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Summary

The y-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 a-helices, which participate in protein-protein and protein-lipid interactions. Furthermore,
the ATGS8 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 ATGS8s 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 B2-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 N-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.



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 ATGS8 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.



Zusammenfassung

Das y-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 Ahnlichkeit auf und besitzen eine ubiquitindhnliche Faltung
mit zwei zusatzlichen, weniger konservierten N-terminalen a-Helices, welche an Protein-Protein
und Protein-Lipid Interaktionen beteiligt sind. Des Weiteren kénnen die ATG8 Proteine nach
Freilegung eines C-terminalen Glycins durch eine E1-E2-E3-dhnlichen Enzymkaskade kovalent an
Membranen konjugiert werden. Viele Interaktionspartner binden an zwei hydrophobe Taschen
(HP1 und HP2) auf der Oberfliche der ATG8 mithilfe einer moderat konservierten LC3-
interagierenden Region (LIR), die ein breites Spektrum an Affinitdten abdeckt. Dies erklart
zumindest teilweise, wie die Paraloge ihre nicht-redundanten Funktionen in autophagischen und
nicht-autophagischen Prozessen erfiillen und kann fiir die Entwicklung selektiver Bindungspartner

fir 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 Selektivitaten, wobei Pen3-ortho GABARAP 100-fach gegeniiber LC3B
praferiert, wahrend Pen8-ortho beide Paraloge mit vergleichbarer Affinitdt bindet. Die
Rontgenkristallstruktur der beiden stapled Peptide in einem Komplex mit GABARAP zeigte
verschiedene Bindungsmodi — einer dhnelt der Ausrichtung natlirlicher Liganden, der andere zeigt
eine antiparallele Ausrichtung zu GABARAPs [(2-Strang. AuRerdem wurde das small-molecule
compound GW5074 in Bezug auf seine Interaktion mit GABARAP untersucht. Die Anderung der
chemischen Verschiebung, welche mittels heteronuclear single quantum coherence (HSQC) NMR
Titration von ®’N-GABARAP mit GW5074 bestimmt wurde, zeigte die Einbindung der HP1. Dies
erganzt Daten zur Struktur-Aktivitat Beziehung von Aryliden-Indolinon-Liganden mit GABARAP und
LC3B.

Gleichzeitig wurde der epidermal growth factor receptor (EGFR) als moglicher direkter biologischer
Interaktionspartner von GABARAP, sowohl aus struktureller als auch aus biophysikalischer Sicht
untersucht. Im Vorhinein dieser Arbeit wurde ein verstarkter Abbau von EGFR nach EGF-
Stimulation, spezifisch in GABARAP-defizienten, aber nicht Paralog-defizienten Zellen berichtet. In-
vitro Affinitatsmessungen mit einem EGFR abgeleiteten LIR-Peptid zeigten eine Selektivitat flr
GABARAP und sein nachstes Paralog GABARAPL1. Darliber hinaus ergab die Rontgenkristallstruktur
eines chimaren Proteins, welches als Fusion des mutmalRlichen EGFR-LIR Peptids mit GABARAP



generiert wurde, eine kanonische Bindung an GABARAPs HP1 und HP2. HSQC NMR Titration des
mutmaRlichen EGFR-LIR-Peptids zu GABARAP unterstiitzten diese Beobachtung und bieten eine

mogliche Erklarung fir den beschriebenen Phanotyp.

Zuletzt wurde ein bivalentes GABARAP-mTagBFP2-GABARAP zur Untersuchung moglicher
Interaktionen aus einer Lebendzellmikroskopie Perspektive angewendet. Interessanterweise hob
das Konstrukt Mikrotubuli stark hervor, von denen in friihen in-vitro-Studien berichtet wurde, dass
sie mit GABARAP interagieren. Positiv geladene Seitenketten in der N-terminalen Region von
GABARAP, welche in diesen Studien fiir die Assoziation mit Mikrotubuli verantwortlich gemacht
wurden, erwiesen sich entscheidend fiir die besondere Lokalisierung des bivalenten Konstrukts in
Zellen. Darilber hinaus war die Mikrotubuli Assoziation abhangig vom Fluorophor, im speziellen

mTagBFP2.

Zusammenfassend bietet diese Arbeit Einsichten aus verschiedenen Perspektiven, welche unser
Verstandnis der vielen Facetten humaner ATG8 Proteine erweitern — mit besonderem Fokus auf
GABARAP. Die hier erlangten Erkenntnisse kdnnen in Zukunft genutzt werden, um biologische
Prozesse, an denen diese Proteine beteiligt sind, weiter zu untersuchen und wirksame Modulatoren

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

1.1. The human ATGS8 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 ATGS8 paralogs, which can be divided into the y-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 ATGS8 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 ATGS8 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 y-aminobutyric acid type A (GABA,) 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 k-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

1



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 ATGS8s. Proteomic
analysis of the interactome of the ATGS8s 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 ATGSs 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 a2 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 ATGS8 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).

Ubiquitin GABARAP LC3B
B
1 10 20 : 40 50
Atg8 === SEYPFEKRKAESE KAEK-SDIPEI DLTVGQEVY
GABARAP = ——mmmme—- EEHPFEKRRSEGE KAPK-ARIGDL SDLTVGQFYF
GABARAPLLT ~  -———————- EDHPFEYRKKEGE KAPK-ARVPDL SDLTVGQEFYFL
GABARAPL2 ~  ———————— EDHSLEHRCVESA KVSG-SQIVDI SDITVAQFMWT
Lca e MPSDRPFEORRSFADRCKEVQ RYKGEKQLPVL DHVNMSELVKI
Lcsgs 0 === MPSEKTFRORRTFEQRVEDVR RYKGEKQLPVL DHVNMSELTKT
LC3C MPPPOKIPSVRPFREORKSLATROEEVA RYPRETFLPPL ELTMTQFLST|
GP ?0 :I:DD :!.10

Atg8 IFIFNNDT-LPPTAALMSAIMOEHKDKBGEL SGENTFER--—----=————————————
GABARAP LEFFMNNV-IPPTSATMGOL¥OEHHEERFELYMIAMSDESVYGL—-————-——————————————
GABARAPL1 LEFFMNNT-IPPTSATMGOLEEDNHEERY I L SDESVYGK--———-—-—"———————————
GABARAPL?2 IFLFMDKT-VPQOSSLTMGQLEMEKEKDEBGE L SGENTFGF---—-—-—-—————————————
LC3A FEFLLMNQHSMVSVSTPIADINEQEKDEBGE L ASQETFEF--———---"—""""""——————
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LC3C FYLLMNNKSLVSMSATMAEIMRDYKDEBRG ASQETEFGCLESAAPRDGSSLEDRPCNPL

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 a-helices and B-strands are marked. Images were created using the PyMOL Molecular
Graphics System, Version 3.0 Schrédinger, 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 B1 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).



In case of GABARAP, HP1 of the abovementioned LDS is lined by Glul7, lle21, Pro30, Lys48, Leu50,
Phel04 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 lle64 (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-X;-X>-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 ©0-X1-X,-I'3, with ©¢ representing aromatic residues
(Trp/Phe/Tyr) and I'; (lle/Leu/Val) large hydrophobic residues. The X; and X, 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 X3 and X4 are acidic (Wirth et al., 2019, Cheng et al., 2016). The core LIR
position X is frequently occupied by Val or lle in case of proteins showing selective binding for the
GABARAP subfamily, though exceptions are known (Rogov et al., 2017a). In contrast, X, 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). X; 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

4



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
Serl77 (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
(X2) 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 ¢ 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 8¢ and X;
(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 ATGS8 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/CALCOCQ2), which only engages HP2 (von
Mubhlinen 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 B2 strand of GABARAP (Weiergrdber 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



GABARAP only (Marshall et al., 2019). Interestingly, ATG4B has been suggested to interact with
both the LDS and UDS region of ATGS8s (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/ATGSs, 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 ATGS8 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 Schrédinger, LLC and BioRender.com. (B) The conserved
LIR sequence of ATGS 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 ATGS8 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



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 IlIB (P14KIIIB) to the phagophore
nucleation site, leading to phosphatidylinositol-4-phosphate (PI4P) generation. PI4KIIIB and PI14P
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 Ill phosphatidylinositol 3-kinase complex |
(P13KC3-C1), consisting of VPS34, Beclinl, 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 ATGS8s are involved in phagophore expansion (Zhang et al.,

2023, Weidberg et al., 2011), recognition of selective cargoes (Gatica et al., 2018, Ravenhill et al.,
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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).
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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, ATGS8 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 ATGS lipidation. Beyond



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.
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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 IlI
phosphatidylinositol 3-kinase complex | (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), ATGS8s 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 ATGS8s, during

phagophore expansion (Pengo et al., 2017, Sanchez-Wandelmer et al.,, 2017). Additionally,

10



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 ATGSs, 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, ATGS8s 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 ATGS8s 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 ATGSs 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 | (ESCRT-1) 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 lla (Pl4Klla; 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
etal., 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 (a-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 ATGS8s 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 ATGS8s 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 ATGS, different analyzed timepoints).
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Recently, Nguyen and Lazarou offered a reconciling hypothesis for the function of ATGS8s 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
ATGSs 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 ATGS8 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
ATGS8s 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
etal., 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 ATGS8s
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 BafilomycinAl (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 BafA1l raises the lysosomal pH by blocking proton pump activity (Xie
et al., 2004) activates CASM (Hooper et al., 2022). While BafAl dissociates the V-ATPase membrane
subunit Vo 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 Vi 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 Vo and Vi are assembled and in cells lacking ViH,
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
14



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).
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Figure 5. Conjugation of ATGS8 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 V; subunit of the V-ATPase. ATGS8s 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 ATGS8 proteins has additionally been reported for several receptors, including the
k-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 GABA, 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 ATGS 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 ATGS8 protein function

Since their discovery, a wide range of methods have been developed and applied to study ATGS8
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 ATGS8 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 ATGSs, 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 ATGS8 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 ATGS8 proteins in Hela cells revealed that ATGS8s 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 Pl4Klla (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 ATGS8-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 (Mohrliider et al., 2007a) and calreticulin (Mohrlider 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
ATGS8s, 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 ATGSs, 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
modaulation 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 Beclinl (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 ATGS8 proteins, either through ATGS 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 ATGS8 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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ABSTRACT: The LC3/GABARAP family of proteins is involved
in nearly every stage of autophagy. Inhibition of LC3/GABARAP
proteins is a promising approach to blocking autophagy, which
sensitizes advanced cancers to DNA-damaging chemotherapy.
Here, we report the structure-based design of stapled peptides that
inhibit GABARAP with nanomolar affinities. Small changes in
staple structure produced stapled peptides with very different
binding modes and functional differences in LC3/GABARAP
paralog selectivity, ranging from highly GABARAP-specific to
broad inhibition of both subfamilies. The stapled peptides
exhibited considerable cytosolic penetration and resistance to
biological degradation. They also reduced autophagic flux in
cultured ovarian cancer cells and sensitized ovarian cancer cells to

nanomolar
LC3/GABARAP
inhibitor

© Penetrate cells

M Inhibit autophagy

M Synergize with
cisplatin
staple into
helical nanomolar
structure GABARAP-selective
inhibitor

cisplatin, These small, potent stapled peptides represent promising autophagy-modulating compounds that can be developed as
novel cancer therapeutics and novel mediators of targeted protein degradation.

B INTRODUCTION

Autophagy is a dynamic cellular process by which cytosolic
material is transported to the lysosomal compartment for
degradation. Bulk autophagy recycles biomolecules into
building blocks in response to starvation, while selective
autophagy removes misfolded proteins, damaged organelles,
and intracellular pathogens,' Dysregulation of autophagy is a
hallmark of many diseases, including neurodegenerative
diseases, infectious diseases, and cancer.' During carcino-
genesis, autophagy is thought to be protective as down-
regulating autophagy increases oxidative stress, DNA damage,
and chromosomal instability.” However, established tumors
can become overly reliant on autophagy to survive an
environment with low nutrients, hypoxia, and high oxidative
stress.”

There is a great deal of evidence that autophagy inhibition
could be a promising therapeutic strategy for advanced-stage
cancers. For example, genetic knockdown of essential
autophagy genes attenuates tumor growth and extends survival
in pancreatic ductal adenocarcinoma, lung cancer, and
melanoma.* ™ Autophagy is induced in response to DNA-
damaging chemotherapy, and autophagy has been implicated
in cisplatin resistance in breast and ovarian cancers.”” Multiple
clinical trials using the nonspecific autophagy inhibitors
chloroquine and hydroxychloroquine in combination with
chemotherapy have shown an overall improved response
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compared to chemotherapy alone for pancreatic cancer,
glioblastoma, breast cancer, and other ma]ignancies.s_”
However, hydroxychloroquine and related drugs broadly affect
endolysosomal processes and are not specific to autophagy,
and they can cause significant side effects at doses required for
autophagy inhibition."*'? Novel, autophagy-specific inhibitors
are highly sought-after to better understand the eflects of
autophagy inhibition on advanced cancers and to develop
therapeutics with improved efficacy and better side effect
profiles."*

One strategy for specific autophagy inhibition is interruption
of key protein—protein interactions.'* Members of the Atg8
protein family, including the mammalian LC3 (LC3A, LC3B,
LC3C) and GABARAP (GABARAP, GABARAP-L1, GABAR-
AP-L2/GATE-16) subfamilies, are involved in key protein—
protein interactions at several steps in autophagy, including
initiation, formation and elongation of the phagophore, cargo
recruitment, auntophagosome trafficking, and lysosomal fusion

(Figure 1)."* Mammalian LC3 and GABARAD proteins, which
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Figure 1. Roles of LC3/GABARAP proteins in autophagy. Autophagy pathways proceed through a multistep process that involves protein—protein
interactions of LC3/GABARADP proteins at every step. Some of the known differential roles for proteins from the LC3 and GABARAPD subfamilies
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Figure 2. Diversity-oriented stapling of K1. (a) The structure of K1 bound to GABARAP™ suggested that replacing residue 8 with Cys and then
stapling it to a second Cys residue at cither position 3, position 4, or position § could potentially stabilize the overall structure (yellow dotted lines).
Cysteine side chains are depicted at all four positions, with sulfur atoms indicated by yellow spheres. {h) Cysteine-substituted K1 analogues were
stapled using the linkers ertho-, meta-, or para-dimethylbenzene, and afhinities for recombinant GABARAP and LC3B were measured using
fluorescence polarization. Allyl-modified Cys3 peptide was tested as an unstapled control. Peptides K1 and FYCO1 were tested as GABARAP-
selective and LC3B-seleclive controls, respectively. (c) Penicillamine-substituted analogues of peptide Cys3 were stapled, and their binding
affinities for GABARAP and LC3B were measured. 7 denotes penicillamine. Peptides were prepared with [luorescein on their N-termini (Figure $1
and Table $1). Data are shown as the average and standard error of the mean for three or more independent trials. Primary data are shown in

Figures §4-817.

we will refer to collectively as LC3/GABARAP proteins,
recognize a conserved motif known as the LC3-interacting
region (LIR).'*"” Proteins with LIR motifs that bind LC3
and/or GABARAP proteins include ATG4, which promotes

autophagy initiation and phagophore formation, selective
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autophagy adapters such as p62 which recruit proteins to be
degraded, and trafficking machinery including FYCO1 and the
HOPS complex.'™™ Thus, disruption of protein—protein
interactions involving LC3/GABARAP proteins has been
recognized as a promising strategy for autophagy inhibition,

https://doi.org/10.1021/acs.2c04639
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For example, blocking protein—protein interactions of LC3/
GABARAP proteins using engineered binding proteins
sensitized acute myeloid leukemia cells to chemotherapy.”
Additionally, the application of LC3-binding peptides
sensitized ovarian cancer cells to cisplatin treatrment.'?
GABARAP and LC3 subfamilies are important for autophagy
in mammalian cells, with different yet overlapping roles
(Figure 1). The different roles of GABARAPs and LC3s in
cancer progression are poorly understood, so inhibitors
selective to each subfamily are important for studying how
they control autophagy in cancer and other pathologies,””
LIR motifs bind Atg8-family proteins in an extended
conformation anchored by conserved hydrophobic side
chains."®'7** Several studies have explored structural deter-
minants of selectivity for LC3 and GABARAP proteins, and
generally, it was observed that GABARAPs are able to
accommodate a wider variety of LIR ligmds.23_25 In previous
work, we described structure-activity relationships for an LC3-
specific LIR motif derived from FYCOL, a Rab7 effector
protein that mediates autophagosome trafficking.™® We also
described peptides with side-chain-to-side-chain crosslinks, or
“stapled” peptides, with improved affinity, selectivity for LC3B
over GABARAP, proteolytic stability, and cytosolic delivery. In
this work, we report two new classes of stapled peptides that
inhibit LC3/GABARAP proteins with nanomolar affinity, one
GABARAP-selective class and another that inhibits both
subfamilies. Notably, while most implementations of a stapled
peptide strategy involve helical peptides,” here we employ a
“diversity-oriented stapling” approach that allows the synthesis
and evaluation of stapled peptides with a variety of three-
dimensional structures. This methodology enabled the
discovery of two distinct families of stapled GABARAP ligands.
We obtained crystal structures, which revealed that high
affinity and selectivity were governed by small changes in the
chemical structures of the staples, producing two different,
high-affinity binding modes. These peptides resist biological
degradation, penetrate the cytosol, inhibit autophagy, and are
synergistic with DNA-damaging chemotherapy in ovarian

cancer cells.

B RESULTS

Peptide K1 is an Artificial, GABARAP-Selective
Ligand. The highest-affinity natural ligands for LC3B/
GABARAP proteins are large, negatively charged peptides.
We sought to design smaller, less charged ligands that would
be more suitable as pharmacological agents, so we started with
the non-natural GABARAP ligand K1, which was discovered in
a phage display selection by Weiergriber et al.”® The binding
mode of K1 is unique compared to all known native ligands in
three respects: K1 binds with a single turn of a 3, helix instead
of an extended conformation, K1 binds with the opposite N-to-
C orientation compared to natural ligands, and K1 induces
GABARAP to widen a key hydrophobic pocket to accom-
modate a Trp residue in addition to the canonical aliphatic
residue (Figures 2a and $3). We tested fluorescein-tagged K1
in a direct fluorescence polarization (FP) assay with
recombinant, His-tagged GABARAP and LC3B and found
that it bound GABARAP with a K of 10 + 1 oM and LC3B
with a K of 1200 + 30 nM (Figure 2b), which made it an ideal
starting point for designing stapled GABARAP inhibitors.”**

Diversity-Oriented Stapling of K1. While K1 has a high
affinity for GABARAP, applications of peptides with all-natural
amino acids can be limited by their biological stability and cell

penetration (see below). Covalent linking of side chains, or
“peptide sta;)ling," is a promising strategy to minimize these
limitations,” While most stapled peptides are a-helical, we and
others have shown that appropriately designed staples can
improve the properties of peptides in other conformations as
well % ~** Based on the crystal structure of K1 bound to
GABARAP,”® we designed peptides CysS, Cys4, and Cys3,
which stapled K1 in (i,i+3), (ii+4), and (i,i+ S) positions,
respectively (Figure 2a). We stapled each peptide using dithiol
bis—alkylation34 with ortho-, meta-, and para-dimethylbenzene
linkers, allowing for a “diversity-oriented stapling” approach,
where the staple geometry was varied (Figure 2&1).?’1’35’36
Stapling in (ii+ 3) positions (the CysS peptides) reduced
binding to both GABARAP and LC3B compared to KI.
Stapling in (4,i+4) positions (the Cys4 peptides) produced
stapled peptides with similar LC3B binding across staple
geometries but different GABARAP binding with the best
affinity afforded by the longer para linker. By contrast, for the
Cys3 peptides, which were stapled in (i,i + 5) positions, the
unstapled control (Cys3-allyl) and all three stapled peptides
bound GABARAP with nanomolar affinity, but the staple
geometry modulated LC3B binding across an order of
magnitude (Figure 2b).

From these initial designs, it was clear that shorter staples
were generally less compatible with GABARAP binding, We
explored the effects of longer linkers by stapling (ii+4)
positions with homocysteine instead of cysteine in either the
4th or 8th position (peptides Hcy4 and HcyS8, respectively,
Figure S88). Homocysteine in either position significantly
improved GABARAP binding for peptides with an ortho staple
but not with mefa or para staples. Homocysteine position and
staple geometry had large effects on LC3B binding, with Hey8-
para having increased LC3B affinity (230 + 30 nM) compared
to other (i,i +4) stapled peptides (Figure S8).

Because both Cys3-meta and Cys4-meta each showed only a
moderate decrease in GABARAP affinity compared to K1, we
hypothesized that a peptide with three cysteine substitutions
stapled using a (1,3,5)trimethylbenzene linker might also be
tolerated.>*” We found that both the unstapled Cys3.4.8-allyl
and stapled Cys3.4.8-tmb peptides had GABARAP-binding
affinities comparable to Cys3-meta and Cys4-meta, and the
stapled Cys3.4.8-tb maintained 35-fold binding selectivity for
GABARAP over LC3B (Figure $8).

p-Branching in the Staple Modulates Binding and
Selectivity. Next, we hypothesized that j-branching in the
stapled residues might modulate affinity and selectivity.
Replacing Cys3 with penicillamine, a f-branched analogue of
cysteine, increased binding affinity to GABARAP while
maintaining selectivity over LC3B for all staple geometries
and the allylated, unstapled control (Figure 2¢). We confirmed
that this was due to stabilization of f-strand structure by
testing unstapled K1 analogues with fert-butyl glycine and tert-
butyl alanine in the 3 position, which had similar affinities and
selectivities (Figure S8). Unexpectedly, replacing Cys8 with
penicillamine not only maintained high affiinity for GABARAP
but also improved LC3B binding affinity by nearly 2 orders of
magnitude (compare Cys3-ortho and Pen8-orths, Figure 2c).
This effect was highly dependent on the structure of the rest of
the staple, with only moderate LC3B binding observed for
Pen8-para and poor LC3B binding for Pen8-meta. Ultimately,
introducing f-branching into the staple produced not only
Pen3-ortho, a 14 nM ligand for GABARAP with 100-fold
selectivity for GABARAP over LC3B, but also Pen8-ortho,
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Figure 3. Pen3-ortho and Pen8-ortho bind GABARAP in different binding modes. (a) Crystal structure of Pen3-ortho bound to GABARAP. (b)
Crystal structure of Pen$-ertho bound to GABARAP. GABARAP is depicted in surface rendering. (c) Pen3-orthe induces a conformational change
in GABARAP that expands the central hydrophobic pockel relative to other ligands, including Pen8-ortho. Residues that bind this pocket from
Pen3-orthe and Pen8-ortho are shown in purple and cyan, respectively, and GABARAPs bound to Pen3-orthe and Pen8-orthe are shown in pink and
cyan ribbons, respectively. (d)} Trpl1 of Pen8-ortho (cyan) accesses a binding pocket that has only previously been observed to be engaged with a
C-terminal helix of natural ligands (ligands from AnkB, FAM134B, SEC62, RTN3, and STX17 shown in ]avender).w"w*m In all structures, some

side chains are omitted for clarity.

which had 12 nM affinity for GABARAP and 33 nM affinity for
LC3B. Surprisingly, these two peptides differed only in the
placement of two methyl groups within the staple.

Crystal Structures Reveal Two Different Binding
Modes. Because Pen3-ortho and Pen8-ortho are so similar
but have different selectivity, we explored their binding modes
by obtaining their crystal structures bound to GABARAP.
These structures revealed two completely different binding
modes. Pen3-ortho, the GABARAP-selective stapled peptide,
binds GABARAP with a single turn of a 3,4 helix in a manner
highly similar to parent peptide K1 (Figures 3a and S3).
Unexpectedly, Pen8-ortho binds in the opposite orientation
using a more extended conformation in a manner similar to
natural LIR motifs (Figures 3b and S3). These observations are
consistent with the penicillamine in the eighth position
disrupting the helical structure and forcing a different binding
mode for Pen8-ortho. Because they bind in opposite
orientations, Pen3-ortho and Pen8-orthe use different side
chains to engage GABARAP’s two hydrophobic pockets, Pen8-
orthe fills one pocket with Trp6 and the other with Leu9, while
Pen3-ortho fills the first pocket with Trpll and the second with
both Trp6 and Leu9. This second hydrophobic pocket is
expanded in the Pen3-ortho-bound structure to accommodate
both side chains (Figure 3c). Notably, Trp11 in Pen8-ortho
binds in a third hydrophobic pocket not typically accessed by
canonical LIR motifs. This third pocket is part of a larger
binding surface used by some longer natural ligands,”**** but
these binding interactions typically use aliphatic residues that

bind as part of a longer C-terminal helix—the binding
interaction with a single Trp residue has never been seen
before (Figure 3d).

The crystal structures offer a potential explanation for why
Pen3-ortho, which binds in the artificial, K1-like conformation,
is selective for GABARAP over LC3B, while Pen8-ortho, which
binds in the natural, more extended conformation, binds with
high affinity to both GABARAP and LC3B. We surmise that
LC3B is unable to bind ligands in the K1-like conformation
with high affinity due to an inability to undergo induced fit to
accommodate the Trp side chain in the central hydrophebic
pocket (Figure 2c). Notably, in both structures, the staple
makes extended van der Waals contacts with GABARAP,
implying that the staple contributes directly to the binding
affinity for both ligands,

Structure-Based Design Using 4-Mercaptoproline
{4MP). Based on the dihedral angles of bound Pen3-ortho
and Ramachandran plots of proline and pre-proline resi-
dues,""" we hypothesized that a 4-mercaptoproline (4MP)
residue within the staple would favor Pen3-erthe’s GABARAP-
selective binding conformation. 4MP conformationally restricts
both the backbone and the staple, and we recently reported its
use as a valuable building block for peptide stapling for non-a-
helical peptides.” Testing a panel of Pen3-ortho analogues
with 4MP in the third position (parent peptide MP3), we
found that 4MP substitution maintained high GABARAP
affinity while decreasing binding affinity to LC3B for all staple
geometries (Figure 4a). These data, along with the observation
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Figure 4. Structure-based design of improved GABARAP ligands. (a) Stapled peptides containing 4-mercaptoproline (4MP) and their affinities for
recombinant GABARAP and LC3B as measured by PP, ¢ denotes 4MP, and & denotes penicillamine, {(b) Stapled peptides with a decreased
negative charge and their aflinities for recombinant GABARAP and LC3B, (¢) Aflinities of selected peptides were measured for five human paralogs
in the GABARAP/LC3 family using FP assays. For FP assays, peptides were prepared with flucrescein on their N-termini (Figure S1 and Table S1).
(d) Example data (blue curves), curve fits (red curves), and binding data (table) for a biolayer interferometry (BLT) assay with selected biotinylated
peptides {Figure S1 and Table $2) and recombinant GABARAP. All data are shown as the average and standard error of the mean for three or
more independent trials. Primary data and additional BLI results are shown in ligures $§20—522 and Table $10.
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Figure S. Biological stability and cylosolic penetration of GABARAP inhibitors. (a) Chloroalkane-tagged peptides (Figure $1 and Table $3) were
incubated with HeLa cell lysates for 1, 3, and § h, and HPLC was used to quantitate the fraction of peptide remaining. (b) Cytosolic penetration
after 24 h incubation of chloroalkane-tagged peptides with Hel.a cells, as measured using the chloroalkane penetration assay (CAPA)."* CAPA
measures cytosolic penetration by monitoring the extent to which cytosolic HaloTag protein is blocked by chloroalkane-tagged peptide, with 100%
fluorescence indicating no cytosolic penetration and 0% fluorescence indicating penetration sufficient to block all cytosolic IaloTag., CPy, values
are derived from the curve fits shown."™** Chloroalkanc-tagged polyarginine is shown as a positive control.'*** All data are shown as the average
and standard error of at least three independent trials. Results of individual trials and additional data at a 4 h time point arc shown in Figures 5§24

and S25 and Table S11.

that 4MP substitution abolished the nanomolar LC3B affinity
of Pen8-orthe (compare to MP3Pen8-ortho, Figure 4a),
suggested that 4MP promotes the helical Pen3-ortho binding
conformation and disfavors the extended Pen8-ortho binding
conformation. The highest-afhnity ligand, MP3-mefa, had a
binding affinity for GABARAP that was too strong to be
measured by direct FP (K; < 2.5 nM; see below for
measurement using an orthogonal assay) and at least 1000-
fold selectivity for GABARAP over LC3B (Figure 4a).

Prior to moving forward with biological assays, we sought to
further lessen the overall negative charge. We noticed that
residues Aspl and Glu7 appear to make much more extensive
polar contacts in the Pen8-orfho structure compared to the
Pen3-ortho structure, as is commonly observed for the binding
of canonical LIR motifs,”**” For example, GABARAP Arg67
forms a salt bridge with Glu7 in Pen8-ortho but not Pen3-ortho
(Figure S3). Thus, we hypothesized that we could reduce
charge and improve selectivity by truncating the N-terminal
Asp and/or replacing Glu7 with Ala, Both substitutions only
moderately affected K1’s binding affinity for GABARAP, and
Pen3-orthe analogues with either substitution showed 2- to 6-
fold decreases in GABARAP affinity while maintaining
specificity for GABARAP over LC3B (Figure 4b). Strikingly,
both substitutions had larger effects on Pen8-ortho, decreasing
GABARAP affinity by 20- to 30-fold while also losing all
measurable binding affinity to LC3B. These results confirm the
prediction that these negatively charged residues play
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important roles in binding LC3B but less so for GABARAP,
especially when ligands bind in the non-natural, Kl-like
conformation. For the highest-affinity ligand, MP3-meta, either
or both substitutions maintained high-affinity GABARAP
binding and at least 200-fold selectivity over LC3B (Figure
4b).

Selectivity Across Human LC3/GABARAP Analogues.
We next sought to characterize binding aflinities of the stapled
peptides for additional human LC3/GABARAP paralogs. We
set up similar FP assays with recombinant LC3A, GABARAP-
L1, and GABARAP-L2 and tested selected stapled peptides
and controls (Figure 4c), K1, Pen3-ortho, and MP3-meta all
share a similar selectivity pattern, binding GABARAP and
GABARAPL1 in the low-to-mid nanomolar range, and
GABARAP-L2, LC3A, and LC3B mostly in the micromolar
range. By contrast, we found that Pen8-ortho bound the five
paralogs tested with K values between 12 and 110 nM. In fact,
stapled peptide Pen8-ortho bound LC3B and LC3A with
similar affinity as the natural, LC3-selective FYCO1 peptide
(Figure 4c).

Orthogenal Binding Assay: Biolayer Interferometry.
The binding affinity measured for K1 in FP assays is different
than the K in the original report by Weiergrdber et al., which
used surface plasmon resonance.”” These results suggested that
the fluorescein attached to peptides for the FP assay may
improve binding to GABARAP. To control for these effects, we
used biolayer interferometry (BLI) as an orthogonal binding
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Figure 6. Effects of stapled peptides on ovarian cancer cells. (a) Relative cell proliferation after treatment of OVCARS cells with peptide alone
(1.25—10 M), cisplatin alone (0.6—5 #M), or cisplatin plus peptide (1:2 ratio of cisplatin to peptide). ns denotes not significant, *p < 0.05, **p <
0.01, ¥¥*p < 0.001, and ****p < 0.0001, one-way ANOVA with multiple comparisons. All peptides showed synergistic effects with cisplatin;
combination indices are shown in Figure S§31. Data are shown as the average and standard error of four technical replicates, and data are
representative of two biological replicates {Figure 831). (b) Western blots of OVCARS cells treated with 25 M peptide and/or 10 M cisplatin for

48 h. Blot is representative of two biological replicates {Figure $32).

assay that employed biotinylated peptides (Figure S1 and
Table S2). K, values measured by BLI were, in general, 3- to
10-fold higher than K, values measured by FP, consistent with
N-terminal flucrescein contributing to binding {Figure 4d and
Table S10). Importantly, the binding affinities of the highest-
affinity ligands were at the titration limit of the FP assay, so
BLI offered a more accurate method for comparing their
binding affinities. The GABARAP-binding affinities of KI,
Pen3-ortho, Pen8-ortho, and MP3-meta were measured by BLL
at 55 + 8,39 + 7, 14 + 0.5, and 20 + 1 nM, respectively. BL1
data also provided insight into binding kinetics, revealing that
slower off-rates appear to be primary drivers for affinity
improvements for stapled analogues of K1. Pen8-ortho was the
only stapled peptide with enhanced on-rate, which may be due
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to its canonical LIR binding mode not requiring induced fit of
GABARAP (Figure 3c).

Resistance to Biological Degradation. Proteolytic
degradation is a liability for peptides, but artificial amino
acids and staples can provide resistance. We measured the
stability of selected GABARAP ligands following 1, 3, and 5 h
incubation in freshly prepared HeLa cell lysate, a high-
stringency assay for measuring susceptibility to biological
degradation.””*** K1 was degraded rapidly, with only 9%
remaining after 1 h. Incorporating artificial amino acids such as
tert-butyl alanine conferred some protease resistance, with 34%
remaining at 1 h and 4% at 5 h (Figure $28). Stapling
conferred even more resistance. At 3 h, between 35 and 80% of
stapled peptides remained intact (Figure 5a). Interestingly, the

https://doi.org/10.1021/acs.2c04639
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bicyclic peptide Cys3.4.8-tmb (see above) had less peptide
remaining at § h than most of the stapled peptides (Figure
$28)—in this case, bicyclic stapling did not confer an added
advantage compared to single staples with respect to biological
degradation.

Penetration to the Cytosol. In many cases, peptide
stapling also increases cytosolic penetration.m’m’31 We
examined the cytosolic penetration of our stapled GABAR-
AP-binding peptides using the chloroalkane penetration assay
(CAPA), a robust assay that measures penetration to the
cytosol without interference from the material trapped at the
cell surface or in endosomes.'* Importantly, while linear
peptide K1 was the most prone to degradation, it was among
the least cell-penetrant peptides tested (Figure Sb). This result
helps to rule out degradation artifacts and supports the CAPA
data report on the internalization of intact peptides."s’45 We
found that, with the exception of MP3-meta, all stapled
peptides had significantly improved cytosolic penetration
compared to K1 (Figure 5b). Removing negative charges
had modest effects, improving cytosolic penetration by 2-3
fold for some but not all stapled peptides. Overall, the CAPA
data showed that stapled GABARAP ligands eftectively access
the cytosol when incubated for 24 h at concentrations as low as
1 to 2 micromolar.

Synergy with DNA-Damaging Agents and Effects on
Autophagy. Prior work indicated that autophagy is associated
with cisplatin resistance in ovarian cancer and that autophagy
inhibition can be synergistic with DNA-damaging chemo-
therapy in several solid tumors.”*"*® To determine whether
GABARAP-binding stapled peptides have similar applications,
we exampled the effects of peptides alone and with cisplatin on
cell growth in the OVCARS ovarian cancer cell line. Peptides
alone showed limited effects on tumor cell growth up to 10
#M. However, all peptides enhanced cisplatin-induced growth
inhibition at concentrations as low as 2.5 #M (Figures 6a and
S31). Synergistic effects between peptides and cisplatin were
confirmed by calculating combination indices, which were well
below 1 for all peptides tested, with MP3.2-meta having the
highest degree of synergy (Figure S31).

Because LC3B and GABARAP are involved in every step of
autophagy (Figure 1), it was not clear precisely how LC3B/
GABARAP inhibitors would affect autophagy. We treated
OVCARS cells with cisplatin and/or stapled peptides and
analyzed the autophagy markers p62, LC3B, and GABARAP
by Western blotting (Figures 6b and $32). MP3.l-meta
showed apparent cytotoxicity at 25 M, as evidenced by low
intensity in the GAPDH loading control In all other samples,
p62 levels were relatively unchanged, implying that cisplatin
and cisplatin plus peptide had minimal effects on selective
autophagy mediated by p62. However, as previously shown in
OVCARS,” when cells are treated with cisplatin at sub-lethal
doses, cisplatin decreases LC3B-1 and GABARAP-I, which
indicates induction of non-p62-dependent autophagy. When
cotreated with sub-lethal doses of cisplatin and stapled
peptides Pen8-ortho, Pen3.2-ortho, MP3-meta, or MP3.2-
meta, OVCARS cells had increased LC3B-I compared to
cells treated with cisplatin alone (Figure 6b). Treating cells
with cisplatin and Pen3.2-ortho or MP3.2-meta also reversed
the decrease in GABARAP-I observed in cells treated with
cisplatin alone. These results suggest that K1-derived stapled
peptides can partially block autophagy induction by cisplatin,
which is a plausible mechanism for their synergistic effects on
cell proliferation.

B DISCUSSION

Despite decades of work on stapled a-helices, the structural
and functional consequences of stapling nonhelical peptides
remain difficult to predict. In this case, a diversity-oriented
stapling strategy allowed for development of two classes of
high-affinity GABARAP ligands: Pen8-ortho, which binds both
GABARAPs and LC3s with nanomolar affinity, and the more
GABARAP-selective Pen3-ortho and its analogues, including
MP3-meta. The striking difference in binding modes for Pen8-
ortho and Pen3-ortho, despite a difference of the locations of
only two methyl groups, underscores the ability of a diversity-
oriented stapling approach to broadly access conformational
space for peptides, especially peptides lacking extended a-
helices. These stapled peptides are among the most potent
binders of LC3/GABARAP proteins described to date.
Notably, native ligands with similar or higher affinity have an
extended C-terminal helix (Figure 3d), are twice the size of the
stapled peptides reported here, and have eight or more
negative charges, making them unlikely to be useful for
pharmacological inhibition.***° For Pen8-ortho, binding
affinity appears to derive from the ability to access three
hydrophobic pockets, and for Pen3-ortho, binding affinity
appears to derive from engagement of a large, cryptic
hydrophobic pocket that is not observed for native ligands.
Both inhibitors also make extensive contact with GABARAP
via their hydrophobic staples.

Our applications of stapled peptides to inhibit autophagy
add to the growing literature showing that interfering with the
protein-protein interactions of LC3/GABARAP groteins is a
promising avenue for anti-cancer therapeutics.””™ Inhibiting
autophagy can also subvert immune system evasion by solid
tumors. For example, Yamamoto and co-workers found that in
pancreatic ductal adenocarcinoma cells, MHC-1 is degraded by
NBRI1-mediated autophagy, resulting in a lower antigen
presentation and decreased CD8+ T cell activation compared
to autophagy-inhibited cells.¥’ Inhibiting autophagy has also
been found to promote an antitumor immune response in high
mutational burden tumors and can improve response to PD-1/
PD-L1 therapy.** > This may explain why a prior LC3B
ligand showed unusually potent antitumor effects in mice
compared to its in vitro activity.30 In this work, we developed
several stapled peptides with selectivity for GABARAP,
including Pen3.2-ortho, MP3-meta, and MP3.2-meta, as well
as one stapled peptide that inhibited both LC3 and GABARAP
proteins, Pen8-ortho. These ligands all inhibited autophagy and
potentiated cisplatin toxicity in OVCARS8 cells with similar
potency. These results imply that blocking GABARAP may be
at least as critical as blocking LC3B for efficient autophagy
inhibition. Prior work which tested the effects of LC3B ligands
and inhibitors did not examine their binding to GABARAP,
leaving open the possibility that their biological effects were
mediated in part (or perhaps even in full) by GABARAP
inhibition.**>** Moving forward, we expect that GABARAP-
selective ligands and ligands that bind both LC3 and
GABARAP proteins will be useful classes of ligands for
exploring potential combination therapies with DNAfdamaging
agents and potentially with checkpoint inhibitors as well.*

Autophagy, and specifically the LC3/GABARAP family of
proteins, is also an emerging avenue for targeted protein
degradation.®® Autophagy-targeting chimeras (called AUTACs,
among other acronyms)52755 link a compound that binds a
protein-of-interest to another compound that promotes
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recruitment to the autophagosome. AUTACs could have
several advantages over proteolysis-targeting chimeras (PRO-
TACs) because autophagy components such as LC3/
GABARAP are broadly expressed in all tissue types and
because autophagosome recruitment requires only physical
tethering, not catalysis within a ternary complex While
peptides would likely get degraded in the lysosome, the
stapled peptides reported here represent promising starting
points for this exciting modality. Further, our data directly
inform efforts to develop smallmolecule AUTACs. For
example, while LC3B is the more well-studied mammalian
paralog, our data suggest GABARAP may be a better target for
continued work in AUTAC development. GABARAP’s central
hydrophobic pocket can widen to accommodate a larger
hydrophobic ligand (Figure 3¢), which is not seen in structures
of LC3B, and it has several adjacent hydrophobic pockets that
can be exploited to improve binding affinity (Figure 3a,b).
Thus, we expect GABARAP to be a key target for recruiting
proteins-of-interest for degradation via autophagy.
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ABSTRACT: Herein we report the first structure-activity studies of compound GW5074 which has demonstrated binding affinity
to autophagy-related proteins LC3B and GABARAP. The literature has conflicting information on the binding affinities of this com-
pound to LC3B and GABARAP, and there is some debate regarding its use as a component of autophagy-targeting chimeras (AU-
TACs) or autophagosome-tethering chimeras (ATTECs). We developed an AlphaScreen binding assay to compare the potencies of
these compounds for inhibiting binding of known peptide ligands to LC3B and GABARAP. 38 analogs were synthesized and tested
against both proteins. Inhibitory potencies were found to be mid to high micromolar, and 2D-NMR data revealed the binding site as
hydrophobic pocket 1. where the native peptide ligands bind with an aromatic side chain. Our results suggest that GW5074 does bind
LC3B and GABARAP in the micromolar range, but it may not be a good candidate for potent autophagy inhibition. These affinities
could support further exploration in targeted protein degradation, but only if off-target effects can be appropriately controlled for.

Macroautophagy is a process by which intracellular cargo, in-
cluding proteins, protein aggerates, and organelles, is recruited
to and degraded by the lysosome. Macroautophagy (referred to
here as simply “autophagy™) is essential for maintaining cellu-
lar homeostasis. In advanced cancers, autophagy contributes to
disease progression through multiple mechanisms including
immune evasion,'” metabolic adaptation.® and accelerated me-
tastasis. %' Additionally, autophagy is typically upregulated in
response to DNA-damaging agents and genetic studies have
shown that inhibiting autophagy re-sensitizes late-stage can-
cers to cisplatin treatment. *® Therefore, autophagy inhibitors
are a promising area for novel combination therapies * Unfor-
tunately, commonly used autophagy inhibitors such as hy-
droxychloroquine are not specific to autophagy, they have
many side effects, and they can have dose-limiting tox-
icity.!%!! Targeting protein-protein interactions involved in au-
tophagy is a good strategy for developing selective inhibitors.®
Specifically, LC3/GABARAFP family proteins mediate protein-
protein interactions at every step of the autophagy pathway
Genetic knockdowns and knockouts of LC3/GABAFRAP

proteins inhibit autophagy selectively. demonstrating that this
family of autophagy proteins is a promising drug target -6 At
high concentrations, ligands for LC3/GABARAP proteins
should be effective autophagy inhibitors, but at lower concen-
trations they could also be used as components of targeted de-
grader compounds. Such degrader compounds have been
termed autophagy-targeted chimeras (AUTACSs) or autophago-
some-tethering chimeras (ATTECs), among other terms.
These compounds tether proteins or cellular components of in-
terest to the autophagosome, leading to the degradation of the
liganded protein, organelle, or cellular component. ™
GW5074 (Fig. 1, hereafter called compound 1) was one of the
earliest small molecules reported to bind LC3B, the most well-
studied LC3/GABARARP protein. It was discovered in 2019 by
Li and coworkers as a compound that induced degradation of
aggregated 72Q-huntingtin ° Since that report, 1 has been
used for several applications. For example, in 2021, Li and
coworkers attached 1 to a lipid droplet-binding compound to
produce a chimeric compound that degraded lipid droplets ™
Also in 2021, Fu et. al attached 1 to the BRD4 ligand JQ1,
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producing a chimeric compound that degraded BRD4."” More
recently, Gu and coworkers reported an ATTEC that incorpo-
rated 1 to degrade the protein PCSKO as a potential atheroscle-
rosis therapy.? Similarly, Dong and coworkers recently de-
scribed an ATTEC using 1 to degrade PDEGS, an emerging tar-
get for pancreatic cancer therapy. ™

These findings suggested that 1 could be used in selective and
modular fashion to bind LC3/GABARAP proteins and induce
the degradation of other proteins and cellular components via
autophagy. However, other work has questioned the mecha-
nism of degradation for ATTECs incorporating 1. Recent find-
ings by Winter, Waldmann, and coworkers found that 11s a
selective, covalent ligand of the E3 ligase DCAF11.* They
forther showed that its ability to direct targeted protein degra-
dation is dependent on the proteasome and not lysosomal
function, consistent with DCAF11 engagement in cells. Simi-
latly. a recent preprint by Hong, Wang, Tian, Li, and cowork-
ers found that a heterobifunctional molecule of JQ1 and a 1
derivative degraded BRD4 through recruitment of the E3 com-
plex CRL4 which contains DCAF11.* Thus, degradation by
chimeric compounds incorporating 1 may not occur via an au-
tophagy-dependent mechanism_ Notably, while the report from
Winter, Waldmann, and coworkers tested many analogs of 1
for DCAF11 engagement. none were tested for
LC3/GABARAP binding.

Compound 1 was derived from a screen of known bioactive
compounds and it has not undergone any reported optimiza-
tion or structure-activity relationship studies for
LC3/GABARAP binding. This lack of information contributes
to the questions surrounding the ability of 1 to bind
LC3/GABARAP proteins. Even the published data on 1 bind-
ing to LC3/GABARAP proteins have been contradictory (Fig.
1). The binding affinity of 1 for recombinant LC3B was re-
ported in different papers as 0.468 pM (measured by small
molecule microarray with a scanning oblique-incidence reflec-
tivity difference microscope).'® 8.9 uM (measured by surface
plasmon resonance).)” and greater than 200 pM (measured by
2D-NMR titration).** Overall, these contradictory findings
called into question the actual binding affinity of 1 for LC3B
and other family members. A recent report by Knapp, Rogov,
and coworkers more directly addressed this question using
competition fluorescence polarization, NMR titration, and
NanoBRET assays. They found that 1 binds weakly to
GABARAP-12 and has weak, if any, binding to LC3B3 In
that work, the authors suggested that these activities were too
weak to account for the compound’s ability to mediate tar-
geted degradation.

Concurrently with these more recent studies, we took up the
question of whether 1 binds to recombinant LC3B and
GABARAP and whether it inhibits their interactions with rep-
resentative ligands derived from native binding partners. We
also sought to uncover structure-activity relationships for these
inhibitory activities. We began by developing more reliable
binding assays for recombinantly expressed LC3B and
GABARAP. We first tried to test 1 in competitive fluores-
cence polarization assays that were previously developed in
the Kritzer lab. ¥ However, the compounds had background
fluorescence which interfered with the assay. As a convenient
alternative to biolayer interferometry assays developed by us
and others, >’ we developed a solution-phase competition as-
say using AlphaScreen. The AlphaScreen assay (Fig. 2) re-
ports on the inhibitor’s ability to block binding of known

peptide ligands of LC3B or GABARAP which bind in the ca-
nonical protein-protein interaction site responsible for these
proteins’ functions. For GABARAP. the ligand was biotin-la-
beled K1 peptide, which has a Ka of 35 = 8 nM as measured
by biolayer interferometry ***¢ For LC3B, the ligand was a
modified, biotin-labeled FYCO1 peptide, FYCO1S which has
a K3 of 330 + 30 nM as measured by biolayer interferometry **
Using untagged versions of these tracer peptides as positive
controls, we measured dose dependent inhibition in AlphaS-
creen with ICs values of 55 = 3 nM for K1 binding to
GABARAP and inhibiting its interaction with biotinylated K1,
and 56 = 4 oM for FYCOI1S binding to LC3B and inhibiting
its interaction with biotinylated FYCO1S. These controls
demonstrate that this assay measures the dose-dependent inhi-
bition of the protein-peptide interactions relevant for
LC3/GABARAP functions in autophagy. These new assays
are similar to the AlphaScreen assay reported in 2021 by
Proschak and coworkers, who measured the disruption of
binding between GST-LC3B and biotin-LIRtide, a short pep-
tide derived from LC3-Interacting Region (LIR) of p62.%"

Nature 2019 < Cell Research 2021
GWS5074, identified in a small- ||
molecula-microaray-basad Reported to act as
screen, inferacts with both an autophagy-
C38 and mutant HTT protein. /| tethering chimera
(ATTEC) to
wo, degrade lipid
droplets.
Br \
. FCMCMM 2024
0 Reportad to act
H as an autophagy-
GW50T4 targeting chimara
compound 1 (AUTAC) to
Nat Commun 2023 degrade BRO4
[Found that GW5074 binds | " ifed Cham 2024

|DCAF11, can induce DCAF11-
‘medlaM ubiguitylation

Reported to act as

bicFxiy 2023
[Found that GWS074 has no -~ A:”sgsf;:'
significant binding to LC3 |m|;
prateins, but binds weakly 1o s
GABARAP
LS A
bioRiv 2024
Reporied to act as a PROTAC, ACS Med. Chem. Leif. 2024
not ATTEG, in the degradation Lirmes]
4 L nker O FOEs
ofBRD il Reported fo act Fhiti s
J& as an ATTEC that L 7?
/C[’é degrades PDES [ JJS=
[l
L,

Figure 1. Summary of findings related to compound 1, also
known as GW5074. in prior literature. Most arylidene-indo-
linones analogous to compound 1 are interconverting diastere-
omers with respect to the double bond in the arylidene.
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Figure 2. Newly developed AlphaScreen assays. One assay
was used to measure inhibitory potency for inhibition of LC3B
binding to the dye-labeled peptide ligand FYCO1S, and a sim-
ilar assay was used to measure inhibitory potenct for inhibition
of GABARARP binding to the dye-labeled peptide ligand K1.
Peptide ligands were immobilized on streptavidin-functional-
ized donor beads and recombinant LC3B or GABARAP was
immobilized on Ni-NTA-functionalized acceptor beads. Addi-
tional assay details provided in Supporting Information.

Using the AlphaScreen assays, we measured the ICs; of 1 at
4.75 pM for GABARAP and 4.52 uM for LC3B. These results
encouraged us to develop structure-activity relationships by al-
tering one functional group at a time on 1 (Fig. 3). Commer-
cially available oxindoles and aldehydes readily underwent an
aldol condensation in the presence of a base and ethanol, al-
lowing us to produce a library of 38 analogs in total. Consider-
ing alterations of the arylidene portion of 1, we observed that
removal of all functional groups from the arylidene resulted in
complete loss of binding to both proteins (2a). Removal of just
the phenolic hydroxyl group at C11 (2b) resulted in similar
binding to GABARAP but five-fold poorer binding to LC3B.
By contrast, removing the bromo groups at C10 and C12 while
retaining the hydroxyl group at C11 (2c) resulted in only mild
decrease in binding to LC3B, but nearly 10-fold poorer bind-
ing to GABARAP. Methylation of the phenolic hydroxyl
group (2d) resulted in complete loss of binding to both pro-
teins. Retaining one bromo group ertho to the hydroxy (2€) re-
sulted in a decrease in binding to both proteins while moving
the hydroxy group to the C9/C13 position (2f) resulted in de-
creased binding to GABARAP but comparable binding to
LC3B compared to 1.

Another series of compounds explored substitutions on the ox-
indole portion of 1 (Fig. 4). Methylation of the amide (2g) led
to a loss of detectable binding to both proteins. Removal of io-
dine from oxindole position C3 (Zh) also led to a loss of de-
tectable binding to both proteins. Movement of the iodine
from the C3 to the C6 position of the oxindole (2i) resulted in
a slight decrease in binding to LC3B, but roughly 3-fold
poorer binding to GABARAP. Replacement of iodine with
fluorine at C6 (2j) resulted in complete loss of binding to both
proteins, while replacement with a methyl group at C6 (2k)
decreased binding to LC3B but increased binding to
GABARAP relative to iodine at this position (2i). Moving the
substituent back to the C5 position on the oxindole, replace-
ment of the iodine with bromine (21) resulted in slightly de-
creased binding to both proteins, while replacement with a tri-
fluoromethyl group (2m) resulted in no detectable binding to
either protein. A methyl group at the C5 position (2n) also re-
sulted in slight decreases in binding to GABARAP and LC3B.
Substituting a chlorine at C6 and a choroethyl at C3 position
(20) also resulted in a slight decrease in binding to both

proteins relative to 1. Replacement at the C6 with a methyl ac-
etate (2p) resulted in no observed binding to either protein.
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Figure 3. Series 1, exploring alterations to the arylidene por-
tion of compound 1. Complete compound characterization and
assay data are provided in Supporting Information.
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Figure 4. Series 2, exploring alterations to the oxindole por-
tion of compound 1.

After acquiring these initial structure-activity relationships, we
next sought to alter the scaffold of 1 starting with substituting
the arylidene with various heterocycles (Fig. 5). Replacement
of the phenyl group with a benzofuran (2q) or pyrrole (2s) re-
sulted in no binding for either protein. However, replacement
of the phenyl group with a para-trifluoro-biphenyl (2r), imid-
azole (2t), oxazole (2u), or a thiazole (2v) resulted in de-
creased binding relative to 1. but still measurable binding to
both proteins. Shifting the position of the nitrogen within the
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thiazole ring (2w) resulted in a slight decrease in binding to
GABARAP. but a large decrease in binding to LC3B relative
to 2v. Adding a methyl to the C4 position of the thiazole (2x)
resulted in a improved binding to GABARAP and LC3 rela-
tive to the thiazole without the methyl group (2x), potencies
similar to the oxazole (2u).
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Figure 5. Series 3, exploring substitutions of heterocycles
within the arylidene group.

The selectivity determinants of peptide and protein binding to
LC3B and GABARAP have been extensively explored 3353
# but few studies have explored selectivity of small molecule
binding ***"*? Compound 1 has similar apparent affinity for
both proteins, but several analogs had selectivity for either
LC3B or GABARAP (Fig. 6).

GABARAF-subective LCIB-selective

3 21 2c
2l aolaclive 2 saleciive d-fokd selecive

2w
S-fald sevmcfrn

2n ar
Iold saiecte A-fold selactive Sy
H

Figure 6. Summary of compounds with selectivity for
GABARAP over LC3B, or selectivity for LC3B over
GABARAP.

In recent findings, Winter, Waldmann and coworkers demon-
strated that 1 covalently reacts with the E3 ligase DCAF11*
Saturation of the arylidene double bond was shown to prevent
reaction with DCAF11, consistent with a cysteine of DCAF11
reacting with the Michael acceptor on 1. Guided by this SAR.
for DCAF11, we produced saturated versions of selected ana-
logs to explore whether they would still bind LC3B or
GABARAP. Saturation was achieved via reduction with

sodium borohydride (Fig. 7). Unfortunately, binding was di-
minished for all compounds after saturation with only a few
still exhibiting any detectable binding (Fig. 7). Compounds 3a
and 3c showed relatively similar, weak ICs values for both
GABAFRAP (46.7 and 49.8 uM, respectively) and LC3B (28.9
and 34.8 uM., respectively). Weak binding was detected for
both proteins for the saturated para-hydroxyl analog as well
(3b). Very weak binding was detected for LC3B for the C4
methyl-thiazole (3e) but no binding was detected for
GABARAP. Binding was lost to both proteins when the nitro-
gen position was moved within the thiazole (3d) and when
para-trifluoro-biphenyl was substituted (3f) within the satu-
rated scaffold.
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Figure 7. Series 4, selected compounds with a saturated aryli-
dene.

To rule out an entirely nonspecific mode of action, we also
tested selected analogs in an orthogonal assay for inhibition of
beta-lactamase activity. If the mode of inhibition for
LC3/GABARAP proteins was nonspecific, for instance via
colloidal aggregation of the compounds leading to protein de-
naturation, ** we would expect to see inhibition of an unre-
lated protein at similar concentrations. We observed no effect
on beta-lactamase activity for compounds 1, 2b, and 3a at con-
centrations up to 25 uM (Fig. S1). These results, along with
the differential selectivity for LC3B versus GABARAP among
different analogs (Fig. 6) and the SAR. gathered to date (Fig.
8), provide additional evidence that these compounds inhibit
LC3/GABARAP via selective binding to the LIR-domain-
binding pocket.
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Figure 8. Summary of Structure-Activity Relationships of 1.

To date, all compounds using 1 for targeted protein degrada-
tion (AUTACs and ATTECs) have attached a linker either to
the C11 hydroxyl'™ or the oxindole amide, ™% suggesting
that LC3/GABARAP binding is relatively insensitive to modi-
fications at these positions. Additionally, 1 was first discov-
ered to bind LC3B in a microarray in which it was linked to
the array by the C11 hydroxyl!* These prior results contrast to
our present work, which finds that methylation of the C11 hy-
droxyl (2d) results in loss of binding to both LC3B and
GABARAP. removing the C11 hydroxyl (2b) results in loss of
binding to LC3B but not GABARAP. and that N-methylating
the amide amide on the oxindole (2h) results in a loss of bind-
ing to both proteins. No other group has directly reported on
the effect of these conservative substitutions on the binding of
1 to LC3/GABARAP proteins. Within the context of a hetero-
bifunctional ATTEC, it is clear from previous reports that the
linker affects LC3/GABARAP binding. For example, Wang,
Ouyang, and coworkers measured 1 binding LC3B with a K4
of 8.9 pM, but when attached to JQ1 by linkers of various
lengths and structures. binding to LC3B varied from 1.3 uM to
73.2 pM."7 Similarly, Zhao, Guo, Gu, and coworkers found
that changes in the linker structure within their PCSK9
ATTEC compounds resulted in an increase in binding to
LC3B from 9.88 pM to 5.69 uM 2 Given our results, it is pos-
sible that positive confributions to binding by the linker at-
tached to the C11 hydroxyl or oxindole amide compensates for
the decrease in binding to LC3/GABARAP proteins caused by
substitution at these positions.

The binding site of compound 1 on GABARAFP was investi-
gated in more detail by titrating [U-""N] GABARAP with in-
creasing amounts of 1 and monitoring GABARAP using 2D
['H.**N] HSQC NMR (Fig. 9a-b). Ligand binding led to sizea-
ble chemical shift perturbations (CSPs), several of which (ES,

E17.E19, R22 K23 Y25 V29, V31,132, V33, K48, Y49,
L50, V51, 853, H70, F103, F104, Y106) systematically ex-
ceeded twice the root-mean-square CSP (Fig. 9a). Y49 was af-
fected by strong line broadening in addition to a particularly
large CSP. Mapping the chemical shift perturbations onto the
molecular surface of GABARAP clearly shows that 1 binds to
the N-terminal hydrophobic pocket of the two-pocket LIR
binding site (Fig. 9c). This hydrophobic pocket, commonly re-
ferred to as HP1, is where aromatic residues from peptide lig-
ands bind. This finding makes sense since the scaffold of 1 is
made up of two aromatic ring systems. Also, this binding site
may explain our SAR that the double bond of the arylidene
must be unsaturated for low-micromolar binding, if both un-
saturated rings must be coplanar to fit in the pocket. Given that
residues lining HP1 are highly conserved across
LC3/GABARAP subfamily members,*” the binding of 1 in this
pocket is consistent with the mild selectivity for LC3B or
GABARAP found for the majority of compounds tested (Fig.
6).

Despite the growing interest in autophagy inhibitors for cancer
therapy and for autophagy-mediated degradation, few small
molecules with potent and selective LC3/GABARAP binding
have been reported. Here, we further investigated the struc-
ture-activity relationships of compound 1 against both LC3B
and GABARAP. The best compounds have low micromolar
ICs0 values for inhibiting the interactions of these proteins
with known peptide ligands. Because LC3/GABARAP pro-
teins are highly conserved and expressed in every tissue at
moderate to high levels,* we anticipate that these com-
pounds are likely not potent enough to make good candidates
for autophagy inhibitors. Still, at micromolar potency they
would be usable for autophagy-mediated targeted protein deg-
radation if not for the reported off-target covalent binding of
DCAF11. which was not directly explored in this work. While
the double bond of the arylidene was required for low mi-
cromolar affinity for LC3B and GABARAP, the mechanism
for the LC3B/GABARAP binding is unlikely to be covalent
because these proteins lack cysteines. Instead, we infer that the
planarity or other feature of the double bond is likely required
for higher-affinity binding within the established binding
pocket HP1. Overall, the structure-activity relationships un-
covered here suggest that the LC3/GABARAP binding may
yet be separable from the Michael acceptor, either by substi-
tuting the Michael acceptor with a planar isostere or by scaf-
fold hopping to remove the Michael acceptor.
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Figure 9. Titration of GABARAP with compound 1 as monitored by NMR spectroscopy. a) Chemical shift perturbations (CSP) for
backbone amide resonances of GABARAP incubated with the indicated stoichiometric ratios of 1:GABARAP. The horizontal line
indicates the position of twice the root-mean-square CSP variation (0.0972 ppm at 5:2 excess of 1). b) Section of the ['H,"N]
HSQC showing chemical shift perturbations with increasing concentrations of 1. Spectra are color-coded to match the ratios shown
in panel a, and the spectrum for GABARAP in the absence of 1 is shown in black. c) Molecular surface of GABARAP (PDB
1KOT)* with the residues with CSPs observed at 5:2 1:GABARAP shown in color. Y49, which is affected by strong line broaden-
ing in addition to a particularly large CSP, is highlighted in magenta.

Overall, we provide definitive evidence that 1 binds LC3B and
GABARAP and inhibits their interactions with peptide lig-
ands. We also provide the first structure-activity relationships
which provide some insight into the selective recognition of
LC3B and GABARAP by these compounds. Despite the ongo-
ing confroversy surrounding these compounds, our work sug-
gests that compounds with similar scaffolds or similar pharma-
cophores could be viable LC3/GABARAP ligands for applica-
tions in cancer chemotherapy and targeted degradation of pro-
teins, organelles, and protein aggregates. The similarity of
compound 1-induced CSP patterns observed for
GABARAPL2 (ref. 32) and GABARAP (this study) attests to
the high conservation of the core LIR docking site and to the
challenges of devising small-molecule ligands targeting indi-
vidual family members. More broadly. this work adds to the
growing evidence that these protein-protein interactions are
highly likely to be druggable using orally bioavailable small
molecules.
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The human Atg8 family member GABARAP is invelved in numerous
autophagy-related and -unrelated processes. We recently observed that specif-
ically the deficiency of GABARAP enhances epidermal growth factor recep-
tor (EGFR) degradation upen ligand stimulatien. Here, we report on two
putative LC3-interacting regions (LIRs) within EGFR, the first of which
(LIR1) is selected as a GABARAP binding site in silico. Indeed, in vitro
interaction studies reveal preferential binding of LIR1 to GABARAP and
GABARAPLL. Our X-ray data demonstrate interaction of core LIR1 resi-
dues FLPV with both hydrophobic pockets of GABARAP suggesting canoni-
cal binding. Although LIR1 occupies the LIR docking site, GABARAP Y49
and LS50 appear dispensable in this case. Our data support the hypothesis that
GABARAP affects the fate of EGFR at least in part through direct binding.

LC3-
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interacting region; NMR; paralog-specificity; surface receptor; X-ray
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Insights into EGFR-GABARAP interaction

The human autophagy-related protein 8 (hAtgf) fam-
ily consists of seven members, which can be divided
into the GABARAP (GABARAP, GABARAPLI and
GABARAPL2} and LC3 (LC3A, LC3B, LC3B2
and LC3C) subfamilies. They are ubiquitin-like modi-
fiers which can be conjugated to membranes in a El-
E2-E3 like enzyme cascade [1-3]. In the past, hAtg8s
have been most extensively studied for their role in the
conserved catabolic process of macroautophagy, here-
after referred to as autophagy [4,5]. While they are
involved during the different steps of autophagy, from
phagophore formation and extension to cargo seques-
tration and fusion with the lysosome [6-9], it still
remains to be elucidated whether and for which steps
they are essential and where alternative mechanisms
take place [10]. Additionally, conjugation of hAtg8 to
single endolysosomal membranes (CASM) has been
reported as a key function in a vanety of processes
related to inflammation, cancer, and neurodegeneration
[11-14]. Differential binding of ATGI16L1, a compo-
nent of the E3-ligase complex for membrane conjuga-
tion of hAtg8s, appears to be decisive for whether
conjugation occurs on single or double membranes [15].
Interestingly, CASM has been shown to be important
for receptor recychng of TREM2, CD36, and TLR4 in
the context of cellular uptake of amyloid p [16] as well
as secretion of the transferrin receptor in a process
called LC3-dependent extracellular vesicle loading
and secretion (LDELS} [17]. The trafficking of the
y-aminobutyric acid type A (GABA,} receptor, the
eponymous GABARAP binding partner, to the plasma
membrane is another example of a non-conventional
role of a hAtg8 [18,19]. In addition to membrane conju-
gation, the versatile functions of hAtgR proteins are
facilitated through interactions with a conserved
LC3-interacting region (LIR} [20], with its core consist-
ing of four amino acids (@-X;-X,-I'5) with © being an
aromatic residue (W/F/Y) and I" an aliphatic residue
(L/I/V). Both the residues of the core LIR as well as
surrounding residues regulate selective binding to the
GABARAP or LC3 subfamily proteins, with Unc-51-
like kinase 1 (ULKI1) being an example of a
LIR-containing protein with high preference for
GABARAP and GABARAPLI1 (30-fold affinity com-
pared to the LC3 subfamily proteins) [20,21]. Moreover,
binding to hAtg8s can be altered towards higher or
lower affinities by phosphorylation [22]. Phosphoryla-
tion of the Golgi protein SCOC increases its affinity for
the LC3 subfamily [23], and OPTN phosphorylation
and subsequent increase i affimty has been shown to
be mmportant for autophagic clearance of Salbnonelia
[24]. In contrast, tyrosine phosphorylation of the @ res-
idue of the mitophagy receptor FUNDC1 has been

A. Utting et al.

reported to weaken its interaction with LC3 [25].
Recently, we observed enhanced degradation of the epi-
dermal growth factor (EGF)-receptor (EGFR) in
response to EGF stimulation in cells deficient in
GABARAP but not its paralogs, which was accompa-
nied by decreased MAPK/ERK signaling as well as
altered target gene expression [26]. Consistently, contin-
uous live-cell imaging revealed lower EGF-647 levels in
Huh-7.5 GABARAP single knockout cells compared to
Huh-7.5 wildtype cells over time (Fig. S1A). Owing to
two putative LIRs present in the regulatory C-terminal
domain of the EGFR, we sought to investigate this phe-
notype from a biophysical and structural perspective,
analyzing the specific binding mode shaping this puta-
tive interaction.

Materials and methods

DNA constructs

Genes encoding proteins for purification were expressed
from pGEX-4-T2 vectors previously described [27,28], which
can be found at Addgene for GABARAP (#73948),
GABARAPLL (#73945), GABARAPL2 (#73518) and
LC3A  (#73946). pGEX-4-T2-LC3B was cloned by
restriction-ligation using BamHI and Notl. Point mutations
substituting Y49 and L350 to alanines were introduced by
site-directed mutagenesis for GABARAP and GABAR-
APLI. All constructs encoded full-length (unprocessed) ver-
sions of human Atg8 proteins. EGFR LIR 176 1009 fused to
GABARAP by a glycine-serine linker (hereafter only EGFR
LIRI-GABARAP) was ordered as a codon-optimized, syn-
thetic construct in pGEX-4T-2 from GeneArt (Thermo
Fisher Scientific, GeneArt, Regensburg, Germany). Please
note that our EGFR numbering refers to the full-length
receptor including the signal peptide (first 24 aa).

Protein expression and purification

GABARAP, GABARAPya0a/150a, GABARAPLIL, GABA-
RAPLlvaoanson, GABARAPL2, LC3A, and LC3B used
for biolayer interferometry (BLI) experiments were
expressed and purified from F. cofi BL21(DE3) transformed
with respective pGEX-4-T2 plasmids as previously described
[29]. In short, glutathione S-transferase (GST) fusion pro-
teins were first purfied from soluble extracts by affinmity
chromatography using Glutathione Sepharose 4B (GE
Healthcare now Cytiva, Marlborough, MA, US). After
cleavage of the GST tag with thrombin, further purification
was carried out by size exclusion chromatography using
either a Hiload 26/60 Superdex 75 or a Hiload Superdex
16/600 75 preparatory grade column, which were equili-
brated with 25 mu Tris, 150 mm NaCl (pH 7.5) and 0.5 mm
tris(2-carboxyethyl)phosphine (TCEP), if proteins contained
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Cysteine, and eluted in the same buffer. GST-EGFR-LIR1-
GABARARP protein for X-ray crystallography was purified
analogously from E. coli BL21(DE3) transformed with
pGEX-4-T2-EGFR  LIRI-GABARAP grown in LB
medium. Gene expression was induced with 1 mM isopropyl
B-d-1-thiogalactopyranoside (IPTG) at an ODgpgnm of 0.7
and for 22 hat 25°C. Afterwards, cells were harvested by
centrifugation at 3000 g for 30 min at 4 °C and washed once
with PBS. The GST fusion protein was purified from the sol-
uble extract by affinity chromatography using Glutathione
Sepharose 4B (GE Healthcare). The GST tag was cleaved
off wusing thrombin, vielding a 145 aa EGFR
LIR1-GABARAP fusion, which was further purified by size
exclusion chromatography using a Hiload 26/60 Superdex 75
preparatory grade column equilibrated with 10mwm Tris—
HCI, 150 mm sodium chloride, pH 7 and eluted in the same
buffer. "N-GABARAP for Heteronuclear Single Quantum
Coherence (HSQOC)-titration experiments was purified from
E. coli BL21(DE3) ftransformed with pGEX-4-T2-
GABARAP grown in M9 minimal medium with 1gT *
1SNH,CL. Gene expression was induced with 1 mM IPTG at
an ODgppum 0f 0.7 and for 20 h at 25 °C. Cells were harvested
and "N-GST-GABARAP was purified by affinity chroma-
tography as described above. After thrombin cleavage,
N-GABARAP was further purified by size exclusion chro-
matography using a Hiload 26/60 Superdex 75 preparatory
grade column equilibrated with 25 mM NaH,PO4/Na HPO,y,
100 mm KC1, 100mm NaCl, 50 pm ethylenediaminetetraace-
tic acid (EDTA), pH 6.9 and ¢luted in the same buffer.

Biolayer interferometry

BLI experiments were performed on an Octet Red 96
(FORTEBIO) as previously described [26]. In short, pep-
tides with N-terminal biotinylation were ordered from
CASLO (>95% purity, Table S1) and immobilized on High
Precision Streptavidin (SAX) biosensors (FORT]::BIO/Sar-
torius). Purified hAtg8 proteins were used as analyte in
increasing concentrations (Data S1). For dissociation con-
stant (Kp) calculation, respective reference sensor response
levels were subtracted and baselines aligned followed by
steady-state evaluation by plotting the respective response
levels against the applied protein concentration. Curves
were fitted by non-linear regression according to the One-
site binding model using GraphPad Prism version 9 for
Windows (GraphPad Software, Boston, MA, USA). Only
fitted Kp values corresponding to a saturation level of at
least 0.25nm and R-square above 0.985 are shown. Quality
of each hAtg8 as an analyte was assessed by also determin-
ing its binding to the PCMI1 LIR peptide, for which pub-
lished reference data are available wr.t. all hAtg8s [20].
Owing to the many different ligand-analyte combinations,
we report the results of individual measurements, unless
stated otherwise (refer to Data S1 related to Figs 1B,C, 4B,
C, Fig. 51C).

Insights into EGFR-GABARAP interaction

X-ray crystallography and data processing

EGFR LIRI-GABARAP in 10mm Tris-HCl and 150 mm
NaCl, pH 7, was concentrated to approximately 17 mg-mIL *
using Vivaspin 20/2 centrifugal filter units (3 kDa cutoff).
Crystallization was performed by the sitting-drop vapor dif-
fusion method, using a Freedom Evo robotic device (Tecan)
with commercially available screening sets and combining
0.5uL of protein solution and 0.5 pLL of reservoir solution
for each drop. Several conditions vielded crystals. The crystal
which was used for structure determination developed in
0.17 M ammonium acetate, 0.085 M sodium citrate, pH 5.6,
25.5% (w/v) PEG 4000 and 15% (v/v) glycerol. X-ray dif-
fraction data was collected at 100 K on beamline ID30A-
3/MASSIF-3 of the European Synchrotron Radiation Facil-
ity (ESRF; Grenoble, France; doi: 10.15151/ESRF-DC-
1524662410). XDS and XSCALE [30] were used for data
processing and reflections to a d, of 2.05 A were included
in the final dataset. The structure of GABARAP was deter-
mined by molecular replacement with MOLREP [31] using
the structure of GABARAP from its K1 peptide complex
(PDB 1D: 3D32) as template. Coordinates of the EGFR
LIR1 peptide were generated using COOT [32], and the
model was improved by reciprocal-space refinement with
phenix.refine [33] alternating with interactive rebuilding in
COOT. According to validation using the wwPDB validation
pipeline, the model features good geometry with no outliers
in the Ramachandran plot and <1% of unusual side chain
rotamers. Coordinates and structure factor amplitudes were
deposited in the PDB (www.ebi.ac.uk/pdbe) with accession
number 8S1M (doi: 10.2210/pdb8S1M/pdb). For statistics of
data collection and refinement, refer to Table S2. Figures
were created using the PyMOL Molecular Graphics System,
Version 3.0, Schrodinger, LLC.

NMR titrations and data analysis

Titrations of GABARAP with EGFR LIR1 and PCM1 LIR
peptides spanning residues 1076-1099 and 19541968, respec-
tively, were monitored by recording 2D ['H,"*N] HSQC spec-
tra at a temperature of 25.0 °C on a Bruker 900 MHz Avance
Neo spectrometer equipped with a triple resonance ‘H, “C,
N TCI eryoprobe. >’N-GABARAP was concentrated to
200 puu in 25 mM NaHPO,/NagHPCGy, 100 my KC1, 100 mm
NaCl, 50 pm EDTA, and 5% (v/v) D,0. 2D [*H,'*N] HSQC
spectra were recorded after stepwise addition of peptide up
to a two-fold molar excess. For chemical shift perturbation
{CSP) analysis, 'H chemical shift changes, AS('H), and "N
chemical shift changes, AS(*°N), in units of ppm were com-
bined according to the following equation:

ASCH,BN) = /(860 1)) + (02 x a8(5N))’

For mapping on GABARAP (PDB ID: 1KOT), residues
were colored according to AS{'H,'*N) values at two-fold
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Fig. 1. EGFR LIR1 preferentially interacts with GABARAP/L1 with only moderate influence of phosphorylation {A) Schematic representation of
the EGFR domain structure with LIR1 and LIR2 indicated in the C-terminal domain as well as the respective amino ac/d sequences. Core LIRs
are underlned in green. For LIRT, phosphorylation sites investigated in {C) are shown in yellow. {B) Kp values [pwm] of human Atg8 paralogs
GABARAP, GABARAPL1, GABARAPL2, LC3A and LC3B with EGFR peptides. (C) Kp values [um] of phosphorylated (p) EGFR LIR1 variants with
CABARAP. Color scaled accord'ng to affinity as determined by biolayer interferometry. Kp values are shown with standard error calculated
from non-l'near regression. SP, signal peptide; TM, transmembrane; JM, juxtamembrane. EGFR was illustrated using I1BS 2.0 [35].

molar excess using the PyMOL Molecular Graphics Sys-
tem, Version 3.0 Schrodinger, LLC (New York, NY, US).

Results

EGFR LIR1 preferentially interacts with GABARAP
and GABARAPL1 with minor impact of
phosphorylation

The previously reported enhanced EGFR degradation
after EGF stimulation, specifically in GABARAP sin-
gle knockout cells included a first hypothesis regarding
a direct interaction between GABARAP and EGFR,
including the observation of a putative extended LIR
molif (positions 1086-1089) in the regulatory carboxy-

4

terminal domain (CTD) of EGFR [26]. Interestingly,
the regulatory C-terminal domain (CTD) of EGFR,
exogenously expressed as a fusion protein with green
fluorescent protein (EGFR CTD-GFP) in HEK293
cells, can be enriched from whole cell lysates by puri-
fied GST-GABARAP (Fig. S1B). Moreover, by the
iLIR prediction tool [34] another putative LTR motif
located adjacent to the very end of the CTD is pre-
dicted (Fig. 1A). While the first putative core LIR
comprises the amino acids FLPV, the second (position
1197 to 1200) consists of YLRV. Considering the
EGFR sequences of different mammals, segments cor-
responding to LIR1 and LIR2 appear to range among
the more conserved regions within the CTD, with fre-
quently identical core sequences (Fig. S2); this suggests
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that an activity of these regions is preserved during
evolution, a fact that often apphes to functional LIRs
[36]. We next tested whether these two LIRs are also
selected as GABARAP binding sites within EGFR
CTD-derived sequences by the artificial intelligence-
based structure prediction tool AlphaFold 2 (AF2)-
multimer [37,38], which can predict binding sites of
Atg8s with high accuracy especially in intrinsically dis-
ordered protein regions [36]. While we found FLPV-
related binding in many of the resulting models, not a
single model mvolved YLRYV (Fig. S3A,B). In the fol-
lowing, we used synthetic peptides, representing resi-
dues 1076-1099 (LIR1) and 1190-1210 (LIR2)} of
EGFR for in vitro binding experiments with
GABARAP applying biolayer interferometry (BLI, for
peptide sequences refer to Table S1). To investigate
whether the observed GABARAP-specific phenotype
previously observed in HEK293 and Huh-7.5 cells
might be mirrored by a direct and paralog-specific
interaction, we included all paralogs with notable
mRNA expression levels (cutoff: nTPM =10, for
values and details refer to Table S3) in at least one of
the two cell lines, these being GABARAP, GABAR-
APL1, GABARAPL2, LC3A, and LC3B, in our anal-
ysis A peptide comprising the LIR motif (residues
1954-1968) of the well-described GABARAP interac-
tor pericentriolar material 1 protein (PCM1) was
included as control, with our K values largely match-
ing those published [20]. When comparing LIR1 and
LIR2 binding, a clear difference was found especially
for GABARAP, with an about 6-fold higher affinity
for LIR1 (Kp of 534.7+ 3.6 uM (mean/SD from three
independent experiments)}) over LIR2, while for the
other investigated paralogs affinity differences were
more modest (about 1.4 to 3.4-fold lgher for LIR1),
with LIR2 binding usually still appearing weaker.
Importantly, LIR]1 showed a particular specificity for
GABARAP and its closest relative, GABARAPLI,
with approximately 2-fold (5-fold), 4-fold (11-fold),
and 8-fold (20-fold) stronger binding of GABARAP
(GABARAPL1) to LIRI relative to the respective
affinities obtained for the paralogs GABARAPL2,
LC3A and LC3B. For both LIR peptides, the lowest
affinities were measured for LC3B with 3-digit pM to
mmM Kp values (Fig. 1B). Interestingly, both LIR pep-
tides contain phosphorylation sites, of which Y1092
and Y1197 have been extensively described for their
role in EGFR signaling [39-44] while the roles of
S1081 and T1085 remain more clusive [45-47]. Phos-
phorylation of either 51081 or T1085, both located
upstrearn  of the core LIRIL, slightly enhanced
GABARAP’s affinity (~~1.8-fold), while phosphoryla-
tion of both sites simultaneously enhanced its binding

Insights into EGFR-GABARAP interaction

to above two-fold change (2.7-fold, Fig. 1C). Our
in-vitro interaction studies revealed virtually unchanged
binding of EGFR LIR1 to GABARAP when phos-
phorylated at residue Y1092 located downstream of
the core LIR1, which also applies for the paralogs
(Fig. S4, top). Curniously, phosphorylation of @y resi-
due Y1197 within the core (YLRV) of LIR2 did not
show the expected detrimental effect on the interaction
of LIR2 with GABARAP or with its paralogs
(Fig. S4, bottom).

As GABARAPLI exhibits by far lower expression
levels than GABARAP (www.proteinatlas.org, v23;
[48]) within the cell lines analyzed in Dobner (2020},
our structural investigations focused on the interaction
of EGFR LIR1 with GABARAP.

X-ray complex structure reveals canonical
binding of EGFR LIR1 to GABARAP

To further investigate the interaction mode between
the putative LIR1 of the EGFR and GABARAP, a
chimeric protein consisting of EGFR residues 1076—
1099 fused to GABARAP (EGFR LIR1-GABARAP)
was expressed, purified and used for crystallization.
We were able to obtain crystals and determine the
structure, resolving GABARAP together with residues
1082-1099 of the EGFR LIRI peptide (Fig. 2A,
Table S1), which were found to interact with the
GABARAP moiety of a symmetry-equivalent mole-
cule. While the two N-terminal helices and the
ubiquitin-like core of GABARAP as well as the core
LIR1 of EGFR (FLPV), which contacts the hydropho-
bic pockets of GABARAP, featured well defined elec-
tron density, EGFR residues surrounding the core
LIR were less clearly defined. Together with elevated
B factors obtained during refinement, this points
towards enhanced dynamics of both segments flanking
the core LIR (Fig. 2B}. Consequently, the following
structural analysis of the inter-molecular interface
between GABARAP and EGFR LIR1 focusses on the
core LIR. Residue F1086 of the EGFR, representing
position &, of the core LIR motif, is inserted into
hydrophobic pocket 1 (HP1), supported by hydropho-
bic interactions with residues 121, P30, L350, K48 and
F104 of GABARAP. The side chain of core LIR resi-
due X, (L1087) is within van der Waals distance of
Y49 and K46, possibly involved in hydrophobic inter-
actions, as well as R67. Additionally, the amide nitro-
gen and carbonyl oxygen of EGFR L1087 are oriented
towards strand (2 of GABARAP and placed within
hydrogen bonding distance of its K48 carbonyl oxvgen
and its L50 amide, respectively. In contrast, EGFR
residue P1088 (X;) does not appear to be involved in
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Fig. 2. X-ray structure of EGFR LIR1-GABARAP. {A) Overal structure of the EGFR LIR1 in complex with GABARAP presented as cartoon.
GABARAP is shown in gray and the EGFR peptide n green. Coordinates and structure factors have been deposited in the Protein Data
Bank with accession number 851M. (B} Surface representation of GABARAP with HP1 {red) and HP2 (blue) indicated. The 2mF, — DF; map
covering the EGFR peptide Is colored white and contoured at 0.8 sigma and the EGFR peptide model is shown in green. (C) Core LIR
residues (FLPV, in gresn) togsther with respective GABARAP residues at a distance lower than 4 A. Hydrogen bonds are displayed as
dashed Iines. {D) Comparison of EGFR LIR1 and ULK1 extended core LIR {PDB: 6HYO, [20]) with GABARAP.

the interaction with GABARAP. The second hydro-
phobic pocket of GABARAP is occupied by V1089 of
EGFR, representing I'; of the core LIR motif, which
is involved in hydrophobic interactions with V51 and
P52 (Fig. 2C). Superposition with the complex struc-
ture of the ULK1 LIR with GABARAP [20] reveals a
similar binding interface of ULK1 residues 355 to 366
and EGFR residues 1084 to 1095 with GABARAP
(Fig. 2D). While ©y and I'; as well as the X, position
are represented by the same amino acids (F, V, and P,
respectively), X, and X, differ between the two pep-
tides. The ULK1 LIR possesses a valine at the X,
position, which likely allows for similar hydrophobic
interactions with Y49 as L1087 in the EGFR LIRI.
However, while P1088 in X, shows no direct contact
with GABARAP, the corresponding M359 in the
ULKl LIR is positioned in close proximity to

GABARAP residues Y25 and L350 and thus interacts
with HP1. This could partially explain the much stron-
ger (~1000-fold, [20]) binding affinity of the ULK]1 pep-
tide, despite the similarity of the LIRs. We also
superimposed our complex structure with the /n silico
structural models and found a high degree of agreement
between the relevant binding interfaces regardless of
whether the complete cytoplasmic domain of the EGFR
or shorter fragments thereol served as input (Fig. S3B),
confirming the previously described accurate predictabil-
ity of Atg8-ligand complexes by AF2 [36].

EGFR and PCM1 LIR peptides impact the same
region of GABARAP in solution

In order to gain more precise information on the con-
tribution of individual GABARAP residues, we next
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mapped the GABARAP binding interface of a free
EGFR LIR peptide using NMR chemical shift pertur-
bation (CSP) data, and in addition compared it with
that of the PCM1 LIR. As seen in the 2D 'H-"N
HSQC spectrum (Fig. 3A), GABARAP without ligand
exhibited the known resonances for natively folded
GABARAP. Upon stepwise addition of the EGFR
LIR1 ligand, several peaks displayed changes in chemi-
cal shift or line broadening beyond detection. At two-
fold molar excess of EGFR LIR1 peptide, residues
surrounding the hydrophobic pockets, HP1 and HP2
of GABARAP, specifically 121, R22, V29, V31, K46,
Y49, L30, S33, F60 and L63 showed chemical shift
perturbations above 0.1 ppm. Additionally, the peaks
for Y25, K48 and V51 had disappeared, indicating
intermediate exchange and thus a defining character of
these residues for EGFR LIR1 binding (Fig. 3B,
Fig. 85). In comparison, more residues were affected
with the PCM1 LIR peptide as ligand at two-fold
excess, with more residue peaks showing line broaden-
ing beyond detection (Fig. 3C, Fig. S5). This included
the LDS residues Y49 and L50 of GABARAP, which
have been previously described to be crucial for many
LIR-LDS interactions [49]. Overall, the mapping of
the CSP data on the GABARAP surface shows that
binding of both ligands, EGFR LIR1 and PCM1 LIR,
affect the same region, namely the LDS of GABARAP
in a canonical manner, however, Y49 and L350
appeared to be less defining for binding of
EGFR LIRI.

The interaction of EGFR LIR1 with GABARAP is
independent of Y49A and Lb0A but is hindered
by Pen8-ortho

To further verfy the mode of binding, in particular the
involvement of residues Y49 and L50 located in HP2 and
HP1, respectively (see Fig. 4A}, additional in vifro bind-
ing experiments were carried out. GABARAPy941 504
and GABARAPL Ivapa 1 s0a were purified and subjected
to BLI with immobilized PCM1 LIR and EGFR LIRI
respectively. In accordance with previous reports, PCM1
LIR binding was more than 20-fold reduced for
GABARAPyv404/1504 (99.2 £ 6.7 um) and
GABARAPLly49A/L5DA (2733 +21.8 }LM) compared to
the wildtype proteins (4.2 + 0.6 and 4.9 0.5 pm). In con-
trast, EGFR LIR1 binding was not influenced by the two
mutations, neither for GABARAP/GABARAPy 4041 504
(52.0+£3.0 and 39.0+2.6uM), nor GABARAPLI/
GABARAPLly4gA/L5UA (297 +1.1 and 191412 HM,
Fig. 4B). The ability of both GST-GABARAP and
GST-GABARAPy 49,1 504 to enrich endogenous EGFR
from cell lysates, while within the same sample

A. Utting et al.

SQSTM1, described to depend on Y49 and L50 [49],
showed a decrease with GST-GABARAPv941 504
(Fig. S6), notably supports the dispensability of these
two GABARAP residues for EGFR (LIR1} binding.
Finally, additional interaction studies were carried out
using the stapled peptide Penf-ortho, which has been
described to bind to the GABARAP LDS with high
affinity (Kp: 14 nm) [29]. As expected, when preincubat-
ing GABARAP with a 1.5-fold molar excess of
Pen8-ortho, 10-fold reduced binding to the immobilized
EGFR LIR1 was observed (Fig. 4C). In conclusion,
EGFR LIRI appears to interact with GABARAP in a
canonical, LDS-dependent manner, however, without
relying on GABARAP residues Y49 and L50.

Discussion

Receptor tyrosine kinase signaling, endocytic traffick-
ing and autophagy are pathways important for cellular
metabolism, which not only intersect at multiple
stages, but also share several molecular components
[50-53]. Following the observation of altered EGFR
degradation and signaling, specifically in GABARAP
single knockout cells [26], we sought to investigate a
putative direct interaction between the hAtg8 protein
GABARAP and the EGFR. Interestingly, the core
EGFR-LIRI'FLPV’ possesses the same ®; and I's resi-
dues as known hAtg® interactors preferentially binding
the GABARAP subfamily, namely PCMI1, ULK],
ULK?2 and PIK3C3/VPS34 [20,21,54]. The X, residue
is occupied by a leucine, which shows van der Waals
distance with hydrophobic amino acids of GABARAP
in our X-ray structure. While being atypical for a
GABARAP interaction motif (GIM), examples for
non-selective hAtg8 interactors with leucine in the X,
position, e.g. DVL2 have been described [21]. Notably,
the X, position, the least conserved residue of the con-
sensus core LIR [55] and often not defining for
GABARAP binding [56,57], is occupied by proline, a
rather uncommon amino acid in this position. This
P1088 does not appear to be involved in the interac-
tion with GABARAP, possibly explaining the lower
binding affinity of the EGFR LIR1 compared to
related LIRS (e.g. in PCM1 and ULK1 [20]). Mutation
studies have shown that proline residues in the X,
position are disruptive to the LIR-LDS binding
[20,21]; however, in case of the PLEKHM1 LIR, this
effect was milder for GABARAP than LC3B [21].
Additionally, proline as X; residues has been reported
for functional LIRs of the wvalosin-containing protein
(p97) as well as the pro-oxidant adaptor p66SHC
[58,59]. Beyond the core, the EGFR LIR1 shares a
proline as X, residue (i.e. C-terminal to the core LIR)
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Fig. 4. (A) Ribbon mode| of GABARAP with residues forming hydrophobic pockets HP1 and HP2 in red and blue, respectively. Residues Y49
and L50 are presented as sticks {B) K5 values [um] of immobllized PCM1 and EGFR peptides with GABARAP/L1 and their Y49A/L50A
variants as determined by biclayer interferometry. (C} Biclayer nterferometry data for immobilized EGFR LIRT peptide with either free
GABARAP or GABARAP preincubated with the high-affinity binder PenB-ortho. Effects of corresponding DMSO concentrations on binding
were excluded (see Data S1 for details). K5 values are shown with standard efror calculated from non-linear regression. {n.f., not fitable).

with ULK 1, which has been suggested to inhibit LC3s
binding [20]. possibly explaining the lower EGFR
LIRI affinities for LC3A and LC3B. The N-terminal
region preceding the core LIR (X_;—X_,) has also {re-
quently been reported to influence binding affinity and
specificity, and acidic (D, E) as well as phorsphorylata-
ble residues (S, T) appear to be common in these posi-
tions [55.60,61]. Indeed, N-terminal to the core LIR,
the EGFR LIR1 has several acidic amino acids as well
as serine and threonine, with X ;-X_; being DDT, in
fact, X 5 is located in proximity to H9 of GABARAP,
possibly engaging in electrostatic interactions. Qur
investigation of the putative N-terminal phosphoryla-
tion sites, S1081 and T1085, revealed only slight
increase in affinity. Interestingly, SCOC LIR

phosphorylation did also only lead to slightly
enhanced affinity for GABARAP [23], whereas in
other cases, drastic effects of phosphorylation have
been reported, e.g. ~100-fold increase in affinity of
LC3B to Nix upon phosphorylation of 834 and 35 in
X_l and X._g [62]

EGFR internalization following EGF stimulation is
regulated by parallel processes, namely
clathrin-mediated endocytosis (CME), which itself can

be categorized into AP2-dependent and AP2-
independent CME, and non-clathrin endocytosis
(NCE) which subsequently influence, degradation,

recycling and signaling through multiple redundant
and cooperative mechanisms [63-65]. Owing to the fact
that neither these processes, nor the versatile roles of
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hAtgR proteins or possible compensatory effects result-
ing from GABARAP knockout are fully understood,
pinpointing the molecular mechanism by which
GABARAP influences the fate of the EGFR after
EGF stimulation remains a challenge. While Dobner
ef al. [26] extensively discussed potential indirect mech-
amisms by which GABARAP could influence EGFR
fate after stimulation, our data prompt us to also spec-
ulate on a direct interaction of the EGFR LIR1 with
GABARAP. EGFR endocytosis and signaling is regu-
lated by several binding sites within the CTD which
are in proximity to the EGFR LIRI1. This includes
sites targeted by AP2 (positions 998-1001 (YLRA),
1034-1035 (LL)} [65]), the palmitoyltransferase
DHHC20 (cysteines at positions 1049, 1058, 1146
[66,67]} and the E3-ubiquitin ligase CBL (Y1069
[68,69]). Strikingly, the core LIR1 is located in the
immediate vicimty of Y1092, a GRB2-binding site
when phosphorylated [69,70]. Thus, LIR1-associated
GABARAP could be suggested to hamper Y1092
phosphorylation itself and/or hamper GRB2 binding
at p¥1092, thus mitigating E3 ubiquitin-protein ligase
CBL recruitment, EGFR ubiqutination and its lyso-
somal re-routing [69,70]. This provides a rationale for
both the imtially reduced pY1092 levels and the persis-
tently higher levels of phosphorylated ERK observed
in the presence of GABARAP compared to its absence
[26]. Due to limited knowledge regarding the timeline
of binding events following EGF stimulation in pres-
ence and absence of GABARAP, obtaining solid
experimental evidence remains challenging. Despite the
scarcity of examples, LIR-LDS interactions between
receptors and hAtgf have been proposed to be func-
tionally relevant during diverse processes of receptor
routing including their autophagic degradation (“sig-
nalophagy™) [71,72], anterograde trafficking [18] and
secretion [17]. With our data, including the first X-ray
structure of GABARAP with a surface receptor frag-
ment, we propose the EGFR to be another of the yet
few examples [73,74] of a receptor whose fate is influ-
enced by an individual hAtg8. Since receptor traffick-
ing upon EGF treatment is altered in cells lacking
GABARAP, direct hAtgB-receptor interactions appear
to not solely serve the autophagic degradation of
RTXKs in stressed cells, as shown for MET [71,72], but
may alternatively play a general role during endosomal
RTK transport in cells, possibly in a paralog-specific
manner. Future studies designed to enrich our sparse
understanding of RTK trafficking and associated LIR-
dependencies will have to show whether this scenano
proposed on the basis of in vifro binding data and the
EGFR LIR1-GABARAP complex structure is indeed
hiologically relevant.
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Fig. S1. EGF-647 levels in wildtype and GABARAP
KO cells over ime and affinity enrichment of EGFR.
Fig. S2. Conservation of LIRI1 and LIR2 surrounding
regions within mammals.

Fig. S3. Prediction of GABARAP binding site selec-
tion within the EGFR cytoplasmic region.

Fig. S4. Kp values of pY1092 EGFR-LIR1 and
pY1197 EGFR-LIR2 and hAtg8 paralogs.

Fig. S5. CSP for backbone amide resonances of
GABARAP with LIR peptides.
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Fig. S6. Affinity enrichment of endogenous EGFR and
SQSTM1 from cells.

Table S1. Peptides used for BLI affinity measurements.
Table S2. RNA expression profile of hAtg8.

Table S3. Data collection and refinement statistics.
Data S1. BLI measurement data related to Figs 1B,C,
4B,C, Fig. S1C.
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Figure S1. (A) EGF-647 levels in Huh-7.5 wildtype (WT) and GABARAP KO (KO) cells over time (left)
measured in near infrared calibrated units (NIRCU), and selected time points with technical (small circles) and
biological replicates (big circles) depicted (right). Mean value and standard deviation are indicated. * P=0.12, **
P=0.003, *** P<0.001 , paired t-test. B) Huh-7.5 cells were transfected with plasmids encoding EGFR-GFP and
CTD-GFP respectively. Lysates were used for affinity enrichment with GST-GABARAP. GST only was used as
control. The respective western blot was stained with antibodies against EGFR and GST. Scale bars: 100 pm.
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Figure 82. Conservation of LIR1 and LIR? surrounding regions within mammals. The multipl e sequence
alignment for the selected EGFR protein sequences (full-length) was obtained using the Align function of
the UniProt Consortium [4] according to described protocols [5]. The human EGFR sequence is
highlighted by a white box. Only the two relevant sequence segments (top: LIE1, bottom: LIR2) are shown
with the corresponding LIR -core positions numbered from O to +3. Interestingly, if divergent, position +3
in both core LIR s appears to be preferentially occupied by alamne.
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Figure S3. Prediction of GABARAP binding site sclection within the EGFR cytoplasmic region (A). AF2-
multimer prediction of complex structures of GABARAP and the EGFR cytoplasmic domain () or fragments
thereof (11. and II1.). Models (colored according their respective 1DDT scores) along with their predicted IDDT
plots are shown. As both LIR1 and LIR2 are located within intrinsically disorderad protein regions of EGFR, an
AF2-telated bias {(lower selection probability for LIRs in more structured regions [6]) for either of them is not
expected. PTMs are neglected as they cannot be processed by AF2. Although a canonical LIR2-GABARAP
LDS interaction was predicted for the short EGFR fragment (1190-1210) as input, LIR2 was not sclected with
any of the larger EGFR CTD fragments tested, their LIR 1-mutated (FLPV to ALPA) versions or when offering
two GABARAP molecules as input (not shown). (B) Superposition of the X-ray structure (8S1M) with AF2
rank 1 models of GABARAP in complex with LIR]1 in the context of the entire cytoplasmic domain (1.), the
EGFR fragment 1016-1210 (I1.) and the 24mer peptide (IIL.), used for BLI. Only respective core LIR residues
are depicted with those from 831 M colared in pink. IDDT: Local Distance Difference Test
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Figure 84. K, values [uM] with standard error calculated from non-linear regression of pY 1092 EGFR-LIR1 and
pY1197 EGFR-LIR2 (phosphorylated core LIR tyrosine) and human Atg8 paralogs.
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Figure S5. CSP for backbone amide resonances of GABARAP incubated with the indicated stoichiometric

ratios of EGFR LIR1 (top) and PCM1 LIR (bottom) peptides. Asterisks represent residues affected by strong
line broadening beyond detection - Y25, K48 and V51 in case of EGFR LIR1 and 121, R22, Y24, K48, Y49,

1.50, V51, F60 in case of PCM1 LIR.
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Figure S6. Affinity enrichment of endogenous EGFR (left) and SQSTMI (right) from Huh-7.5 cells with
GST-GABARAP and GST-GABARAPy, 4, 1504 affinity purified from bacterial lysate.
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SI Tables

Table S1. Peptides used for BLI affinity measurements: (phosphorylation is indicated by p).

Peptide Sequence

EGFR LIR1 Biotin-Ahx-ALTEDSIDDTFLPVPEYINQSVPK-NH,
(pSEGFR LIR1 Biotin-Ahx-ALTED(pSYDDTFLPVPEYINQSVPK-NH,
(pT)EGFR LIR1 Biotin-Ahx-ALTEDSIDD(pT)FLPVPEYINQSVPK-NH,
(pSpTHYEGFR LIR1 Biotin-Ahx-ALTED(pSYDD(pTFLPVPEYINQSVPK-NH,
(pY)EGFR LIR1 Biotin-Ahx-ALTEDSIDDTFLPVPE(pY)INQS VPK-NH,
EGFR LIR2 Biotin-Ahx-STAENAEYLRVAPQSSEFIGA-NH,
(pY)EGFR LIR2 Biotin-Ahx-STAENAEYLRVAPQSSEFIGA-NH,

PCMI1 LIR (1954-1968) | Biotin-Ahx-SQKSDEEDFVKVEDLPLKLTI-NH,

Ahx: Aminohexanoic acid linker

Table S2. RNA expression profile of hAT8. Data are extracted from the Cell Lines section of
the Human Protein Atlas (https://www.proteinatlas. org/humanproteome/cell+line; v23).

nTPM: normalized transcripts per million.

hATGS nTPM

HEK293 Huh7
GABARAP 445.0 496.4
GABARAPL1 28.0 43.3
GABARAPL2 1958 112.1
LC3A 1.9 13.4
LC3B 76.0 792
LC3B2 1.8 2.1
LC3C 1.0 0

Table 83. Data collection and refinement statistics.

EGFR LIR1-GABARAP

Data collection
Space group 123
Cell dimensions
a,bcd) 101.28, 101.28, 101.28
o B,y () 90, 90, 90
Resolution (&) 41.35-2.05 (2.10-2.05) *
Rincasure 0.076 (3.308)
CCl2 1(0365)
Mean I/o(T) 21.91 (1.08)
Completeness (%) 99.95 (100.00)
Multiplicity 20.09 (20.10)
Refinement
Resolution (&) 41.35-2.05
No. reflections 11007 (1081)
Ruvork / Rfiee 0.2019/0.2286
No. atoms 1134
Protein 1101
Ligand/ion 7
Water 26
Mean B-factors (A2) 72.05
Protein 72.13
Ligand/ion 84.31
Water 65.20
R.m.s. deviations
Bond lengths (&) 0.005
Bond angles (°) 0.67

*Values in parentheses are for the highest-resolution shell.
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SI Methods

Cell culture

Human hepatoma Huh-7.5 wildtype and GABARAP KO cells [1] were grown in Dulbecco’s Modified Eagle Medium
(DMEM) high glucose (Sigma Aldrich, D5796), supplemented with 10% heat inactivated fetal bovine serum (Sigma
Aldrich, F9665) and 1% penicillin/streptomycin (Sigma Aldrich, P4333) at 37°C and 5% CO». Cells were passaged at
approximately 80% confluency. For transfection, cells were grown in 6-well plates to at least 70% confluency and

transfected with 3 pg plasmid DNA per well, using 9 pl Lipofectamine 2000 (Thermo Fisher Scientific, 11668019).

Continuous live-cell microscopy

For continuously monitoring the levels of EGF-Alexa647 in Huh-7.5 wildtype and GABARAP KO cells, real-time live
cell microscopy (Incucyte SX5, Sartorius) was applied. The day prior to the experiment, 10,000 cells per well were
seeded into 96 well plates. The following day, cells were cooled on ice for 10 min and 40 ng/ml EGF Alexa Fluor 647
(EGF-647; Thermo Fisher Scientific, E35351) in cold medium was added to the cells, which were incubated for one
hour at 4°C on ice protected from light to allow ligand binding to the receptor. Afterwards, the medium was exchanged
to remove free EGF-647 and cells were transferred into the Incucyte SX5, where images were recorded every 10 min
for one hour and subsequently every hour using the ‘adherent cell-by-cell” mode and the Phase and near infrared (NIR)
channels. For analysis, the Incucyte cell-by-cell software (version 2021C; Sartorius) was applied to analyze the
fluorescence intensity per cell over time. Cells with exceptionally high fluorescence intensity (above 145 NIR calibrated

units (NIRCU), less than 2% of all cells) were excluded.

Affinity enrichment and immunoblotting

Huh-7.5 (cither untransfected or transfected with pEGFR-GFP/pCTD-GFEP, coding for full-length EGFR or for residues
971 to 1210 comprising the regulatory C-terminal domain of the receptor) cells were harvested by trypsination, washed
once in PBS and lysed with NP40 buffer (20 mM Tris HCL, 200 mM NaCl, 1 mM EDTA, 0.5% NP40, 1 mM
phenylmethylsulfonylfluoride (PMSF) and 1x Halt protease and phosphatase inhibitor [Thermo Fisher Scientific,
78442]) by incubation on ice for 30 min and vigorous pipetting every 10 min. Insoluble cell parts were sedimented by
centrifugation for 10 min at 17,000 x g. GSH Sepharose beads (GE Healthcare, 17075605) were loaded with respective
proteins by incubation with bacterial lysate containing GST-GABARAP, GST-GABARAPvs9ans0a (refer to main text
for details on expression) or purified GST, respectively and thoroughly washed. The cell lysates were precleared (GST
loaded beads for 2 hours at 4°C) and subsequently ncubated overnight at 4°C with GST-GABARAP, GST-
GABARAPya0a150a or GST loaded GSH beads, respectively. Beads were washed four times with cell lysis buffer,
combined with Lammli buffer and heated to 95°C for 10 minutes. Subsequently, samples were separated by SDS-PAGE
using precast stain-free gels (Bio-Rad Laboratories, 4568124), transferred to 0.2 pM PVDF membranes (Bio-Rad
Laboratories, 1704156) and blocked in 5% BSA (AppliChem, A1391) in TBS-T (136 mM NaCl, 2.7 mM KCl, 24.7
mM Tris-HCI, pH 7.4, 0.05% Tween-20 [ Applichem, A4974]) for 1 h. Membrane was incubated with primary antibody
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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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ABSTRACT

GABARAP, like cther ATGS8 proteins, is a ubiquitin-like modifier and its C-terminal
lipid conjugation enables association with cellular membranes. To prevent inter-
ference with the lipidation process, N-terminal fluorescent protein (FP) tagging
strategies have become the standard for studying ATGS localization and function
in living cells, significantly centributing te eur understanding of this protein
family’s multifaceted roles. We employed live cell imaging with particular empha-
sis on a GABARAP split-tandem construct, GABARAP(G116A)-mTagBFP2-
GABARAP (G-B-G), which retains both a free N-terminus and a lipidation-
competent c-terminus, while bivalence creates a gain in affinity conferred by
avidity. Notably, reminiscent of early in vitro studies demenstrating an interaction
of GABARAP and tubulin, our results revealed a robust association of G-B-G with
the microtubule network in living cells. We show that the presence of several
basic residues in the amino-terminal helical subdemain of GABARAP and avidity
emerged as essential for robust MT association, whereas lipidation ability was not
decisive. Interestingly, while the position of the FP-tag had little influence on the
result, the nature of the FP itself was crucial, with mTagBFP2 being required for
tracking GABARAP tandems in the vicinity of MTs. Though artificial effects cannot
be excluded, we assume that G-B-G, with its increased avidity, can give visibility to
processes that are based con inherently weak interactions, and thus can help
elucidate potential roles of GABARAP e.g. in microtubule-associated processes
that are integral to autophagy-related and -unrelated cellular transport.
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Introduction

The y-aminobutyric acid type A receptor associated protein GABARAP
belongs to the autophagy related protein 8 (ATG8) family, which in humans
comprises a total of seven proteins. Human ATGSs are commeonly split into
two subfamilies, one containing the microtubule-associated protein 1 light
chain 3 (MAP1LC3, hereafter referred to as LC3) isoforms LC3A, LC3B, LC3B2,
LC3C,and one containing GABARAP, GABARAPL1, GABARAPL2. Like all ATGS
proteins, GABARAP consists of two N-terminal alpha-helices followed by
a ubiquitin-like fold, and can similarly to ubiquitin be covalently conjugated
to a substrate by an E1-E2-E3-like enzyme cascade [1-5]. Prior to substrate
conjugation, ATG8s’ C-termini require processing by an ATG4 cysteine
protease resulting in the exposure of a terminal glycine residue (e.g. G116
in GABARAP cr G120 in LC3B). Deconjugation is also mediated by ATG4
proteases, making the process reversible [6-8]. Unlike ubiquitin, which is
conjugated to amine groups in proteins, ATG8s usually exploit phosphati-
dylethaneclamine (PE) or -serine (PS) as substrates, localizing them to mem-
branes when lipidated [9]. However, exceptions have recently been
described for both types of modifiers [10-12].

To avoid conflict with the cellular lipidation process, N-terminal tagging
strategies have been highly recommended for all ATG8s in the past [13],
because C-terminal tagging would either result in loss of the tag or, in case of
ATG4 processing-resistant ATG8 mutants like GABARAP(G116A), prevent
membrane conjugation [13,14]. ATG8s with N-terminal FP tags are for
instance widely used to monitor autophagy [15-17], and in conjunction
with other techniques, have helped tc elucidate the versatile roles of ATGS
proteins and shaped the current understanding of this multi-facetted protein
family, which has been associated with a, still growing, plethora of autop-
hagy-related and -unrelated functions [18-211.

Interestingly, most of the underlying mechanisms have in common that
they involve direct interactions of the ATG&s with other proteins. In the
majority these interactions rely on a conserved motif in the interaction
partner (LC3-interacting region, LIR; ATG8/GABARAP-interacting motif,
AIM/GIM) and its corresponding docking site {often termed LDS for LIR-
docking site) spanning twe hydrophobic pockets on the ATG8 protein surface
[22,23].

While it appears that both the lipidation machinery and many LIR-LDS-
mediated ATG8-associated processes can tolerate the presence of bulky,
and even multiple, N-terminal tags [24], a growing body of evidence
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demonstrates that common ATGS8 constructs, with bulky FP tags at least
twice their size, can be functiconally compremised and/or mislocalized. Cne
example are studies on mitophagy, where N-terminal FP-tags were detri-
mental to GABARAP’s lacalization to mitechondria [25,26], while the smal-
ler haemagglutinin-tag (HA-tag) did not inhibit mitochendrial targeting
[26]. The unigue N-terminal region of ATG8 proteins distinguishes them
from other ubiquitin-like proteins and its primary structure also varies
remarkably among the different GABARAPs/LC3s. Notably, structural biol-
ogy studies indicate that, contrary to the conserved and rather rigid
ubiquitin-like cores, the N-termini of several human ATGSs, like the yeast
Atg8 ancestor, exhibit high flexibility [1,27-29]. The N-terminal region of
GABARAP, for instance, is known to adopt multiple conformations [1,30]
and has been described to be involved in its self-association [31,32], in the
regulation of its proteasomal degradation through MIB1-mediated ubiqui-
tination of K13 and K23 [33], and in its membrane association [34].
Historically, one of the first described functional features of the
GABARAP N-terminal region was its tubulin and microtubule (MT) binding
activity in vitro [35,36], albeit affinities between GABARAP and tubulin-
derived peptides spanning the tubulin C-termini have been considered
low [30]. As appropriate data in the cellular context are sparse [36], further
investigation of GABARAP's MT association in living cells is still pending.
Since systematic studies on ATG8-tagging strategies in general have
received little attention in the past, we sought te fill this gap by employing
a live cell imaging approach using cells expressing different FP arrange-
ments of GABARAP. In contrast to the popular FP-GABARAP crientation,
the presented work focuses on a so-called GABARAP split-tandem con-
struct, GABARAP(G116A)-mTagBFP2-GABARAP (G-B-G). In G-B-G, an ATG4-
resistant GABARAP with G116A substitution is joined to a central FP
(mTagBFP2) followed by another GABARAP. In addition, its bivalence cre-
ates a gain in affinity conferred by avidity, potentially visualizing localiza-
tions of GABARAP which otherwise, presumably due to low-affinity
interactions, might be hidden.

Material & methods
DNA constructs

Plasmids used throughout this study are listed in Table 1. All newly introduced
vectors were generated by restriction-ligation cloning into pcDNAS5/FRT/TO.
Synthetic DNA fragments encoding GABARAP({G116A)-mTagBFP2-GABARAP
(G-B-G), GABARAP(5X/G116A)-mCherry-GABARAP (G™-mCh-G), GABARAP
(G116A)-mTagBFP2-GABARAP(5X) (G-B-G™®) and GABARAP(G116A)-mTagBFP2
(G-B) were obtained from Geneart and BioCat. All used constructs were sequence
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Table 1. List of constructs used in this work, together with short names, vector back-
bone, protein encoded, details {e.g. position-specific amino acid substitutions), and
reference or source. Abbreviations: G: GABARAP; B: mTagBFP2; mCh: mCherry; Y: eYFP;
* G116A or G120A.

Short Reference/
names Yector Encoding Details Source
G-8-G pcDNAS/ GABARAP(G116A)-mTagBFP2- Addgene
FRT/TO GABARAP #212106

GB-G pcDNAS/ GABARAP(SX/G116A)-mTagBFP2-  5X: K2, K13, R15, K20, Addgene
FRT/TO GABARAP K23 to A #212107

G-B-G™ pcDNAS/ GABARAP(G116A)-mTagBFP2- 5X: K2, K13, R15, K20, Addgene
FRT/TO GABARAP(SX) K23 to A #218425

G™ -B-G™  pcDNAS/  GABARAP(SX/G116A)-mTagBFP2-  5X: K2, K13, R15, K20,  Addgene
FRT/TO GABARAP(SX) K23 to A #218426

G-8-G* pcDNAS/ GABARAP(GT16A)-mTagBFP2- lipidation-deficient Addgene
FRT/TO GABARAP{G1164A) #212108

B-G-G pcDNAS/ mTagBFP2-GABARAP(G116A)- Addgene
FRT/TO GABARAP #212109

B-G pcDNAS/ mTagBFP2-GABARAP Addgene
FRT/TO #212110

Y-G pcDNAS/ eYFP-GABARAP Addgene
FRT/TO #1211

G-8 pcDNAS/ GABARAP(G116A)-mTagBFP2 Addgene
FRT/TO #212112

G pcDNAS/ GABARAP tag-less Addgene
FRT/TO #218427

G-mCh-G pcDNAS/ GABARAP(G116A)-mCherry- Addgene
FRT/TO GABARAP #212113

mEos- mEos3.2-C1 mEos3.2-Tubulin-C-18 Addgene
twhbulin #57484

verified (Microsynth Seglab). The respective plasmid DNAs have been deposited
at the Addgene plasmid reposatory, where more detailed information for each
construct can be accessed.

Cell culture and transfection

Human hepatoma Huh-7.5 GABARAP KO cells, HEK293 Flp in TRex GABARAP KO
cells [37] and Hela cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) high glucose (Sigma Aldrich, D5796), supplemented with 10% heat
inactivated fetal bovine serum (Sigma Aldrich, F&665) and 1% penicillin/strep-
tomycin (Sigma Aldrich, P4333) at 37°C and 5% CO,. Cells were passaged at
80% confluency and routinely checked for mycoplasma contamination.

For transfection, cells were grown in 6- or 12- well plates to at least 70%
confluency and transfected with 3 or 1.5 g plasmid DNA per well, using 9 or
4.5 pl Lipofectamine 2000 (Thermo Fisher Scientific, 11668019) respectively.
Cells were seeded into fibronectin (Sigma Aldrich, F1141) coated 35 mm
glass-bottom IBIDI dishes 1.5-3 h post transfection and either imaged after
24-42 h or fixed for immunocytochemistry.
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Immunocytochemistry

Transfected Huh-7.5 GABARAP SKO cells were fixed for 10 min with preccoled
methanol and subsequently for 1 minute with precocled acetone, both at
-20°C. After two washes with PBS (137 mM NacCl, 2.7 mM KCl, 1.8 mM KH,PQ,,
10 mM Na,HPQ,, pH 7.4), non-specific binding sites were blocked with 5% (w/v)
BSA (AppliChem, A1391) in PBS for 1-2 h. Cells were incubated with primary
antibody (anti-GABARAP rabbit polyclonal [Proteintech, 18723--AP) diluted
1100 in PBS containing 1% (w/v) BSA and 0.3% (v/v) Triton X-100
(AppliChem, A4975) for 2 h or overnight and afterwards washed twice with
PBS. Cells were stained with secondary antibody (anti-rabbit-Alexaé47 [abcam,
ab150083]) diluted 1:200 in the abovementioned sclution for 1 h. Fellowing
two washes with PBS, cells were imaged and stored in PBS containing 0.05%
(w/v) sodium azide.

Confocal Laser Scanning Microscopy

Cells were imaged using a LSM 710 confocal laser scanning system (Zeiss),
operated with ZEN black 2009 software and a Plan-Apoechromat 63x/1.40 Qil
DIC M27 chjective. For live-cell imaging at 37°C, a temperature-controlled
microscopy stage was used. For staining of actin and microtubules, medium
was supplemented with 500 nM SiR-tubulin (Spirochrome, SC002) or 1 M
SiR-actin (Spirochrome, SC001) and cells were incubated for 4 to 8 h prior to
imaging. In the case of Huh-7.5 GABARAP KO and HEK293 Flp in TRex
GABARAP KO, cells were additionally treated with 10 pM verapamil. The
laser excitation wavelength and emission filters for the cells expressing fusion
protein constructs were 405 nm and 410-509/530 nm for mTagBFP2, 514 nm
and 519-621 nm for eYFP, 543 nm and 578-696 nm for mCherry and 633 nm
and 638-752 nm for cells stained with SiR-probes.

Colocalization colormap

To obtain a spatial representation of the colocalization of G-B-G with SiR-
tubulin or SiR-actin we used the “colocalization colormap” Plugin for
Imagel [38], which is based on the Jaskolski algorithm [39]. This methed
creates a pseudo-color map of correlations between pairs of correspond-
ing pixels in two input images. As input for the analysis we used smoothed
images (3x3 mean filter) of G-B-G-expressing Huh-7.5 GABARAP KO cells
counter-stained either with SiR-tubulin or SiR-actin. Per analysed cell, five
regions of interest (ROIs) of 40x40 pixels were split into their correspond-
ing mTagBFP2- and SiR-channels. For each ROl the normalized mean
deviation product (nMDP) was calculated for all correspending pixels in
the two channels, mathematically representing correlation between
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intensities of each pixel pair. The distribution of the calculated nMDP
values was plotted, resulting in a colocalization colermap for each ROL.
Such maps display the spatial correlation between the two flucrescent
signals (mTagBFP2 and SiR), and because a jet colormap is implemented in
the plugin by default, hot colours indicate colocalization and cold colours
indicate separation. As a quantitative measure, the plugin also calculates
the index of correlation (Icorr), which represents the fraction of positively
colocalized pixels in each analyzed RQI. Finally, in order to compare the
results, the distribution of Icorr values obtained for either G-B-G and SiR-
tubulin or G-B-G and SiR-actin were plotted separately, and were subjected
to statistical evaluation.

Quantitative analysis of N:C, Nu:N and F:C ratios

To quantify the nucleocytoplasmic {N:C) ratio, five randomly ROIs (& 10 px)
were manually drawn in the nucleus as well as in the puncta-devoid cyto-
plasmic region of each cell using Imagel. Mean intensities of nuclear and
cytoplasmic ROIs from mTagBFP2 and eYFP channels were measured and
divided. Likewise, mean intensities from 2-3 nucleoli RQIs were measured and
divided by the mean nuclear intensity for both channels to determine the
nucleolar to nuclecplasm (Nu:N) ratio of each cell. Filament to cytoplasm (F:C)
ratios were determined by selecting 2-3 regions surrounding filaments using
the polygon selection tool in Imagel. For each filament ROI, a corresponding
ROI of the same shape and size was placed in a nearby cytoplasmic region
without filaments. Mean intensities were measured and F:C ratios calculated
per ROl pair and cell. In case of co-transfected cells, thiswas done for both the
mTagBFP2 and the eYFP channel. In case of single construct transfection and
co-staining with SiR-tubulin, ROl pairs were selected according to most
intense signals in the SiR channel and mean intensities were measured
from the mTagBFP2 channel. N:C, Nu:N and F:C ratics were plotted and
subjected to statistical evaluation.

Microtubule organization analysis

For analysis of the microtubule cytoskeleton, images showing a G-B-G expressing
and an un-transfected control cell {co-)stained with SiR-tubulin were selected.
The areas of both individual cells were manually traced according to the trans-
mission image and saved as ROIs. SR channels were skeletonized using the
Imagel LPX filter2D plugin (filter = lineFilters, linemode = lineExtract, giwsiter =
5, mdnmslLen = 15, pickup = otsu, shavelen = 5, delLen = 5) [40]. Afterwards, the
skeleton image type was set to 8 bit, duplicated, ROIs selected and background
set to black (0,0,0) to obtain a skeletonized microtubule image per cell (ROI).
Subsequently, the skeleton of each cell was analysed using Image) (Analyze >
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Skeleton) to tag endpoint, junction and slab pixels (the pixels between junctions
and endpeints). Length of branches above 3 pixels was plotted for each cell
in pim.

Additionally, cytoskeleton bundling parameters (Skewness and coefficient
of variation [CV]) were obtained frem the skeleton images of each cell
according to an Image) macro published by [41], modified for analysis of
single plane images.

Prediction of complex structures

Potential modes of interaction of human GABARAP or its mTagBFP2 tandem
constructs with microtubules were investigated in sifico with AlphaFold2 [42],
using the ColabFold implementation [43]. Complexes of GABARAP and
a TBATA-TBB5 (Uniprot accession Q71U36, P07437) dimer were predicted
using a local installation (github.com/YoshitakaMo/localcolabfold) running
on a Linux workstation equipped with an nVidia GPU, while data for the
larger complexes of G-B-G or B-G-G with a tetrameric tubulin chain (TBA1A-
TBB5-TBA1A-TBB5) were uploaded to the COSMIC? platform [44] for proces-
sing by ColabFold. For each subject, five models were generated with inclu-
sion of template information, using multiple sequence alignment mode
mmseqs2_uniref_env, model type alphafold2_muftimer_v3, a maximum of 20
recycle steps, and recycling controlled by recycle early stop tolerance:0.5 and
stop_at score:90 for the local and remote installations, respectively. All mod-
els were subjected to relaxation using Amber as implemented in the
ColabFold pipeline. The highest ranked model without steric clashes, accord-
ing to predicted IDDT statistics, is used for further evaluation; the complete
list of models along with predicted IDDT and PAE plots is shown as supple-
mental information {Fig. S5). Figures were created using the PyMOL Molecular
Graphics System, Version 2.7 Schrédinger, LLC.

Statistical analysis

Mean N:C and Nu:N values per cell as well as resulting statistics from paired
t-tests were plotted using GraphPad Prism version 9. Mean F:C values per cell
were analyzed by paired t-test in case of co-transfected cells and one-way
Anova with Tukey's multiple comparison test for single transfections with
different constructs using GraphPad Prism version 9, and mean values as well
as individual values were plotted using SuperPlot (https://huygens.science.
uva.nl/SuperPlotsOfData/). Mean Icorr values per cell were analyzed by
unpaired t-test, and individual values as well as means were plotted using
GraphPad Prism @ and SuperPlot, respectively. Branch length was analyzed
for each cell pair using Mann-Whitney test, and individual values were plotted
with GraphPad Prism 9.
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Results
G-B-G exhibits subcellular localization distinct from Y-G

Due to Atg8-like proteins being C-terminally conjugated to lipids, their
N-terminal fusions with fluorescent proteins (FP-ATG8s), such as the yellow
fluorescent protein-tagged GABARAP (Y-G) used in this study, have a long
tradition in the study of their function in living cells. Macroautophagy/
autophagy induction typically triggers FP-ATG8s to localize to punctate
structures, interpreted as their lipidated forms associated with autophagic
membranes. Under basal conditions, being the focus here, FP-ATG8s are
known for their diffuse cytoplasmic and nuclear distribution - commonly
interpreted as their free, unlipidated forms. To restrict GABARAP function-
alities to the transfected constructs, excluding any contribution from an
endogenous GABARAP background, Huh-7.5 GABARAP knockout cells,
hereafter abbreviated as Huh KO cells, were used throughout this study
unless otherwise stated. In order to be able to directly compare the
behavior of the novel split tandem construct G-B-G with that of
Y-G under basal conditions, cells were ce-transfected with the correspend-
ing expression plasmids (Table 1). Overexpressed Y-G showed, as expected,
a diffuse cytoplasmic distribution and high intensities in the nucleoplasm,
however, co-expressed G-8-G emerged at a variety of intracellular struc-
tures, resulting in a more heterogencus staining pattern (Figure 1A). Even
though the mean nucleccytoplasmic (N:C) ratio of ¥-G (1.69 + 0.34) was
significantly higher than for G-B-G (1.03 £ 0.45), the latter showed rela-
tively high intensities at diverse nuclear subcompartements including the
nucleolus, with a higher mean nucleoli-to-nucleoplasm (Nu:N) ratic (2.27 +
0.49) compared to Y-G (1.0¢ £ 0.11; Figure 1B-D).

Most strikingly, G-B-G intensity was frequently high at filamental structures
while those were barely visible in the yellow channel (Y-G) in the respective
cells {Figure 1E). This is also reflected in the corresponding F:C ratios, which
were significantly higher in the case of G-B-G (Y-G: 1.05 £ 0.05, G-B-G:1.57
0.2; Figure 1F). To assess whether the discrepancies in signal distribution
between G-B8-G and Y-G arose from bivalence of G-8-G, the different FPs
used, and/or their position in the fusion proteins, Huh KO cells were trans-
fected with additional constructs expressing N- or C-terminal fusions of
mTagBFP2 with GABARAP (B-G or G-8) as well as tandem GABARAP with
N-terminal mTagBFP2 (B-G-G). For high nucleolar signal intensities, the FP
seems to be decisive as cells expressing Y-G did not but B-G did highlight
nucleoli in a manner seen in G-B-G expressing cells (Fig. S1B-D). In contrast to
G-B-G, B-G transfected cells showed no apparent filamentous pattern. In
addition, in cells expressing a C-terminally tagged, lipidation-deficient
GABARAP with a free and unaltered N-terminus (G-B) no robust filamentous
pattern could be monitored either (Fig. S1E), suggesting that the mere
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Figure 1 Distinct subcellular distribution of Y-G and G-8-G. (A) Exemplary image of a
Huh-7.5 GABARAP KO cell expressing G-B-G and Y-G. Distinct signals are visible at
different subcellular locations including (B} nucleus and nucleoli and (E) filaments.
Quantification of (C) nucleocyteplasmic ratio (N:C), Mean: 1.03 + 0.45 for G-B-G and
1.69 + 0.34 for Y-G; (D) Nucleoli to nucleoplasm (Nu:N) ratio, Mean: 2.27 + 0.49 for G-B-G
and 1.09 £ 0.11 for Y-G and (F) filament to cytoplasm ratios (F:C), Mean: 1.57 £ 0.2 for G-
B-G and 1.05 x 0.05 for Y-G measured by mean fluorescence intensity. **** P < 0.0001,
paired t-test. Values are represented as means + SD (n= 20 (N:C), 17 (S:N), ¢ (F:C})) from
two independent experiments). See Fig. STA for a detailed description of the quantifica-
tion procedure applied. All cells and ROIs that went into the quantification can be
reviewed on Biolmage Archive. (@) In HEK293 GABARAP SKO and Hela wildtype cells,
distinct features can also be observed for overexpressed G-B-G compared to Y-G.
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presence of an unmodified N-terminus is not sufficient to establish filament
association of a single, FP-linked GABARAP or at least fails to achieve the
degree of association sufficient for a robust microscopic detection. Notably,
N-terminal FP-tagging of two consecutive GABARAPs, as shown for
B-G-G transfected cells (Fig. S1F), resulted in the appearance of filaments
reminiscent in extent of those in G-B-G transfected cells. Thus, enhancing
affinity through bivalence by combining two GABARAP moieties in a single
FP-fusion appears to be critical for highlighting filaments in living cells.

Notably, this phenomenon and the other distinct features of G-B-G and
Y-G described above were also evident in other lines as illustrated for HEK293
cells in a GABARAP single-KO background, and for wildtype Hela cells
(Figure 1G). However, since we observed pronounced G-B-G-decorated fila-
ments particularly frequently in Huh KO cells, this line was used for all further
experiments,

G-B-G-decorated filamental structures correspond to microtubules

To investigate the identity of the G-B-G enriched filamental structures, Huh
KO cells expressing G-B-G were co-stained with SiR-tubulin and SiR-actin.
Representative images showed a broad match of the flucrescence signals
for G-B-G with SiR-tubulin (Figure 2A, Fig. S2A), whereas G-8-G and SiR-actin
signals overlapped peorly, at best appearing with a parallel offset or crossing
each other (Figure 2B, Fig. 52B). Spatial correlation of G-B-G with SiR-tubulin
and SiR-actin signals was quantitated as outlined in the Methods section; Icorr
values determined for G-B-G and tubulin (0.68 £ 0.02) were significantly
higher than those for G-B-G and actin {0.22 = 0.09), confirming the above-
mentioned observation (Figure 2C-Dj. In most cases the enrichment of
G-B-G along MTs was uniform, but in some cells G-B-G positive puncta,
possibly G-B-G decorated transport vesicles, were observed in proximity to
MTs (Fig. 52C, D), raising the idea of a connection between vesicle-associated
GABARAP and MTs.

Enrichment of G-B-G at microtubules relies on two intact GABARAP
N-termini while lipidation capability is dispensable

Having shown that G-B-G associates preferentially with MTs, we then
asked which regions in GABARAP, or in G-B-G, might be involved. For
this purpose, Huh KO cells expressing G**-B-G or G-B-G** with a total of
five alanine substitutions of N-terminal basic residues (K2A, K13A, R15A,
K20A, K23A) either in the first or second GABARAP moiety of the split
tandem construct were investigated, as basic residues have been
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Figure 2 Filamental G-B-G structures correlate with SiR-tubulin signal. Representative
live-cell images of G-B-G expressing Huh KO cells stained with (A) SiR-tubulin or (B) SiR-
actin. Bottom panels show magnifications around five selected ROIs per cell. (C) Grey-
scale images of the ROIs depicted in (A) and (B) highlighting the distribution pattern of
G-B-G and tubulin {left) or actin (right). The corresponding colocalization colormaps
(NMDPs, 40x40 pixel) show the spatial correlation between the two fluorescent signals
(mTagBFP2 and SiR), with hot colors indicating colocalization and cold color indicating
separation (n=3; refer to Fig. S3 for replicates). (D) Graphical representation of the
corresponding Icorr values representing the fraction of positively correlated pixels for G-
B-G and tubulin or actin. Values are plotted both for each ROl (small dots; Icorrs of the
same cell have the same color) and as mean Icorr for all ROls of a single cell (large dots).
From the latter the overall lcorr mean and SD for G-8-G and tubulin (0.68 + 0.02) and G-
B-G and actin (0.29 + 0.09) were calculated. ** P=0.0021; unpaired t-test.

suggested to be part of GABARAP’s tubulin binding motif in fermer
in vitro studies. Compared to control cells expressing G-8-G, G**-B-G or
G-B-G>* transfected cells expressing constructs with a single intact
tubulin-binding motif mostly showed little to ne enrichment at MTs
as visualized by co-staining with SiR-tubulin (Figure 3A & Fig. S3A-Q).
Indeed, G**-B-G and G-B-G™* transfected cells were not distinguishable
from G>*-B-G>* expressing cells, indicating that substituting the basic
amino acids in the second GABARAP molecule had no further influence
on the result (Figure 3A, C & Fig. S3A-D). Additionally, Huh KO cells
expressing G-B-G* and co-stained with SiR-tubulin were imaged,
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Figure 3 Reduced filament/microtubule association in the absence of conserved, posi-
tively charged residues in the tubulin-binding region. Exemplary images of Huh KO cells
stained with SiR-tubulin expressing (A) G-8-G, G**-B-G, G-B-G**, G**-B-G™* and (B) G-B-
G* (€, D) Quantification of filament to cytoplasm ratios (F:C) measured by mean
mTagBFP2 fluorescence intensity at respective ROIls with strong SiR-tubulin signal (2-
3/cell, small dots, mean per cell: large dots). Please refer to Fig. 53 for images of all cells
that went into this quantification. Additionally, all cells and ROIs can be reviewed on
Biolmage Archive. One way Anova with Tukey's multiple comparison test. *** P<0.001,
** P=0.0022. Values are represented as means + SD {n=10 cells) for each genotype
resulting in 1.62 +0.37, 1.16 + 0.17, 1.19 + 0.16, 1.11 + 0.06 and 1.58 + 0.39 for G-B8-G,
G*-B-G, G-B-G™, G°*-B-G°* and G-B-G*, respectively.
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Figure 4 FPs appear sensitive to the MT environment, while G-B-G can alter microtubule
network organization (A) Exemplary image of G-8-G and G-mCh-G expressing Huh KO
cells. The bottom panels show magnifications of four selected ROIs. Scale bars = 5 pm
(B) Exemplary image of G-8-G expressing cells fixed and immunostained with anti-
GABARAP polyclonal primary antibody. Arrows indicates exemplary non-transfected
control cell. The bottom panels show magnifications of four selected ROIs. Scalebars =
5 pm (C) Altered microtubule organization in G-B-G expressing Huh KO cells. Top images
show exemplary G-B-G expressing cell and control cell, both stained with SiR-tubulin
(Image 1). Bottom images show skeleton of SiR-tubulin stain in Image 1. The G-B-G
expressing cell is marked in blue, the control cell in gray. Skeleton was thresholded and
dilated for visualization purposes. Exemplary regions are marked in yellow and shown as
magnified ROIs (Scale bar = 2 pm) from skeletonized image after tagging of endpoint
(blue), junction (green) and slab (orange) pixels for each cell. (D) Quantification of
branch length from 5 images (see Fig. S4D) each displaying a G-8-G expressing and
control cell. **** P < 0.0001, ** P=0.0021, Mann-Whitney test. Individual branches are
represented including medians, with values in table below the graph.
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permitting investigation of whether lipidation is required for MT asso-
ciation, as the corresponding G-B-G* fusion protein is devoid of
C-terminal glycine residues suitable for lipidation in both GABARAPs.
Interestingly, lipidation deficiency did not appear to inhibit enrichment
of G-B-G* at MTs, as cells expressing this construct presented them-
selves indistinguishable from cells expressing the unmodified
G-B8-G (Figure 3B, D & Fig. S3E).

These observations were again substantiated by guantitative analysis.
While mean F:C ratios of G-B-G and G-B-G* expressing cells showed no
significant difference (1.62 = 0.37 and 1.58 + 0.39), enrichment at filaments
compared to adjacent cytoplasm was significantly lower for both G™-B-G,
G-B-G™ (1.16 % 0.17, 1.19£0.16) and G*-B-G™ (1.11£0.06). These findings
thus reinforce the conclusion already drawn from the monovalent constructs
B-G and G-B (Fig. S1D, E) and suppert the idea of avidity-mediated affinity
enhancement.

Tandem GABARAP requires mTagBFP2 for visualization of its
microtubule association and cytoskeletal remodeling

To our surprise, when changing the FP from mTagBFP2 to mCherry (mCh)
within the split-tandem construct, ne highlighting of filamentous structures
occurred in cells expressing G-mCh-G (Fig. S4A). As full-length translation and
a geod expression level of G-mCh-G, just as for any other tandem construct,
was confirmed (Fig. S4B}, we concluded that the behaviour of the GABARAP
tandem was influenced by the type of FP selected. Therefore, we also
inspected G-B-G and G-mCh-G co-expressing cells, and selected for those
cells that showed a filamentous staining pattern in the blue channel. In
such cells, filaments were also faintly visible in the red channel in some
regions, though they were hard to distinguish from backgreund (Figure 4A).
To better understand this phencmenon, we next made some efforts to
visualize MT-associated G-B-G independently of mTagBFP2's intrinsic fluores-
cence, using immunofluorescence. Flucrescence from mTagBFP2, even fol-
lowing fixation, was suitable to select for cells with a pronounced MT-like
G-B-G pattern. Counterstaining the same cells with a polyclonal anti-
GABARAP antibody in combination with an Alexa647-conjugated secondary
antibody resulted in a prominent cytoplasmic staining pattern with very
limited obvious filament staining particularly in the cell center (Figure 4B, 1./
lIl.). However, if one focuses on regions of the flattened cell periphery where
less background from freely diffusing G-B-G is expected, a filamentous pat-
tern was frequently evident also in the IF-stain (Figure 4B, Il./IV.). Since the IF
staining pattern obtained was reminiscent of the G-mCh-G staining pattern of
cells cotransfected with G-B-G, we envision the vicinity of MTs as a preferable
envircnment specifically for mTagBFP2 (see discussion for more details).
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We finally used the same antibody in an immunofluorescence staining
together with an anti-tubulin antibody te investigate what happens when
GABARAP is overexpressed without any fusion partner (Fig. S4C). With this
setup, no enrichment of GABARAP at MTs occurred, again in accordance with
the idea of avidity-based affinity enhancement.

During investigation of G-B-G expressing cells, it became apparent that
G-B-G decorated MTs often appeared strikingly long and curved, with
a tendency to even build loops. Te analyze this prominent alteration of the
MT network, Huh KO cells expressing G-8-G were co-stained with SiR-tubulin.
Pairs of untransfected cells and cells strongly expressing G-8-G were selected
and analyzed regarding their MT network organization; we cbserved clear
differences in the network throughout the analyzed cells, with
G-B-G expressing cells presenting prominently long and curved MTs
(Figure 4C). Skeletonization of filamental structures in the SiR channel and
subsequent determination of branch length, defined as distance between
endpoint and/or junction pixels, showed significantly longer branches for all
analyzed G-B-G expressing cells (extending up to 50 um) compared to control
cells (Figure 4D, Fig. S4D). Additionally, cytoskeleton bundling parameters,
namely coefficient of variance (CV) and skewness, were examined for pairs of
G-B-G expressing and control cells with similar mean intensities in the SiR-
channel {less than 1.6-fold difference, Image 1,2,5). Higher CV and Skewness
values for G-B-G expressing cells compared to control cells supported the
frequent visual observation of high SiR-tubulin intensities associated with
pronounced, long MTs (Figure S4E). It is important to note that the altered MT
network organization in G-8-G expressing cells was not only observable with
SiR-tubulin staining, which is known to stabilize MTs, but also in fixed cells
stained with an antibody against B-tubulin (Fig. S4F).

AlphaFold predictions suggest charge-mediated GABARAP enrichment
at microtubules rather than a distinct binding mode

The presence of two GABARAP molecules in the fusion protein construct
G-B-G appeared to be the critical factor for MT association. Using ColabFold
to predict the structural arrangement of G-B-G with a protofilament com-
posed of two tubulin dimers (TBAT1A-TBB5), we sought to address the ques-
tion whether this interaction is sterically plausible. First, orientation of the two
GABARAP moieties towards the tubulin chain and of mTagBFP2 away from it
was consistently observed, with the GABARAPs typically aligning with the
tubulin protofilament in such a way that one protomer is skipped (Figure 5A,
Fig. S5A). Despite significant variance among individual models regarding
details of the predicted contacts, GABARAP was frequently suggested to
associate with the negatively charged C-terminal tail present in beth a-and (3-
tubulin. Due to the inherent discrder of this segment, GABARAP is unlikely to
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Figure 5 Predictions support a GABARAP-tubulin interaction, although FP and valency of
GABARAP likely influence the biological outcome. Complex models of tubulin oligomers
with G-8-G (A) and GABARAP (B). This study’s observations aleng with their possible

biological consequences are summarized schematically in (C), with more details being
explained in the main text. Created with BioRender.com
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adopt a well-defined orientation relative to the globular tubulin core, as
reflected by high PAE scores for intermolecular pairs of residues. With due
caution owing to the complexity of the system, these predictions support the
idea of electrostatic interactions between G-8-G and microtubules.
Predicticns of untagged GABARAP with a TBA1A-TBB5 dimer alse hint at an
attraction of GABARAP toward the exposed C-terminal tails of the tubulin
moncmers (Figure 5B. Fig. S5B). In accordance with the observation in cells,
where B-G-G showed enrichment at MTs comparable to G-B-G, ColabFold
predicted a similar charge-dominated tubulin interaction of GABARAP moi-
eties, despite their shorter separation in B-G-G (Fig. S5C). However, predic-
tions with untagged GABARAP and tetrameric tubulin did not yield consistent
results, possikly indicating a lower interaction propensity. Notably, these
calculations do not include the various post-translational modifications
described fer both GABARAP and tubulin and cnly represent tubulin dimers
and tetramers of specific isotypes, TBB5 and TBA1A. However, both post-
translaticnal modifications and isotypes are important for structure and
functions of MTs, as well as for interactions with other proteins, possibly
including the proposed interaction with GABARAP.

Discussion

The aim of this work was to exploit novel FP-based tagging strategies to
microscopically track GABARAP, a member of the hATG8 family, in living cells,
thereby identifying new cpticns for visualizing its functionalities. We propose
that in particular GABARAP tandem constructs may expand the scope of
current strategies, such as the use of conventional N-terminal FP tags
[45,46], or the use of LIR-based sensors [15,47-4¢]. While particularly
N-terminal FP tags provide plenty of options to follow autophagic processes
[14], smaller tags (such as HA) cr tagless strategies are mandatory in certain
situations [26,34]. Taking advantage of avidity through the combination of
two GABARAP molecules in one construct, our strategy particularly targets
GABARAP activities featuring only meoderate interaction strengths for indivi-
dual binding events.

In detail, we chserved differences in the nucleocytoplasmic intensity ratios
between G-B-G and the conventionally labeled Y-G {expressed simultaneously
or separately) with an overall higher ratio for ¥-G. Little is known about the role
of GABARAP in the nucleus yet, and pronounced nuclear localization of ATG8s
has been interpreted as an artefact in some settings [14]. For LC3B, which is
characterized better in this respect, its nuclear pool [50], its differing levels
across nuclear compartments [51], and its contribution to nuclear surveillance
mechanisms are well described [52-54]; in part these findings may also apply
for GABARAP. For instance, GABARAP binds, like LC3B, to lamin B1 [52] and is
reported to be sensitive to deacetylase inhibitors [55], which is reminiscent of
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acetylation-dependent shuttling of LC3B between nucleus and cytoplasm [50].
Notably, in C. efegans the GABARAP hemolog LGG-1 is invelved in medulating
lifespan by regulating nuclear dynamics [56]. Higher intensities in the nucleoli
compared to the nucleoplasm were observed for G-8-G and B-G compared to
Y-G, suggesting that the FP cheice and not the number of GABARAPs in the
construct is decisive here. B-G might ke an excellent choice to address
GABARAP shuttling between nuclear compartments, technically even in
a more direct way than previously repcrted for LC3B fusions with Venus,
a close relative of YFP [53].

The most striking feature of G-B-G is its ability to highlight filamentous
structures, namely MTs, in the cytoplasm, a behavior hitherto undocu-
mented for conventional FP-tagged GABARAP/ATG8s. Notably, the FP
itself significantly influenced the result, as demonstrated for G-mCh-G.
As we do not have in-depth experimental data on this, we can only
speculate on the reasens why mTagBFP2 appears to have a particular
effect on the system studied here. In principle, the identity of the FP may
influence the preferred relative orientation of the GABARAP moieties in
the tandem construct and hence their MT interaction propensity, but this
does not seem very likely given the insensitivity to the position of
mTagBFP2 {(G-B-G vs. B-G-G). Under certain cenditions individual FPs
themselves may exhibit an as yet uncharacterized intrinsic tubulin-
binding capacity or may interact with certain MT-associated proteins,
however, we are not aware of any described MT-binding of free
mTagBFP2. In addition, we show that using mTagBFP2 within tubulin-
binding incompetent GABARAP tandem constructs does not lead to
association with MTs either. Besides a positive contribution of
mTagBFP2 to MT asscciation, an absence of negative effects (such as
repulsion) compared to other FPs (e.g. mCherry) would alsc be explain
the differences observed. Fluorescent proteins are inherently sensitive to
solution conditions, and certain environments are known to affect chro-
mophore functionality and ultimately the measurable fluorescence inten-
sity of some FPs [57-59]. It sheuld be ncted, that MTs have highly
unusual electrical properties due to the excepticnally negatively charged
C-termini of tubulin subunits giving rise to a length-dependent net
dipole moment of the entire MT [60]. As one conceptual possibility the
vicinity of an MT is suggested to be a confined zone of the cytoplasm
with very special characteristics [60,61]. Thus, an alteration of the proper-
ties of the FP, locally restricted to the MT zone and maybe differently
pronounced depending on the FP used, could also serve as a possible,
albeit speculative explanation for our observations. Interestingly,
G-B-G fluorescence retained a pronounced MT-like pattern even following
fixation, while counterstaining with a pelyclenal anti-GABARAP antibody
resulted in a prominent cytoplasmic stain with only some filaments
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visible in the flattened cell periphery. Curiously, a recent independent
study also revealed different behaviers of mTagBFP (a close relative of
mTagBFP2 [62,63]) and mCherry, interestingly in the context of a sensor
for tyrosinated MTs [64]. Overall, the question why mTagBFP2 has this
peculiar effect on the system studied here is awaiting a definite answer.
Nonetheless, our results are significant because they show a striking
example of what can in principle apply to any binding study with FP-
target protein (e.g. GABARAP) fusion proteins: individual FPs may mod-
ulate the degree of visibility of the binding event of interest to different
extents, either by differential *interference” with the binding itself
(including both positive and negative contributions) or by different mod-
ulation of the fluorescence strength (enhancement or attenuation) by the
environment of the FP in the bound state.

Nevertheless, there is abundant evidence for a seemingly robust inter-
action of GABARAP both with tubulin and assembled MTs in vitro. GST-
GABARAP associates with purified tubulin but not actin, and heterolo-
gously expressed GABARAP interacted with in-vitro assembled MTs [36],
supporting our observation that lipidation is not a prerequisite for
G-B-G enrichment at MTs in cells. The tubulin-binding region was nar-
rowed down to the first 35 residues of GABARAP [36], and positively
charged residues promote GABARAP’s association with MTs through
ionic interactions with the negatively charged C-terminal tails of the
tubulin monomers [31,36]. This is consistent with our cbservation of sig-
nificantly reduced MT association for G°*-B-G, G-B-G°* and G™*-B-G*%,
which lack the basic residues K2, K13, R15, K20 and K23 in the first,
the second or both GABARAP(s) of the split tandem. While colocalization
of GABARAP with MTs has been demonstrated by immunofluorescence
under endogenous conditions in Chinese hamster cvary cells more than 20
years ago, utilizing an in-house polyclonal anti-GABARAP antibody [36],
this has not been consistently observed by other groups, presumably due
to specific properties of the antibodies used. For instance, the epitope of
the monoclonal antibedy 8H5 develeped in our lab [65] overlaps with the
proposed tubulin-binding regicn of GABARAP, preventing detection of the
MT-associated fraction. A commercially available polyclonal GABARAP anti-
body can visualize GABARAP at MTs, though staining is faint and restricted
to cells overexpressing G-B-G. Notably, NMR experiments probing
GABARAP with short peptides derived from the a- or [-tubulin
C-terminal tails revealed only moderate affinities (dissociation constants
in the 0.1-0.2 mM range) with low specificity [30]. In agreement with these
data, in our study constructs with a single GABARAP molecule (B-G, G-B)
did not arrange in filamenteus patterns within living cells, while two
GABARAPs combined in a tandem reporter (G-B-G, B-G-G) were required
and sufficient to robustly colocalise with MTs in living cells.

93



20 (@ A UFFING ET AL

It is known that GABARAP can promote MT polymerization in vitro and that
the first 22 N-terminal residues are sufficient for this purpose [31,35]. In addi-
tion, an MT-bundling activity was suspected for GABARAP [66¢] and for its close
relative GABARAPL1 [67]. Shielding of the negatively charged C-terminal tails of
tubulin protomers by positively charged patches on MT-associated proteins, as
described for the cytoskeleton-asscciated protein glycine-rich (CAP-Gly)
domain of p15094=4 [68], offers one possible mechanism for these in-vitro
observations. Likewise, the basic N-termini of GABARAP and GABARAPL1T may
neutralize the repulsive negative surface charge of MTs. Interestingly, we
repeatedly observed an altered MT network organization including cytoskele-
ton bundling in G-B-G expressing cells, indicating that this GABARAP activity
may indeed have significance in vivo. Since the G-B8-G construct offers two
tubulin binding sites, it also could bridge individual MTs to form bundles. The
bundling promoting properties of the MT associated pretein tau have been
suggested to be based on a similar mechanism [62]. Remarkably, Nymann-
Andersen et al. (2002) already discussed MT binding of GABARAP dimers [70].
How the observed MT network alteraticons are facilitated in detail, and to what
axtent the effects observed with the split tandem construct can be translated
to wild-type cells expressing GABARAP at endogenous levels remains to be
elucidated in future investigations. However, we hypothesize that, if GABARAP-
mediated MT changes are relevant at all under endogenous GABARAP levels,
they should be confined to well-defined patches of locally high GABARAP
density, but are unlikely to preduce such glokal changes in MT organization
as cbserved under G-B-G overexpression.

Compared to the relatively controlled conditions in vitro, factors influen-
cing MT dynamics and stability in living cells are much more complex.
Stability determining factors include the prevalence of tubulin isctypes [71],
different post-translational modifications [72-76], and the presence or
absence of diverse MT associated proteins (MAPs, [77,78]), which often reg-
ulate transport along MTs [79,80]. Kinesin family member 5B (KIF5B), for
instance, has been connected to lysosome transport in autophagy, and its
depleticn led to perinuclear accumulation of autephagosomes in cancer cells
[81,82].In the context of insulin vesicle transport a connection between KIF5B
and GABARAP has been proposed, as GABARAP appears to promote vesicle
trafficking by KIF5B [83]. Considering our results, it is conceivable that
GABARAP not cnly presents transpert vesicles to KIF5B by cennecting vesicles
and MTs and thereby stabilizing the kinesin-cargo complex, but at high local
concentrations additionally stabilizes MTs and thereby supports KIF5B bind-
ing and corresponding anterograde vesicular transport.

Given that members of the LC3 subfamily of ATG8 proteins have been first
described as light chains of the MT interacting proteins MAP1A and MAP1B
[84,85], further connections between ATG8s and MTs do not seem far-
fetched. Accordingly, the connection between autophagy and the
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cytoskeleton has been extensively studied and reviewed [86-89]. Regarding
autophagy-unrelated functions, an interplay between GABARAP and MTs has
been suggested for the anterograde transport of e.g. the GABA,, angiotensin
Il type 1 and k opioid receptors [46,20,91]. The LC3B-mediated transport of
melancsomes aleng MTs and their detachment from MTs by ATG4B-
mediated delipidaticn is another example of this connection [22].

In summary, while untagged and conventicnally tagged GABARAP, e.g. B-G,
do not visibly associate with MTs even under overexprassion (Figure 5C-I),
G-B-G accumulates on MTs (Figure 5C-Il) owing to the bivalent nature of the
construct and the yet to be defined role of mTagBFP2 in this process. Drechsler
et al {2019) recently reported that multivalence is a critical property of MAPs,
conferring MT-bundling abilities, optionally by bridging individual MTs which
can lead to bundling [93]. However, as bundling could be an artificial activity of
GABARAP tandems (Figure 5C-lIl), this aspect should be viewed with caution.
GABARAP-decorated vesicles such as autophagosemes and endolysosomal
vesicles [94], however, could present multiple GABARAPs in proximity to
MTs, resulting in significant avidity through multivalence. Such multiple
GABARAP-MT interactions might therefore assist in keeping those vesicles on
the MT track, possibly promoting their transport (Figure 5C-IV).

As both impaired MT dynamics and defective autophagy as well as their interplay
have been linked to human disease [95-97], understanding how GABARAP and other
ATGB proteins influence MT stability and related processes may also provide novel
insights into pathophysiclogy and suggest improved strategies of intervention. While
our results employing a GABARAP split tandem construct within living cells are not
necessarily transferrable to the functicnalities of endogenous GABARAP, our results
may serve as a motivation to re-visit the GABARAP-micrctubule interaction described
more than 20 years ago using today’s techniques.

Abbreviation

ATGS8: autophagy related protein 8

FP: fluorescent protein

GABARAP: y-aminobutyric acid type A receptor-associated protein
Icorr: Index of correlation

KO: knockout

LDS: LIR docking site

LIR: LC3-interacting region

MAP1TLC3/LC3: microtubule associated protein 1 light chain 3
MAP: microtubule associated protein

MT: microtubule

nMDP: normalized mean deviation product

ROI: region of interest

SiR: Silicon rhodamine
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Supplementary information (SI)

SI Methods

Immunocytochemistry

Transfected Huh-7.5 GABARAP SKO cells shown in Fig. S4C were washed in Cytoskeleton buffer (CB, 150
mM NaCl, 5 mM MgCl,, 5 mM EGTA, 5 mM glucose, 10 mM MES, 1 g/L streptomycin) and fixed in 3.7%
PFA in CB for 20 min at 37°C. The reaction was stopped with 30 mM glycine in CB for 5 min, like all
following steps, if not indicated otherwise, at room temperature. The cells were permeabilized with 2% Triton-
X-100 for 2 min, washed thrice for 5 min with CB and non-specific binding sites were blocked with 5% (w/v)
milk powder in CB for 30-45 min. Afterwards, cells were incubated with primary antibodies against
GABARAP (anti-GABARAP rabbit polyclonal [Proteintech, 18723-1-AP) diluted 1:100 in CB containing 1%
(w/v) milk powder and against o-tubulin (anti-a-tubulin, rat monoclonal clone YL1/2, [Signa-Aldrich,
MAR1864]) diluted 1:200 in CB containing 1% (w/v) milk powder for 1 h at 37°C. Next, cells were washed
thrice in CB and stained with secondary antibodies (anti-rabbit-Alexa647 [abcam, ab150083] and anti-rat-CY3
[Jackson Immunoresearch, 112-165-006]) diluted 1:200 in CB containing 1% (w/v) milk powder for 45 min at
37°C. After 2 washes in CB, and one in PBS (137 mM NaCl, 2.7 mM KCl, 1.8 mM KH,PO,, 10 mM
Na,HPO,, pH 7.4), cells were imaged and stored in PBS containing 0.05% (w/v) sodium azide. Transfected
Huh-7.5 GABARAP SKO cells shown in Fig.S4F were fixed for 10 min with precooled methanol and
subsequently for 1 minute with precooled acetone, both at -20°C. After two washes with PBS, non-specific
binding sites were blocked with 5% (w/v) BSA in PBS for 1 h. Cells were incubated with anti-p-tubulin-CY3
mouse monoclonal [Sigma Aldrich, C4585]) diluted 1:100 in PBS containing 1% (w/v) BSA (AppliChem,
A1391) and 0.3% (v/v) Triton X-100 (AppliChem, A4975) for 2 h or overnight and afterwards washed twice
with PBS. Finally, cells were imaged and stored in PBS containing 0.05% (w/v) sodium azide.

Immunoblotting

Transfected Huh-7.5 GABARAP SKO cells were harvested by trypsination, washed once in PBS and lysed with
NP40 buffer (20 mM Tris HCIL, 200 mM NaCl, 1 mM EDTA, 0.5% NP40, 1 mM PMSF and 1x Halt Protcase
and Phosphatase inhibitor [Thermo Fisher Scientific, 78442]) by mncubation on ice for 30 min and vigorous
pipetting every 10 min. Insoluble cell parts were sedimented by centrifugation for 10 min at 17,000 x g. Total
protein concentration of supernatant was determined by BCA assay (Thermo Scientific, 23225). Samples were
separated by SDS-PAGE using precast stain-free gels (Bio-Rad Laboratories, 4568124), transferred to 0.2 uM
PVDF membranes (Bio-Rad Laboratories, 1704156) and blocked in 5% BSA (AppliChem, A1391) in TBS-T
(136 mM NaCl, 2.7 mM KCl, 24.7 mM Tris-HCL, pH 7.4, 0.05% Tween-20 [Applichem, A4974]) for 1 h.
Membrane was incubated with primary anti GABARAP antibody (Cell Signaling Technology, 13733)
overnight at 4°C, washed 3 times with TBS-T, incubated with secondary antibody (goat anti-rabbit, HRP-
conjugated [Dako, P0448]) for 1 h at room temperature and again washed thrice with TBS-T. Signals were
visualized with Clarity western ECL substrate (Bio-Rad Laboratories, 1705061).
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Results

S| Figures

G-B-G

Y-G

NeC = 2 mean intensity nuclecplasm ROIs

" X mean intensity cytoplasm ROIs

Z

Nu:N =
u 2, mean intensity nucleoplasm ROIs

Figure S1. (A) Example of cytoplasmic, nucleoplasmic, nucleoli and filament ROIs in a Huh KO cell
expressing G-B-G and Y-G as well as the formulas used for calculation of N:C, Nu:N and F:C ratios. All
mmages and ROIs of cells analyzed accordingly can be found on BiolmageArchive. (B-F) Live cell images of
Huh KO cells expressing G-B-G (B), -G (C), B-G (D), G-B (E) B-G-G (F). Whole cells (merge with
transmitted and G-B-G channel) as well as detailed ROIs are shown for two cells per construct. Scale bars
represent 20 pm for whole cells and 2 pm for zoom 1ns.
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Figure S2. Continued on the following page.
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C G-B-G G-B-G SiR-tubulin

10 pm

D G-B-G G-B-G mEos-tubulin

Figure S2. Live cell images of Huh KO cells expressing G-5-G and stained either with SiR-tubulin (A) or
SiR-actin (B) together with their colocalization colormaps. The corresponding Icorr values are included
within the graph given in Fig. 2D. (C-D) Live cell images of Huh KO cells expressing G-B-G and either co-
stained with SiR-tubulin (C) or co-transfected with a plasmid encoding mEos-tubulin (1)) Zoom in images
show microtubules decorated with G-B-G positive puncta, likely transport vesicles.
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merge G-B-G  SiR-tubulin merge  G%%B-G SiR-tubulin merge  G-B-G¥ SiR-tubulin

G-B-G*  SiR-tubulin

Figure S3. Live cell images of Huh KO cells expressing G-B-G
(A), G™*-B-G (B) G-B-G5 (C) G¥-B-G5%X (D) or G-B-G* (E) and
co-stained with SiR-tubulin. All presented cells were used for
determination of F:C ratios shown in Figure 3D. Corresponding
ROIs for quantification can be accessed on BiolmageArchive.
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Figure S4. Continued on the following page.
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Figure S4. Continued on the following page.
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F merge G-B-G tubulin

merge G-B-G tubulin
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Figure S4. (A) Huh KO cells expressing split tandem construct G-mCh-G. The bottom panels show
magnifications (Scale bars = 2 um) of four selected ROIs. (B) Full length expression of different split tandem
constructs (G-B-G, G**-B-G, G-B-G*, B-G-G, G-mCh-G and G-B-G°%, G**-B-G (shown on both
membranes), G3%-B-G¥X) was confirmed by Immunoblot from whole cell lysates of Huh KO cells transfected
with the respective plasmids and staining with GABARAP antibody (Cell Signaling Technology, 13733).
The most intense bands were detected at the expected size of the construct at approximately 55 kDa. The
signal at about 25 kDa is unlikely to contribute to fluorescence signal in cells. Ladder: BioRad, #1610375.
(C) Huh KO cells expressing GABARAP (without tag), fixed and stained with primary antibodies against
tubulin and GABARAP (Sigma-Aldrich, MAB1864 & Proteintech, 18723-I-AP). Arrows indicate exemplary
non-transfected control cell. The bottom panels show magnifications (Scale bars = 5 um) of four selected
ROIs for both channels. (D) Images of Huh KO cell pairs, one expressing G-B-G and a second untransfected
control cell, stained with SiR-tubulin. Skeletons, thresholded and dilated for visualization, for analysis of
branch length as shown in Figure 4C are displayed. (E) For image 1, 2 and 5, color coded skeletons
according to tubulin intensity values and corresponding cytoskeleton bundling parameters are displayed (F)
Images of fixed Huh cells transiently transfected with plasmid encoding G-B-G and stained with an antibody
against tubulin. Cells showing strong G-B-G expression present an altered tubulin staining pattern.
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Figure S5. Continued on the following page.
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Figure S5. Additional Colabfold models and their corresponding ranks as well as well as per residue
confidence values, namely predicted local difference distance test (pIDDT) and predicted aligned error (PAE)
for models presented in Figure 5, namely G-B-G with a TBBS and TBAI1A tetramer (4) and GABARAP with
TBB5 and TBA1A (B). Additionally, models for B-G-G with a TBB5 and TBA1A tetramer is shown (C).
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Summary and Conclusion
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 ATGS8
paralog with the highest mMRNA 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).
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*Figure 6, continued on next page
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Figure 6. Overview of paralog mRNA expression in selected cell lines and tissues and ATGS8 related publications. mRNA
expression levels of ATGS8 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 ATGS8 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 *N-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/ATGS 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 (Uffing 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: 851M) 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 ®N-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 (Uffing et al., 2024a;
raw data on Biolmage Archive, Accession: S-BIAD952). Typically, fusion of fluorescent proteins to
the N-terminus of ATGS8s (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, Argls,

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.
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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 (l., chapter 3.1.). The small-molecule compound GW5074 primarily engages with HP1 of GABARAP (Il., 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 (lll., 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 Schrodinger, 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.
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Monitoring the association of hATG8s with microtubules in living cells.
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