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ABSTRACT

Macroautophagy/autophagy is an evolutionarily conserved cellular process whose induction is regulated
by the ULK1 protein kinase complex. The subunit ATG13 functions as an adaptor protein by recruiting
ULK1, RB1CC1 and ATG101 to a core ULK1 complex. Furthermore, ATG13 directly binds both
phospholipids and members of the Atg8 family. The central involvement of ATG13 in complex formation
makes it an attractive target for autophagy regulation. Here, we analyzed known interactions of ATG13
with proteins and lipids for their potential modulation of ULK1 complex formation and autophagy
induction. Targeting the ATG101-ATG13 interaction showed the strongest autophagy-inhibitory effect,
whereas the inhibition of binding to ULK1 or RB1CC1 had only minor effects, emphasizing that mutations
interfering with ULK1 complex assembly do not necessarily result in a blockade of autophagy.
Furthermore, inhibition of ATG13 binding to phospholipids or Atg8 proteins had only mild effects on
autophagy. Generally, the observed phenotypes were more severe when autophagy was induced by
MTORC1/2 inhibition compared to amino acid starvation. Collectively, these data establish the interaction
between ATG13 and ATG101 as a promising target in disease-settings where the inhibition of autophagy
is desired.

Abbreviations: AMPK: AMP-activated protein kinase; ATG: autophagy-related; BafAl: bafilomycin A;;
EBSS: Earle’s Balanced Salt Solution; GABARAP: gamma-aminobutyric acid A receptor-associated protein;
HORMA: Hop1, Rev7 and MAD2; KO: knockout; LIR: LC3-interacting region; MAP1LC3/LC3: microtubule-
associated protein 1 light chain 3; MEF: mouse embryonic fibroblast; MM-GB/SA: molecular mechanics
Generalized Born solvent-accessible surface area; MTORC1/2: mechanistic target of rapamycin (serine/
threonine kinase) complex 1/2; PAS: phagophore assembly site; PLPD: phospholipid-binding domain;
RB1CC1/FIP200: RB1-inducible coiled-coil 1; RPS6KB1: ribosomal protein S6 kinase, polypeptide 1;
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Introduction

Autophagy is an intracellular degradation process mediating
the clearance of misfolded or damaged proteins, protein aggre-
gates, or entire organelles. During the course of autophagy, a
phagophore forms from microdomains of the ER. This phago-
phore further engulfs the cargo to be removed. By addition of
membrane compartments originating from different cellular
sources, the phagophore closes into a mature autophagosome.
This double-membraned vesicle then fuses with lysosomes, giv-
ing rise to an autolysosome in which the cargo becomes
degraded by lysosomal hydrolases. This process is conserved
from yeast to higher eukaryotes including mammals, and
autophagy is essential for functional metabolism and cell integ-
rity. Accordingly, the dysregulation of autophagy is implicated
in various human diseases such as cancer, neurodegenerative
diseases such as Alzheimer and Parkinson, myopathies, and
heart and liver diseases.' ™

like kinase

1/2; WIPI2: WD repeat domain,

Autophagy is executed on a basal level in most cell types, but
can be actively induced by nutrient deprivation or other stress
conditions. Autophagy-activating pathways all converge on the
induction of the ULK1 complex, a central regulation node
within the autophagy network. This protein complex comprises
the Ser/Thr protein kinase ULK1 (unc-51 like kinase 1) and the
interacting proteins ATG13, ATG101 and RB1CCI1/FIP200
(RB1-inducible coiled-coil 1).>® Knockdown and knockout
experiments revealed essential roles for each of these proteins
in autophagy. Knockout of either Atgl3 or Rblccl leads to
embryonic lethality,”'® whereas ulklI™'~ or ulk2™'~ mice have
rather mild autophagy phenotypes and ulk1/2~'~ mice are alive
but die shortly after birth.''”'* Fibroblasts isolated from these
ulk1/2 double-knockout mice are responsive to glucose depri-
vation but do not display autophagy induction by amino acid
withdrawal.'"! The ULK1 complex itself is regulated by
upstream nutrient- and energy-sensing kinases, such as MTOR
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(mechanistic target of rapamycin [serine/threonine kinase]),
AMPK (AMP-activated protein kinase), and AKT1 (reviewed
in ref. 14-17). The individual subunits of the ULK1 complex
have been investigated in detail over the past years, but still
information about the relevance of the single protein-protein
interactions within the complex is missing. Most reports sug-
gest that ATGI13 is the central subunit of this complex and
recruits the remaining components,>'®* though one report
indicates a direct interaction of ULK1 and RB1CC1 indepen-
dent of ATG13.” Along these lines, the modulation of protein-
protein interactions involving ATG13 might be a valuable
approach to regulate autophagy signaling pathways.

The N terminus of ATG13 comprises a HORMA domain
functioning as an ATGI101-interaction platform. This domain
was first identified in the Saccharomyces cerevisiae proteins Hopl,
Rev7, and Mad2, which display sequence similarities but no func-
tional overlaps.”' Jao et al. are the first to identify a HORMA
domain in ATG13.*> Mad2 can switch between an open (O-
Mad2) and a closed (C-Mad2) conformation, and the ATG13
HORMA structure corresponds to the C-Mad2 state.”” This find-
ing has been complemented by 3 other groups reporting the
structure of ATG101 as O-Mad2-like and the HORMA-mediated
dimerization of ATG13 and ATG101, respectively.”***** Suzuki
et al. show that an ATG101 version which cannot dimerize with
ATG13 is not incorporated into the ULK1 complex, ultimately
leading to impaired autophagy induction. The recruitment of the
other subunits into the complex is unaffected.”® Of note, addi-
tional binding partners of the Atgl3/ATG13 HORMA domain
have been reported, including ATG14 and yeast Atg9.*>** Next to
the HORMA domain, ATG13 contains a phospholipid-binding
motif at its extreme N terminus.”® Four amino acid residues con-
served across species mediate its interaction with phosphatic acid
(PA), phosphatidylinositol 3-phosphate (PtdIns3P), phosphatidyl-
inositol 4-phosphate (PtdIns4P) and to a lesser extent with
phosphatidylinositol ~ 3,4,5-trisphosphate  (PtdIns(3,4,5)P5).
Mutation of these 4 key residues severely decreases phospho-
lipid binding, inhibits translocation of ATG13 to the autopha-
gosome formation site and impedes autophagic flux upon
starvation.”®

In contrast to the structured N terminus, the C-terminal
part of ATG13 is intrinsically disordered.””*® In yeast Atgl3,
the intrinsically disordered region (IDR) harbors the interac-
tion sites for Atgl and Atgl7, representing the yeast orthologs
for ULK1 and RBICCl, respectively.”** In agreement with
these data for yeast, Jung et al. have mapped the ULK1 and
RBICCI interaction sites to the C terminus of human
ATG13."”” Our group has fine-mapped these sites. We have
observed an ATG13 isoform in the DT40 chicken B-lympho-
cyte cell line missing a 26-amino-acid stretch encoded by
exonl2. This isoform cannot bind to RBICC1.*" With regard
to ULK1, we have previously identified the last 3 amino acids
of ATG13 to be indispensable for ULK1 binding.'® Notably, the
deletion of this short peptide and correspondingly the disrup-
tion of the ATG13-ULK1 interaction had only minor effects on
autophagy induction.'®

Finally, a MAP1LC3/LC3-interacting region (LIR) motif was
identified in ATG13. The LIR mediates interaction with mem-
bers of the Atg8 family, and Alemu et al. have observed that the
ATGI13 LIR preferentially associates with the GABARAP

subfamily of Atg8 proteins.”* Suzuki et al. have determined the
crystal structures of 3 MAPILC3/LC3 isoforms in complex
with a peptide containing the residues 436 to 447 of ATG13.%
They also have performed mutational analysis of LC3A with
either increased or decreased LIR-binding affinity and observe
a defect in autophagosome formation.”> However, since this
defect might be caused by altered binding to other LIR-contain-
ing proteins and not necessarily to ATG13, the specific function
of the ATG13 LIR remains elusive so far.

In the present work, we aimed at systematically investigating
the individual importance of the ATG13 interaction sites for
ULK1 complex formation, recruitment to the autophagosome
formation site, and autophagy induction. For this, we made use
of different proautophagic stimuli (i.e., amino acid starvation
and MTOR inhibition) and different autophagy readouts (LC3
turnover; LC3, WIPI2, and ATGI16L1 puncta formation). It
appears that the association of ATG101 with ATGI13 is central
for autophagy induction. In contrast, binding of both ULK1
and RBICC1 is not mandatory for this process. Generally, the
observed effects were more pronounced upon MTOR inhibi-
tion, confirming the accepted model of MTOR-mediated regu-
lation of the ULK1 complex and indicating that crude EBSS
treatment might induce autophagy independently of the
MTOR-ULKI axis. We suggest that—next to the direct inhibi-
tion of ULKI kinase activity—interference with the ATG13-
ATGI101 interaction might represent a promising approach to
regulate autophagy induction.

Results

In order to comprehensively analyze the ATGI13 domain
requirements for autophagy, we performed a systematic analy-
sis using specific ATG13 variants incapable of binding to phos-
pholipids, ATG101, RB1CCl, Atg8 family members, or ULKI,
respectively (Fig. 1A, B).

The amino acid sequence V348-M373 of ATG13 comprises
the RB1CC1 interaction site

The ATGI3-RBICCl interaction site was reported to be
located at the C terminus of ATG13."” We have previously
identified an ATG13 isoform in the chicken B-lymphocyte cell
line DT40, in which deletion of the amino acids encoded by
exon 12 lead to inhibited interaction of ATGI13 with
RB1CC1.”" The amino acid sequence encoded by avian exon 12
corresponds to the amino acid sequence V348 to M373 of
human ATG13 isoform 2, which is encoded by human exon
14. Deletion of this sequence disrupted the ATG13-RB1CC1
interaction, while binding of ATG13 to ULK1 and ATG101
was not affected. This was evident from immunopurification
experiments and from increased protein levels of ATG101 and
ULK]1 following the expression of ATG13 variants in atgl3 KO
MEFs (Fig. 2A). In order to exclude the possibility that the dele-
tion of V348-M373 only results in a weakened interaction that
is not detectable by immunopurification, we performed 2 addi-
tional assays to monitor protein interaction in vivo. First, we
employed a proximity ligation assay that allows detection of
single protein-protein interactions using antibody-recognition
combined with exponential signal amplification by PCR.
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Figure 1. Interaction interfaces of human ATG13. (A) Schematic representation of human ATG13 (isoform 2; Uniprot identifier 075143-2). Amino acid sequences involved

in binding to proteins and phospholipids are indicated,'®2023:2426:31-33,56 (

applied mutations and labelling used for this manuscript are given.

Visualization is mediated by fluorescent nucleotides. HA-
tagged ATG13 variants were stained with mouse anti-HA anti-
bodies and RBICC1 with rabbit anti-RB1CC1 antibodies. As
negative controls Atgl3 WT MEFs expressing untagged ATG13
and atgl3 KO MEFs expressing ATGI13 lacking the entire C
terminus (AC) were used. Cells reconstituted with full-length
ATG13 displayed strong signals with significant difference to
control cells (Fig. 2B). In contrast, MEFs expressing ATG13
(AV348-M373) revealed a signal count similar to control cells,
indicating the disruption of the interaction with RB1CCI. Sec-
ond, we used the in vivo biotin labeling assay developed by
Ting and colleagues.’*® In this assay, ATG13 variants were
tagged with the ascorbate peroxidase derivative APEX2 and
expressed in atgl3 KO MEFs. Upon activation of the peroxi-
dase, the provided biotin-phenol is converted to biotin-phe-
noxyl radicals, which covalently react with nearby electron-rich
amino acids and thereby label proteins with biotin. Since phe-
noxyl radicals are short-lived and have a small labeling radius,
only proteins proximal to the APEX2 fusion protein become
biotinylated.”*>® Subsequent cell lysis and enrichment of bioti-
nylated proteins by streptavidine beads allow detection of inter-
acting proteins. Immunoblotting revealed that RB1CC1 was
only purified from cells expressing full-length ATG13 but was
absent in all other samples (Fig. 2C). On the contrary, ATG101
was purified with all ATG13 variants. Note that ATG13 itself is
biotinylated and purified; therefore, proteins might be purified
due to biotinylation or interaction with ATG13. Nevertheless,
both assays confirm that the ATG13 sequence V348-M373
mediates the interaction with RB1CCI.

Next we questioned if and how the assembly of the ULK1
complex might be affected by the inhibition of the ATG13-
RBICC1 interaction. For this, size-exclusion chromatography
experiments were conducted. As has been reported

B) List of ATG13 mutations investigated in this paper. Targeted domains, interaction partners,

previously,' atg13 KO MEFs do not assemble the ULK1 com-
plex (Fig. 2D, upper panels and black curve in diagrams).
Whereas RBICC1 is present in high-molecular mass fractions
corresponding to complexes of approximately 3 MDa (Fig. 2D,
fractions 18 to 21), ULK1 only distributes in lower-molecular
mass fractions. ATG101 exists mainly as a monomer in frac-
tions containing molecules lower than 43 kDa. Re-expression
of wild-type ATG13 in these KO cells restores the assembly of
the ULK1 complex, with all analyzed proteins being present in
the high-molecular mass fractions (Fig. 2D, middle panels and
blue curve in diagrams). Additionally, ATG101 and ATG13
display high protein amounts in fractions corresponding to a
molecular mass of 400 to 200 kDa (Fig. 2D, middle panels, frac-
tions 29 to 36). Finally, disruption of the RBICC1 interaction
with ATG13 by deleting the V348-M373 sequence resulted in a
disassembled ULK1 complex and a shift of ATG13, ULK1 and
ATG101 to lower-molecular mass fractions (Fig. 2D, lower
panels and red curve in diagrams). Of note, ULK1 distribution
resembles the atgl3 KO phenotype, whereas ATG101 accumu-
lates in fractions corresponding to 400 to 200 kDa protein com-
plexes, which is different from KO cells (Fig. 2D, compare black
and red curve in diagrams). Similarly, ATG13 protein levels are
almost completely depleted in high-molecular mass fractions
and are mainly present in later fractions. These data indicate
that ATGI13-containing subcomplexes are formed in cells
expressing the ATG13(AV348-M373) variant rather than the
entire RBICC1-dependent ULK1 complex. Besides ATGI13,
these complexes might harbor ULK1, ATGI101, or both
(Fig. 2A).

Because the ULK1 complex is not formed when the interac-
tion of ATG13 and RB1CCl1 is inhibited, we next asked if this
has an effect on the recruitment of both proteins to the auto-
phagosome formation site. Immunofluorescence experiments
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Figure 2. The amino acid sequence V348-M373 comprises the RB1CC1 binding region in ATG13. (A) atg13 KO MEFs retrovirally transfected with empty vector or cDNA
encoding either HA-ATG13 or HA-ATG13(AV348-M373) were lysed and cleared cellular lysates were subjected to immunopurifications with anti-HA-agarose or protein A/
G beads in combination with anti-RB1CC1 or anti-ATG101 antibodies, respectively. Purified proteins were subjected to SDS-PAGE and analyzed by immunoblotting for
RB1CC1, ULK1, ATG13, HA, or ATG101. (B) atg13 KO MEFs stably expressing HA-ATG13 or the indicated mutants were seeded onto glass cover slips. The next day cells
were used for proximity ligation assay as described in the material and methods section (anti-HA antibody: covance MMS-101P). Nuclei were stained with DAPI. Signals
and nuclei per image were counted and the signal:nuclei ratio was calculated. Data are represented as mean & SEM. Samples without significant difference display identi-
cal letter (Student t test, 2-sample assuming unequal variances; minimum of 24 images was analyzed). (C) atg73 KO MEFs stably expressing HA-APEX2 alone or fused to
either wild-type ATG13 or the indicated mutants were pre-incubated with phenol-biotin for 30 min and peroxidase was activated by adding H,0, for 1 min. Cells were
washed 3 times with quenching solution and lysed. Biotinylated proteins were purified using streptavidin agarose. Purified proteins were analyzed by immunoblotting
for RB1CC1, HA, or ATG101. (D) S100 extracts of cells described in (A) were separated by size-exclusion chromatography on a Superose 6 increase column. Fractions were
analyzed by immunoblotting for the indicated proteins. Diagrams show protein levels for each fraction at a ratio of the input and normalized to the fraction containing
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the highest concentration of the analyzed protein. Curves for controls (KO and ATG13) are reused in figures 5 and 6.

showed diffuse distribution for both proteins under growing
conditions in atgl3 KO MEFs reconstituted with full-length
ATGI13 with a perinuclear accumulation of RB1CC1 (Fig. 3,
ATG13 DMEM). Following autophagy induction by amino
acid starvation, ATG13 and RBICCI exhibited colocalizing

right panels).

dots that likely represent the autophagosome formation site

(Fig. 3, ATGI13 EBSS, see inset). In contrast, expression of the
ATG13(AV348-M373) variant did not promote the recruit-
ment of either ATG13 or RB1CCI to the PAS, and distribution
of both proteins was unaffected by autophagy induction (Fig. 3,



Taken together, the sequence V348-M373 represents the
RBICCL interaction site in ATG13, and this protein-protein
interaction can be abolished by the deletion of this peptide.
This in turn provokes disassembly of the ULK1 complex and
inhibited recruitment to the phagophore.

The amino acids 1131, R133, V134 and Y138 of ATG13 are
mandatory for the interaction with ATG101

In addition to the RB1CC1 interaction, we were also interested
in the binding of ATG13 to ATG101. We conducted a compu-
tational alanine scanning of the ATG13-ATG101 interface on
the structure of the human ATG13-ATG101 HORMA hetero-
dimer (PDB ID: 5C50; ref. 24) using the DrugScore™" web-
server.”” Interface residues resulting in a binding free energy
change AAG > 1 kcal mol™" when mutated to alanine were
considered binding hot spots (1131, R133, V134, Y138; Fig. 4A,
upper panel). Isoleucine, arginine, and tyrosine are enriched in
hot spot residues.’® To independently validate the predicted
hotspots, we performed MM-GB/SA calculations combined
with a decomposition of the effective binding energy on a per-
residue level.”>*° The MM-GB/SA calculations confirmed that
R133, V134, Y138, and to a lesser extent 1131, contribute most
to the effective binding energy (Fig. 4A, middle panel). In addi-
tion, R139 and R142 were identified by MM-GB/SA but not by
DrugScore®™, and Y115 vice versa. Furthermore, a cluster of

ATG13
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potential binding hot spots located in the connector loop (resi-
dues 33 to 58) of ATG13 was identified by MM-GB/SA but not
by DrugScore”™ (Fig. S1). The consensus hot spot residues in
the ATG13 interface (Fig. 4A, lower panel) were then changed
to alanine, and binding of ATG101 to these ATG13 variants
was analyzed by a bimolecular fluorescence complementation
assay.

For this analysis, ATG13 and ATG101 were fused to the N-
or C-terminal part of the YFP variant Venus, respectively. Upon
expression of VenusN-ATG13 and VenusC-ATG101 fusion pro-
teins in atgl3 KO MEFs, Venus fluorescence was complemented
by the interaction of wild-type ATG13 and ATG101. Mutations
of single amino acids did not influence the interaction between
ATG13 and ATGI101 (data not shown). However, exchange of
the 4 amino acids 1131, R133, V134 and Y138 to alanine led to
the disruption of the ATG13-ATGI101 interaction as detected by
decreased Venus fluorescence (Fig. 4B). When performing
immunoblotting of ATG101, we detected low protein levels in
cells transfected with the mutant ATG13 that were similar to the
ones observed for atgl3 KO MEFs (Fig. 4B). This is due to the
absence of the stabilizing effect of the ATG13-ATG101 protein-
protein interaction on ATG101; the stabilizing effect is evident
in cells expressing full-length ATG13 (Fig. 4B). We also per-
formed immunopurification experiments of ATG101. Only
wild-type ATGI13 was copurified, while the 4 amino acid
ATG13 variant (I131,R133,V134,Y138A; named HORMA
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Figure 3. Disruption of the RB1CC1-binding region in ATG13 inhibits mutual recruitment to the phagophore. atg13 KO MEFs retrovirally transfected with cDNA encoding
either HA-ATG13 or HA-ATG13(AV348-M373) were seeded onto glass cover slips one day prior to stimulation with full medium (DMEM) or starvation medium (EBSS) for
1 h. Cells were fixed, permeabilized and stained for HA (covance MMS-101P) and RB1CC1. An inverse confocal laser scanning microscope was used for imaging. Puncta
and colocalization per cell quantification was done using fiji software. Data represent mean + SEM. A minimum of 168 cells per stimulation was analyzed. Statistical analy-
sis using the Student t test, 2-sample assuming unequal variances was performed comparing EBSS to DMEM for each individual cell line. No statistical significance with P
< 0.05 was obtained. Columns for control (ATG13) are reused in figures 4, 6, and supplementary figure S9. Scale bar: 20 m.
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Figure 4. Mutation of residues 1131, R133, V134 and Y138 in ATG13 is sufficient to inhibit its interaction with ATG101. (A) Computational alanine scanning of the ATG13-
ATG101 interface was performed using the structure of the human ATG13-ATG101 HORMA heterodimer (PDB ID: 5C50, ref. 24) and the DrugScorePP' webserver (ref. 37)
(upper panel). AAG denotes binding free energy differences for wild-type residue-to-Ala mutations; residues yielding AAG > 1 kcal mol™" are considered binding hot
spots. In the middle panel, per-residue effective binding energies (AGpinging) cOmputed by the MM-GB/SA approach (ref. 39, 40) are shown. Residues considered hot spots
according to both methods are colored in red. In the lower panel, the localization of these residues in the ATG13 interface is shown. (B) atg13 KO MEFs stably expressing



domain mutant, HD™") was not capable of interacting with
ATGI101 (Fig. 4C). Furthermore, due to the missing ATG13
interaction, copurification of the other ULK1 complex members
ULK1 and RBICC1 was not possible. We also analyzed ATG13
harboring a mutated phospholipid-binding domain (PLBD™").
This motif is very proximal to the HORMA domain, and muta-
tion might unintentionally affect the HORMA domain function.
In our purification experiments, the ATG13(PLBD™") variant
was copurified with ATGI101 indicating an intact HORMA
domain (Fig. 4C, PLBD™"). By combining the HD mutation
with the PLBD variant (Fig. 4C, PLBD™*,HD™") the interaction
with ATG101 was again inhibited. Importantly, the interaction
with ATG14, which has recently been reported to bind to the
HORMA domain of ATG13,*" was neither affected by the HD
nor the PLBD mutation (Fig. S2). The interaction of ATG13 with
ULKI1 or RBICCI, respectively, was not affected either (Fig. S2).

As described above for the RBICC1-binding interface, we
next investigated the ULK1 complex assembly by size-exclu-
sion chromatography and recruitment to the phagophore by
immunofluorescence. Mutation of the phospholipid-binding
site did not affect the ULK1 complex assembly (Fig. 5A,
PLBD™"; red curve in diagrams). In contrast, mutation of
the ATGI101 interaction site severely altered complex assem-
bly (Fig. 5B, HD™" red curve in diagrams). Distribution of
ATGI101 resembles the atgl3 KO phenotype as it is only
present as a monomer in the low-molecular mass fractions,
while it is completely absent from both the 3 MDa and 400
to 200 kDa protein complexes. ATG13 was present in low
amounts in the early molecular mass fractions and concen-
trated in later fractions. Additional mutation of the phos-
pholipid-binding domain did not exhibit an additive effect
on the distribution of the ULK1 components (Fig. 5C,
PLBD™ HD™"; red curve in diagrams). The described
ATGI13 variants were further analyzed in combination with
a disrupted RBICCI interaction. Double mutation of the
phospholipid- and RB1CCl-binding site (Fig. 5A,
PLBD™",AV348-M373; green curve in diagrams) induced a
redistribution of ATG13, ATG101 and ULK1 into later frac-
tions as was detected for the single AV348-M373 variant
(see Fig. 2D). Combination of the RBICC1 binding-defi-
cient with the ATG101 binding-deficient mutant did not
further impact ATG101 but promoted an additional reduc-
tion of ULK1 and ATG13 protein levels in early molecular
mass fractions (Fig. 5B, HD™",AV348-M373; green curve in
diagrams). Finally, complex formation did not change in
the triple mutant compared to the double mutant PLBD™",
HD™"* (Fig. 5C, PLBD™",HD™",AV348-M373; compare red
and green curves in diagrams).

-
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The immunofluorescence experiments revealed that most
ATG13 variants that are not capable of a proper ULK1 complex
formation do not support ATG13 and RB1CCI colocalization
upon autophagy induction either (Fig. 4D, PLBD™",AV348-
M373; HD™,AV348-M373; PLBD™" HD™",AV348-M373).
The corresponding single mutations lacking either intact
ATGI101- or phospholipid-binding properties supported for-
mation of ATG13- and RB1CCl1-positive puncta, though their
number appeared to be independent of autophagy induction by
starvation (Fig. 4D, PLBD™"; HD™"). However, in cells
expressing the ATG13 variant lacking both the ATG101 and
phospholipid interaction site, a permanent accumulation of
ATGI13 and RB1CCI was detected, which was even increased
upon autophagy induction (Fig. 4D and S3, PLBD™",HD™").
This notable phenotype was reversed by additionally mutating
the RB1CCI interaction site (Fig. 4D, PLBD™“ HD™" AV348-
M373). Based on this observation, we hypothesize that the
accumulation of ATG13 and RB1CCl1 is potentially caused by
inhibited signaling progression downstream of the recruitment
of these proteins to the phagophore or a very early formation
site. Since deletion of the RB1CCI binding site abolished this
accumulation, we suspect that the recruitment of ATG13 and
RB1CCl is dependent on their interaction and might occur ear-
lier within the temporal hierarchy. In turn, ATG13-dependent
binding to ATG101 and phospholipids are both important for
the release of ATG13 and RBICC1 from the phagophore. It is
noteworthy that the disruption of one of the 2 interaction inter-
faces (PLBD™" or HD™") does not affect signaling progres-
sion, indicating that interactions mediated by these interfaces
might somehow compensate each other.

The ATG13-ULK1 interaction is required for ULK1 complex
formation and recruitment to the autophagosome
formation site while the LIR motif is dispensable

Two additional interaction interfaces have been reported for
ATG13 proteins. The LC3-interacting region (LIR) domain
mediates direct interaction of ATG13 with members of the
Atg8 family. In agreement with the report on the LIR motif in
ATG13 by Alemu et al.,”* we exchanged F407 and 1410 to ala-
nine (Fig. 1B) to effectively inhibit interaction with LC3s and
GABARAPs. These mutations did not have an effect on ULK1
complex formation as shown by size-exclusion chromatogra-
phy (Fig. 6A, LIR™"; upper panels and red curve in diagrams),
whereas a double mutant lacking both the LIR and the
RBICC1 interaction site showed disruption of the complex
(Fig. 6A, LIR™",AV348-M373; green curve in diagrams). Fur-
thermore, we observed proper recruitment of ATGI13 and

VenusC-ATG101 and VenusN-ATG13 (wild-type or the indicated mutants) were trypsinized and analyzed for Venus fluorescence using a flow cytometer. The median of
fluorescence intensity for each sample was normalized to control cells lacking VenusN-ATG13 expression (“none”) and was plotted in a bar diagram representing mean +
SEM. Samples without significant difference display identical letters (Student t test, 2-sample assuming unequal variances). Representative data are plotted in a histogram.
Cell lysates were examined for expression of the indicated proteins by immunoblotting. (C) atg73 KO MEFs retrovirally transfected with empty vector or cDNA encoding
either HA-ATG13 or the indicated variants were lysed and cleared cellular lysates were subjected to immunopurification with anti-ATG101 antibodies and a protein A/G-
Sepharose mix. Purified proteins were subjected to SDS-PAGE and analyzed by immunoblotting for RB1CC1, ULK1, or HA. (D) atg13 KO MEFs stably expressing the indi-
cated HA-tagged ATG13 variants were grown on glass cover slips one day prior to incubation with starvation medium (EBSS) for 2 h, fixation and permeabilization. Immu-
nofluorescence for HA (covance MMS-101P) and RB1CC1 was performed. An inverse confocal laser scanning microscope was used for imaging. Please note that we
detected a high number of HA-positive puncta varying in size and intensity, of which only a minor portion colocalized with RB1CC1 puncta. This might be due to the
exogenous expression of HA-ATG13 variants. Puncta and colocalization per cell quantification was done using fiji software. A minimum of 89 cells per stimulation was ana-
lyzed. Data represent mean + SEM. Statistical analysis using the Student t test, 2-sample assuming unequal variances was performed comparing EBSS to DMEM for each

individual cell line. **P < 0.01, ***P < 0.001. Scale bar: 20 um.
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Figure 5. Mutation of the HORMA domain, but not of the phospholipid-binding domain leads to disintegration of the ULK1 complex. (A to C) S100 extracts of atg13 KO
MEFs stably expressing HA-ATG13 or the indicated mutants were separated by size-exclusion chromatography on a Superose 6 increase column. Fractions were analyzed
by immunoblotting for the indicated proteins. Diagrams show protein levels for each fraction at a ratio of the input and normalized to the fraction containing the highest
concentration of the analyzed protein. Curves for controls (KO and ATG13) are reused in figures 2 and 6.

RBICC1 to the PAS after autophagy induction (Fig. 6B,
LIR™"), which again was abolished by additional deletion of the
RB1CCI1 binding site (Fig. 6B, LIR™,AV348-M373). Interestingly,
mutation of the LIR motif did not affect the colocalization of
ATGI13 with LC3 after autophagy induction by EBSS treatment
(Fig. 6C, LIR™"), which was also inhibited by deletion of the
RBICC1 interaction (Fig. 6C, LIR™\AV348-M373). Of note,
expression of this ATG13 double mutant led to increased localiza-
tion of ATG13 to the nucleus despite autophagy induction.
Finally, we applied the ATLQ mutation, which has previ-
ously been validated for the inhibition of the ULK1-ATG13
interaction (Fig. 1B).'® Deletion of the minimal ULK1 interac-
tion site in ATGI13 resulted in a shift of ULK1 to later fractions
in size-exclusion chromatography, while both ATG101 and

ATG13 were still present in high-molecular mass fractions (ref.
18 and Fig. 6A, ATLQ; lower panels and red curve in dia-
grams). Deletion of both the ULK1 and RB1CCI interaction
sites in ATGI13 resulted in the depletion of ATG101 from early
fractions (Fig. 6A, AV348-M373,ATLQ; green curve in dia-
grams). Despite the fact that the ATG13(ATLQ) variant still
interacts with RB1CCl, recruitment of both proteins to the
autophagosome formation site was inhibited (Fig. 6B, ATLQ).

Mutations of interaction sites in ATG13 partly affect amino
acid starvation-induced autophagy

After mapping the interaction sites between ATG13 and its
binding partners, we were next interested in their relevance
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Figure 6. Composition of the ULK1 complex is influenced by the ATG13-ULK1 interaction but not by the LIR motif of ATG13. (A) ST100 extracts of atg13 KO MEFs stably
expressing the indicated HA-ATG13 variants were separated by size-exclusion chromatography on a Superose 6 increase column. Fractions were analyzed by immunoblot-
ting for the indicated proteins. Diagrams show protein levels for each fraction at a ratio of the input and normalized to the fraction containing the highest concentration
of the analyzed protein. Curves for controls (KO and ATG13) are reused in figures 2 and 5. (B) Cells described in (A) were seeded onto glass cover slips one day prior to
stimulation with full medium (DMEM) or starvation medium (EBSS) for 1 h. Cells were fixed, permeabilized and stained for HA (covance MMS-101P) and RB1CC1. An
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for autophagy regulation. First, we investigated the require-
ment of the ATG13-RB1CC1 interaction, since this interac-
tion is apparently essential for the formation of the 3 MDa
ULKI1 complex. In a first approach, we analyzed amino acid
starvation-induced mCitrine-LC3B degradation by flow
cytometry. Cells with an intact autophagy signaling machin-
ery display low fluorescence after autophagy induction, and
this effect can be reversed by adding bafilomycin A;, as can
be seen in Atgl3 WT MEFs as well as in atgl3 KO MEFs
reconstituted with full-length ATG13 (Fig. 7A). Unexpect-
edly, expression of the ATGI3 mutant AV348-M373 did
not influence autophagy activity, since LC3B degradation as
detected by a reduced fluorescence intensity was observed
after treatment with EBSS (Fig. 7A). To further confirm this
result, we performed immunofluorescence of endogenous
LC3. This assay supported our previous observation, since
the number of LC3-positive puncta increased in cells
expressing either wild-type or ATG13(AV348-M373) upon
bafilomycin A, treatment, and this effect was enhanced by
inducing autophagy with EBSS (Fig. 7B). Finally, we per-
formed an LC3 turnover assay by immunoblotting. Again
Atgl3 WT MEFs and atgl3 KO MEFs reconstituted with
either full-length ATG13 or the AV348-M373 variant dis-
played similar LC3-II levels in cells treated with bafilomycin
A, alone (basal autophagy) or in combination with EBSS
(induced autophagy) (Fig. 7C). Similar to the atgl3 KO
MEFs, an ATGI13 version lacking the entire C terminus
(AC) did not reveal any detectable autophagic flux
(Fig. 7C). Since the autophagy readouts employed so far
rely on LC3 lipidation and/or degradation, we decided to
check another autophagic marker. We chose the early
autophagy protein WIPI2, which is recruited to the phago-
phore shortly after ULK1 complex activation. Immunofluo-
rescence of WIPI2 in atgl3 KO MEFs expressing full-length
ATG13 or the AV348-M373 mutant showed diffuse distri-
bution in the cytoplasm under growing conditions, while
WIPI2 puncta formation was induced by autophagy induc-
tion (Fig. 8, ATG13; and AV348-M373). Collectively, these
data suggest that the interaction between ATGI13 with
RB1CCI is not mandatory for autophagy induction.

As these findings were rather surprising, we further analyzed
the other interaction motifs of ATG13. Mutation of the phos-
pholipid-binding domain did not influence autophagy induc-
tion by amino acid starvation with EBSS either. LC3-II protein
levels were similar in cells reconstituted with wild-type ATG13
or the PLBD mutant (Fig. 7D, PLBD™"). Likewise, mutation of
both the phospholipid- and the RB1CCl1-binding site did not
significantly affect autophagic activity (Fig. 7D, PLBD™",
AV348-M373). In contrast, mutation of the ATG101 interac-
tion site resulted in significantly reduced autophagic flux
(Fig. 7D, HD™""). Concomitant deletion of the RB1ICC1 inter-
action site did not have an additional effect (Fig. 7D, HD™",

AV348-M373). However, interference with both the phospho-
lipid binding as well as the ATG101 interaction could further
reduce the autophagic activity (Fig. 7D, PLBD™,HD™"). This
was also evident from the analysis of SQSTM1/p62 levels,
which are highly accumulated in atgl3 KO MEFs and in cells
expressing the double mutant PLBD™ ,HD™" (Fig. 7E). These
results were further supported by WIPI2 immunofluorescence.
While we detected WIPI2 puncta formation upon autophagy
induction in cells expressing the ATG13 variants PLBD™"; and
PLBD™,AV348-M373 (Fig. 8, PLBD™; and PLBD™",
AV348-M373), inhibition of ATGIO0l binding to ATGI3
severely inhibited WIPI2 puncta formation after autophagy
induction (Fig. 8, HD™; HD™",AV348-M373; PLBD™",
HD™ and PLBD™HD™",AV348-M373). Notably, these cells
displayed very small WIPI2-positive structures, which were not
regulated by autophagy induction.

As in our MEF cell lines the signal for LC3-II appeared to be
very similar between full medium and EBSS in the presence of
bafilomycin A,, we hypothesized that the induction of autoph-
agy is masked by high levels of basal autophagy. We therefore
repeated the starvation experiments for cell lines displaying
reduced autophagic activity (HD™"; HD™",AV348-M373;
PLBD™ " HD™ and PLBD™“,HD™,AV348-M373) with a
shortened incubation time of 1 h (Fig S4). In this setup, differ-
ences in autophagic flux caused by ATG13 mutations were
even more obvious and further confirmed our result that inhi-
bition of the ATG13-ATG101 interaction has a tremendous
impact on autophagy induction.

Next, mutation of the LIR motif was analyzed. Interestingly,
we detected a slight increase of LC3-II levels in samples treated
with starvation medium and bafilomycin A; compared to cells
expressing wild-type ATG13 (Fig. 7F, LIR™ and ATGI13;
Fig. S5). This effect was reversed when both the interaction
with LC3s or GABARAPs, and RB1CC1 were inhibited, since
cells expressing this ATG13 double mutant displayed autopha-
gic activity similar to wild-type ATGI13 expressing cells
(Fig. 7F, LIR™,AV348-M373). WIPI2 staining also showed
puncta formation upon autophagy induction (Fig. 8). However,
with this readout, we did not observe significant differences
between wild-type and LIR™'- and/or LIR™",AV348-M373-
expressing cells.

Finally, we investigated the mutation of both the ULK1 and
the RBICC1 interaction site. Our group has previously
reported that inhibition of ATG13-ULK1 binding resulted in
slightly but not significantly decreased autophagic activity.'®
This reduced autophagic activity was further decreased by addi-
tional mutation of the RBICCI interaction site (Fig. 7F,
AV348-M373,ATLQ). Consistently, WIPI2 puncta formation
upon autophagy induction is present in cells expressing the
ATGI13(ATLQ) mutant; however, it appears severely decreased
by further mutation of the RBICC1 interaction site (Fig. 8,
ATLQ; and AV348-M373,ATLQ).

-

inverse confocal laser scanning microscope was used for imaging. Puncta and colocalization per cell quantification was done using fiji software. A minimum of 127 cells
per stimulation was analyzed. Data represent mean + SEM. Statistical analysis using the Student t test, 2-sample assuming unequal variances was performed comparing
EBSS to DMEM for each individual cell line. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar: 20 m. (C) atg13 KO MEFs stably expressing HA-ATG13 or the indicated mutants
were seeded onto glass cover slips one day prior to stimulation with starvation medium (EBSS) for 2 h. Cells were fixed, permeabilized and stained for HA (covance MMS-
101P) and LC3. An inverse confocal laser scanning microscope was used for imaging. Scale bar: 20 ;«m.
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Figure 7. Differential requirement of ATG13 interaction interfaces for amino acid starvation-induced LC3 turnover. (A) Atg13 wild-type MEFs (WT) or atg13 KO MEFs stably
expressing mCitrine-LC3B and the indicated ATG13 variants were cultured in growth medium or starvation medium (EBSS) with or without 40 nM bafilomycin A; (BafA,)
for 8 h. Total cellular mCitrine-LC3B signals were analyzed by flow cytometry. The median of fluorescence intensity for each sample was normalized to wild-type cells incu-
bated in growth medium. Data represent mean + SEM. **P < 0.01, P < 0.001 (Student t test, 2-sample assuming unequal variances). (B) Untransfected Atg13 wild-type
(WT) MEFs or atg13 KO MEFs retrovirally transfected with empty vector (KO) or cDNA encoding the indicated ATG13 variants were grown on glass cover slips overnight
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Mutations of interaction sites in ATG13 have severe effects
on autophagy induction by MTORC1/2 inhibition

Because amino acid starvation by EBSS incubation is a rather
crude treatment and ULK1/2-independent autophagy pathways
have been described by several groups,'*"**"** we next wanted
to selectively target ULK1 signaling by the modulation of
MTOR activity. To do so, we used torin2, a member of the Tor
kinase domain inhibitor family (TORKInibs), which inhibits
both MTOR complex 1 and 2 (MTORC1/2). Furthermore,
rapamycin was used, which interacts with FKBP1A and thereby
inhibits interaction of MTOR with RPTOR and MTORC1
formation.

First, we analyzed the ability of the inhibitors to induce the
autophagy signaling pathway via MTOR inhibition. We found
that torin2, similar to EBSS treatment, inhibits ULK1 phos-
phorylation at T758 as well as RPS6KB1 phosphorylation at
T389, both of which are well known MTOR phosphorylation
sites (Fig. S6A to C). Rapamycin-induced effects on RPS6KB1
phosphorylation at T389 were similar, but the inhibition of
ULK1 T758 phosphorylation appeared much weaker (Fig. S6B
and S6C). Nevertheless, this site was not absolutely “rapamy-
cin-resistant”.** Consistently, ULK1 kinase activity as moni-
tored by immunoblotting for phospho-S318 in ATGI13 was
more prominently induced by torin2 than by rapamycin (Fig.
S6B and S6C). Furthermore, torin2 induced the recruitment of
the ULK1 complex to the phagophore similarly as starvation
with EBSS (Fig. S7).

In atgl3 KO MEFs reconstituted with full-length ATG13
autophagy was induced following treatment with these inhibi-
tors (Fig. 9A, ATG13). Interference with the RB1ICC1-ATG13
interaction had only minor effects on autophagic activity
(Fig. 9A, AV348-M373) as we have already detected for EBSS
treatment.

Mutation of either the phospholipid-binding domain or
the ATG101-interacting HORMA domain inhibited autoph-
agy induction by torin2 and rapamycin (Fig. 9B, HD™"
and PLBD™"). Although this has been observed for the
HD™" variant upon EBSS treatment, the effect for the
PLBD™"" is much more obvious for torin2 and rapamycin.
It appears that cells expressing these ATG13 variants retain
some autophagic activity, since we detected a slight increase
of LC3-II levels in samples treated with bafilomycin A;.
This was totally erased by mutating both the phospholipid-
and the ATGI101-binding domain (Fig. 9C, PLBD™",
HD™"). In these cells, the addition of bafilomycin A, did
not stimulate an accumulation of LC3-II compared to con-
trol cells. The subsequent deletion of the RB1CC1-binding
domain did not have an additional effect (Fig. 9C,
PLBD™ ,HD™" ,AV348-M373).

-

Next, the mutated LIR motif was investigated. In contrast to
EBSS treatment, autophagy induction with torin2 or rapamycin
neither increased nor inhibited autophagic activity in cells
expressing the ATG13 variant (Fig. 9D, LIR™"). We detected
an additive effect for the ATG13 double mutant additionally
lacking the RBICCI1 interaction site (Fig. 9D, LIR™*,AV348-
M373). In these cells, autophagic activity was significantly
decreased when treated with torin2. These cells show increased
levels when treated with bafilomycin A, but this effect was not
further increased by torin2. These results indicate that basal
autophagy is still active but autophagy induction by torin2 is
not possible. This was not the case for rapamycin stimulation,
since we detected only minor effects on autophagy induction.

At last, we studied the ATG13(ATLQ) mutant lacking ULK1
interaction. Similar to the LIR mutant, autophagy was not
induced by torin2 treatment although basal activity was still
detectable (Fig. 9E, ATLQ). Additional mutation of the
RBICC1 interaction site did not have any further effect
(Fig. 9E, AV348-M373,ATLQ). Rapamycin induced autophagy
in cells expressing the ATG13(ATLQ) variant (Fig. 9E, ATLQ)
although this was significantly reduced compared to control
cells. Again autophagy was not induced in cells expressing the
double mutant AV348-M373,ATLQ (Fig. 9E, AV348-M373,
ATLQ).

As has been done for EBSS experiments, we verified our
results obtained for torin2-induced autophagy by immunofluo-
rescence. Because we could not detect significant WIPI2 puncta
formation upon torin2 treatment (Fig. S8), we monitored
ATGI16L1 puncta formation, another well-characterized
marker for autophagosomes (Fig. S9). We observed a signifi-
cant increase in puncta formation upon both EBSS and torin2
treatment for cells expressing wild-type ATG13 as well as
ATG13 with a mutated LIR domain (Fig. S9, ATG13; LIR™").
Cells expressing ATG13 with disrupted RBICC1- or ULK1-
binding sites depicted inducible ATG16L1 puncta formation as
well (Fig. S9, AV348-M373; ATLQ). For all other cell lines,
ATGI6L1 puncta were not detectable. Taking all our observa-
tions together, it appears that targeting the interaction between
ATG101 and ATG13 has the most severe effects on autophagy
induction with regard to all applied stimuli and readouts
(Fig. 10, HD™""). LC3-1I accumulation was blocked at least to
~50%, while WIPI2 dot formation was reduced to less than
20% and ATGI6L1 to ~30%. These effects were even more
pronounced when binding to both ATG101 and phospholipids
was blocked (Fig. 10, PLBD™ HD™"). In contrast, single
interference with the binding to the other 2 ULK1 complex
components, ULK1 and RB1CCl, respectively, did not or only
weakly affect autophagy induction. However, the combination

and incubated for 2 h in growth medium or starvation medium (EBSS) in the presence or absence of 40 nM bafilomycin A, (BafA,). Cells were fixed, permeabilized and
stained for LC3. Imaging was performed using an inverse confocal laser scanning microscope and puncta per cell quantification was done using fiji software. Data repre-
sent mean + SEM. Statistical analysis using the Student t test, 2-sample assuming unequal variances was performed comparing LC3 puncta accumulation during EBSS +
BafA, treatment for depicted cell lines. **P < 0.01, **P < 0.001 (Student t test, 2-sample assuming unequal variances). (C, D, F) Untransfected Atg13 wild-type MEFs
(WT) or atg13 KO MEFs retrovirally transfected with empty vector (KO) or cDNA encoding the indicated ATG13 variants were incubated as described in (B). Cleared cellular
lysates were analyzed by immunoblotting for HA, LC3, ACTB, and VCL. Fold changes were calculated by dividing each normalized ratio (protein to loading control) by the
average of the ratios of the control lane (ATG13 in medium). Results are mean + SEM *P < 0.05, **P < 0.01, n.s., not significant (Student t test, 2-sample assuming
unequal variances). (E) atg13 KO MEFs retrovirally transfected with empty vector (KO) or cDNA encoding the indicated ATG13 variants were incubated in growth medium
or starvation medium (EBSS) for 2 h. Cleared cellular lysates were analyzed by immunoblotting for SQSTM1 or VCL.
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Figure 8. Differential requirement of ATG13 interaction interfaces for amino acid starvation-induced WIPI2 puncta formation. (A) atg13 KO MEFs retrovirally transfected
with cDNA encoding the indicated ATG13 variants were grown on glass cover slips overnight and incubated in growth medium (DMEM) or starvation medium (EBSS) for
2 h. Cells were fixed, permeabilized and stained for WIPI2. Imaging was performed using an inverse confocal laser scanning microscope. Puncta per cell quantification
was done using fiji software. Data represent mean + SEM. Statistical analysis using the Student t test, 2-sample assuming unequal variances was performed comparing
EBSS to DMEM for each individual cell line. P < 0.05, **P < 0.01, ***P < 0.001. Scale bar: 20 m.
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Figure 9. Differential requirement of ATG13 interaction interfaces for autophagy induced by MTOR inhibition. (A to E) atg13 KO MEFs retrovirally transfected with empty
vector (KO) or cDNA encoding the indicated ATG13 variants were incubated for 2 h in growth medium in the presence or absence of 250 nM torin2 (left panels) or
500 nM rapamycin (right panels) and 40 nM bafilomycin A; (BafA;). Cleared cellular lysates were analyzed by immunoblotting for LC3 and ACTB. Fold changes were
calculated by dividing each normalized ratio (protein to loading control) by the average of the ratios of the control lane (ATG13 in the medium). Results are mean + SEM

*P < 0.05, "*P < 0.01, **P < 0.001 (Student t test, 2-sample assuming unequal variances).




of these 2 mutations clearly inhibited autophagy induction
upon MTOR inhibition (Fig. 10, AV348-M373,ATLQ).

Discussion

In this study, we have systematically evaluated the relevance of
the individual ATG13 interaction sites for the autophagic func-
tion of ATG13. In recent years, it became evident that the
ULKI1 protein kinase complex is an essential signaling node for
the induction of autophagy. The core ULK1 complex consists
of ULK1, ATGI13, RB1CC1 and ATG101. Our analysis showed
that targeting the ATG101-ATG13 protein interaction has the
strongest effect on autophagy regulation. Though the remain-
ing ATG13 interaction sites partially displayed functions dur-
ing autophagy induction mediated by MTOR inhibition,
mutations within the ATG13 HORMA domain clearly affected
autophagy induced by amino acid starvation. In contrast, the
interactions of ATG13 with ULK1 or RBICC1 appeared to be
rather dispensable for this type of autophagy induction.

The possibility to induce autophagy independently of ULK1/2
has been suggested by different groups. One might speculate that
interference with the ATGI13-ATGI01 interaction targets both
the ULK1 complex during canonical autophagy and potential
ULKI-independent complexes that still rely on ATGI3 and
ATGI101. These latter complexes might play a role in autophagy
induction and/or during autophagy progression. Congruent to
our observations, Suzuki et al. have reported that autophagy is
defective in atgl01 KO MEFs expressing an ATG101 version that
can no longer bind ATG13.*° The authors have already suggested
that ATG101 fulfills 2 proautophagic functions: i) the stabilization
of ATG13 and ii) the recruitment of downstream factors via a
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protruding loop termed WF finger.”® Mutation of either the
ATGI3 interaction interface or the WF finger inhibited autoph-
agy.”’ Future studies will have to reveal possible interacting mole-
cules of the WF finger, and it remains to be shown that this
motif is important for both ULK1-dependent and -independent
processes.

Although the described observations suggest a central role
for the ATG13-ATG101 interaction, we cannot entirely exclude
that our ATG13 HORMA domain mutations simultaneously
affect the binding to other reported interacting partners, i.e.
ATGI14 in higher eukaryotes and Atg9 in yeast.”>*' Recently,
Park et al. reported that ATG14 is bound to a region between
residues 1 to 198 in ATGI13, which represents the HORMA
domain.*' They show that this interaction enables ULKI-
dependent phosphorylation of ATG14, which in turn stimu-
lates the kinase activity of the class III phosphatidylinositol 3-
kinase (PtdIns3K) complex.*’ The observations by Park et al.
are consistent with data obtained by Jao et al., who report that
the HORMA domain of yeast Atgl3 is important for the
recruitment of the Atgl4-containing class III PtdIns3K com-
plex.”* However, at least our immunopurification experiments
indicate that binding to ATG14 is not altered for our ATG13
HORMA domain variants. In S. cerevisiae, a second binding
partner of the Atgl3 HORMA domain has been identified:
Suzuki et al. show that Atg9 vesicles are recruited to the PAS
via the interaction with the Atgl3 HORMA domain.*® This
model has been recently refined by Yamamoto et al. Appar-
ently, Atgl3 links Atgl7-Atg29-Atg31 complexes with each
other via 2 distinct regions, ultimately resulting in the self-
assembly of the Atgl complexes.”® The supramolecular self-
assembly of the Atgl complexes then leads to the recruitment
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WIPI2 ATG16L1 puncta per cell
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Figure 10. Summary of the effects of mutations in ATG13 interaction interfaces on autophagy induction by amino acid starvation or MTOR inhibition. The heat map shows

i) the percentage of LC3-Il signal detected by immunoblotting for the indicated st
ATG16L1 puncta formation after autophagy induction by the indicated stimuli (col

imuli in the presence of bafilomycin A; (columns 1 to 3), ii) the increase of WIPI2 and
umns 4 to 6), or iii) the percentage of colocalization events of HA-ATG13 variants and

RB1CC1 after treatment with the indicated stimuli (columns 7 and 8). All values were normalized to the control, which was set to 100% (ATG13, first row). The range for

mapping was defined from 5.7 to 159. The value for LIR™" under EBSS stimulation
(n.d., not determined).

(267.6%) was set to out of range, and the color code dark red was manually assigned
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of Atg9 vesicles.”® Ohsumi and colleagues have been able to
generate an Atg9 binding-deficient Atgl3 variant, and the resi-
dues of Atgl3 mediating this interaction are located to
B-strands 4 to 6 and the hinge loop.”® In contrast, human
ATGI13 binds to human ATG101 via the «C and the ¢A-oB
connector, including 2”.** Furthermore, the interface between
Atgl01/ATG101 and Atgl3/ATGI13 is mostly conserved
between fission yeast and human.?®**%® In all, there are 2
aspects that arise from these observations. First, there is cer-
tainly crosstalk between the Atgl/ULK1 complex and Atg9/
ATGOY, both in yeast and mammalian model systems. In 2004,
Reggiori et al. report that Atg9 cycles through the PAS in an
Atgl-Atgl3-dependent manner.*’ Sekito et al. have found that
Atg9 interacts with Atgl7 in S. cerevisiae.*® This interaction
appears to be essential for the recruitment of Atg9 to the PAS
and requires Atgl.*® Rao et al. also report the direct interaction
of Atg9 with Atgl7.*” They observe that the Atg9-Atgl7 inter-
action is inhibited by the regulatory Atg31-Atg29 subcomplex
but restored by the association of the Atgl-Atgl3 subcomplex.*
Finally, Papinski et al. have characterized Atgl-dependent phos-
phorylation of Atg9.”® With regards to higher eukaryotes, Young
et al observe that ULK1 regulates the starvation-induced redis-
tribution of ATG9 from the trans-Golgi netwok to endosomes.”"
Mack et al. report that the AMPK-dependent phosphorylation
of ULKI regulates ATG9 localization,”* and Weeraseekara et al.
observe that these 2 kinases mediate the phosphorylation of
ATG9.” Recently, Karanasios et al. report that the nucleation of
autophagosomes is initiated by the ULK1 complex on ER tubu-
lovesicular regions marked by ATGY vesicles.” Second, to our
knowledge, there is no evidence so far that Atgl3/ATGI13
directly interacts with Atg9/ATG9 in Atgl01/ATG101-positive
cells, ie. fission yeast or higher eukaryotes. Along these lines,
a simultaneous interaction of ATGI01 and ATGY9 with the
HORMA domain of ATG13 has not been described. Further
studies are necessary to characterize the mutual influence of the
known and potentially additional ATG13 HORMA domain
interaction partners in mammalian model systems.

The phospholipid-binding motif is located proximal to the
HORMA domain and has been shown to be important for the
translocation of ATG13 to early autophagosomal structures.*®
The lipid-binding capabilities of yeast Atgl3 were addressed
by Rao et al. They observe that Atgl3 does not bind to
small unilamellar vesicles containing either 40 mol% phospha-
tidylserine or 30 mol% phosphatidylinositol or 25 mol%
phosphatidylinositol supplemented with 2.5 mol% phosphati-
dylinositol-3-phosphate.*” However, Atgl3 is still recruited to
small unilamellar vesicles composed of yeast polar lipids, indi-
cating that other lipids than the mentioned ones are required
for Atgl3 binding.*” In our experimental setup, mutation of the
phospholipid-binding motif clearly inhibited autophagy induc-
tion by rapamycin or torin2 treatment but not by amino acid
starvation. These data are partially similar to the findings
reported by Karanasios et al. Notably, the inhibition of both
binding to phospholipids and ATG101 enhanced the pheno-
types of both individual mutations and resulted in accumula-
tion of ATG13 and RBICC1 within puncta independent of
autophagy induction. We speculate that the components of the

ULK1 complex can be recruited to early autophagosomal
structures possibly prior to phagophore formation, but that the
subsequent release from this site is inhibited by blocked bind-
ing of phospholipids and ATG101. The observed accumulation
of ATG13 and RBICC1 was entirely abrogated by further
inhibiting the ATG13-RB1CCI1 interaction, hinting towards a
hierarchical order of protein interactions. Nevertheless, neither
the occurrence of these ATG13/RB1CC1 puncta nor their inhi-
bition had implications for autophagy execution.

Generally, the data obtained for the RB1CC1-binding site
are rather unexpected. Interference with the ATGI13-
RBICC1 interaction resulted in disassembled ULK1 com-
plexes and inhibited recruitment of ATG13 and RB1CCI to
the phagophore. However, we did not see any effect on
autophagic activity. Our group has previously observed that
deletion of the RB1CC1 interaction site in ATG13 results in
inhibited autophagy in chicken DT40 B-lymphocytes.>" Fur-
thermore, Chen et al. have identified the corresponding
amino acids in RBICCl mediating the interaction with
ATG13.>> The ATGI13-binding site in RBICCI is estab-
lished by amino acids 582 to 585 (LQFL) in human
RB1CC1.>> The authors employ a knock-in mouse model
expressing a RB1CC1 variant that cannot bind ATG13, and
they observe that autophagy is completely blocked but that
the nonautophagic functions of RB1CC1 fully support
embryogenesis.”” These observations are contradictory to
our results. The usage of different model systems and/or
autophagy readouts might contribute to this discrepancy.
We suggest that the components of the ULK1 complex
become recruited to the phagophore independently of a
fully assembled ULK1 complex, ultimately resulting in regu-
lar autophagy progression. Since we observe that the inter-
action between ATGI13 and RB1CCl is important for their
recruitment to the autophagosome formation site but not
mandatory for autophagy induction, it also appears possible
that they support autophagy execution remotely from the
autophagosome formation site. Still, we cannot exclude that
ATGI13- and RB1CCl-positive puncta might still form but
are not detectable due to reduced size or shortened half-life.
Alternatively, other ULK1 complex components than
ATGI13 might directly interact with RBICCI, or mamma-
lian ATG13 possesses multiple RBICCl-binding sites, as
has been reported for yeast Atgl3.’® However, all these pos-
sibilities are clearly not supported by our immunopurifica-
tions, proximity ligation assays, biotin-phenol labelling
experiments, or size-exclusion chromatographies.

The interaction of ATG13 and ULKI1 is relevant for proper
autophagy induction by EBSS stimulation as reported by our
group,'® although the ATLQ-mutation-dependent reduction of
the autophagic flux was not significant. In contrast, autophagic
flux induced by rapamycin or torin2 was significantly decreased
in cells expressing the ULK1 binding-deficient ATG13 variant,
albeit basal autophagy levels were present. This is in accordance
with the accepted model that autophagy induction by direct
MTOR inhibition unequivocally relies on the ULK1 complex. At
this point, we note that torin2 has a much stronger effect on
ULK1 S758 and ATG13 S318 phosphorylation than rapamycin.



Although we would not state that ULK1 S758 phosphorylation is
rapamycin-resistant as previously suggested,”> the rapamycin-
induced reduction of ULK1 phosphorylation is weaker than the
one observed for torin2.

We also investigated the relevance of the LIR motif in
ATG13. To date LIR motifs (alternatively termed Atg8-family
interacting motif, AIM) have been identified for several compo-
nents of the Atgl/ULK1 complexes, e.g. for yeast Atgl or mam-
malian ULK1, ATG13, and RB1CC1.**?**°%7® Kraft et al. report
that mutation of the Atgl LIR motif sensitizes cells for autoph-
agy defects,”® and Nakatogawa et al. observe that mutations in
the Atgl LIR cause a significant defect in autophagy, without
affecting the functions of Atgl during autophagosome forma-
tion.”” With regard to mammalian ULK1, Kraft et al. show that
the number of ULK1-positive structures upon starvation is sig-
nificantly reduced for the LIR-mutated ULK1, whereas the total
number of WIPI2 puncta is increased.’® These data indicate
that the ULK1 LIR motif is required for efficient recruitment to
phagophores or autophagosomes and that WIPI2-positive
autophagosomes or autophagosome precursors are stalled at an
early stage during autophagy in cells expressing the ULK1 LIR
mutant.>® Similarly, Alemu et al. show that ULK1 needs the
LIR motif to get recruited to WIPI2- and LC3-positive struc-
tures, again supporting the conclusion that ULK1 is located on
phagophores and/or autophagosomes and might participate in
later steps of autophagy.”> Two groups have identified a LIR
motif within ATG13.”>>® Suzuki et al. have determined the
crystal structures of 3 LC3 isoforms in complex with the Atgl3
LIR.** However, so far an investigation of the ATG13-specific
relevance of the LIR motif has not been reported. We did not
observe any alterations of the recruitment of ATGI13 or
RB1CC1 to puncta upon mutation of the ATG13 LIR motif.
Furthermore, WIPI2 puncta formation was not significantly
affected by LIR mutation. However, LC3 turnover appeared to
be rather increased than repressed. Notably, mutation of both
the LIR motif and the RBICCI interaction site resulted in an
enhanced nuclear localization of both ATG13 and LC3 follow-
ing autophagy induction.

Huang et al. report that nuclear LC3 becomes deacetylated
by SIRT1 and then traffics to the cytoplasm and enables auto-
phagosome formation.” The association of deacetylated LC3
with autophagy factors shifts its distribution from the nucleus
toward the cytoplasm.>® Although a nuclear function of ATG13
has not been reported yet, it is tempting to speculate that
ATG13 (possibly in combination with RB1CC1) participates in
the regulation of the subcellular LC3 distribution. When
ATG13 is released from the ULKI complex by deletion of the
RBICC1 interaction site, LC3 is retained in the nucleus. Nota-
bly, nuclear functions and/or localization have been reported
for ULK1, ULK2 and RB1CC1.%-?

In summary, we suggest that the ATG13-ATG101 interac-
tion represents one Achilles heel of autophagy induction and,
accordingly, is an attractive target for therapeutic interven-
tions in disease settings where the inhibition of autophagy is
desired. Several ULK1 kinase inhibitors have been identified
and characterized.”"*° However, these compounds neglect
ULK1/2-independent autophagy pathways, which might still
depend on the ATG13-ATG101 interaction. It is tempting to
speculate that small-molecule compounds interfering with
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this protein-protein interaction might be therapeutically
valuable drugs.

Materials and methods
Antibodies and reagents

Antibodies against ACTB/B-actin (clone AC-74, Sigma-
Aldrich, A5316), ATG101 (Sigma-Aldrich, SAB4200175),
ATG13 (Sigma-Aldrich, SAB4200100), ATG13 phospho (p)-
S$318 (Rockland Immunochemicals, 600-401-C49), ATG14
(MBL, PD026), ATGl6L1 (MBL, PM040), HA (Covance,
MMS-101R, now BioLegend, 901501), LC3 (for immunoblot-
ting: Cell Signaling Technology, 2775 [detects endogenous lev-
els of total LC3B protein; cross-reactivity may exist with other
LC3 isoforms according to manufacturer specification]; for
immunofluorescence: MBL International, PM036 [reacts with
LC3A/LC3B/LC3C according to manufacturer specification]),
RPS6KB1 phospho (p)-T389 (clone 1A5, Cell Signaling Tech-
nology, 9206), RBICCI (for immunoblotting: Bethyl Laborato-
ries, A301-536A; for immunofluorescence: Proteintech, 17250-
1-AP), SQSTM1/p62 (PROGEN Biotechnik, GP62-C), ULK1
(clone D8HS5, Cell Signaling Technology, 8054), ULK1 phospho
(p)-S757 (Cell Signaling Technology, 6888), VCL/Vinculin
(Sigma-Aldrich, V9131), and WIPI2 (Serotec, MCA5780GA)
were used. IRDye 800- or IRDye 680-conjugated secondary
antibodies were purchased from LI-COR Biosciences (926-
32210/11, 926-68070/71, 926-68024 and 926-32214), Alexa
Fluor® 488-conjugated goat anti-mouse IgG and Alexa Fluor®
647-conjugated goat anti-rabbit or anti-mouse IgG antibodies
from Jackson ImmunoResearch Laboratories (111-605-003 and
111-605-003). Other reagents used were bafilomycin A,
(Sigma-Aldrich, B1793 and Alfa Aesar, J61835), torin2 (Selleck-
chem, S2817), rapamycin (Calbiochem, 553210), protein A/G
Sepharose (GE Healthcare, 17-5280-01 and 17-0618-01) and
HA-agarose (Sigma-Aldrich, A2095).

Cell lines and cell culture

Wild-type and atgl3 KO MEFs containing an insertion of a
gene-trap cassette in the Atgl3 gene have previously been
described."® Cells were cultured in high glucose (4.5 g/l) DMEM
supplemented with 10% FCS at 37°C in a 5% CO, humidified
atmosphere. For amino acid starvation, cells were washed once
with DPBS (Dulbecco’s Phosphate-Buffered Saline, Gibco,
14190-094) and incubated for the indicated time points in EBSS
(Earle’s Balanced Salt Solution, Gibco, 24010-043).

Immunopurification, immunoblotting and size-exclusion
chromatography

Immunopurification and immunoblotting were done as
described previously.'"® For size-exclusion chromatography,
S100 extracts were prepared by resuspending cell pellets in Roe-
derA buffer (10 mM HEPES, pH 7, 10 mM KCl, 1.5 mM
MgCl,, 0.5 mM DTT and protease inhibitor cocktail [Roche,
04693132001]), incubating at room temperature for 10 min
and disruption with 10 strokes in a 1 ml tight Wheaton-dounce
homogenizer (Wheaton, 357538). NaCl concentration was
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adjusted to 150 mM and lysates were centrifuged at 17,000 x g
for 30 min. Supernatants were filtered through a 45-nm PVDF
filter unit and applied onto a Superose 6 increase 10/300 GL
column (GE Healthcare, 29-0915-96). The column was cali-
brated with a Gel Filtration Calibration Kit (GE Healthcare, 28-
4038-42, dextran blue [2 MDa], TG/thyroglobulin [669 kDa],
ferritin [440 kDa], ALDO/aldolase [158 kDa] and RNaseA [14
kDa]). For quantification of protein levels in each fraction,
immunoblotting was performed and densitometry was done
using Image Studio Light Version 4 (LI-COR Biosciences). Pro-
tein ratios (fraction to input) were normalized to the fraction
with highest signal intensity.

Immunofluorescence

Cells were grown on glass cover slips one day prior to stimula-
tion, fixation with 4% formaldehyde-PBS for 15 min on ice,
quenching with 50 mM NH,CI for 15 min and permeabiliza-
tion with 50 pg/ml digitonin (Roth, 4005) for 5 min. Samples
were blocked with 3% BSA (Roth, 8076)-PBS and incubated
with primary antibodies for 1 h. After secondary antibody incu-
bation, samples were washed 2 times with 0.2% Tween-20
(Sigma-Aldrich, P1379) in PBS. Cells were embedded in
Mowiol-488 (Sigma-Aldrich, 81381) containing DAPI. Imaging
was performed with a Zeiss LSM 710 or 780 confocal laser
scanning microscope (Zeiss, Koln, Germany) with a Plan Apo-
chromat 63x/1.4 oil objective (Zeiss, Koln, Germany). Quantifi-
cation of images was performed with fiji.*” For that, signals and
nuclei were counted per image and a signal-to-nuclei ratio was
calculated.

Flow cytometry

Cells stably expressing mCitrine-LC3B were incubated in EBSS
starvation medium for 8 h. Cells were trypsinized and analyzed
for mCitrine fluorescence using an EC800 cell analyser (Sony,
Tokyo, Japan).

Retroviral transfection

Generation of pMSCVpuro-HA-ATG13 based vectors has pre-
viously been described.'® Briefly, for the generation of cDNAs
encoding ATG13 mutants mutagenesis PCRs were performed
using the following primers: AV348-M373: CAAACCCAT-
TAACCAGGTGAATCCTCCAGATTC, AC: GTAATATA-
CCCGTCTGTAGAATAAGCGGCCGCTCGAAAC, phospho-
lipid-binding domain (PLBD™"): CTGATCTCAATTCCCA-
GGACGCAGCGGACCTGGACGCGTTTATTGCATTTT-
TTGCCCTCAAGACTG, HORMA domain (HD™%):
CTGAAGTCCCTTCTTGCTGCAACTGCGGCGACAC-

CAGCCGCTAGGCTCTCCAGGAAAGC, LIR domain (LIR™):
CCATGATGACGCCGTTATGGCAGACTTTAAAC, ATLQ:
CCTTTGTGGAATAAGCGGCCGCTCGAAAC. Reverse com-
plement sequences of forward primers were used as reverse pri-
mers. Plat-E cells (kindly provided by Toshio Kitamura,
Institute of Medical Science, University of Tokyo, Japan) were
used as packaging cell line. Transfection with retroviral expres-
sion vectors was performed with FuGENE® 6 (Roche,
11988387001). atgl3 KO MEF cells were incubated with

retroviral supernatant fractions containing 3 mg/ml polybrene
(Sigma-Aldrich, H9268-106) and selected in medium contain-
ing 2.5 pg/ml puromycin (InvivoGen, ant-pr-1). Generation of
MEFs stably expressing mCitrine-LC3B was performed as pre-
viously described.'®

Bimolecular fluorescence complementation assay

Vectors containing the N- and C-terminal sequence of Venus
were kindly provided by Michael Engelke.*® Sequences encod-
ing VAMP7 or AN-BLNK (also known as SLP-65) were excised
by BamHI and EcoRI or BglII and NotI digestion, respectively.
Vector backbones were blunted and ligated generating
pMSCVbleo-VenusC and pMSCVpuro-VenusN. VenusC
cDNA was then cloned into the pPBABEhygro vector (Addgene,
1765; deposited by Hartmut Land, Jay Morgenstern and Bob
Weinberg). ATGI3 and ATG101 cDNAs were inserted by
sequence and ligation-independent cloning (SLIC; ref. 69)
using the following primers: ATG13 fwd: CAACTTCAA-
GATCCGCCACAACATCGAAGATCGGCCGCGAATT-
GCGTGCAAAATTCCGAATGATCTGAAACAGAAAGT-
GATG, ATG13 rev: GACTGCCTTGGGAAAAGCGCCT-
CCCCTACCCGGTAGAATTTTACTGCAGGGTTTCCA-
CAAAGGC, ATG101 fwd: GCGTGCAAAATTCCGAAT-
GATCTCGAGCAGAAAGTGATGAACCATAACTGTC-
GCTCGGAGGTGCTGGAG, and ATG101 rev: GACACA-
CATTCCACAGGGTCGACTCAGAGGGCAAGGGTGT-
CTTTGATG. As templates pMSCV-HA-ATG13 and CMV-
FLAG-ATGI101 (Addgene, 22877; deposited by Noboru Miz-
ushima) were used, thereby generating pMSCVpuro-VenusN-
ATG13 and pBABEhygro-VenusC-ATG101. The SLIC proto-
col (ref. 69) was performed with slight alterations, i.e., single
strands were generated using the Klenow fragment at 37°C for
30 min, followed by heat inactivation at 75°C for 15 min. atgl3
KO MEFs stably expressing VenusC-ATG101 were generated
by retroviral transfection. These cells were further incubated
with VenusN-ATG13 viroid supernatant for 24 h. Cells were
trypsinized and used for flow cytometric analysis or cleared cel-
lular lysates were obtained for immunoblotting.

Biotin-phenol labeling in live cells

For the generation of pMSCV-HA-APEX2-ATG13, SLIC was
performed with the primers ACGATGTGCCAGATTACGC-
CGGATCCGGAAAGTCTTACCCAACTGTGAGTG and
AGCCCGAGGTCGAGCCCGAGCCCTTGGCGGCATCAG-
CAAACCCAAGCTCGGAAAG using pcDNA3 Connexin43-
GFP-APEX2 (Addgene, 49385; deposited by Alice Ting) as a
template for APEX2 amplification and GGGCTCGGG-
CTCGACCTCGGGCTCGGGCGAAACTGATCTCAATTCC-
CAGGACAG and CCGGTAGAATTCGTTTCGAGCGGC-
CGCTTACTGCAGGG for ATG13 amplification. pMSCV-HA-
ATG13 was digested with BamHI and Notl. Subsequently
mutagenesis PCR was performed for ATG13 mutants and sta-
ble cell lines were generated by retroviral transfection. The bio-
tinylation protocol was performed as previously described.*®
For enrichment of biotinylated proteins, cells were lysed in
RIPA buffer containing protease quenchers, and streptavidin



agarose (Sigma-Aldrich, S1638) was used for protein
purification.

Proximity-ligation assay

In situ analysis of protein interaction was performed with the
DuoLink® system from Sigma-Aldrich (Sigma-Aldrich,
DUO092101). Cells were plated on glass cover slips 1 d prior to
fixation with 4% formaldehyde-PBS for 15 min on ice, quench-
ing with 50 mM NH,CI for 15 min and permeabilization with
50 pg/ml digitonin for 5 min. Samples were blocked with 3%
BSA-PBS and incubated with primary antibodies for 1 h. Sec-
ondary antibody probing, ligation and amplification were per-
formed according to the manufacturer’s protocol. Imaging was
performed on an inverse laser scanning confocal microscope in
z stacks. Stacks were merged with average intensities. Signals
and nuclei were counted per image and the signal-to-nuclei
ratio was calculated.

Computational alanine scanning and MM-GB/SA
calculations

The structure of the human ATG13-ATG101 HORMA hetero-
dimer (PDB ID: 5C50, ref. 24) was prepared with the protein
preparation wizard in Maestro.”” A conformational ensemble
was generated from 3 explicit solvent MD simulations of
250 ns length, performed with the Amber14 software package.
All MD simulations and subsequent MM-GB/SA calculations
were carried out as described previously.”" The same structure
was used as input structure for the DrugScore’™™" webserver to
perform computational alanine scanning.>”
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