU, Z., MALHEIRO, A., MARCHLER-BAUER, A., MURPHY, T. 



  References 

 134  
 

D., PHAN, L., PRASAD, A. B., PUJAR, S., SAWYER, A., SCHMIEDER, E., SCHNEIDER, V. A., 
SCHOCH, C. L., SHARMA, S., THIBAUD-NISSEN, F., TRAWICK, B. W., VENKATAPATHI, T., 
WANG, J., PRUITT, K. D. & SHERRY, S. T. 2024. Database resources of the National Center 
for Biotechnology Information. Nucleic Acids Res, 52, D33-D43. 

SCHWALM, M. P., DOPFER, J., KUMAR, A., GRECO, F. A., BAUER, N., LÖHR, F., HEERING, J., CANO, S., 
LECHNER, S., HANKE, T., BEKIC, I., MORASCH, V., FEARON, D., MARPLES, P. G., TOMLINSON, 
C. W. E., BRUNELLO, L., SAXENA, K., ADAMS, N., VON-DELFT, F., MÜLLER, S., STOLZ, A., 
PROSCHAK, E., KUSTER, B., KNAPP, S. & ROGOV, V. V. 2023a. Targeting LC3/GABARAP for 
degrader development and autophagy modulation. BioRxiv. 

SCHWALM, M. P., KNAPP, S. & ROGOV, V. V. 2023b. Toward effective Atg8-based ATTECs: 
Approaches and perspectives. J Cell Biochem. 

SCHWARTEN, M., MOHRLÜDER, J., MA, P., STOLDT, M., THIELMANN, Y., STANGLER, T., HERSCH, N., 
HOFFMANN, B., MERKEL, R. & WILLBOLD, D. 2009. Nix directly binds to GABARAP: a 
possible crosstalk between apoptosis and autophagy. Autophagy, 5, 690-8. 

SHI, X., YOKOM, A. L., WANG, C., YOUNG, L. N., YOULE, R. J. & HURLEY, J. H. 2020. ULK complex 
organization in autophagy by a C-shaped FIP200 N-terminal domain dimer. J Cell Biol, 219. 

SHPILKA, T., WEIDBERG, H., PIETROKOVSKI, S. & ELAZAR, Z. 2011. Atg8: an autophagy-related 
ubiquitin-like protein family. Genome Biol, 12, 226. 

SHVETS, E., ABADA, A., WEIDBERG, H. & ELAZAR, Z. 2011. Dissecting the involvement of LC3B and 
GATE-16 in p62 recruitment into autophagosomes. Autophagy, 7, 683-688. 

SIEVERS, F. & HIGGINS, D. G. 2014. Clustal omega. Curr Protoc Bioinformatics, 48, 3 13 1-3 13 16. 
SKYTTE RASMUSSEN, M., MOUILLERON, S., KUMAR SHRESTHA, B., WIRTH, M., LEE, R., BOWITZ 

LARSEN, K., ABUDU PRINCELY, Y., O'REILLY, N., SJOTTEM, E., TOOZE, S. A., LAMARK, T. & 
JOHANSEN, T. 2017. ATG4B contains a C-terminal LIR motif important for binding and 
efficient cleavage of mammalian orthologs of yeast Atg8. Autophagy, 13, 834-853. 

SLITER, D. A., MARTINEZ, J., HAO, L., CHEN, X., SUN, N., FISCHER, T. D., BURMAN, J. L., LI, Y., ZHANG, 
Z., NARENDRA, D. P., CAI, H., BORSCHE, M., KLEIN, C. & YOULE, R. J. 2018. Parkin and PINK1 
mitigate STING-induced inflammation. Nature, 561, 258-262. 

SOU, Y. S., WAGURI, S., IWATA, J., UENO, T., FUJIMURA, T., HARA, T., SAWADA, N., YAMADA, A., 
MIZUSHIMA, N., UCHIYAMA, Y., KOMINAMI, E., TANAKA, K. & KOMATSU, M. 2008. The Atg8 
conjugation system is indispensable for proper development of autophagic isolation 
membranes in mice. Mol Biol Cell, 19, 4762-75. 

STAMATAKOU, E., WROBEL, L., HILL, S. M., PURI, C., SON, S. M., FUJIMAKI, M., ZHU, Y., SIDDIQI, F., 
FERNANDEZ-ESTEVEZ, M., MANNI, M. M., PARK, S. J., VILLENEUVE, J. & RUBINSZTEIN, D. C. 
2020. Mendelian neurodegenerative disease genes involved in autophagy. Cell Discov, 6, 
24. 

STANGLER, T., MAYR, L. M. & WILLBOLD, D. 2002. Solution structure of human GABAA receptor-
associated protein GABARAP - Implications for biological function and its regulation. J Biol 
Chem, 277, 13363-13366. 

STEFFEK, M., HELGASON, E., POPOVYCH, N., ROUGE, L., BRUNING, J. M., LI, K. S., BURDICK, D. J., 
CAI, J., CRAWFORD, T., XUE, J., DECURTINS, W., FANG, C., GRUBERS, F., HOLLIDAY, M. J., 
LANGLEY, A., PETERSEN, A., SATZ, A. L., SONG, A., STOFFLER, D., STREBEL, Q., TOM, J. Y. K., 
SKELTON, N., STABEN, S. T., WICHERT, M., MULVIHILL, M. M. & DUEBER, E. C. 2023. A 
Multifaceted Hit-Finding Approach Reveals Novel LC3 Family Ligands. Biochemistry, 62, 
633-644. 

STOLZ, A., PUTYRSKI, M., KUTLE, I., HUBER, J., WANG, C., MAJOR, V., SIDHU, S. S., YOULE, R. J., 
ROGOV, V. V., DÖTSCH, V., ERNST, A. & DIKIC, I. 2017. Fluorescence-based ATG8 sensors 
monitor localization and function of LC3/GABARAP proteins. EMBO J, 36, 549-564. 

SUGAWARA, K., SUZUKI, N. N., FUJIOKA, Y., MIZUSHIMA, N., OHSUMI, Y. & INAGAKI, F. 2004. The 
crystal structure of microtubule-associated protein light chain 3, a mammalian homologue 
of Saccharomyces cerevisiae Atg8. Genes Cells, 9, 611-8. 

SZALAI, P., HAGEN, L. K., SAETRE, F., LUHR, M., SPONHEIM, M., OVERBYE, A., MILLS, I. G., SEGLEN, 
P. O. & ENGEDAL, N. 2015. Autophagic bulk sequestration of cytosolic cargo is independent 
of LC3, but requires GABARAPs. Exp Cell Res, 333, 21-38. 



  References 

 135  
 

TAKAMURA, A., KOMATSU, M., HARA, T., SAKAMOTO, A., KISHI, C., WAGURI, S., EISHI, Y., HINO, O., 
TANAKA, K. & MIZUSHIMA, N. 2011. Autophagy-deficient mice develop multiple liver 
tumors. Genes Dev, 25, 795-800. 

TAMARGO-GOMEZ, I., MARTINEZ-GARCIA, G. G., SUAREZ, M. F., REY, V., FUEYO, A., CODINA-
MARTINEZ, H., BRETONES, G., CARAVIA, X. M., MOREL, E., DUPONT, N., CABO, R., TOMAS-
ZAPICO, C., SOUQUERE, S., PIERRON, G., CODOGNO, P., LOPEZ-OTIN, C., FERNANDEZ, A. F. 
& MARINO, G. 2021. ATG4D is the main ATG8 delipidating enzyme in mammalian cells and 
protects against cerebellar neurodegeneration. Cell Death Differ, 28, 2651-2672. 

TAN, S., WANG, D., FU, Y., ZHENG, H., LIU, Y. & LU, B. 2023. Targeted clearance of mitochondria by 
an autophagy-tethering compound (ATTEC) and its potential therapeutic effects. Sci Bull 
(Beijing), 68, 3013-3026. 

TANIDA, I., KOMATSU, M., UENO, T. & KOMINAMI, E. 2003. GATE-16 and GABARAP are authentic 
modifiers mediated by Apg7 and Apg3. Biochem Biophys Res Commun, 300, 637-44. 

TANIDA, I., TANIDA-MIYAKE, E., KOMATSU, M., UENO, T. & KOMINAMI, E. 2002. Human 
Apg3p/Aut1p homologue is an authentic E2 enzyme for multiple substrates, GATE-16, 
GABARAP, and MAP-LC3, and facilitates the conjugation of hApg12p to hApg5p. J Biol Chem, 
277, 13739-44. 

TANIDA, I., TANIDA-MIYAKE, E., UENO, T. & KOMINAMI, E. 2001. The human homolog of 
Saccharomyces cerevisiae Apg7p is a Protein-activating enzyme for multiple substrates 
including human Apg12p, GATE-16, GABARAP, and MAP-LC3. J Biol Chem, 276, 1701-6. 

TANIDA, I., UENO, T. & KOMINAMI, E. 2014. In vitro assays of lipidation of Mammalian Atg8 
homologs. Curr Protoc Cell Biol, 64, 11 20 1-13. 

THIELMANN, Y., MOHRLÜDER, J., KOENIG, B. W., STANGLER, T., HARTMANN, R., BECKER, K., HOLTJE, 
H. D. & WILLBOLD, D. 2008. An indole-binding site is a major determinant of the ligand 
specificity of the GABA type A receptor-associated protein GABARAP. Chembiochem, 9, 
1767-75. 

THIELMANN, Y., WEIERGRÄBER, O. H., MA, P., SCHWARTEN, M., MOHRLÜDER, J. & WILLBOLD, D. 
2009. Comparative modeling of human NSF reveals a possible binding mode of GABARAP 
and GATE-16. Proteins, 77, 637-46. 

THUMM, M., EGNER, R., KOCH, B., SCHLUMPBERGER, M., STRAUB, M., VEENHUIS, M. & WOLF, D. 
H. 1994. Isolation of Autophagocytosis Mutants of Saccharomyces-Cerevisiae. FEBS LETT, 
349, 275-280. 

THURSTON, T. L., RYZHAKOV, G., BLOOR, S., VON MUHLINEN, N. & RANDOW, F. 2009. The TBK1 
adaptor and autophagy receptor NDP52 restricts the proliferation of ubiquitin-coated 
bacteria. Nat Immunol, 10, 1215-21. 

TIMIMI, L., WROBEL, A. G., CHIDUZA, G. N., MASLEN, S. L., TORRES-MÉNDEZ, A., MONTANER, B., 
DAVIS, C., SKEHEL, J. M., RUBINSTEIN, J. L., SCHREIBER, A. & BEALE, R. 2023. The V-
ATPase/ATG16L1 axis is controlled by the V1H subunit. BioRxiv. 

TOOZE, S. A., ABADA, A. & ELAZAR, Z. 2014. Endocytosis and autophagy: exploitation or 
cooperation? Cold Spring Harb Perspect Biol, 6, a018358. 

TSUBOYAMA, K., KOYAMA-HONDA, I., SAKAMAKI, Y., KOIKE, M., MORISHITA, H. & MIZUSHIMA, N. 
2016. The ATG conjugation systems are important for degradation of the inner 
autophagosomal membrane. Science, 354, 1036-1041. 

TSUKADA, M. & OHSUMI, Y. 1993. Isolation and Characterization of Autophagy-Defective Mutants 
of Saccharomyces-Cerevisiae. FEBS LETT, 333, 169-174. 

TUMBARELLO, D. A., MANNA, P. T., ALLEN, M., BYCROFT, M., ARDEN, S. D., KENDRICK-JONES, J. & 
BUSS, F. 2015. The Autophagy Receptor TAX1BP1 and the Molecular Motor Myosin VI Are 
Required for Clearance of Salmonella Typhimurium by Autophagy. PLoS Pathog, 11, 
e1005174. 

ÜFFING, A., GOLD, L., GENSCH, T., WEIERGRÄBER, O. H., HOFFMANN, S. & WILLBOLD, D. 2024a. 
Highlighting the hidden: monitoring the avidity-driven association of a fluorescent 
GABARAP tandem with microtubules in living cells. Autophagy Reports, 3. 



  References 

 136  
 

ÜFFING, A., WEIERGRÄBER, O. H., SCHWARTEN, M., HOFFMANN, S. & WILLBOLD, D. 2024b. 
GABARAP interacts with EGFR — supporting the unique role of this hAtg8 protein during 
receptor trafficking. FEBS LETT. 

UHLEN, M., FAGERBERG, L., HALLSTROM, B. M., LINDSKOG, C., OKSVOLD, P., MARDINOGLU, A., 
SIVERTSSON, A., KAMPF, C., SJOSTEDT, E., ASPLUND, A., OLSSON, I., EDLUND, K., 
LUNDBERG, E., NAVANI, S., SZIGYARTO, C. A., ODEBERG, J., DJUREINOVIC, D., TAKANEN, J. 
O., HOBER, S., ALM, T., EDQVIST, P. H., BERLING, H., TEGEL, H., MULDER, J., ROCKBERG, J., 
NILSSON, P., SCHWENK, J. M., HAMSTEN, M., VON FEILITZEN, K., FORSBERG, M., PERSSON, 
L., JOHANSSON, F., ZWAHLEN, M., VON HEIJNE, G., NIELSEN, J. & PONTEN, F. 2015. 
Proteomics. Tissue-based map of the human proteome. Science, 347, 1260419. 

UHLEN, M., OKSVOLD, P., FAGERBERG, L., LUNDBERG, E., JONASSON, K., FORSBERG, M., ZWAHLEN, 
M., KAMPF, C., WESTER, K., HOBER, S., WERNERUS, H., BJORLING, L. & PONTEN, F. 2010. 
Towards a knowledge-based Human Protein Atlas. Nat Biotechnol, 28, 1248-50. 

ULFERTS, R., MARCASSA, E., TIMIMI, L., LEE, L. C., DALEY, A., MONTANER, B., TURNER, S. D., FLOREY, 
O., BAILLIE, J. K. & BEALE, R. 2021. Subtractive CRISPR screen identifies the 
ATG16L1/vacuolar ATPase axis as required for non-canonical LC3 lipidation. CELL REP, 37. 

VAITES, L. P., PAULO, J. A., HUTTLIN, E. L. & HARPER, J. W. 2018. Systematic Analysis of Human Cells 
Lacking ATG8 Proteins Uncovers Roles for GABARAPs and the CCZ1/MON1 Regulator 
C18orf8/RMC1 in Macroautophagic and Selective Autophagic Flux. Mol Cell Biol, 38. 

VERBAANDERD, C., MAES, H., SCHAAF, M. B., SUKHATME, V. P., PANTZIARKA, P., SUKHATME, V., 
AGOSTINIS, P. & BOUCHE, G. 2017. Repurposing Drugs in Oncology (ReDO)-chloroquine and 
hydroxychloroquine as anti-cancer agents. Ecancermedicalscience, 11, 781. 

VERNIER-MAGNIN, S., MULLER, S., SALLOT, M., RADOM, J., MUSARD, J. F., ADAMI, P., DULIEU, P., 
REMY-MARTIN, J. P., JOUVENOT, M. & FRAICHARD, A. 2001. A novel early estrogen-
regulated gene gec1 encodes a protein related to GABARAP. Biochem Biophys Res Commun, 
284, 118-25. 

VIJAY-KUMAR, S., BUGG, C. E. & COOK, W. J. 1987. Structure of ubiquitin refined at 1.8 A resolution. 
J Mol Biol, 194, 531-44. 

VON MUHLINEN, N., AKUTSU, M., RAVENHILL, B. J., FOEGLEIN, A., BLOOR, S., RUTHERFORD, T. J., 
FREUND, S. M., KOMANDER, D. & RANDOW, F. 2012. LC3C, bound selectively by a 
noncanonical LIR motif in NDP52, is required for antibacterial autophagy. Mol Cell, 48, 329-
42. 

WANG, H. & OLSEN, R. W. 2000. Binding of the GABAA receptor-associated protein (GABARAP) to 
microtubules and microfilaments suggests involvement of the cytoskeleton in GABARAP–
GABAA receptor interaction. J Neurochem, 75, 644-55. 

WANG, H., SUN, H. Q., ZHU, X., ZHANG, L., ALBANESI, J., LEVINE, B. & YIN, H. 2015. GABARAPs 
regulate PI4P-dependent autophagosome:lysosome fusion. Proc Natl Acad Sci U S A, 112, 
7015-20. 

WANG, H. B., BEDFORD, F. K., BRANDON, N. J., MOSS, S. J. & OLSEN, R. W. 1999. GABAA-receptor-
associated protein links GABAA receptors and the cytoskeleton. Nature, 397, 69-72. 

WANG, Y., RAMOS, M., JEFFERSON, M., ZHANG, W., BERAZA, N., CARDING, S., POWELL, P. P., 
STEWART, J. P., MAYER, U. & WILEMAN, T. 2022. Control of infection by LC3-associated 
phagocytosis, CASM, and detection of raised vacuolar pH by the V-ATPase-ATG16L1 axis. 
Sci Adv, 8, eabn3298. 

WEIDBERG, H., SHPILKA, T., SHVETS, E., ABADA, A., SHIMRON, F. & ELAZAR, Z. 2011. LC3 and GATE-
16 N termini mediate membrane fusion processes required for autophagosome biogenesis. 
Dev Cell, 20, 444-54. 

WEIDBERG, H., SHVETS, E., SHPILKA, T., SHIMRON, F., SHINDER, V. & ELAZAR, Z. 2010. LC3 and GATE-
16/GABARAP subfamilies are both essential yet act differently in autophagosome 
biogenesis. EMBO J, 29, 1792-1802. 

WEIERGRÄBER, O. H., STANGLER, T., THIELMANN, Y., MOHRLÜDER, J., WIESEHAN, K. & WILLBOLD, 
D. 2008. Ligand binding mode of GABAA receptor-associated protein. J Mol Biol, 381, 1320-
31. 



  References 

 137  
 

WILD, P. F., H.; MCEWAN, D.G.; WAGNER, S.; ROGOV, V.V.; BRADY, N.R.; RICHTER, B.; KORAC, J.; 
WAIDMANN, O.; CHOUDHARY, C.; DÖTSCH, V.; BUMANNM D.; DIKIC, I. 2011. 
Phosphorylation of the Autophagy Receptor Optineurin Restricts Salmonella Growth. 
Science, 333. 

WIRTH, M., MOUILLERON, S., ZHANG, W., SJOTTEM, E., PRINCELY ABUDU, Y., JAIN, A., LAURITZ 
OLSVIK, H., BRUUN, J. A., RAZI, M., JEFFERIES, H. B. J., LEE, R., JOSHI, D., O'REILLY, N., 
JOHANSEN, T. & TOOZE, S. A. 2021. Phosphorylation of the LIR Domain of SCOC Modulates 
ATG8 Binding Affinity and Specificity. J Mol Biol, 433, 166987. 

WIRTH, M., ZHANG, W., RAZI, M., NYONI, L., JOSHI, D., O'REILLY, N., JOHANSEN, T., TOOZE, S. A. & 
MOUILLERON, S. 2019. Molecular determinants regulating selective binding of autophagy 
adapters and receptors to ATG8 proteins. Nat Commun, 10, 2055. 

WU, F., WATANABE, Y., GUO, X. Y., QI, X., WANG, P., ZHAO, H. Y., WANG, Z., FUJIOKA, Y., ZHANG, 
H., REN, J. Q., FANG, T. C., SHEN, Y. X., FENG, W., HU, J. J., NODA, N. N. & ZHANG, H. 2015. 
Structural Basis of the Differential Function of the Two C. elegans Atg8 Homologs, LGG-1 
and LGG-2, in Autophagy. Mol Cell, 60, 914-29. 

WU, W., TIAN, W., HU, Z., CHEN, G., HUANG, L., LI, W., ZHANG, X., XUE, P., ZHOU, C., LIU, L., ZHU, 
Y., ZHANG, X., LI, L., ZHANG, L., SUI, S., ZHAO, B. & FENG, D. 2014. ULK1 translocates to 
mitochondria and phosphorylates FUNDC1 to regulate mitophagy. EMBO Rep, 15, 566-75. 

XIE, X. S., PADRON, D., LIAO, X., WANG, J., ROTH, M. G. & DE BRABANDER, J. K. 2004. 
Salicylihalamide A inhibits the V0 sector of the V-ATPase through a mechanism distinct from 
bafilomycin A1. J Biol Chem, 279, 19755-63. 

XIN, Y., YU, L., CHEN, Z., ZHENG, L., FU, Q., JIANG, J., ZHANG, P., GONG, R. & ZHAO, S. 2001. Cloning, 
expression patterns, and chromosome localization of three human and two mouse 
homologues of GABAA receptor-associated protein. Genomics, 74, 408-13. 

XU, R., JI, Z., XU, C. & ZHU, J. 2018. The clinical value of using chloroquine or hydroxychloroquine as 
autophagy inhibitors in the treatment of cancers: A systematic review and meta-analysis. 
Medicine (Baltimore), 97, e12912. 

XU, Y., ZHOU, P., CHENG, S., LU, Q., NOWAK, K., HOPP, A. K., LI, L., SHI, X., ZHOU, Z., GAO, W., LI, D., 
HE, H., LIU, X., DING, J., HOTTIGER, M. O. & SHAO, F. 2019. A Bacterial Effector Reveals the 
V-ATPase-ATG16L1 Axis that Initiates Xenophagy. Cell, 178, 552-566 e20. 

XUE, G., XIE, J., HINTERNDORFER, M., CIGLER, M., DOTSCH, L., IMRICHOVA, H., LAMPE, P., CHENG, 
X., ADARIANI, S. R., WINTER, G. E. & WALDMANN, H. 2023. Discovery of a Drug-like, Natural 
Product-Inspired DCAF11 Ligand Chemotype. Nat Commun, 14, 7908. 

YAMAMOTO, H., ZHANG, S. & MIZUSHIMA, N. 2023. Autophagy genes in biology and disease. Nat 
Rev Genet, 24, 382-400. 

YANG, A., RAJESHKUMAR, N. V., WANG, X., YABUUCHI, S., ALEXANDER, B. M., CHU, G. C., VON HOFF, 
D. D., MAITRA, A. & KIMMELMAN, A. C. 2014. Autophagy is critical for pancreatic tumor 
growth and progression in tumors with p53 alterations. Cancer Discov, 4, 905-13. 

YANG, C. S., LEE, J. S., RODGERS, M., MIN, C. K., LEE, J. Y., KIM, H. J., LEE, K. H., KIM, C. J., OH, B., 
ZANDI, E., YUE, Z., KRAMNIK, I., LIANG, C. & JUNG, J. U. 2012. Autophagy protein Rubicon 
mediates phagocytic NADPH oxidase activation in response to microbial infection or TLR 
stimulation. Cell Host Microbe, 11, 264-76. 

YANG, Y. & KLIONSKY, D. J. 2020. Autophagy and disease: unanswered questions. Cell Death Differ, 
27, 858-871. 

YANG, Z., WILKIE-GRANTHAM, R. P., YANAGI, T., SHU, C. W., MATSUZAWA, S. & REED, J. C. 2015. 
ATG4B (Autophagin-1) phosphorylation modulates autophagy. J Biol Chem, 290, 26549-61. 

YE, J., ZOU, G., ZHU, R., KONG, C., MIAO, C., ZHANG, M., LI, J., XIONG, W. & WANG, C. 2021. 
Structural basis of GABARAP-mediated GABAA receptor trafficking and functions on 
GABAergic synaptic transmission. Nat Commun, 12, 297. 

YUE, Z., JIN, S., YANG, C., LEVINE, A. J. & HEINTZ, N. 2003. Beclin 1, an autophagy gene essential for 
early embryonic development, is a haploinsufficient tumor suppressor. Proc Natl Acad Sci 
U S A, 100, 15077-82. 



  References 

 138  
 

ZHANG, S., YAZAKI, E., SAKAMOTO, H., YAMAMOTO, H. & MIZUSHIMA, N. 2022. Evolutionary 
diversification of the autophagy-related ubiquitin-like conjugation systems. Autophagy, 18, 
2969-2984. 

ZHANG, W., NISHIMURA, T., GAHLOT, D., SAITO, C., DAVIS, C., JEFFERIES, H. B. J., SCHREIBER, A., 
THUKRAL, L. & TOOZE, S. A. 2023. Autophagosome membrane expansion is mediated by 
the N-terminus and cis-membrane association of human ATG8s. Elife, 12. 

ZHENG, Y., QIU, Y., GRACE, C. R. R., LIU, X., KLIONSKY, D. J. & SCHULMAN, B. A. 2019. A switch 
element in the autophagy E2 Atg3 mediates allosteric regulation across the lipidation 
cascade. Nat Commun, 10, 3600. 

ZHOU, J., RASMUSSEN, N. L., OLSVIK, H. L., AKIMOV, V., HU, Z., EVJEN, G., KAESER-PEBERNARD, S., 
SANKAR, D. S., ROUBATY, C., VERLHAC, P., VAN DE BEEK, N., REGGIORI, F., ABUDU, Y. P., 
BLAGOEV, B., LAMARK, T., JOHANSEN, T. & DENGJEL, J. 2023. TBK1 phosphorylation 
activates LIR-dependent degradation of the inflammation repressor TNIP1. J Cell Biol, 222. 

ZHU, Y., MASSEN, S., TERENZIO, M., LANG, V., CHEN-LINDNER, S., EILS, R., NOVAK, I., DIKIC, I., 
HAMACHER-BRADY, A. & BRADY, N. R. 2013. Modulation of serines 17 and 24 in the LC3-
interacting region of Bnip3 determines pro-survival mitophagy versus apoptosis. J Biol 
Chem, 288, 1099-113. 

 

 


	Eidesstattliche Erklärung
	Acknowledgements
	Summary
	Zusammenfassung
	Contents
	List of Abbreviations
	List of Figures
	1 Introduction
	1.1. The human ATG8 protein family
	1.1.1. The GABARAP and LC3 subfamilies
	1.1.2. Structural features and interaction sites

	1.2. Human ATG8 proteins and autophagy
	1.2.1. Conjugation of human ATG8s to autophagic membranes
	1.2.2. Roles of GABARAP and LC3 during the different steps of autophagy

	1.3. Unconventional roles of human ATG8 proteins
	1.3.1. Conjugation of human ATG8s to single membranes
	1.3.2. Interplay of autophagy and endocytic trafficking

	1.4. Studying human ATG8 protein function
	1.4.1. From phenotypes to molecular mechanisms
	1.4.2. From molecular interaction to modulation of function

	1.5. Modulation of autophagy as a therapeutic strategy

	2 Aims
	3 Results
	3.1. Structure-based design of stapled peptides that bind GABARAP and Inhibit autophagy
	3.2. Exploring arylidene-indolinone ligands of autophagy proteins LC3B and GABARAP
	3.3. GABARAP interacts with EGFR — supporting the unique role of this hAtg8 protein during receptor trafficking
	3.4. Highlighting the hidden: monitoring the avidity-driven association of a fluorescent GABARAP tandem with microtubules in living cells

	4 Summary and Conclusion
	5 List of Publications and Presentations
	5.1. Publications
	5.2. Preprints/submitted manuscripts
	5.3. Poster Presentations

	5 References



