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Abstract

Autophagy is a degradation process conserved iargates. During autophagy, a membrane
structure called isolation membrane is forngecovo that engulfs cytoplasmic cargo gradually
and eventually forms a double membrane-bound \esialled autophagosome. This 140-900
nm vesicle is transported to the vacuole in yeash® lysosome in higher eukaryotes. There its
outer membrane fuses with the membrane and its meenbrane and its contents are degraded.
When cells face lack of nutrients, autophagic bréakn of macromolecules is elicited in order
to recycle material for anabolic metabolism. Butophagy can also target selected cargoes
independently of the nutritional state of a cellheOexample of selective autophagy is the
cytoplasm-to-vacuole targeting (Cvt) pathwaysatcharomyces cervisiae. Here, several specific
cargoes are brought to the vacuole in a constéutianner. It is important for the cell to ensure
that only the correct cargo, one of which is thewdar protease Apel, is engulfed by the
autophagic membrane. Otherwise there would be &evedsenergy in form of a constant loss of
functional cellular factors to vacuolar degradati®esponsible for specific protein transport to
the vacuole is the Cvt receptor molecule Atgl9, titéquitin-like molecule Atg8 on the
autophagic membrane and the Cvt cargo prApel,nhetive precursor of vacuolar Apel. The
interaction of these factors confers selectivityimy Cvt. This thesis aimed to elucidate the
molecular mechanisms underlying these interactappgying severain vitro experimental set-

ups.



Zusammenfassung

Autophagie ist ein Degradationsweg, der in allerkdyoten vorkommt. Im Verlauf des
Proteinabbaus durch Autophagie wird eine Membrahkiir, die sogenannte
Isolationsmembrande novo gebildet, welche zytoplasmatische Cargo umschliefid
schlieBlich ein doppelmembranstandiges Autophagodoitdet. Das so entstandene
Autophagosom misst zwischen 140 und 900 nm im Duedser. Es wird entweder zur
Vakuole (in Hefen) oder zum Lysosom (in héheren dty@&ten) transportiert, wo die aul3ere
Membran mit dem Organell fusioniert um den inneévesikel zu entlassen. Nach Zersetzung
der inneren Membran wird der Inhalt des Vesikelstgolytisch aufbereitet. Im Falle von
Nahrstoffmangel wird Autophagie in Gang gesetzt sadMlakromolekiile in ihre Bausteine
zu spalten, die dann weiterhin einen funktionetieabolischen Metabolismus gewéhrleisten.
Allerdings koénnen auch gezielt unabhangig von Nalffrerfigbarkeit bestimmte
Substanzen durch Autophagie prozessiert werdenBEigpiel hierfur stellt der sogenannte
cytoplasm-to-vacuole targeting pathwaySaccharomyces cervisiae dar. Mehrere Proteine
werden hier spezifisch und konstitutiv zur Vakuwdnsportiert. Wahrend dieses Prozesses ist
es von essentieller Bedeutung, dass nur die aubdffewaProteine, z. B. die Hydrolase
prApel, von der Membran umschlossen werden, umneéekoatinuierlichen Energieverlust
durch Abbau von funkionellem zytoplasmatischem Mateu vermeiden. Verantwortlich flr
diesen spezifischen Proteintransport sind der @aegtor Atgl9, das membransténdige
Protein Atg8, das strukturelle Ahnlichkeit mit Uhitin aufweist und das zu transportierende
Protein prApel (die inaktive Vorform des Enzyms ApeDie Interaktion dieser Faktoren
garantiert Selektivitat des Cvt pathways. Im Zudeser Arbeit sollen die molekularen
Mechanismen, die diesen Interaktionen zu Grundgetie durch verschiedene Experimente

aufgezeigt werden.



Introduction

| Introduction

Autophagy is an alternative degradation processukaryotic cells. It has been shown to be
involved in various pathologies like bacterial ictien'? neurodegenerative diseasemd
cancef®. In contrast to the proteasomal degradation pathwdere a cytosolic protein
complex is responsible for the break-down of spegiblypeptide autophagy delivers
cytoplasmic material to the lytic compartment (#aeuole in yeast or the lysosome in higher
eukaryotes). Autophagy occurs in three mechanlbticeifferent ways. These are
microautophadd®, chaperone-mediated autoph#gyand macroautophally During
microautophagy a vesicle containing cytoplasmic emat buds into the vacuole or the
lysosome and is pinched off in order to be brokewrdwithin the organelle. In chaperone-
mediated autophagy, proteins destined for the bdimpartment are kept in an unfolded state
in the cytosol and are delivered to the vacuoleBgsne via specific transport proteins. The
third and best-studied autophagic process is temmsztoautophagy (referred to as autophagy
in the following)*** where cytoplasmic material is engulfed byl@novo formed double
membraneigolation membrane or phagophore). The generated 300-900 nm vesicle is termed
an autophagosorfie It is brought to the vacuole/lysosome. After éuwsiof the outer
membrane of the autophagosome with the vacuolaiyse, the resulting autophagic body is
broken down and its contents are degraded (seed-igu
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Figure 1: Several steps are required for degradatio  n by autophagy

During autophagy, a membrane structure is formed de novo. This so-called isolation membrane or
phagophore engulfs cytoplasmic material and finally encloses it. The resulting autophagosome is
transported to the lytic compartment (the vacuole in yeast). After fusion with the vacuole, the contents
of the autophagosome are degraded within the organell.
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Introduction

Microautophagy and macroautophagy are generallprdegl as degradation pathways for
recycling cytoplasmic macromolecules and thus pmliog building blocks for anabolic
processes. This is extremely important when thiehes to cope with nutrient deprivation,
for example during the neonatal starvation peribtice deficient in Atg5, an essential
autophagy factor, show no evident defects afteh liut die within days of starvation. Since
immediately after birth no food is taken up, nuttgehave to be recycled within the body,
which happens via autophdfyin yeast, autophagy of random cytoplasm can isétesl by
growth in medium lacking a nitrogen source. Notaklytophagic pathways can be triggered
by a lack of nutrients but also occur constitutyvaidependent of the metabolic state of a
cell”. Whereas autophagy of random cytoplasm is indbgeuutrient limitation, constitutive
autophagic pathways (i.e. independent of genertiemi availability) target to a specific
cargo. Either event leads to induction of a sigrpliascade involving the target-of-rapamycin
kinase complex 1(TORCY®) If TORC1's kinase activity is inhibited by statien or
treatment with the drug rapamycin autophagy williziced®.

Several proteins -most of them termfadtophagy relategene products ohtgs™-are essential
for autophagosome formation. The Atgl kinase comymemprising Atgl/ULK1 in yeast and
mammalian cells respectively, Atgl3 and additioddfs, depending on the type of
autophag$, is the most upstream factor after the TOR contpféxits assembly as well as
its kinase activity increases upon autophagy indacSeveral Atg proteins have been shown
to be phosphorylated by the Atgl kinase compldoe, Atgl3 and mammalian FIP200, which
are part of the complex themselfes

The phosphatidylinositol-llI-kinase-complex consigt of the central PI-lll kinase Vps34
(Vacuolar Protein Sorting 34) and Atg6/Beclin-1,gM and Vps15/pl15in yeast and
mammals respectively converts phosphatidylinogRd) to phosphatidylinositol-3-phosphate
(PI13P), which plays a role in autophagosome foromagirobably by the recruitment of several
autophagic proteins to the membrahe

Atg9 is the only transmembrane protein amongstAtys. It has been shown to localize to
vesicles and to cycle between the site of autopt@ge formation and peripheral sites. Its
knockout leads to defects in autoph&dybut the mechanistic bases of this defect is rlt fu
understood. Atg9 vesicles might help to deliver rheane material as well as other factors to
the expanding phagophore.

Two ubiquitination-like conjugation systems areahsed in autophagy. These are the Atg8
and Atgl2 conjugation systefis In the Atgl2 conjugation system the ubiquitirelik
molecule Atgl2 is conjugated to Atg5 through th&éamcof the E1-like activating enzyme
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Introduction

Atg7 and the E2-like enzyme Atgl0. This conjugatmmocess resembles ubiquitination as
Atg7 forms a thioester with the reduced Sulfur-grai Atgl2 and then passes Atgl2 on to
Atg10 from where it is covalently attached to ateinal lysine of Atg’.Subsequently, the
Atg12—Atg5 conjugate binds to Atgl6 to form the B2gAtg5-Atgl6 complex. The complex
localizes to isolation membranes but dissociatésre@utophagosome completfn

In the Atg8 conjugation system Atg8 becomes coubleattached to the head-group of the
membrane lipid phosphatidylethanolamine (PE). Titet $tep of the conjugation reaction is
carried out by the protease Atg4 that in the cds8. gervisiae cleaves Atg8's C-terminal
arginine in order to expose a glycine resfdusubsequently the E1-like enzyme Atg7 and the
E2-like enzyme Atg3 conjugate Atg8 to PE on thdaion membrarfé. The Atgl2—Atg5-
Atg16 complex facilitates Atg8-PE conjugation byiag in an E3-like mannét There is one
Atg8 in S. cervisiae, but several homologues have been found in higlaryotes, like
GABARAP, LC3 and GATE-16 in mammafs The x-ray structure of yeast Atg8 and several
homologues (p. ex. five human Atg8 homologues) een resolvetd>> In addition to an
ubiquitin-like core, Atg8-family proteins have tvwéterminala-helices,al ando2. a2 forms
together with & strand 2) a hydrophobic pocket that is involved in bindimfgautophagy-
receptor molecules like Atg3® A specific sequence in the receptor moleculeedalllR

(LC34nteractingRegion) is responsible for binding to Atg8 (see FégR)°*>".



Introduction

Figure 2: Crystal structure of Atg19’s LIR motif bi nding to Atg8 resolved

Atg8 in green ribbon (A) and surface (B) models, Atgl9's LIR peptide (WEEL) in red stick
model.Atg19’s tryptophan is shown to poke into a hydrophobic pocket in Atg8 at the interface of the N-
termiQBaI a2 helix and the B2-strand of the ubiquitin-like core of the molecule. Taken from Noda et al.,
2008™.

Apart from bulk autophagy, there are several seeautophagic pathways that recognize
specific cargb®*®=° These mediate, for example clearance of intraleellpathogens like
Salmonella typhimurium or Shigella flexneri® or selective degradation of potentially toxic
protein aggregates like alpha-synuclein in Parkirsaliseas®** or neurofibrillar tangles
(tau-aggregates) in Alzheimer's dis€¥seAlso cell organelles, like mitochondfaand
peroxisome®“°, parts of the ER and the nucled$ as well as RNA-containing and stress
granule&® have been shown to be degraded by selective aaggplnterestingly, selective
autophagy can also serve as a biosynthetic patlasag the case in cytoplasm to vacuole
targeting (Cvt) in Saccharomyces cervisiae®. Here, cargoes are the inactive cytosolic
precursors of the vacuolar enzymes Apel (aminopegti 1) and Amsl (alpha-mannosidase
1)¥, furthermore the enzymes Apédnd Tyl retrotransposon particiesAfter autophagic
delivery to the vacuole, Apel is proteolyticallytigated and executes its enzyme function in
this compartment. Selectivity for these cargoes is conferred leyréteptor, Atgl9 (prApel,
Ams1)’ or Atg34 (Ams1y' by binding to the carda Atgl9 contains interaction sites for
prApel (coiled coil domain in the N-terminal half the protein) and Amsl (atypical
immunoglobin-like B-sandwich fold®), whereas Atg34 only binds Ams1 via a structurally
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Introduction

similar binding site as Atgf9. Atg34 only has one Atg8 binding site at its vely
terminus?, whereas Atgl9 seems to have several. Interegtimgtontrast to Atg19 Atg34 is
dispensable for maturation of prApel, i.e. for fiimal Cvf. Atg34 selectively binds to its
cargo as well as Atg8 and Atgl1 during autophagy,todoes not confer exclusive transport
of its cargo as opposed to Atgl9. Atg34 brings ¢argo to the forming autophagosomal
membrane but does not bind tightly to the membmareven closely wrap it around the cargo,
as is the case for Atgl9 and the Cvt-vesicle. Amothteraction of the receptors required for
selective types of autophagy is binding of the fed@fprotein Atg1®® in that it brings the
complex to the PAS. Finally binding of the autophagic membrane vigeiaction with
lipidated Atg8°*°is indispensable for formation of the autophagisivle (see scheme Figure
3).

o5
Atgl 9@' i i & K .prApel
Ams1® ~y é’/prApel
“ ' dodecamer
Cvt Apel Cvt
complex complex

body

Vacuole

D Atgl9
» Atgll
O Atg8-PE

Figure 3: Atg19 interacts with several proteins dur ing Cvt

After prApel aggregation in the cytosol, Atg19 binds to this complex. Additional cargoes are the
vacuolar hydrolyses Amsl and Ape4. These associate as well forming the Cvt-complex, which
interacts with Atgll and is brought to the PAS. The Cvt-complex is enwrap;sjed by the Cvt membrane
after binding PE-conjugated Atg8. Taken from Umekawa and Klionsky, 2012%°.

The precursor form of Apel, referred to as prApedtains a 45 amino acids long N-terminal
propeptide sequence and resides in the cytoplagkpeft is assumed to form trimers, which

assemble first into hexameres and then into dodesrto finally form higher aggregates.
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Introduction

This assembly is mediated by Apel’s propeptide Wwhg thought to protrude from the
surface of the higher oligomerés® The prApel aggregates are recognized by the agip
receptor Atgl9. GFP-Atgl9 has been shown to loedabzprApel and Atgll positive punctae
in S cerevisiae. in starvation (synthetic minimal medium with glseoas carbon source
lacking a nitrogen source, SD-N) as well as in dlo¢@MD) conditions. An Atgl9 deletion
strain is defective in Apel processing i.e. lack¢edtable amounts of the mature vacuolar
form of Apel. However, Atg19 deletion cells dortiosv defects in general bulk autophagy as
assessed by the detection of free GFP in GFP-Atggessing cell$*®° This indicates that
prApel is specifically transported to the vacuolglowing conditions, i.e. constitutively, but
can also use starvation-induced bulk autophageieests function in the lytic compartment.
Autophagy receptors have several interaction $aedifferent proteins. In the case of Atg19,
a central coiled-coil domain (aa 124-254) is resjide for binding the prApel cargo
Atgl1, which is a scaffold protein required for gipes of selective autophagy in yéast
interacts with a C-terminal motif of Atgl® Binding of Atg8 by Atg19 has been shown to
depend on a so calledC3-InteractingRegion or LIR motif at the very C-terminus of
Atg19°”® This motif has been shown to be essential fasratfoning Cvt pathway. When
W412 of Atgl9’s C-terminal LIR WEEL is mutated toiyeast, detected amounts of mature
Apel, the active vacuolar form of prApel, are selyedecreased. Mutating L415 of the LIR
to A results in a similar, but less drastic efféntroduction of both mutations suppresses Cvt
almost completely, mApel is detected barely ab@agkgpround levefs. Classical LIR-motifs
consist of a WxxL motif (tryptophan, any two amiagids, leucine) which binds in the
ubiquitin-like fold of Atg8 (or -homologues). Theaillky shapes as well as the hydrophobicity
of tryptophan and leucine ensure a selective intemna by pointing into two hydrophobic
pockets in Atg8 respectively (see Figure 2). LIRtifs and variations thereof have been
discovered in several yeast and mammalian autopteagptory’, such as Atg30 and Atg32
(required for yeast pexophddy® and mitophagl’ respectively) or p62 (clearance of
ubiquitinated protein aggregates or pathogens immalian cellsf. There are also LIR
motifs that do not strictly contain an initial Wdaa L in the end, for example the FVEI motif
in optineurin, a xenophagy-receptor in mamiffats the LVV motif in the mammalian
receptor NDP52 (xenophatfy mRNA-processing: dicer-clearafiderequired for specific
interaction with one Atg8 homologue (LC3¢%® LIRs are of crucial importance for selective
incorporation of the cargo into autophagic vesidlesause they enable the receptor to link
the cargo to Atg8-coated isolation membranes. RerQvt-specific autophagic vesicles the

double membrane is wrapped around the cargo ighd thanner, thus not only selectively
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transporting it but at the same time excluding pthydoplasmic material (seFigure 3 and
Figure 4 (B)).

A
1 124 153 191 254 365 415
WXXL/LIR motif (412-415)
. — Atg8-binding
N-terminal domain  prApe1 (Cargo) binding Ams1 (Cargo) Qzé '7@3
coiled-coil domain binding Oé,/b %, ;'76'
i 7
domain %’?@/ %
2
©
(e
C&LP
)
B
selective receptor

Atg8 receptar s

receptor
isolation \ selective AND exclusive

NS R T S
@ @ @ @
E] = o =

- i

Figure 4: Domain organization and function of the receptor Atg19 in  the Cytoplasm -to-Vacuole
Targeting pathway

Domains are shown in different colors, amino acid number on top.(B) Autophagy receptors mediate
selectivity by binding to selectivity by binding to the cargo and to lipidated Atg8 on autophagic
membranes. Atg34 has one Atg8 binding site and confers selective autophagic transport of its cargo
but does not exclude other cytoplasmic material (upper panel). Several binding sites in Atg19 for Atg8
ensure tight interaction and thus selective and exclusive enclosure of the cargo into the Cvt vesicle
(lower panel).

other cytoplasmic material

membrane

Several experiments conducted prior to this thesicated that there might be more comg
aspects to be considered in A-Atgl9 interactionthan previously assumed (perso
communication J. Sawstakarska S. Martens). Notably, several results suggestttieak is
at least one more Atg8 binding site in Atgl9 apann for the wel-characterize classical
LIR motif (WEEL, amino acid 412-415). In size exclusiothmmatography (SEC) as well
affinity-pull down experiments using mutant forms of Atg19 whbeeLIR-dependent Atg8-
binding was abolished either by the W412A point atiot®" or truncation of the entire LI
(Atgl9 aal-407)residual binding of Atg8 was still observed. Furthere it seemed that
increasing the concentration of Atgl9 in these emparts enhances the interaction w

Atg8. The same was observed when only t-terminal domain of Atgl9 (aa3-415) was
12
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used. Apparently also the Cvt cargo prApel hamflnence on the Atgl19-Atg8 interaction.
In particular, addition of the 45aa N-terminal peppide of Apel lead to an increase in
Atg19-Atg8 binding in pull down experiments suggegtthat the Cvt cargo is a major
determinant in receptor-Atg8 binding. All these etystions provide strong evidence for the
existence of several Atg8 binding sites in the carreptor Atgl9. These could reside in the
C-terminal domain of the protein. Furthermore, thmight be activated by binding the
prApel cargo by Atgl9 possibly by releasing a stmat self-inhibition of the receptor that
exposes the additional interaction sites and renithem accessible for binding.

The aim of this thesis was to further elucidate thelecular mechanisms underlying the
Atg8-Atg19 interaction focusing on the identificati of the canonical LIR-independent Atg8
interaction sites in Atgl9ro this end recombinantly expressed and purifiegBAdind Atg19
were studied in various experimental set ups inolygull down experiments, size exclusion

chromatography and reconstitution systems employigignt unilamellar vesicles.
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Il Methods

SDS-PAGE

Protein samples for sodium-dodecylsulfatepolyaecnytagel electrophoresis (SDS-PAGE)
were diluted in loading buffer containing 375 uMIsSFEIl pH 6.8, 12% SDS (AppliChem,
Darmstadt, Germany, VWR, PA, USA), 60% glycerolg{Ba-Aldrich, MO, USA), 0.6 %
bromphenolblue (both Merck, NJ, USA) apanercaptoethanole (both Merck, NJ, USA) and
boiled at 100°C for 30 sec to 5 min. Samples weageléd on 10-20% polyacrylamide (Roth,
Karlsruhe, Germany) gels (containing TEMED (Sigmdrieh), 10% APS) depending on
their known or estimated molecular weight (predicte silico by the ProtParam tool,
http://web.expasy.org/protparam/). Gels were rua fked voltage of 100 — 300 V for 20 —
60 min using a Power Pac Basic power supply (Bid, KA, USA). Proteins were detected
by boiling and 15 min incubation in coomassie laiit blue and subsequent destaining in 40
% EtOH and 10 % acetic acid (AppliChem). PageRubstined Protein Ladder (Thermo
Scientific, MA, USA) was used to determine the nmgrheight of a protein in SDS-Page.

Western Blot

After separation by SDS-PAGE protein samples wenasferred to nitrocellulose membranes
(GE Healthcare). Uniform protein loading and transfere verified by Ponceau (0.1 % in 5
% acetic acid) staining. Membranes were blockedria buffered saline with 0.1% Tween

100 (Sigma, TBST) containing 3% non-fat dry milkwater (Roth) for 1 h. Western blots

were probed with primary antibodies for 1 h at rommperature (GST-Atg8 antibody from

serum (kind gift from C. Kraft) or over night at@q{anti-Penta-His-antibody (Qiagen, Venlo,
Netherlands)), washed three times with TBST, areh tincubated with the appropriate
secondary antibodies (Jackson ImmunoResearch, BA) tbr 2 h. Membranes were then
washed with TBST three times, before developindn\wibmemade (100 mMTris pH 8.5, ) or
Pico (ThermoScientific) enhanced chemoluminescerfistsate. Films (ThermoScientific)

were developed for 1s to 20 minutes in a Curix @etbping machine (Agfa, Mortsel,

Belgium).

Cloning strategy
Recombinant plasmids for protein expression weregged by polymerase chain reaction in
an EppendorfMastercycycler Gradient PCR machinegusiie respective oligonucleotides as

primers (see Table 1, Sigma-Aldrich). The PCR pobcand the over expression plasmid
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(PGEX4-T-1 (GE Healthcare) for GST-fusion-proteorspEtDuet- (Novagen, MA, USA) for
6xHis-tagged proteins) were cut for 2 h at 37° wita appropriate restriction enzymes (New
England Biolabs, MA, USA). After controlling thezel and amount of the generated DNA by
electrophoresis at 140 V on a Power Source powaplg(VWR) on 1-2% agarose (FMC
Bioproducts, ME, USA) substituted with SYBRSafe DNgel stain (Invitrogen (Life
Technologies Ltd.), Paisley, UK), products wereifpead using a PCR-/gel purification kit
(SLG). The digested PCR products were ligated tinéodesired plasmid for 20 min at room
temperature using T4-ligase and the respective ebufNew England Biolabs). The
recombinant plasmids were amplified in Bl cells and purified using a plasmid mini

preparation kit (ThermoScientific).

Sequence 5'-3' Purpose, introduced restriction sites

CCCCCCCCCGAATTCATGAACAACTCAAAGACTAA | forward primer for Atg19 amplification & cloning into

CC pGEX-4-T1, EcoRl-site
CCCCCCCCCGTCGACCTAGAGTTCTTCCCAAGTC | reverse primer for Atg19 amplification & cloning into
AG pGEX-4-T1, Sall-site

GAAAAAGCCCTGACTGCGGAAGAACTCTAGGTC forward primer to introduce W412A mutation into Atg19

GACCTAGAGTTCTTCCGCAGTCAGGGCTTTTTC reverse primer to introduce W412A mutation into Atg19

GCATCCCAAGAGCCAGCTTACTCCTTTCAAATC forward primer to introduce F376A mutation into Atg19

GATTTGAAAGGAGTAAGCTGGCTCTTGGGATGC reverse primer to introduce F376A mutation into Atg19

AGAGCCATTTTACTCCGCTCAAATCGATACGTTA

forward primer to introduce F379A mutation into Atg19

TAACGTATCGATTTGAGCGGAGTAAAATGGCTCT

reverse primer to introduce F379A mutation into Atg19

CAAATCGATACGTTAGCAGAACTGGATGACTCT

forward primer to introduce P385A mutation into Atg19

AGAGTCATCCAGTTCTGCTAACGTATCGATTTG

reverse primer to introduce P385A mutation into Atg19

ATCGATACGTTACCAGCACTGGATGACTCTAGT

forward primer to introduce E386A mutation into Atg19

ACTAGAGTCATCCAGTGCTGGTAACGTATCGAT

reverse primer to introduce E386A mutation into Atg19

ATTAACTTAAGGCCACCTCTCGAGTCAAGATTATC
TGCAGAA

forward primer to create Atg19-Atg34 chimera by insertion
of Xhol sits (after Pro c-terminally of Atg19's ABD)

TTCTGCAGATAATCTTGACTCGAGAGGTGGCCTTA
AGTTAAT

reverse primer to create Atg19-Atg34 chimera by insertion
of Xhol sits (after Pro c-terminally of Atg19's ABD)

ATAACTCTAAAATCTCCACTCGAGCTAGCCTCATTT
TCGACA

forward primer to create Atg19-Atg34 chimera by insertion
of Xhol sits (after Pro c-terminally of Atg19's ABD)

TGTCGAAAATGAGGCTAGCTCGAGTGGAGATTTTA
GAGTTAT

reverse primer to create Atg19-Atg34 chimera by insertion
of Xhol sits (after Pro c-terminally of Atg19's ABD)

15
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CCCCCCCCGAATTCTCTGCAGAAAGTTTACAGGC

forward primer for Atgl9 aa(365-415) amplification,

EcoRl-site

CCCCCCGTCGACCTATTCATTGTCGTCACCGTCAT
A

reverse primer to truncate aa 408-415 from Atg19

CCCCCCCGTCGACCTACTCTTGGGATGCCTGTAA

reverse primer to truncate aa 375-415 from Atg19

CCCCCCCGTCGACCTATAACGTATCGATTTGAAAG
GA

reverse primer to truncate aa 385-415 from Atg19

CCCCCCCGTCGACCTAGGATGTACTGATGATACTA
GAGTC

reverse primer to truncate aa 397-415 from Atg19

CCCCCCCGAATTCTTTTACTCCTTTCAAATCGATAC

forward primer to truncate aa 1-375 from Atg19 W412A

CCCCCCCGAATTCGAACTGGATGACTCTAGTATC

forward primer to truncate aa 1-385 from Atg19 W412A

CCCCCGAATTCTCACTCTCTTATGACGGTGACGAC
AATGAAAAAGCCCTGACTGCGGAAGAACTCTAGG
TCGACCCCCC

Forward primer to synthesize Atg19 W412A aa 1-398

CCCCCCCGTCGACCTATTCCTTCTCCTCGGAGGG
Cc

reverse primer for Atg19 aa(1-123) amplification, Sall-site

CCCCCCCCGAATTCGTGGAACCCCCAAATGAGC

forward primer for Atg19 (124-254) amplification ,EcoRI-

site

CCCCCCCCGAATTCGTGGAACCCCCAAATGAGC

reverese primer for Atgl9 (124-254) amplification , Sall-
site

CCCCCCCCGGATCCATGGAGGAACAACGTGAAAT
AC

forward primer for prApel aa(1-45) amplification in pGEX-
4-T1, BamHlI-site

CCCCCCCCGTCGACTCACGAGGATGCACCACGAA
TTTTC

reverse primer for prApel aa(1-45) amplification in pGEX-
4-T1, Sall-site

CCCCCCCCGTCGACGATGGAGGAACAACGTGAAA
TAC

forward primer for prApel aa(1-45) amplification & cloning
into pmCherry-N1 or pmEGPF-N1, Sall

CCCCCCCCGGATCCACGAGGATGCACCACGAATT
TTC

reverse primer for prApel aa(1-45) amplification & cloning
into pmCherry-N1 or pmEGPF-N1, BamHI

CCCCCCCCCGGATCCGGAAAACCTGTATTTTCAG
GGAATGAAGTCTACATTTAAGTCTG

forward primer for Atg8 amplification & cloning into
pEtDuet, BamHl-site

CCCCCCCCCGCGGCCGCCTAGCCAAATGTATTTT
CTCCTGAG

reverse primer for Atg8 amplification & cloning into
pEtDuet, Notl-site

Table 1: Oligonucleotides used for this thesis

Protein purification

Proteins were expressed in Rosetta pLysS cells (BWipore) for 3 h at 37°C (6xHis-
tagged Atg8) or at 18°C over night. Cells were twiiwith 0.5 mM IPTG (only His-tagged
Atg8) or 0.1 mM IPTG (isopropyp-D-thiogalactopyranosid, Peglab). The cells weréefed

at 4000 rpm and 4°C for 15 min. Pellets were resnded in cold lysis buffer containing 50
mM HEPES pH 7.5, 300 mM NaCl, 1 mM MgaQl% Pefablock (Roth), DNase (Fluka
(Sigma-Aldrich)) and 2 mMB-mercaptoethanole. After flash freezing in liquidkagen and

16



Methods

thawing, cells were lysed by 30 sec sonication3aD7and cycle 40. Lysates were cleared by

ultracentrifugation at 4°C and 41000 rpm for 45 min

Purification of GST-fusion proteins

Soluble fractions of cell lysates were bound too510 ml glutathione-coupled sepharose
beads (GE Healthcare) rolling at 4°C for 1 h. Teads were washed 5x for 10 min in a wash
buffer containing 50 mM HEPES pH 7.5, 300 mM Na@tld mM DTT and spun down at
4000 rpm for 5 min. Unspecific ionic interactiong&n disrupted by washing in 700 mM
NaCl buffer for 30 min. After two 10 min washes300 mM NacCl, the GST-fusion proteins
were eluted from the beads in a 1:1 ratio of beadwash buffer substituted with 40 mM
reduced glutathione (Sigma-Aldrich) at pH 8 for aathroom temperature. The beads were
washed 3x in glutathione buffer and all supernatargre pooled.

To remove the GST-tag from the expressed proteipsphilized thrombine (Serva,
Heidelberg, Germany) dissolved in 1 ml wash buffes added to the beads containing the
GST-fused proteins. The GST-tag was cleaved oftheyprotease leaving the beads rolling
either for 1-2 h at room temperature or over naght°C. Beads were then washed 3x in wash
buffer and all supernatants were pooled, concexttratnd subjected to size exclusion
chromatography. The protein fractions were chedke8DS-PAGE before concentrating in
appropriate cut-out filters (EMD Millipore, MA, USAand flash freezing in liquid nitrogen.

Proteins were stored at -80°C.

Purification of His-tagged proteins

Cleared lysates of expressed His-tagged proteims fifeered through 0.45 um cut-out filters
and subjected to His-trap elution using 10 — 300 mitlazole on an Akta Purifier FPLC

system. After protein was detected on SDS-PAGEesponding fractions were pooled and
concentrated in cut-out filters matching the molacwveight to approximately 2 ml before
size exclusion chromatography. The protein fractiorere checked in SDS-PAGE before
concentrating and flash freezing in liquid nitrogPmnoteins were stored at -80°C.

Size exclusion chromatography

Size exclusion chromatography was conducted asaagolishing step in protein purification

or in order to analyze protein-protein interactions

Purified and concentrated proteins were subjeatedize exclusion chromatography using
either Superdex75 or Superdex200 16/60 columns H@&8thcare) on an Akta Prime Plus
FPLC system (GE Healthcare) in order to visualizeé exclude contaminated fractions.
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Interactions of various recombinant proteins weralyed using Superdex 75 or Superdex
200 10/300 or Superose 6 columns on an Akta PurdieEttan LC system (both GE
Healthcare).

Determination of protein concentrations

Protein amounts were determined by measuring tite r#8 absorption on a photometer
(Eppendorf, Hamburg, Germany) using as a blankséime buffer the respective protein was
dissolved in. From the absorption value, the protencentration was calculated according to
Beer's law ( Asonm= ¢ X d x ¢) by dividing it by the extinction coeffamte (as predicted for
the reduced state by the ProtParam tool) and nitgpit by the dilution factor.

Pull down experiments using GST-fused protein and 6H-sepharose beads

20 pl glutathione (GSH) sepharose beads were pitdegted in buffer (25 mM HEPES 7.5,
150 mM NaCl, 1 mM DTT, centrifugation: 1.3 rcf, 4°@ min) and mixed with the
recombinant proteins of interest to a final concaimin of 5 — 25 puM. The reactions were
filled up with buffer to a final volume of 55 pul.fé&r rolling for 1 h at 4°C, input samples
(diluted 1:6) were taken and the beads were wa3ked 4-10x volume of buffer. The beads

were resuspended in 5 pl buffer and SDS samples taken (diluted 1:10).

Quantification of protein interactions in pull down experiments

The interaction of two binding partners, one of evhfused to GST was quantified from the

Western Blots of pull down experiments. Scannedsbleere analyzed using the Image

software. Pictures were transformed into 8-bit farand black and white were inverted. The

white intensity of the protein bands of interesswaeasured in an area comprising the whole
band as narrow as possible. Background intensiymaasured as well and subtracted from
the values of the respective bands. In order tionast the binding strength the intensities of

the input GST-protein were related to the inteasitf the pulled interaction partner. The wild

type Atgl9 was normalized to 100% binding of At@ this basis the percentage of binding

was calculated for the tested proteins.

Preparation of Giant Unilamellar Vesicles (GUV)

GUVs were prepared by electro formation at 35°Gnfrigpid mixes containing 1 to 25 %
DGS-NTA(1,2-dioleoylsn-glycero-3-[(N-(aminocarboxypentyl)iminodiaceticdjsuccinyl]
(nickel salt) and 85 % POPC (1-palmitoyl-2-olesgtglycero-3-phosphocholine, both
Avanti, AL, USA) depending on the experiment. Thegre labeled with rhodamine lipid dye
at a concentration of 0.1 mg/ml (Avanti).
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Coating of latex beads with protein

2 um diameter latex beads (Invitrogen) were coatiélal protein by diluting the beads 1:1 in
MES buffer (50mMMES, pH6, Sigma). Cross-linking washieved by 2 h incubation of 50
pl 100 puM protein with 50 pl beads dilution and 40 EDAC (1,3-Propanediamine, N'-
(ethylcarbonimidoyl)-N,N-dimethyl-, monohydrochlde). Afterwards the beads were
washed 3x in buffer by spinning down at 10000 rpm4a for 10 min, removing the

supernatant and resuspending in buffer. Proteiteddaeads were stored at 4°C.

Microscopy

Microscopy experiments were performed on a Spinligg microscope (Visitron Systems,
Puchheim, Germany) using a 63x objective (Zeisserkirhen, Germany). Pictures were
acquired with the VisiVIEW Imaging software (Vistr Systems).

In order to assess the membrane binding capaditghd in wild type and mutant versions
was mixed with GFP-prApel-coated latex beads abmeter of 2 um and incubated for 20
min at 4°C before spinning down at 2 rpm for 2 miihe supernatant containing unbound
Atg19 was removed and the settled beads were reisdsg in the same volume of buffer.
The reactions were pipeted into Greiner plates @asciences, CA, USA), where first the
GUVs, then C-terminally His-tagged Atg8 and aftér min incubation Atgl9 bound to

meGFP-prApel propeptide coated beads were added.

Quantification of membrane bending in GUV experimens

The GUV-membrane bending capacities of differerg1®t mutants when binding to GFP-
prApel-propeptide coated latex beads were assdsgetthe visibility of a part of the
rhodamine labeled membrane surrounding a greenelemg latex bead. These events were
counted. For each experiment two controls wereedesaddition of Atgl9 wild type and

omission of the receptor.
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Il Results

In order to obtain further insights into the intdran between Atg8 and the autophagy-
receptors Atg34 and Atgl9 in presence and absdmceftcargo, mutant versions of Atg8,
Atgl9 and prApel were generated (see Table 2).eTheme tested for their interaction
qualities in different experimental set-ups.

Recombinant )
] ] I ] ] . Plasmid
Recombinantprotein Experiment(s) plasmid working
vector
name: “SMCx”
_ GST-pull down assay,
Atg19 wild type 159 pGEX-4-T-1
SEC, GUV assay
GST-pull down assay,
Atg19 W412A 188 pGEX-4-T-1
SEC, GUV assay
Atgl9 F376A GST-pull down assay 438 pGEX-4-T-1
Atgl9 F379A GST-pull down assay 439 pGEX-4-T-1
GST-pull down assay,
Atg19 F376A, F379A 440 pGEX-4-T-1
GUV assay
Atgl9 F376A, W412A GST-pull down assay 444 pGEX-4-T-1
Atgl9 F379A, W412A GST-pull down assay 445 pGEX-4-T-1
GST-pull down assay,
Atg19 F376A, F379A, W412A 446 pGEX-4-T-1
GUV assay
Atg19 F376A, F379A, P385A, E386A | GST-pull down assay, SEC | 450 pGEX-4-T-1
Atgl9 F376A, F379A, P385A, E386A, | GST-pull down assay,
451 pGEX-4-T-1
WA412A GUV assay
Atg19 aa(365-415) F376A GST-pull down assay 441 pGEX-4-T-1
Atg19 aa(365-415) F379A GST-pull down assay 442 pGEX-4-T-1
Atg19 aa(365-415)F376A, F379A GST-pull down assay, SEC | 443 pGEX-4-T-1
Atg19 aa(365-415) F376A, W412A GST-pull down assay 447 pGEX-4-T-1
Atgl9 aa(365-415) F379A, W412A GST-pull down assay 448 pGEX-4-T-1
Atgl9 aa(365-415) F376A, F379A,
GST-pull down assay, SEC | 449 pGEX-4-T-1
W412A
Atgl9 aa(365-415) F376A, F379A,|GST-pull down assay,
452 pGEX-4-T-1
P385A, E386A SEC?
Atgl9 aa(365-415) F376A, F379A,
GST-pull down assay, SEC | 453 pGEX-4-T-1
P385A, E386A, W412A
Atg19 aa(365-415) GST-pull down assay, SEC | 295 pGEX-4-T-1
Atg19 aa(365-407) GST-pull down assay, SEC | 309 pGEX-4-T-1
Atg19 aa(1-374) GST-pull down assay 346 pGEX-4-T-1
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Atgl9 aa(1-384) GST-pull down assay 347 pGEX-4-T-1
Atg19 aa(1-396) GST-pull down assay 348 pGEX-4-T-1
Atgl9 aa(376-415)W412A GST-pull down assay 349 pGEX-4-T-1
Atgl9 aa(386-415)W412A GST-pull down assay 350 pGEX-4-T-1
Atgl9 aa(398-415)W412A GST-pull down assay 351 pGEX-4-T-1
Atgl9 aa(365-415) W412A GST-pull down assay, SEC | 298 pGEX-4-T-1
Atgl9 aa(1-123) GST-pull down assay, SEC | 306 pGEX-4-T-1
Atg19 (124-254) GST-pull down assay, SEC | 307 PGEX-4-T-1
) GST-pull down assay/SEC, pGEX-4-T-
GST-Atg8/Atg8(-6xHis) 437/58
GUV assay 1/pEtDuet
pGEX-4-T-
GST-pull down assay,
(GST-)prApel aa(1-45)/eGFP-prApel 308 1/pmeGFP-
SEC/GUV assay c1

Table 2: Recombinant proteins generated for thisth  esis

The cDNA encoding the respective protein was cloned into the indicated plasmid vectors, via the
pGEX-4T-1-vector an N-terminal GST-tag was fused to the protein, via the pEtDuet-vector an N- or C-
terminal 6xHistidine tag was fused to the protein. These tags were proteolytically cleaved if required.
The proteins were tested in the indicated experimental set-up(s).

Protein purification

In the following the purification of Atg8 from a B4s-TEV-Atg8 construct is described
representing the general procedure and resultsotéip purification.

The cDNA encoding for the protein with an additibt@bacco etch virus protease (TEV-)
cleavage site at the 5’ end was generated by P@RIlaned into the pETDuet plasmid vector
(to add a 6xhistidine tag). This construct was gfarmed into arE.coli strain especially
designed for protein expression (Rosetta pLysSMetbods) and the protein was expressed
under adequate conditions (temperature, mediumgertration of IPTG for induction of
expression, see Methods). After cell lysis andreleee of insoluble contents from the lysate,
the protein was affinity-purified according to ttagy conferred from the vector (glutathione-S-
transferase (GST) or 6xHis). 6xHis-Atg8 was pudfiey binding it to a Ni-column and
subsequently eluting it with a step wise gradiehinodazole (10-300 mM, see His trap
profile Figure 5 (A) and (B)). The fractions of whkethe recorded UV absorption (280 nm)
reached a local maximum in 50-150 mM imidazole weesled on a coomassie gel to detect
the protein of interest and visualize contaminat@ndegradation, as seen by additional
protein bands. Atg8 was detected in fractions 187+hl (100 mM imidazole) and 210-212

ml (150 mM imidazole, see Figure 5).
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His Trap fractions at ml:
134 140 187 |188) 189190191210 J211] 212

His-Atg8

Figure 5: HisTrap purification of 6xHis Atg8

(A) UV profile of the complete HisTrap. (B) Enlarged profile of the fractions at 75-200 mM imidazole.
Green lines indicate step-wise increase of imidazole concentrations (see labels). (C) Several HisTrap
fractions were loaded on a CBB gel. 6xHis-Atg8 was detected in imidazole concentrations of 100 and
150 mM imidazole. The fractions of 134 and 140 ml correspond to imidazole concentrations of 50 mM
and 75 mM imidazole respectively. Fractions 187-191 ml correspond to 100 mM imidazole (gray
labels) and fractions 210-212 ml to 150 mM (black labels). These latter were pooled separately and
subjected to FPLC (shown in the following for the 210-212 ml fractions). Scaling on the left indicates
molecular weight in kD.

The fractions of each salt concentration contairthrg protein were pooled separately. The
fact that the protein eluted in different imidazalencentrations might imply that these two
pools differ in their folding or oligomerizationage. Since in lower salt concentrations non
specific ionic interactions are favored as compaoeah increased salt concentration, it might
be the case that the 100 mM imidazole fractiongaznnmore misshaped Atg8 molecules and
therefore they could not bind the Ni-resin of th@luenn properly. The pooled protein
fractions were concentrated to approximately 2 ml dentrifugation in filtering tubes.
Purified TEV-protease was added to cleave off tlkeli$ tag. Cleavage efficiency was
monitored on a Coomassie gel (not shown, compaiteo$iis-Atg8 to Atg8-bands in Figure
7). As a final polishing step, the cleaved Atg8 wagbjected to size exclusion
chromatography (Figure 5 (A)). The peak fractiofg-{4 ml) were loaded on a coomassie
gel (Figure 5 (B)). The fractions of 69-71 ml wgreoled as a large amount of protein but no
contaminants were detected (Figure 5 (B)).
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Figure 6: Size exclusion purification of Atg8
(A) UV profile of Atg8 in FPLC. (B) The input and the peak fractions of the FPLC were loaded on a
CBB gel (as indicated). Scaling on the left indicates molecular weight in kD.

The concentration was estimated by determiningatisorption of UV light (280 nm) of the
protein solution. According to the Lambert-Beer Jdathe absorption of a solution equals the
product of the extinction coefficient of the compan (here protein), the width of the layer (1
cm) and the concentration of the component. Thesptotein content of the gained solution
could be calculated. This theoretical concentrati@s confirmed by loading corresponding
amounts of protein (1.5 and 3 pug) on a CBB gelyfég). Proteins were flash frozen and
stored at -80°C. In Figure 7 the crude lysate disocexpressing His-Atg8 as well as the
soluble fraction thereof and the purified Atg8 dencompared.
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Figure 7: Bacterial lysate and purified protein of Atg8 expression.

Overexpressed 6xHis-Atg8 is detected in SDS-PAGE in the crude cell lysate and in the soluble
fraction thereof (lanes 1 and 2 on the left). 1.5 and 3 pg of purified Atg8 were loaded to verify the
correct concentration (lanes 3 and 4 on the right). Scaling on the left indicates molecular weight in kD.
Note the band shift of 6xHis-Atg8 at around 15 kD to Atg8 at around 13 kD. This is due to cleavage of
the His-tag by TEV-protease.

Pull-down experiments using GST-tagged protein andlutathione-sepharose beads

In order to identify Atg8 binding sites in the rptar molecule Atgl9, the recombinant
proteins of interest were tested for interactionpull down experiments. Several proteins
were mutated at suspected Atg8 interaction sitebeage sites were completely removed, as
described in detail in the following. After incubmt, GST-fused proteins as well as
respective binding partners could be detected @ ftiaction of the washed beads via
Coomassie staining or western blotting.

A GST fused version of the wild-type Atg19 was shaw bind Atg8 (indirectly) to the beads
(Figure 9 (A) and (C)). Comparing this amount of@&s observed by western blotting to the
respective amounts in experiments using N-termyr@llC-terminally truncated GST-Atg19,
points to a reduced binding strength the shoreetg19 constructs (Figure 9 (C)).

To narrow down the amino acid sequence in Atglpaesible for this binding, three versions
of Atg19 truncated from the C-terminus (Atgl9 ad%.3Atgl9 aal-384, Atgl9 aal-396) and
three versions of the C-terminus truncated from Nherminus (Atgl9 aa376-415, Atgl9
aa386-415, Atgl9 aa398-415) containing the W412Aatian were cloned and purified
(Figure 8). Western blotting and subsequent quaatibn of the white values of the Atg8

bands using ImageJ software shows that Atg8 bindimgduced in the truncation mutants as
25



Results

compared to wt Atgl9 (Figure 9 (A) and (C) and a0 (A)) or wt Atgl9 C-terminus

(Figure 9 (B) and (C) and 10 (B)), which were nolimea to 100% binding (Figure 10).

Equal amounts of protein in the reactions were kb@dy loading the input fractions on a
CBB gel (Figure 9 (A) and (B)). Interestingly AQT-terminus bound stronger to Atg19 wt
full length in wt as well as in a LIR mutant (W41pxersion (compare in Figure 9 (C) bands
1 with 7 and 8). The interaction of the C-terminithwAtg8 was already detectable on the
CBB gel as opposed to Atgl9 full length, where rourd Atg8 was detected by CBB
(compare band 2 in Figure (A) with bands 2 and @Bi)). This hints to a stronger binding of

the C-terminal domain to Atg8.

1 124 153 191 254 365 415
Atg8-binding

N-terminal domain  prApel (Cargo) binding Ams1 (Cargo) Q@ Ve

coiled-coil domain binding oé,a’b)/ ",
1 7
domain %9@/ %,
)
&
/LPCP
CQLP
S
376
_396 -
384 386
374

Figure 8: Truncation mutants of Atg19 tested for At g8 binding.
Top: Domain organization of Atg19, domains are shown in different colors, amino acid number on top.
Bottom left: C-terminal truncations. Right: N-terminal truncations bearing the W412A mutation.

In Atgl9 aal-374 binding of Atg8 seems to be weak&8%, Figure 9 (C) and 10 (A)),
increasing in Atgl9 aal-384 (53%) and more so gl8taal-396 (56%). On the other hand,
Atgl9 aa376-415 W412A showed a stronger Atg8-ictera than Atgl9 aa386-415 W412A
(55% vs. 25%, Figure 9 (C) and 10 (B)). In the &sirC-terminal construct, Atgl9 398-415
WA412A, binding seems to be reduced as well (25%uriei 9 (C) and 10 (B)). As a reference
Atgl9 aa365-415 in wt and W412A (LIR mutant usecexalude background Atg8 binding
via the LIR motif), were loaded. The C-terminahstructs seemed to bind a higher amount
of Atg8 than full length Atg19 (compare Atg8 bandd-igure 9 (A) vs. (B) or in (C)). These
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experiments were also conducted with a GST-taggedion of Atg8 and untagged Atgl9
constructs with C-terminal truncations confirmitng tupper results (Figure 9 (D)). The Atg19
mutants truncated from the N-terminus could notetected using CBB staining because of

their very low molecular weight.
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Atg8
D
wo R\ s ® 2
Atg19s
GST-Atg8

Figure 9: Pull downs of GST-fused Atg19 truncation mutants and untagged Atg8.

Coomassie Brilliant Blue stained input (I) and interaction partners pulled down along with the beads
(B) of Atg8 and C-terminally (A) or N-terminally (B) truncated GST-Atg1l9 mutants (as indicated). (C)
Anti-GST-Atg8 (rabbit) Western Blot of pulled down fractions, loading as indicated. (D) CBB stained
input (1) and pulled down fractions (B) of GST-Atg8and N-terminally truncated Atgl9 mutants (as
indicated). Scaling on the left indicates molecular weight in kD.
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Figure 10: Quantification of Atg8 binding of Atg19 truncation mutants

Western Blots of the respective pull down experiments were analyzed using the ImageJ software.
White intensities of the Atg8 bands in the beads fractions were measured, from these values the
strength of Atg19-Atg8 interaction was inferred, the intensity of Atg8 bound to Atg19 wt full length (A)
or C-terminus(B) was normalized to 100% binding. y-axis: Percentage of Atg8 binding of the
respective mutant as compared to wt Atgl9 full length (A) or C-terminus (B). x-axis: Atg1l9 mutants.
Bars: Standard deviation. Quantifications are based on three independent experiments.
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From these experiments it becomes evident thaethee several Atg8 binding sites in
Atgl19’s C-terminal domain. One of these residindobe aa374 because Atg8 binding is
observed in this shortest of the C-terminal trulecatmutants (Atgl9 aal-374, Figure 9 (C)
and (D)). Since the amount of bound Atg8 increasitls the length of the Atg1l9 mutants,
more binding sites could be between aa374 and 8&84aa384 and 396 respectively. The
decrease in Atg8 binding was going along with stortg of the molecule from the N-
terminus aa376/386/398-415 corroborates this fopdin

Furthermore it was found that the C-terminal domain of Atg19 binds stronger to Atg8 than
the full length molecule (compare beads fractions of wt full length Atg19 in
Figure 9 Figure 9 (A) and (C) and wt C-terminus of Atgl9 kigure 9 (B) and (C) and

guantification of wt full length Atg19 and C-ternuist W412A mutant in Figure 10 (B)). This
confirms previous results (JSM).

Atgl9’s C-terminal domain contains a four aminodastretch (FYSF) resembling a LIR-
motif (WxxL, see Figure 11). This motif is not pees in Atg34, which has been shown to be
defective in Atg8 binding when its C-terminal LIRotif is silenced (W409AY. But it aligns

to a LIR motif in the mammalian autophagy recegibl, suggesting its role for binding
Atg8.
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Figure 11: Alignment of the amino acid sequences of the yeast autophagy receptors Atg19 and
Atg34 and Atg19 and mammalian p62 respectively

An FYSF sequence at aa376-379 is not present in Atg34, but aligns to a W-LIR motif in the
mammalian autophagy receptor p62. A PE motif at aa384-385 of Atgl9 is present in p62. But not in
Atg34. These sites were tested for their involvement in binding to Atg8. The Atgll binding site (not
present in p62) as well as the LIR motifs are indicated.

In order to test if the two phenylalanines (F376 &379) are involved in Atg8-binding they
were mutated to alanines in a wt and LIR mutant {@A) background either individual or in
combination. These mutants were used for GST-mlirdexperiments as described above. In
a qualitative pull down experiment, the Atgl9 F37@Wtant pulled less Atg8 than the wild
type, in full length as well as in a C-terminal d@monly construct. Binding was also, but to

a less extent decreased when F379 was mutatedatonal (Figure 12). When both
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phenylalanines were exchanged interaction with Atg8 even more decreased. In a W412A
background these results could be corroborated isigoe lower overall binding of Atg8
(Figure 12). The same effect was observed in ther@inal domain of Atgl9 and mutant

versions thereof (Figure 13).

GST-Atg19s

GST

Figure 12: Pull downs of GST-fused Atg19 F and W mu  tants and untagged Atg8.
Anti-GST-Atg8 (rabbit) Western Blot of pulled down fractions, loading as indicated. Scaling on the left
indicates molecular weight in kD.

These experiments were also conducted with a G§Jeth version of Atg8 and Atgl9
constructs without GST confirming the results (sbobwn). Taken together, these results
suggest that the FYSF-sequence in Atgl9’s C-tedndoanain is another binding site for
Atg8.

Nevertheless, low amounts of Atg8 (above backgrdendls, compare to GST-control in
Figure 12 and 13) could be detected in the fulpterand the C-terminal F376A, F379A,
W412A mutants by western blotting (Figure 12 and b#ting on yet another Atg8
interaction site in the C-terminus of Atg19.

Another potential Atg8 binding site could be a Rsence in the C-terminus of Atgl9. This
motif (aa385-386) is localized immediately N-teradirto the known Atgll binding site
(aa388-3957. Furthermore this PE motif is also present in themmalian autophagy
receptor p62 (which has no Atgll binding site, sitieere is no homologue thereof in higher
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eukaryotes) suggesting its involvement in recefunction, in this case binding of Atg8 like
molecules. It is not conserved in the Atg34 receptich is assumed not to have any other
Atg8-interaction site apart from its C-terminal LHRotif (see Figure 11). P385 and E386
were therefore tested for their role in Atg8 birglilBoth amino acids were mutated to As
simultaneously in Atgl9 C-terminus with a W412A am@376A, F379A, W412A mutation
background in order to test their effect on AtgBdang excluding background binding by the
other two binding sites. To estimate the bindingazaties of these mutants, Atgl9 C-
terminus in wt, W412A mutant, F376A, F379A mutantF876A, F379A, W412A mutant
were tested in comparison. When the PE sequence muaated in a F376A, F379A
background Atg8 binding decreased to 18% as cordgaréhe wild type (Figure 13). When
WA412A is mutated additionally the binding goes dawra background level of 6% (7% in
the GST only control).
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Figure 13: Pull downs of GST-fused Atgl9 C-terminus F, W and P+E mutants and untagged
Atg8.

(A) Anti-GST-Atg8 (rabbit) Western Blot of pulled down fractions, loading as indicated. Scaling on the
left indicates molecular weight in kD. (B) Quantification of Atg8 binding. Bars: Standard deviation.
Quantifications are based on three independent experiments.

For further confirmation of the upper results, G3ilt downs were conducted using GST-
fused prApel-propeptide (aminoacids1-45) to indiyeshow the binding of Atg19 and Atg8.
Since Atg19 interacts with prApel-propepfidas well as Atg®, Atg19 would be expected
to bind to propeptide and Atg8, mediating an inctiramteraction of Atg8 and the GST-
propeptide-covered beads. In this set-up the G&3ed propeptide is locally concentrated on
the GSH-beads since GST interacts strongly with GBHk also implies that the propeptide
faces the surface of the beads. This mimics theivo situation where the propeptide
protrudes from prApel oligomeres and mediates asteam with other prApel oligomeres as
well as the autophagy machinery via binding of teeeptor Atgl®. Purified GST-
propeptide was mixed with Atg19 wild type and difiet mutant versions and Atg8.

Western blotting using the GST-Atg8 antibody showedecreasing recruitment of Atg8 to
the propeptide-covered beads by the F376A, F379&a, W412A, the F376A, F379A,
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WA412A, the P385, E386, W412A and the F376A, F37PA85, E386, W412A mutants
(Figure 14).
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Figure 14: Pull downs of GST-fused prApel propeptid e and Atgl9 F, W and P+E mutants and

untagged Atg8.

(A) Anti-GST-Atg8 (rabbit) Western Blot of pulled down fractions, loading as indicated. (B)
Quantification of Atg8 binding. For quantification shorter exposed films were used. Bars: Standard
deviation. Quantifications are based on three independent experiments.

34



Results

Analytical size exclusion chromatography to estimat the saturation point of Atg19 C-
terminus and Atg8 binding

High pressure liquid chromatography was performedtudy the interaction of Atgl9 C-
terminal domain (aa365-415) in wild type or LIR-mnt (W412A) and Atg8. The saturation
point of Atgl9 C-terminus and Atg8 complexatiom. ithe Atg8 concentration at which no
further binding to Atgl9 C-terminus occurs, canibkerred from the stability of the UV-
absorption peak of this complex. These experimeet® conducted in order to confirm that
Atg19 C-terminal domains binds more Atg8 moleculen the W412A mutant, but also to
test if this latter protein is still able to formcamplex with Atg8. Furthermore, the saturation
point of the interaction, i.e. the molar ratio ofgA9 C-terminus to Atg8 at which no further
Atg8 molecules will be bound by Atgl9 C-terminus dge estimated. The Atgl9 C-terminal
domain and Atg8 were mixed in different molar ratikeeping the concentration of the Atg19
C-termini constant at 40 uM (230 ng/ml) and inchegghe concentration of Atg8 from 40
UM (550 ng/ml) to 120 uM in steps of 20 uM. Theatemns were incubated at 4°C for 30
minutes. The UV-absorption of the reaction mixegenmeecorded and analyzed using the
UNICORN software.

The Atgl9 C-terminal domains eluted at 1.30 ml,8A&g 1.39 ml and the complex of these
two eluted at 1.22 ml (wt) or 1.25 ml (LIR-mutaii®igure 15).When all Atg8 molecules are
bound to the Atg19 C-terminal domain, only the Wh&arption peak of the complex at 1.22
ml (wt) or 1.25 ml (LIR-mutant) was observed (Figur5 and Table 3). Increasing Atg8 the
amount of Atg8 in the reaction resulted in the @paece of a second peak at a retention
volume of 1.39 ml representing uncomplexed Atg&nfrithe ratio of Atgl9 C-terminus to
Atg8 in the saturated complexation reactions, thelibg capacity of Atgl9 C-terminal
domain in wt or LIR-mutant version could be estiethtSeveral UV absorption profiles are
shown in Figure 15 (A) and (C) for wt Atgl9 C-temali domain and W412A mutant
respectively. The UV absorption curve of Atgl9 @xtmal domain are depicted to visualize
the shift of their peak absorption towards a lowatention volume (i.e. higher molecular
weight) when Atg8 is added. This represents then&bion of a complex of these two
proteins, which has a higher weight that the C-teas alone. Figure 15 (A) and (C)
respectively show two absorption curves of this plax, one at a molar ratio of 1 to 0.5
(Atgl9 C-terminus:Atg8) and the other at a moldioraf 1 to 2.5 (Atgl9 C-terminus : Atg8).
The former profile suggests that all added Atg&asnplexed, since only the absorption
maximum of the complex at 1.22 ml (wt) or 1.25 (W412A) is observed, but no peak of
unbound Atg8 detected (at 1.39 ml). This changesnwhtg8 is added in an excess of 2.5

35



Results

molcules over one molecule of Atgl9 C-terminusthis situation, a UV absorption peak
appears at 1.39 ml, similar to the profile obserired control run of Atg8 alone (compare
Atg8 peak in control runs and in complexation rah4.39 ml in Figure 15 (A) and (C)). The
saturation of the Atgl9 C-terminus-Atg8 complexlso shown in Figure 15 (B) and (D). In
low ratios of Atg1l9 C-terminus to Atg8 (1:1) onlye UV-peak is observed, indicating that
all added Atg8 is bound to Atg19 C-terminus. Ndtattin W412A (Figure 15 (D)) a smaller
peak at the right side of the prominent complexpgsappearing in the curve, suggesting that
more Atg8 is already unbound here as compared t8tgi9 C-terminus. With increasing
ratios (up to 1:4 Atgl9 C-terminus:Atg8) higher amts of unbound Atg8 can be observed in
the UV curves. These are represented by a conssanbf the absorption maximum at 1.39

ml.
_ _ Retention volume _ o o
Recombinant protein Concentration Extinction coefficient
HPLC [ml]
Atgl9 aa365-415 1,30 40 uM 8480
Atgl9 aa365-415 W412A 1,32 40 pM 2980
Atg8 1,39 40-400 pM 2980
Atg19 aa365-415-Atg8
1,22
complex
Atgl9 aa365-415 W412A- 105
Atg8 complex ’

Table 3: Retention volumes of Atg19 C-termini, Atg8 and the complex of these on an Ettan
HPLC system.

The UV absorption peak of wild type Atgl9 C-ternsmatabilized at a ratio of 1:4 molecules
of Atg19 C-terminus to Atg8 suggesting a saturatbthe Atg19-Atg8 complex at an excess
of 4 molecules Atg8 over one molecule of Atg19 @rieus (Figure 15 (B)). In contrast, the
peak of LIR-mutant Atgl9 C-terminus stabilized aao of 1: 2.5 Atgl9 C-terminus to Atg8

molecules hinting to a binding capacity in the mrgj 2-3 molecules Atg8 by Atgl9 C-

terminal domain in W412A (Figure 15 (D)).
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Figure 15: Overlayed280 nm-absorption profiles in s ize exclusion chromatography of Atg19 C-
terminal domain and Atg8 (previous page)

Purified Atg19 aa365-415 wild type (A and B) or W412A mutant (C and D)kept constant at 40 uM was
mixed with purified Atg8 at 20 — 160 pM (ratios as indicated) and subjected to high pressure liquid
chromatography on an Ettan HPLC system using a Sepharose75 32/30 column. Tested molar ratios:
1: 0.5 to 1: 2.5. (A) Atg8 and Atgl9 C-terminal domain alone at 40 pM respectively and mixed in a
molar ratio of 1 : 0.5 and 1: 2.5. (B) Atg19 C-terminal domain in fixed concentration of 40 uM mixed
with Atg8 in increasing concentrations (as indicated). (C) Atg8 and Atg19 C-terminal domain W412A at
40 pM respectively and mixed in a molar ratio of 1 : 0.5 and 1: 2.5. (D) Atg1l9 C-terminal domain
WA412A in fixed concentration of 40 pM mixed with Atg8 in increasing concentrations (as
indicated).The UV-absorption peak of the complex of Atg1l9 C-terminus and Atg8 is recorded at ca 1.2
ml, UV-absorption peak of unbound Atg8 is at about 1.4 ml. Representative curves for each
experiment are shown.

Analytical size exclusion chromatography to calcule the number of bound Atg8
molecules per one molecule of Atg19’s C-terminal choain

The purified Atg1l9 C-terminal domain in differentitant versions (F376A, F379A; WA412A;
F376A, F379A, W412A) was incubated with purifiedg8&tfor 30 minutes at 4°C in a molar
ratio of 40 uM (Atgl9 C-terminus) to 400 uM (Atg8hhis complexation reaction was
analyzed in size exclusion chromatography using@h&rose200 10/300 column on an Akta
purifier system. From these experiments the nundbebound molecules of Atg8 to one
molecule of Atgl9 aa(365-415) wild type; WA412A oB87BA, F379A, W412A was
calculated.. The retention volumes and the UV-giismr peaks of Atgl9, Atg8 and complex
thereof were recorded using the UNICORN softwarégl8 C-terminal domains were
retained until approximately 16.1 to 16.2 ml, Atg8til approximately 17.2 ml and the
complex of these two to approximately 15.9 ml (§able 4 and Figure 16).
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_ , Retention volume _ o o
Recombinant protein Concentration | Extinction coefficient
FPLC
Atgl9 aa365-415 16,1-16,2 40 pM 8480
Atg19 aa365-415 W412A 16,1-16,2 40 pM 2980
Atg19 aa365-415 F376A,
16,1-16,2 40 pM 2980
F379A, W412A
Atg8 17,2 400 pM 8940
Atg19 aa365-415-Atg8
15,78
complex
Atg19 aa365-415 W412A-
15,96
Atg8 complex
Atg19 aa365-415 F376A, 163
F379A, W412A-Atg8 complex |

Table 4: Retention volumes of Atgl9 C-termini, Atg8 and the complex of these on an Akta

purifier system using an S200 10/300

The number of bound molecules of Atg8 per molecfilatgl9 C-terminus was calculated by
integrating the peaks of the absorption-profileresponding to the respective protein or
protein complex, that is Atgl9 C-terminus aloneg®alone or the complex thereof. Then,
the integral of the absorption peak of Atgl9 C-teus alone run at 40 uM was subtracted
from the integral of the Atg19 C-terminal domaing8tcomplex peak in a ratio of 40:400 uM
(Atgl9 C-terminus:Atg8). The difference represetits amount of Atg8 in complex with
Atgl9 C-terminus. Relating this value to the intdgof Atg8 run alone at 400 uM and
multiplying this ratio by the working concentration Atg8 (400uM) gives the concentration
of Atg8 shifted into the complex peak. This valuaswinally divided by the concentration of
Atgl9 C-terminus used in the reaction (40uM) toaobta value for the number of Atg8
molecules complexed by one Atg19 C-terminus (sgarEil6).

Calculation:

I'complex < C-terminus control = Atg8 in complex with Atg19t&minus

I'complexed Atg8 J Atg8 run alone x c[Atg8] = c[complexed Atg8]

c[complexed Atg8] / c[Atg19 C-terminus] = numberAify8 per Atgl9 C-terminal domain.
For Atgl9 aa(365-415) wild type at 40 uM complexeith Atg8 at 400 uM a binding
capacity of four (mean of three experiments = 4ridhecules of Atg8 was calculated.

Atgl9 aa(365-415) W412A is predicted to bind twoeém of three experiments = 1.81)
molecules of Atg8 and also Atgl9 aa(365-415) F37BA79A, W412A interacts with two

(mean of three experiments = 2.19) molecules oBAKgure 16). This higher number of the
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triple mutant compared to the W412A only mutant mhige due to the transient nature of the

interaction or to slight experimental deviations.
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Figure 16: Overlayed280 nm-absorption profiles in s ize exclusion chromatography of Atg19 C-
terminal domain mutants and Atg8 at a molarratioo  f 1:10

Purified Atg19 aa365-415 wild type, W412A mutant or F376A, F379A, W412A mutant (as indicated)at
40 puM was mixed with purified Atg8 at 400 uM and subjected to high pressure liquid chromatography
on an Akta purifier FPLC system using a Sepharose 75 10/300 column. The UV-absorption peak of
the complex of Atg19 C-terminus and Atg8 is recorded at ca 15.9 ml, UV-absorption peak of unbound
Atg8 is at ca 17.2 ml. Representative curves for each experiment are shown.

Efficiency of cargo delivery to giant unilamellar \esicles of recombinant Atg19 versions
Atgl9 serves as a cargo receptor for the vacuojarohase prApel inSaccharomyces
cervisiae linking the cargo by the autophagic membrane. Bresly conductedn vivo
experiments suggested that multiple Atg8 bindirtgssin Atgl9 are required for the Cwvt
pathway where the isolation membrane is tightly ppesd around the prApel cargo. In
addition experiments showed that Atgl9 is ableigbtlly bend Atg8-positive membranes
around prApel cargo mimetic microspheres. In otddurther examine if the multiple Atg8
binding sites in Atgl9 are required for this adtivihey were assessed microscopically using
giant unilamellar vesicles (GUVS). A spinning dieecroscope was used to visualize the lipid
dye Rhodamine (red) at a wavelength of 561 nm,gfemrescent proteinGFP, 488 nm,
green) and differential interference contrast. Vhsicles of a diameter of approximately 5—
100 um were generated by applying a current toT&h ¢oated glass plate covered with
vacuum-dried lipid droplets. The lipid mixes contd 5-25% DGS-NTA and 85% POPC
fluorescently labeled for microscopy with the rge dhodamine. DGS-NTA was used to bind
6xhistidine-tagged Atg8 to mimic tha vivo situation where Atg8 is covalently bound to the
head groups of the membrane lipid phosphatidyletlaamine. Latex beads of a diameter of 2
pum (Invitrogen) coated with recombinant monomenhanced GFP fused prApel-propeptide

were used to represent the enzymatic cargo of @&hway.
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In the experimental set up, purified Atgl9 proteither in wild type or in different mutant
versions was incubated with prApel-propeptide-beddter incubation of C-terminally

6xHis-tagged Atg8 with the GUVs, these beads wdrdked to the Atg8 coated GUVs. Atg19
on the beads interacts with Atg8 on the GUVs anthig interaction is strong enough, the

membrane will bend around the bead (see Figure 17).

Atg8-His
eGFP-propeptide

rhodamine-

labeled

GUV \

Figure 17: Experimental set-up to assess membrane b ending of Atg8-covered GUVs conferred
by Atg19 and prApel-propeptide on beads

Atg8 (blue) is attached to the rhodamine labeled GUV (red) via interaction of its 6xHis-tag and the
Nickel-lipids. Atgl9 (orange) binds to the latex bead (green, represents Cvt-cargo) via cross-linked
MEGFP-prApel-propeptide. When GUVs and beads are mixed, Atgl9 and Atg8 interact resulting in
partial engulfment of the bead.

The capacity to bend the GUV-membrane of variougl8tmutants was assessed. In every
experiment two controls were set up. These coathieither wild type Atgl9 (positive
control) or no Atgl9 protein (only buffer, negatigentrol). A bending event was assumed
when the rhodamine-labeled GUV-membrane was clesgn around the 2 pm-shape of a
MEGFP-propeptide coated latex bead, comparing 88endn and the 561 nm channel of the
spinning disc microscope(compare in Figure 18: uppanel (no bending without the
receptor) and lower panel (wt bends the vesicle)).
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Figure 18: GUV assay to quantify the membrane bendi  ng qualities of Atg19.

GUVs were fluorescently labeled in red using rhodamine-dye. Atg8-His was attached to the vesicle
membrane via Ni-containing lipids (DGS-NTA). Bending of the membrane by latex beads coated with
MEGFP-prApel-propeptide was assessed in fluorescence microscopy. Left: overlay of 488 nm and
561 nm signals (GUV and mEGFP-propeptide-coated beads). Right: 561 nm signal (GUV).

Upper panel: no Atg19 added to the reaction. Lower panel: Atg19 wild type.

The tested Atgl9 versions were wild type, Atgl9 A 1(canonical LIR-mutant), Atgl9
F376A, F379A (cryptic LIR-mutant), Atgl9 F376A, FBX, W412A (both LIR motifs
mutated) and a chimerical version of the two Ceepors Atgl9 and Atg34 that consisting
of the N-terminus (aal-364) of Atgl9 and the C-iatm aa(367-412) of Atg34. The Atgl19-
Atg34 chimeric protein contained only one LIR mqafa409-412), i.e. the LIR motif in the
C-terminus of Atg34 (aa409-412) and in contragktigl 9no additional Atg8-interaction sites.
Bending events were counted examining propeptidgecbbeads associating with GUVSs, i.e.
beads that are overlapping with GUV-membrames a control no recombinant Atgl9, but
buffer was added to a sample of beads that weerwite treated the same way. Percentages
were calculated by relating bending events to agson events.

An average of 79% from three independent experisnehivild type Atg19-bound beads lead
to bending of GUV-membranes (arrowheads, Figure |[@®er panel). 25% of prApel-
propeptide coated beads incubated without any Atgfi®duced a curvature in the GUV-
membrane. In three independent experiments 42%tgif9 W412A mutant-bound beads

were curving GUV-surfaces, whereas 52% of F376A/9A3mutants did the same. When
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both Atg8-binding sites were silenced by mutatimg tespective amino acids to alanine only
35% of the Atg19 mutant coated beads were ablend the GUV membrane around them.
Changing both P385 and E386 to A additionally ®E376A, F379A and W412A-mutations
reduced the bending capacity of Atgl9 to 28%. TlglB-Atg34 chimeric protein as receptor
showed a membrane bending capacity of 66% (Figaiandl 20).
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Figure 19: GUV assay to quantify the membrane bendi  ng qualities of Atg19 mutants (previous
page).

GUVs were fluorescently labeled in red using rhodamine dye. Atg8-His was attached to the vesicle
membrane via Ni-containing lipids (DGS-NTA). Bending of the membrane by latex beads coated with
MEGFP-prApel-propeptide was assessed in fluorescence microscopy. Left: overlay of 488 nm and
561 nm signals (GUV and mEGFP-propeptide-coated beads). Right: 561 nm signal (GUV).

First panel: Atg19 W412A mutant. Second panel: Atg19 F376A, F379A mutant. Third panel: Atg19
F376A, F379A, W412A mutant. Fourth panel: Atgl9 F376A, F379A, P385A, E386A, W412A mutant.
Scale bars for each Atg19 mutant respectively.
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Figure 20: Quantification of membrane bending confe rred by different Atg19 mutants.

Membrane bending events of GFP-prApel coated latex beads associated to GUVs were counted in 3
independent experiments. y-axis: Percentage of membrane bending of the respective Atgl9 mutant,
100%: counted events of association of beads and GUVs. x-axis: Atg19 mutants.

Influence of Atg8-coverage of the membrane on cargtelivery

The results shown in the previous paragraph styosuggest that the ability of Atg19 to bend
the Atg8-positive GUV membrane around the cargo eticrbeads positively correlates with
number of Atg8 binding sites in its C-terminusoller corroborate these findings the density
of Atg8 on the GUV membrane was titrated. If memieraending is a function of the number
of Atg8-Atgl8 interactions, then membrane bendingusd decrease of the density of Atg8
on the membrane is reduced. The density of Atg8then membrane was controlled by
changing the amount of DGS-NTA (Nickel containingids) lipid mixes used for GUV
preparation. Since Atg8-His binds to the nickeklom GUV membranes, Atg8 coverage of the
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membrane can be inferred from the amount of nickéhe membrane. Bending was assessed
the same way as in previous experiments. Reprdésenfaictures are shown in Figure 21.
Nickel concentrations on the GUV membranes rangea fL1% to 25%. Every concentration
was tested in three independent experiments, thebeuof counted events per experiment
varied from 5 to 25. 15% Ni-lipids lead to membramnding in 70% of counted events
confirming the results of previous experiments (Begire 18 and 19). Increasing the DGS-
NTA concentration to 25% did not seem to influetioe bending efficiency (69%) possibly
because the membrane is already saturated with &t$B% Ni-lipids. In contrast, a decrease
to 5% nickel resulted in only 49% of bending evepés counted membrane-bound beads.
Therefore the Ni-lipids were diluted further to %%nd 1 %. Here 19% and 14% of bending
events respectively were counted (Figure 21 andriZyating that at least 5% Atg8 coverage
of the membrane is necessary for cargo enwraprirgatestingly, even though some bending
was visible in 5% nickel membranes, the extentesfding was generally lower compared to

higher concentrations (Figure 21).

4
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\
Figure 21: GUV assay to quantify the membrane bendi ng qualities of Atg19 at different Ni-
concentrations.
GUVs were fluorescently labeled in red using rhodamine-dye. Atg8-His was attached to the vesicle
membrane via Ni-containing lipids (DGS-NTA). Bending of the membrane by latex beads coated with
MEGFP-prApel-propeptide was assessed in fluorescence microscopy. Left: overlay of 488 nm and

561 nm signals (GUV and mEGFP-propeptide-coated beads). Right: 561 nm signal (GUV).
First panel: GUVs prepared with 1% DGS-NTA. Second panel: GUVs prepared with 5% DGS-NTA.
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Figure 22: Quantification of membrane bending confe rred by Atgl9 at different Ni
concentrations.

GUV Membrane bending events of GFP-prApel coated latex beads associated to GUVs were counted
in 3 independent experiments. y-axis: Percentage of membrane bending of the respective DGS-NTA
concentration of the GUVs, 100%: counted events of association of beads and GUVs. x-axis: DGS-
NTA concentration in GUVSs.
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IV Discussion

This thesis provides a deeper insight into the mmdé mechanisms underlying the
interaction of the yeast autophagy receptor Atgi® the membrane associated protein Atg8.
During the Cytoplasm-to-vacuole targeting (Cvt) ety Atgl9 interacts simultaneously
with its cargos Ams1 and prApel (via its propeptild5 aa)’ and PE-conjugated Atg8 that
resides on the isolation membr&n& This activity serves to connect the multimericgea
complex to the site of Cvt-vesicle formation. Oreside Atgl9 binds the cargo and on the
other it indirectly binds the forming autophagicmi@ane (by Atg8) thus pulling these two
together so that the cargo can finally be enwragpethe membrane and subsequently be
delivered to the vacuole to be degraded. The cdedue vitro experiments show that there
are more Atg8-interaction sites in Atgl9 apart frahe previously known LIR-motif
WEEL*2,

Pull-down experiments using recombinant Atg8 amuhdated Atgl9 versions revealed that
there might be more than one Atg8 interactionisitine molecule. The C-terminal domain of
Atgl9 (aa365-415) seemed to interact stronger W8 than the full length molecule,
suggesting a potential self inhibition of the rdoegcompare Figure 9 (A) and (B), (C)).
Atgl9 with a truncated C-terminus. i. e. missing thIR-motif (the only known Atg8
interaction site in Atgl9 so far) located at pasitd12-415 was still able to interact with Atg8
in these experiments. Atgl9 aal-374, aal-384 ah®@@a interacted with Atg8 in GST-fused
versions with untagged Atg8 as well as in the wieesa situation using untagged Atgl9 and a
GST-Atg8. In addition, Atgl9 mutants with a mutatd® (W412A-mutation) and truncated
from the N-terminus, namely Atgl9 aa376-415 WA an886-415 WA were still able to bind
Atg8. The strength of the Atgl9-Atg8 interactiord@ed by Western Blot decreased the
longer the truncated sequence (from the N-termamuke C-terminus) of Atg1l9 was. But t

he Atgl9 constructs that were truncated from theemfinus bound more Atg8 than the
longer constructs that were missing the C-termihugxperiments using the aa398-415 WA
mutant and Atg8, no bound Atg8 could be detectadicating that C-terminally from aa 398,
the only Atg8 interaction site is the LIR motif, edeas there must be additional interaction
sites in C-terminal domain. Since Atgl9 aal-374 nobWtg8, there might be one N-
terminally of aa 374. However, this interaction htidpe rather weak. Atgl9 aa 1-384 also
bound Atg8 and in a stronger manner compared te3@d1 Extending the C-terminus to
include aal-396 further increased Atg8 interactibigure 9(C)). This suggests that there

might be one Atg8 interaction site between aa3taaB84 as well as another one between
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aa384 and aa396. The behavior of the C-terminastoacts truncated from the N-terminus
corroborated these findings. Atgl9 aa376-415 bgatire LIR motif silencing mutation
WA412A interacted strongest with Atg8 in pull dowxperiments. Atgl9 aa386-415 W412A
showed decreased binding of Atg8 and the aa398MA4B2A protein failed to interact with
Atg8 (Figure 9 (C)). These results were also camdil using GST-fused Atg8 (Figure 9 (D)).
Starting from these results, potential interactsies in Atgl9 were point-mutated to pin
down the exact location of additional Atg8 interaws in another set of GST-pull-down
experiments.

Using recombinant Atg8 and Atgl9 mutants reveated §4a376-379 (motif FYSY-) may be
one of these additional Atg8 interaction sitesg¢sia mutation of F376 and F379 to alanines
reduced binding of Atg8, which was even more eviden a W412A (LIR) mutant
background (see Figure 12). This FYSF-motif strgngisembles LIR motifs found in other
autophagy receptors, like for example an FVEI segeein the mammalian receptor
optineurif®. Phenylalanine is hydrophobic similar to tryptophand leucine in the more
common WxxL LIR motif. Another hint to FYSF beingLdR motif would be that mutating
F376 (at the first position of the sequence) hamee negative effect on the amount of bound
Atg8 in pull down experiments than mutation of F3&9 the fourth position). Analogous
results have been published for Atg19’'s WEEL mb#if

Furthermore, a PE-motif at aa 385 and 386 might plaole in binding Atg8. This sequence
upstream of the known Atgl1 binding site is conedrin the mammalian autophagy receptor
p62 (Figure 11). Mutating this motif to A also résd in decreased Atg8-binding in a LIR-
mutant background (Figure 13). When all three efrtientioned sites, i.e. F376, F379, P384,
E385 and W412 where mutated to A simultaneouslyiriteraction of Atgl9 with Atg8 was
severely decreased (Figure 13). These results alsoeconfirmed using GST-fused prApel
propeptide (Figure 14). This set-up is the bestehoéithein vivo situation. Just like the Cwvt
complex in the cell, the GSH bead contains the @&fS&d prApel propeptide highly
concentrated on its surface. Atg19 binds to thitigda via its coiled coil domain as well as to
Atg8.

The pull down experiments discussed above strosghgested that Atgl9 has multiple Atg8
interaction sites. In order to test if Atgl9 hag thbility to interact with multiple Atg8
molecules simultaneously size exclusion chromafdgyaxperiments with an excess of Atg8
over Atgl9 were conducted. The Atgl9 C-terminal domn wt and the F376A, F379A, the
WA412A and the F376A, F379A, W412A mutant versiomsersubsequently subjected to size
exclusion chromatography to shed light on the kioimetry of Atg8 binding. The C-terminal
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domain was used because it was observed to biodgetr to Atg8 than the full-length
molecule and to omit experimental complications tiuthe assumed inhibitory activity of the
coiled-coil domain. First, Atgl9 wt and W412A wemgxed with Atg8 in different molar
ratios to get an estimate of the amount of Atg8 tzen be taken up by Atgl9’ C-terminus.
The molar ratios ranged from 1: 0.5 to 1:4 and5Lf@r the wt Atg19 C-terminus to Atg8 and
the W412A mutant to Atg8 respectively, i.e. 40 uNy2O C-terminus : 20 uM Atg8 to 160
MM Atg8 or 100 pM Atg8 (W412A mutant). The testattation concentrations differ,
because for the W412A mutant a saturation was wédeat a ratio of 1: 2.5 (corresponds to
100 uM Atg8, Atgl9 C-terminus:Atg8). The bindingpeaity of Atgl9 C-terminus to Atg8
was assessed by observing the UV peaks of the A@yI&minus-Atg8 complex and the
Atg8 peak (Figure 15). The more Atg8 is added tordaction the more will be bound to the
complex, until a saturation point is reached, iathd by the appearance of a second UV
absorption peak recorded at the same retentiormahs observed for Atg8 alone in a control
run. At a ratio of 1:4 of Atgl9 wt C-terminus tog®, the UV-profile of the gel filtration
indicated a saturation of Atgl9 suggesting thatlAtginds four molecules of Atg8 (Figure
15). For the W412A mutant this ratio of saturatimas between 1:2 and 1:2.5, which
indicated that this mutant might only bind two brete molecules of Atg8 in vitro. To obtain
more insights into the binding stoichiometry, seelusion chromatography was conducted
with Atg19 C-terminus in wt, W412A mutant and F376/879A, W412A mutant versions in
fixed ratios of 1:10 of Atgl9 to Atg8. In this sesiof experiments the amount of bound Atg8
was calculated from the UV-absorption profiles bé tgel filtration runs. Each wild type
Atg19 bound on average (of three independent exyastis) four molecules of Atg8. Atgl9
W412A bound on average 2 molecules of Atg8 and Atgd9 F376A, F379A, W412A two
molecules on average (Figure 16).

The hypothesis that the reduced binding capaattieAtgl9 mutants have an effect on the
specificity of cargo delivery during Cytoplasm-taeuole targeting was tested applying a
model to mimic cargo binding and membrane enwrapnrewsitro. The question addressed
here is, if Atg19-Atg8 interaction is important foghtly wrapping the autophagic membrane
around cargo proteins 2 um-latex beads cross-linkgutApel-propeptide (aal-45) fused to
GFP were incubated with recombinant Atgl9 versitmsallow binding of the receptor
(Atgl9) to the cargo (prApel-propeptide) and themewoh with giant unilamellar vesicles
covered with 6xHis-tagged Atg8. The propeptide-cedebeads will bind Atgl9 on their
surface, assuming a functional interaction of these proteind>® Atg19 on the other hand

also binds to Atg8 and by this linking activity theads representing the autophagic cargo
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will come close to the Atg8-containing membraneh# interaction of the receptor and Atg8
is strong enough the membrane will be bent arobhedcargo. Consequently, the more Atg8
binding sites there are on Atgl9, the strongeriniberaction will be and hence the bending
activity will be increased. Membrane bending evemse quantified for Atg19 in wild type,
the W412A mutant, the F376A, F379A double mutdm, \W412A, F376A, F379A triple and
the quintuple W412A, F376A, F379A, P385A, E386A amnis.

The results point to a show that membrane bendaosifipely correlates with the number of
potential Atg8 binding sites. With Atgl9 wild typ8% of beads associated to vesicles
induced a bending of the membrane around the aaeteas in a W412A background only
42% did so. A chimeric protein consisting of theéd¥minal part of Atg19 and the C-terminus
of Atg34 where the LIR was silenced by mutating W40 Ala, was able to bend the
membrane in 66% of observed beads-to membrane iassnc In a F376A, F379A
background 52% of associated beads elicited a rogiref the membrane and 35% did so
when the LIR was silenced in this background. Agdme effect was most drastic in the
quintuple mutant, where three (potential) bindintgss were rendered nonfunctional. Here
only 28% of Atgl19-mutant-bound propeptide beadsl lmaa deformation of the membrane
(Figure 18-20). Since a decrease in Atg8 on the lomane, brought about by reducing the Ni
content to 1-5% (Figure 21 and 22), a high conegioin of Atg8 on autophagic membranes is
also important in efficient cargo delivery. The gepted results strongly suggest that the
strength of Atg19-Atg8 interaction brought abouttbg number of interaction sited on Atg19
is important for the efficient cargo delivery totaphagic membranes. Simultaneously these
observations were corroborated by vivo experiments assessing the efficiency of Apel
maturation inS cervisiae strains expressing the respective Atg1l9 mutant.

Taken together, the experiments conducted for thesis suggest that apart from the
previously known Atg8 binding site in the Cvt cangmeptor Atgl9, there might be at least
four more. It is likely that some of these residehe C-terminal domain of Atg19, since this
part alone showed a stronger interaction with Attggh the full-length molecule (Figure 9,
JSM). This has interesting implications for a moaletargo recognition by the receptor. The
binding of prApel occurs N-terminally (aal24-254)eneas the linkage to the membrane via
Atg8 apparently happens in the C-terminal regioAtf19. Suggesting that the C-terminus
serves as an interface that connects the Cvt-eesicthe autophagic membrane forming
machinery. Therefore Atg8 interaction sites areceotrated in the C-terminus inducing
multiple binding. This might be required for spé&cibinding of the autophagic membrane, on

which Atg8 is concentrated. If Atgl9 contained ghhaffinity binding site (as opposed to
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high avidity), interaction of the receptor and Atgdyht also occur in solution, which would
be counteracting selective cargo sequestratiorh Bathe single Atg8 binding sites in Atg19
has probably a relatively low affinity and onlyaih array of them comes to the site where the
interactor Atg8 is highly concentrated (i.e. thedifhesional surface of the isolation
membrane), strong binding and consequently selgcisvensured.

One of the potential Atg8 binding sites was ideetifas a FYSF sequence in the C-terminal
domain of Atgl9. This motif has as mentioned stragilarities with known Atg8-
interacting LIR motifs. The conducted experimeriso alearly show an involvement of this
amino acid stretch in Atg8 binding. FYSF may bethapoLIR motif in Atgl9 besides the C-
terminal WEEL sequence. It is not conserved inGe receptor Atg34, which is known to
have only one Atg8 interaction site in its C-teralinegion (W409EEI, Figure 11, JSM)
FYSF may be another LIR motif in Atg19 besides@terminal WEEL sequence.

Another site involved in Atg8 binding might be a RBotif directly N-terminal of the
interaction site with the Cvt-specific scaffold prim Atgll. Experimental results have shown
that these two amino acids might be involved in8Atgteraction, since mutating them to
alanines lead to a decrease of bound Atg8 detertegull downs in a LIR-mutant
background. If these residues are directly bindmd\tg8 is not clear, it might be possible
that exchanging the rather big ring-structured ipeobs well as an acidic glutamate for the
small non-polar amino acid alanine interferes wiité structure of Atg19. This might impair
accessibility of the Atg8 binding sites. On the estthand, the close proximity of these
functional sequences (i.e. the Atgll binding sitel @an Atg8 binding site) hints to an
interplay between different Cvt-factors in cargdivey. It might be possible that Atg19 first
binds Atgll. This interaction could bring the Cwinplex (Atgl9 bound to the prApel
aggregate) to the site of Cvt vesicle formation.c®©rhere, tethering via Atgll is not
necessary anymore, but instead membrane enwramhémt Cvt complex is induced. This
would be conferred by interaction of Atgl9 with maane bound Atg8. So first the Atgll
binding site in Atg19 would be occupied and subsetjy Atg8 binding removes Atgl1 from
the Cvt complex by steric constraints. Prerequisitedhis model would be a stronger binding
of Atgl9 to Atg8 than to Atgll. This might easilg possible keeping in mind that there is
one Atgll interaction site and several Atg8 inteoaicsites in Atgl9. This motif could serve
as a regulatory site for switching from bindingtioé receptor to the Cvt-scaffold Atgl1 to the
membrane-bound Atg8 thus functioning at the intreé Cvt complex assembly to vesicle

formation.
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In future studies it would be interesting to resobv structure of the complex of Atgl9 C-
terminus in different mutant versions and Atg8. &ynparing the structures of the wild type
and the LIR (W412A) mutant of Atgl9 C-terminus, thieding mechanisms of other Atg8
binding sites apart from the LIR motif could be @tlated. Since Atg8 might interact at
different sites in a rather transient manner witkgl® C-terminus, nuclear magnetic
resonance spectroscopy might be rather applicdiae X-ray crystallography, where one
species of molecules would be required to gainraered protein crystal. But if Atgl9 and
Atg8 interact via various sites, there might beesaldifferent complex molecules in solution.
Another focus of investigation could be previousbserved Atg8 binding enhancement upon
addition of the prApel propeptide to interactiorpesments (see introduction). This effect
could result from a self inhibition of Atg19, pasisi conferred by the prApel propeptide
binding site in the coiled coil domain of Atg19.& mhibition could be released by binding of
the cargo. The interaction might lead to some aonédional change of Atgl9 that exposes
additional Atg8 binding sites. Preliminary experintseeprobing for Atgl9 self interaction did
not show any positive results. But the applied expental set up can be improved to gain
reliable results. Recombinant Atgl9 domains (N-teus, cc-domain containing the prApel
propeptide binding site, Ams1-binding domain ante@rinus) were tested for interaction in
GST-affinity pull downs which were analyzed by SBAGE and subsequent CBB staining.
Possible interactions might be too weak to be deteon a CBB gel. Western blotting with an
antibody raised against Atg19 could solve this fmab

A third interesting point of research would be itmerplay of Atg19’s interaction with the Cvt
scaffold protein Atgll on one hand and the intéwactvith Atg8 on the other. Atgll is
responsible for bringing the Atgl9-cargo complexthe PAS. Considering this, it is well
conceivable that the interactions of Atgl9 with &tgnd Atgll have an influence on each
other. First the Cvt complex, that is Atg19, habited to Atgll to be transported to the PAS.
Once there, Atgll binding is not required anymdret connecting the Cvt-complex to
lapidated Atg8 on the autophagic membrane is nacg$s form the Cvt vesicle. So in vitro
pull downs binding Atgll to GST-Atg1l9 on GSH beaaldglition of Atg8 might weaken this
interaction. By including Atgll to the GUV expegnt-set up could result in changed
dynamics of cargo-membrane association or membranding.

Understanding the molecular mechanisms underlyielgcive autophagy in yeast will
provide a model for similar pathways in higher eykées, which are known to be involved in
clearance of various potentially dangerous agesush as damaged cellular organelles,

bacteria and viruses and aggregated protein.
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