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1. Summary

Macroautophagy is a cellular degradation process targeting long-lived and/or toxic proteins and
protein aggregates as well as superfluous and damaged organelles. Through its course, autophagy
maintains cell homeostasis and integrity. In addition to its function on basal levels, autophagic
activity can be increased when cells are exposed to stressors like nutrient deprivation, hypoxia or
pathogen invasion. In accordance with its essential role in cellular health, autophagy is implicated in
the development and progression of various diseases, among them several types of cancer.
Additionally, anticancer drugs used in chemotherapy induce cytoprotective autophagy in cancer cells,
leading to impaired efficiency of these compounds. Consequently, autophagy modulation
accompanying cancer therapy might enhance successful treatment. Based on the fact that the ULK1
complex is a key signalling node in the autophagy network, the overall aim of this study was the
evaluation of the ULK1 kinase activity and the protein interactions within the ULK1 complex in regard
to their functions for the regulation of autophagy.

Previous studies proposed increased ULK1 stability and activity through ubiquitination, however
deubiquitination events and the mediating deubiquitinases (DUBs) have not been characterized in
the context of ULK1 activity regulation. Using the partially selective deubiquitinase inhibitor WP1130,
we confirmed posttranslational modification of ULK1 by ubiquitination, which resulted in ULK1
aggregation and transfer to the aggresome. This was accompanied by a loss of kinase activity and
reduced autophagy induction.

The scaffolding protein ATG13 recruits the catalytically active kinase ULK1 and the regulatory
proteins ATG101 and RB1CC1 to stably form the ULK1 complex. Additionally, the GABARAP protein
subfamily as well as phospholipids have been determined as interaction partners of ATG13.

Using mutational analysis, we identified the amino acids in ATG13 mediating the binding to RB1CC1,
ULK1 and ATG101. Through generating ATG13 mutants, the ULK1 complex formation, starvation-
induced recruitment to the autophagosome initiation site and autophagy inducing capacities of the
particular protein-protein and protein-phospholipid interactions were examined. The study revealed
that the ATG13-ATG101 interaction is of essential relevance for autophagy induction. Furthermore,
targeting the binding of ULK1 to ATG13 revealed only a mild phenotype of autophagy inhibition.

In summary, these results indicate that the ATG101-ATG13 interaction is the most promising target
to control the ULK1 complex activity. Additionally, modulating the ULK1 kinase activity might be an

effective approach to regulate the autophagic response.
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2. Zusammenfassung

Makroautophagie ist ein zelluldrer Prozess zum Abbau von langlebigen und/oder schadlichen
Proteinen, Proteinaggregaten und beschadigten Zellorganellen. Neben der essentiellen Funktion zum
Erhalt der zellularen Homoostase, fungiert Autophagie auch als Adaptionsmechanismus wéahrend
akuter Stressbedingungen wie Unterversorgung mit Nahrstoffen und Sauerstoff oder Infektionen.
Dementsprechend ist die Deregulation des Autophagieprozesses mit malignen Erkrankungen wie
Krebs und neurodegenerativen Krankheiten assoziiert. Weiterhin kann eine radio- oder
chemotherapeutische Behandlung von Tumoren zu einer Induktion der zytoprotektiven Autophagie
fitlhren und das Uberleben von Krebszellen positiv beeinflussen. Deshalb ist eine Kombination aus
konventioneller Krebstherapie und gezielter Autophagieregulation eine erfolgsversprechende
Moglichkeit zur Behandlung von Tumoren.

Im Zentrum des Autophagienetzwerks steht die Proteinkinase ULK1, weshalb die Modulation von
Autophagie Uber die Regulation der Kinaseaktivitdt von ULK1 naheliegend ist. In vorangegangenen
Studien wurde eine positive Regulierung der ULK1-Stabilitdat und -Aktivitat durch Ubiquitylierung
gezeigt. Allerdings wurde dabei der Einfluss von Deubiquitinasen (DUB) zur Regulierung der ULK1-
Ubiquitylierung nicht untersucht. Mithilfe des semi-selektiven DUB Inhibitors WP1130 konnte die
posttranslationale Modifikation von ULK1 durch Ubiquitylierung bestatigt werden. Die Verwendung
von WP1130 fuhrte zu einer ULK1-Aggregierung und anschlieBendem Transfer zu den Aggresomen.
Damit einhergehend wurde ein Verlust der ULK1-Kinaseaktivitdt und Induzierbarkeit von Autophagie
detektiert.

Zusammen mit ULK1 bilden die regulatorischen Proteinen ATG13, ATG101 und RB1CC1 den ULK1-
Komplex. ATG13 funktioniert dabei als Plattform zur Rekrutierung der ULK1-Komplex-bildenden
Proteine. Darliber hinaus ist bekannt, dass ATG13 mit Phospholipiden und Mitgliedern der GABARAP
Proteinfamilie interagiert. Mithilfe von Mutationsanalysen konnten die Aminosaurereste in ATG13
identifiziert werden, welche die Bindung mit den Interaktionspartnern ULK1, ATG101 und RB1CC1
vermitteln. Durch die Etablierung von ATG13-Mutanten wurde der Einfluss der jeweiligen Protein-
Protein- und Protein-Phospholipid-Interaktionen auf die ULK1-Komplexassemblierung, die
Rekrutierung zum Autophagosomenursprung und die Induktion von Autophagie untersucht. Es zeigte
sich, dass die Interaktion von ATG13 mit ATG101 essentiell fir die ULK1-Komplex-abhdngige
Induktion der Autophagie ist. Zusatzlich erzielte die Blockade der ULK1-ATG13 Assoziation nur eine
milde Inhibition der Autophagieinduktion.

Zusammenfassend konnte gezeigt werden, dass die Modulation der ATG13-ATG101 Interaktion
sowie der ULK1-Kinaseaktivitdt ein vielversprechender Ansatz zur Regulation von autophagischen

Prozessen darstellt.
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3. Introduction

3.1 Autophagy - recycle for a better life!

The term autophagy is derived from the Greek words “autos” meaning “self” and “phagein”
translating to “to eat”. Consistent with its literal meaning this cellular process indeed resembles the
self-digestion of cellular material within a cell. This autophagic cargo comprises damaged, aberrant,
and toxic proteins, protein aggregates and organelles, which become degraded by hydrolytic
proteases in the lysosome. The remanating disintegrated building blocks like amino acids and lipids
are then reused for de novo protein synthesis and maintenance of energy metabolism. Depending on
the route on which the cargo is transported to the lysosome, autophagy is subdivided into three
distinct forms (Figure 1). During microautophagy, cellular contents are directly ingested by
invagination of the lysosomal membrane (Li et al., 2012a). Chaperone-mediated autophagy (CMA) is
of relevance for substrate proteins with a pentapeptide motif recognized by the constitutive
chaperone heat shock-cognate protein of 70 kDa (hsc70), which translocates the cargo into the
lysosomal lumen by interacting with the lysosome-associated protein 2A (LAMP2A) (Cuervo and
Wong, 2014). A third and up to date best characterized form of autophagy is macroautophagy that is
commonly referred to as simply autophagy. This multi-step process utilizes a membrane
compartment originating from the mitochondria, Golgi network, endoplasmic reticulum (ER),
recycling endosomes and/or the plasma membrane called phagophore to trap the cytoplasmic
entities destined for disposal and upon closure gives rise to a double-membraned vesicle. The so
called autophagosome finally fuses with the lysosome into an autolysosome for successful cargo
degradation (Yin et al., 2016).

These autophagy pathways are universally conserved from yeast to higher eukaryotes and next to
the ubiquitin proteasome system are essential for functional metabolism and cell integrity. While the
ubiquitin proteasome system is mainly responsible for degradation of short-lived regulatory proteins,
autophagy degrades long-lived proteins and organelles (Mizushima et al., 2008; Schreiber and Peter,
2014). Another major difference between these two degradation systems is that the proteasome
hydrolyses unfolded proteins one by one, whereas autophagy disposes its cargo in a single step by

delivering it into the lysosomal lumen (Levine and Klionsky, 2004; Reggiori and Klionsky, 2006).
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Macroautophagy

Chaperone-mediated
autophagy (CMA)

Phagophore

Autophagosome

Lysosome

Microautophagy

Autolysosome

Figure 1: Three major types of autophagy: During macroautophagy, a unique membrane compartment called the
phagophore is formed, which recruits the autophagic cargo to its proximity and encircles the cytoplasmic material upon
closure of the phagophore into an autophagosome. The autophagosome subsequently fuses with a lysosome giving rise to
the autolysosome and subjects the autophagic cargo to hydrolytic degradation by lysosomal hydrolases. The chaperone-
mediated autophagy (CMA) exerts the chaperone protein hsc70 to recognize a pentapeptide motif present in the amino
acid sequence of all CMA substrates. Motifs can become accessible for chaperone recognition after protein unfolding,
protein disassembly from multiprotein complexes, or release of membrane-bound proteins. Hsc70 targets the CMA
substrate to the lysosomal surface and activates the single-span membrane protein LAMP2A to oligomerize into a pore
complex which than translocates the substrate proteins across the lysosomal membrane. During microautophagy
invagination of the lysosomal membrane randomly occurs by lateral segregation of lipids and local exclusion of large
transmembrane proteins. In an active and ATP-dependent process this bulge extends and specializes into an autophagic
tube which forms an autophagic body at its tip that expands into a vesicle. After vesicle scission hydrolyses in the lysosomal
lumen break down the vesicle and its content and permeases recycle nutrients to the cytoplasm.
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Macroautophagy, or hereafter referred to as autophagy, can be rather unselective or exceptionally
specific. On demand for essential metabolic building blocks and energy, unselective autophagy
becomes activated and degrades various, nonessential cytoplasmic constituents. Oppositely, cargo-
specific degradation serves as a quality control system removing superfluous or damaged organelles
and protein aggregates that otherwise can be toxic to the cell (Youle and Narendra, 2011).
Consequently, cargo-depending subgroups for the selective degradation process have been named:
mitophagy for mitochondrial degradation (Lemasters, 2005), aggrephagy for degradation of
aggregated proteins (Overbye et al., 2007), pexophagy for peroxisome degradation (Klionsky, 1997),
ribophagy for degradation of mature ribosomes (Kraft et al., 2008), ER-phagy for endoplasmic
reticulum degradation (Bernales et al., 2006), lipophagy for lipid droplet degradation (Singh et al.,
2009), nucleophagy for nuclear envelope degradation (Park et al., 2009), and ferritinophagy for
ferritin degradation (Asano et al., 2011).

In addition to its housekeeping role to maintain cellular homeostasis, autophagy can be upregulated
during metabolic, genotoxic or hypoxic stress conditions and acts as an adaptive mechanism essential
for cell survival. This is especially the case during the neonatal period bridging transplacental supply
in utero and nutrient supply by maternal milk suckling (Medina et al., 1996). During this time the
newborn is exposed to starvation by nutrient shortage which can be survived only by autophagy
upregulation (Kuma et al., 2004).

Moreover, next to cytoplasmic entities autophagy can also degrade invading pathogens like bacteria
and viruses which is referred to as xenophagy and is an essential process during immune responses
(Jordan and Randall, 2012; Knodler and Celli, 2011; Levine, 2005; Vergne et al., 2006).

Inferring from its role in cellular health, dysregulation of autophagy is implicated in development and
progression of various diseases like cancer, neurodegenerative diseases such as Alzheimer’s and
Parkinson’s, myopathies, and heart and liver diseases (Dikic et al., 2010; Levine and Kroemer, 2008;
Mizushima et al., 2008; Mowers et al., 2016).

The person inventing the term autophagy is Christian de Duve, a scientist and Nobel laureate
especially known for his discovery of lysosomes. Following the development and technical
improvement of electron microscopy in the 1950s, he was able to detect double membraned vesicles
containing cytoplasmic material that were later identified as autophagosomes (Deter et al., 1967).
Moving on to the early 1990s, Professor Ohsumi and colleagues reported the first autophagy
defective mutants in yeast followed by identification of about 30 genes essential in autophagy
induction and progression (Harding et al., 1995; Kamada et al., 2000; Mizushima et al., 1999; Shintani
et al.,, 1999; Tanida et al.,, 1999; Thumm et al., 1994; Tsukada and Ohsumi, 1993). With the

introduction of comprehensive genome sequencing, identification of genes coding for autophagy-
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involved proteins in yeast, mammals, and plants revealed the high conservation of the autophagy
process among eukaryotes (Reggiori and Klionsky, 2002).

Back then, several laboratories investigating autophagy and autophagy-related pathways in yeast
originally used their own nomenclature e.g. APG (Tsukada and Ohsumi, 1993), and AUT for
autophagy (Thumm et al.,, 1994), CVT for cytoplasm-to-vacuole targeting (Harding et al., 1996;
Harding et al., 1995), GSA for glucose-induced selective autophagy (Yuan et al., 1997), PAG for
peroxisome degradation via autophagy (Sakai et al., 1998), PAZ for pexophagy zeocin-resistant
(Mukaiyama et al., 2002), and PDD for peroxisome degradation-deficient (Titorenko et al., 1995). As
this caused great confusion among researchers, the abbreviation ATG for autophagy-related was
officially selected after discussions at the first Gordon Research Conference on “Autophagy in Stress,

Development, and Disease” in 2003 (Klionsky et al., 2003).

3.1.1 Autophagy regulation - pulling the trigger

Autophagy is a tightly regulated process being of essential importance for cellular health and
homeostasis. Concomitantly, many factors of intrinsically and extrinsically origin contribute to
autophagy regulation. The supply of amino acids, oxygen and growth factors is as important as the
energy status of the cell to control autophagy induction. Also, stressors like ER and DNA damage or
cellular Ca** levels have regulatory effects on autophagy signalling. Apparently, most signalling
pathways inducing autophagy accumulate in the mechanistic target of rapamycin complex 1
(mTORC1). This complex was first found to be implicated in autophagy regulation in the yeast
Saccharomyces cerevisiae where inhibition of the Tor kinase activity by rapamycin resulted in
autophagy induction even under growing conditions (Noda and Ohsumi, 1998).

The mammalian mTORC1 contains seven core subunits: the catalytic TOR kinase, mammalian lethal
with SEC13 protein (MLSTS, also known as GBL ) (Kim et al., 2003), DEP domain containing MTOR-
interacting protein (DEPTOR) (Peterson et al., 2009), 40 kDa proline-rich AKT substrate (PRAS40)
(Sancak et al., 2007; Thedieck et al., 2007; Wang et al., 2007), regulatory-associated protein of mTOR
(RAPTOR) (Hara et al., 2002; Kim et al., 2002) and the TTI1/TEL2 complex (Kaizuka et al., 2010). The
PRAS40 subunit has regulatory functions within the complex by inhibiting TOR kinase activity under
conditions that induce autophagy, such as nutrient or serum deprivation (Sancak et al., 2007;
Thedieck et al., 2007; Vander Haar et al., 2007; Wang et al., 2007), indicating that mTORC1 acts as a
gatekeeper for autophagy induction which has to be inactivated prior to autophagy-inducing signal

transmission.
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In the case of autophagy regulation by intracellular amino acid levels, a so-called “inside-out”
signalling model has been established (Zoncu et al., 2011) (Figure 2). Here, amino acids accumulate in
the lysosomal lumen, where their levels are recognized by a vacuolar H*-ATPase (v-ATPase) (Zoncu et
al., 2011). This v-ATPase further interacts with the guanine nucleotide exchange factor (GEF) protein
lysosomal adapter of mTOR (LAMTOR, previously called Ragulator, consisting of the subunits
MAPKSP1, ROBLD3 and c11orf59) (Bar-Peled et al., 2012; Sancak et al., 2010), that tethers the RAG
GTPase protein complex comprising heterodimers of RAGA or B and RAGC or D to the lysosomal
surface (Kim et al., 2008; Sancak et al., 2008). While amino acid levels are high, the GEF activity of
LAMTOR is enhanced, activating the RAG heterodimer (GTP-loaded RAGA/B and GDP-loaded
RAGC/D), which subsequently recruits mTORC1 to the lysosomal surface (Zoncu et al., 2011).
Through this intracellular relocalization, mTORC1 retrieves proximity to its activator RAS homologue
enriched in brain (RHEB) (Sancak et al., 2008). Like RAG, RHEB is a small GTPase, which in GTP-bound
state enhances mTOR activity (Dibble et al., 2012). In response to depleted amino acid levels the GEF
activity of LAMTOR is decreased, which results in the release of mTORC1 from the lysosome and its
inactivation (Zoncu et al., 2011) (Figure 2).

Additionally a negative regulator for the RAG GTPases called the GTPase activating proteins toward
Rags 1 (GATOR1) complex is activated in response to amino acid deprivation (Bar-Peled et al., 2013).
GATOR1 has GTPase-activating protein (GAP) activity for RAGA and B, thereby favouring GDP-loaded
RAGA/B and GTP-loaded RAGC/D and inactivating mTORC1. Consequently, inhibition of the GATOR1
subunits (DEPDC5, Nprl2, and Npri3) makes mTORC1 signalling resistant to amino acid deprivation
(Bar-Peled et al., 2013).

Also, RHEB activity can be inhibited by the tuberous sclerosis complex (TSC) which includes TSC1,
TSC2 and RAS-related in brain (RAB) GTPase-activating protein TBC1 domain family member 7
(TBC1D7) (Dibble et al., 2012; Inoki et al., 2003a).

Another signalling pathway regulating mTORC1 activity is executed by the AMP-activated protein
kinase (AMPK), which is regulated by cellular energy status measured by the AMP to ATP ratio. AMPK
is a heterotrimeric complex consisting of a catalytic kinase domain-containing al/2-subunit and the
regulatory subunits B1/2 and y1/2/3 (Davies et al., 1994).

When AMP levels are high and energy status of the cell is low, AMPK becomes activated and
phosphorylates TSC2. This event in turn results in increased GAP activity of TSC2 towards RHEB,
resulting in the inactivation of mTORC1 and initiation of autophagy (Inoki et al., 2003b). As a second
level of regulation, AMPK can directly regulate mTORC1 function by phosphorylating RAPTOR,
leading to 14-3-3 binding and allosteric inhibition of mMTORC1 (Gwinn et al., 2008; Lee et al., 2010).
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Figure 2 Amino acid-dependent regulation of mTORC1: Amino acids accumulate in the lysosomal lumen, where they
stimulate signals to a vacuolar H'-ATPase (v-ATPase) through an inside-out mechanism. The v-ATPase tethers LAMTOR to
the lysosome, controls the LAMTOR-RAG GTPase complex interaction and induces the guanine exchange factor (GEF)
activity of LAMTOR to promote loading of RAGA/B with GTP. Subsequently, the active RAG complex (RAGA/B-GTP—
RAGC/D-GDP) binds to mTORC1 and recruits it to the lysosome, proximally located to the mTORC1 activator RHEB. Active,
GTP-bound RHEB potently activates mTORC1 which than executes its inhibitory activity on the autophagy machinery.
During autophagy-inducing conditions the RAG complex is inactivated by GATOR1 resulting in dissociation of mTORC1 from
the lysosome and its diffuse localisation throughout the cytoplasm. Additionally, the TSC complex inhibits the mTORC1
activator RHEB. The ATP levels-sensing kinase complex AMPK exerts its autophagy-inducing activity via direct mTORC1
inactivation by phosphorylation events or activation of the GAP activity of the TSC complex to inhibit RHEB.
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Noteworthy, AMPK is not just activated by the cellular energy level, but is also affected during the
DNA damage response resulting in autophagy induction, where activation of TSC2 protein expression
causes downregulation of the entire mTORC1 axis (Feng et al., 2005; Stambolic et al., 2001) and
activation of AMPK (Budanov and Karin, 2008).

Besides autophagy regulation through signalling cascades, AMPK executes epigenetic control on
autophagy-related gene expression. During persistent glucose starvation, the AMPK subunit a2
accumulates in the nucleus where it downregulates S-phase kinase-associated protein 2 (SKP2), a
cofactor of the E3 ubiquitin ligase SKP1-CUL1-F-box-protein (SCF) (Shin et al., 2016). This abrogates
the permanent SCF-SPK2-mediated ubiquitination and degradation of the coactivator-associated
arginine methyltransferase 1 (CARM1), which than exerts its transcriptional co-activator function on
autophagy-related and lysosomal genes through the transcription factor EB (TFEB) (Shin et al., 2016).
Another major physiologic circumstance regulating autophagy is the sufficient supply of oxygen to
the cell. Chronic and moderate hypoxia induce autophagy via the hypoxia-inducible factor-1 (HIF-1)
and the protein kinase C (PKCS8) and c-Jun-N terminal kinase 1 (JNK1) pathway (Mazure and
Pouyssegur, 2010). HIF-1 is a transcriptional regulator of hypoxia-associated genes and it also
upregulates the expression of two BH3 domain-containing pro-autophagic proteins: B-cell ymphoma
2 (BCL-2)-interacting protein 3 (BNIP3) and BNIP3-like (BNIP3L, also known as NIX) (Bellot et al., 2009;
Guo et al., 2001). These in turn replace another pro-autophagic protein BECN1 from the BCL-2 family
proteins, freeing it to participate in autophagosome formation (Bellot et al., 2009). Adding to this,
JNK1, activated by PKCS, phosphorylates BCL-2, which additionally promotes dissociation of BECN1
from BCL-2 (Chen et al., 2008). Another HIF-1 target gene is regulation of DNA damage response 1
(REDD1), which promotes association of 14-3-3 to mTORC1 and inhibition of mTOR kinase activity
(Ben Sahra et al., 2011; Brugarolas et al., 2004; DeYoung et al., 2008).

During rapid and severe oxygen fluctuation conditions, as it occurs for example under ischemia
injury, autophagy is induced by HIF-1 independent pathways. Sensing of hypoxia by AMPK and
resulting mTORC1 inhibition have been reported (Cam et al., 2010; Papandreou et al., 2008) as well
as autophagy induction by the unfolded protein response (UPR) (Rouschop et al., 2010). The UPR is
sensitive to unfolded proteins in the ER (Buchberger et al., 2010) which is mediated by three ER
stressors: activation of transcription factor 6 (ATF6 ), ER to nucleus signalling 1 (ERN1, also known as
IRE1 (inositol-requiring enzyme 1)) and eukaryotic translation initiation factor 2-a kinase 3 (EIF2AKS3,
also known as PERK (protein kinase RNA-like ER kinase)) (Appenzeller-Herzog and Hall, 2012; Ron and
Walter, 2007). In an inactivated state, the latter are bound to the ER chaperone heat shock 70 kDa

protein 5 (HSPAS), while in response to UPR, autophagy becomes activated by both the EIF2AK3 and
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ATF6 pathways, but is negatively affected by ERN1 (Appenzeller-Herzog and Hall, 2012; Ogata et al.,
2006; Yamazaki et al., 2009).

For completeness, it should be mentioned that amongst others growth factors, pro-inflammatory
cytokines, and the Wnt pathway circumvent autophagy induction. Growth factors, such as insulin and
insulin-like growth factor 1, and pro-inflammatory cytokines such as tumour necrosis factor a (TNFa)
act via conceptually similar mechanisms by inhibiting the TSC complex and thus activating mTORC1
(Inoki et al., 2002; Lee et al., 2007; Ma et al., 2005; Manning et al., 2002; Potter et al., 2002; Roux et
al., 2004). The canonical Wnt signalling pathway, a major regulator of cell growth, proliferation,
polarity, differentiation, and development, inhibits glycogen synthase kinase 3 beta (GSK3-B), which
normally phosphorylates and promotes TSC2 activity and thereby activates mTORC1 (Inoki et al.,
2006).
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3.2 The who is who in autophagy signalling

Autophagy progression is tightly regulated by the core ATG proteins at every step, from sensing the
environment, via autophagy initiation, phagophore development and elongation, maturation of the
autophagosome, until fusion with lysosomes (Lamb et al., 2013) (Figure 3). The ULK1 complex is the
central regulation node of autophagy initiation, mediating the transmission of the signal to the
membrane source at which the nucleation of the isolation membrane occurs. This is followed by the
recruitment of the VPS34 complex and activation of its lipid kinase activity by ULK1-mediated
phosphorylation leading to abundant phosphatidylinositol 3-phosphate (PI3P) levels (Russell et al.,
2013). This remodelling of the membrane composition distinguishes the isolation membrane from its
membrane source and secondly recruits PI3P effector proteins like WIPIs and DFCP1. During the
elongation stage, expansion of the isolation membrane occurs and the cargo destined for
degradation is located to the isolation membrane by autophagy receptor proteins and the ATGS8
protein family members. Before closure of the isolation membrane the ATG proteins dissociate, and
only the ATG8 family members remain attached (Karanasios et al., 2013; Polson et al., 2010). The
final fusion step with the lysosome is than mediated by soluble N-ethylmaleimide sensitive factor

attachment receptor (SNARE) proteins (ltakura et al., 2012).
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Figure 3: The autophagy process: Under nutrient-rich conditions, the mTORC1 complex is tethered and activated on the
lysosomal surface where it executes its inhibitory function on the ULK1 complex. By autophagy induction through amino
acid starvation conditions, mTORC1 dissociates and the ULK1 complex is released from mTORC1 repression. The active ULK1
complex is then shuttled to the autophagosome formation site possibly by the exocyst, which substitutes its subunit EXOC2
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to EXOC8 under starvation conditions. The origin of the autophagosome formation site possibly exists at the ERGIC (ER-
Golgi intermediate compartment), where localisation of the ULK1 triggers nucleation of the isolation membrane by
recruitment and activation of the autophagic machinery. The VPS34 lipid kinase complex generates PI3P, thereby
distinguishing the isolation membrane from the ERGIC by its unique lipid and protein composition. Secondly, PI3P recruits
PI3P binding factors, such as DFCP1 and WIPI proteins. Growing of the isolation membrane is possibly driven by ER standing
lipid synthesizing enzymes. After budding from the ER association, elongation of the isolation membrane to form the
phagophore is driven by the membrane transfer protein ATG9A. The phagophore becomes sequestered with lipidated ATG8
proteins that recruit the autophagic cargo via autophagy receptors to the phagophore. Prior to the closure of the
phagophore into the autophagosome, the autophagic core complexes with the exception of the ATG8 proteins, dissociate
from the phagophore. Lastly, the autophagosome fuses with a lysosome with the help of the SNARE complex VAMP8 and
STX17-SNAP29. The ATG8 proteins present on the outer autophagosomal membrane become recycled by dissociation from
PE, while the inner membrane and the components in the autolysosomal lumen become degraded by hydrolases.
Permeases allow the release of building blocks like amino acids and lipids into the cytoplasm where they are available for
cellular processes.

3.2.1 The ULK1 protein complex - a star is born

In 1993 Tsukada and Ohsumi initiated a global screen for autophagy loss-of function yeast strains,
resulting in the apgl gene being the first found to mediate autophagy-defects by gene knockout in
Saccharomyces cerevisiae (Tsukada and Ohsumi, 1993). Following studies revealed a
serine/threonine protein kinase as the gene product which was subsequently termed Atgl (originally
apgl) (Matsuura et al., 1997). Interestingly, this protein displayed 39.8 % sequence identity and
52.7 % similarity in its N-terminal kinase domain to the previously identified Caenorhabditis elegans
kinase uncoordinated movement-51 (UNC-51) (Matsuura et al., 1997), which was reported to be
essential for axonal elongation (Ogura et al., 1994). Though many species like Caenorhabditis elegans
(Ogura et al., 1994) and Drosophila melanogaster (Scott et al., 2004) possess only one gene coding
for Atgl and its orthologues, vertebrates in contrast have at least five serine/threonine protein
kinases in their genome displaying considerable homology to yeast Atgl in their kinase domain (Chan
and Tooze, 2009). The first identified mammalian homologues were the two most closely related
UNC-51-like kinases 1 and 2 (ULK1/2) possessing 78 % amino acid identity in their catalytic domains
and an overall homology of 52 % (Kuroyanagi et al., 1998; Tomoda et al., 1999; Yan et al., 1998; Yan
et al.,, 1999). Next to the catalytically active kinase domain in their N terminus, ULK1/2 harbour a
proline/serine-rich (PS) domain and a C-terminal domain which both mediate binding to interaction
partners (Chan and Tooze, 2009).

The other UNC-51-related kinases ULK3, ULK4 and serine/threonine kinase 36 (STK36, also known as
fused) display homology in their kinase domain only, but lack the unique C-terminal domain of ULK1
and ULK2 (Maloverjan et al., 2010a; Maloverjan et al., 2010b; Maloveryan et al., 2007).

The essential role of Atgl orthologues for autophagy induction has been confirmed in several

organisms such as Caenorhabditis elegans (Ogura et al., 1994) and Drosophila melanogaster (Scott et
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al.,, 2004). In contrast, the role of the ULKs in higher eukaryotes is controversially discussed. First
knockdown experiments using siRNA demonstrated abolished autophagy induction only after
targeting both ULK1 and 2, but not for the single knockdowns, indicating redundant functions for
these kinases (Chan et al., 2007). Similar observations were made in mice models: Ulk1 -/- as well as
Ulk2 -/- knockout mice are born viable and survive the short starvation period after birth (Cheong et
al., 2011; Kundu et al., 2008; Lee and Tournier, 2011). In contrast, Ulk1/2 -/- mice are born alive but
display early neonatal lethality, again emphasizing redundant functions of the two kinase
homologues in autophagy (Cheong et al.,, 2011; McAlpine et al., 2013). In accordance with these
observations, McAlpine et al. reported a complete block of autophagy induction by amino acid or
glucose deprivation in murine embryonic fibroblasts (MEFs) isolated from their Ulk1/2 -/- mice
(McAlpine et al., 2013). Controversially, Cheong et al. observed inhibited autophagy induction only by
amino acid withdrawal, while increasing ammonia concentrations occurring during glucose
deprivation still resulted in an autophagy induction response in MEF cells isolated from their mouse
model, which suggests the existence of ULK1/2-independent autophagy pathways (Cheong et al.,
2011). This was supported by a third knockout model, where Ulk1/2 -/- DT40 cells also displayed
ULK1/2-independent autophagy (Alers et al., 2011). An interesting observation was made by Chan et
al., who found that autophagy is blocked by overexpression of ULK1 (Chan et al., 2007). Furthermore,
this effect was independent from the ULK1 kinase activity but mediated by the N-terminal region of
residues 1-351 indicating a unique set of functions (Chan et al., 2007).

It is also noteworthy, that despite their redundant activity in overall autophagy, ULK1 and ULK2 seem
to act independently in specialized cellular processes. First of all, only Ulkl-/- mice display
compromised clearance of mitochondria during erythropoiesis (Kundu et al., 2008), which might be
explained by the fact that only ULK1 is reported to be involved in mitophagy (Joo et al., 2011).
Secondly, localization of ULK1 and ULK2 differs severely. While ULK1 is primarily located in the
cytosol, ULK2 preferentially localizes to the nucleus, where it displays ULK1- and maybe even
autophagy-independent functions e.g. regulation of poly(ADP-ribose)-polymerase 1(PARP1) activity
(Joshi et al., 2016; Shin et al., 2015). Autophagy-independent roles for ULK1/2 have been established
also in lipid metabolism and glucose uptake. Here, ULK1 and ULK2 display opposite functions. While
ULK1 knockdown enhances fatty acid uptake but reduces oxidation, ULK2 knockdown has converse
effects (Ro et al., 2013).

To execute its function in the autophagy signalling pathway, ULK1 is incorporated into a 3 MDa
complex by the scaffolding protein ATG13 together with ATG101 and Retinoblastoma 1-inducible
coiled-coil 1 (RB1CC1, also called focal adhesion kinase-interacting protein of 200 kDa (FIP200)) (Chan
et al., 2009; Ganley et al., 2009; Hieke et al., 2015; Hosokawa et al., 2009a; Jung et al., 2009; Suzuki
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et al., 2015a). Because ULK1 is the only protein with catalytic activity, the complex was consequently
named ULK1 complex, which features a permanent complex formation in mammals unaffected by
the cellular nutrient status (Chang and Neufeld, 2009; Ganley et al., 2009; Hara et al., 2008;
Hosokawa et al., 2009a; Hosokawa et al., 2009b; Jung et al., 2009).

Similar to ULK1, the orthologue of ATG13 was among the proteins primarily identified as autophagy-
essential during the global yeast screening (Funakoshi et al., 1997). By performing an in silico analysis
of the non-redundant NCBI protein database, the human protein with the accession number
AAHO02378 (a putative product of the KIAAO652 gene) was identified as the potential mammalian
ATG13 homolog (Meijer et al., 2007). This is supported by the fact that cells carrying an ATG13
knockout are defective in ULK1 complex assembly and autophagy induction (Kaizuka and Mizushima,
2015). Moreover, Atg13 -/- mice die in utero and embryos show growth retardation and myocardial
growth defects (Kaizuka and Mizushima, 2015).

The ATG13 protein can roughly be divided into a strictly structured N-terminal part and an
intrinsically disordered region mapped to the C terminus (Fujioka et al., 2014; Mei et al., 2014). The
N terminus of ATG13 comprises a HORMA domain, a structured region first identified and named
after the Saccharomyces cerevisiae proteins Hopl, Rev7, and Mad2, which display sequence
similarities but no functional overlaps (Aravind and Koonin, 1998). In all of these proteins, the
HORMA domain is highly conserved, mediating protein-protein interactions through a structurally
unique mechanism. Usually two functionally distinct regions organise the HORMA domain: the N-
terminal core region and a C-terminal safety belt (Rosenberg and Corbett, 2015). In the case of
Mad2, the HORMA domain can adapt an open or closed state and this conformational conversion is
essential for protein binding. The ATG13 HORMA domain corresponds to the closed C-Mad2
structure, which raised speculations of a possible conformational change mediated by
phosphorylation of a phosphor sensor motif within the HORMA domain (Jao et al., 2013). Only after
crystallisation of the ATG13-ATG101 protein interaction it became clear that ATG101 as well
harbours a HORMA domain in an open O-Mad2 conformation, complementing the ATG13 C-Mad2-
like HORMA structure (Michel et al., 2015; Qi et al., 2015; Suzuki et al., 2015a).

ATG101, the product of the mammalian C120rf44 gene, is the most recently identified ULK1 complex
component and direct binding partner of ATG13 (Hosokawa et al., 2009b; Mercer et al., 2009).
Though it shows a weak sequence similarity to yeast Atgl7, there exists no obvious homologue in the
yeast Saccharomyces cerevisiae, hence the nomenclature ATG101 was chosen (Mercer et al., 2009).
Interestingly, ATG101 is conserved in higher eukaryotes like flies and worms and even in the fission

yeast Schizosaccharomyces pombe (Steffan, 2010).
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Importantly, when mutating ATG13 or ATG101 to inhibit protein interaction, ATG101 cannot
incorporate into the ULK1 complex leading to impaired autophagy induction (Suzuki et al., 2015a)
(chapter 4.3). Though the ATG101 function within the ULK1 complex is not entirely clarified, it might
work as a regulatory subunit that recruits downstream targets through a unique WF finger in its
HORMA domain (Qi et al., 2015; Suzuki et al., 2015a).

The interaction sites for ULK1 and RB1CC1 were previously roughly mapped to the human ATG13
C terminus (Jung et al., 2009). In depth studies revealed the extreme C terminus comprising the ULK1
binding platform with deletion of the last three amino acids in ATG13 being sufficient to abolish ULK1
complex formation (Hieke et al., 2015) (chapter 4.1). The RB1CC1 interaction hub was distinguishably
mapped from the ULK1 interaction site as a 26 amino acid stretch in the C terminus of ATG13 (Alers
et al., 2011). Surprisingly, though formation of the ULK1 complex was abolished and recruitment of
the ULK1 complex members to the autophagosome formation site under starvation conditions was
absent, inhibition of the ATG13-ULK1 interaction had only minor effects on autophagy induction and
blocking of the ATG13-RB1CC1 complex formation did not have an impact at all (Hieke et al., 2015)
(chapter 4.3).

This is particularly surprising, since knockout of RB1CC1 just like ATG13 results in impaired autophagy
(Hara et al., 2008). Systemic Rblccl knockout in mice is lethal with embryonic death at mid/late
gestation stage, which is associated with heart failure and liver degeneration (Gan et al., 2006).
Several pieces of information hint that this might not only be due to its function in autophagy but its
collaboration in several other signalling pathways. Known interaction partners and functions of
RB1CC1 are binding to stathmin (Maucuer et al., 1995) and listeria monocytogenes surface protein
ActA (Pfeuffer et al., 2000), the direct inhibition of the focal adhesion kinase (FAK) and proline-rich
tyrosine kinase 2 (PYK2) activities (Abbi et al., 2002; Ueda et al., 2000), disruption of the TSC complex
formation (Gan et al., 2005), regulation of p53 and TSC1 protein stability (Chano et al., 2006;
Melkoumian et al., 2005), scaffolding of TNF receptor-associated factor 2 (TRAF2) and apoptosis
signal-regulating kinase 1 (ASK1) to facilitate signalling for JNK1 activation (Gan et al., 2006),
regulation of p21 expression via protein inhibitor of activated STAT y (PIASy) interaction (Martin et
al.,, 2008), and regulation of Retinoblastoma 1 transcription (Chano et al., 2002a; Kontani et al.,
2003).

Mammalian RB1CC1 is majorly unstructured but depicts a large coiled-coil region containing a leucine
zipper motif and a putative nuclear localization signal (Chano et al., 2002a). This is highly conserved
as human and mouse RB1CC1 share around 90 % sequence identity and a similar domain structure
(Chano et al., 2002b). Interestingly, no yeast homolog has been identified so far, though yeast Atg17

has been proposed as a functional counterpart due to functional overlap in the autophagy signalling
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pathway (Hara and Mizushima, 2009). Since known interaction partners mediate diverse, largely non-
overlapping functions, including regulation of microtubule dynamics, cell adhesion and migration
signalling, stress response, cell proliferation and cell growth, and associate with various regions in
RB1CC1, it is possible that RB1CC1 can exert multiple biochemical functions through different
domains simultaneously. This is also illustrated by its diverse cellular localization to the cytoplasm
(Gan et al., 2005; Gan et al., 2006; Maucuer et al., 1995; Pfeuffer et al., 2000; Ueda et al., 2000), focal
adhesions (Abbi et al., 2002), and the nucleus (Chano et al., 2002b; Melkoumian et al., 2005).

A (microtubule-associated protein 1) light chain 3 ((MAP1)LC3)-interacting region (LIR) is situated
upstream of the RB1CC1 interaction site in ATG13 (Alemu et al., 2012; Birgisdottir et al., 2013). This
motif mediates interaction with the ATG8 protein family members (chapter 1.2.6). Though the
interaction was experimentally verified, no functional relevance has been reported so far (Suzuki et
al., 2014) (chapter 4.3).

Additionally to protein interaction partners, ATG13 contains a highly conserved phospholipid binding
motif at its extreme Nterminus, that facilitates interaction with phosphatic acid (PA),
phosphatidylinositol 3-phosphate (PI3P), phosphatidylinositol 4-phosphate (PI4P) and to a lesser
extent with phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3) (Karanasios et al., 2013). Necessity
of this site is questionable though, since opposite observations have been reported. Karanasios et al.
found inhibited ATG13 translocation and autophagosome formation (Karanasios et al., 2013) while
our research group detected no autophagy-inhibitory effects upon mutation of this motif (chapter

4.3).

3.2.2 Upstream regulation of the ULK1 complex or: Why is life always that

complicated?

MTORC1 and AMPK, two protein kinases with opposite regulatory functions in the upstream
autophagy induction pathway, both mediate their signalling via the ULK1 complex (Hosokawa et al.,
2009a; Mack et al.,, 2012). Accordingly, the phosphorylation status within the ULK1 complex
dramatically changes in response to the nutrient status. Under growing conditions, mTORC1
associates with the ULK1 complex, either by interaction of RAPTOR with the PS domain of ULK1
(Hosokawa et al., 2009a) or direct mTOR binding to the kinase domain of ULK1 (Lee et al., 2010).
Subsequently, active mTOR phosphorylates ULK1 thereby negatively regulating its kinase activity
(Ganley et al., 2009; Hosokawa et al., 2009a; Jung et al., 2009).
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Phosphorylation sites in ULK1 are plenty, but of these especially the phosphorylation status of S

and S$”*® (in human ULK1, corresponding to S**’ and S”’ in murine ULK1) severely changes during
starvation (Dorsey et al., 2009; Kim et al., 2011; Shang et al., 2011). It is generally accepted that S™%is
phosphorylated by mTOR, though its effect on ULK1 function is controversially discussed. Kim et al.
reported inhibitory effects of phosphorylated S”*® on the association of ULK1 and AMPK, and
accordingly blockade of autophagy (Kim et al., 2011). Shang et al. on the other hand postulated that

758

phosphorylation of S™° promotes the ULK1-AMPK interaction. They further speculated that this
interaction actually retains ULK1 from its function in autophagy and thereby blocks autophagic flux
under nutrient-rich conditions (Shang and Wang, 2011). Adding to this complex model is the second
phosphorylation site $°* in ULK1, which can be phosphorylated both by mTOR and AMPK according
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to Shang et al., while others identified S*° solely as an AMPK target (Egan et al., 2011a; Mack et al.,

8 bhosphorylation of $*® decreases during

2012; Shang et al., 2011). Surprisingly, similar to S
starvation despite enhanced AMPK activity (Shang et al., 2011).

Other AMPK-mediated phosphorylation events target $**’ and $°*° in ULK1 (in murine ULK1
additionally S”’7) (Bach et al., 2011; Kim et al., 2011; Lee et al., 2010; Mack et al., 2012). Contrary to
$%%® phosphorylation of these sites increases upon glucose or amino acid deprivation and is required
for ULK1 kinase activity and function in autophagy (Egan et al., 2011a; Egan et al., 2011b; Kim et al.,
2011). These data indicate a very complex regulation of ULK1 activity, where AMPK alone can induce
or inhibit ULK1 function solely by phosphorylating distinct serine residues.

The inscrutable role of AMPK in ULK1 regulation and autophagy induction extends to the ULK1
complex subunit ATG13, which is phosphorylated by AMPK at $*** and additionally by mTOR at $**%.
Importantly, the phosphorylation is strong under nutrient rich conditions and decreases upon
starvation, accompanied by increased ULK1 kinase activity (Puente et al., 2016). These data further
emphasize the dual role of AMPK and possibly it’s fine-tuning function in autophagy.

The complexity of this phosphorylation-mediated regulatory network is increased by the existence of
feedback loops that positively or negatively regulate the autophagy process. Active ULK1 is able to

835 689 ¢792) which leads to hindered substrate docking

phosphorylate RAPTOR at numerous sites (S
of e.g. the eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) and negatively
regulates mTORC1 activity, which consequently increases autophagic activity (Dunlop et al., 2011).
For contrary effects, ULK1 can directly phosphorylate AMPK and inhibit its kinase activity and
autophagy-inducing functions (Loffler et al., 2011).

Moreover, it is important to mention that most research groups investigating ULK1 phosphorylation

did not account dephosphorylating events as a major tool for catalytic activity control. The
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serine/threonine protein phosphatase 2 A (PP2A) was identified to dephosphorylate $”°” and S%’
upon autophagy induction, thereby operating against mTOR and AMPK (Wong et al., 2015).
Additionally, other kinases have been report to phosphorylate ULK1 e.g. protein kinase B (PKB, also
known as AKT) at S””* upon insulin treatment (Bach et al., 2011) and $'* by protein kinase A (PKA)
(Dorsey et al., 2009), both leading to rather inactivated ULK1.

As a last remark it should be mentioned that posttranslational modifications other than protein
phosphorylation are just as important in the regulatory machinery. Exemplarily the acetylation of
ULK1 at K™ and K°* by the acetyltransferase HIV-1 Tat interacting protein, 60kDa (TIP60) should be
stated, which is required for autophagy induction by growth factor deprivation (Lin et al., 2012).
Additionally, ubiquitination of ULK1 by the E3-ligase TNF receptor-associated factor 6 (TRAF6) with

K®-linked chains enhances its protein stability and function (Nazio et al., 2013).

3.2.3 Downstream signalling of the ULK1 complex: phosphorylation?

Subsequent to the successful activation of ULK1 by autophagy inducing signalling pathways, the ULK1
complex translocates to the autophagosome formation site to mediate signalling to the downstream
autophagy machinery (Chan et al., 2007; Ganley et al., 2009; Hara et al., 2008; Hosokawa et al.,
2009a; Itakura and Mizushima, 2010; Jung et al., 2009). This directed movement of the ULK1 complex
might be facilitated by the exocyst, a large hetero-octameric complex, which is commonly known as a
dynamic scaffold platform for protein complexes (Bodemann et al., 2011). In this model, the ULK1
complex is associated with an inactive exocyst complex component 2 (EXOC2)-containing exocyst
complex in the perinuclear region under nutrient rich conditions. In response to starvation, the
GTPase RAS like proto-oncogene B (RALB) becomes activated and promotes replacement of EXOC2
by EXOC8. The EXOC8-containing exocyst complex then translocates to vesicular structures, possibly
the autophagosome initiation sites and additionally recruits other autophagy protein complexes
thereby bringing the autophagy machinery into close proximity (Bodemann et al., 2011).

In addition to the subcellular complex localisation, the kinase activity of ULK1 is of central relevance
for autophagy signalling. A protein interaction database (Chatr-Aryamontri et al., 2017) (and

https://thebiogrid.org/113996/summary/homo-sapiens/ulkl.html) collecting low- and high-

throughput data currently lists 50 unique interactors for ULK1 which overlaps with a large number of
substrates already reported for ULK1. The optimal ULK1 substrate motif features preferences for
hydrophobic residues M or L at the -3 position and aromatic residues like Y at the +2 position (Egan

et al.,, 2015).
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Within the ULK1 complex, ULK1 autophosphorylates and transphosphorylates its interaction partners
ATG13, RB1CC1 and ATG101 (Chan et al., 2007; Egan et al., 2015; Ganley et al., 2009; Hara et al,,
2008; Hosokawa et al.,, 2009a; Jung et al., 2009). It has been argued that the ULK1
autophosphorylation mainly regulates its conformation, the exposure of the CTD and by this means
its interaction with putative interaction partners (Chan et al., 2007; Chan et al., 2009; Chan and
Tooze, 2009). For ATG13 several ULK1-dependent phosphorylation sites have been identified (Egan
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et al., 2015). Among these, phosphorylation at S°° in ATG13 has an essential function in mitophagy,
where it translocates to depolarized mitochondria following ULK1-mediated phosphorylation and
promotes mitochondrial degradation (Joo et al., 2011). Notably, in this context ATG13 displays a
ULK1-independent function, as the phosphorylation leads to dissociation from the ULK1 complex.
Alers et al. identified five more ULK1-dependent phosphorylation sites in a kinase assay, though
mutation of these sites in ATG13 did not have an effect on ATG13 function and autophagy initiation
(Alers et al., 2011).

Additionally, ULK1 target sites were reported for RB1CC1, though their functional meaning was not
examined (Egan et al., 2015). The same accounts for ATG101. Here, phosphorylation by ULK1 at S**
and $** was identified, however the relevance for autophagy signalling was not further investigated
(Egan et al., 2015).

Other ULK1 substrates are in part members of the autophagy core protein complexes like activating
molecule in beclinl-regulated autophagy (AMBRA1), beclinl (BECN1), and ATG14L (Nazio et al., 2013;
Park et al., 2016; Russell et al., 2013) which will be discussed in the following sections (chapter 1.2.4).
Additionally identified target proteins are FUN14 domain containing 1 (FUNDC1), a mitochondrial
resident protein that is phosphorylated at S'” leading to increased mitophagy (Wu et al., 2014), and

stimulator of interferon genes (STING) (Konno et al., 2013).

3.2.4 VPS34 lipid kinase complex: running down the PIPeline

The downstream signalling of the ULK1 complex takes a very interesting turn, as the downstream
target is the VPS34 lipid kinase complex, which catalyses the generation of phosphatidylinositol 3-
phosphate (PI3P) (Itakura and Mizushima, 2010; Matsunaga et al., 2010).

The VPS34 complex comprises the catalytic lipid kinase subunit VPS34, and the accessory proteins
VPS15, BECN1, ATG14L (also known as beclin-1 associated autophagy-related key regulator (Barkor)),
and UV radiation resistance associated protein (UVRAG) (Itakura et al., 2008; Kihara et al., 20013;

Liang et al., 1999; Matsunaga et al., 2009; Sun et al., 2008; Zhong et al., 2009). As ATG14L and UVRAG
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are mutually exclusive subunits, the ATG14L-containing complex is referred to as complex |, while
UVRAG is present in complex Il. Both have distinct functions, with complex | facilitating autophagy
initiation (Matsunaga et al.,, 2010; Zhong et al., 2009), whereas complex Il is integrated into
autophagosome maturation (Liang et al., 2006; Liang et al., 2008). The high conservation of the
VPS34 complexes from yeast to higher eukaryotes emphasizes its essential role in the autophagy
machinery (Kihara et al., 2001b; Obara et al., 2006).

The lipid kinase VPS34 produces PI3P by phosphorylating phosphoinositide (Pl) at the 3' position of
the inositol ring. Generation of PI3P originates a membrane compartment with unique lipid
composition that is distinguishable from the regular ER, where no PI3P is present in the membrane
(Gillooly et al., 2000).

The function of VPS15 in this complex is not quite clear, though its essential importance for VPS34
complex activity was demonstrated (Yan et al., 2009). VPS15 might be a pseudo kinase, as it harbours
a protein kinase domain whose function and possible substrates are uncertain. Moreover, for the
yeast homolog Vps15 a membrane anchor function by a myristoylation tag is published, which might
mirror its function in higher eukaryotes (Herman et al., 1991).

The BECN1 subunit acts as a scaffold protein for the recruitment of further regulatory subunits to the
complex. The interaction with the VPS34-VPS15 core complex is not constitutive, but is induced upon
autophagy induction. Under growing conditions, BECN1 rather interacts with GAPR1, a myristoylated
protein that is present in lipid-enriched microdomains of the Golgi network and thereby keeping it
from the VPS34 complex (Shoji-Kawata et al., 2013). Additionally, BECN1 associates with the anti-
autophagic protein BCL-2 via its BH3 domain, and thereby becomes sequestered to mitochondria
(Pattingre et al., 2005). During autophagy induction BCL-2 is phosphorylated by JNK1, thus freeing
BECN1 from BCL-2 and inducing proper VPS34 complex formation and autophagy progression (Wei et
al., 2008). Moreover, BECN1 becomes phosphorylated at S by AMPK and S** by ULK1 which
enhances activity of the VPS34 complex and positively regulates autophagy (Kim et al., 2013b; Russell
et al., 2013).

One BECNI1-interacting protein is ATG14L (Matsunaga et al., 2010), and levels of ATG14L severely
influence the stability of both BECN1 and VPS34, indicating the essential role of ATG14L for the
VSP34 complex functionality (Itakura et al., 2008). ATG14L localizes to the ER, a putative site for
autophagosome formation, even under growing conditions (Matsunaga et al., 2010). This
observation suggests that ATG14L is the driving force in recruiting the subcomponents of the VPS34
complex to the ER (Matsunaga et al., 2010). Moreover, ATG14L might link the VPS34 complex to the
ULK1 complex, since ATG14L directly interacts with the HORMA domain in ATG13 (Jao et al., 2013).
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Additionally, ATG14L becomes phosphorylated by ULK1, which stimulates the kinase activity of the
VPS34 complex facilitating phagophore and autophagosome formation (Park et al., 2016).

Recently, the nuclear receptor binding factor 2 (NRBF2) was identified as a new interaction partner of
the VPS34 complex I. The association was reported to be mediated either by binding to VPS15 (Cao
et al., 2014) or ATG14L (Zhong et al., 2014). NRBF2 promotes the dimerization of the ATG14L-
containing VPS34 complex to increase the lipid kinase activity of VPS34 (Young et al., 2016). Despite
the activation of VPS34, the function of NRBF2 in the autophagy signalling network is not answered
conclusively. Experimental approaches using NRBF2 knockdown detected an increased autophagic
flux, assigning a rather autophagy-inhibiting function to NRBF2 (Zhong et al., 2014). Contrary, other
studies observed defective autophagy upon NRBF2 knockdown and knockout indicating autophagy-
promoting effects (Cao et al., 2014; Lu et al.,, 2014). Very recently, mTORC1-mediated NRBF2
regulation by phosphorylation has been described (Ma et al.,, 2017). The mTOR-dependent
phosphorylation sites become dephosphorylated under starvation conditions, which increase the
binding preference of NRBF2 to the VPS34 complex. This facilitates VPS34 complex assembly,
association with the ULK1 complex and progression of autophagic signalling.

Another regulatory subunit of the VPS34 complex is AMBRA1 (Fimia et al., 2007). Similar to BECN1,
AMBRAT1 interacts with BCL-2 under growing conditions, thereby sequestering it to mitochondria. By
nutrient deprivation, AMBRA1 is released from this interaction and incorporated into the VPS34
complex, which is essential for its lipid kinase activity (Strappazzon et al., 2011). Another report
suggests that AMBRA1 specifically binds to the dynein motor complex under growing conditions
through direct interaction with dynein light chain 1 (DLC1) (Di Bartolomeo et al., 2010; Fimia et al.,
2011). Upon starvation, AMBRA1l is released from this interaction by ULK1l-mediated
phosphorylation, which facilitates VPS34 complex translocation to the ER, where it initiates
autophagosome formation (Di Bartolomeo et al., 2010; Fimia et al., 2011). In a positive feedback
loop, AMBRA1 supports ULK1 ubiquitination by TRAF6, which enhances ULK1 stabilization and
function (Nazio et al., 2013). AMBRA1 therefore adapts an interesting role in the autophagy signalling
network, as it is not just a cofactor of BECN1 but also a crucial upstream regulator of the autophagy-
inducing ULK1 complex (Fimia et al., 2011).

UVRAG, the VPS34 complex Il subunit, binds to BECN1 by competing with ATG14L for the same
binding site and thereby integrates the complex in the course of the autophagosome maturation (Li
et al., 2012b; Sun et al., 2008). Its mode of action is not clear, but implementation in membrane
curving is one possibility. It has been reported that UVRAG interacts with bax-interacting factor 1
(BIF1) (Takahashi et al., 2007), which harbours an N-BAR domain, known to bind membranes and

cause them to undergo curvature (Itoh and De Camilli, 2006). This suggests that UVRAG recruits BIF1
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to deform membranes. A putative negative regulator of UVRAG is RUN domain BECN1-interacting
and cysteine-rich containing protein (RUBICON), which is integrated into the VPS34 complex Il via
UVRAG, where it inhibits VPS34 lipid kinase activity (Matsunaga et al., 2009; Sun et al., 2010; Zhong
et al.,, 2009). Moreover, mTOR phosphorylates UVRAG, thereby enhancing UVRAG-RUBICON

interaction and suppression of autophagosome maturation (Kim et al., 2015).

3.2.5 The PI3P effector proteins: PImPing it up

The generated PI3P functions as a new platform to recruit downstream effectors for autophagy
signalling. One of these effector proteins is double FYVE domain-containing protein 1 (DFCP1)
(Cheung et al., 2001; Derubeis et al., 2000; Ridley et al., 2001), which binds PI3P via its two FYVE
domains. Among the FYVE-domain-containing proteins, DFCP1 displays a unique localization to the
ER and Golgi network (Cheung et al., 2001) instead of endosomal membranes (Ridley et al., 2001).
This might be due to an ER-targeting domain that is dominant over the two FYVE domains (Axe et al.,
2008).

In contrast, the WD-repeat protein interacting with phosphoinositides (WIPI) protein family binds
PI3P via a seven-bladed B-propeller. In mammals four isoforms exist (WIPI11-4), though only WIPI1
and WIPI 2 are recruited to the autophagosomal membrane (Polson et al., 2010; Proikas-Cezanne et
al.,, 2004). The WD-40 motif-containing proteins belong to the PROPPIN family, which is conserved
from yeast to humans (Baskaran et al., 2012). Members of this family harbour two PI3P binding sites
functioning in concert with a hydrophobic loop, which mediates membrane binding, explaining the
specificity of the PROPPINS for membrane-bound PI3P (Baskaran et al., 2012; Watanabe et al., 2012).
Interestingly, though WIPIs and DFCP1 both target PI3P, their cellular localization slightly differs.
WIPI2 colocalizes with ATG14L, a marker for the isolation membrane, while DFCP1 is in close
proximity (Itakura and Mizushima, 2010). Therefore, it has been suggested that DFCP1 localizes to
the omegasome, a ring-like structure emanating from the isolation membrane, rather than to the

isolation membrane itself.

3.2.6 Two ubiquitin-like protein complexes: tag me whole again

Ubiquitination is a posttranslational modification by covalent conjugation of the protein ubiquitin to

a target protein, and this mechanism is essential to numerous processes such as cell cycle
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progression, apoptosis, cell proliferation and differentiation (Weissman, 2001). The multistep
mechanism involves at least three types of enzymes: (I) The ubiquitin-activating enzyme E1, forming
a thiol-ester bond with the C-terminal glycine of ubiquitin in an ATP-consuming reaction; (ll) the
ubiquitin-carrier enzyme E2, which ubiquitin is transferred to, and (lll) the ubiquitin protein ligase E3,
which catalyses the transfer of ubiquitin to the amino group of a lysine in the substrate protein
(Figure 4). Several ubiquitin homologs have been found e.g. neural precursor cell expressed,
developmentally down-regulated gene 8 (NEDDS8) and small ubiquitin-related modifier (SUMO)
resembling amino acid sequence homology with ubiquitin, whereas other show only functional
resemblance.

One of these is the autophagic protein ATG12, which becomes activated by the E1 enzyme ATG7, is
then transferred to the E2 enzyme ATG10, and eventually attaches to ATG5 via an isopeptide bond
(Kaiser et al., 2012; Mizushima et al., 1998a; Mizushima et al., 1998b; Otomo et al., 2013).

The second ubiquitin-like mechanism implicated in autophagy involves the ATG8 protein family
members. After translation, these proteins are immediately processed by the protease ATG4 to
expose a C-terminal glycine residue (Kirisako et al., 2000). The conjugation reaction for ATG8 proteins
also involves ATG7 as the E1 enzyme (Taherbhoy et al., 2011), whereas ATG3 functions as the carrier
enzyme E2 (Ichimura et al.,, 2000; Noda et al., 2011). Interestingly, the target of the ATGS8 family
members is not a protein, but the membrane-anchored lipid phosphatidylethanolamine (PE) (Geng
and Klionsky, 2008; Ichimura et al., 2000).

Remarkable about these two processes is the absence of an E3 enzyme. Instead, the E2 enzymes
directly recognize the substrates. In the case of the ATG8-PE conjugation, the ATG5-ATG12 conjugate
has E3-like functions, since it associates with ATG3 and enhances its E2 activity (Metlagel et al.,
2013). ATG12 binds tightly to ATG3 (Metlagel et al., 2013) and ATG5 recognizes negatively charged
membranes (Romanov et al., 2012), thereby bringing the ATG8-ATG3 complex into proximity with PE.
Hence, mice lacking ATG5 or ATG12 have no lipidated ATG8 proteins, are defective in autophagy and
not viable (Kuma et al., 2004; Malhotra et al., 2015). The same is true for ATG7 knockdown and
knockout (Komatsu et al., 2005).

The ATG5-ATG12 conjugate complexes with ATG16L1, and by dimerization of ATG16L1 eventually
forms a supracomplex of about 800 kDa (Fujioka et al., 2010; Mizushima et al., 2003). ATG16L1 is
dispensable for E3-like function of ATG12-ATG5, but is essential for the localization of the complex to
autophagy-related membranes (Fujita et al.,, 2008b; Romanov et al, 2012). How ATG16L1
accomplishes this function is curious, since it has no membrane-recognizing motif. One possibility is
its interaction with the Golgi resident small GTPase RAB33B (Itoh et al., 2008) or the ULK1 complex

subunit RB1CC1 (Gammoh et al., 2013; Nishimura et al., 2013). Both proteins do not recognize PI3P
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though, which is essential for the ATG5-ATG12-ATG16L1 complex formation (ltakura and Mizushima,

2010). The solution might be WIPI2, which was recently found to interact with ATG16L1 as well, and

an ATG16L1 mutant able to bind RB1CC1 but not WIPI2 was not able to rescue starvation-induced

autophagy in ATG16L knockout cells (Dooley et al., 2014).
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Figure 4: The ubiquitin-like conjugation systems in autophagy: The ubiquitin conjugation system comprises three main
enzymes essential for ubiquitination. The ubiquitin-activating enzyme E1 forms a thiol-ester bond with the C-terminal
glycine of ubiquitin in an ATP-consuming process. Subsequently, the ubiquitin is transferred to the ubiquitin-conjugating
enzyme or ubiquitin-carrier enzyme E2 by a transthiolation reaction, again involving the C terminus of ubiquitin. Finally, the
ubiquitin protein ligase E3 catalyses the loading of ubiquitin from the E2 enzyme to the e-amino group of a lysine residue on
the substrate. ATG12 becomes activated by the El-like enzyme ATG7, is transferred to the E2-like conjugation enzyme
ATG10 and eventually covalently associates with ATG5 via an isopeptide bond. The ATG5-ATG12 conjugate forms a large
complex together with ATG16L. The ATG8 proteins are synthesized as precursors which are immediately processed by the
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protease ATG4 to reveal the C-terminal glycine. The El-like ATG7 activates ATGS8, which is then transferred to the E2-like
enzyme ATG3. The conjugation of ATG8 to the lipid phosphatidylethanolamine (PE) is catalysed by ATG3 and the E3-like
ATG5-ATG12-ATG16L complex. Modified from (Ohsumi, 2001).

For the ATGS8 protein family eight members have been identified so far, which, based on amino acid
similarities, can be divided into two subgroups (Shpilka et al., 2011): the (MAP1)LC3 subfamily
comprises LC3A (with two variants originating from alternative splicing), LC3B, LC3B2 and LC3C,
whereas the Gamma-aminobutyric acid A receptor-associated protein (GABARAP) subfamily contains
GARBARAP, GABARAPL1, GABARAPL?2 (also known as GATE-16) and GABARAPL3. It is noteworthy that
the expression of GABARAPL3 has been demonstrated on the transcriptional level only (Xin et al.,
2001), the corresponding open reading frame might therefore represent a pseudogene.

The ATGS8 proteins function during expansion and closure of autophagosomal membranes (Fujita et
al., 2008a; Nakatogawa et al., 2007; Stolz et al., 2014; Weidberg et al., 2011; Weidberg et al., 2010).
Though both subfamilies are essential for autophagy induction (Tanida et al., 2004), their functions
are non-redundant during autophagosome biogenesis. LC3 subfamily members were shown to
promote elongation of phagophore membranes before GABARAP-mediated maturation and possible
sealing of the autophagosome (Weidberg et al., 2010). In contrast, a subsequent study in
Caenorhabditis elegans reported that LC3 functions downstream of GABARAP during developmental
autophagy (Manil-Segalen et al., 2014).

Notably, a recent report employing murine hexaknockout cells for the LC3 and GABARAP subfamilies
described that ATGS8 proteins are dispensable for autophagosome formation and only the GABARAPs

were found to be essential for autophagosome-lysosome fusion (Nguyen et al., 2016).

3.2.7 Autophagy receptors: trash is my major

Another important function of ATGS8 proteins is the linkage of the autophagosome with the cargo via
so-called autophagy receptors, thereby fostering selective engulfment by the autophagosome. To
achieve this, most autophagy receptors harbour a LIR motif for ATG8 protein binding and an
ubiquitin-binding domain (UBD) for cargo recognition (Kirkin et al., 2009b; Slobodkin and Elazar,
2013; Wild et al., 2014; Xu et al., 2015). Hence, mutation of the LIR motif in autophagy receptors
ablates ATG8 protein recruitment and blocks autophagy (Kirkin et al., 2009a; Novak et al., 2010;
Pankiv et al., 2007; von Muhlinen et al., 2012).

The core consensus sequence of the LIR motif is QxxW, where Q and W are aromatic (W/F/Y) and
hydrophobic (L/1/V) residues, respectively, and the two residues in between can be any other amino

acids (Ichimura et al., 2008a; Noda et al., 2008; Pankiv et al., 2007). Structural studies reveal three
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key features of the LIR motif: the aromatic amino acid side chain (Q) and the downstream conserved
hydrophobic amino acid residue (W) each plug into a hydrophobic pocket of the ATG8 protein, and
preferentially one or more acidic residues are needed upstream of the LIR sequence (Noda et al.,
2010), which bind to the basic side chains of the ATG8 proteins (Ichimura et al., 2008b; Pankiv et al.,
2007).

The autophagy receptors are divided into three subgroups: (1) the sequestosome-1-like receptor
(SLR) group consists of sequestosome 1 (SQSTM1, also known as p62), neighbour of BRCA1 gene 1
(NBR1), nuclear domain 10 protein 52 (NDP52), Tax1-binding protein 1 (TAX1BP1), and optineurin
(OPTN) (Birgisdottir et al., 2013); (2) the mitophagy receptor group with FUN14 domain-containing 1
(FUNDC1), BNIP3, and BNIP3L (Birgisdottir et al., 2013); and (3) the specialized receptors starch-
binding domain-containing protein 1 (STBD1) and the E3 ubiquitin ligase CBL1.

The first identified and yet best studied autophagy receptor is SQSTM1, comprising the LIR sequence
WTHL, an UBD domain preferentially binding K*- and K*-linked di-ubiquitin rather than mono-
ubiquitin (Long et al., 2008) and a PB1 domain, which facilitates oligomerization as a homodimer or
with NBR1 in order to act independently or cooperatively during cargo recognition (Lamark et al.,
2009). Interestingly, though NBR1 is closely related with SQSTM1 through structural similarities of
the UBD and PB1 domain (Walinda et al., 2014), the Y-type LIR motif (YIll) of NBR1 is interacting
preferentially with GABARAPL1 (Rozenknop et al., 2011).

The autophagy receptors NDP52 and OPTN are both involved in xenophagy for clearing pathogens
such as Salmonella, Listeria, Shigella, and Mycobacteria (Mostowy et al., 2011; Thurston et al., 2009;
Watson et al., 2012). Both receptors are remarkably, as they contain unique and non-canonical LIR
motifs. NDP52 interacts preferentially with LC3C via its LIR sequence ILVV, which lacks the aromatic
residue at position 1. Hence the mode of interaction is different, as NDP52 does not reach the
hydrophobic pocket that normally binds the aromatic residue (Q) in a canonical LIR (von Muhlinen et
al.,, 2012). Of note, NDP52 comprises a galectin-8-binding region (Galbi), which targets NDP52 to
galectin-8-decorated bacteria-containing vesicles, thereby promoting an ubiquitin-independent
mode of action for NDP52 in xenophagy (Kim et al., 2013a; Thurston et al., 2012; Xie et al., 2015).
OPTN is the most recently identified autophagy receptor, with the canonical LIR motif FVEI, but
unique features as it comprises a serine residue upstream of its LIR sequence, that is modified to
phosphoserine by TANK-binding kinase 1 (TBK1) (Wild et al., 2011). This phosphorylation works as an
activating event through which the binding affinity to LC3B is severely increased (Rogov et al., 2013;
Wild et al., 2011). Like NDP52, OPTN can recognize autophagic cargo independent of ubiquitination

with its coiled-coil domain that directly binds to protein aggregates (Korac et al., 2013).
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TAX1BP1 shows homology with NDP52 since it contains the same non-canonical LIR motif. Though it
is recruited to autophagosomes and subjected to autophagy turnover, its role in xenophagy is
unknown (Newman et al., 2012; Thurston et al., 2009).

In contrast to the SLRs, the mitophagy receptors do not harbour an UBD, but are integral proteins of
the outer mitochondrial membrane. Though BNIP3 and BNIP3L have the identical core LIR motif,
BNIP3 interacts with LC3B, while BNIP3L prefers GABARAPL1 (Novak et al., 2010). Probably, residues
flanking the LIR motif are crucial for this selectivity. The third mitophagy receptor is FUNDC1, which
has an interesting mode of action involving dephosphorylation of its LIR motif for enhanced binding
affinity to LC3B (Liu et al., 2012).

In this context, it is important to note, that LIR motifs have been mapped to proteins which do not
function as classical autophagy receptors. For example most members of the core autophagy
machinery contain a LIR motif. In ATG13 and ULK1 LIR motifs have been found to preferentially bind
GABARAPs (Alemu et al., 2012; Behrends et al., 2010; Okazaki et al., 2000). In the case of ULK1 it was
suggested that the interaction with GARBARAPs effects spatial regulation of the ULK1 complex and
promotes ULK1 activation (Alemu et al.,, 2012; Joachim and Tooze, 2016; Kraft et al., 2012).
Interestingly, this is independent of GABARAP lipidation and membrane localisation, suggesting a yet

unknown function for the ATGS8 proteins (Joachim and Tooze, 2016).

3.2.8 The autolysosome: it all goes down in a bubble

In the last step of the autophagy process, the autophagosome fuses with the lysosome for effective
cargo degradation. For classical fusion of vesicles with their target membrane bound compartments,
SNARE complexes are essential. The autolysosome formation is no exception. Implicated SNARE
complexes are the binary target-SNARE (t-SNARE) complex Syntaxinl7—synaptosome associated
protein 29 (STX17-SNAP29) present on the autophagosome, and the vesicle-SNARE (v-SNARE) vesicle
associated membrane protein 8 (VAMPS8) localised to the lysosome (Diao et al.,, 2015). In a
preliminary model, ATG14L, a member of the VSP34 complex, binds the SNARE core domain of STX17
through its coiled coil domain, thereby stabilizing the STX17-SNAP29 binary t-SNARE complex and
promoting STX17-SNAP29-VAMP8-mediated autophagosome fusion with the lysosome (Diao et al.,
2015; Liu et al., 2015). Notably, this model is not supported by other studies. Itakura et al. found no
colocalization of ATG14L with STX17 (ltakura et al.,, 2012) and others identified STX17 even as an
upstream effector of ATG14L, promoting recruitment of ATG14L to the autophagosome formation

site (Hamasaki et al., 2013).
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3.2.9 The Autophagosomal membrane source - the essential question of life:

Where am I coming from?

The debate on the origin of the autophagosomal membrane continues to this date and ER,
mitochondria, Golgi network, recycling endosomes, and even the plasma membrane have been
proposed as membrane sources (Lamb et al., 2013).

With the discovery of DFCP1 as a PI3P-binding protein, investigation of the autophagosomal origin
made progress by monitoring PI3P generation during autophagy. PI3P enriched compartments were
found to dynamically connect to the ER (Axe et al., 2008; Hayashi-Nishino et al., 2009; Walker et al.,
2008; Yla-Anttila et al., 2009), and in depth electron tomography studies identified a subdomain of
the ER that encircles the isolation membrane both from the inside and outside (Hayashi-Nishino et
al., 2009). Since the isolation membrane is continuous with the ER network, it was suggested that
autophagosomes originate from a specific portion of the ER (Hayashi-Nishino et al., 2009). The cradle
surrounding the isolation membrane was suggested to be the omegasome (Hamasaki et al., 2013),
which had been described before as an Q-shaped structure (Walker et al., 2008).

However, it has been reported that the emerging autophagic puncta appear always distinct from the
ER strands, though they remain constantly proximal during autophagosome biogenesis (Karanasios et
al., 2013). This observation and a study detecting transfer of an artificial mitochondrial marker from
the mitochondrial outer membrane to the autophagosomal membrane (Hailey et al., 2010) lead to
the conclusion that mitochondria associated ER membranes (MAMs) might be the origin of the
isolation membrane (Hamasaki et al., 2013; Karanasios et al., 2013).

Additionally, Golgi-localized RABs were found to regulate autophagosome formation and expansion.
E.g. RAB1 is essential for the formation of DFCP1-positive omegasomes (Huang et al., 2011,
Mochizuki et al., 2013; Winslow et al., 2010; Zoppino et al., 2010), and RAB33B is found on Golgi
vesicles and autophagosomes, where it interacts with ATG16L1 and promotes autophagy (Itoh et al.,
2008).

Subsequent studies proposed two ER-associated membrane compartments as the origin of the
isolation membrane: the ER-Golgi intermediate compartment (ERGIC) (Ge et al., 2013; Ge et al.,
2014; Karanasios et al., 2016) and the ER exit sites (ERES) (Graef et al., 2013). Through super-
resolution microscopy it was clarified that the ULK1 complex is associated with ERGIC markers, which
is possibly the earliest autophagy-specific structure, from which the isolation membrane and
omegasome originate (Karanasios et al., 2016).

Once the isolation membrane has been initiated, it expands at a rapid rate (Karanasios et al., 2013).

As the ER is the main site of lipid synthesizing enzymes in the cell (van Meer et al., 2008), it is likely
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that a subset of these is involved in isolation membrane formation and expansion (Karanasios et al.,
2013). However, when the autophagosome detaches from the omegasome, these ER-resident
enzymes are probably retained in the ER and the membrane expansion is driven rather by vesicular
fusion. A candidate protein for this is ATG9A, which may act as a lipid transfer protein, delivering
membrane pieces from one compartment to another (Lamb et al., 2013). ATG9A is the only polytopic
integral membrane protein in the ATG family. Both the N and C termini of ATG9A are cytosolic, with
six transmembrane domains in between (Young et al., 2006). Under nutrient rich conditions, ATG9A
resides on the trans-Golgi network and on recycling and late endosomes (Longatti et al., 2012; Orsi et
al., 2012; Webber and Tooze, 2010; Young et al., 2006), while it partially colocalizes with LC3 positive
compartments during starvation (Webber and Tooze, 2010; Weerasekara et al., 2014; Yamada et al.,
2005; Young et al., 2006). Notably, although knockdown experiments revealed the ATG9A necessity
in autophagosome formation (Orsi et al.,, 2012; Yamada et al., 2005; Young et al., 2006), the
association of ATG9A positive structures with phagophores and autophagosomes is very dynamic and
without incorporation of the ATG9A vesicles into the autophagosome (Orsi et al., 2012).

Primarily the ATG9A function was observed as ULK1-dependent by regulating the starvation-induced
redistribution of ATG9A from the trans-Golgi network to endosomes (Young et al., 2006), probably by
phosphorylation events mediated by ULK1 and AMPK (Weerasekara et al., 2014). In contrast, a
recent study proposed a parallel action of ULK1 and ATG9A, as the nucleation of autophagosomes is
initiated by the ULK1 complex on ER tubulovesicular regions marked by ATG9A vesicles (Karanasios et

al., 2016).
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4. Summary of papers

4.1 Paper 1

Expression of a ULK1/2 binding-deficient ATG13 variant can partially restore autophagic activity in

ATG13-deficient cells

Nora Hieke, Antje S Loffler, Takeshi Kaizuka, Niklas Berleth, Philip Bohler, Stefan Driel3en, Fabian
Stuhldreier, Olena Friesen, Kaivon Assani, Katharina Schmitz, Christoph Peter, Britta Diedrich, J6rn

Dengjel, Petter Holland, Anne Simonsen, Sebastian Wesselborg, Noboru Mizushima & Bj6érn Stork

Autophagy, 11:9, 1471-1483, September 2015

Autophagy is a cellular process for the degradation of proteins, aggregates and organelles in order to
balance cell homeostasis. Additionally to its basal activity, autophagy can be induced by stressors like
amino acid or glucose deprivation or hypoxia. A key regulatory node in the autophagy network is the
ULK1 complex, which comprises the serine/threonine kinase ULK1/2 and the accessory proteins
ATG13, RB1CC1 and ATG101. We identified the minimal region in ATG13 that is required for ULK1/2
interaction. Deletion of the last three amino acids in the C terminus of ATG13 ablates interaction
with ULK1/2 and inhibits recruitment of ULK1 to the autophagy initiating core complex. Moreover,
ULK1 mediated phosphorylation of ATG13 is blocked, and localization of ULK1 and ATG13 to the
autophagosome formation sites upon autophagy induction is also suppressed. Surprisingly, in cells
expressing an ATG13 mutant lacking ULK1 interaction, autophagy induction by starvation is only
partially blocked. These findings lead us to speculate that autophagy induction might be triggered by

several pathways dependent and independent of the interaction between ATG13 and ULK1.

Author contribution:

NH, ASL and TK designed the experiments, generated cell lines and performed immunoblot analyses.
NH and ASL performed cloning of cDNA constructs and immuno- and affinity purifications. NH
performed flow cytometry analyses and confocal imaging of GFP-ULK1 and HA-ATG13, of
endogenous LC3 and SQSTM1/p62, and of mMRFP-EGFP-rLC3. TK performed gel filtration analysis and
the GFP-ULK1 and HA-ATG13 puncta analysis. NB, PB, SD, FS, KS and CP gave technical support. KA
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performed quantification of fluorescent micrographs. BD and JD performed mass spectrometric
analyses. PH and AS designed and performed the long-lived protein degradation assay. NH and BS
wrote the manuscript. NH, ASL, TK, SW, NM and BS analyzed and interpreted the data. SW, NM and

BS supervised the project. All authors discussed the results and commented on the manuscript.
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4.2 Paper 2

Deubiquitinase inhibition by WP1130 leads to ULK1 aggregation and blockade of autophagy

Stefan DrieRen, Niklas Berleth, Olena Friesen, Antje S Loffler, Philip Bohler, Nora Hieke, Fabian
Stuhldreier, Christoph Peter, Kay O Schink, Sebastian W Schultz, Harald Stenmark, Petter Holland,

Anne Simonsen, Sebastian Wesselborg & Bjoérn Stork

Autophagy, 11:9, 1458-1470, September 2015

The ULK1 complex is a central regulator of autophagy, a degradative pathway responsible for the
clearance of toxic cellular entities as well as for cell survival. ULK1 is a protein kinase transmitting
signals sensing autophagy-inducing conditions to the autophagosome formation site to induce
autophagy progression. It is tightly regulated by upstream kinases e.g. mTORC1 and AMPK. Other
posttranslational modifications are reported for ULK1 and of these, ubiquitination is thought to
positively effect ULK1 activity. We applied the compound WP1130, a deubiquitinase inhibitor and
indeed, ubiquitination of ULK1 was subsequently increased. Strikingly, increased ubiquitination lead
to decreased ULK1 levels in the soluble fraction but promoted ULK1-positive aggresome formation,
accompanied by the loss of ULK1 kinase activity towards its phosphorylation target AMPK. In
accordance with this, WP1130 further blocked autophagic flux, which emphasized the importance of
ULK1 and its kinase activity for autophagy induction. We therefore propose the modulation of the

ULK1 ubiquitination status as a promising approach to regulate ULK1 kinase activity.

Author contribution:

SD designed the experiments, generated cDNA constructs, transfected cell lines and performed
immunopurification experiments. OF performed flow cytometry experiments. SD and ASL performed
in vitro kinase assay. SD and NH performed immunoblot analysis. SD, KOS and SWS performed
confocal laser scanning microscopy and live cell imaging. PH and AS designed and performed the
long-lived protein degradation assay. BS wrote the manuscript. SD, OF, ASL, NH, HS, AS, SW and BS
analyzed and interpreted the data. SW, HS, AS and BS supervised the project. All authors discussed

the results and commented on the manuscript.
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4.3 Paper 3

Systematic analysis of ATG13 domain requirements for autophagy induction

Nora Wallot-Hieke, Neha Verma, David Schliitermann, Niklas Berleth, Jana Deitersen, Philip Bohler,
Fabian Stuhldreier, Wenxian Wu, Christoph Peter, Sabine Seggewiss, Holger Gohlke, Noboru

Mizushima, Bjorn Stork

Accepted in Autophagy

ATG13 is a subunit of the ULK1 complex, a core autophagy-regulating complex important for
autophagy induction. Here, ATG13 functions as a scaffolding protein recruiting ULK1/2, RB1CC1 and
ATG101 to the ULK1 complex. Additionally, ATG13 harbours a phospholipid binding site and a LIR
motif, facilitating its interaction with phospholipids and proteins of the ATG8 family, respectively. By
mutational analysis, we mapped the interaction sites of RB1CC1 and ATG101 in ATG13. In a next
step, we applied various ATG13 mutants lacking interaction sites for its binding partners and
analysed ULK1 complex formation, recruitment of the complex to the autophagosome formation site
upon autophagy induction, and their capacity to regulate autophagy. While the inhibition of the
interaction of ATG13 with RB1CC1 or ATG101 had severe effects on complex formation, only
inhibited binding to ATG101 blocked autophagic flux. Moreover, the inhibition of ATG8 protein and
phospholipid binding did not effect the complex formation and had only minor effects on autophagy
induction. In summary, these data support an essential role of the ATG13-ATG101 interaction for

autophagy.

Author contribution:

NWH designed the experiments, generated cDNA constructs and cell lines, and performed immuno-
and affinity purifications and immunoblot analyses. NWH performed flow cytometry analyses,
confocal imaging, and size exclusion chromatography. DS, NB, JD, PB, FS, WW, SS and CP gave
technical support. NV and HG performed computational alanine scanning and MM-GB/SA
calculations. NWH and BS wrote the manuscript. NWH, NV, HG, NM and BS analyzed and interpreted
the data. HG, NM and BS supervised the project. All authors discussed the results and commented on

the manuscript.
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5. Discussion

The ULK1 protein kinase complex is an essential signalling node for the induction of autophagy. The
core ULK1 complex consists of the serine/threonine protein kinase ULK1 and the accessory proteins
ATG13, RB1CC1 and ATG101. As the first factor in the autophagy initiation network, modulation of
the complex’s activity is a promising tool for autophagy regulation. The complex assembly is driven
by the scaffolding protein ATG13, whereas the catalytic subunit ULK1 is required for signal
transmission to the downstream autophagy machinery. To elucidate the importance of these
processes in the course of autophagy, we performed systemic analysis of the ATG13 domains. It has
been published, that the amino acids R® k* K and K in ATG13 mediate the binding to
phospholipids (Karanasios et al., 2013) and F**” and I1**° (ATG13 isoform 2, Uniprot identifier: 075143-
2) comprise the LIR motif (Alemu et al., 2012) (Figure 5). The interaction sites of ATG101, ULK1 and
RB1CC1 in ATG13 were mapped in our studies. We found the amino acids 13 R V3% and Y3 of
ATG13 being mandatory for the interaction with ATG101 (Figure 5). The amino acid sequence V**-
M3"® of ATG13 comprises the RB1CC1 interaction site, and the last three amino acids TLQ* in ATG13
are crucial for ULK1/2 binding. Secondly, we designed ATG13 mutants targeting the specific protein

interactions, expressed them in ATG13 knockout cells and analysed the autophagic flux during

starvation.
1 480
ATG13 isoform 2
phospho lipid binding HORMA domain RB1CC1 LIR ULK1/2 binding
R"“K"DLDK"FIK"™ ATG101 binding binding  D'*FVMI'® L g™
|1!1TR133V134TPAY135 V:M_M373

Figure 5: ATG13 domain structure: The ULK1 complex subunit ATG13 comprises a phospholipid binding motif at its extreme
N terminus followed by a HORMA domain mediating ATG101 interaction. The C terminus contains the RB1CC1 binding site,
a LIR motif mediating interaction with the ATG8 subfamily of the GABARAPs, and a binding site for the kinases ULK1 and
ULK2. Amino acids carrying a sequence position were mutated in this study to abrogate corresponding protein or
phospholipid interactions. The depicted ATG13 corresponds to the isoform 2 of human ATG13 as has been used in this
study.

Our analyses revealed the strongest effect on autophagy regulation by targeting the ATG101-ATG13
protein interaction. This was accompanied by a dissociated ULK1 complex and ATG101 present as a
monomer only, which is similar to the situation in ATG13 knockout cells (Kaizuka and Mizushima,
2015).

The severe defect of autophagy provoked by blocking the ATG13-ATG101 interaction has two
possible reasons: Firstly, we and others observed a strong reduction in ATG13 and ATG101 protein
levels when the respective binding partner was missing (Kaizuka and Mizushima, 2015; Suzuki et al.,

2015b). This suggests a protein stabilizing function for the ATG13-ATG101 interaction, which - if
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missing - results in altered protein functionality in the autophagic process. In this context it is
noteworthy, that crystallisation studies revealed two hydrophobic pockets formed at the ATG13-

ATG101 interface, which are composed of residues from both proteins. The amino acids Y"*, R***

7

134
3 and

R¥2 and K in ATG13 form one of these sites, which is proximal to the amino acids 11 R v
Y*® identified by us to mediate ATG101 interaction (Qi et al., 2015). Next to the direct protein-
protein interaction mediated by these amino acids, another possibility is the disruption of the
hydrophobic pocket through mutation of the amino acids and thereby weakening the ATG13-ATG101
association.

Secondly, ATG101 harbours a unique WF finger in its HORMA domain, which might recruit regulatory
proteins to the ULK1 complex essential for autophagy (Qi et al., 2015; Suzuki et al., 2015a). Qi et al.
found the WF finger being partially sequestered in a hydrophobic pocket, and the conformational
flexibility seems to be altered by the ATG13-ATG101 interaction, suggesting that the exposure of this
motif is regulated (Qi et al., 2015).

Notably, these alternatives are not mutually exclusive but are rather both of importance for
autophagy signalling. Mutations of the ATG13 interaction site as well as in the WF finger in ATG101
blocked autophagy induction by starvation (Suzuki et al., 2015b).

These data in combination with our findings still do not clarify if the ATG13-ATG101 interaction itself
is mandatory for the autophagy process, or if rather the binding induces a conformational change of
the WF finger, making it available for the association with possible interaction partners. Future
studies have to reveal if ATG101 recruits accessory proteins to the ULK1 complex, whether this is
regulated (e.g. by plugging the WF finger from the hydrophobic pocket), and if this contributes to the
ULK1 activity and/or autophagy signalling.

A phospholipid binding motif exists proximal to the HORMA domain in ATG13 (Karanasios et al.,
2013). Mutation of the domain did not have an effect on autophagy induction during nutrient
withdrawal and only mild effects on mTOR-inhibited autophagy. This is in clear contrast to the report
that established this site. Karanasios et al. detected inhibited ATG13 recruitment to phagophores and
autophagy deficiency when this motif was mutated (Karanasios et al., 2013).

Similar results were obtained for the LIR domain in ATG13. Mutation of this motif did not have an
inhibitory effect on autophagy, but on the contrary depicted increased autophagic flux when
measured by accumulation of lipidated LC3 during nutrient withdrawal. In our opinion, two
explanations might exist for this data. Firstly, autophagic flux might be enhanced, which is not
supported by our other data. Recruitment of the ULK1 complex as well as WIPI2 and ATG16L to the
phagophore was unaltered upon ATG13 LIR motif mutation. Secondly, increased overall lipidation of

LC3 might occur in the cells expressing the ATG13 mutant, which could be facilitated by enhanced
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LC3 expression, ATG4 protease activity, activity of the lipidation machinery or LC3 protein stability.
Either way, our findings show that the LIR motif in ATG13 is not in any way as essential for autophagy
as it is for ULK1. Here, the LIR motif mediates localisation of the ULK1 complex to the phagophore by
GABARAPs and promotes autophagy induction (Joachim and Tooze, 2016).

Another surprising observation was that the blockade of the ATG13-RB1CC1 interaction is of marginal
importance for autophagy signalling. This was unexpected, firstly because the ULK1 complex was
disrupted by inhibited interaction and recruitment of ATG13 and RB1CC1 to the autophagosome
initiation site was ablated. Secondly, the proteins ATG13 and RB1CC1 themselves are essential in
autophagy (Gan et al., 2006; Hara et al., 2008). This lead us to the conclusion that the interaction of
ATG13 and RB1CC1 is not mandatory, but their function in autophagy is. In this context it has to be
noted that Chen et al. mapped the ATG13 interaction site in RB1CC1, identifying the amino acid

*# as the ATG13-binding platform. Mutation of these residues abrogated the ATG13

sequence LQFL
interaction and remarkably blocked autophagy, which is in considerable contrast to our observations
(Chen et al., 2016). We can only speculate why these results are so contradictory. It is possible that
our ATG13 mutant does not completely lack RB1CC1 interaction, though we confirmed disrupted
binding to RB1CC1 when employing assays to detect single protein-protein interactions. Additionally,
we found destabilized RB1CC1 levels in the cells expressing the ATG13 mutant similar to ATG13
knockout cells, which further suggests inhibited interaction with ATG13.

Many interaction partners of RB1CC1 are known, among them TSC1 (Gan et al., 2005). TSC1 is a
subunit of the TSC complex, which initiates autophagy by direct mTOR inactivation (Inoki et al.,
2003b). When RB1CC1 binds TSC1, the TSC complex is disrupted, and mTOR is released from its
inactivation, thereby blocking autophagy initiation (Gan et al., 2005). In the report of Chen et al. the
interaction of RB1CC1 with TSC1 was increased upon RB1CC1 mutation, which might result in
inhibited TSC complex formation and autophagic block, though this was not investigated further in
this study (Chen et al., 2016).

Finally, we analysed the role of the ULK1-ATG13 interaction in autophagy regulation. We were
surprised to find that only three amino acids in ATG13 comprise the minimal ULK1/2 interaction site.
It remains a speculation if the TLQ motif presents the direct binding site for ULK1/2 or is of structural
relevance for the ULK1/2 interaction. Short peptide motifs at the C terminus of proteins like the TLQ
motif in ATG13 are bound by PDZ domains of the interacting partners (Harris and Lim, 2001; Lee and
Zheng, 2010), and indeed, the TLQ motif resembles a PDZ domain ligand class | (Harris and Lim,
2001). Moreover, the threonine in the ATG13 TLQ motif was phosphorylated in a ULK1 kinase assay,

suggesting a regulatory role for PDZ binding (Alers et al., 2011). Though exchange of this residue to
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alanine did not have an effect on ULK1-binding and autophagy induction, it might affect interactions
with other binding partners.

Another possibility is that the TLQ motif is important for structural conformation of the ULK1-binding
site. In yeast Atgl3, a MIT-interacting motif (MIM) was reported, that binds the microtubule
interacting and transport (MIT) domain in Atgl (Fujioka et al., 2014). Though there hardly exists any
sequence similarities between yeast and human ATG13, a structural homology might be conserved,
which might be destroyed by TLQ deletion. Since the C-terminal domain of ATG13 is mostly
intrinsically disordered, crystallisation approaches failed to investigate structured regions within the
C terminus (Michel et al., 2015). Still, Fujioka et al. suggested a conservation of the MIM domain and
identified two phenylalanine residues as the key amino acids for ULK1 interaction. However,
mutation of these phenylalanines to alanines in human ATG13 did not have an effect on ATG13-ULK1
interaction or binding to any other known interaction partner. We concluded that the suggested
MIM domain might not be present in mammalian ATG13, but we cannot exclude a structural
relevance of the TLQ motif rather than being the direct interaction platform for ULK1/s.

The finding, that autophagy is only slightly blocked when interaction with ULK1 is inhibited was
unexpected. One explanation could be that ULK1 can execute its function in autophagy independent
of the ULK1 complex. Other binding partners might exist, that recruit ULK1 to the autophagosome
formation site. ULK1 comprises a LIR motif, which facilitates interaction with GABARAP and which
reportedly sequesters ULK1 to the isolation membrane (Joachim and Tooze, 2016). However, in our
experiments, we did not observe detectable ULK1 accumulation during starvation when interaction
with ATG13 was abolished. This might be due to very dynamic association of ULK1 with the isolation
membrane in the absence of ATG13 or only a minor portion of ULK1 becomes recruited, which is not
detectable by confocal microscopy. Live cell imaging combined with super-resolution microscopy
might be a helpful tool to clarify this question.

Another possibility is the existence of ULK1/2-independent autophagy pathways, which probably
become activated when the ULK1 axis is blocked (Alers et al., 2011; Cheong et al., 2011; Choi et al.,
2016; Gao et al., 2016; Manzoni et al., 2016).

Importantly, though the ATG13-ULK1 interaction is not essential for autophagy induction, the ULK1
kinase activity indeed is. First of all, a kinase dead mutant of ULK1 had a dominant negative effect on
autophagosome formation (Hara et al., 2008). Secondly, in our experiments with WP1130,
ubiquitylated ULK1 was incorporated into aggresomes and lost its kinase activity, associated with a
blockage in autophagy. Since the list of ULK1 interaction partners and phosphorylation targets is

long, it is conceivable that its kinase activity is dominant over its interaction with ATG13.
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Nazio et al. reported increased ULK1 kinase activity by ubiquitination through TRAF6 (Nazio et al.,
2013). We tried to elucidate the enzymes responsible for deubiquitination and hence inactivation of
ULK1. To identify the deubiquitinases (DUB) acting on ULK1, we applied the partially specific DUB
inhibitor WP1130. Indeed, we found increased ubiquitination of ULK1, but in contrast to our
expectation, this lead to transfer of ubiquitylated ULK1 to aggresomes. We speculated that this is
either because of an overload of the proteasome by abundant levels of ubiquitylated proteins, or
because WP1130 disrupts a ULK1 specific ubiquitin conjugation-deconjugation cycle. Subsequently
we screened the DUBs that are reportedly regulated by WP1130, but none of these effected the
WP1130-induced ULK1 aggregation. It is feasible that another yet unreported DUB might act in this
scenario. Since there are 79 active DUBs encoded in the human genome, identifying a specific DUB
might be difficult (Komander et al.,, 2009). We therefore performed a DUB profiling assay with
WP1130 using a library of 35 recombinant DUBs including those known to be inhibited by WP1130.
Surprisingly, none of the screened DUBs showed inhibited activity upon WP1130 treatment.

We cannot exclude that WP1130 has other functions in addition to DUB inhibition, which effect
either ULK1 or proteins regulating ULK1.

Summarizing our results we concluded that the ATG13-ATG101 interaction is the most promising
target to regulate autophagy. The crystal structure of the interacting HORMA domains was
elucidated, showing that the protein interaction is constitutive and independent on other proteins
(Michel et al., 2015; Qi et al., 2015; Suzuki et al., 2015b). Additionally, the amino acids in ATG101 and
ATG13 mediating protein association were identified, which is advantageous when designing or
searching for a peptide or compound interfering with the ATG13-ATG101 interaction. Finally, we see
considerable potential in ULK1 kinase activity modulation for autophagy regulation. Here, several
more or less specific inhibitors have been published, that have already been shown to effect
autophagy in vitro and in vivo (Egan et al., 2015; Lazarus et al., 2015; Lazarus and Shokat, 2015;
Petherick et al., 2015).
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Expression of a ULK1/2 binding-deficient ATG13
variant can partially restore autophagic activity
in ATG13-deficient cells
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Abbreviations: ACTB/B-actin, actin, 3; AMPK, AMP-activated protein kinase; ATG, autophagy-related; Baf A1, bafilomycin Ay;
BECNT1, Beclin 1, autophagy-related; EBSS, Earle’s balanced salt solution; GFP, green fluorescent protein; GST, glutathione S-trans-
ferase; KO, knockout; LIR, LC3-interacting region; MAP1LC3/LC3, microtubule-associated protein 1 light chain 3; MEF, mouse
embryonic fibroblast; MIM, MIT-interacting motif; MIT, microtubule interacting and transport; (M)TOR, (mechanistic) target of
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Autophagy describes an intracellular process responsible for the lysosome-dependent degradation of cytosolic
components. The ULK1/2 complex comprising the kinase ULK1/2 and the accessory proteins ATG13, RB1CC1, and
ATG101 has been identified as a central player in the autophagy network, and it represents the main entry point for
autophagy-regulating kinases such as MTOR and AMPK. It is generally accepted that the ULK1 complex is constitutively
assembled independent of nutrient supply. Here we report the characterization of the ATG13 region required for the
binding of ULK1/2. This binding site is established by an extremely short peptide motif at the C terminus of ATG13. This
motif is mandatory for the recruitment of ULK1 into the autophagy-initiating high-molecular mass complex. Expression
of a ULK1/2 binding-deficient ATG13 variant in ATG13-deficient cells resulted in diminished but not completely
abolished autophagic activity. Collectively, we propose that autophagy can be executed by mechanisms that are

dependent or independent of the ULK1/2-ATG13 interaction.

Introduction

Macroautophagy (hereafter referred to as autophagy) describes
a process for the degradation of cytoplasmic contents including
long-lived, misfolded or aggregated proteins, or entire organelles.
In yeast and higher eukaryotic cells this mechanism is evolution-
arily conserved and represents a major player in the degradation
network next to the ubiquitin-proteasome-system. Under regular
physiologic conditions, basal autophagy executes a critical role in
cell homeostasis through protein and organelle quality control.
However, autophagy can be upregulated under stress conditions
like ATP or amino acid deprivation, hypoxia, growth factor with-
drawal, DNA damage, or intracellular pathogens. During
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autophagy, phagophores form at phosphatidylinositol-3-phos-
phate (PtdIns3P)-enriched microdomains in the endoplasmic
reticulum (ER) termed omegasomes, and the expanding phago-
phores engulf portions of cytoplasmic material. Closure of this
membrane compartment gives rise to autophagosomes. Autopha-
gosomes are double-membraned vesicles which then fuse with
endosomes and lysosomes resulting in the formation of autolyso-
somes.' Lysosomal hydrolases subsequently degrade the cargo as
well as the inner vesicular membrane, and the resulting building
blocks such as amino or fatty acids are made available for de novo
protein synthesis, ATP generation, and so forth.

On the molecular level, autophagy-related (ATG) gene
products as well as several non-ATG proteins regulate all steps
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of the autophagic flux, including vesicle nucleation, elonga-
tion, closure, and fusion with endosomes and lysosomes.2
With regard to autophagy initiation, the ULK1/2 kinase com-
plex has been characterized as central gatekeeper. In 2009, sev-
eral groups clarified the composition of this complex and its
molecular regulation by the upstream nutrient-sensing
MTORC1.>® The macromolecular ULK1/2 (unc51-like
autophagy activating kinase 1/2) complex with a molecular
mass of approximately 3 MDa is comprised of the Ser/Thr
protein kinase ULK1/2 and the accessory proteins ATG13,
RB1ICCI1/FIP200  (RBI-inducible coiled-coil 1), and
ATG101.>” In the currently accepted model, the components
of the ULK1/2 complex are constitutively associated irrespec-
tively of nutrient supply. Under nutrient-rich conditions,
MTORCI interacts with the ULK1/2 complex, resulting in
the inactivation of the complex by MTOR-dependent phos-
phorylation of ULK1/2 and ATG13 and thus in the inhibition
of autophagy. During nutrient deprivation, MTORCI dissoci-
ates from the complex, leading to the activation of the com-
plex by ULKI1/2-dependent autophosphorylation and
transphosphorylation of ATG13 and RB1CCI and thus to
autophagy induction. However, it appears that the above-
described model represents a rather simplistic view. For exam-
ple, the MTOR-dependent phospho-sites of ATG13 or the
ULK1/2-dependent phospho-sites of RBICC1 have not been
reported so far, and the importance of ULKI1/2-dependent
phosphorylation of ATG13 has been questioned.” Further-
more, it has been recently shown that ULK1 is directly con-
trolled by other kinases, e.g. the energy-sensing AMP-activated
protein kinase (AMPK) or AKT,'*'* and by alternative post-
translational modifications, e.g. acetylation or ubiquitina-
tion.">'® With regard to ULK1 ubiquitination, it appears that
this is another mode of action for how MTOR influences
ULKT1 activity. It has been reported that MTORCI phosphor-
ylates AMBRALI and thus inhibits TRAF6-mediated ubiquiti-
nation of ULKI, which is required for stabilization and
activation.'® Downstream of ULKI, several substrates have
been identified to mediate the proautophagic function of this
kinase, including AMBRAI, BECNI, or DAPK3/ZIPK
(death-associated protein kinase 3).171 Of note, ULK1-inde-
pendent mechanisms of autophagy induction have been pro-
posed as well.”2° In contrast, both ATG13 and RBICCI1
appear to be unequivocally required for starvation-induced
autophagy, 692122

In this study, we further elucidated the molecular details of
how the ULK1/2 kinase complex regulates autophagy. We
observed that the interaction of ATG13 and ULK1/2 requires
the last 2 amino acids LQ of ATG13. Deletion of this short
peptide motif constitutes an ULK1/2 binding-deficient ATG13
variant, which retains regular binding to RBICCI and
ATG101. Accordingly, the disruption of the ULK1/2-ATG13
interaction excludes ULK1 but not ATG13 from the auto-
phagy-initiating high-molecular mass complex and abolishes
recruitment of ULK1 to the phagophore assembly site (PAS).
Interestingly, we observed that autophagy is not completely
inhibited in cells expressing the ULK1/2 binding-deficient
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variant of ATGI13. We hypothesize that the interaction of
ATG13 and ULK1/2 is not necessarily required for autophagy
induction by amino acid deprivation and that ULK1/2-ATG13
interaction-dependent and -independent mechanisms contribute
to autophagy.

Results

The interaction between ULK1/2 and ATG13 is controlled
by the extreme C terminus of ATG13

The binding site of ULKI within ATG13 has been roughly
mapped to the last 57 amino acids of the C terminus of
ATG13.” In order to characterize the binding motif essential for
the interaction with ULK1/2, we made use of different trun-
cated ATG13 variants, lacking the last amino acid Gln 480/
Q480 (1AAA), the last 2 amino acids Leu,GIn480/LQ480
(2AAA), or the last 3 amino acids Thr,Leu,GIn480/TLQ480
(3AAA, amino acid numbering of human isoform 2, Uniprot
identifier O75143-2). The latter sequence has previously gained
our interest since it contains a putative ULK1 phosphorylation
site (Thr478).” We also included the 57AAA variant as positive
control and an F429A and F433A (F429A,F433A) double
mutant of ATGI13, since it has been previously suggested that
these 2 phenylalanine residues might be orthologous to hydro-
phobic residues of the MIT-interacting motif (MIM) domain in
yeast Atgl3 mediating the interaction with yeast Atgl.”® We
transiently coexpressed GST fusion proteins of full-length
ATG13 or the different ATG13 variants in Flp-In™ T-REx™
293 cells expressing GFP-tagged full-length ULK1 (GFP-ULK1)
or full-length ULK2 (GFP-ULK2), and performed affinity puri-
fications using glutathione-sepharose 4B beads. Only GST-
ATG13, GST-ATG13"4 and GST-ATG13 2MF4334 i
fied GFP-ULK1 and GFP-ULK2 from Flp-In™ T-REx™ 293
cells in considerable amounts, whereas GST-ATG13**4% and
GST-ATG13*** only purified minute amounts of GFP-ULK1
or GFP-ULK2, similar to the 57AAA variant (Fig. 1A, middle
panels). All GST-ATG13 variants purified similar amounts of
RB1CCI1, except for the 57AAA variant which revealed slightly
reduced binding to RB1CC1 (Fig. 1A, middle panels). In a vice
versa approach, the GFP-tagged ULK proteins were immuno-
purified using GFP-Trap® beads. Again, only GST-ATG13 and
GST-ATG13'"4 revealed strong interaction with GFP-ULK1
and GFP-ULK2, whereas only low amounts of GST-
ATG13*"%, GST-ATG13**4, and GST-ATG13”*** were
purified with these 2 proteins (Fig. 1A, right panels). GST-
ATG13M29AF3A (a6 Clearly purified with GFP-ULK1 but to
a lesser extent with GFP-ULK2. In the next step, we investigated
whether starvation has an effect on the binding of GFP-ULK1
to the different ATG13 variants. For that, we repeated affinity
and immunopurification experiments described above with GST
fusion proteins of wild-type ATG13 and ATG13**4, As a con-
trol, we included a C-terminally truncated version of ULKI
which does not interact with ATG13. Again the ATG13**4
variant did not purify GFP-ULK1 and was itself only slightly
purified by GFP-ULKI, independent of nutrient supply
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wast, ATGI3*M3, ATG13*4,

and ATG13”7**% did not interact with ULK1. The abolished
interaction between ULK1 and ATG13**** was also con-
firmed by a mass spectrometry-based SILAC approach
(Fig. S1). Since the ATG13**4 and the ATG13**2 variants
retained normal RB1CC1 binding but no ULK1 binding, it is
unlikely that the direct association of ULK1 with RB1CCl
plays a prominent role during the assembly of the heterotetra-
meric complex. This was also confirmed by the observation
that ULK1 was not coimmunopurified with RBICCI from
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lysates derived from Azgl3 KO MEFs (Fig. S2A). Similarly, a
direct interaction between ATG101 and ULK1 was not detect-
able in Argl13 KO MEFs (Fig. S2B). Collectively, these data
indicate that the interaction between ULK1/2 and ATG13 is
mainly controlled by the last 2 amino acids LQ480 of
ATGI13. Although the ATG13 amino acid sequence shows
only weak conservation among species (Fig. S3A), the C-termi-
nal TLQ modf is
(Fig. S3B).

extremely conserved in vertebrates
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Next, we were interested whether ULK1 is still recruited to 400 kDa (ATG13 and ATG101), and <40 kDa (ATG101),

the previously described macromolecular autophagy-initiating ~ confirming previous observations.*” In the absence of ATG13,

Figure 1 (See previous page). The last 2 amino acids (LQ480) of ATG13 mediate interaction with ULK1/2. (A) Flp-In™ T-REx™ 293 cells inducibly
expressing GFP-tagged full-length ULK1 (GFP-ULK1) or full-length ULK2 (GFP-ULK2) were transiently transfected with vectors encoding GST-ATG13 (WT),
GST-ATG13" 42 (1AAA), GST-ATG13%*%2 (2AAA), GST-ATG13>A44 (3AAA), GST-ATG13°7AA4 (57AAA) or GST-ATG137429AF433A 1) | pefore expression of
GFP-ULK variants was induced by doxycycline. After 6 h of GFP-ULK induction, cells were lysed and GST affinity purifications (middle panels) or GFP
immunopurifications (right panels) were performed. Cleared cellular lysates (CCL) and purified proteins were subjected to SDS-PAGE and analyzed by
immunoblotting for RB1CC1, GFP, GST, ATG101, or HSPA1A/B. (B) Flp-In™ T-REx™ 293 cells inducibly expressing GFP-tagged ULK1 lacking the C-terminal
domain (CTDA) or full-length ULK1 (WT) were transiently transfected with vectors encoding GST (only), GST-ATG13 (ATG13) or GST-ATG133A4
(ATG13%**4) 12 h before expression of GFP-ULK variants was induced by doxycycline. After 4 h of GFP-ULK induction, cells were cultured in regular
medium or starvation medium (EBSS) for 2 h. Cells were lysed and GST affinity purifications (middle panels) or GFP immunopurifications (right panels)
were performed. Cleared cellular lysates (CCL) and purified proteins were subjected to SDS-PAGE and analyzed by immunoblotting for RB1CC1, GFP,
ATG13, GST, ATG101, or HSPATA/B. (C) GFP-ULK1-expressing Atg13 KO MEFs retrovirally transfected with empty vector or cDNA encoding HA-ATG13
(WT) or HA-ATG13%*%2 (3AAA) were cultured in regular medium or starvation medium (EBSS) for 2 h. Cells were lysed and GFP-immunopurifications
were performed. CCLs and purified proteins were subjected to SDS-PAGE and analyzed by immunoblotting for ULK1, ATG13, or ATG101. (D) Atg13 KO
MEFs retrovirally transfected with empty vector or cDNA encoding HA-ATG13 (WT), HA-ATG13'AA% (1AAA), HA-ATG13%*4% (2AAA), HA-ATG133AA4
(3AAA), HA-ATG 13722 (57AAA) or HA-ATG137429A4F433A were cultured in regular medium or starvation medium (EBSS) for 2 h. Cells were lysed and HA-
immunopurifications were performed. CCLs and purified proteins were subjected to SDS-PAGE and analyzed by immunoblotting for RB1CC1, ULK1,
ATG13, or ATG101.
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ULK1 and ATG101 overall levels are decreased and predomi-
nantly present in low molecular fractions, i.e. ~300 to 600 kDa
for ULK1 and <40 kDa for ATG101 (Fig. 2B). This indicates
that ATG13 is essential for the recruitment of ULKI1 and
ATGI101 to the high molecular mass complex established by
RB1CCI1. Again confirming previous results, the distribution of
RB1CC] is not affected by the absence of ATG13.%> The size
exclusion chromatography pattern of Azgl3 KO MEFs reconsti-
tuted with HA-tagged full-length ATG13 generally resembles the
one observed for wild-type MEFs (Fig. 2C). Furthermore, the
overall protein levels of ULK1 and ATG101 are normalized or
even increased compared to the levels in wild-type or Azgl3 KO
MEFs, which is probably caused by the stabilizing effects of
ATG13.>>7 Since ATG13 protein levels are higher in this recon-
stituted cell line than in wild-type MEFs, the main portion of
ATGI13—and thus the main portions of ULK1 and ATG101—
are present in fractions corresponding to 200 to 500 kDa, and
only small amounts are incorporated in the high molecular mass
complex. Nevertheless, all 3 proteins and RB1CCI are present in
fractions corresponding to the ~3 MDa complex. For the Azgl3
KO MEFs reconstituted with HA-ATG13**44 only ATG101
was shifted to fractions corresponding to the ~3 MDa complex,
while ULK1 largely remained in fractions comprising lower
molecular mass complexes of ~300 to 600 kDa (Fig. 2D). To
confirm the importance of the TLQ-motif for ULK1 recruitment
by an independent approach, we transfected the cells described
above with ¢cDNA encoding GFP-ULKI1 and analyzed starva-
tion-induced formation of GFP-ULK1 puncta. The number of
GFP-ULK1 puncta per cell was significantly reduced in cells
either lacking ATG13 or expressing the ULK1 binding-deficient
variants 3AAA or 57AAA (Fig. 3). Furthermore, colocalization
of GFP-ULK1 and HA-ATG13 was only observed for wild-type
ATG13 and almost completely absent in the 3AAA or 57AAA
versions. Collectively, these results indicate that the interaction
of ATG13 with ULKI1 and the recruitment of ULKI to the
autophagy-initiating complex are dependent on the last 3 amino
acids of ATG13. Deletion of this TLQ480 motif is sufficient to
exclude ULK1 from the complex and to impair recruitment of
ULKI to the phagophore assembly site (PAS).

The direct interaction of ATGI13 and ULKI1 and the
recruitment of ULK1 to the autophagy-initiating complex are
not necessarily required for autophagy

Next we addressed the question of whether the presence of
ULKI1 within the ~3 MDa complex is essential for autophagy
induction upon starvation. For this purpose, we stably trans-
fected differently reconstituted Azgl3 KO MEFs with ¢cDNA
encoding mCitrine-MAP1LC3/LC3 and analyzed lysosomal deg-
radation of mCitrine-LC3 upon starvation by flow cytometry. In
wild-type MEFs and Azg13 KO MEFs reconstituted with wild-
type HA-ATG13, HA-ATG13'M4, or HA-ATG13M29AF4334
incubation in EBSS resulted in strong lysosome-dependent deg-
radation of mCitrine-LC3, which in turn was blocked by addi-
tion of bafilomycin A; (Fig. 4A). In contrast, EBSS-induced
degradation of mCitrine-LC3 did not occur in Azg/3 KO MEFs.
Of note, in MEFs expressing HA-ATG13***4, HA-
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ATG13**4, or HA-ATG13”7**2 the autophagic degradation of
mCitrine-LC3 was clearly reduced, but not completely absent
(Fig. 4A). Generally, these observations confirmed previous
results establishing the importance of the ULK1/2-ATG13 inter-
action for autophagy induction®*®” but apparently some auto-
phagic activity remains even in the absence of this interaction.
We also investigated LC3B turnover in Azgl3 KO MEFs trans-
fected with empty vector or cDNA encoding either full-length
HA-ATG13 or HA-ATG13**** by immunoblotting. LC3B-I
and -II levels remained unaltered in control-transfected Atgl3
KO MEFs upon EBSS treatment (Fig. 4B). Interestingly,
autophagy was induced in both HA-ATGI13- and HA-
ATG13**_expressing cells as detected by increased LC3B-II
levels in EBSS/bafilomycin A;-treated cells compared to
DMEM-bafilomycin A;-treated cells (Fig. 4B). Similar observa-
tions were made for SQSTM1/p62, which bridges LC3 and
ubiquitinated substrates and thus serves as readout for autophagic
degradation.24 SQSTM1 accumulation observed in Azgl3 KO
MEFs was absent in both HA-ATG13- and HA-ATG13>*4-
expressing MEFs (Fig. 4B). Furthermore, ULK1 stabilization
was evident only in HA-ATG13-expressing cells, whereas Azgl3
KO and HA-ATG13****.expressing MEFs depicted clearly
reduced ULK1 levels (Fig. 4B). In turn, ATG101 was stabilized
by both ATG13 variants (Fig. 4B). These ATG13-dependent
effects on ULK1 and ATGI101 expression levels were already
apparent in the size exclusion analyses described above (Fig. 2).
We also analyzed phosphorylation of ATG13 Ser318, which has
been previously identified as ULK1-dependent phospho-acceptor
site during mitophagy.”> While we observed a clear increase in
Ser318 phosphorylation in HA-ATG13-expressing cells upon
EBSS treatment, this was not the case in cells expressing the
ULK1 binding-deficient HA-ATG13***% variant (Fig. 4B).
This data suggest that 1) a direct interaction between ULK1 and
ATGI3 is necessary for Ser318 phosphorylation and 2) phos-
phorylation of this site is not absolutely required for starvation-
induced autophagy. The latter was confirmed by expression of a
Ser318-to-Ala (S318A) ATG13 mutant in Azgl3 KO MEFs,
which mounts a normal autophagic response (data not shown).
In summary, the mCitrine-LC3 degradation assay clearly sup-
ported the importance of the ULK1-ATG13 interaction for star-
vation-induced autophagy. However, both the mCitrine-LC3
degradation assay and the LC3 turnover assay suggest that the
ULK1 binding-deficient ATG13 variants can at least partially
restore autophagic activity. To further elucidate this latter aspect,
we performed immunofluorescence of endogenous LC3B and
SQSTMI (Fig. 5). Azg13 KO MEFs showed almost no increased
LC3B puncta formation upon starvation and bafilomycin A,
treatment (Fig. 5A, upper panels). MEFs reconstituted with full-
length HA-ATG13 showed formation of LC3B-positive structures
upon starvation, which could be further increased by addition of
bafilomycin A; (Fig. 5A, middle panels). HA-ATG13>MA.
expressing MEFs revealed a similar tendency, although overall
LC3 puncta numbers were reduced in cells incubated in DMEM
or EBSS compared to full-length ATGI13-expressing MEFs
(Fig. 5A, lower panels). Again, analogous observations were made

for SQSTMI. Azgl3 KO MEFs did not show a prominent
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Figure 3. ULK1 does not localize with ULK1 binding-deficient variants of ATG13. GFP-ULK1-expressing Atg13 KO MEFs retrovirally transfected with empty
vector or cDNA encoding HA-ATG13, HA-ATG13**4% or HA-ATG13°7A4 were cultured in regular medium or starvation medium (EBSS) for 2 h. Cells were
fixed and analyzed by immunofluorescence microscopy using anti-GFP and anti-HA antibodies. Scale bar: 10 wm. The number of GFP-ULK1 dots and
colocalization of GFP-ULK1 and HA-ATG13 dots were quantified from at least 220 cells using Fiji software and data represent mean + SEM. *P < 0.05,
**Pp < 0.01, ***P < 0.001 (Student t test, 2-sample assuming unequal variances).

increase in SQSTM1-positive structures upon EBSS treatment in
the presence of bafilomycin A}, whereas this was clearly the case
for both cell lines expressing the 2 different ATG13 variants
(Fig. 5B). In order to more robustly analyze the autophagic flux,
we generated cell lines stably expressing the tandem fluorescent

1476 Autophagy

mRFP-EGFP-LC3B chimeric protein for the detection of early
and late autophagic activity.”® In Azg13 KO MEFs, only mRFP-
EGFP-double-positive structures, which may represent protein
aggregates generated under autophagy-deficient conditions, were
detectable upon starvation for 2 h, whereas both reconstituted
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Figure 4. ATG13**2 supports mCitrine-LC3 degradation in Atg13 KO MEFs but does not support ULK1 stabilization. (A) MEFs stably expressing mCitrine-
LC3 and the indicated ATG13 variants were cultured in regular medium or starvation medium (EBSS) with or without 40 nM bafilomycin A, (Baf A1) for
10 h. Total cellular mCitrine-LC3 signals were analyzed by flow cytometry. Cell debris was eliminated by gating. Representative FACS data from 3 inde-
pendent experiments is shown in the panels. The median of fluorescence intensity was plotted in a bar diagram. Values are expressed as a percentage
of the mean of cells cultured in regular medium. Data represent mean & SEM. *P < 0.05, **P < 0.01 (Student t test, 2-sample assuming unequal varian-
ces). (B) Atg13 KO MEFs retrovirally transfected with empty vector or cDNA encoding HA-ATG13 or HA-ATG13***2 were incubated in culture medium
(DMEM) or starvation medium (EBSS) in the presence or absence of 40 nM bafilomycin A, for 2 h. Cells were lysed and lysates (either cleared cellular
lysates, CCL, or whole cellular lysates, WCL) were subjected to immunoblotting for RB1CC1, ULK1, phospho-ATG13 (Ser318), ATG13, SQSTM1/p62,
ATG101, LC3B, ACTB, and GAPDH. Asterisk indicates a nonspecific background band. Data shown are representative of at least 3 independent experi-
ments. Fold changes were calculated by dividing each normalized ratio (protein to loading control) by the average of the ratios of the control lane (HA-
ATG13 + DMEM, n > 3). Results are mean + SEM and are given below the corresponding blots (ULK1 and ATG101) or are plotted as bar diagram (LC3-II
and SQSTM1/p62). *P < 0.05, **P < 0.01 (Student t test, 2-sample assuming unequal variances).

MEEF cell lines revealed mRFP-single-positive structures presum-
ably representing autolysosomes (Fig. 6A). Finally, we performed
a long-lived protein degradation assay. Although statistically not
significant, it again appeared that the ATG13**** variant can par-
tially compensate the autophagy-defective phenotype of Azgl3
KO MEFs (Fig. 6B).

In the past, several noncanonical autophagy signaling pathways
have been proposed, including ULK1/2-, BECN1/VPS30-
PIK3C3/VPS34- and ATG5-ATG7-independent processes.”*>”*®

Since the majority of our autophagy readouts were based on LC3
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lipidation, we can exclude ATG5-ATG7-independent effects.
However, we investigated whether the partial restoration of
autophagy observed for ATG13***4_expressing MEFs depends on
ULK1/2 or the PtdIns3K class III complex. The observation that
autophagic flux can partally be restored independent of the
ULK1-ATG13 interaction does not necessarily imply that the pro-
cess is ULK1/2-independent. We performed Ulk1/2 RNAI experi-
ments in Azgl3 KO MEFs transfected with empty vector or cDNA
encoding either full-length HA-ATG13 or HA-ATG13**2 and
analyzed LC3 turnover by immunoblotting (Fig. S4A). However,
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& EBSS + Baf A1 ATG13, which is composed of the
last 3 amino acids TLQ480. Fur-
Figure 5. ATG1 BEaaC supports starvation-induced accumulation of LC3 and SQSTM1/p62 puncta in the pres- thf:rmore,. W? demon.strated tha
ence of bafilomycin A, in Atg13 KO MEFs. (A and B) Atg13 KO MEFs retrovirally transfected with empty vector |  this .mouf is essential ) for the
or cDNA encoding full-length HA-ATG13 or HA-ATG13%***4 were grown on glass coverslips for 24 h and then recruitment of ULKI into the
incubated in culture medium (DMEM) or starvation medium (EBSS) in the presence or absence of 40 nM bafi- autophagy—regulating complex
lomycin A; for 2 h. Cells were fixed and LC3B (A) or SQSTM1/p62 (B) were detected by confocal laser-scan- and to the PAS. Although lyso—
ning microscopy. Fiji software was used to process and count the puncta. At least 505 cells were scored for mal deoradation of mCitrine-
each condition. Data represent mean £ SEM. *P < 0.05, **P < 0.01 (Student t test, 2-sample assuming somaldcg ,a ation o . .e
unequal variances). LC3 was slightly compromised in

from these results, it is difficult to interpret the relevance of ULKI.
This is in line with observations made in Ulk1/2 DKO MEFs, in
which LC3-II levels clearly increase upon starvation (ref,”® and
own observation). With regard to the PtdIns3K class III complex,
we pursued 2 approaches. First we used Becnl siRNA similar to
the experiments described above (Fig. $4B). Since BECN1 knock-
down efficiency appeared to be insufficient, we employed the
PtdIns3K class III inhibitor 3-methyladenine (3-MA). 3-MA
blocked autophagy in both HA-ATG13- or HA-ATG13**4-
expressing MEFs (Fig. $4C), indicating that PtdIns3K class III
activity is important for the observed phenomenon.

Taken together, our results suggest that autophagy induction
depends on the interaction between ULK1/2 and ATG13—
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cells expressing the C-terminal
truncated version of ATG13, we
surprisingly observed that the direct association of ULK1/2 with
ATG13 is not absolutely required to support the induction of
autophagy.

Our data reveal that the last 3 amino acids of ATG13 repre-
sent or at least contribute to the core interaction site for ULK1/2.
Thus, we clearly fine-mapped the ULK1-interaction site, which
has been previously mapped to amino acids 384 to 517 (amino
acid numbering of human isoform 1; corresponds to amino acids
347 to 480 of human isoform 2).” In our view, there exist 2 pos-
sibilities how the last 3 amino acids of ATG13 might mediate
ULK1/2 binding: 1) these amino acids represent the direct bind-
ing site for ULK1/2, or 2) these amino acids are structurally rele-
vant for the ULK1/2 binding site. With regard to the first
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possibility, short peptide motifs at | A
the C terminus of proteins are
bound by PDZ (postsynaptic den-
sity 95, PSD-95; discs large, Dlg;
zonula Z0O-1)
domains.>*3? Of note, it has been
proposed that ULK1 itself harbors
a PDZ binding motif at its C ter-
minus.>>>** However, the C ter-
of ULKI is very
conserved across species, and the
reported YVA motif in murine
ULKI1 cannot be found in human
ULKI. In contrast, the TLQ480
motif of ATG13 is highly con-
served across vertebrate species
(including H. sapiens, M. musculus,
G. gallus, F. catus, C. familiaris, B.
taurus, D. rerio), resembles a class I
PDZ domain liga\nd,30’32’35 and
binding specificity might be regu-
lated by phosphorylation of | B
Thr478. Indeed, we have previ-

DAPI
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minus not

Atg13 KO
HA-ATG13

HA-ATG13*

mRFP-EGFP-LC3

EGFP mRFP merge

p=0.09 W07 p=0.10
. — .07 4
ously proposed that Thr478 might 0.144 A —=
be a ULKI-dependent phospho- 0121 F 208
. . >
acceptor site.” However, mutation F 0.104 gz 005
of Thr478 to either phospho-defi- 5 o g% 0.04
cient alanine or phospho-mimick- g -~ %% 0.034
ing glutamic acid did not g 26 |
.. 0.04 22 0.02
modulate ULK1 binding (data not g 2 001
shown). Furthermore, ULK1/2 ’ ’
. 0.004 0.004
has not been characterized as
8 o ‘ -+ 4+ - ++ -+ + -+ + -+ + EBSS B, B, B B, B
PDZ-domain-containing protein i il et ‘b% Ty 0 S
.. . o %o %yfo %o
so far. Nevertheless, it is tempting Y. % B, B <% * L Y
e e he ot %, O W e e > oy,
to speculate that the C-termina 4, b %70 90 o
peptide motf of ATGI13 repre- % %,

sents a PDZ-domain binding
ligand. Alternatively, the last 3
amino acids are structurally
important for the ULK1/2 bind-
ing site. Fujioka
reported the X-ray crystallographic
analysis of the interaction of yeast
Atgl3 with Atgl and Atg17.23
Atgl3 binds tandem microtubule
interacting and transport (tMIT)
domains in Atgl via a 2-part
MIT-interacting motif. These
Atgl binding regions in Atgl3
have been recently confirmed by
hydrogen-deuterium

et al. have

unequal variances).

exchange

coupled to mass spectrometry.®® Fujioka et al. suggest that the
MIT-MIM interaction is conserved in mammals, and ULK1 was
purified by a GST fusion protein comprising the last 60 amino
acids of ATG13. According to the authors, the C-terminal half
of the MIM domain is established by the amino acids of the
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Figure 6. ATG13**2 can partially restore autophagic flux in Atg13 KO MEFs and supports long-lived protein
degradation. (A) Atg13 KO MEFs retrovirally transfected with empty vector or cDNA encoding full-length HA-
ATG13 or HA-ATG13***4 were additionally retrovirally transfected with pMSCVblast/mRFP-EGFP-rLC3. Cells
were incubated in starvation medium (EBSS) for 2 h, fixed, and analyzed by confocal laser scanning micros-
copy. Autolysosomes are indicated by white arrow heads. (B) Cellular proteins of the indicated MEF cells
were labeled with L-["*CJvaline as described in the Materials and Methods section. Cells were washed and
treated with the indicated medium (control or EBSS + Baf A1) for 4 h. For each sample, the radioactivity of
the acid-soluble fraction of the medium and the radioactivity in the cells remaining in the well were mea-
sured. Percent degradation was assessed as the acid-soluble radioactivity of the medium divided by the total
radioactivity (left diagram). Additionally, induction of autophagy was assessed by subtracting percent degra-
dation of EBSS/Baf Al-treated cells from percent degradation of EBSS-treated cells (right diagram). Data
shown are mean of triplicates of averaged duplicates &= SEM; *P < 0.05 (Student t test, 2-sample assuming

ATG13 C terminus.>> Thus, it is also feasible that the deletion of
the TLQ480 motif disrupts the structure of the MIM domain,
ultimately abolishing the interaction with ULKI. Fujioka et al.
suggest that Phe429 and Phe433 are part of the N-terminal half
of the MIM domain of the mammalian ATG13. However,
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mutation of these 2 phenylalanine residues to alanine did not
impair ATG13 function in our analyses. Collectively, future
experiments and structural analyses will have to reveal the exis-
tence of a MIM domain in mammalian ATG13 and the exact
function of the TLQ480 motif.

In the recent past, several ULKI-interacting partners have
been identified which might contribute to the recruitment of
ULK1 to the PAS. For example, it has been suggested that ULK1
might interact directly with RB1CC1.? The authors used recom-
binant proteins in an in vitro binding assay. In contrast, Jung
etal. and Hosokawa et al. see a prominent dependency on
ATG13 for the ULKI-RBICCI interaction,*” which corre-
sponds to our observations. The ATG13**# protein retains nor-
mal RB1ICC1 binding, but ULKI1 cannot be purified by affinity
purification or immunopurification with this truncated protein.
Furthermore, ULK1 and RBICC1 cannot be coimmunopurified
from lysates of Azg/3 KO MEFs. The same holds true for a
potential interaction between ULK1 and ATG101, which has
been suggested for the C. elegans orthologs UNC-51/ATG-1 and
EPG-9/ATG-101.>" Whereas these results might be explained by
our cell lysis conditions (0.3% CHAPS), we additionally showed
1) by size exclusion chromatography that ULK1 is not part of the
high molecular mass complex in HA-ATG13***%_expressing
MEFs and 2) by confocal microscopy that GFP-ULK1 is not efhi-
ciently recruited to the PAS in these MEFs. Collectively, our data
do not support the hypothesis that ULK1 is recruited to the PAS
in general and to the high molecular mass complex in particular
via direct interaction with RBICC1 or ATG101, respectively.
Similarly, we assume that previously reported alternative “PAS
recruitment options”—i.e. via protein binding to ATG8 proteins
or via direct lipid binding—play only a minor role compared to
the direct ULKI-ATGI13 interaction. Admittedly, we cannot
entirely exclude that a transient or low-affinity interaction
between ULK1 and ATG13**% might support autophagy
induction. Our affinity/immunopurification experiments and the
size exclusion experiments are in vitro approaches and depend on
the overexpression of at least one of the 2 components. However,
some of our observations clearly show that the association
between ULK1 and the ATG13 mutants is severely compro-
mised, e.g. the missing stabilization of ULK1 by ATG13**2 or
the absent colocalization of these 2 proteins as detected by
immunofluorescence.

We employed different readout methods to analyze autophagy
in cells expressing the TLQ-deleted variant of ATG13. Although
these assays confirm the importance of the ULK1-ATG13 inter-
action for autophagy induction, it appears that autophagic activ-
ity is at least partially restored in ATG13***_expressing cells.
Our results likely reflect that starvation-induced autophagy can-
not entirely be blocked by the disruption of the ULK1/2-ATG13
interaction. In general, 2 mechanisms might explain the observed
restoration of autophagic activity by ATG13***4; 1) ULK1/2-
independent autophagy pathways or 2) ULK1/2-dependent but
ULK1/2-ATG13 interaction-independent autophagy pathways.
So far, we cannot easily distinguish between these 2 possibilities.
It has been previously shown that amino acid starvation-induced
autophagy is largely blocked in ULK1/2 double-deficient MEFs,
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indicating that this autophagic pathway requires ULK1/2 activ-
ity.”**” However, McAlpine et al. state that detectable levels of
amino acid starvation-induced autophagy in form of LC3 lipida-
tion are still observable following double knockout of ULK1/2.%
This is in accordance with our own observations (data not
shown). Additionally, ULK1/2-independent autophagy has been
proposed for other stimuli (i.e. glucose starvation) or other cellu-
lar systems (i.e. chicken DT40 B lymphocytes).”*® We per-
formed Ulk1/2 siRNA experiments in ATG13** % expressing
cells and analyzed LC3 turnover. However, so far we cannot con-
vincingly determine the functional role of ULK1 for the partial
autophagic flux. In order to clarify this issue, one approach would
be the reconstitution of Ulkl, Ulk2, and Argl3 triple-knockout
cells with single components. What we can say so far is that the
partial autophagic flux in ATG13%*4
on other conventional autophagy signaling modules, i.e. the
BECN1-PIK3C3 complex and the LC3 conjugation system.

Collectively, our data challenge the current view of a constitu-
tively assembled ULK1/2 complex as unequivocal requirement
for autophagy induction. Future experiments will have to reveal
the relative contribution of pathways dependent or independent
of the ULK1/2-ATGI13 interaction to autophagy. Furthermore,
one might speculate that different (selective) autophagic processes
might vary in their dependency on this interaction. Interestingly,
Joo et al. reported that mitochondrial damage triggers ULK1
activation and ULKI-dependent phosphorylation of ATG13,
which then leads to the release of ATG13 and its translocation to
the damaged mitochondria.”> These data suggest a phosphoryla-
tion-dependent regulation of the ULK1-ATG13 interaction dur-
ing selective autophagy processes. Finally, Kraft et al. report for
the yeast orthologs that the autophagy defects of an Atgl bind-
ing-deficient Atgl3 mutant are less pronounced than the defects
of a complete Atgl3 knockout,>® similarly indicating a differen-
tial requirement for this interaction. Although the majority of
the relevant components of this autophagy-initiating complex are
identified, apparently the molecular dynamics of their interplay
are far from being completely understood.

-expressing cells depends

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 pSer318 (Rock-
land Immunochemicals, 600-401-C49), GAPDH (clone 6C5,
Abcam, ab8245), GFP (Roche, 11814460001, ChromoTek,
3h9, and Nacalai Tesque, 04404-84), GST (GE Healthcare, 27-
4577-01), HA (Covance, MMS-101R), HSPA1A/B (BD Trans-
duction Laboratories, 610607), LC3B (Cell Signaling Technol-
ogy, 2775, and MBL International, PM036), RB1CC1 (Bethyl
Laboratories, A301-536A), SQSTM1/p62 (MBL, PM045, and
PROGEN Biotechnik, GP62-C), and ULK1 (clone D8HS5, Cell
Signaling Technology, 8054, or Sigma-Aldrich, A7481) were
used. Alternatively, antibodies for ATG101 and RBICC1 have
been previously described.”** IRDye 800- or IRDye 680-
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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-rat IgG
(H'L) antibodies and Alexa Fluor® 568-conjugated goat anti-
mouse IgG (H"L) antibodies from Life Technologies (A-11006
and A-11031), and Alexa Fluor® 647-conjugated goat anti-rabbit
IgG (H*L) antibodies from Jackson ImmunoResearch Laborato-
ries (111-605-003). Bafilomycin A; was obtained from Sigma-
Aldrich (B1793). ["*C]Valine (NEC291EU050UC) was pur-

chased from PerkinElmer.

Cell lines and cell culture

Wild-type and Argl3 KO MEFs were kindly provided by
Xiaodong Wang,'* Generation of Flp-In™ T-REx'™ 293 cells
inducibly expressing GFP-ULK1 or GFP-ULK1“™% was pre-
viously described.’® The vector pcDNA5/FRT/TO-GFP con-
taining human ULK2 ¢cDNA was kindly provided by Dario
Alessi. This vector was cotransfected with pOG44 (Life Tech-
nologies, V6005-20) into Flp-In™ T-REx™ 293 cells (Life
Technologies, R780-07). Stable transfectants were selected with
200 wg/ml hygromycin B (Life Technologies, 10687-010) and
5 pg/ml blasticidin (Life Technologies, A11139-02). MEFs
and Flp-In™ T-REx™ 293 cell lines were cultured in
DMEM (4.5 g/l D-glucose) supplemented with 10% FCS,
100 U/ml penicillin and 100 wg/ml streptomycin (PAA Labo-
ratories GmbH, E15-810) in a 5% CO, humidified atmo-
sphere at 37°C. For induction of GFP-ULKI1/2 expression,
Flp-In™ T-REx™ 293 GFP-ULK1/2 cells were stimulated
with 0.1 pg/ml doxycycline (Clontech, 631311) for 4 to 6 h.
For starvation treatment, cells were washed with Earle’s Bal-
anced Salt Solution (EBSS, Gibco, 24010-043) and incubated
in EBSS for the indicated time periods.

Expression constructs and transfections

pEGB-6P/ATG13 (human isoform 2) and pEGB-G6P/3AAA
were kindly provided by Dario Alessi (MRC Protein Phosphory-
lation Unit, College of Life Sciences, University of Dundee,
UK). All other pEGB-6P/ATG13 variants were generated by
site-directed mutagenesis. Transient transfection of Flp-In™ T-
REx™ 293 cells with pEGB-GP vectors was performed using
Lipofectamine™ 2000 or Lipofectamine™ 3000 (Life Technol-
ogies, 11668019 and L3000015). Human c¢DNAs encoding
either HA-tagged full-length ATG13 (isoform 2) or ATGI13
mutants were cloned into pMSCVpuro (Clontech Laboratories,
Takara Bio, 631461) for retroviral infection of MEFs.
pMSCVblast/GFP-ULK1 was generated by cloning GFP-ULKI
cDNA from pcDNAS/FRT/TO-GFP-ULK1 (previously
described in ref. 39) into pMSCVblast, which was generated by
replacing the puromycin resistance cassette of pMSCVpuro by a
blasticidin resistance cassette amplified from pcDNA™6/TR
(Life Technologies, V1025-20). To generate pMSCVblast/mCi-
trine-LC3 plasmid, the cDNA encoding human LC3 was subcl-
oned into pMSCVblast together with mCitrine. pMSCVblast/
mRFP-EGFP-rLC3 expression vector was generated by cloning
of mRFP-EGFP-rLC3 ¢cDNA from pmRFP-EGFP-rLC3 (kindly

provided by Tamotsu Yoshimori, Department of Genetics,
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Osaka University Graduate School of Medicine, Japan) into
pMSCVblast. For the production of recombinant retroviruses,
Plat-E cells (kindly provided by Toshio Kitamura, Institute of
Medical Science, University of Tokyo, Japan) were transfected
with pMSCVpuro- or pMSCVblast-based retroviral vectors using
FuGENE® 6 or FuGENE® HD transfection reagent (Roche,
11988387001 and 04709713001). Azg13 KO MEF cells were
incubated with retroviral supernatant fractions containing 3 to
8 wg/ml Polybrene (Sigma-Aldrich, H9268-106) and selected in
medium containing 2.5 pg/ml puromycin (InvivoGen, ant-pr-1)
or 35 pg/ml blasticidin (InvivoGen, ant-bl-1).

Affinity and immunopurification and immunoblotting

Cells were lysed in lysis buffer (50 mM Tris-HCI, pH 7.5,
150 mM NaCl, 0.3% [v/v] CHAPS [Carl Roth GmbH + Co.
KG, 1479.3] or 1% Triton X-100 [Carl Roth GmbH + Co.
KG, 3051.2], 1 mM EDTA, 1 mM EGTA, 1 mM Na;VOy,,
50 mM NaF, 5 mM NasP,O0;, 0.27 M sucrose [Carl Roth
GmbH + Co. KG, 4621.1], protease inhibitor cocktail [Sigma-
Aldrich, P2714]) for 30 min on ice. Lysates were flash frozen
and/or directly clarified by centrifugation at 17,000 g for 15 min
at 4°C. Equal protein amounts were determined by Bradford
method. Alternatively, whole cell lysates were prepared by direct
addition of sample buffer (125 mM Tris-HCl, pH 6.8, 17.2%
[v/v] glycerol, 4.1% [w/v] SDS [AppliChem GmbH, A7249],
200 pg/ml bromophenol blue, 2% [v/v] B-mercaptoethanol) to
the cells and subsequent sonification. Lysates were subjected to
6-15% SDS-PAGE. Proteins were transferred to PVDF mem-
branes (Merck, Millipore, IPFL00010) and immunoblot analysis
was performed using the indicated primary antibodies and appro-
priate IRDye®800- or IRDye®680-conjugated secondary anti-
bodies (LI-COR Biosciences). Signals were detected with an
Odyssey® Infrared Imaging system (LI-COR Biosciences). For
affinity or immunopurification of GST-, GFP- or HA-tagged
proteins, clarified lysates were incubated with either glutathione
sepharose 4B beads (GE Healthcare, 17-0756-01), GFP—trap®
beads (ChromoTek, gta-200) or monoclonal anti-HA agarose
beads (clone HA-7, Sigma-Aldrich, A2095) at 4°C for 1.5t0 3 h
or overnight with rotation. For immunopurification of untagged
proteins, clarified lysates were incubated with corresponding anti-
bodies and protein A and G sepharose (GE Healthcare, 17-5280-
01 and 17-0618-01) mixed in equal parts at 4°C overnight. Puri-
fied proteins were washed at least 3 times with lysis buffer and
analyzed by immunoblotting.

Size-exclusion chromatography

MEFs were lysed in a hypotonic buffer (40 mM Tris HCI,
pH 7.5, and Complete EDTA-free protease inhibitor cocktail
[Roche, 0505648900]) by repeated passages (15 times) through
a 1-ml syringe with a 27-gauge needle and incubation on ice for
20 min following addition of NaCl to a final concentration of
150 mM. The homogenates were centrifuged at 13,000 x g for
15 min, and the supernatant fractions were further centrifuged at
100,000 x g for 60 min. The supernatant fractions (S100 frac-
tions) were then filtered with Ultrafree-MC 0.45-um filter unit
(Millipore, UFC30HV00) and applied to a Superose 6 column
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(GE Healthcare, 17-5172-01). Subsequently, 0.5-ml fractions
were collected at a flow rate of 0.5 ml/min with elution buffer
(40 mM Tris-HCI, pH 7.5, 150 mM NaCl). The fractions were
then analyzed by immunoblotting. The column was calibrated
with thyroglobulin (669 kDa), ferritin (440 kDa), catalase
(240 kDa), and ovalbumin (43 kDa).

Confocal laser scanning microscopy

For immunofluorescent staining of LC3B and SQSTM1/p62,
cells were grown on glass coverslips overnight, stimulated as indi-
cated and fixed in 4% formaldehyde solution, following incuba-
tion with primary antibodies overnight and secondary antibodies
for 1 h in 0.05% saponin (Sigma-Aldrich, 47036) in phosphate-
buffered saline (Gibco, 14190-094). Subsequently, cells were
stained with 1 pg/ml DAPI (Carl Roth GmbH + Co. KG,
6335.1) and embedded in Mowiol 4-88 (Carl Roth GmbH +
Co. KG, 0713.1). MEF cells stably expressing mRFP-EGFP-
rLC3B were stained with DAPI only. Samples were analyzed on
a Leica TCS SP2 confocal laser-scanning microscope (Wetzlar,
Germany). For immunofluorescent staining of GFP-ULK1 and
HA-ATG13, cells were grown on glass coverslips, stimulated as
indicated and fixed in 4% formaldehyde solution, permeabilized
with 50 wg/ml digitonin (Wako, 043-21376) in phosphate-buft-
ered saline (Gibco, 14200-075), and stained with anti-GFP rat
monoclonal antibodies and anti-HA mouse monoclonal antibod-
ies. As secondary antibodies Alexa Fluor® 488-conjugated anti-
rat IgG and Alexa Fluor® 568-conjugated anti-mouse IgG anti-
bodies were used. Samples were analyzed with a confocal laser
microscope (FV1000D; Olympus, Tokyo, Japan) using a 60x
PlanApoN oil immersion lens (1.42 NA; Olympus). DAPI was
excited at 405 nm, EGFP or Alexa Fluor® 488 at 488 nm, Alexa
Fluor® 568 at 559 nm, mRFP at 594 nm and Alexa Fluor® 647
at 633 nm wavelengths.

Flow cytometry

Cells stably expressing mCitrine-LC3 were cultured in the
indicated medium for 10 h, harvested with 0.05% trypsin-
EDTA, and washed once with phosphate-buffered saline. The
samples were analyzed using an LSRFortessa flow cytometer
(Becton Dickinson, Heidelberg, Germany).

Long-lived protein degradation assay

Cells were incubated for 72 h with 0.125 pwCi/ml L-["C)
valine-supplemented medium, followed by 2 washes and a 16 h
chase in fresh medium containing 10 mM nonradioactive L-
valine to allow degradation of short-lived proteins. Next, the cells
were washed and treated with the indicated medium for 4 h. For
each sample, the radioactivity of the acid-soluble fraction of the
medium and the radioactivity in the cells remaining in the well
were measured.

Statistical analysis

For western blotting, fold changes were calculated by dividing
each normalized density ratio (protein of interest to loading con-
trol) by the average of the density ratios of the control lane (control
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lane: fold change = 1.00, n > 3). Results are mean = SEM and
are given below the corresponding blots or are depicted in a bar
diagram. For GFP-ULK1, HA-ATG13, LC3B and SQSTM1/p62
immunofluorescence, the number of GFP-ULK1 dots, LC3B
dots, SQSTM1 dots and colocalizing GFP-ULK1 and HA-
ATG13 dots were quantified from at least 220 cells using Fiji soft-
ware and data represent mean £ SEM. For mCitrine-LC3B degra-
dation, data represent the mean of the median fluorescence
intensity (5,000 cells/experiment; 3 independent experiments) =+
SEM. Values are expressed as a percentage of the mean of cells cul-
tured in regular medium (DMEM without bafilomycin A;). For
the long-lived protein degradation assay, the radioactivity of the
acid-soluble fraction of the medium and the radioactivity in the
cells remaining in the well were measured for each sample. Percent
degradation was assessed as the acid-soluble radioactivity of the
medium divided by the total radioactivity. Additionally, induction
of autophagy was assessed by subtracting percent degradation of
EBSS/Baf Al-treated cells from percent degradation of EBSS-
treated cells. Data shown are mean of triplicates of averaged dupli-
cates £ SEM and are depicted in bar diagrams. For all analyses, P
values were determined by the Student # test (2-samples, unequal
variances) and the significance levels were set as follows: * indicates
P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001.
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Figure S1. The interaction between ULK1 and ATG13 is severely compromised by deletion of
the TLQ480 motif. Atgl3 KO MEFs retrovirally transfected with empty vector or cDNA
encoding HA-ATG13 or HA-ATG13***® were labeled with light (ROKO), medium (R6K4) or
heavy (R10K8) arginine/lysine. Cells were lysed and HA immunopurifications were
performed. Purified proteins were analyzed by mass spectrometry as described in the
supplementary Material and Methods section. Unnormalized SILAC ratios for ULK1 obtained

from MaxQuant were normalized to the ratio of ATG13.



A IP:

CCL RB1CC1

Atg13 WT
Atg13 KO
Atg13 WT
Atg13 KO

. =S reicet
[ﬁqn. 4 | Ukt
=== - | ATG13

CCL IP: ULK1 IP: ATG101

L 5 >
S & F & & F e
+ + - + + EBSS
ST EE| — ULK1
e — e | ATG101

+ + + +
|_"-~-“-—I

Figure S2. ULK1 cannot be copurified with RB1CC1 or ATG101 in the absence of full-length
ATG13. (A) Wild-type or Atgl3 KO MEFs were lysed and anti-RB1CC1 immunopurifications
were performed. Cleared cellular lysates (CCL) and purified proteins were subjected to SDS-
PAGE and analyzed by immunoblotting for RB1CC1, ULK1, or ATG13. (B) Atg13 KO MEFs
retrovirally transfected with empty vector or cDNA encoding HA-ATG13 (WT) or HA-
ATG13**% (3AAA) were incubated in full medium or starvation medium (EBSS). Cells were
lysed and anti-ULK1 (middle panels) or anti-ATG101 (right panels) immunopurifications were
performed. CCLs and purified proteins were subjected to SDS-PAGE and analyzed by

immunoblotting for ULK1, ATG13, or ATG101.
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Figure S3. Amino acid alignment of ATG13/Atgl3 proteins. (A) Full length ATG13/Atgl3
proteins were aligned using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/).

Alignments were coloured using Jalview software. Amino acid sequences derive from the



following species: Caenorhabditis elegans (UniProt ID P34379), Drosophila melanogaster
(Q9VHR®6), Danio rerio (Q7SYEQ), Gallus gallus (E1BQS0), Mus musculus (Q91YI1), Bos taurus
(Q08DY8), Homo sapiens (075143), Felis catus (M3WIJ75), Canis familiaris (F1P6L1),
Saccharomyces cerevisiae (Q06628), and Schizosaccharomyces pombe (036019). (B) C-

terminal parts of the indicated ATG13 proteins were aligned as in (A).
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Figure S4. Partial restoration of autophagic flux by ATG133M4 depends on the BECN1-
PIK3C3/VPS34 complex. (A and B) Atg13 KO MEFs retrovirally transfected with empty vector
or cDNA encoding HA-ATG13 or HA-ATG13*** were transiently transfected with the

indicated siRNAs. Cells were incubated in full medium or starvation medium (EBSS) for 2 h in



the absence or presence of 40 nM bafilomycin A; (Baf Al). Cells were lysed and whole
cellular lysates were subjected to SDS-PAGE and analyzed by immunoblotting for ULK1,
SQSTM1, GAPDH, BECN1 or LC3. (C) MEFs described in (A and B) were incubated in full
medium or starvation medium (EBSS) for 2 h in the absence or presence of 40 nM
bafilomycin A; (Baf A1) and/or 10 mM 3-MA. Cells were lysed and whole cellular lysates

were subjected to SDS-PAGE and analyzed by immunoblotting for LC3 or ACTB.



Supplementary Materials and Methods

siRNA-mediated knockdown of Ulk1, Ulk2 and Becn1

MEFs were seeded on a 24-well plate overnight. Cells were transfected using Lipofectamine®
RNAIMAX (Life Technologies, 13778-150) according to the manufacturer’s instructions with
20 nM ON-TARGETplus SMARTpool® siRNA (Dharmacon, Thermo Scientific) targeting Ulk1
(L-040155-00-0005), Ulk2 (L-040619-00-0005) or Becnl (L-055895-00-0005), or a non-
targeting control pool (D-001810-10-05). Knockdown efficiency was analyzed by

immunoblotting.

Mass Spectrometry

Sample preparation

Protein mixtures were reduced with Dithiothreitol (Sigma Aldrich, 43815) and alkylated with
lodacetamide (Sigma Aldrich, 111A49) and subsequently separated by SDS-PAGE using 4-12%
Bis-Tris mini gradient gels (NUPAGE, Life Technologies, NP0335BOX). The gel lanes were cut
into 10 equal slices, proteins were in-gel digested with trypsin (Promega, v5113)," and the
resulting peptide mixtures were processed on StageTips using C18 material (3M Empore

C18, IVA Analysetechnik, 2215) as described previously.2

MS analysis

Mass spectrometric measurements were performed essentially as described® on an LTQ
Orbitrap XL mass spectrometer (Serial #: 01599B, Thermo Fisher Scientific, Langenselbold,
Germany) coupled to an Agilent 1200 nanoflow-HPLC (Agilent Technologies, Waldbronn,
Germany) or a NanolLC Ultra (Serial #: 11-01-15-215, Eksigent, Darmstadt, Germany). HPLC-

column tips (fused silica) with 75 um inner diameter (New Objective, FS360-75-10-N-5-C25)



were self-packed with Reprosil-Pur 120 ODS-3 (Dr. Maisch, rl13.aq) to a length of 20 cm.
Samples were applied directly onto the column without pre-column. A gradient of A (0.5%
acetic acid [high purity, LGC Promochem, 33209-1L-GL] in water) and B (0.5% acetic acid in
80% acetonitrile [LC-MS grade, Promochem, SO-9340-B025] in water) with increasing
organic proportion was used for peptide separation (loading of sample with 2% B; separation
ramp: from 10-30% B within 80 min). The flow rate was 250 nl/min and for sample
application 500 nl/min. The mass spectrometer was operated in the data-dependent mode
and switched automatically between MS (max. of 1x10° ions) and MS/MS. Each MS scan was
followed by a maximum of 5 MS/MS scans in the linear ion trap using normalized collision
energy of 35% and a target value of 5000. Parent ions with a charge state from z=1 and
unassigned charge states were excluded for fragmentation. The mass range for MS was
m/z = 370 to 2000. The resolution was set to 60,000. Mass-spectrometric parameters were
as follows: spray voltage 2.3 kV; no sheath and auxiliary gas flow; ion-transfer tube

temperature 125°C.

Identification of proteins and protein ratio assignment using MaxQuant

The MS raw data files were uploaded into the MaxQuant software” version 1.3.0.5., which
performs peak detection and generates peak lists of mass error-corrected peptides using the
following parameters: carbamidomethylcysteine was set as fixed modification, methionine
oxidation and protein amino-terminal acetylation were set as variable modifications. Three
miss-cleavages were allowed, enzyme specificity was trypsin/P + DP, and the MS/MS
tolerance was set to 0.5 Da. Peak lists were searched by Andromeda for peptide
identification using a Uniprot mouse database from September 2012 containing common

contaminants such as keratins and enzymes used for in-gel digestion (55299 entries). The



database was complemented by the sequence of human ATG13 (075143). Peptide lists were
further used by MaxQuant to identify and relatively quantify proteins using the following
parameters: peptide, and protein false discovery rates were set to 0.01, maximum peptide
posterior error probability (PEP) was set to 1, minimum peptide length was set to 7, the PEP
was based on Andromeda score, minimum number of peptides for protein identification was
set to one, which must be unique, and for protein quantitation a ratio count of 2 was

required. Identified proteins were requantified.

Data analysis

Unnormalized SILAC ratios for ULK1 obtained from MaxQuant were normalized to the ratio

of ATG13.
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Earle’s balanced salt solution; GFP, green fluorescent protein; MAP1LC3/LC3, microtubule-associated protein 1 light chain 3; MBP,
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ated factor 6, E3 ubiquitin protein ligase; TUBE, tandem ubiquitin binding entity; UCH, ubiquitin carboxyl-terminal hydrolase;
ULKI, unc-51 like autophagy activating kinase 1; USP, ubiquitin-specific peptidase; WT, wild type.

Autophagy represents an intracellular degradation process which is involved in both regular cell homeostasis and
disease settings. In recent years, the molecular machinery governing this process has been elucidated. The ULK1 kinase
complex consisting of the serine/threonine protein kinase ULK1 and the adapter proteins ATG13, RB1CC1, and ATG101,
is centrally involved in the regulation of autophagy initiation. This complex is in turn regulated by the activity of
different nutrient- or energy-sensing kinases, including MTOR, AMPK, and AKT. However, next to phosphorylation
processes it has been suggested that ubiquitination of ULK1 positively influences ULK1 function. Here we report that
the inhibition of deubiquitinases by the compound WP1130 leads to increased ULK1 ubiquitination, the transfer of
ULK1 to aggresomes, and the inhibition of ULK1 activity. Additionally, WP1130 can block the autophagic flux. Thus,
treatment with WP1130 might represent an efficient tool to inhibit the autophagy-initiating ULK1 complex and

autophagy.

Introduction

Macroautophagy (hereafter referred to as autophagy) is an
intracellular degradation process contributing to the recycling of
long-lived, aggregated or misfolded proteins, or even entire
organelles. During this process, the cargo to be degraded becomes
enveloped within a double-membrane vesicle (referred to as an
autophagosome), which is then transported to and fuses with
lysosomes. Autophagy occurs at basal levels in most cell lines in
order to sustain cellular homeostasis. However, autophagy can
also be actively induced upon stress conditions such as nutrient-
or energy-depletion, intracellular pathogens, oxidative or ER
stress. In the past 2 decades, the molecular understanding of the
machinery governing autophagy has substantially increased.
Autophagy-related (ATG) gene products mediate all steps of the
autophagic flux, including vesicle nucleation, elongation, closure,
and fusion with lysosomes." Next to ATG proteins, several non-
ATG proteins are centrally involved in the regulation of autoph-
agy, including the nutrient- and energy-sensing kinases MTOR
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(mechanistic target of rapamycin [serine/threonine kinase]) or
AMP-activated protein kinase (AMPK)."?> The ATGs can be
grouped into several functional units." Two macromolecular pro-
tein complexes regulate the initiation of the autophagic process,
i.e. the ULK1 protein kinase complex and the class III phosphati-
dylinositol 3-kinase (PtdIns3K) lipid kinase complex.' The
ULKI1 core complex consists of the serine/threonine protein
kinase ULK1 (unc-51 like autophagy activating kinase 1) and the
adapter proteins ATG13, RB1CCI1/FIP200 (RBI-inducible
coiled-coil 1), and ATG101. ULK1 is one of the 5 mammalian
orthologs of yeast Atgl. In 2009, several groups reported the
mechanistic details for how this complex is assembled and
receives input from the upstream MTOR complex 1
(MTORC1).>® In the current model, MTORC] associates with
the ULK1 complex under nutrient-rich conditions and keeps the
complex in an inactive state by phosphorylating ULKI and
ATGI13. Upon nutrient depletion, MTORCL1 dissociates from
this complex and the MTOR-dependent inhibitory ULK1-sites
become dephosphorylated. This in turn leads to the activation of
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ULK1, ULK1 autophosphorylation and ULKI-dependent
ATG13-RBICC1 transphosphorylation.”'" However, central
aspects of this model remain unresolved, including the identifica-
tion of the MTOR-dependent phospho-sites of ATG13 or the
ULKI1-dependent phospho-sites of RB1CC1. Additionally, the
importance of the ULK1-dependent ATG13 phospho-sites has
been challenged by our group.'? Another level of complexity is
added to the above described model by the fact that other kinases
have been reported to regulate the ULKI1 complex, including
AMPK and AKT/PKB,"”"” and that alternative post-transla-
tional modifications of ULK1 have been described, including
acetylation and ubiquitination.'®'? Recently Nazio et al. have
shown that AMBRAI, which is a component of the class III
PtdIns3K complex, not only becomes phosphorylated by ULK1,
but in turn recruits the E3-ligase TRAF6 (TNF receptor-associ-
ated factor 6)."” TRAFG6 apparently supports Lys63/K63-linked
ULKI1 ubiquitination, leading to the stabilization and activation
of ULK1." To date, several ULK1 substrates presumably medi-
ating its proautophagic function have been identified, such as
AMBRAL1, BECNI1, or DAPK3/ZIPK (death-associated protein
kinase 3).”*%* Recently, it has been reported that yeast Argl
phosphorylates Atg9.>> Furthermore, we were able to demon-
strate that ULK1 phosphorylates all 3 subunits of AMPK, ulti-
mately leading to the inhibition of AMPK activity.?

Although there are the above-described hints that the ULK1
complex is regulated by ubiquitination, the overall picture as to
how this posttranslational modification regulates the ULK1 com-
plex is incomplete. Furthermore, the role of deubiquitinases
(DUBs) for the regulation of autophagy is completely uncharac-
terized. In the present work, we made use of the partially selective
DUB inhibitor WP1130 (also known as degrasyn), which has
originally been identified during a library screen for small com-
pounds that inhibit IL6-induced phosphorylation of
STAT3.%>*® We demonstrate that treatment of cells with this
compound leads to the recruitment of ULKI to aggresomes.
This relocalization is most likely caused by an increased ubiquiti-
nation status of ULK1. We further observed that ULK1 activity
is severely compromised upon ULK1 recruitment to aggresomes.
Additionally, treatment with WP1130 leads to the blockade of
the autophagic flux. Taken together, we propose that WP1130
represents an efficient tool to inhibit autophagy in general and to
modulate ULK1 activity in particular. Next to the direct inhibi-
tion of ULK1 kinase activity, the regulation of ULK1 ubiquitina-
tion might be an effective approach to modulate the autophagic
response.

Results

WP1130 treatment induces the transfer of ULKI to
aggresomes

It has previously been reported that ULK1 function is con-
trolled by ubiquitination.'” Additionally, it has been speculated
that the deubiquitinase (DUB) inhibitor WP1130 might increase
autophagy.”” Accordingly, we aimed at the in-depth characteriza-
tion of this compound with regard to autophagy signaling. We
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made use of the previously described Flp-In™ T-REx™ 293
cells inducibly expressing GFP-ULK1 upon doxycycline treat-
ment.”* Interestingly, incubation with 5 WM WP1130 resulted
in decreased levels of GFP-ULK1.(Fig. 1A) A similar observation
was made for GFP-ULK2 (Fig. SIA). Next we investigated
whether the reduced GFP-ULKI1 protein levels were caused by
proteasomal degradation. However,
the proteasome inhibitors MG132 or bortezomib did not abolish
the WP1130-induced reduction of GFP-ULKI, indicating that
the deubiquitinase inhibitor WP1130 reduces GFP-ULK1 levels
without the involvement of the proteasome (Fig. 1B)

It has been previously reported that WP1130 induces the for-
mation of juxtanuclear aggresomes.”” Additionally, it has been
shown that the tyrosine kinases BCR-ABL and JAK2 are
recruited to these aggresomes upon WP1130 treatment, which
then results in inhibition of their kinase activity.”**® Accord-
ingly, we speculated that GFP-ULK1 might not be degraded by
proteolysis but might be instead transferred to aggresome-like
structures upon WP1130 treatment. To test this, we analyzed the
effect of WP1130 treatment on the localization of GFP-ULK1
by confocal microscopy. Indeed, incubation with WP1130
resulted in the recruitment of GFP-ULK1 to juxtanuclear punc-
tate structures (Fig. 1C and Fig. S1B). Similarly, GFP-ULK2
was also recruited to these aggresomes upon WP1130 treatment
(Fig. S1C). Furthermore, recruitment to aggresomes did not
require ULKI activity since a kinase-dead version of GFP-ULK1
was also translocated to these juxtanuclear punctate structures
(Fig. S1C). The WP1130-induced recruitment of GFP-ULK1
to aggresomes was also monitored by live-cell imaging (Movies
S1-S3). We observed that small GFP-ULKI1 aggregates are
already formed upon induction of GFP-ULKI expression
(Movie S1). However, formation of these small peripheral aggre-
gates was clearly enhanced by WP1130 treatment (Movie S2).
Furthermore, WP1130 treatment induced the translocation of
these aggregates to the perinuclear aggresome (Movie S2). It has
been previously reported that microtubule disruption with noco-
dazole inhibits aggresome formation.”” Indeed, parallel incuba-
tion of cells with WP1130 and nocodazole abolished aggresome
formation and led to the generation of smaller GFP-ULKI aggre-
gates in the periphery (Movie S3). Further analysis of the
aggresomes revealed that these structures comprised ubiquitin—
including K63-linked ubiquitin—and MAP1LC3/LC3 (micro-
tubule-associated protein 1 light chain 3), and to a minor extent
contained SQSTM1/p62. (Fig. S2) To confirm these microscopy
observations by an independent biochemical assay, we analyzed
the WP1130-dependent distribution of GFP-ULKI in Triton X-
100-soluble and -insoluble fractions. Notably, WP1130 treat-
ment led to the redistribution of GFP-ULKI from the soluble to
the insoluble fraction (Fig. 1D) Taken together, WP1130 treat-
ment does not result in the proteolytic degradation of GFP-
ULK1 but induces its transfer to aggresomes.

It has been previously observed that overexpression of GFP-
ULKI1 leads to the formation of cytosolic GFP-positive puncta.”
In order to exclude that the observed effect is just an overexpres-
sion artifact, we analyzed the protein levels and distribution of
endogenous ULKI upon WP1130 treatment in 3 different cell
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lines, i.e., HEK293, Hela, and U20S cells (Fig. 2A). Again
incubation with WP1130 apparently led to strongly reduced
ULKI protein levels in cleared cellular lysates of these cells. This
effect could not be reversed by coincubation with different prote-
ase inhibitors or with bafilomycin A;, which raises the lysosomal
pH by blocking the lysosomal proton pump and thus blocks
autophagic degradation (Fig. S3). Additionally and like the
GFP-tagged derivative, endogenous ULK1 redistributed from
the Triton X-100-soluble to the -insoluble fraction in HEK293
cells (Fig. 2B, left panels), whereas overall cellular levels of
endogenous ULK1 remained unaltered (Fig. 2B, right panels).
We next addressed the question whether other components of
the ULK1 complex (i.e., ATG13 and RB1CC1/FIP200) or com-
ponents of the PIK3C3/VPS34-PIK3R4/VPS15-BECNI1-
ATG14 PtdIns3K complex (i.e., BECN1 and AMBRAL) are
redistributed to aggresomes. However, these proteins were not
present in the insoluble fraction following WP1130 treatment,
(Fig. 2C) indicating a rather specific process for ULK1. Finally,
we investigated whether ULK1 redistribution is a reversible pro-
cess. For that, we treated HEK293 cells with WP1130 for 3 h,
and then resuspended the cells in WP1130-free medium. We
observed that the levels of Triton X-100 soluble ULK1 increased
again, and that in turn the amount in the insoluble fraction
decreased (Fig. S4) This indicates that WP1130-mediated reloc-
alization of ULKI to aggresomes is indeed a reversible process.
Collectively, our results show that WP1130 treatment also results
in the recruitment of endogenous ULK1 to aggresomes, but that
this is not the case for other autophagy-relevant proteins.

WP1130 treatment increases ubiquitination of ULK1

Since WP1130 has been previously identified as deubiquiti-
2627 and since the juxtanuclear ULK1-aggresomes
obviously contained ubiquitin (Fig. S2), we next asked the ques-
tion whether the ubiquitination status of ULK1 is affected by
this compound. In a first approach, we employed short-term
incubation (0.5 h) with WP1130 and analyzed ubiquitination of
immunopurified GFP-ULK1 by anti-mono- and poly-ubiquitin
immunoblotting (Fig. 3A) Indeed, GFP-ULK1 ubiquitination
increased with WP1130 treatment. In an alternative approach,
we transfected Flp-In™ T-REx™ 293 cells expressing either
GFP or GFP-ULK1 with ¢cDNA encoding HA-ubiquitin and
analyzed immunopurified GFP and GFP-ULK1 by antd-HA
immunoblotting. Whereas we did not detect ubiquitinated

nase inhibitor

proteins from GFP-expressing cells, we again observed increased
GFP-ULK1 ubiquitination following WP1130 treatment
(Fig. 3B) In order to characterize the type of ubiquitin linkage,
we transfected HEK293 cells with ¢cDNAs encoding different
HA-ubiquitin variants and incubated the cells with WP1130.
Analysis of GFP-Trap®-purified GFP-ULK1 by anti-HA immu-
noblotting indicated that ubiquitination of ULKI is mainly
established by non-K48-, non-K63-linked ubiquitin chains
(Fig. 3C) In order to confirm ULK1 ubiquitination by an alter-
native approach, we purified ubiquitinated proteins from cellular
lysates using tandem ubiquitin binding entity (TUBE) technol-
ogy. Treatment of HEK293 cells or Flp-In™ T-REx™ 293 cells
with WP1130 increased the amount of purified ULK1 or GFP-
ULK1 compared to untreated cells (Fig. 3D).

It has been previously reported that WP1130 targets the
deubiquitinases (DUBs) USP5, USP9X, USP14, UCHLI and
UCHL5.” In order to test whether these DUBs are involved
in the regulation of ULKI expression levels, we transfected
HEK293 cells simultaneously with the corresponding siRNAs
and analyzed endogenous ULK1 expression after 48 and 72 h,
respectively (Fig. S5A) However, we could not detect any
alterations of ULKI expression levels. Since USP9X is one
major target of WP1130,%”**71%% we also analyzed the effect
of WP1130 on ULKI expression levels in USP9X—/o
HCT116 cells.** WP1130 reduced ULKI levels in both
USP9X+/o and USP9X—/o HCT116 cells to a similar extent
(Fig. S5B) indicating that USP9X is not the major target of
WP1130 with regard to ULKI regulation. In order to identify
the DUB(s) targeted by WP1130, we performed a DUB pro-
filing assay with WP1130 using a library of 35 recombinant
DUBs (DUB””""™ Single Point Screening, Ubiquigent,
Dundee, UK). However, none of the tested DUBs was signifi-
cantly inhibited by 1 or 10 pM WP1130 (Fig. S6) Notably,
the 35 DUBs also contained the 5 enzymes previously
reported to be inhibited by WP1130. Finally, we wanted to
confirm that the effect caused by WP1130 is due to the inhibi-
tion of DUBs. For that, we employed the pan-DUB inhibitor
PR619. This inhibitor transferred ULK1 from the soluble to
the insoluble fraction similar to WP1130 (Fig. S7A and B) In
contrast, the more selective DUB inhibitors LDN 57444 (tar-
geting UCHL1) and Spautin-1 (targeting USP10 and USP13)
did not result in a similar reduction of ULKI in the soluble
fraction (Fig. S7A) Importantly, all analyzed DUB inhibitors

Results are mean =+ SD and are given below the corresponding blots.

Figure 1 (See previous page). WP1130 induces transfer of GFP-ULK1 to aggresomes. (A) After induction of GFP-ULK1 expression with doxycycline (Dox)
for indicated times, Flp-In™ T-REx™ 293 GFP-ULK1 cells were left untreated (M) or treated with 5 M WP1130 for 2, 4 or 6 h. Equal protein amounts of
cleared cellular lysates were subjected to anti-ULK1 and anti-ACTB/B-actin immunoblotting. (B) After induction of GFP-ULK1 expression with Dox for 3 h,
cells were left untreated (M) or treated with 5 uM MG132 or 10 nM bortezomib (Bor), respectively. After 30 min, cells were either lysed directly (0) or
5 wM WP1130 was added for 2, 4, or 6 h. Subsequently cells were lysed and cleared cellular lysates were separated by SDS-PAGE and analyzed by immu-
noblotting using antibodies against ULK1 and ACTB/B-actin. (C) After induction of GFP-only (upper panels) or GFP-ULK1 (lower panels) expression with
Dox for 3 h, Flp-In™ T-REx™ 293 cells were treated for indicated times with 5 uM WP1130 and analyzed by confocal laser scanning microscopy. For
GFP-ULK1 expressing cells, zoomed insets are displayed. The GFP-only or GFP-ULK1 signal is displayed in green and the Hoechst signal in blue in the
merged images. (D) After induction of GFP-ULK1 or GFP-only expression with Dox for 3 h, Flp-In™ T-REx™ 293 cells were treated with 5 wM WP1130 for
the indicated intervals. Following WP1130 treatment, detergent-soluble and -insoluble fractions were prepared and analyzed for ULK1, GFP, and ACTB/
B-actin levels by immunoblotting. (A, B and D) Data shown are representative of at least 3 independent experiments. Fold changes were calculated by
dividing each normalized ratio (protein to loading control) by the average of the ratios of the control lane (control lane: fold change = 1.00, n > 3).
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did not induce caspase activity in the
relevant time frame (Fig. S8) In sum-
mary, we showed that WP1130
increases ubiquitination of GFP-
ULKI. Although this effect is likely
caused by the inhibition of DUBs,
the previously identified WP1130 tar-
gets are apparently not involved.

WP1130-induced recruitment to
aggresomes reduces ULKI1 kinase
activity

Since we observed that WP1130
treatment leads to the transfer of ULK1
to aggresomes, we next analyzed
whether this process also affects ULK1
kinase activity. We have previously
identified PRKAB2/AMPK-B2  as
direct ULK1 substrate.”* Thus, we ana-
lyzed the phosphorylation status of
PRKAB2/AMPK-B2 by immunoblot-
ting. For GFP-ULKI, induction of
ectopic over-expression is sufficient to
increase ULKI kinase activity (Fig. 4A)
For endogenous ULKI1, we starved
HEK293 cells in EBSS in order to
induce ULK1 kinase activity (Fig. 4B)
WP1130 treatment reduced PRKAB2/
AMPK-B2 phosphorylation as detected
by a faster migration in SDS-PAGE
(Fig. 4A and B) We also analyzed
phosphorylation of PRKAA/AMPK-a
at Thr172. Our group has previously
shown that phosphorylation of this
activating site is indirectly regulated by
ULK1.** WP1130 treatment clearly
reduced PRKAA/AMPK-a phosphory-
lation at Thrl72 in GFP-ULKI-
expressing (Fig. 4A) or wild-type
HEK?293 cells (Fig. 4B) without affect-
ing total PRKAA/AMPK-a levels.
Taken together, these observations sug-
gest that the WP1130-mediated trans-
fer of ULKI to aggresomes negatively
regulates ULK1 activity. In order to
exclude the possibility that WP1130
functions as a direct ULKI kinase
inhibitor, we performed an in vitro
kinase assay with recombinant GST-
ULK1 and the substrate GST-myelin
basic protein (MBP) in the absence and
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Figure 2. WP1130 induces aggregation of endogenous ULK1. (A) HEK293, HeLa, or U20S cells were left
untreated or were treated with 5 wM WP1130 for 2, 4 or 6 h. Cleared cellular lysates were subjected to
anti-ULK1 and anti-ACTB/B-actin immunoblotting. (B) HEK293 cells were left untreated or were treated
with 5 wM WP1130 for indicated intervals. Then detergent-soluble or -insoluble fractions, or whole-cell
lysates (WCL) were prepared and analyzed by anti-ULK1 and anti-ACTB/B-actin immunoblotting. (C)
HEK293 cells were left untreated or were treated with 5 wM WP1130 for indicated intervals. Then
detergent-soluble or -insoluble fractions were prepared and analyzed for ULK1, RB1CC1, ATG13,
AMBRA1, BECN1 and ACTB/B-actin by immunoblotting. Asterisks indicate unspecific background
bands. (A-C) Data shown are representative of at least 3 independent experiments. Fold changes were
calculated by dividing each normalized ratio (protein to loading control) by the average of the ratios
of the control lane (control lane: fold change = 1.00, n > 3). Results are mean £ SD and are given
below the corresponding blots.

presence of WP1130. WP1130 did not influence ULK1-depen-  were significantly inhibited by WP1130. The data can be found
dent phosphorylation of MBP (Fig. 4C) This observation is sup-  online at http://www.kinase-screen.mre.ac.uk/screening-com-
ported by a kinase screen with WP1130, which was performed — pounds/591459. Collectively, these results demonstrate that
by the MRC Protein Phosphorylation Unit in Dundee (UK). WP1130 negatively regulates ULK1 activity indirectly through

None of the 141 tested kinases (including ULK1 and ULK2)
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Figure 3. DUB inhibition leads to increased GFP-ULK1 ubiquitination. (A) After induction of GFP-ULK1 expression with Dox for 3 h, Flp-In™ T-REx™ 293
cells were incubated in full medium (M) with or without 5 wM WP1130 for 0.5 h. Subsequently, cells were lysed and GFP-immunopurification was per-
formed. Purified GFP-ULK1 was analyzed by anti-ULK1 and anti-ubiquitin (P4D1) immunoblotting. ULK1 signal is red and ubiquitin signal is green in the
merged image. (B) Flp-In™ T-REx™ 293 cells were transiently transfected with cDNA encoding HA-ubiquitin 24 h prior to WP1130 treatment. After
induction of GFP or GFP-ULK1 expression with Dox for 3 h, cells were incubated in full medium (M) with or without 5 uM WP1130 for 1.5 h. Subse-
quently, cells were lysed and GFP-immunopurification was performed. Purified GFP (left panels) and GFP-ULK1 (right panels) were analyzed by anti-GFP,
anti-ULK1 and anti-HA immunoblotting. GFP or GFP-ULK1 signal is red and HA signal is green in the merged images. (C) Flp-In™ T-REx™ 293 cells were
transiently transfected with cDNAs encoding different HA-ubiquitin variants (WT, KallR, K48only, K63only, K48/63only, K48R, K63R, K48/63R) 24 h prior to
WP1130 treatment. After induction of GFP-ULK1 expression with Dox for 3 h, cells were incubated in full medium (M) with or without 5 wM WP1130 for
1.5 h. Subsequently, cells were lysed and GFP-immunopurification was performed. Purified GFP-ULK1 was analyzed by anti-ULK1 and anti-HA immuno-
blotting. ULK1 signal is red and HA signal is green in the merged image. (D) HEK293 cells or GFP-ULK1-expressing Flp-In™ T-REx™ 293 cells were left
untreated or were treated with 5 wM WP1130 for indicated intervals. Subsequently, cells were lysed and immunopurification of ubiquitinated proteins
was performed using agarose-TUBE2. Purified ubiquitinated proteins were analyzed by anti-ULK1 (as indicated) or anti-ubiquitin (FK2) immunoblotting.

WP1130 blocks the autophagic flux independent readouts. First, we analyzed localization of endoge-
It has been previously speculated that WP1130 might increase  nous LC3 in HEK293 cells by immunofluorescence. Starvation
autophagy.”” Since we observed reduced ULKI activity upon  of the cells in EBSS resulted in an increase of LC3 puncta, which
WP1130 treatment, we next wanted to determine the effect of ~ was further increased by treatment with bafilomycin A, (Fig. 5A)
this compound on the autophagic flux. For that, we applied 3  This effect was completely blocked by WP1130. All
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Figure 4. ULK1 activity is inhibited by WP1130. (A) After induction of GFP-ULK1 expression with Dox for 3 h, Flp-In™ T-REx™ 293 cells were incubated in
full medium (M) or starvation medium (EBSS) for 1 or 2 h in the presence or absence of 5 .M WP1130 for the indicated intervals. Subsequently, cells
were lysed and cleared cellular lysates were separated by SDS-PAGE and analyzed by immunoblotting using antibodies against ULK1, PRKAA/AMPK-o
(pThr172), PRKAA/AMPK-c, PRKAB1/2 (AMPK-B1/2) and ACTB/B-actin. (B) HEK293 cells were treated and analyzed as in (A). (C) For an in vitro kinase
assay, 1 pg GST-myelin basic protein (MBP) was incubated with 0.5 wg GST-ULK1 in the absence or presence of 5 .M WP1130. As controls, GST-MPB or
GST-ULK1 were incubated alone. After Coomassie staining of the gels (left panel), autoradiography was performed (right panel). (A and B) Solid arrow-
heads indicate the phosphorylated form of PRKAB2/AMPK-B2; open arrowheads indicate the unphosphorylated form. Data shown are representative of
at least 3 independent experiments. Fold changes were calculated by dividing each normalized ratio (protein to loading control) by the average of the
ratios of the control lane (control lane: fold change = 1.00, n > 3). Results are mean =+ SD and are given below the corresponding blots.

WP1130-treated cells showed similar LC3 puncta numbers, and
there was no further increase with EBSS, indicating that autoph-
agy is blocked at an early stage of the pathway. Second, we ana-
lyzed LC3 turnover in HEK293 cells by immunoblotting
(Fig. 5B). This assay essentially confirmed the results obtained by
LC3 immunofluorescence. All lysates derived from cells incubated
with WP1130 showed similar LC3-II levels, and again there was
no further increase with EBSS treatment. Of note, WP1130

1464 Autophagy

treatment alone increased LC3-II levels. Third, we performed a
long-lived protein degradation assay in HEK293, Hela and
U20S cells (Fig. 5C) In all 3 cell lines, WP1130 significanty
reduced the degradation of long-lived proteins. As a control we
employed 3-methyladenine (3-MA), which is an inhibitor of the
PtdIns3K complex and accordingly also blocks an initial step of
the autophagic machinery. In summary, WP1130 efficienty
blocks the autophagic flux in HEK293, HeLa, and U20S cells.

Volume 11 Issue 9



Downloaded by [Bjorn Stork] at 02:17 19 September 2015

Taken together, we showed that WP1130 targets ULK1/2
for ubiquitination and subsequent transfer to aggresomes,
and thereby reduces the overall ULK1/2 enzymatic activity.
Furthermore, the WP1130-mediated functional knockdown
of ULK1/2 is accompanied with a reduced autophagic
potential.
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Figure 5. For figure legend, see page 1466.

The mammalian ULK1-ATG13-RB1CCI1-ATG101 complex
is centrally involved in the initiating steps of autophagy. In recent
years, the molecular regulation of this complex has been deci-
phered. Generally, major attention has been attributed to the
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phosphorylation of the components of this complex. However,
additional posttranslational modifications have been suggested to
play an important role for ULK1 complex regulation, including
acetylation and ubiquitination.'®'” Here we report that the treat-
ment of cells with the DUB inhibitor WP1130 leads to increased
ULK1 ubiquitination and subsequent recruitment of ULK1 to
aggresome-like structures. This ultimately results in reduced
ULK1 activity. Furthermore, WP1130 treatment blocks the
autophagic flux in HEK293, HeLa, and U20S cells. Collectively,
we hypothesize that the regulation of ULKI1 ubiquitination
might represent an efficient strategy to modulate autophagy in
general and the ULK1 complex in particular.

The observed WP1130 effect might be caused by the fact that
the proteasome cannot handle the increased abundance of ubig-
uitinated proteins in general and of ubiquitinated ULK1 in par-
ticular. Accordingly, ULK1 is transported to aggresomes due to
proteasomal overload. An alternative possibility is that ULKI1 is
indeed regulated by a specific ubiquitin conjugation-deconjuga-
tion cycle, which becomes disrupted by WP1130-treatment.
However, these 2 possibilities are not mutually exclusive and can-
not be easily distinguished. Generally, non-K63 ubiquitin chains
accumulate upon proteasome inhibition.>> In turn, it has been
previously reported that WP1130 treatment leads to the accumu-
lation of JAK2-containing K63-linked ubiquitin chains or gener-
ally to the accumulation of cellular proteins containing both
K48- and K63-linked polyubiquitin chains.”**” We observe that
ULKT1 is recruited to aggresome-like structures containing K63-
linked ubiquitin. In addition, we found that immunopurified
GFP-ULK1 apparently contains non-K48-, non-K63-linked
ubiquitin chains. However, it has to be kept in mind that the
“ubiquitin barcode” of ULK1 might vary during the trafficking
from soluble fractions (which was analyzed in our experiments)
to insoluble structures.

Recently, Nazio et al. have reported that MTOR controls
ULKI1 ubiquitination and function through the class III
PtdIns3K complex component AMBRA1 and the associated E3-
ligase TRAFG6."” In their model, MTOR inhibits AMBRAI
under normal growth conditions through phosphorylation.
Upon autophagy induction, AMBRA1 becomes dephosphory-
lated and supports TRAF6-mediated ULK1 ubiquitination. The
authors show K63-linked ULK1 ubiquitination, but they do not
comment on the lysine residues being ubiquitinated. Generally,
Nazio et al. report ULK1 stabilization and self-association upon

ubiquitination. Whereas the latter observation might be in line
with ours, we observe a prominent decline in ULKI activity
upon ubiquitination, which is in contrast to their results. Like
Nazio et al., we were not able to identify the ubiquitinated lysine
residues of ULK1 so far. In addition to TRAFG, it has been
reported that the REWD2/COP1 E3 ligase (ring finger and WD
repeat domain 2) interacts with the ULK1 complex.>® Presum-
ably this interaction is mediated via RBICC1. However, the
authors do not observe any alterations of ULK1 expression upon
ectopic expression of REWD2.%® It is likely that additional E3
ligases targeting ULK1 will be identified in the future.

The human genome encodes 79 DUBs which are predicted to
be catalytically active, and they can be subdivided into 5 subfami-
lies.”” Apparently, the reported WP1130 targets are not, or at
least not only, involved in the regulation of ULKI. Especially
USP9X has been established as target of WP1130.%7-2%3133
However, ULK1 levels in the soluble fraction remained unaltered
in cells which are deficient for USP9X or in which USP9X has
been knocked down by siRNA. Furthermore, LC3 turnover
occurred normally in USP9X-negative HCT116 cells, but was
blocked by WP1130 treatment in both wild-type (WT) and
USP9X-negative cells (data not shown). Taken together, it is well
conceivable that additional DUBs or a combination of DUBs
mediate the WP1130 effect on ULK1. Of note, the pan-DUB
inhibitor PR619 phenocopied the effect of WP1130, indicating
that ULK1 accumulation is indeed caused by the inhibition of
DUBs. Accordingly, future studies need to reveal the exact posi-
tions of the post-translationally modified lysine residues of
ULKI1, the enzymes involved in ubiquitin conjugation/deconju-
gation, and the subtype of ubiquitin linkage in order to establish
a more complete model of ubiquitin-dependent ULKI
regulation.

It is a difficult approach to determine whether the inhibitory
effect of WP1130 on autophagy is solely mediated through the
alteration of ULK1/2 ubiquitination, aggregation, and activity.
The usage of genetic ULK1/2 knockout systems does not repre-
sent an entirely feasible approach since autophagy is largely
blocked in these cell models. So far we can only say that putative
ULK1/2-independent autophagy pathways are not equally
affected by WP1130 (data not shown). Furthermore, of the ana-
lyzed proteins so far (i.e., ULK1, ATG13, RB1CC1, BECNI,
and AMBRAL), only ULK1 is redistributed to aggresomes upon
WP1130 treatment. Nevertheless, future studies will have to

Figure 5 (See previous page). The autophagic flux is inhibited by WP1130. (A) HEK293 cells were treated with full medium (Med) or starvation medium
(EBSS) in the presence or absence of 20 nM bafilomycin A; (Baf A1) or 5 wM WP1130 for 2 h and were visualized by confocal laser scanning microscopy.
The LC3 signal is displayed in red and the Hoechst signal in blue in the merged images. At least 168 cells were scored for each condition. The number of
LC3 puncta and the number of cells per image were quantified using CellProfiler analysis software. Data represent mean =+ SD; **P < 0.01 (Student t test,
2-sample assuming unequal variances). (B) HEK293 cells were incubated in full medium (Med) or starvation medium (EBSS) in the absence or presence
of 20 nM bafilomycin A; (Baf A1) and/or 5 .M WP1130 for 2 h. Equal protein amounts from cleared cellular lysates were analyzed for LC3 and GAPDH
by immunoblotting. Data shown are representative of at least 3 independent experiments. Fold changes were calculated by dividing each normalized
ratio (protein to loading control) by the average of the ratios of the control lane (control lane: fold change = 1.00, n > 3). Results are mean = SD and are
depicted in a bar diagram. **P < 0.01 (Student t test, 2-sample assuming unequal variances) (C) Cellular proteins of HEK293, HeLa and U20S cells were
labeled with L-[**Clvaline as described in the Materials and Methods section. Cells were washed and treated with indicated medium (control or EBSS)
and inhibitors (5 M WP1130, 100 nM bafilomycin A;, 10 mM 3-methyladenine) for 4 h. For each sample, the radioactivity of the acid-soluble fraction of
the medium and the radioactivity in the cells remaining in the well were measured. Percent degradation was assessed as the acid-soluble radioactivity
of the medium divided by the total radioactivity. Data shown are mean of triplicates &+ SD; **P < 0.01 (Student t test, 2-sample assuming unequal
variances).

1466 Autophagy Volume 11 Issue 9



Downloaded by [Bjorn Stork] at 02:17 19 September 2015

show whether additional components of the autophagic machin-
ery are regulated by DUBs and thus are potentially involved in
the WP1130-mediated inhibition of autophagy.

The ULK1 complex is tightly controlled by a network of
upstream nutrient- or energy-sensing kinases, including AKT,
MTOR, and AMPK. All these kinases directly phosphorylate
ULK1 and thus act to regulate the ULK1 complex (reviewed in
ref. 2, 7-11). Accordingly, different small compounds targeting
these kinases modulate autophagy, e.g., rapamycin (inhibition of
MTOR) or resveratrol (activation of AMPK). Notably, these sub-
stances generally induce autophagy. With regard to the inhibition
of the autophagic flux, current compounds either target later
steps of the autophagic machinery (e.g., bafilomycin A, chloro-
quine), or the PIK3C3/VPS34-BECN1 complex (e.g., 3-methyl-
adenine). As a serine/threonine kinase, ULK1 represents an
appropriate target for pharmacological modulation, and recently
the structure of the ULK1 kinase domain in complex with muld-
ple inhibitors has been reported.”® We propose that the develop-
ment of more specific inhibitors of ULKI-deubiquitinating
enzymes and thus the modulation of ULK1 ubiquitination might
represent an alternative strategy to regulate ULK1 function, next
to direct inhibition of the kinase activity. Generally, it has been
proposed that MTOR inhibitors and other anticancer drugs
induce cytoprotective autophagy, ultimately leading to a compro-
mised efficacy of these compounds.'' Therefore, combinatorial
therapies employing these agents and parallel ULK1 inhibition
might represent a promising anticancer strategy.

Materials and Methods

Cells

HEK293 cells, Hela cells, U20S cells, and Flp—InTM T-
REx™ 293 cells (R780-07, Invitrogen, Life Technologies) indu-
cibly expressing GFP-ULK1 WT, GFP-ULKI kinase-dead (kd),
GFP-ULK2 WT or GFP-only were cultured in DMEM (4.5 g/l
D-glucose, L-glutamine [Gibco, Life Technologies, 41965-
039]), supplemented with 10% fetal calf serum, 50 U/ml penicil-
lin and 50 pg/ml streptomycin (full medium). Expression of the
respective fusion protein was induced with 0.1 pwg/ml doxycy-
cline (Takara, Clontech, 631311). Wild-type and USP9X—/o
HCT116 cells (previously described in ref. 34 and kindly pro-
vided by Fred Bunz, The Kimmel Cancer Center) were cultured
in McCoy 5A medium (PromoCell, C-73220) supplemented
with 10% fetal calf serum, 50 U/ml penicillin and 50 pg/ml
streptomycin. For amino acid starvation, HEK293 cells and
derivatives were washed once and incubated in EBSS (Gibco,
Life Technologies, 14155-048) supplemented with 1.8 mM
CaCl, and 0.813 mM MgSOy for the indicated times.

Antibodies, recombinant proteins, and reagents

Anti-ACTB/B-actin (clone AC-74, A5316), anti-ATG101
(SAB4200175), anti-ATG13 (SAB4200100), and anti-
TUBA4A/a-tubulin (clone B-5-1-2, T5168) were purchased
from Sigma-Aldrich; anti-BECN1 (11427) and anti-ULKI (H-
240, sc-33182) from Santa Cruz Biotechnology; anti-RB1CC1/
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FIP200 (A301-574A) from Bethyl Laboratories; anti-AMBRA1
(pab0224-P) from CovalAb S.A.S.; ant-GAPDH (clone 6C5,
ab8245), anti-HA (clone 12CAS5, ab16918), and anti-LMNB1/
lamin Bl (ab16048) from Abcam; anti-PRKAA/AMPKa
(2793), anti-phospho-PRKAA/AMPK-ac Thr172 (2535), anti-
PRKAB1/2 (AMPK-B1/2) (4150), anti-LC3B (2775), anti-
ULK1 (clone D8H5, 8054), and anti-ubiquitin (clone P4D1,
3936) from Cell Signaling Technology; anti-ubiquitin (clone
FK2, 04-263) and anti-ubiquitin K63-specific (clone Apu3, 05-
1308) from Merck Millipore; anti-LC3 (PMO036) and anti-
SQSTM1/p62 (PM045) from MBL International; and anti-GFP
(11814460001) from Roche Diagnostics. IRDye®680- and
IRDye®800-conjugated secondary antibodies (926-68020/21
and 926-32210/11) were provided by LI-COR Biosciences.
Alexa Fluor® 568-coupled donkey anti-rabbit IgG (H+L)
(A10042) or donkey anti-mouse IgG (H+L) (A10037) and
Alexa Fluor® 594-coupled goat anti-rabbit IgG (H+L)
(A11037) were purchased from Molecular Probes, Life Technol-
ogies. Hoechst 33342 (H1399) was purchased from Life Tech-
nologies; bafilomycin A; (B1793), NEM (E3876), pepstatin A
(77170), and 3-methyladenine from Sigma-Aldrich; puromycin
(ant-pr-1) from InvivoGen (San Diego, CA, USA); Bortezomib
(5.043.140.001), calpeptin (03-34-0051), cathepsin Inhibitor I1I
(219419), MG132 (474790), Q-VD-OPh (551476), and Spau-
tin-1 (567569) from Calbiochem, Merck Millipore; and PR619
(S19619) and LDN 57444 (S19639) from LifeSensors. WP1130
was purchased from Calbiochem, Merck Millipore (681685) or
Axon Medchem BV (1779). GFP-Trap® coupled to agarose
beads (gta-200) was purchased from ChromoTek. Agarose-
TUBE2 was purchased from LifeSensors (UM402). Staurospor-
ine (BML-EI156) was obtained from Enzo Life Sciences. [14C]
Valine (NEC291EU050UC) was purchased from PerkinElmer.
GST-ULK1 (SRP5205) and GST-MPB (SRP5096) were pur-
chased from Sigma-Aldrich. [**P]Adenosine 5’-triphosphate
(SRP-301) was provided by Hartmann Analyrtic.

Expression constructs and transfections

Cloning of the cDNAs encoding human ULK1 or the kinase-
dead mutant (D165A) of ULKI1 into pcDNA5/FRT/TO-GFP
and the generation of the corresponding Flp-In™ T-REx™ 293
cells has been previously described.?* Human ULK2 cDNA was
amplified from Jurkat J16 cells and cloned into pcDNA5/FRT/
TO-GFP. This vector was cotransfected with pOG44 into
Flp-In™ TREx™ 293 cells (Invitrogen, Life Technologies,
R780-07). Stable transfectants were selected with 200 pg/ml
hygromycin B (Invitrogen, Life Technologies, 10687-010) and
5 pg/ml blasticidin (Invitrogen, Life Technologies, A11139-02).
pCDNA3.1-based vectors encoding different HA-Ubiquitin var-
iants (WT, KallR, K48R, K63R, K48/63R, K48only, K63only,
and K48/630nly) were obtained from https://mrcppureagents.
dundee.ac.uk (generated by the MRC Protein Phosphorylation
and Ubiquitylation Unit, University of Dundee, UK). For tran-
sient transfection, typically 10-cm diameter dishes of GFP-
ULK1 Flp—InTM T-REx™ 293 cells were cultured, and were
transfected with 14 pg DNA using FuGENE® HD transfection
reagent (Roche Diagnostics, 04709713001)
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Immunoblotting and immunopurification

HEK293 cells or derivatives were incubated in full medium or
EBSS supplemented with reagents and time points as indicated.
Whole-cell lysates were prepared by heating cell pellets in 2x
Laemmli reducing sample buffer for 5 min at 95°C. Detergent-
soluble and detergent-insoluble fractions were obtained by lysing
cells in lysis buffer (50 mM Tris-HCI, pH 7.5, 1 mM EDTA,
1% [v/v] Triton X-100 [Carl Roth GmbH + Co. KG, 3051.2],
1 mM NazVOy, 50 mM NaF, 0.1% [v/v] DTT, 150 mM
NaCl, Protease Inhibitor Cockrail [Sigma-Aldrich, P2714]) for
30 min on ice and centrifuged for 10 min at 20,000 g at 4°C.
The supernatant fraction was used as the detergent-soluble frac-
tion and the residual pellet fraction was heated in 2x Laemmli
buffer for 5 min at 95°C and used as the detergent-insoluble
fraction. In the case of the detergent-soluble fraction, equal pro-
tein amounts (as determined by Bradford assay) were separated
on SDS-PAGE followed by standard immunoblot analysis. For
the preparation of whole-cell lysates and detergent-insoluble frac-
tions the cell number was adjusted. To immunopurify GFP-
ULK1, cells were lysed in the above-mentioned lysis buffer for
detergent-soluble fractions (additionally containing 2 mM NEM)
for 30 min on ice and centrifuged for 10 min at 20,000 g at
4°C. Immunopurification was carried out for 16 h at 4°C with
rotation after addition of GFP-Trap® beads. The agarose beads
were washed 3 times with lysis buffer containing 2 mM NEM,
heated for 5 min at 95°C in 2x Laemmli buffer and used for
immunoblotting. Affinity purification of ubiquitinated proteins
was carried out with Agarose-TUBE2 as described in the user’s
manual. The lysis buffer was supplemented with 2 mM NEM.

In vitro kinase assay

For in vitro phosphorylation, 1 g GST-MBP was incubated
with 0.5 wg GST-ULKI1 in 50 mM Tris-HCL, pH 7.5, 0.1 mM
EGTA, 0.1 mM DTT, 5 mM Mg(CH;COO), and 0.1 mM
[**PJATP in the absence or presence of 5 uM WP1130. The
reaction was stopped by the addition of SDS sample buffer after
30 min at 30°C, and was then subjected to SDS-PAGE. After
Coomassie staining of the gel, autoradiography was performed.

Confocal laser scanning microscopy and LC3 puncta
quantification

HEK293 cells or Flp-In™ T-REx™ 293 cells inducibly
expressing GFP-ULK1 WT, GFP-ULK1 kd, GFP-ULK2 WT,
or GFP-only were seeded on poly-L-lysine coated cover slips.
Expression of the respective fusion protein was induced with
0.1 pg/ml doxycycline for 3 or 16 h. Incubation of cells was per-
formed in media and for times as indicated. Cells were fixed with
4% paraformaldehyde in phosphate-buffered saline (PBS; Gibco,
Life Technologies, 14190-094) buffer for 15 min. For analysis of
GFP fusion proteins, cells were directly embedded in Mowiol
4-88 (Carl Roth GmbH + Co. KG, 0713.1) containing 1 pg/
ml Hoechst. For immunofluorescent staining of endogenous
LC3, ubiquitin, K63-linked ubiquitin and SQSTM1/p62,
HEK293 cells were washed 3 times with PBS, incubated in
50 mM NH,CI for 10 min and incubated in PBS for another
5 min. Cells were permeabilized with 0.05% saponin (Sigma-
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Aldrich, 47036-50G-F) in PBS for 5 min and incubated for 1 h
with the corresponding primary antibodies diluted in 0.05%
saponin in PBS. Cells were washed 3 times with 0.05% saponin
in PBS and incubated for 1 h with the appropriate secondary
antibodies. After washing 2 times with 0.05% saponin in PBS
and once with PBS, coverslips were embedded in Mowiol 4-88
containing 1 pg/ml Hoechst. For superresolution microscopy
cover slips were embedded in VECTASHIELD mounting
medium with DAPI (Vector Laboratories, H-1200). Cells were
analyzed on a Zeiss LSM 710, Zeiss LSM 780 or Zeiss Elyra PS
microscope (Oberkochen, Germany). Hoechst, DAPI, GFP,
Alexa Fluor® 568 and Alexa Fluor® 594 were excited at 405 nm,
488 nm, 561 nm and 594 nm, respectively. The number of LC3
puncta and number of cells per image were quantified using Cell-
Profiler analysis software.

Long-lived protein degradation assay

Cells were incubated for 72 h with 0.125 pCi/ml L-[*C]
valine-supplemented medium, followed by 2 washes and a 16-h
chase in fresh medium containing 10 mM nonradioactive
L-valine to allow degradation of short-lived proteins. Next, the
cells were washed and treated with the indicated medium and
inhibitors for 4 h. For each sample, the radioactivity of the acid-
soluble fraction of the medium and the radioactivity in the cells
remaining in the well were measured.

Statistical analysis

For western blotting, fold changes were calculated by dividing
each normalized density ratio (protein of interest to loading con-
trol) by the average of the density ratios of the control lane (con-
trol lane: fold change = 1.00, n > 3). Results are mean £SD and
are given below the corresponding blots or are depicted in a bar
diagram. For LC3 immunofluorescence, at least 168 cells were
scored for each condition. The number of LC3 puncta and the
number of cells per image were quantified using CellProfiler
analysis software. Data represent mean £ SD and are depicted in
a bar diagram. For the long-lived protein degradation assay, the
radioactivity of the acid-soluble fraction of the medium and the
radioactivity in the cells remaining in the well were measured for
each sample. Percent degradation was assessed as the acid-soluble
radioactivity of the medium divided by the total radioactivity.
Data shown are mean of triplicates £ SD and are depicted in a
bar diagram. For all analyses, P values were determined by the
Student # test (2-samples, unequal variances) and the significance
levels were set as follows: * indicates P < 0.05, ** indicates
P < 0.01, *** indicates P < 0.001.
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Supplementary Figures

Supplementary Figure 1
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WP1130 induces aggregation of GFP-ULK2 and kinase-dead GFP-ULK1. (A) After induction

of GFP-ULK2 expression with doxycycline (Dox) for indicated times, Flp-In"™ T-REx'™ 293
GFP-ULK2 cells were treated with 5 uM WP1130 for 1, 2 or 4 h. Equal protein amounts of
cleared cellular lysates were subjected to anti-GFP and anti-tubulin immunoblotting. (B)
After induction of GFP-ULK1 kinase-dead (kd) or GFP-ULK2 expression with Dox for 3 h,
Flp-In™ T-REx™ 293 cells were treated for indicated times with 5 uM WP1130 and analyzed
by confocal laser scanning microscopy. The GFP-ULK1 kd or GFP-ULK2 signal is displayed in

green and the Hoechst signal in blue.



Supplementary Figure 2

WP1130 induced aggresomes comprise ubiquitin but do apparently not contain p62 or LC3.
After induction of GFP-ULK1 expression with doxycycline (Dox) for 3 h, Flp-In™ T-REx"" 293
GFP-ULK1 cells were treated with 5 uM WP1130 for 2 h, immunostained for ubiquitin, LC3
and p62, and analyzed by confocal laser scanning microscopy. In the upper panels,

aggresomes stained for ubiquitin and GFP-ULK1 are indicated by white arrowheads.



Supplementary Figure 3
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Knockdown or knockout of various deubiquitinases targeted by WP1130 does not result in
aggregation of endogenous ULK1. (A) HEK293 cells were simultaneously transfected with 20
nM ON-TARGETplus SMARTpool® siRNA for USP5, USP9X, USP14, UCH-L1 and UCH-L5. Cells
were incubated for 48 or 72 h. Equal protein amounts of cleared cellular lysates were
analyzed by immunoblotting for USP5, USP9X, USP14, UCH-L1, UCH-L5, actin and ULK1. (B)
HCT116 wt cells and HCT116 USP9X knockout cells were treated with 5 uM WP1130 for
indicated times. Cleared cellular lysates were subjected to anti-USP9X, anti-ULK1 and anti-

actin immunoblotting.



Supplementary Figure 4

DUBP™f"™ ingle Point Screening (Ubiquigent Ltd, Dundee, Scotland, UK)

Activity [% Control]*

WP1130 1 10 WP1130 1 10
concentration [uM] concentration [uM]

Compound Product Signal -3 -5 Compound Product Signal -3 -5

control Modulation** control Modulation**

USPs USP1 91 94 UCHs UCHL1 99 78
uspP2 100 111 UCHL3 97 88
UsP4 91 95 UCHL5 89 86
USP5 98 93 BAP1 87 82
USP6 97 109 OTUs oTU1 97 99
UsP7 91 96 OTUB2 88 80
USPIX 93 85 OTUD3 101 102
USP11 105 98 OTUD6A 88 97
USP15 99 96 OTUD6B 96 87
USP19 126 109 Cezanne 89 87
USP20 91 96 JAMMs AMSH-LP 96 93
uspP21 88 89 AMSH-LP (+Zinc) 94 99
USP25 102 92
usP28 97 105
USP30 102 102
USP35 105 88
USP36 90 96
USP45 106 100
CYLD 84 91

% Control = ((sample - mean no enzyme)/(mean plus enzyme - mean no enzyme))*100

*x Product Signal Modulation = ((sample - mean modulator control)/(mean modulator control))*100

WP1130 does not significantly inhibit 35 members of the DUB family. The DUB” ™" Single
Point Screening was performed by Ubiquigent Ltd (Dundee, Scotland, UK). WP1130 was
tested at two different concentrations (1 or 10 uM) in a ubiquitin-rhodamine(110)-glycine

substrate-based assay. Data given represent activity [% control].



Supplementary Movies 1-3

Movie 1: GFP-Ulkl_Medium.avi
Movie 2: GFP-Ulkl_WP1130.avi
Movie 3: GFP-Ulkl_WP1130 + nocodazole.avi

WP1130 induces transfer of GFP-ULK1l to aggresomes. After induction of GFP-ULK1
expression with doxycycline (Dox) for 3 h, Flp-In™ T-REx™ 293 GFP-ULK1 cells were treated
with 5 uM WP1130 with and without 10 UM nocodazole over a time period of 4 h. GFP-ULK1

was visualized by live-cell-imaging.



Supplementary Materials and Methods

Generation of Flp-In™ T-REx™ 293 cells inducible expressing GFP-ULK1 kd or GFP-ULK2

Cloning of the cDNA encoding the kinase-dead mutant (D165A) of human ULK1 into
pcDNAS/FRT/TO-GFP and the generation of the corresponding FIp—InT'VI T-REx™ 293 cells has
been previously described.”* Human ULK2 cDNA was amplified from Jurkat J16 cells and
cloned into pcDNA5/FRT/TO-GFP. This vector was co-transfected with pOG44 into Flp-In™ T-
REx™ 293 cells (R780-07, Invitrogen, Life Technologies, Carlsbad, CA, USA). Stable
transfectants were selected with 200 pg/ml hygromycin B (10687-010, Invitrogen, Life

Technologies) and 5 pg/ml blasticidin (A11139-02, Invitrogen, Life Technologies).

Immunofluoresence of ubiquitin, LC3, and p62

Flp-In™ T-REx™ 293 GFP-ULK1 cells were seeded overnight on poly-L-lysine coated cover
slips. After induction of GFP-ULK1 expression with doxycycline for 3 h, cells were washed
with PBS and fixed in 4% PFA for 15 min. Hereafter cells were washed three times with PBS,
incubated in 50 mM NH,Cl for 10 min and incubated in PBS for another 5 min. Cells were
permeabilized with 0.05% Saponin (47036-50G-F, Sigma-Aldrich, St. Louis, MO, USA) in PBS
for 5 min and incubated for 1 h with anti-ubiquitin (04-263, clone FK2, Upstate, Merck
Millipore, Darmstadt, Germany), anti-LC3 (PM036, MBL International, Woburn, MA, USA) or
anti-p62 (PMO045, MBL International, Woburn, MA, USA), respectively. Antibodies were
diluted in 0.05% Saponin in PBS. Cells were washed three times with 0.05% Saponin in PBS
and incubated for 1 h with Alexa Fluor®647-coupled anti-rabbit IgG (H+L) (111-605-003,
Jackson ImmunoResearch Laboratories, West Grove, PA, USA) or anti-mouse IgG (H+L) (115-
605-003, Jackson ImmunoResearch Laboratories, West Grove, PA, USA), respectively. After
washing two times with 0.05% Saponin in PBS and once with PBS, cover slips were

embedded in Mowiol 4-88 containing 1 ug/ml Hoechst on an object slide.

siRNA-mediated knockdown of DUBs

HEK293 cells were seeded on a 24-well plate overnight. Cells were transfected according to
manufacturer’s instructions with 20 nM ON-TARGETplus SMARTpool® siRNA (Dharmacon,
Thermo Scientific, Waltham, MA, USA) of USP5 (L-006095-00-0005), USP9X (L-006099-00-
0005), USP14 (L-006065-00-0005), UCH-L1 (L-004309-00-0005) and UCH-L5 (L-006060-00-



0005). Knockdown efficiency was analyzed by immunoblotting for USP5 (A301-542A, Bethyl
Laboratories Inc., MO, USA), USP9X (kindly provided by the Division of Signal Transduction
Therapy, College of Life Sciences, University of Dundee, Scotland, UK), USP14 (8159, Cell
Signaling Technology), UCH-L1 (3524, Cell Signaling Technology), UCH-L5 (ab124931, Abcam),
actin and ULK1.

Live-cell imaging

Flp-In™ T-REx™ 293 GFP-ULK1 cells were seeded overnight onto Nunc™ Lab-Tek™
Chambered Coverglasses (155411, Thermo Scientific, Waltham, MA, USA). After induction of
GFP-ULK1 expression with doxycycline for 3 h, media was replaced with DMEM-GFP medium
(Evrogen) and treated with 5 uM WP1130 with or without 10 uM nocodazole (Sigma
Aldrich). Life cell imaging of GFP-Ulkl was performed on a Deltavision Deconvolution
microscope (GE Healthcare, Issaquah, WA) equipped with a solid-state light source, a 60x NA
1.42 objective and a Coolsnap HQ2 CCD camera. The cells were kept at 37°C and 5% CO,

using a CO,- and temperature-controlled incubator (Okolabs).



Paper 3






adAy
-plIm ‘LM ‘g Sunaeuaiul apiusoutoydsoyd ‘urewop 1eadas gM ‘2IdIM ‘Z/T dseun| 1| TS-oun ‘¢/TN1N
‘T dwosolsanbas ‘z9d/TINLSDS ‘T dpndadAjod ‘aseup| 9 ulal0.d |eWOSOqL ‘TANISHY ‘T |109-paj10d
a|qNpul-Tgy ‘00¢dI14/100T8Y ‘ulewop Suipuig-pidijoydsoyd ‘adld ‘@Ms Ajquasse aioydodeyd
‘SVd ‘z/1 x3|dwod (aseupy auluoaayi/aunss) upAwedes jo 3193ie1 dnsiueyosw  ‘z/TDHOLIN
{eaJe 90BJINS 3|]ISSIIIL-JUDAIOS UJOgG PazI|eJauLD SOIUBYIDW JBJNI3OW ‘VS/GD-ININ ‘Ise|qouqly

oluoAiquia asnow ‘43Nl ‘g uleyd S| T udjoud paleposse-angnIoDIW ‘€DT/€DTTdVIN ‘uoiSal

Sunoesaiul-gJ7 ‘Uil ‘anodpouy ‘OY ‘ZAVIN pue /A9y ‘TdOH ‘VINYOH ‘uioloud palerdosse-101dadsd
Vv pe duAingoulwe-ewwes ‘dyyygyd ‘uonnjos ies padueleg sale3 ‘ssgl ‘Tv udAwojyeq

‘Tvjeg ‘pajejps-ASeydoine ‘piy ‘aseun uldjosd paleAlde-dIAY NNV ‘SNOILVIATYEaV

TN ‘T2019Y ‘ASeydoine ‘TOTOLY ‘€TOLY :SQYOMAI

sulewop €191V ‘J1LIL ONINNNY

9p’4J0p[3ssanp-1un@>}403s uldolq :jrew-3 ‘€0THT T8 T1Z(0) 67+ :xed ‘vS6TT 18 TTZ(0) 61+ |91
‘Auewa ‘J1op|assNa SZZ0Y ‘ZT €T Bulp|ing ‘T "J3SSIBUSIBAIUN S}403S UIOlg

:Joyine uipuodsallo)d

1OVINOD

undor ‘€€00-€TT 0AyoL ‘0fyoL Jo Aysianun

ayL ‘aupipapy fo Ayndo4 pup jooyss a1pnppi9 ‘ABojorg Jojndajoyy pup Aisiwaysolg Jo Juawindaq,

Aubwiian ‘fiopassna szzoy f10pjassna ANsIaniun auldH YoluIaH

‘S20U3JIS [DINIDN PUD SIIOWIYID JO AN ‘AIISILSYD [DUIDIPIN PUD [DI13N2IDWIDYJ JOf 93N313sUl,

Aubwiuan ‘fiopjassng

§2Z0r f10pjassna Ausianun aujaH YouUIaH ‘AYndp4 [DIPAN | UIPIN IDINI3JOIN fo aanasUl,

1035 ulofg ‘ ewiIysNZI NIOGON
Yoo J98joH ‘Je3ad ydoisyd ‘YimasdSes suiges ‘N UBIXUSA\ ‘J3124p|ynis ueiqed ‘Jajyod

dijiyd ‘ussiaUaQ BUE[ ‘YIB|4og SEPIN ‘UUBWLIBINIYIS PIARQ ‘BWIDA BUSN ‘@3IH-10||BA\ BION

SNOLLYIT144V/SYOHLNY

uoinpul ASeydoine

10} sjudwaiinbais uljewop €191V jo SisAjeue d13ewdlsAs



14

3y} SHNJO3J pue xa|dwod SIy} JO HUNQGNS [BJIUD BY) SI ETO1V 18y} 15988ns syodad 1soln “Suissiw

sI xa|dwod 3yl UIyUM Ssuoldelalul ulloid-uialold a|Suls 3y} JO 9dUBA3[SJ Y} INOGE UOIeW.Iojul ||I3S

1nq ‘sieaA 1sed ay1 JaA0 [1R13P Ul Pa1RSIISaAUI U] aARY X3|dWOd THTN dY1 JO SHUNQNS [BNPIAIPUI BY |
(LT-PT 424 Ul paMaIARY) TINV pue ‘(seup| ui21o4d paieaide-dIAY) NdIAY ‘([2seun| suiuoaayi/aulias]
upAwedey jo 1a84e3 dnsiueydsw) YOLIN Se Yyons ‘saseupy Suisuss-ASisaua pue -jusnu weasisdn
Aq paieindau si yjasy xa|dwiod THIN dYL ,’|EMEIPYUM pIdE oulwe Ag uoianpul ASeydoine Aejdsip
J0U Op Ing uoleALIdap 9500N|8 0} dAISUOMS3I D4 DIIW INOYI0UN-I|GNOP Z/THN 3SBY) WO} Pa1e|os!
s1se|qoqld ;. "YHIg Jaye Ajpioys aip ang aalje ade adlw  z/Tyin pue sadAjousyd ASeydoine pjiw

‘AYl|ey1a| dluoAiquia 0} spea| I91qy Jo £THIY JByMUd

Jayied aney dIW 2N 10, T[N SEIIBYM 1 .o
40 1noydouy "ASeydoine ui suiajoid 9say) JO Yoea U0) S9|0J |BIIUDSSD Pa|BIADL SIUBWIIAAXD INOXI0UY
pue umopdoouy , (T [109-pa|l0d 3|qNPUI-TEY) 00ZdI4/TIDT8Y Pue TOTOLY ‘€IOLY suldloud
Suioeuaiul ayy pue (T aseun| I TG-dun) TN @seun| u@loud ayl/4eS 8yl sasudwod xajdwod
urajoud siy ydomiau ASeydoine ayi uiyum apou uolze|nsad |edjuad e ‘xa|dwod THN dY3 Jo uondnpul

9yl uo a319Au0d ||e shemyled Suneande ASeydoiny "suollipuod ssaJdis Jaylo Jo uolleAldap jualinu

Aq paonpul Ajaaioe aq ued Inqg ‘sadAy |90 1sow ul [9A39] |eseq B uo paindaxa s ASeydoiny

4.1 SOSEISIP 91| pue Lieay pue ‘salyledoAw ‘uosunied pue
JaWIdYz|y Se Yyons saseasip 9AI1eIaUa33p0.INaU ‘J9IURD SB YINS S9SeISIP UBWNY SNolJeA ul pajedljdwi
sI ASeydoine jo uonengaisAp syl ‘AjSuipiodny -Aju3ajul (|90 pue ws|jogeldw [euollpuny oy
|elnuassa si ASeydoine pue ‘sjewwew Suipnjoul sa3oAie)na Jaydiy 031 15eaA wouy panIasuo0d si ssado0.ad
SIyL ‘sose|opAy |ewososA| Aq papes3ap sawodaq 031ed 3yl Yydiym ul swososAjoine ue 03 asu uingd
‘S9WO0SOSA| YlM Sasnj uayl 3|2ISaA pauelquiaw-a|gnop siyl ‘swosoSeydoine ainjew e ojul $asojd
asoydoSeyd ay1 ‘s324n0s Je|nj|a0 JuaIaIp wouy SuijeulSiuo sjuswiiedwod sueiquisw Jo uonippe
Ag "panowsau aq 01 084ed ay3 syn8us Jayuny asoydoSeyd siyl "Y3 9yl JO SUIBLIOPOJIIW WOJ) SWIO)
aJoydoSeyd e ‘ASeydoine jo 9sinod ay3y Sulng ‘s9jjauedio aJius Jo ‘saledaud8e uieloud ‘suisjoud

paSewep Jo pap|ojsiw JO duesed)d ay3) Suieipaw ssad04d uollepesdap Jejnjjedesiul ue si ASeydoiny

NOILONAOYLNI

‘paJisap s1 ASeydoine jo uoniqiyul ay3 a1aym ssui1las-asessip
ul 198.e3 Suisiwoud e se TOTOLY PUe ETH1Y U9aMIDQ UOIIIRIDIUI BY] YSI|gelsa e1ep 9say) ‘Aj9A11d9]10)
‘uolleAels pioe oulwe o) patedwod uoniqiyul z/TOYOLIN Ag paanpul sem ASeydoine usym aianss
2Jow asam sadAjousyd pansasqo ayy ‘Ajjessusn "ASeydoine uo s1ays pliw Ajuo pey suialoud g9y
Jo spidijoydsoyd 01 Sulpulq €TO1Y JO uoniqiyul ‘aiowsayrng ‘ASeydoine jo apeydo|q e ul }nsal
Ajluessadau jou op Ajqwasse xa|dwod TN YHUM Sulspialul suoneinw eyl Suiziseydwa ‘s109)49
Joujw Ajuo pey TIJTGY 40 THIN O} Sulpulq JO UOIIGIYUI BY3 Seasaym 1ayd Aloqiyul-ASeydoine
1598U0431s 9y} PaMOYs UoI1deISIUI ETD1V-TOTOLY 2Y1 Sunasie] ‘uononpul ASeydoine pue uoljew.oy
xa|dwod THIN Jo uonenpow |enuslod Jisyy Joj spidi] pue su@ioud YUM €TDIV JO SUOIDRIUI
umouy pazAjeue am ‘auaH ‘uonendas ASeydoine 1oy 1934e]1 SAIDEJNE UB )l SIYEW UOllew.o)
x9|dwod Ul ETHLV 4O JUSWIA|OAUL |eJUDI 3y “Ajlwey g81y 3y jo siaquiaw pue spidijoydsoyd yioq
spuiq Ajpoauip €191V ‘@4ouwiayling xa|dwod TN 9402 e 0} TOTOLY pue TIOTEY ‘TNIN Suinnioal
Aqg u1a104d Jordepe ue se suonduNy €TH1V HUNNS 3y “xa|dwod aseury uiaload TH1N ay1 Aq pailendau

S| uonanpul asoym ssadoud Jenj@d paniasuod Ajueuonnjons ue si ASeydoine/ASeydoineosdeln

1vdisav



‘uononpul ASeydoine ajejnda. 01 yoeoudde uisiwoud e juasaidad 3ysiw uondeaiul TOTOLY
-€TO1V 92U} YUM 90UJIa4a3ul—ANAIIDE BSeUl| THTN JO UOINqIyul 302JIp 3y} 0} Ixau—ieyl 3sa88ns
9M SIXe THIN-YOLW 9y} jo Apuspuadapur ASeydoine asnpul ysiw juawieasy $Sg3 apnid eyl
Suniesipul pue xa|dwod TYTN Y3} 0 uolle|nSas pajeIpaw-YOLIN 4O [dpow paidadde ay3} Suiwuiyuod
‘uollqgIyul YOLIN uodn paounouosd DJ0W IBM SIIBYD PAAISSo Byl ‘Ajlesauan ssaooud siyy
J04 AJojepuew jou sI TIDTGY PUe TN Yiog jo Suipuig ‘1sesjuod uj “uoidnpul Aeydoine Joy |esauad
S ETOLY YUM TOTOLY 0 uoneosse ay3 jeyy sieadde 3 “(uonew.oy exound T19TDLY pue ‘ZidIM ‘€D1
“Janouuny €31) sinopeas ASeydoine Jualaylp pue (Uollgiyul YOLIN PUe UOIIBAJe}S pIoe oujwe “3°))
JInwns o18eydoineold JUaJa44Ip JO SSN SpeWw aMm ‘Siy} Jo4 "uondnpul ASeydoine pue ‘@3S UOIIBWIO)
swosogeydoine sy} 01 JUSWINIDAL ‘UOIBWIO) X3|dwod TH]N JOj SIUS UOdeIdUl ETOIY dY)

Jo @ouepodwi |enplAipul ay) Sunediisaaul AjjesnnewalsAs 1e pawie am ‘Jom juasald ayi u|

*Je} 0S SAISN| SUlewaJ YT ETOLY 3Y3 40 uoilouny 214193ds syl ‘€TH1V 01 Ajluess9I9u 10U pue suiaoad
Sulurejuod-y[7 Jaylo o3 Suipuiq pataije Aq pasned aq YSIW 10943p SIY} SJUIS ‘JINIMOH  "UONIEWIO)
swosodeydoine ul 129)op B 9AI9sSqo pue Ajulje 3ulpulg-y|] pasessdsp JO pasessdul Jayie
Yum veDT Jo sisAjeue jeuoiieinw pawlopad aney osje ASYL ETOLY JO Lyy O) 9EY SINpIsal ayy
Suiuieluod spndad e yum xajdwod ul swiojost €37/€ITTdVIN € JO s21n1anuls |e1sAud ay) paulwialap
aAeyY ‘[e 19 nzng , "suivlold §31v Jo Ajlwelqns dvyvavo syl yum sajeosse Ajleinuaiagaid Y1 €191V
9y1 1eyl paAniasqo aAey ‘|e 19 nwsly pue ~>__c.hmw“— wm~< 9yl JO siaquwiaw Yim uoljdelajul saleipsw

WM 8yl "ETOLY Ul PaRIuspl sem yiow (Y1) uoiSas Sunoesaul-£31/€D1TdVIN & ‘Ajjeuld

g UonNpul ASeydoine uo s10ay
Jouiw Ajuo pey uonoessiul THIN-ETOLY 2yl jo uondnisip ayy AjSuipuodsatiod pue apndad 1ioys
S1U1 Jo uoiaap ay1 ‘A|geION Bulpulg TN 40} B|qesuadsipul 9q 01 ETOLY JO SPIoe OulWE € 1se| ay)

payiuap!l Ajsnoinaid aney am ‘Ty1N 03 paeSal YUM "TIITEY O} pulg JOUUED WLIOOS! SIY| "ZTUOXd Aq

S

papodud Yo3a4is pIoe oulwe 9z e Suissiw aul| ||92 91A00ydwAj-g usyd1yd 0rLa Y1 Ul WI00SI ETD IV
Ue PaAISSCO dABY DA "S9MS 353y} paddew-auly sey dnoud UnQ "ETDLY UBWINY JO SNUIWIDY D 3Y3 0}
S$31IS UOIIRJAIUI TIDTEY PuUe TH1N Yy} paddew aney *[e 19 Sunr ‘1seaA Joy e1ep 33yl YUm juswaa.se
Ul o ‘2.>_w>_tmam8 ‘120194 pue TN 404 sSojoymo 1sesA ayy Sunussaidas 4181y pue TSy Joy

S9MS UOI3DBIDIUI DY} SJoguey (Yq|) uoiSad patapaosip Ajjedisuliiul 3yl ‘€ T8Iy 1seah u) ‘paJapJosip

8T ‘Lt

Ajleaisuiiul sI €TOLY 40 Med |euUIWIR}-) Y} ‘SNUIWIBY N PaJnidnJls ay} 0} ISBJuod uj

4 UOI1eAJEe)s uodn xn|y o18eydoine sapadwi pue a3is
uonew.oy awosoSeydoine ay} 0} €THLY JO uoledo|sues} sugiyul ‘Suipuiq pidijoydsoyd saseasoap
Aj21an9s sanpisal A9y 1 9sayl Jo uonein|y (8d(S‘v g)suipad) @1eydsoydsii-g‘p e |jousouljApneydsoyd
YUM JU9IX2 19SS3| B 0} pue (dpsulpid) @1eydsoyd- [ousouljApieydsoyd ‘(dgsuipad) @1eydsoyd
-¢ |ousouljApieydsoyd ‘(yd) pioe oneydsoyd yium uoioesaiul sy 91eipaw s9109ds SSOJJe PaAIasuod
S3NPISaJ PIJe OUIWE JNO4 o, "SNUIWISY N SWaJ1x3 s Je yizow Buipuiq pidijoydsoyd e suieuod €191y
‘Ulewop VINYOH 3Y} 03 IXdN , ., '633V 1sedh pue 191y Suipnpul ‘papiodal usaq aAey ulewop
VINYOH E€TDLV/ETSIV dy3 Jo siaupied Buipuiq [BUOIHPPE ‘D10U JO ,,'PRI2d4jeuUN S| Xajdwiod dy3 o3ul
sHUNQgNs JaYy1o ay3 JO JuswinIdal 3y ‘uonnpul ASeydoine pasiedwi 03 Suipes| Ajrewnyn ‘xa|dwod
TN @Y1 ol pajesodiodul 10U SI ETHIY YUM DZlISWIP JOUURD YdIYM UOISIDA TOTOLY ue eyl
MOYS “[B 39 DINZNS .. . "Aj9A1IdadSal “TOTO LY puB ETDLY JO UONEZIISWIP PIIBIPIW-YINYOH Yl pue
I|-ZPEIN-O Se TOTOLY 40 a4n1dnuis oyl unuodas sdnoud Jaylo ¢ Agq pajuswa|dwod uasq sey Suipuly
SIUL ,,"91B1S ZPBA-D 9yl O} SPUOdsa.I0d 2.n1dNJIS YINYOH E€TDLY 3y} pue ‘UolewIojuod (zpen
-) Paso e pue (ZPeN-0) Uado ue UdIMIDY YIUMS UBD ZPEIA ,,"ETDLY Ul UlBWop YINYOH e Ajuap!
0} 1541} @Y} aJe ‘|e 19 oer ,'sdeludAO [eUOIdUNY OU ING SANLIeIWIS dduanbas Aedsip yoym ‘¢pBIA
pue /A9y ‘TdOH sula304d apISING130 S30AWO0IDYIIDS BY} Ul PAIJIAUSPI 1SJl4 SeM ulewop siyj ‘wuojield

UOI}0BIIUI-TOTOLY Ue Se Sujuoiouny ulewop YINYOH € sasiidwod €TD 1Y JO Snuiwid) N ayL

‘shemyied Suijeusis ASeydoine a1e|n8au 01 yoeoudde sjgenjea e aq WSiw €TO 1V
SuinjoAul suoideIRlUl UIRl04d-UI104d JO UOIIBINPOW B} ‘Saul| 3saY) BuolY ETDLY 4O Juapuadapul

TJDOTgY Pue T)1N JO uoldeIdIUl 10341p e s3ledlpul 1Jodas auo ySnoyy ‘syuauodwod Sujuiewsal

07-8T ‘9



aJe s|aAa| uielo4d €TDLY ‘Ajejiwis “(sweudeip ul aAInNd paJ pue ye|q atedwod ‘Qz *814) S[192 O
WOJ JUBIBHIP SI Yd1ym ‘soxajdwod ularoud egy 00z 01 00T 03 Sulpuodsauiod suolldely Ul S91e|NWNIIE
TOTOLY seasaym ‘odAjouayd Q) €r610 9yl s9|quasal uonnguisip TYIN ‘@iou JO ‘(swesSelp
ul 9AINd pad pue sjaued Jamo| ‘e *814) suoIdel) SSeW UBINJI|OW-JaMO| 03 TOTOLY PuUe TN ‘€TOLY
1O YIYs e pue xa|dwod THN P3|qWaSSesIp e Ul palnsaJ aduanbas £/ N-87EA Yl Sunsep Aq €191V
YHm uoijoesdiul TIDTAY dY3 Jo uondnusip ‘Ajjeulq (9€ 03 6z suopoely ‘sjpued a|ppiw ‘ag *8td) e 00T
0} Q0¥ JO Ssew Jejndajow e 01 Sulpuodsaliod suolldedy ul sjunowe udload y3iy Aejdsip €191V pue
TOTOLY ‘Ajeuonippy ‘(sweiSelp ul aAInd an|q pue sjaued s|ppiw ‘Qg "814) suoldel) SSeW Jejndajow
-y31y ay3 u1 Jussaud Suiaq suialoud pazAjeue |je yum xajdwod THTN Y3 JO Ajquiasse ay3 $24031saJ S[|3D
03l 9s3Y3 ul €191V 2dA1-p|Im Jo uoissaidxa-ay "e@y € UBY) JOMO| S3|ND3OW SulUIBIUOD SUOIIDRIS Ul
Jawouow e se Ajulew s1SIxa TOTDLY 'SUOIIOEJ) SSEW JB|NJS|oW-JaMo| Ul saanquiasip Ajuo TN ‘(Tz 01
8T suonoed) ‘ae "Si4) edin € Aj1ewixoidde Jo sexajdwod 01 Suipuodseiiod SuoIldel) SSew Jejndajow
-ysiy ur uasaud s TIITGY SeatayM (sweadelp ul aAInd yde|q pue sjpued Jaddn ‘ge *814) xs|dwod
TX1IN dY3 3|qwiasse jou op s43N OY £I630  ‘Ajsnoinaid payiodal uaaq sey sy "pajonpuod asam
sjuswadxa AydesSolewodyd uoIsnN|IXa-azIs ‘Siy} 404 "uolPesdlul TIITIY-ETOLY Syl JO uoniqiyul

a1 Aq pa1daye ag 1ysiw xa|dwod TN 3Y1 JO A|quasse ay} Moy pue ji pauolisanb am IxaN

“TIDTEY YIM UOHDBIDIUI 9Y) SDIBIPAW £/ EIN-8FEA 20UaNDBS ETOLY Y3 183 WIuod sAesse y1oq
‘SS9JaYANSN "ETD LY YHM uol3deIDIUl JO uoliejAuniolq 03 anp paylind aq 1ySiw suiajold ‘@10219Y3
‘paind pue pajejAuiiolq i 4asH €TOLY 18yl 210N 'SIUBLEA ETDLY [[B YuM panlind sem TOTOLY

‘Aenauod syl uQ (Jz "814) sojdwes Jsaylo ||e ul Jussge sem Ing €TOLY Yi3ual-||ny Suissasdxa s[|92

wouy paylind Ajuo sem TIITGY 1yl pajeanas Suiniojgounwiw| ‘suieoad Sulldelalul Jo UoII3IBP MO||e
speaq aulpineldauls Ag sui@ioad palejAuriolq Jo UBWIYILIUS pue sisA| ||90 Juanbasgns . “patejAuliolq

awo023q utajodd uoisny zx3dy aYi 03 [ewixodd sui@iod Ajuo ‘snipes Suljjaqe|

eWS & dABY puE Panl|
-1oys aJe sjeajped |Axouayd a0uIS “unoIq Yim suielold |age| Agaiayl pue spioe oulwe yd14-uoJ3dd|d
AgJeau yum 30eal Aj3uajenod Yolym ‘sjedipes jAxouayd-uiiolq 03 paiJaAuod si jouayd-unolq papiaoid

QY3 ‘asepixoJad ay3 Jo uoneAnde uodn ‘s43N O) EIH610 ul passasdxa pue gx3dV dA1eALIDp asepixotad

91eqJ0dse 9yl yum padsel ausam syuelien €191y ‘Aesse siyy uj ‘sangdes||0d pue 3ul] Aq padojansp

9€-vE
Aesse 8ul|jaqe| unolq OAIA Ul By} Pasn am ‘puodas ‘TIDTAY YMM uoloesaiul ayy jo uondnisip
9y3 Suiiesipul ‘s|[93 |041U0D 0} Je|IWIS JUNOJ |eusdis e pajeanad (££EIN-SYEAV)ETDLY Suissaudxa s43N
15eJ3U0 U *(gZ "S14) S[|93 [041U02 01 SIUBIRHIP JuedYIUBIS Yyum sjeudis Suouis pahe(dsip €TD1V Y13us|
-|IN} YUM PaINUISUOIBJ S||3D "Pasn a4am (JV) shuiwial J aJiaua syl Suppe| €191y Suissasdxa s43N
OM £1610 pue €191V pad3eiun Suissaidxa S43N LM 161V $|043U0d dAlleSBU SY “Salpogliue TIITgy
-ljue Jqges Yyum TIITEY Pue SaIPogiaue YH-1IJUE 3SNOW YHM paulels 1am sjuellen €191V pasdel
-VH ‘sapnoajpnu juadsalon|y Aq pajeipaw s| uoneziensip ‘Ydd Aq uonesyidwe jeusdis |eiuauodxa
yum pauiquod uoiyusosal-Apogiaue Suisn suolloesaiul ujlodd-uieiold 3|8uls Jo UOIIBIBP SMO|[e

1eyy Aesse uonedi| Aywixoud e paAojdwa am “ISui{ "OAIA U] uoldeJalul uldjodd Jojuow O3 sAesse

|euolyppe gz pawdogiad am ‘uonesnyundounwwil Aq 3]ge10939p 10U S| }BY} UOIIOBIDIUI Pauddeam
e Ul s3nsaJ Ajuo €/EIN-8VENA JO uonalap ayl 1eyl Ayjigissod ayy apnppxa 03 JapJo u| *(yez *8id) s43N
0) £T610 Ul SjuelIBA ETD]YV JO UOISSRJ4dXD BY3 SUIMO||0) TYHTN PUB TOTDLY 4O S|9A3] ul1R104d paseasdul
woJ) pue sjyuswadxa uonedyndounwiwl WoJ) JUIPIAR SBM SIY| ‘PRIIRME Jou SemM TOTOLY
pue T)1N 01 €TOLY Jo Sulpulq d)iym ‘Uondesaiul TIITAY-ETOLY Yl pardnisip uanbas siyy jo
uol3v|a@ HT Uoxa uewny Agq papoaud SI YdIym ‘gz wiojos! €TV uewny Jo €/€IN 03 8FEA dduanbas
pIoe oujwe ay3 0} spuodsaliod ¢ UOXa ueiAe Aq papodud ddudnbas ppe oulwe dyl . TIITAY
UM €TD1V JO UOIRIIUI PaNGIYul O} pea| ¢ UOXd Ag papoous Spioe oulwe 3y} jJo uona|ap

YoIym ul ‘ovLa aull |90 d3ko0oydwAl-g uaxdIYd Y3} Ul WI00S| ETOLY U paniauapl Ajsnoinsid aney

9M ;' ETOLY JO SNUILISY D 3y 16 PaIedo| 3q 03 panodal sem axs UORIRIRIUL TIDTEY-ETOLY YL

3315 U0IIILIAIUI TIITGY Y3 S3s1dW0d ETDLY JO ELEN-BVEA 9Iuanbas plov ouup ay |

'(2 ‘YT "81d) AjaAioadsas ‘TN Jo ‘suaquiaw Ajlwey 891V ‘TIITaY

‘TOTOLYV ‘spidijoydsoyd o3 Suipuiq jo sjqededul syuerien €791y d1199ds Suisn sisAjeue d11ewalsAs e

pawuoad am ‘ASeydoine Joy spuswalinbal ulewop €191V 9yl azAjeue AjpAIsSusyaidwod 03 JspJo u|

S1INS3y



0T

yum payndod sem juenea (., AF1d)ETOLY dY3 ‘sudwiiadxa uofeayund Uno uj "uoiouny ulewop
VINYOH 3Y3 109448 Ajjeuoiuajuiun 3ySiw uoieinw pue ‘ulewop YINYOH 2y3 01 [ewixoud AJaA s| jnow
SIYL *(;,,087d) utewop Suipuiq pidijoydsoyd pajeinw e suLiogley IOV pazAjeue osje 3 “3|qissod
J0U sem TDDTEY Pue TN staqwaw xajdwod THTN J24yio ay3 Jo uoledylindod ‘uodesaiul €I91Y
Suissiw ay3 01 anp ‘aJowsyuing *(op 8i4) TOTOLY Yim Suiidesaiul jo 3jqeded Jou sem (., dH ‘JueINW
Ulewop VINYOH paweu ‘Y8ETA'VETA'EETU TETI) JUBLEA ETDLY PIOE OUIWE Y} dIym ‘palylindod
sem €191y adAl-pm AjuQo 'TOTOLV JO siwuswiadxa uonedylundounwwi pawdojad osje apn
(g "814) €TOLV Ya8us|-||ny Suissaudxa S[|92 Ul JUSPIAS S| 193443 Sulzl|Igels Yl {TOTOHLY UO Uolldesalul
uigjoud-uraroad TOTOLY-ETOLY Yl JO 109449 Bulzl|iqels ay) Jo aduasge ay} 0} anp st siyL “(ay “81d)
S43IN O) £TH10 10} PAAISSCO SBUO 3Y} 03 Je[IWIS 3J9M 1By} ETD1Y JUBINW 3y} YHM Pa3Iajsuety §||9d ul
S[9A3] u19104d MO| Pa12919p M ‘TOTOLY 40 Sumojqounwwi Suiwiopad usym *(ay “814) @ousdsalonyy
snua,\ paseasdap Agq pa1oalap Se uoldesul TOTOLV-EIOLY 2yl jo uondnisip ayy o) pa| aulueje
01 8ETA PUE YETA ‘EETY ‘TETI SPIOE OUIWE ¢ 9Y) JO SFUBYIXD ‘JOASMOH *(UMOYS J0U elep) TOTOLY
pue €T9H1Y U29M1aQ UOIDBIDIUI BY) dDUIN|JUI J0U PIP SPIde oulwe 3|Suls Jo suonen|\ ‘TOTOLY
pue €191V 2dA}-p|im jo uoIdRISIUI Y} A pajuawWa|dwod Sem dUdISaoN|4 SNUBA ‘S4JIN O £I610 Ul
suta104d uoisny TOTDLY-ISNUIA PUB ETD1Y-NSNUIA JO uolssadxa uodn “Aj@A1z0adsal ‘Snuap juelien

d4A 3y} Jo 1ed [eulLIRI-D JO -N Y3 03 pasny alam TOTOLY pue EIDLY ‘SisAjeue siyy Jod

‘Aesse uonejuawa|dwod
20uU32saJonyy Jejndajowiq e Aq pazAjeue sem sjuelien €9V 9say3 03 TOTOLY 40 Sulpuig pue ‘auiueje
0] padueyd uayl aJam (jaued Jamo| ‘g *8i4) ddepia1ul €DV 9yl Ul sanpisas j30ds 10y SNSUISUOD
ayL *(tTs "8d) ,,240058nua Aq 10U ING VS/EO-ININ Ag payiauap!l sem €TDLY JO (85 O} €€ SANPIsal)
dooj| J0309uu00 3y} Ul pa3edo| syods oy Suipulq [e13ud3od 4O 131SN|D B ‘DI0WIBYIINS "DSIAA 3IIA STTA
pue ‘, 510053n1Q Aq 10U Inq YS/9D-ININI AG PaIjI3Uap! 919M ¥ TY pue 6ETY ‘uonippe u| “(jaued a|ppiw
‘vt "814) A8iaua Buipuiq SA133YD 3Y) 03 ISOW INQIIIUOD ‘TET| JUSIXD JSSSI| B 0} puB ‘ETA ‘VETA
‘EETY 1BY} PAUIJUOD SUOIRINDIED YS/GD-ININ BUL ,, . [9A3] dnpIsal-1ad e uo AJaud Bulpulq aA130943

93 JO uoIsodwodap B YlM pauiquiod suollejndjed ys/go-ANIN pawiojiad am ‘sjodsioy paidipasd

6
33 21epljen Ajuspuadapul 0] . 'sanpisaJ 30ds J0Y Ul PaYdLIUR S dUISOIA} pue ‘dujuiBie ‘aupna|os|

‘(j]oued Jaddn ‘v 814 ‘8ETA ‘VETA ‘€ETY ‘TETI) S10ds 10y Suipuiq paJapISUOd 9J9M dulue|e 0] paleinw
uaym _jow [edy T < DYV d8ueyd ASuaua dau) Sulpulg e ul BuUnINSL SANPISL AVBLIDIU| ,"IBAIBSCIM
1449409S8N1Q By Buisn (pz "Ja4 ‘0SDS ‘Al 8dd) JaWIpoIIdY VINYOH TOTOLV-ETDLY uewny ayy
JO 24N30NJ1S Y3 UO 20e4IdIUI TOTOLY-ETOLY 9Y1 JO Suluueds aujuele jeuolneandwod e papNpUod S\

"TOTOLY 03 ETOLY 40 SUIpUIQ BY3 Ul Pa1SaIaIul OS|e 3J9M M ‘UOIRISIUI TIDTEY BY3 03 UOHIPPE U

10191V

Yum uoidpiajul ayy of Aiolppubw aip €IDLY Jo 8ETA pup YEIA ‘€ETH ‘TELI SPIIL oulwp ayj

‘aJoydodeyd ay3 01 JuBWIINIIDI PaNUGIYU! pue xajdwod THTN 9Y3 Jo Ajquassesip sayonoud
uiny ui siyy -spndad siyy jo uonajsp ayi Aq paysijoge aq ued uolessiul uielosd-uisloud siyy pue

‘€TD1V Ul 3)IS UoIoeIIUl TIDTEY dY3 SIuasaldal €/ EN-8FEA 22uanbas ayy “4ayiagoy uaye]

‘(sjoued 1y3u ‘g *814) uononpui ASeydoine Aq pajoayjeun sem suiaload yioq Jo uonNqLsIp pue
‘Svd 9yl 03 TIOTEY 40 ETDLY JOYMS JO JUBWNIOAI DY) d10wW0.d J0U PIp JUBLIEA (ELEIN-BVEAV)ETDLY
9yl JO uolIssaudxa ‘Isesjuod u| ‘(3sul 99s ‘SS93 €TOLV ‘€ “8i14) 9us uonewuoy swosodeydoine
ay3 juasasdas A1l 18yl s1op Buizi|ed0jod PaUqIyxd TIITEY Pue €IDLY ‘UOIleAlels plde oujwe
Ag uonpnpul ASeydoine Suimo|jo4 (INJNG €TOLY ‘€ *S14) TODTQY JO uonenwndde Jespnuiad e
YHM €TO1V Y13ua|-[|ns YHM painiiIsuodal s43A OY £1620 ul suoiypuod Suimoss apun sui@iold yloq
JOJ UOIINQLIISIP dSNYIP PaMOYs sjuawliadxa 2duadsaionjjounww] "d)is uolew.o) awososeydoine
9y} 01 suiP04d Y10Q JO JUSWIINIODL DY} UO D343 UE SBY SIY} JI Payse Ixau am ‘panqiyul

S| TDDJTgY Pue €TOLV JO UOIPEIDIUI SY} UBYM PawJo} Jou Si xa|dwod TY1N dY} asnedag

"(WZ 814) Y109 4o ‘TOTOLY “TH1N J0quey ysiw saxajdwod asayl ‘€TOLY
sapisag xa|dwod TN UapuUadap-TIITY 413Ud By} UeY) Jayied Juelien (£/EIN-8YEAV)ETDLY 3y}
Suissaudxa s||22 ul paw.oy aJ4e saxajdwoogns Sululeluod-gTH 1Y 1Byl 21edIpUl Blep 3S|Y| 'SUOIIdeIY

Jo1e| ul juasaud Aulew aue pue suoledy ssew Jenasjow-ysiy ul paisjdsp Aj@19|dwod isowie



[4%

‘v9 *814) Aydei3olewouyd uoisn|axa-azis Aq uMoys se uollewJo) xa|dwod TH]N UO 109))9 Ue daAeY 10U
pip suoneinw asay| ‘sdvdvdyd pue s€J7 yum uonoesdiul uqiyul AjpAizdaye o3 (a1 *8id) auluele 0y
0T¥l Pue £0pd paBueydoxa am , “[e 12 nwdly Aq ETDLY Ul J30W Y[ dY3 U0 1odas 3y} yum Juawaa.se
ul "Ajjwey 881y 9yl JO SJaqWIBW YUM E€TD1Y JO UOIIDEISIUI 103JIP S9IBIPaW ulewop (Y[1) uoiSad

Suoeaiul-g)7 3y “sutelosd €TD1Y J0j pa1iodas USSQ SABY S3BJISIUI UOIIDRISIUI [BUOIHPPE OM]

a|qosuadsip s1 fiiow Y7 a3y 3j1ym a3is uoipwiiof awosoboydoino

3y 03 juawW3INII3I pub uonpwiof xajdwod TN 40f paiinbai s| uoiILIAUI TNIN-EIDLY 3YL

*J9Y30 yoea ajesuadwod moyawos ysiw
sa0eYIDIUI 3SBY) Ag pajeIpaw suondeldlul Jeyy Suiedpul ‘uoissaudoad Suljeusis 309 e Jou saop (,,,aH
Jo ,a91d) Sdoe4I23ul UO(IERIDIUI T BY3 JO BUO Jo uoldnisip ay3 1eyy Ayromalou st 3| -aloydodeyd
9y} woJy TIITEY pue €TDLY JO aseajas ay3 Joj jueriodwi yjoq aJse spidijoydsoyd pue TQTOLY 0}
Sulpulq uapuadap-€T9 1Y ‘Uiny uj "Aydsesaly [eJodwal Yl UIYIM J3IJJed 4220 JYSiw pue uoldelajul
JI9Y} uo 3juapuadap sI TIITGY pue E€IDLV JO JUSWNNIIBIL Y} 1Byl 303dsns am ‘Uojje|nwindde
SIy3 paysijoge ays Sulpuiq TIITY @Y} JO UOIIR[BP ddUIS 1S uofrew.o} AjJea Aan e Jo aioydoseyd
9y} 03 sulajoJd 9saY3 JO JUBWHNIORI BY} JO wealsumop uolssaldoid Suljeudis pauqiyul Aq pasned
Ajlennualod si TDJTEY pue €TOLY 4O Uolie|nwndde 3y} 1ey3 azisayijodAy am ‘Uo13eAlasqo siy3 uo paseq
‘(ELEN-8YEAV,,,AH",,,A91d ‘Qp "814) xS uoidesdlul TIITEY dY3 Sunienw Ajjeuoiyppe Aq pasianal
sem adAjouayd s|qelou sy *(,,,dH",,A91d ‘€S pue ap "Si4) uononpul ASeydoine uodn paseatoul
USAD SeM UDIYyM ‘paldalep sem TIITGY pue €TO1Y JO uonlenwnide juauewusad e ‘@)s uolelalul
pidijoydsoyd pue TOTOHLY dy3 yioq Supjde| Juetien €191V 3y} Suissaudxa s||9d ul “4aAamoH “(,,,aH
nud91d ‘Gt "814) uoneasels Aq uononpul A3eydoine jo juspuadaspul 3q 03 paseadde Jaquinu 1By}
ysnoya ‘eound aAnisod-1IJTgY puUe -€T9D 1YV 40 uonewoy parioddns sanuadoud Suipuig-pidijoydsoyd
Jo -TOTOLY 10BIUl JBYYD Suppde| suoneinw dj8uls Sulpuodsaliod ayl ‘(€LEIN-8YEAT",, AH",,,A81d

‘ELEN-BVEAV W AH  ‘€LEN-8VEAV',,A91d ‘v 81d)  J4ayue  uomodnpur  ASeydoine

1T
uodn uonez||eao|od TIITGY pue €TH1Y Hoddns jou op uoirew.oy xajdwod YN 4odoud e jo a|qeded

jou oaJe 1eyl sjueleA €191V isow leyy pojesnad syuawIadxa 2Juadsalonjjounwwl ayl

*(swedSerp ul saAIND U343 pue paJ d1edwod (€L EN-8YEAV',,,AH',,,,A81d DS "81) |, AH’,,,ag1d
juenw 3|gnop ayj 03 pasedwod juelnw 3duUy Ay} ul dSueyd jou pip uolewloj X3|dwod
‘Alleurs “(swedSelp ul AN US3I8 ELEIN-8VEAV',,,AH ‘S "S1d) suoipoely ssew Jendosjow Aped
Ul S|9A3| u1R0d ETD1Y PUB TN JO UOIdNPaJ |euolippe ue pajowold Ing TOTOLY Iedwl Jayuny
J0oU pip jueINW JuUdPKBP-BUlpUIG TOTOLY Y} YUM Juaidyap-Sulpulq TIJTEY Ay} JO uoleulquiod
‘(@z 814 99s) 1ueleA €/EN-8VEAV 9|3uUlS Byl JOj Pa121BP SEM SB SUOIDRJS JD1B| OUl THIN
pue TOTOLY ‘ETOLYV 4O UOANGUISIPaI € PIdNpUI (SWeJSelIp ul 9AIND U3RJS ‘ELEIN-8VEAV',,,A91d ‘VS
*814) aus Bulpug-12JTgY pue -pidijoydsoyd ay) jo uoieINW 3|GNOQ “uoldeIAUl TIITAY paidnisip
B YlIM UOIIBUIqUWIOD Ul pazAjeue Jayliny 24om SJUelleA €TO1Y pPaqlassp ayl “(sweaSeip ul aAInNd
pas fAH',,a81d DS "814) siusuodwod THIN 3yl JO UOHNGLIASIP BY) UO 109443 SAINPPE Ue UGIYXd
jou pip urewop Sulpuig-pidijoydsoyd ayi jo UOIIEINW [BUOIIPPY ‘SUOIIOEI} 193B| Ul PIIBIIUSIUOD
pue suoloedy ssew Jendajow AjJes ayy ul Sjunowe Mo| Ul juasald sem €T91Y ‘saxa|dwod
uialoid QY 00Z O} 00V Pue eQIN € 9yl Yloq wouj 1uasqe Aj219|dwod SI U SjIym ‘Suoiloel) ssew
Je|nds|ow-Mo| 8y} ul Jawououw e se juasaud Ajuo s1 1 se adAlouayd O £1610 9Y) s9|qwiasal TOTOLY
J0 uonnquisig “(sweusdelp ul dAIND pat { | aH ‘aS “814) Ajlquiasse xa|dwod pasdye Ajpsanas dus
uoiIdeJSIUI TOTDLY Y3 JO UOIIRINW ‘ISeIU0D U] “(swesSelp ul aAInd pad ! ag1d VS “8i14) Alquasse
xa|dwod TYTN 3Y3 1034e 1ou pip aus Suipuiq pidijoydsoyd sy3 Jo uoneiIny ‘dduldsaonjjounwwl
Agq asoydoSeyd sy o1 Juswunidas  pue AydesSojewouayd uolsnpxa-azis Aq  Ajquasse

x3|dwod TH1N Y3 pa1es1ISanul 1xau am ‘@deylaiul Sulpulg-TIITY 9Y3 10§ dAOGE PAGLIISIP SY

“(s "81d) 4aye padaye Jou sem ‘AjaARdRdSaI ‘TIITEY 40 THIN YHM ETOLY 4O
uonoeaiul Y| *(gs 8i4) uoneinw agild ayl Jou gH 3yl Aq pa3dajse Jayiau sem 1y ETDLV Jo urewop
VINYOH @Y1 01 puig 03 paljodaJ uaaqg Ajjuadad sey Yoiym ‘¢TO1Y YHUM uojoesaiul ays ‘Ajpuersodw)
‘payqiyul uleSe sem TOTOLY YHM uondesaul 3yd (,,,aH,,d91d OF "S1d) juelern agld ays

Yum uopeinw gH ay3 Sujuiquod Ag *(,,,a91d ‘¥ '8id) ulewop YINYOH 30e3ul ue Suliedlpul TOTOLY



T
Ue 9ABY 10U PIP 8IS UOIIEIAIUI TIITEY Y1 JO UOHS[IP JUBNWOIUOD *(,,,AH ‘AL *814) xnjs 218eydoine
paonpas Apuedsyiusis Ul paynsal ays UOIPRJIUI TOTOLY dYl JO UOIBINW ‘ISeljuod U] “(ELEN

-8VEAV',,,d91d ‘L "814) Ananoe d18eydoine 109j4e Ajuediiusis Jou pip 91is Sulpuig-1IDTEY Ayl pue

-pidijoydsoyd ay3 y10q jo uoneINw ‘sIMNIT *(,,,A81d ‘AL “814) WeINW ag1d dY1 40 €TOLY adA1-pji
YHM Pa3IN3IISUOII S[|9D Ul JB|IWIS 9J9M S|9AI| UId304d [|-€D7 "J9YHD SSG3 YHUM UOIIBAIELS PIJE Oujwe
Aq uononpui ASeydoine asusnjjul jou pip ulewop 3ulpuig-pidijoydsoyd ayy jo uoneinin ‘€I91V

JO S4110W UOI1DBISIUI JBYIO BY) pazAjeue Jayliny am ‘Buislidins Jayies a1am ssuipuly asayy sy

‘uononpui ASeydoine Joj Alojepuew jou
SI TJOTEY YUM ETDLY U29aM1aq UOI1oeIIUl DY) Jey) 1s988Nns elep asay) ‘AjaAI3]|0D “(ELEN-BVEAV
pue €191V ‘g 814) uononpul ASeydoine Aq paonpul sem uoijew.oy epund Z|dIM 3|IYym ‘suoiipuod
Suimou8 Jspun wse|dolAd ay3 ul UOIINQLISIP ASNYIP PIMOYS JUBINW E€/EIN-8VEAV @Y} JO E€TDLV
ya8ua|-||ny Suissaudxa S43N O EIHID Ul ZIdIM JO ddUdISAJON|JOUNWW| “UOIIBAIDE X3|dWOod TY1N
Jaye Ajioys asoydoSeyd ayy 01 paunudad st Yaiym ‘gidim uielold ASeydoine Alea syl asoyd s
“J9yJew d13eydoine Jsyloue >2ayd 01 papldap am ‘uonepesSap Jo/pue uonepidll €37 uo AjaJ ey os
paAojdws sinopeas ASeydoine sy asuls *(J£ 814) xny4 218eydoine sjqejdaiap Aue [eanau 10u pip (V)
SNUIWLIBY D 413U BY) BUBJIB| UOISIOA ETDLY UB ‘SIFN ON 7610 dY) 01 Jejiwis *(J£ *81d) (ASeydoine
pasnpul) $S93 YyHm uoizeuiquod ul 4o (ASeydoine |eseq) suoje Ty uAwOjIEg YlM paleaU] S|[93 Ul
S[9A3) [I-€D7 Jejiwis pake|dsip JuelLIeA €/ EN-8YEAV BY1 10 ETOLY YIBUD|-||N} JaYNS YIM PaINiiIsuodas
S43IN O £1610 pue s43N 1M £Ib61v uleSy ‘Suimojqounwuwi Aq Aesse uanouuny €7 ue pawJsosad
am ‘Ajjeuld *(g£ “814) ss93 yum ASeydoine 3upnpul Aq psosueyus sem 12949 SIY) pue ‘Juswiesty
Ty upAwojiyeq uodn (€£EN-8YEAV)ETOLY 40 2dAl-piim Jayye Suissasdxa s||92 ul paseaoul elund
aA13Isod-€)7 JO Jaquinu 3yl ddUlS ‘UOIIBAISSO snolnaud uno paiioddns Aesse siy| €7 snouaSopua
4O d2UdISAION|JoUNWWI PaWIopd 9M ‘4NSaJ SIY} WU Jayliny o] (V£ *S1d) SSg3 YIM Juswiesy
J9)e PaAIRsSqo SeM AlSUdIUl 9DUISAUON|) pPAJdNPaJs B AQq pajdelep se uonepesSep gegdl Lduls
‘Ajinnoe A3eydoine @auanpjul 10U pIp €LEIN-8VEAV UBINW €TD1Y 3yl Jo uoissasdxa ‘Ajpajdadxaun

(VL "814) €191V YI8us|-|Iny YUM painuisuodal s43N OY £I60 ul se ||am se S4IN LM EI61v

€T

ul U93s 9q ued se ‘Ty upAwojiyeq Suippe Aq pasianal 3Q UEd 1349 Sy} pue ‘uoidnpul ASeydoine
Jaye aduadsalon|y mo| Aejdsip Assuiyoew Suijeusis ASeydoine 1oejul ue yum sjj3) "AszswolAd mojs Aq
uolepesgap ged1-auliIW PAdNPUI-UOIIBAIE)S PIOB OUlWe pazAjeue am ‘Yyoeosdde 3siiy e Ul “xa|dwod
TN BAIA € Y3 JO UOIIBWIO) BY) 104 |B13UDSSD AjjudJedde S| uoI3oeIdIUI SIY} DUIS ‘UOIOBIDIUI TIITIY
-€TOLV 3y} JO juswaJinbal ayy paiesiisanul am ‘isai4 "uonendas ASeydoine Joy dueAS|DJ JIBY)Y Ul

pa31saJa3ul IXaU aJ1am am ‘siauiied Sulpulq S} pue £TO|Y U9aMIaQ SaYIs UoldeIRlul 3y} Suiddew Jayy

Abpydoinnp pasnpui-uoipaipls piap ouiwp 13ffo Aj3apd ETHLY Ul Sas UOIIIDIAIUI Jo SUOIIDINIA

‘(D1LV ‘@9 "S14) pa1qiyul sem a1is uoljewoy swosoSeydoine ayi 01 suiaroad yioq
JO JUBWIINIDAL ‘TIDTEY YUM SIOBIDIUI |[11S JUBLIBA (DTLV)ETDLY 241 18yl 108} 9y audsaq "(swesdelp
Ul 9AIND Ud3I8 V1LV ELEN-8VEAV ‘Y9 “814) suondel) AjJes wouy TOTOLY 4O uoia|dap ay) ul pajnsal
€TOLY Ul S9)S uolPeJaIUl TIDTAY Pue THIN @Y} yloq jo uonajdg ‘(swesSeip ul aAInd paJs pue
sjaued Jamo| D11V ‘v9 “Si4 pue 8T ‘JaJ) suondedy ssew Jejndajow-ysiy ui uasaud ||13S aJaM €TDLY
pue TOT91Y Yioq ajiym ‘AydesSorewolyd uoisn|oxa-azis Ul SUoIde.) Ja3e| 03 THTN 4O HIYS B Ul paynsal
€TOLY Ul 8IS UONDEIIUI THTN [BWIUIW Y} JO UONSIDQ 4, '(AT “814) UoNdEILIUI ETOLY-TIIN dY1 JO

uolqgIyul 3y} Joy paiepljen uaaq Ajsnoinald sey yaiym ‘uolzeinw DLV Yy paiidde am ‘Ajjeulq

‘uonanpul ASeydoine aydsap snajonu
9yl 0} €791V JO uollezi|edo| passeaJloul 01 ps| jueinw a|gqnop €191V Syl jo Co_mwwhaxw kwuor_ 10
"(ELEN-BVEAV',,, 1T D9 "814) UondeIaUl TIDTEY dY3 Jo Uona|ap Aq paliqiyul os|e sem yaIym ‘(M
39 *814) 1swieal ss93 Aq uondnpul Aeydoine Jaye €37 YUM €191V JO UOIILZIEI0|0D 3Y] 1D9)4€
jou pip jiow Y[ 3y} jo uoneinw ‘AjSunsasaiul (ELEN-8YEAV',,, 411 ‘@9 81d) aus Bulpuiq TIOTEY
3y3 Jo uonR|Rp |euolppe Ag paysijoge sem utede yaiym ‘(411 ‘@9 "814) uononpur A3eydoine saye
SVd @Y1 01 TIJTEY PUe €TOLV JO JuawinIIaJ Jadoid panIasqo am ‘aiowiaynng “(sweaSelp ul aAIND
U9a43 ‘ELEIN-BVEAV,,, Y11 ‘W9 "S14) Xa|dwod dy3 jo uondnisip pamoys als uondesdIUl TIITEY dY)

pue Y[1 Y} y30q Supde| JueInw 3|gnop e sealaym ‘(sweselp ul 3AIND pas pue sipued saddn ! Y[



9T

*(£S *814) SS93 yum uonenasels se Ajejiwis asoydodeyd ayl 01 xa|dwod THTN Y3 JO JUSWINIIDI
9yl padnpul guuol ‘suowayung ‘(J9s pue g9s ‘Si4) upAwedes Aq ueyy guoy Aq pasnpul
Ajpusuiwoud alow sem €191V Ul 8TES-oydsoyd Joy Suimojqounwwi Ag pasojiuow se AjAIoe aseuly
™IN ‘Apuassisuo) . * queisisal-uioAweded, Aj9Injosqe jou sem dls siy} ‘ssajayrianaN ‘(39S pue
€9s "814) Joxeam yonw paseadde uonejAioydsoyd 85/ 1 THTN JO UORIGIYUI BY1 ING “JBJILIS DI9M G8E |
1e uonejAioydsoyd TGN9SdY UO S10949 paonpul-upAwedey ‘() 01 y9s *8i4) saus uonejAioydsoyd
YOLIWN umouy [jPom aJe yolym jo yioq ‘68€l e uonejAsoydsoyd Tg)9Sdy Se |[@m se 8G/|
je uolielAtoydsoyd TN sHQIYul ‘JuaWIEaI} SSGT 01 Je|iWIS ‘ZUlIO) JeY) Punoy SN "uonigiyul YO LN

ein Aemyied Suijeu8is ASeydoine ay3 sonpul 03 siouqgiyul 3yl Jo Aljiqe ay3 pazAjeue am ‘1sii4

‘uollewlo} TOYOLIN PUB HOLdYd YHM YOLIA J0 UoideISIUl SHOIYul
Agaiay} pue yTdayd YHm s1oesaiul yolym ‘pasn sem upAwedes ‘@iowdayung *(zZ/TDHYOLN) ¢ pue
T x9]dWod YOLIA Y109 SUGIYU! Yalym ‘(sqiujyyOL) Ajiuey Jo3iqiyul Ulewop aseuy| 101 ay) Jo Jaquiaw
e ‘Zulio} pasn am ‘0s op 0] ‘AlIAIde YOLIN 40 uonenpow ayy Aq Suljeudis TN 19841 Aj9Ad99s 01

pajuem 1xau am ‘sdnoJ3 |esanas Aq paquassp usaq aney shemyied ASeydoine juapuadapul

-2y ‘T€ TT

-Z/TIN PUB jJudWIEaS) BpNJD Jayles e S| UOIeqNIUl SSGI Ag uoOlleAle}S pIoB Oulwe 3snedag

uonqiyu

Z/TI40LN Aq uonanpui Abbydolnp uo s323ffa 21aA3s aADY ETDLY Ul S3}IS UOI3INIAUI fO SUOIIDINIA

"(O1LV'ELEN-8YEAV PUB ‘D1LV ‘8 "81d)
91IS UOIDBIAIUI TIDTIY dY3 JO uoleINW Jaylny Aq paseasdap Ajpianas sieadde 31 ‘Janamoy ‘Jueinw
(D1LV)ETOLY 2y3 Buissaudxa s||90 ul uasaud st uononpul ASeydoine uodn uonewdsoy epund zidIM
‘Ajpua3sisuo) “(O1LV'ELEN-8FEAV ‘4L "814) 1S uondessul TIITEY By} Jo uopenw |euonippe Aq
paseatoap Jayiny sem Ananoe oideydoine pasnpau siyL o ‘Auaioe aigeydoine paseasdap Apuesyiusis
10U Ing AjpySis ul paynsas Suipulq THIN-ETOLY JO uoniqiyul 1eyy pariodas Ajsnoinaud sey dnoud

INQ "9}s UoIdEIIUI TIDTEY dY} PUB THTN Y3 Y10g JO UolzeInw ay3 pajedizsanul am ‘Ajjeuly

ST
's||92 Bulssaudxa-€LEIN-8VEAV",,, 411 410/pue - | I

pue adA1-p|Im USaMIBQ SIUBIBHIP JUBDIHUSIS SAISSCO J0U PIP M ‘AnNOpead SIY} YiIm ‘USAaMoH ‘(8
*814) uononpur ASeydoine uodn uonewJoy eund pamoys osje Sululels ZidIM (ELEN-B8VEAV',, HIT
‘4£ *814) 5|90 Buissaudxe €791y 2dA1-piim 03 Jepwis Alanoe o18eydoine paAe|dsip jueinw sjgnop
€TOLY SIY3} Bulssaudxa s|[90 3duls ‘paUGIYul 3U9M TIDTEY PUE ‘SdyYvayD J0 SEDT YlM UONDEISIUI BY)
430g UaYM pasianal sem 30943 sIyL *(§S 814 ‘ETOLY pue , MIT ‘4L *81d) €191V adAr-p|im Buissaidxad
S||90 03 paJedwod Ty uPAWO|JEY PUB WNIPAW UOIIBAIE}S UUM pajeaJ) sajdwes ul S|aAd| [I-€J1

J0 9seaudul 1y31|s e padalap am ‘AjSulisaiaiu] ‘pazAjeue sem Jiow Y| 9yl JO UOlLINW IXBN

‘uoipnpul ASeydoine
uo edw| SnopuswaJl e Sey uolesalul TOTOLV-ETOLY dYl JO UOIHGIYUl 1Y) }NSSJ JNO PAWIIJU0d
J3Ynny pue SNOIAGO 3JOW UIAS dJam suoleinw €191y Ag pasned xnjy oi8eydoine ul saouaiaylp
‘dnias siyy ul (pS 814) Y T 4O BwIl uonegqnIul PaUBLOYS B YUM (ELEIN-8VEAV',,,AH",,,A91d
pue I AHuA81d ‘ELEN-BVEAVhAH “p,AH) AlAIE D1Seydoine padnpas Sulheidsip  saull
1|92 404 syuswiliadxe uolleAlels syl pareadal aiogaiayl 9\ “ASeydoine |eseq Jo sjaAa| y3iy Aq paysew
si ASeydoine jo uondnpul ayl eyl pazissylodAy am ‘Ty upAwojiyeq jo aduasaud syl ul SSg3 pue

wnipaw ||ny usamiaq Jejiwis Aiaa aq o} paseadde [|-£37 Joy [euSis ay3 saul| ||22 43N JNO Ul SY

‘uonanpul ASeydoine Aq paieingaJl 10U a4am YdIym ‘sa4n3onuis anlsod-g|dIM [jews Alan
paAe|dsip 5|22 asayy ‘A|qeION “(ELEIN-8VEAV',,,AH,,,A81d PUB ! AH',,,,A87d ‘ELEN-8VEAV",,,QH
“ow@H ‘8 "814) uononpur ASeydoine uaye uonew.oy epund zidIM paugiyul Ajpsanss €191V
03} 3ulpulq TOTOLY 0 uoniqiyul ‘(€LEN-8VEAV',,,A81d PUe ‘., ,d91d ‘8 "81d) €LEN-8VEAV',,,ATTd
pue !, ,Q97d siueleA €191V dy} Suissaidxa s||@d ul uondnpul ASeydoine uodn uolewdoj epund
ZIdIM PR19913p aM B3Iy "dduddsatonjjounwiwl zidIM Ag papoddns Jayliny a4am s3nsat asayl
(3£ *84) ,,,,AH",,,A97d IueINW 3|gnop dy3 Suissaldxd s||3d ul pue s43N O £I620 ul pajenwndoe
Alydiy a1 yorym ‘sjaas) z9d/TINLSDS 40 Sishjeue ayy wouy JuapiAe osje sem syl “(,,,dH",,,d91d

‘aL *814) Aunnioe o18eydoine ay3 2onpaJ JaYHNS PINOI UOIDEIUI TOTOLY Y} Se ||om se Suipuiq

pidijoydsoyd ay3 yiog Yum 20U3434493Ul ‘USASMOH “(ELEIN-BVEAV",,,AH ‘AL *814) 103442 |euoiyppe



8T

"(O1LV‘ELEN-8FEAV ‘0T "814) uonigiyul YO 1IN uodn uononpul A3eydoine payqiyul

AjJeajo suonenw g asay} Jo Uolleulquiod 3y} ‘4anamoy ‘uononpul ASeydoine 10a4e Apjeam Ajuo Jo
j0U pIp ‘AjpAnadsal ‘TIDTAY pue TN ‘siuauodwod xajdwod YN Z 42410 3yl 03 Sulpulq 9yl yum
90UBJ343UI 3|BuUlS ‘Iseduod uj *(,,, AH",,,A891d ‘0T 814) paxy20|q sem spidijoydsoyd pue TOTOLY Yioq
03 Sulpuig Uaym paduNouosd SJ0W UIND 49M SI03}3 3SAYL ‘%0E~ 03 T19TODLY PUB %0T UBY} SS3)
0} Pa2NPaJ SEM UOIIRWIO04 J0P ZIdIM [IYM ‘%0S~ O3 I5e3| 1B PXI0|q SEM UOIRINWNIIE ||-€D7 (., aH
‘0t "814) sinopead pue jnwils paljdde |je 01 piedas yum uonpnpul ASeydoine uo $109449 949ASS ISOW
9y} Sey €TH1Y pue TOTOHLY Uaamiaqg uoldesaiul ayy Sunnadiel jeyy sieadde 3 4ay3280) suolleAIDSqO
Jno e Supje] "9|qelddldp jou a49m epund TI9TOLY ‘Saull |92 Jaylo |je Jo4 (OTLV ‘ELEN
-8VEAV ‘6S "81d) ||2m se uoiewoy eund TI9TOLY 9|qianpul paididap sayis Sulpulg-TyN 40 -1DJTaY
paidnusip yum €191V 8ulssaldxa s||9D (,,,417 ‘€TOLY ‘6S "814) ulewop Y| pajeinw e yum €191V
se ||om se €191y 2dA1-pjim Suissaidxa s||22 Joj JUsWILaJ) U0} pue SSg3 Yiogq uodn uolew.oy
epund ul aseasoul uedusis e pansasqo I ‘(6S ‘Si4) sswosoSeydoine Joy JayJew paziisioeleyd
-[]dm Jayjoue ‘uonjewuoy epund TI9TOLY paJoluow am ‘(8S “Si4) juswiesaJy ¢ulol uodn
uonewJoy epund gidIM JUeIIHIUSIS 19919p 10U PINOD 9M DUIS "dduUddsasonjjounwwil Aq ASeydoine

pa2Npul-ZULIO] 1O} PAUIBLGO S}NSAJ N0 PAIYLIDA dM ‘SIUBWIIDAXD $SgT 40} dUOP U] Sey Sy

(O1LVELENW
-8VEAV ‘3 6 814) DLV ELEIN-8YEAV 1URINW 3|gnop ay3 Suissaldxa s[|22 ul pasnpul Jou sem ASeydoine
uledy °s[|23 |041u0d 03 pasedwod pasnpas Apuediiudis sem siyy ysnoyye (D1LV ‘36 "Si4) uenea

(D1LV)ETOLY @Y1 8uissaudxa s|[92 ul ASeydoine paonpul upAwedey *(D1LV'ELEIN-8VEAV ‘36 "Sid)

LT

109}J2 JayIny Aue aAeY Jou pIp dMS UOIREISUI TIDTEY By} JO uoleINW [euonIppy “(DT1LV ‘36 "Sid)

a|qe3a1ap

s sem AjAIDe |eseq y3noyije juswieady gulioy Aq paonpul Jou sem ASeydoine ‘queinw

dI7 3Y3 01 Jejlwis “uondesalul THN Supjde| ueinw (D1LV)ETOLY 3y} paipnis am ‘ise| 1y

‘uolnpul
ASeydoine uo 199443 Joulw Ajuo pa1daIBP SM 3JUIS ‘Uolle|NWINS UPAWEdE J0) 3SED DY) 10U SeM SIY |
*3|qissod jou sI zulioy Aq uondnpul ASeydoine 1nq aAnde [|13s si ASeydoine |eseq 1eyl aiedlpul s3nsad
959y zulol Ag paseasoul Jayliny JoU Sem 193443 SIY3 INg Ty UIDAWO|IRY UM PIIEJ] UBUM S|9A3|
Paseaoul MOYS S||92 3S3Y ] “ZUII0} YIIM PIeaJ] UdYM paseasdap Ajpuedliusis sem Alaioe oiSeydoine
‘s||92 9s9Y3 U] "(ELEN-BVEAV'}, HI1 ‘6 "S14) SIS uoloeIRIUI TIDTAY Y} Supde| Ajjleuonippe jueinw
3|qNop ETOLY dY3 104 199))2 SAIUPPE UE PIRIBP M “(,,, 811 ‘06 “814) JUeLIEA ETD 1Y dY) Bulssaldxa
s[190 ul Auaioe o18eydoine paliqiyul Jou paseasoul Jayyau upAwedes Jo Zulol} YuUM uolnpul

ASeydoine ‘quawieas) SSg3 01 ISEJIU0D U| "PaIeSIISIAUI SeM JIloW Y| Paleinw ayi ‘IxaN

(ELEN-8VEAV",, QH",,,A81d D6 "814) 19349 |euoilippe Ue dABY 10U PIp UleWOp Sulpulg-1I]TaY
9y} Jo uond[ap juanbasgns ay] °s||a7 [043u0d 0} paledwod ||-€J7 JO UOIIB|NWNIOE UB d1B|NWIIS J0U
pip ' upAwojiyeq jo uomnippe ay3 ‘s||9d asay3 uj *(,,,aH",,,d91d ‘96 "814) urewop Sulpuig-TOTOLY 3y}
pue -pidijoydsoyd ayy yioq Suneinw Aqg pasesa Ajjejol sem siyl Ty upAwojiyeq yum paleasy sajdwes
ul S|9A9| |I-€D7 4O aseasoul ySis e padalep am duls ‘Alaioe diSeydoine awos ulelas sjueliea
€TD1V 959y} 8uissa.dxa 5|12 3ey3 sieadde 3| ‘upAwedes pue zulioy 104 SNOIAGO dJ0W Yonw st dg1d
3y} Joj 10342 By} ‘Udwiealy sSg3 uodn jueleA | AH Y} 104 PIAISSQO U] sey sIy} ysnoyiy
‘(,n,A97d pue I aH ‘a6 °Sid) upAwedes pue zuloy Ag uondnpur ASeydoine pauqiyul urewop

VINYOH Suioesaiul-ToToly 2yl Jo ulewop Sulpuig-pidijoydsoyd ay) Jayua jo uonemnip

‘Juawiean
5593 104 pa1daIep Apealje aney am se (ELEIN-8VEAV ‘V6 “Sid) Auanoe oiSeydoine uo 308449 Joujw
Ajuo pey uonoesaiul €TS1YV-TIITEY dYl YUM 3dUBJ94R1U| “(ETOLY ‘W6 "Si4) SIoNqIyul 3say) yum

juawiealsy Suimojjo) paonpul sem ASeydoine €191V Yi8ua|-||n} YUM painiisuodal s{3N O) £I61o u|



0¢

691V 40 UoIINQLISIPaJ PAJNPUI-UOIIBAIRLS BY) s21e[nSaJ TYTN 1By} dAISSGO e 12 Suno, ‘sajoAeyna
Jaysiy o1 spuesas yum 681y jo uonejhioydsoyd juspuadap-TSly pazisaldeleyd aney ‘e 19
pisuided ‘Ajjeuld ( 'xa|dwoogns €T81Y-T81V a3} JO uoneosse ay) Ag paJolsas Ing xajdwoagns 6z81y
-1€31v Alorein3au aya Ag palqiyul st uoidesaiul £131v-681V 9yl 1eyl aA1asqo Asy mv.Dmeq yum 631y
40 UOIIEIAUI 1O3UIP 3Y3 Hodal Osje “[e 33 oey . 'T8IY Sa.INbaJ pue Syd dYi 03 651V 4O JUSWIINIDBI
3y} Joy |enuassa aq 03 sieadde UOIIBIDIUI SIYL o '90ISINBJ0 S Ul LTSIV YUM sioesaiul 651y
1eY] punoj aney ‘[e 19 0IB}AS . "JaUUEW JUPURdaP-ETEIV-TSIV UE Ul SYd 3yl ysnouyl saphd 631y 1eyy
1Jodaud *|e 18 1401333y ‘00T Ul "SwWalsAs [spow ueljewwew pue iseah ul y1oq ‘691V/631v pue xa|dwod
TI1N/TEIV 941 U9DMIDQ ¥|BISSOJI AJUIRIID S| 9J9Y] “ISJI4 "SUOIIBAIDSCO 9SBY) WOJ) dslIe Jey) syadse

7 24e 243y} ‘||e u| ‘uBWINY pue }SeaA UOISSl) UIMIB] PanIasuod Ajzsow si €19 1Y/ETSIY pue

9v vz ‘0z
TOTOLY/TOTSIV U32MI3q 20B4IDIUI DY} ‘DIowaying . °,zg Buipnpul 40303UU0d g0-YD By} pue J0
3y} BIA TOTOLY Uewny 03 spulq €TDLY Uewny ‘Isesjuod uj dooj a8uly ay3 pue 9 03 ¥ spuesis-g 03
pa1e20| 9Je UoloeIAU SIY3 Sunelpaw €181y JO Ssanpisas ay) pue ‘Queriea €181y uaap-sulpulq 651y
ue 91eJauad 0} 3|qe UI3q dAeY SANFED||0D PUe IWNSYQ ( 'SIIISIA 631V JO JUBWINIIA B} 0} Spes)
uay) saxa|dwod T8y 3y Jo Ajquiasse-j|as Jejndajowetdns ayL  'saxajdwod T8y ay1 Jo Ajquiasse-4|as
9y1 ul Sunnsau Aj1ewiyjn ‘suoidal 1DUNRSIP ¢ BIA J9Y10 Yoea yum saxa|dwod TeSy-6281v-£ TSV syul|
€181V ‘Ajpusieddy ‘|e 10 ojowewe\ Aq paulyas Ajjuadal usaq sey [spow Siy | o7 UIBWOP YINYOH €18
29Ul Y1IM UOIIIRIDIUI BY] BIA SV DY} 0} Pa1INIIaL aJe S3IISAA 631V 1BY) MOUYS ‘| 32 I)NZNS :paljiiuapl
uaaq sey ulewop YINYOH €TS8V 9y} Jo Jauiied Suipuiq puodas e ‘apisinaiad 'S U| ‘SJUBLIEA UlBWOP
VINYOH €TDLY 4n0 40} paJa)|e 10u S| T 1Y 03 Sulpulq 1eyl 91edipul syuawiiadxe uonedyundounwwy

JNO 1SEd| 1B UIASMOH  'X3|dwod HESUIPId [II SSe[d Sululeuod-pTSIY 9yl 4O JUBWHNIODS dY}

w
40} Jueriodwi st €181y 15eaA Jo ulewop YINYOH 943 18yl 14odas oym ““|e 19 oer Aq pauleiqo elep yum
JU31sISU0d aJe ‘|e 19 dJed Ag suoneasasqo ayL ,'xa|dwod (NEsu|pid) dseuny-¢ [oMsouljApneydsoyd
11l SSe|2 @y} Jo ANAIDE 3Seul 3y} S91B|NWIIS UIn} Ul Ydlym ‘pI91y jo uonejAioydsoyd juspuadsp

-IXIN S9|qeus UORDEIAIUI SIYY 3yl Moys AByL  "Ulewop YINYOH 8y} siuasaidal yaiym ‘€1oLY

ul 86T 03 T SINPISaL USIMID] UOISa. B 0} puNnoq s FTHLY 1ey3 Hodal “[e 33 yied ‘Ajpuaday ., ., '1sedk

6T

ul 631y pue s910A1eyns Jaysiy ul T 1Y "9l ‘suouried Sunoelalul paxodal Jaylo 03 Sulpulg ay3 109)e
Ajsnoauejjnwis suoleinw ulewop YINYOH €TDLY 4no 1eyl apnjoxa Aja41lus Jouued am ‘uolioelaiul

TOTOLV-STIOLY 9y} Joj 9j0J |enjudd e 31s388Nns SuolleAIasqo paguosap ayl ysnoyiyy

's9ss220.4d
juapuadapul- pue juapuadap-T)1N Yioq Joj juepodwl SI j3ow SIY} 1Y} UMOYS d¢ 03 Sulewal
31 pue “4asuly 4\ Y3 JO S3|N23JoW Sulldelalul 3|gissod [eaAdS 03 dARY ||IM S3IPNIS duning "ASeydoine
pauquyul Ja3uly 4M 9yl JO 9JeLISIUI UOIPDEISUI ETOLY BY) JIYUS Jo UonRINA 493Ul M
pawua) dooj Suipnujoid e BIA SI030B) WEIIISUMOP JO JUBWINIIRI 3Y) (Il pue €TD1Y JO uolezl|igeis
ay3 (1 :suonduny a1deydoineoud z s|j4|ny TOTOLY 18yl paisadans Apeadje aaey sioyine ayL ,'€TOLY
pulq 493u0| Ou ued ey} UOISISA TOTOLY ue uissaudxa 43N OM TOTH10 ul aAd3ep sI ASeydoine
1ey) papodas aAeY ‘B 19 DNZNS ‘SUOIIBAISSQO Jno 01 jusnJSuo) "uoissauSosd ASeydoine Sunnp
Jo/pue uonpnpul ASeydoine ui sjos e Aejd 1ySiw saxajdwod Ja1ie| 9sayl ‘TOTOLY Pue €I9D1Y uo
Aj24 111s 1ey3 saxajdwod uapuadapul-TH1N [enuslod pue ASeydoine |edluoued Sulnp xajdwod TH1N
9y} yroq s3198.e3 uoioesdnul TOTOLY-ETDLY 3Y3 YUM 30Ua.494493ul Jey) 33endads ysiw auQ sdnousd

1ua.9)4Ip Aq pa1sad3ns usaq sey z/TM1N 4o Apuapuadapul ASeydoine aonpui 01 Ajjiqissod ay |

‘uononpui ASeydoine jo adAj siy1 uoj ajqesuadsip
Jayjes aq o031 paseadde TIITGY 4O THIN YUM ETDLY JO SUOIIOEIDIUI BY) ‘ISEIIUOD U] "UOIIBAIE)S PIdE
oulwe Aq paanpul ASeydoine pajoayje Ajdea|d ulewop YINYOH ETOLY Y3} UIYM suolieinw ‘uonigiyul
YOLW Aq paleipsw uondnpul A3eydoine 3ulinp suoiouny paAedsip Ajjernaed sayis uoldesaiul €T91Y
Suiurewsu ayy y3noy] -uone|ndas A3eydoine uo 129449 1s93U0J1S dY3 Sey uoldesalul udlold €191V
-TOTOLY 2yl Sunssiel 1eyl pamoys sisAjeue InQ "TOTOLY Pue TIOTEY ‘€TOLV ‘ININ JO SISIsu0d
x3|dwod TH1N 2402 ay] "ASeydoine jo uoidnpul 9y} 4o} apou Suljeudis [B13USSSD Ue S| Xa|dw o Jseuny|
uia304d THTN 9Y3 18Y JUSPIAS SWedaq 1 ‘Sieah Juadal ul "€TO1Y 40 uonpuny d18eydoine ayl oy sals

UoI10BJRIUI ETDLY |ENPIAIPUI BYL JO DDUBAD[J DY) palen|end AjjedllewalsAs aney am ‘Apnis siyi uj

NOIssndsia



[44

3y} JO UOIPNPaJ JUBPUIaP-UONEINW-DTLY 34} ySnoyie . ‘dnous uno Aq papiodal se uolie|nuwiis

ssg93 Ag uononpur ASeydoine sadoud 4oy jueas|aJ SI TYIN Pue €TOIV JO UOIDEIUI 3Y|

‘salydesSorewouyd uoisn|Ixa-azis 4o ‘syuswiiadxa Suljjaqe| jousyd

-unolq ‘sAesse uonesi| Aywixoud ‘suonesyundounwwi yno Aq pauoddns jou Ajies|d aJe sal 1ssod

9Sayl || ‘J9AaMOH om.MHmeq 1seaA Joj papodas uasq sey se ‘saus Sulpuig-TIDOTY S|dinw
sossassod €TO1Y UellewweWw Jo ‘TIDTEY Yum 1oesaiul Ajppadip ySiw €191y ueyl suauodwod
xa|dwod THIN 43410 ‘Aj9AIIRUIBYY “9)I|-}|BY PAUSLIOYS JO 92IS PadNpPaJ O} SNp 9|(eIIILP 10U dJe
g wuoy 115 ySiw epund aasod-1IITY PUB -ETD1V 1Byl SPN[IX3 J0UUED 9M ‘[|13S S}IS UOIIBWIO)
swoso3eydoine syl wouj Aj@lowas uonniaxs ASeydoine poddns Asyl 1eyy s|qissod sueadde
os|e 11 ‘uoiponpul ASeydoine Joj AJolepueuw 10U 3nQ 91S UOIIBWIO) SwWosoSeydoine sy} 03 JUSWHNIIDI
J1943 Joy Jueriodwi St TIDTGY PUB ETD1Y US3MIS] UOIIDRISIUI 3] 1BY) SAISSCO M DUIS “uoissaiSoud
ASeydoine uen8as ur Suninsas ApPlewnin ‘xajdwod TN psjqwasse Ajny e jo Apuspuadapul
aJoydoZeyd syl 01 paunJdas awodaq xo|dwod THIN 9yl Jo siusuodwod 3yl eyl 1s983ns s
‘Aduedaudsip siy1 01 @1nqLiIuod 1ydiw synopeas ASeydoine Jo/pue swalsAs [apow Jualayip Jo adesn
9yl "s}nsaJ Jno 03 AJOIDIPEJIIUOD BJE SUOIIBAISSQO 3S9Y | mm.m_mwcwmo?_n_Em woddns Ajny TJOT9Y
Jo suonouny d18eydoineuou syl eyl ing paxyoo|q Aj@is|dwod si A3eydoine jeyy sasssqo Asyy pue
‘€TOLYV pulg J0uued 1Byl JuelieA TIDTGY e Suissaidxa [spow asnow ul-yoouy e Aojdwa sioyine ay|
« TOOT8Y uewny ul (1407) S8S 01 78S SPIdE oulwe Ag paysi|qeiss si TIITEY Ul 9lis Sulpulg-€TOLY
3YL (ETOLY YUM UOIDRIBIUI BY) Sullelpaw TIITEY Ul Spioe oulwe Sulpuodsaliod 3yl paynuapl
aAeY "|E 19 UBYD ‘aJowiayung | 'sa1AdoydwiAl-g LA uaxdIyd ul ASeydoine palqiyul Ul synsal €191V
ul 9IS UoIPeIAUI TIDTFY Y1 JO UONS|ap 1ey) PaAIasqo Ajsnoiaaud sey dnoud unQ ‘AlAnoe o18eydoine
uo 123yd Aue 93s jou pIp am ‘JanamoH asoydoSeyd ayi 01 TIITGY Pue ETDLV JO JUSWHNIIDI
pauqgiyul pue saxa|dwod THN PI|quiassesip Ul payNsal uonoesaiul TOOTEY-ETOLY Byl Yum

90UaJa4Ja1U| "paIdadXaUN JBYIed Bie d)s Sulpulg-TIITAY Y3 J0J Paulelqo elep ay) ‘Ajjesausan

‘uollndaxa

ASeydoine Joj suonedidwi pey uoliqiyul Jisyl Jou epund TIITGH/ETOLY 959yl JO 22US44NII0

1¢

3yl Jaylau ‘sS3|aY1IaA3N ‘Suoll1desalul uls1o4d JO JBpJo |edlydJelaly e spJemol Sunuly ‘uoldesslul
TIDOTQY-ETOLY 243 Suiiqiyul Jaynny Aq paledouqe AjpJiaus sem TIITY PuUe ETOLY JO UOlR|NWNIIE
PaAJasqo dyL TOTOLY pue spidijoydsoyd jo Sulpulq pax20|q Ag pauqiyul si s siy} wouy
asea|aJ Juanbasqns ay3 1ey3 Ing ‘uonew.oy asoydodeyd o3 Jolud Ajgissod sainjonuis jewosodeydoine
Aldea 01 paunudas aq ued xa|dwod THIN 3y} Jo susuodwod syl jeyy 21ejndads A\ "uoldNpul
ASeydoine jo juspuadapul epund ulyum TIITEY Pue €IDLY JO UOIEBINWNIIE Ul PalNsas pue
suolelnw |enplAipul yloq jo sadAjousyd ayi pasueyus TOTOLY pue spidijoydsoyd o1 Suipulq yioq
J0 uoniqiyul 3y ‘AjgeloN °|e 12 soiseuedey Aq papiodau sSuipuly ayi 03 Jejiwis Ajjeried aie eyep asay|
‘UOI1BAJR]S PIJEB Oulwe Ag 10U INg JuswieaJy guliol Jo upAwedes Aq uononpul ASeydoine palqiyul
Aliespp ynow Suipuig-pidijoydsoyd ayy jo uoneinw ‘dnias |ejudwiadxe uno u Sulpulq €8IV
104 paJinbaJ aJe ssuo pauonuaw ay3 ueys spidi] Jayio eyl Sunedipul ‘spidi| sejod 1sesA jo pasodwod
S3|DIS3A Je|[SWeliun [[ews 0} PINNJOAL [|13S SI ET8IY UBASMOH . "d1eydsoyd-g-joysouljApireydsoyd
%low 67 yum pajuswalddns |ousoullApneydsoyd  ylow gz 4o |ousouljApneydsoyd
%low Q€ 40 aulas|Apieydsoyd gow O Jayue SuluIRlUOD SDISIA Je||PWE|IUN ||ewsS O} pulg 10U
so0p €181V 18yl anIasqo Aay] ‘|e 19 oey Aq passauppe a1am €131y 1seah jo sanjiqeded Suipuig-pidi|
dYL 4's24nonuls [ewosodeydoine Ajues 03 €TD1V JO UOIIEIO[SUEI} 3Y3 40y Juepodwl 3G 0} UMOYs

u23q sey pue ulewop VINYOH 2y} 03 [ewixoid pajedo| s yizow Suipuig-pidijoydsoyd ay|

*SWISAS [9poW UeljewWEeW Ul S1aulied UoI}deIIUl Ulewop YINYOH ETDLY [euolyippe Ajjelnuaiod
pue umous| 3y} JO SDUIN|JUI [ENINW BY} SZI1910eJeYD 0} AJBSSSI3U 3JE S3IPNIS YN "PaqlIasap uaaq
10U sey €TO1V JO Ulewop YINYOH 8yl YUm 691V pue TOTOLY JO UOIDeIDIUl SnodURYNWIS B ‘Saul|
2593 3uo|y "sa10Aiena Jaysiy 4o 1seaA uoissly ‘a1 ‘S| aAIISod-TOTOLY/TOTSIV Ul 691V/631V Yyim
speIRUl A[3dR.Ip ETDLV/ETSIV 1Y} 8} OS BIUBPIAS OU S| 32U} ‘@3P3IMOUY INO 0} ‘PUOIBS  "SIISAA
691V Aq payJew suoi8aJ Jejnaisanoingni Y3 uo xajdwod YN 2y} Aq paieniul si sswosogeydoine jo
uolea|aNnu ay3 Jeys Hodau ‘|e 33 solseueleyl ‘Ajusd3y 691V 0 uoliejhioydsoyd ay3 d3eipaw saseury
T 353U} 1BY3 BAISSGO °[B 12 BIBNIISEIDIM pue  ‘UOIIEZI|EIO| 6D LY SR3EINSaJ TY1N 0 uoirejAioydsoyd

JuSpuadaP-NdINY By} Jeyl Hodas ‘| 32 OB\ [ SOWOSOPUd O} 3OMIBU I8|0D-Sues} Y} WOy



144

's8nup ajqenjen Ajjeoianadesayy
9gq ySiw uonoesdul uoid-uRlosd Sy} yum  Supiapielul spunodwod  dNdoW-||ewsS eyl
91e|ndads 031 Sundwa) S| 1| "uoldeIIUI TOTOLV-STIODLY 3yl uo puadap |11s ysiw yoiym ‘shemyied
ASeydoine yuapuadapul-g/TH1N 193|83u SpuNodwod 353y} UBAIMOH 4y "PIZIIBIDEIBYD PUE PAYIUIP]
uaaq aAeY SIOMGIYUl dseun| TYIN [B4aA3S ‘padisap s ASeydoine jo uoliqgiyul ay} ajaym ssuinas
9SE3SIP Ul SUolluUaAJIR1Ul d1INadesay) Jo) 1934e) aAdesle ue s| ‘AjSulpiodde ‘pue uoidnpul ASeydoine

JO |93y S3||1Yoy duo sjuasaidal uondelalul TOTOLV-ETOLY 9y} 1yl 1s988ns am ‘Asewwns uj

2009 120194
pue Z)1N ‘TN 404 pariodal uaaq aABY UOIILZI[BIO| JO/PUR SUOIDUNY JBS[INU ‘A|gRION "SN3jINU By Ul
paulelas s €37 ‘@Ms UoldRISIUI TIDTEY BY3 JO UONS[aP Ag X3|dWOd THN BY) WOJ) pasea|al sI ETOLY
USYM "uoiNguIsIp €17 Jen||2agns ay3 jo uoleindas ay3 ui saieddiyed (TIITGY YUM uoljeuiquiod
ul Ajgqissod) €191V 1eyl a1eindads 01 Sundwsl si 1 ‘19A paliodas usaqg jou sey €TH1Y JO uolduUNy
Jeapnu e ysnoyyy "wise|dolAd ay3 pJemol SnajaNu ay3 WoJj uoiNgGLISIp si SYIYs sioldey ASeydoine
yum €27 paiejAleoeap jo uonelosse dy|  uonewloy dwosoSeydoine ssjqeus pue wsejdoho

ay3 01 Soljeul UaYl pue T1YIS Aq palejA1aoeap sawodaq €77 Je3jonu ey 1odad “|e 32 Sueny

‘uonanpul ASeydoine Suimoj|o) €7 pue €TOLV Y10g JO UOIIeZI|eI0| JES[INU PIJUBYUD Ue
Ul pa3|nsadJ 81ls uoldesaUl TIDTYY Yl pue Jlow YI7 3yl yioq jo uoneinw ‘AjgeloN ‘passaidal ueyy

paseasoul Jayles 9q 03 paJeadde uanouinl €7 USASMOH “uonlenw Y| Agq padaye Ajpuediiudis jou

€C

sem uoljew.Joy epund zidIM ‘@i1o0wiayling "J11ow Y| €T9LV 2y1 4o uoneinw uodn ejpund 01 TIIT9Y
JO €TD1Y JO JUBWIINIIAL BY3 JO SUOIIRID}E AU DAJDSQO J0U PIP I\ "PaI0dal Uaq Jou sey Jl3ow Y|l
U3 JO DUBAJ|RU J1J193dS-ETD 1Y Y3 JO UOIIESIISIAUI U JBj OS UBAIMOH Y[ ETEIV 3y} Yum xajdwod
Ul SWI0JOS| €77 € JO S2NIINILS [RISAID DY) PAUIWIBIBP dARY “[e 33 IYNZNS . "ETOLY UIYUM JI0W Y[
e paiiauapl aney sdnoud om] Nm.>mmsaou:m Jo sdais Jaie| ul ajediped ySiw pue sswosoSeydoine
Jo/pue sasoydoSeyd uo pa1edo| sI THIN 3Ieyl uoisnppuod syy Suiuoddns uede ‘saunionuis
annisod-£J7 pue -Z|dIM 03 PaMINIdaL 138 03 JIOW Y[T Y3 SP33U THTN IBY) MOYS [ 33 NWaJY ‘Alejiwis
o JUBINW YT THIN 3Y3 Buissaudxa s[j90 ul ASeydoine Surinp a8e1s Ajuea ue 1e pajels aJe siosindaud
swoso8eydoine Jo sswosoZeydoine aausod-z|dIM 1yl pue sswosoSeydoine Jo sasoydoSeyd
0} JUBWHNIORI JUBPIYS 104 padinbal st yiow yI1 THIN SY3 1eyl d3edipul elep 3say| paseasoul
si epund Z|dIM JO Jaquinu [B}0} By} sealsaym ‘THTN Paieinw-y|1 ayy Joj paonpas Ajpuedyiusis
Sl uoleAlels uodn $a1n3aNJIs AAIHSOM-THTN JO JAqUINU 3YI 1Y) MOYS "[B 13 Hedy ‘TN Uelewwew 0}
pJedal yum ,,'uoirewoy swosogeydoine Sulnp TSIy JO suoliduny ayy uidaye inoyum ‘Aseydoine
U1 30949p JuedlIUSIS B asned Y[ TEIV a3 Ul suoleInw eyl dAI9sqo ‘e 39 emedoledeN pue . ‘s19349p
ASeydoine 1oy s||20 sazidsuas 10w Y[ TSIV Y3 JO UOEINW 1.yl 1003l *[B 18 YUY o oo o o TIITEY
pue ‘€TD1V ‘TYIN uelewwew Jo T81y isesA Joj '3'9 ‘saxajdwod TYTN/T81vY ayl Jo susuodwod
|eJ9A3S JOJ paylluapl uaaq aAey (AIV ‘How  3unoessiul Ajlwe-g31y  pswusl AjpAneulsye)

SHI0W Y1 21ep O] 'ETOLV Ul JIOW Y1 By} JO dUeAd[d Byl palesisanul osje I

*ZU110} 1O} PIAISSCO SUO
9y3 ueyy Jaxeam si uolejhuoydsoyd YN 40 uolRNPalL pasnpul-uAwedel ay) mqﬁwumwmm:m Aisnoinaud
se juelsisad upAweded si uonejAioydsoyd 8G/S THTN 18yl 91€1S 10U pjnoM am y3noyl|y "upAwede.
ueyy uonejAloydsoyd 8TES €TOLY PUB 8G/S TN UO 30943 Ja8uoJis yonw e sey gullol eyl
910U am ‘quiod SIy3 3y "x3a|dwod TH1N Y} Uo saljaJ Aj|ea0oAINbaUN uoIHqIYUl YOLIA 393.41p Ag uononpul
ASeydoine 1eyy |opow pai1dadde a3yl YyuM aduepsodde ul S| siyl uasasd asam sipand| ASeydoine
|eseq Hag|e ‘QueleA €TDLY IuaPIRpP-8ulpulq TYTN 3y} Suissaidxa s||90 ul paseasdsp Ajpuedyiusis

sem guliol 4o upAwedes Aq paonpul xnj} 218eydoine ‘Asesiuod uj “Juediyiudis Jou sem xnjy d18eydoine




9¢

J95e| |B20JU0D 08/ 40 OTZ INST SS19Z e yum pawoyiad sem Suiew| '|dyq Suiuieluod (T8ETS ‘Yolp|V
-ewsIS) 88-|OIMOIA Ul PIPPaGWd 1M S||3D “Sdd Ul (6LETd ‘YOUP|V-BWSIS) 0T-U9dML % T'0 Yum
sawl} Z paysem asam sajdwes ‘uonneqnoul Apogiiue Aiepuodss Jayy 'y T Joj salpoqiiue Asewud yum
pajeqnaul pue Sgd-(9£08 ‘YI0Y) VS %E YIM p320|q 2J9M s3|duies “ulw § 10} (S00Y ‘Yioy) uluonsip
|w/31 0§ yum uonezijiqeswsad pue ulw GT 40} [DPHN INW 05 Yum Buiyouanb ‘9] uo uiw ST 404 Sad

-apAysplewsoy % yum uoiexiy ‘uoneinwiis ol Joud Aep auo sdijs J9A0d sse|8 uo uMou3 aJam s||9D

2ouadsalonjfounwiuif

“Ausua1ul [eusis 3sayS1y Y3IM UoIIdeIY BY) 03 PAZI|EWIOU 249M (Indul 01 UOIIIRLY) SOIIRS UIS10Ud
‘(s@ouaidsolg ¥YOI-I1) ¥ uoisiap Y37 oipnis a8ew| Suisn suop sem Aildwonsusp pue pawsojiad
sem 3uijjojgounwiwi ‘uoildeJ) yoes ul s|aA9| uielodd jo uonedyiuenb Jo4 ((e@y vT) VoseNy
pue (e 8ST) asejop|e/0A1V ‘(e@Y Ovy) ulllay ‘(edy 699) ulingoj3oiAyl/oL ‘(edin ) aniq ueixap
‘Tr-8€0v-8T ‘@Je24)|EaH ID) 1Y UoNeIqI[e) UoleIY|l [9D & YIIM pajelqi|ed sem uwinjod 3yl *(96-ST60
-6¢ ‘@JedyijeaH 39) uwn|od 19 0OE/0T seaJdul 9 8sosadns e ojuo palidde pue jun I3} 4QAd WU
-Gt & y3nouyy pauai|ly a49m sjueleusadns uiw Qg 40) 8 X 000‘LT 1 PaSnJIIUDD 249M S3IESA| pue AW
0GT 03 paisn(pe sem UOILJIIUDIUOD |DBN ‘(8EGLSE ‘UOIBAYAN) JozZIuaBowoy 2ounop-uoleaym Yysn
W T B Ul $3)043s 0T Yum uondnusip pue ujw QT Joj aJnjesadwal wood 1e Suireqnoul ‘([TO0ZETEE9Y0
‘a4ooy] |1eP20 Jouqiyul asealold pue 11d INW S0 “YDSIN INW ST ‘DN INW 0T ‘Z HA ‘S3dIH INW
0T) 494nQ yJapaoy ul s19(2d |92 Suipuadsnsas Aq pasedasd asam syoesixa 0TS ‘AydesSorewouyd

uoisnpxa-azis 104 o "Ajsnoinaid paquosap se suop asom Buniojqounwwi pue uonedyundounwiwi

Aydp.iboipwo.iys uoisnjaxa-azis pup buiyojqounwuii ‘vonvatflindounwwy

"(£70-0TOVZ ‘241D ‘U0IN|OS 1jes padueeg s,314e3) SSg3 Ul s1ujod Wil paiedipul

3y} Joy paieqnaul pue (y60-06THT ‘034D ‘aulles paidyng-aleydsoyd 5,0099q|nd) S8dA YHM 3dU0

14
paysem 2JaM S||92 ‘UOIIBAJE]S PIOB OUIWE 104 ‘dJaydsowie payipIwny 0D %S e Ul J,./€ 18 SJ4 %0T

Yum pajusawa|ddns INIINQG (I/8 §'¥) 9509N|3 YSiy Ul painind a4am s||3) "PaqIIISap udaq Ajsnolaaud

aney auad £161y 9y ul 9139ssed deuy-auad e Jo uoilasul ue Sulureluod s43N O £1610 pue adA1-pjImn

24n3[na [132 pup sauif [|3)

'(S602V ‘Y21Ip|v-ewsiS) asoede-yH pue (10
-8T90-LT Pue TO-08ZS-LT ‘@4edyijeaH 39) asoleydas o/y uteroid ‘(0TZESS ‘Waydolqied) upAwedel
‘(LT8TS ‘wayda||as) gulol ‘(SEQTIN ‘Jesay ByY pue €6/18 ‘Yaup|y-ewsis) v uwAwojyeq
9Jom pasn sjua8eas J9Yl0 ‘(£00-S09-TTT Pue €00-S09-TTT) Soliolesoge] yoseassyounwwi
uosyJe[ WoJ} Salpogiiue 9| asnow-1jue Jo lqgqed-iue 1eod pajednfuod-/49 glonj4 exs|y pue 93|
asnow-njue 1eo0d pajednfuod-ggy eJon|4 exa|V (¥TTZE-926 PUE #2089-9¢6 ‘T//0L089-976 ‘TT/0TTLE
-976) saduadsolg YOD-I1 wody paseyound suem salpoqiiue Alepuodas paiednfuod-0g9 aAQy| Jo
-008 2AQy| "pasn a1am (YOOBLSVIIN 991043S) ZIdIM PUE (TETEA ‘YILIP|Y-BWSIS) ulnduiA/1DA ‘(8889
‘ASojouyda] Buijeusis |192) £5/5-(d) oydsoyd THIN (¥S08 ‘ASojouyda) Buijeusis |19 ‘SH8Q duod)
NIN (2-29d9 “fluydalolg NIDO0Y) 79d/TINLSOS ‘(dV-T-0SZLT ‘YI91ulR10Ud :@IUIISION|JoUNWIW]
1o 'y9ES-TOEY ‘saliolesoqe |Aylag :Suniojqounwiwi Jof) TIITEY ‘(9026 ‘ASojouydal Suljeusis |19
‘SYT auo) 68¢L-(d) oydsoyd TEN9SdY ‘([uoireoydads sainloesnuew o} Sulplodde JEIT/AEDT/VEDT
UM s10eal] 9€0INd ‘[euolleudaiu] JgIAl :92udsasonjounwiwi J4oj ‘[uoledlynads Jainjoejnuew o)
SuIpJodde swJojos! €I 49410 YUM 1sixa Aew A}IA110e4-SS04D ‘ul104d gEDT |B10] JO S|9AS| snouadopus
$10919p] G//L¢ ‘ASojouyda] Suijeudis (190 :8uniojgounwwi J4oy) €31 ‘(TOSTO6 ‘puadatolg mou ‘YTOT
-SINIIN “@2uen0)) VH ‘(0¥0INd “19IN) T19TOLY (920ad “19IN) ¥TOLY ‘(6¥D-TOF-009 ‘S|ed1Wayd0ounwiw|
pueppoy)  8TeS-(d) oydsoyd €TOLY  ‘(00TO0ZYEVS ‘UdLp|v-ewsiS) €I91V  ‘(SLTO0TYAVS

‘Uoup|y-ewsIS) TOTOLY ‘(9TESY ‘YdMpIv-ewsiS ‘v/-OV duop) unde-g/g1ov IsuleSe saipogiuy

S)uabpai pup saipoqruy

SAOHLIN 8 STVIHILVIN



8¢
pue 919V91910VVIIDVLLDLIOVVVYDOIILVODIDDIVLLVOVIIOLOLVIIV

siowld 8yl yum pawdopad sem IS ETOLV-ZXIdV-VH-AISIND O uonessusd ayi Jo4q

s1132 anyj uj Butjjaqo] jouayd-utzolg

‘Suno|gouNnwW] J0j PAUIRICO SJaM S3}ESA| JB|N||3D PaJed|d Jo SiSA[eue 21133Wo3Ad

MOJ} 40} pasn pue paziuisdAll aiam s||9D 'Y 7z 404 Jueleusadns ploJIA ETO1V-NSNUSA YHM palegqnoul
J9U1INJ 919M S|[90 3SBY] ‘UOI3D3)SUBI} |BJIN0JIRI Ag pajelauas aiam TOTOL1Y-ISnuaA Suissaldxa Ajqels
S43IN ON £T670 "ulw GT 104 D, G/ 1B UOIIBAIDEUI JB3Y AQ PIMO||04 ‘UIW O 404 D,LE e JudWSe.y Mous|y
a3 Suisn pajesaussd auem spueuls a|3uls “9°1 ‘suonesalje 1y3ijs yum pawlioyiad sem (69 ‘ja.) |0d0104d
JI1S dYL "TOTOLY-ISNUdA-048AY3gyad pue £T91Y-Nsnuap-0dndADSING Buitessuad Agasayy ‘pasn
aJam (ewiysnzi|nl n1ogoN Aq pausodap {£/82¢ ‘@uasppy) TOTOLV-OV14-AIND Pue €TD1V-VH-AJSING
sale|dwal sy 'DIVYHIL1D191999VVYIOIOVOVILIVIILDOOVIVIOLLVYIVIVIVD :Adl  [OIOLY
pue ‘O¥Y9595139199VY99I1I9I1DLIVVLIVIIVYILYDLOVVYOVIOVYDIILILVOLYVYOIILLYYVYIDLDID
Ho!

0191V 299VYVVIVIILLLDDOVIOLIVLLIIVYOVLIODIIIVLIIIIILIINIOVYYYOODLIIIDIIVO
A3l €101V ‘D1V919VVY
OVIVVVOLILVYOLVYVYOIILLVVYVVYIDLOIDLLYYDHIDIIDOILYOVYOILYIVYIVIIOIILYOVVILLOVYDI
pmy £IDLY :sspwd Suimojjoy ayl Buisn (69
*J24 J[1S) 3uiuopd uapuadapul-uonesl| pue aduanbas Ag palasul aJam SYNQD I0IOLY pue SIoLV
‘(842quisp qog 13 uJsisuadion Aer 13 pueq inwiey Aq pausodap (G9/T ‘@uasppy) Joidan o48Ay3gyad
9U3} 03Ul PaUO|d UAY} SBM YNQ@D JSNUIA ‘NSnUaA-0dndADSIND pue DJsnuap-03|gAdSING Suilesauas
paiedi| pue pajun|q 2Jam sauogydeq J031d9A ‘AjaAndadsau ‘uonsadip j1on pue jjbg 40 [4023 pue
JHWog Aq pasioxa aJam (G9-d1S Se umouy| os|e) JNTG-NV 40 LdINVA Sulpodus sasuanbas wo.wv__wmcw

19y Ag papinosd Ajpuiyy SJam Snuap JO 90UaNbaSs |eulwIR}-) pue -N 3yl Sululeluod SI0IIIA

Apssp uonpluaWa|dwiod 33uazsaionlf onrajowig

LT

g PRA1IISIP Ajsnoinaad se pawuojiad sem ged1-aun)w Suissaudxa Ajgels s43IN
JO uonesausn *(T-id-1ue ‘usnoAaiaul) uPAwoind jw/3w gz Sululeluod WNIPaW Ul Pad’as pue (90T
-8926H ‘Yolp|v-ewsis) suaigAjod jw/3w € Sululeluod suolded) Jueieusadns |BJIA0LIS YUM palegnoul
9J49M |92 43N O £T620 *(TO0LSESZETT ‘DY20Y) 9 INIONH YHM Pawiosiad Sem SI0309A UOISSDIAXd
|BJIACJID] YUM UOI1d3)sued] “dull |92 SuiSexded se pasn asom (ueder ‘0Ayo] Jo Aysianlun ‘@aualds
|E2IP3IAI 4O dINUISU| ‘ednwieny olysol Ag papinosd Ajpury) s||99 3-ie|d ‘Siowld 3sIaAaJ Sse pasn
2JoM ssawid piemioy Jo s20usnbas JuaWRdWOd 3SISARY IVVYYDIL1IDIIODIOVVYIVYOOILIDLL1DD
0LV ‘OVVVLLIDVOVIDOLYLIDIIDIVOLYDLVYID HE.y)] urewop
Y17 “OYVVYDOVIILILI99VLIDIIOVYIOVIVIIODIDLIVYIDLIDLIDILIIIILOVYDLD (), QH) UleWwop
VINYOH  ‘D10VOVVILIDIDLLLIIIVIDLIVLIIDIDIVIDLIIVIOIOVIDIVIOVIIILIVVILILYDLD
(,np@81d) urewop Buipulq pidijoydsoyd  Qy¥YY9HILIDIIDDIOVYLYVYOVLIDLILDIIIVLYLYYLD
110V ‘DL1VOVID1I01VVILDDVIOVVLLYIOIVYVDI ‘ELEN-BVEAV ‘siownd Suimojo}
9y} Suisn pawJopiad atam sydd SisauaSelnw syuenw €79y Sulpodud SYNQD 4O uollelauasd

a3 4oy ‘Ajyelig "PaqLIsap uaaq Ajsnoinsud sey $10309A paseq €191V-VH-04ndAJSING jo uoiesausn

U01393fsUn4} [DIINOIIDY

‘(ueder ‘0Ayo] ‘Auos) JssAjeue |92 008D ue Buisn 92UaIS3ION|) BULINDW U0} pazAjeue pue paziuisdAll

9JOM S|[9D *Y g 10} WINIpaW UOIleAIR}S SSGT Ul Palegnaul aJam gedT-aulidw Suissaldxa Ajgels s|j90

A13wo03A2 moj4

‘pa3e|nd|ed sem oled [9onu-03-|eudis e pue a8ewi Jad pajunod
3J3M 13]PNU pue sjeusis ‘leyy 104, 1fly Yum pawiogad sem sagew o uoizedyueny “(Auewan ‘ujoy

‘ss1az) aA13[qo |10 t'T/X€9 1ewouydody ueld e yum (Auewusn ‘ujgy ‘ssiaz) adodsoudiw Suiuueds



3

,¢ Buluueds duluee [euolieIndwiod wioyiad 0} JSAISSGIM
144240258n4Q dyy Joy aunpnais Indul se pasn sem nnuis dwes dyl . Ajsnoinaid paquosap

Se JNO PalLIed JIIM SUOIIe|Nd[ED YS/GD-INIIN Judanbasqns pue suopenwis gA ||V "o8esoed aiemyos

6¢

TIoquy 3yl yum pawsogiad ‘Yi8ua| su 0Gz JO suone|nwis gIAl JUSAJ0S 1dIjdxe € wol) pajelauss
SEM 3|qUIaSU3 [BUOIIBWIOJUOD V  "04IS3BIN Ul piezim uoljesedasd uielosd 3yl yum pasedasd

sem (pz "J24 ‘0S50S :dl 9dd) JowIpoJaldy VINYOH TOTOLY-ETOLY UBWNY 8yl Jo ainpnis ayl

suo110[N3|DI YS/9D-NIN PuDb BuluuDIS 3uiup|p [pUOIDINAWO)

‘pa1e|nd|ed sem oljes 19|9nu-03-|eudis ayy pue aSew Jad pajunod
2J49M 13]oNU pue s|eusis ‘sa1lsualul 9Selane YUM PaSIaw SJaM SHIB)S "SyIB)S Z Ul 9d0dS0UdIW [BI0JU0D
Suluueds Jase| 9sJoAUl ue uo pawsoyiad sem SuiSew) -jodojoud s,Jaanjoejnuew syl o1 Suipiodde
pawJojiad asam uonediydwe pue uonedl| ‘Suiqosd Apogiiue Auepuodss 'y T 4oy salpoqiue Asewnd
Yum paleqnoul pue Sgad-vsg %E YUM paxdo|q a4om sajdwes uiw g Joj uiuonsip |w/sr 05 yum
uonezijigeswJtad pue uiw ST 40J [DYHN W 0S YyHm Suiyousnb ‘921 uo ulw GT Joj Sgd-apAysplewoy
%% yum uonexiy o) Joud Aep T sdijs 4aA0d sse|3 uo paleld asam s|19D (TOTZ60NA ‘Ya1Ip|V-ewsdis)

Youp|v-eWSIS Wody WalsAs giurjong ayl Yum pawsoyiad sem uoldesaiul uiajold Jo sishjeue nys uj

Apssp uoipbij-Aywixoid

‘uonesylind uieloud
104 pash sem (8€9TS ‘Yolp|y-ewsis) asosede uipineirdauls pue ‘siaydusnb asealoud Suiuiejuod usyng
VdIY ul pasA| a1am s|j33 ‘suta3o.d pajejAuniolq JO JUSWYIIIUD 104 PaGLIISIP Ajsnolraad se pawogiad
sem |020304d uolejAUnOIq By ‘UOIR)SUBI) |BJIN0IID AQ palesaual Luom Saul| |90 d|qels pue
slueINW £TD [V 40} pawsopiad sem Ydd sisauadeinw Ajpuanbasqns 10N pue [Hwbg Yyum paisasip
sem €TDLV-VH-AJSINd "uonesyiidwe €791 40} 999YIDLIVLILIIDIIDDIOVYIILLIDILIVYIVLIOIID
pue SYIVHOVIIILLYVILILYOLOVYVYDIDDDILID99I1IIVIILID99I1I999 pue uoiedyidwe
ZX3dy Joj @iejdway e se (Sull Iy Ag pausodap [Gg8E6y ‘DUIBPPY) XIdV-d4D-EpUIXdUUOD

€vNQ@od Suisn OVVVHOI1I9VVIIIVVYVIOVILYIODIOD11III9VDHIIIDVOILOHOVDIIIOV



[43

"T0S-€6¥T:CTT '800T POO|g "uonieiniew

93A%0|n21384 BulINp SAWIOSOQIS PUE BLIPUOYIOHW JO dduelea)d diSeydoine ay) Ul djoJ [eDID €

shejd TN "gd uosdwoyl ‘vd ASN “VIA Ye|aS ‘T Sueyz ‘4 oeyz ‘f N ‘AD SueA ‘L uaispur] ‘I npuny “ZT
"9-TZTTT:80T ‘TTOC V'S N 1S PRIV 1BN 204 "Saseul} Zy1N/IN1N

40 uapuadapui si ASeydoine paonpul-eluowwy ‘g) uosdwoy] ‘Q N ‘r np ‘1 usispul] ‘H Suosayd ‘TT
'S6-58S:9€ ‘STOT olg 19D

|OIAl "@2IIAl Ul Juawdojanaq delpie) pue ASeydoiny 1oy |el3uass3 s| TSIV "N ewiysnziy ‘L eynziey ‘0T
"€€-TTT:GLT ‘900
A3ojo1q |92 jo [eusnor 3yl ‘sAemyied Suijeudis Yyolw-ISI pue eydiedNL jo uonendas sy pue

JuawWwdojanap JaAl| pue deipJed ul 00Zdl4 4O 3|0y 1 ueno ‘H no “y zeued|y ‘| ASeN ‘X Suad ‘g uen g
'79-6%9:S ‘6007 ASeydoiny ‘ASeydoineoudew Joj |eIlUSSS SI pue TN

Yum s1oeuaiul ‘T0T81y ‘uisroud Suipuiq €181y uewny ‘|anou y "gd siuuaq ‘y ueddeljey ‘v 404N '8
'6-€.46:S ‘6002 ASeydoiny €131y yum Suidessiul uieload ASeydoine

ueljewWWEW [9A0U B ‘TOTSIV "N BWIYSNZIAl ‘| BJEH ‘1 SWNSIEN ‘S BANWSI| ‘| I)ESeS ‘N BMBE)OSOH ‘£
"T16-T86T:0¢ ‘600¢ 19D [0!g |olAl *A8eydoine 1oy paiinbal
x3|dwod 00ZdI4-ETEIV-THTN dY} YUM UO[1eID0SSE TOYOLW JUSPUSC3P-JUBLINN ‘|8 19 ‘N Epewe)

‘5 BUBYDY B ‘| SWNSIEN ‘S BANW| ‘A BUNIA ‘Y BANWENE] D 1YSI)| ‘L B)NZIe)| ‘| eJeH ‘N BMBYOSOH 9
'S0€-£6TTT:¥8T ‘600 WayD |olg [ "A3eydoine Joj [elauassa si pue Suljeusdls YOLw

sajelpaw xajdwod 00zdI4'ETOLY TNIN "X Suelr ‘S uayd ‘X 8uig ‘r Suem ‘H np weq ‘O Asjuen g

'9T0z 2uaSoduQ 'siseiseraw Jadued ul ASeydoiny “4y poajpelA ‘NIA HeYS ‘33 SIIMON 1
'S£-690T: TSP ‘800¢ d4nieN "Uolsasip

-}|9s Jen||92 y3nouyl aseasip sysy ASeydoiny rg Aysuoly NV OAISND ‘g SUINST ‘N BWIYSNZIN '€

TY-LTTET ‘00T 119D 9seasip jo sisauadoyied syl ui ASeydoiny ‘9 Jowaouy ‘g auine] ‘g
"P-TEVEIOL ‘0TOT

sy Jaoue) "Adesayl pue Juswdojanap Jooued ul ASeydoine SAI19[9S A UBIY ‘| udsueyor ‘| aiq ‘T

SIONIYIATY

123

"PaqLIISaP FI0M BU} 01 UOIIe[2J Ul SIS2I1UI [eloueUly SulladWwod ou aJe 313Y3 1yl 34e|dap SsJoyine ay |

LNIWILVLS 1SIHILNI 40 LOITINOD

"('s"g 01) ST0Z/TT HHopfessna
AMSISAIUN BUIBH YdLUIBH 3yl Jo Alndoe4 [EJIP3IA 9Y} JO 991UWWIOD) Ydoueasay ayl pue ('s'g o1
pue "9°H 01) ST MY¥D pue ('S'g 01) T-5/¥98 OLS ‘T-¥/¥98 OLS ‘T-€/¥98 OLS Heydsulawasssunyasioy
9YasinaQg ay3 Agq papoddns sem yJom SIYy] ‘SNUIA JO 2duanbas |eulwual -) pue -N 3yl Suluieuod

$J0109A 3ulpinoad Joy ay28u3 |seydiN pue s[j90 3-1e|d Sulpinoud o) eanwel) OIYso] dueyl S

SININOAITMONNOV



143

'8G-/#:2C ‘YT0OZ 21N10NI1S "WsjueydawW
uoldeJaiul pue uofusodal :xajdwod Y7 £T81y/€D1 peiejas-ASeydoine ayy Jo siseq |enonas
'S BNs1eYep\ ‘L LOWIYSOA ‘DY uosqo@ ‘Y o1e) ‘IN Bjesemey ‘I eMUON ‘Y Eleqel ‘H Bnzng

"06-SLT6E:L8T “TTOT WaYD [o1g [ 'syow (Y|1) uoigas Suridelalul-gJ7 40y sjuawalinbai

2ouanbas :xajdwod YN 3Y3 Jo A|qasse 1o} sp|ojeds se 1oe suialodd Ajlwey 89y "I uasueyor ‘A

Uiy ‘v UIBAISAQ ‘H YIAS|O ‘V UIe[ ‘)| UdsJe ‘gy J1130ps! ‘NI UdsIa8u0] ‘] dJewe] ‘Y3 nwlly
"€€-€TiT:L ‘1107 ASeydoiny "uonionpui ASeydoine

ur 2lin pue TN jo Ajpuspuadapul e Q0zdid Pue €18V ‘e 19 ‘S 8ioqjassam ‘N I9][eyds
‘g Jayoequaiya4 ‘OQ |l9qdwe) ‘Y Jagneq ‘H Jajpdday NIV 91431310 ‘4 Ydseed ‘SY J9|}QT ‘S s4aly
'66-98:8€ ‘9T0C |19 A9Q "saxa|dwo) uonielu| ASeydoiny jo Ajquiassy

Je|ndoajowesdns sa1eIpalN TSIV UI9104d pataplosig Ajjedisuliiu] ayl ‘|e 3@ ‘NN BPON ‘L opuy
‘H OUBIIH ‘A BANWIY ‘D BINYEY-0PUOY ‘H INZNS ‘Q OJIYSON ‘S 1NZNS ‘A exollnd ‘H ojowewe,
'G06-168:TT ‘ST0C ASeydoiny ‘swsiueydsaw

Aojein3as pue Ajqwasse ojul sySisul apirosd xadwod T3y 9elsineIed  sadAwoseydoes
9Y1 Jo suoidesaiul JejndsjoN "N diA ‘DIN Suoq ‘ra Asuoly ‘AV NA 4 17 ‘X NIT ‘S N7 ‘H1 may)
"8£-595:78 ‘¥T0T Su1a10.d 'suidloud

ASeydoine ui suoiSau palapJosip Ajjealsuliiu] *JS eyuls 1 Mo ‘S WIeS ‘D 1uoS ‘Al NS ‘A IBIA
"TC-€TS:TT ‘¥107 AS0|0Iq JEINd3jOW 13 |BINIDONIIS BuNnjeN X3|dwod

uonelul ASeydoine ay3 Jo Ajquiasse paonpul-uol3eAIelS JO SISeq |BAN3ONJIS NN BPON ‘A lWNSYQ
‘1 eSeul ‘Y epexY ‘H OUBJIH ‘A BJNWIY D BINYEN-OPUOY ‘H OJ0WEWEA ‘WS PNZNS ‘A exollng
‘8E-VCCS9CT

{€T0Z 19S 19D r "uondnpul ASeydoine Sulinp sswoseSawo yum xajdwod TH1N Y1 JO uoile|nosse
o1weuAq LN SeISI VS 4B ‘N BWIYSNZIAl ‘1L Bynziey ‘Al eABjlUB|Al ‘] uO1d|de)s ‘ solseueae)
"S-0GEETTT ‘STOC IAWY JO S91LIS PAUN dY) JO SAIUBIIS JO Awapedy |euoiieN

9y} jo s8uipaad0id "uollewloy awosodeydoine Sulnp S3ISIA ESIY SHNJIAL UlBWOP YINYOH

€181V "A IWNSYQ ‘H OUBdIH ‘A BINWIY ‘D BINYEH-OPUOY ‘A EMENIQ ‘H OJOWEWEA ‘MS INZng

€e

K43

‘1€

‘0oe

'6¢

'8¢

Lc

'9¢

T4

€€

'/ G-8Y8T:ET ‘STOZ 24n39N43S X3|dwo) THTN Y3 UIYHIM gNH UOIIDBIDIU| UB :I3WIPOIIDH

VINYOH TOTSIV-€T81v UBWNH 8Y) Jo a4npnals "Hr AspinH ‘D olnouedafis ‘r op wiy ‘s 10
'0:5T0Z ASeydoiny ‘suiajoud ulewop YINYOH OM1 suleauod xajdwod Joleniul ASeydoine
uejjewwew ay] "HO Jaqel8iad\ ‘g PlogiiM 7 198a31s-[98eN ‘D Jax2aQ ‘IN Uamemyds ‘Il [YdIA
"16-987G:0TT ‘€TOC V'S N 19S pedY [1eN 2044 *ASeydoine ur juawiinioal

9seupl-€ |d salelpaw €181y Ul Ulewop YINYOH V "HI ASnH ‘3y Asjueis ‘r esndey ‘DD oer
'9-$8TIET ‘866T 195 Waydolg spuad] “Jiedas yNQg pue sisdeuds awosowoayd ‘syujodyoayd

2130)W Ul JOJBUIWOUSP |BJNIONJIS UOWLWIOD B :Ulewop VINYOH @Yl ‘A3 UIUOOY “1 pulresy
'08-7/4S:CT ‘STOT 1019 |OIA 39N43S 1eN ‘uolelnul ASeydoine ul TOTS1vY JO S9]0J |BIIUSSSD

s|eanas xajdwod €T81y-TOTSIV 2yl JO ainPNUIS ‘NN BPON ‘N BWIYSNzZIN ‘L ejnziey ‘H 1ynzns
10N “Assuiyoew ASeydoine ayy 01 8

"€002-266T:0T ‘600C 119D | eusis yoLw ajelpaw

s9x3|dwod 00ZdI4-ETBIV-YTN "HA WM ‘N npuny| ‘T 08D ‘IAIN 0110 ‘INA Wi ‘HS 0Y ‘@D unf ‘HD) Bunr
"€8-TLPT:TT ‘STOZ ASeydoiny 's||92 Juadydp-£TO LV Ul AliAloe oi8eydoine

240353 Ajjeipued ued jueleA €TDLY 1USPIRP-3UIpUIq Z/TNTN B JO uoIssaldx] ‘|e 18 ‘Y zHwyds
1 luessy ‘O Uasali4 ‘4 Jal2Jp|ynis ‘S uassalId ‘d 431YQd ‘N Yiaiag ‘L exnziey ‘Sy 49|10 ‘N 93IH
'/ €-v21:6 ‘€T0C ASeydoiny uoneande ASeydoine

Joy sjeudis juauinu Suisuas :xajdwod TN 9yl ‘X Sueir ‘D] Asjuen ‘Q sjuand ‘iNd Suop
*GTOTZ ST : S92USIIS B41| JB|NISJOW puk Je[n||3) "SyJomiau

01 salydJesaly woudy :suelodd o1y Agq uononpsuesy |eudis A3eydoiny g 34031S ‘S 810Q[asSaM

‘Ty-GTLT:8CY ‘910T 09

[OW [ "x31dwod THTN/T8V 2y y8nouyy Buijeusdis Ag ASeydoiny jo uonenday 3 yeuy ‘g pisuided *

"TT-2:Z€ ‘2T0T |01g |[9D [OIN "SoeqpPaa) pue ‘syndjioys “j|e3 ssotd :ASeydoine
40 uoienNgal 3y Ul Z/TAIN-HOLW-)dINY 4O 2|0y "g >J0IS ‘S S10q|assaM ‘SY 1913017 ‘S S|V
'66-689:£ ‘110 ASeydoiny ‘ASeydoine jo uonendal

Ayl Ul 1N pue (TN1N) T dseun| aI|-TG Pajeulpioodun Jo Juawalinbas ayL ) JaiuinolL ‘13 9]

e

€¢

K44

'1¢

‘6T

8T

LT

v

‘€l



9¢

"88-6LE¥'VE ‘¥TOT ASojolq Jejn||3d pue Jendajol 631V paiejhioydsoyd yum

UOI30BIDIUI BIDZE-E-HT PAIRINSAI-NJIANY PUe -T)1N e el ASeydoine sajowoud awoloelaiul e1xzg
-€-%T 3yl JO 1uawWwasduelleal padNpul-sSaJ1s-21|0qeISIA [ Uasiapuy ‘W[ uosdwoyl ‘NQ uoswoy
‘L ®duld ‘ND ueSol ‘QV SIYIN ‘gr UOSUSLOIN ‘D@ judqpeoltg ‘rQ Jaued HA eJexasesad
"vTT-L6T1:8 'TT0T ASeydoiny ‘uonezieso| 691V

saje|ndaJ TY1N o uonejAloydsoyd juapuadap-NdIAIY ‘NS SewoyL ‘INf elesy ‘g Susayz ‘|H YoeN
"006-888€:6TT ‘900C 12§ |[9D [ 'S9WOSOpUd

pue NOL 2yl usamiaq 81y ueljewwew jo SulpAd Juspuadap-TYIN Pue UOIIBAIRIS “YS 9200
‘r zaaemyds-nooulddi] ‘Ma AsjieH ‘S Y3iH ‘©S meysmeld ‘Y |Ya0) ‘MX NH ‘A3 ueyd ‘Yy Sunoj
"€8-TLY:ES ‘YTOT |19 Je|nd3|o|A “aseuny TSy a8yl Aq 631v Jo uonejAioydsoyd

109241p uo puadap ASeydoine ul sdais AjJe3 cje 19 ‘| |9401S ‘IN BSuel) ‘L JswwIMudlield
‘| uuewsueH ‘y EJIOlBIN ‘YD sauleg ‘T WIBYIM ‘M J9uY IN Suydsnydss ‘g Disuided
"8EE0T:Z ‘9T0OT Unwwo) 3eN "Adeydoine ajeryui 03

S9|21S9A-681Y SI2333 X3|dwod aseury-T81y ayL ‘L M3||OM ‘A 42199 ‘g UUBWIOH ‘OIA BUJDd ‘A OBY
'8€-G7S:¥T ‘600€ S|19D S9UDD "24n1onJ3s [ewosogeydoine

-a4d 2y} 9zjuesio 03 681y SUNIDBI LTSIV "A IWNSYQ ‘Y BNZNS ‘Y eMeIYD| ‘] eleweme) ‘] 0}3S
'06-64:9 ‘v00¢ 119D ASQ "24n1nJ3s [ewosodeydoine-aud sy3 wouy 1odsuedy [easlnlas £z8y

pue 631y so1e|nSas xajdwod €T81y-T81v ayL 1@ Aysuolly ‘3d Sneywons ‘v Joxony ‘4 LoiSSay
"0C-€T: Tt ‘9T0T 3UN4 3PNIIS |33 "X3|dwo)

uoneniui-A3eydoiny ay: ul yungns AJosssddy ue isnf 10N :TOTSIV "N ewIysnzinN ‘NN epoN
'99S9€TT:TVE ‘€T0T

90U310S "uPAwedeJ pue uoljeAIels 03 AHAIHSUDS JI9Y} dPodua says uoliejAsoydsoyd TOYOLW INA
1UIBQES ‘GIAl 94BA ‘3G N1 ‘SN AeJD ‘) BUIIQ ‘TH NOT ‘@ WIT 1D S9IUBAID) ‘JIN Ploded ‘VS Suey
"90TSE:9 ‘9T0T day 195 "T-U1|29g BIA 7 9seuly| 1eaday Laly auidna

Aq A3eydoineosoew jo uonengdas jusapuadapul YOLWw ‘B 19 ‘YA U0S)00) ‘YS 9200 ‘I ApieH

‘4 AeAypedopueg ‘H neaisne4-unid ‘diA JBINOS ‘S ydlueylg ‘yYQ uasooy ‘y SIeweln ‘) IUOZUBN|

€S

K4

‘18

'0s

‘o

k14

Ly

9

14

vy

S€

"0€€T3:/ ‘9T0T SIA Yaeaq |9 "ASeydoine [eajuoueduou ul ased] -/ saJinbau uonepidi|

€27 P1eID0SSE-I8]0D “[e 13 ‘S 1T ‘M UBM ‘A UIT ‘A N4 X UayDd X 1BD ‘Z BueA 1 SUOH ‘A NI ‘A 0D
"9%-TE9T:ZT ‘9T0¢ ASeydoiny “Suljeusis

VI4IH pue YOLIA J0 uspuadapul s|j92 snsodind snajpnu ul ASeydoine |eajuoueduou ssjowoud
eixodAH AN pnagsty ‘NI odideys ‘3 1uediyds 13 Ma4I8S 1 IUIABIBUBINL D UOIRDIBN ‘H 10YD
"¥9-L¥S:TT ‘910 ASeydoiny "yTo v Bunejhioydsoyd pue Suipuiq

eln Asauiydoew uoneul ASeydoine ayy 01 3uljeudis TOYOLIN Saielpaw xa|dwod TH1N 9yl ‘|e 19
‘SY OYN ‘D J934e1S ‘A Wi ‘g AJIBLIOIA “HY Wiy ‘Q PlemuniD ‘AN 0310 ‘IN 039S ‘HD Bunr ‘IIf dded
"TC-YTTITE CTOT WOJU [OIA "POYIBIN B3JY d2B)INS

UUBWZ}|0g-U0SS|Od SIIUBYIDIA JB|NI3|OIAl Y3 Aq suole|ndje) ASiau3 aal4 "H 9%|yoo ‘N JoAswoH
'€16-168:0€€E

‘€007 1019 [OIN [ "soxa|dwod SQD|ey-sey pue jey-sey ayj Joj uoiHsodwodsp AS1aus 2314 pue
uone[najed A8iaua 9.y Suipuiq Aq Suipuiq uiloud-uiaoad olul s3ySisuj "yqg 958D ‘J 31 ‘H Yo
"ZT-€08:89 /00T SUI9101d "SaNPISSI PIOB-OUIWE JUBUIWIDIDP

2oeyJajul uldlosd-uieloid By} JO MaIARL B--s1ods JOH [N SOWeY ‘Yd S9PUBUIDL ‘S| EJIDION

'9-087/M:8€ ‘0T0Z Sy SPIdY d19]oNN *suoldesaiul udload-utaiold Suliods

104 SuluuedS dUIUB|E 0D]|IS Ul }BINIIE PUB 1SB) :JAAIDSGIM |dda40258niQ "H 9%|YoD ‘NG Ja8nty
"TE€-8CET:6EE ‘€TOT 22uaIdS “3uid8e) onewAzua pajdlilsal Ajjenneds ela s|j92 3ulAl| Ul elIpUOYDI0IW
Jo Suiddew 21wo3104d "AV SUlL ‘VS 4IBD YA BYI00A ‘Al |IPHEIN ‘AN 1YS9PN ‘d NOZ ‘MH 29yy
$-1S:2T ‘STOZ SPOYIRIA 1eN “Suljaqge| Aywixoid pue Adodsosoiw uoJ3d3|3 104 ZX3dV 40

UoNN|OAS Pa3daUIQ AV 8ULL A BYI00N ‘HINI UBWII||T ‘T1 YPUlISdQ ‘1 JaWey ‘af |[PM.N ‘SS we]
"T-CEE:SS *YTOT 119D [ON Buid3e) X3dv

11}2WOI3e BIA S||92 dAI| Ul 90BdS SUBIGUISWIIUI [BIAPUOYI0W UewNny 3y} jo Suiddew d1woa304d

AV SUIL MIA BUYIOOIA VS JIBD ‘L BUDUIAS ‘A UBJBID ‘AN 1YSdPN ‘MH 23Yy ‘d noz ‘A Suny

R34

w

v

‘ov

6¢€

‘8¢

LE

‘9¢

‘S€

e



8¢

"YE-TTTLT '€T0T
$9( [OAl PapIY INdWO) [ "SUWYDIIUD SujUIDIDS [BNIIIA UO dUBNJJUI pue ‘sjodojoid ‘siajpweled
:uonesedaud pueSi| pue ulR104d ‘M uewuays ‘Y nfowygqeuuy ‘1 Aeq ‘N Asai8iyzpy ‘WD Aaises 0z

‘9-TST:¥ '£00T SPOYIBIA 1BN "DI1S BIA
VNQ JUBUIqUOJ3J 91eJaUaS 01 OJIA Ul UoljeuUlIqwodal snoSojowoy SuissauleH ‘S a8pa|3 ‘ZIN I '69
"6LBJ:L ‘YTOT |BUSIS 1DS °S|[9D
g SullsaJ ul S9|2ISAA Je|Nn||20B1IUI 1B G9-d7S J03depe 3y JO AjquIasSe Je|Nd3JOWOIIBIA *[ SPUBUDIM
‘) Ja8uiselun ‘S J9ddag ‘N uuewlusH ‘r uajAog ‘7 Suopn ‘T uyny ‘S easAlnyiid ‘N 9Y98u3 ‘g9
'78-9£9:6 ‘CTOT SPOYIDN

1eN ‘sisAjeue aSewi-jeaiSojoiq Joj wuoyie|d ddinos-uado ue :ifi4 ‘|e 1@ ‘g PIWYIS ‘S p|ajees

‘J uapany ‘s yasiqladd ‘I yasziald ‘IN J1eSuo ‘A SiuAey ‘3 asii4 ‘| sedasued-epueiy ‘T UlIRPUIYIS *£9
"€8-9LETT:06C ‘STOZ Way) |oig [ "ASeydoiny jusapuadap
-(4oLw) upAwedey jo 198ie] uelewWWElN SYI0|g SSeuly THIN 4O uoniqiyu| |ediSojodewleyd
‘ol Asjuen ‘g Aixxes ‘y |ewe) ‘yS aulogsQ ‘D eSueywediN ‘rO Aemuo) ‘1 dlBYRd ‘99
"8-€8YG-€T ‘STOT Alisiwayd [eupipaw g d1uesI00lg "TH1N dseuly Sureniul
ASeydoine 2y} jJo p|o4eIs JOUGIYUl MAU B JO 24n3doNJIS pue AJanodsig ‘A 1eoyS ‘gIN shiezeq ‘g9
"19-£52:0T ‘ST0Z ASojolq [eatwayd SOV "s401iqiyul Judlod yum xa|dwod
ul TN aseury Suneniul ASeydoine uewny ay3 Jo 24n3dNJIS A 1B)0YS ‘D AUlOAON ‘gIN snJezeq ‘p9
'£6-G8T:6S ‘STOT |12 [N 'S23e4350NS THIN
40 uoneaynuap| pue TN aseury ASeydoiny syl Jo uoniqiyu| IINIBJOIA [[EWS “[e 19 ‘T I3|H3YS
‘3D Sue, ‘Q Jexdlued-eipuaaney ‘rH No7 ‘1 J3J|IA ‘T Buoy ‘H noz ‘N sowep ‘DA unyd ‘4Q uesy 'g9
'¥8££2T09:0T ‘STOT dUO
SO7d “JIIOIN SIN-Ad e Jo uoniu8oday gz eiag uaydoAsey ysSnoayy SuidinddQ uollezi|edoq Jeajpny

s)| sa1enday wid Aq uonejhioydsoyd £z0T 495 TN "SS Suey ‘S unAy ‘T unyd ‘r3 937 ‘HS UIYS 79

LE

‘STOC 4941a yieaq |90 "TdYvd
y8noJy} sSaJ1s SAIIBPIXO 0} dsuodsas ul Yieap |92 sajowold THIN JEIPNN |8 19 ‘S ena.leds
‘I AoNWBL ‘Y sAijjiyd ‘19 UIOQUIA ‘Y OULIBIAL D IS ‘TX SWUBH-IT ‘Hf 0Of ‘Y JeSuaA| ‘v 1ysor *T9
'8-G6ZT:TT ‘200T 2UaS0dUQ "S||92 UBWINY SNOLIBA Ul TgY 9oNpul ued eyl auas uewny
|9AOU B ‘TDDTEY 4O UOIIBIIIUSP| A 1YIBS ‘N Iulpjeg ‘H geqO ‘) luejuoy ‘S emeday| ‘1 oueyd "09
‘99
-9SH:/S ‘STOT 119D [OIA "uoneAJels Japun uonieiniul ASeydoine saaup €77 Jeajanu jo uonejAiedeaq
‘|e 39 ‘r zpemyds-noduiddi] ‘1 noyz 9 Sueyd ‘g niq ‘Z NOA ‘T UBID “X NOYS ‘M UBAA ‘A NX ‘Y SuenH *65
C1-1:98
‘000C S9Y Uulelg [O|A S9Y Ulelg "uoi3eSuOo|d |eUOXE Ul JJodsued) JBINDISAA JO 3[0d d|qissod :ujelq

ay3 ul suijoud pajejas € uleyd y

ul9104d PaILIDOSSE-9INCNI0IdIW PUB dSeUIY dYI|-TS-duUn By}
JO UOIPRIAIU| ‘| NSIRWEIN|A ‘H B30 ‘A OYNSEIA ‘I ILUBUIWOY| ‘| OUdN ‘S BSENA ‘I UBA ‘N IEZE)O ‘85

'/-€0S87:/8T ‘ZTOTZ Way) [olg [ "uoliewJoj swososgeydoine

aleyljioey 01 yow Sunoesdiur Ajlwey g8y ayl el gSly uload ayji-uiinbign Byl yum

s1oeJaiul TSy aseupy uiload pajejas-ASeydoine ay] “A lwWNSYQ ‘H oloweweA ‘NN BPON ‘D eanye)|
-0puoy ‘H ONesuIy ‘MS BNZNS ‘S eanxey ‘N emesolexeN-yodes ‘s lyseAeqyo ‘H emesoleden LS

"€0£-T69E:TE ‘210 [ 09INT "ASeydoine

so1e|n8aJ g3y uleyoud ayi-uiinbign ayl 01 aseuny| TY1N/TS1V 2yl Jo Sulpuig ‘|e 19 ‘| uuewsuey
‘IN BWIBA ‘Y YdIA0Zaug ‘| [94J01S ‘D onldwas ‘SS 997 ‘I jnfa18a1s ‘3 aljey ‘N exsuelly D yesy ‘9g

'69-958:0€ ‘9T0Z A9 S2UID "[9POW dSNOW UI-320Ud| JUeINW

e jo sisAjeue pue uofjesauad Aq pajeanas 00zdld 40 suonouny juapuadapul- pue juapuadap
-ASeydoine jo s3]0 3DURSIQ “1f UBND ‘T USAA ‘S UNS ‘] 0l0WeNO D) Suer] ‘S 094 ‘D SueM ‘S UBYD S

'0ZPTT:L ‘9TOZ UNWWOD 31BN "S9IISaA 691V Aq payJew suoidad Jejndisanojngny

¥3 uo Ajquiasse xajdwod y1n Agq uonemur ASeydoiny ‘[N SBEISIIY T uosul|jo) DA Mewoq

O pPPWYY ‘H UuBWIBWWIZ ‘J [SWWNH ‘| BABJIUBIA ‘H SneyuadO ‘YS JaY|ep ‘3 solseuede)| pg



or

yoea 4oy s|aAd| utaload moys swesdelq ‘sutaiold pajedipul ayi Joj Suinojgqounwwi Agq pazAjeue auam
suolldel4 "uWn|od aseasdul 9 asosadns e uo AydesSolewoayd uoisn|xa-azis Aq palesedas auam (v)
Ul PaqIIIsap §||30 40 $I9eIIXD 0O0TS (@) "TOTOLY 40 “VH ‘TIITAY 404 Suiojqounwwi Aq pazAjeue aiam
su1a1o04d payling "asosede uipiaerdasls Suisn paylund auam suialoud paiejAunnolg ‘pasA| pue uoinjos
Sujyouanb yum sawi} € paysem a4am S|[3D “ulw T 1oy ‘Q?H Suippe Aq paieairoe sem asepixotad
pue ulw Q€ Joj unolg-jouayd yum pajeqnoul-aid auam Sjueinw paiedipul 8yl Jo €191y 2dA1-pjim
JaYa 03 pasny U0 suoje zx3adV-VH Suissaidxa Ajqels s43IN O €160 (D) “(pazAjeue sem sadew g
JO wnuwiulw ‘saduelieA [enbaun Suiwnsse sjdwes-z ‘4591 1 JUapNIS) J9113| [ed13USp! Ae|dsip 2ouaJayIp
juedlusis Inoyym sajdwes "|AJS F UedW Se pajuasaldal aJe eyeq "pPale|nd|ed sem oljed 19onu:jeusis

3y} pue pajunod aiam agew Jad 19jonu pue sjeusiS ‘| dYa YIMm pauiels a1am 19NN “(dTOT-SININ

90UBAOD :APOQIIUE YH-IIUB) UOII3S SPOYIaW puUe [eLI91EW dY] U] PaqLIsap se Aesse uonesi| Auwixoad
Joj pasn a4am s||90 Aep I1xaN "sdi|s JOA0D SSe|S 0jUO PIPIIS 2JOM SIUBINW PAILJIPUI BY} IO €TV
-VH 8uissaudxa Alqels s43IN OX €7670 (@) 'TOTOLY 4O ‘VH ‘ETOLY ‘THIN ‘TIOTEY Joj Sumojqounwiwii
Ag peazAjleue pue 3I9yd-SAS 01 poLlgns asem suidlosd payling CAjpAndadsas  ‘salpoqliue
TOTOLY-AUE 10 TDDTEY-Ue Yim UOReUIqWOd Ul speaq 9/y uleioid Jo dsosede-yH-hue yim
suopeaylindounwwi 01 Pa3d3[gns a4am sa1esA| Jejn||ad paJeajd pue pasA| auam (E£LEIN-8VEAV)ETDLY
-VH 40 £T91V-VH J3yua uipodus yYNQ@? 40 10309A Ajdwa yum paidajsuedy Ajjelinoaial s13N O) 1610

(V) "€TOLY ut uoiSau Bulpulq TIITEY Y} sasUAWOd €/EIN-8EA dduanbas pioe oujwe ay| g 4nSiy

EYYE]
aJe 1didsnuew siyy 4oy pasn Suljjage| pue suoneinw paijdde ‘sisuled uoioealul ‘suiewop palasdie]
“1aded siy3 ul pa1es1ISaAUl SUOIEINW ETOLY JO ISIT (8) g ce 16 o7 vz 2 0z 'gr PRIE?IPUL 2J€ spidijoydsoyd
pue suia104d 01 3ulpulq Ul PIA|OAUl S9dUBNbBS pIoe oulwy *(Z-€¥TSZO Ja111uspl 10adiun ‘g wuojosl)

€191V uewny jo uoiejuasasdas d1ewayds (y) "€ETH1Y Uewny JO S90eLIDIUI UOIDERIDIU| *T a4nSi4

SAN3ID3T 3UNOH

6€

"T€0969:6 ‘¥T0OT dUO SOTd
'060sH auoJadeyd Jejndajow ay} Jo AM|igels Yy} SUIWISIBP 1By} UIBWOP UOIIBZIBWIP [eulwla}

- 9y1 ul sjods 104 SuUIA|0SaY "H 9Y|Y0D ‘D Y1049 T 1WYIS ‘HS SHWS ‘S uuewiay ‘T uidiap ‘Jensiy ‘1.



w
‘g pue g saJn3diy

ul pasnad aJe (ETHLY PuUe QYl) S|0J1U02 Joj saAIN) "uldlold pazAjeue ay3 Jo uoiesuadu0d 1saysiy ayl
Suluiejuod uondedy syl 0} pazijewJou pue Indul aYyj JO OIS B JB UOIIORIY YIBd J0J S|9AJ]| ulaloid moys
sweJ3elq ‘sui@1o4d pajedipul 8y Joj Sunjojgounwwi Aq pazAjeue aJam SUOIldBI4 "UWN|OD BSEaJDUl
9 9so04adns e uo Aydei8olewolyd uoisnjoxa-azis Aq palesedas aiam sjueinw paredlpul Yyl 4O ETD1Y
-VH 8uissaidxa Ajqeis s43IN O) £I610 Jo S10e41xd OOTS (D 03 ) "X2|dwod TN 3yl Jo uonedaquisip

0} spea| utewop Sulpuig-pidijoydsoyd ay} Jo Jou Ing ‘UlBWOP VIANYOH 3y} JO uoleIn|A *G ainSi4

‘wrl oz
:Jeq 3|B3S "T00°0 > ds 4 ‘TO'0 > dxx "@UI| |32 [ENPIAIPUI YoBD JOJ INIINQ 03 SSgT Sultedwod pauwiiopiad
sem saouelieA [enbaun Suiwnsse sjdwes-g 1593 1 JuapniS 9yl uisn sisAjeue |ea1Is1elS (|AIS + uesw

juasaidas ejeq ‘pazAjeue sem uope|nwils Jad S|[22 68 JO WNWIUIW  "9JEMIJOS

3} uisn auop sem
uonedlyiauenb |30 Jad UOIILZIEI0|0D PUB BIOUNG ‘SIUBIIBA ETD]V-VH 4O UoIssaldxa snouadoxa ayy 01
anp aq ySiw siy] "eound TIITGY YHUM pazi|ea0]od uolriod Jouiw e Ajuo yaiym jo ‘Ajisusiul pue azis
ul SutAsen eyund aannisod-yH 0 Jaqwinu ySiy e pa3dalap am 1eyl 910u ases|d ‘SuiSewr Joj pash sem
2d02s0Jolw SuluuedS J3SE| [BI0JUOD 3SIAAUL Uy "pawlopiad sem TIDTGY pue (dTOT-SININ 22Uenod)
VH Joj 2douadsaJonjjounwiwi| ‘uonezijigeawJad pue uolexy ‘Y gz 4oy (SSg3) wnipaw uoljeAsels
yum uoneqnaul 03 Jolid Aep suo sdi|s J9A02 sse|3 uo umol3 a1am siuellen €19 1Y pad8el-yH paiedipul
ay1 Suissaudxa Ajgels s43IN O) £1620 (@) "WH 40 ‘TN ‘TDD19Y 404 Suniojqounwuwi Aq pazAjeue pue
39Vd-SQs 01 paialgns asam suieioad paljling ‘xiw asoseydas-o/y uie10.d e pue sajpogiiue TOTOLY
-ljue yum uonedylindounwwi 03 pajdalgns a1am Sa1esA| Jen||2d pases|d pue pasA| aiam sjueliea
pa3edipul 8y} Jo €TD1V-VH 4ayia Suipodud yYNQD 40 J030aA Axdwia yum paldajsuedy Ajjedinoalad s{JAl
0 €160 () ‘Sumojgounwuwi Agq sui@jodd paledlpul 9y} JO UOISSDIAXD JO) PAUIWEXD UM SDIEBSA|
|10 "weaS03siy e ul pano|d ale eyep aAneUSsaLday ‘(seduelnen [enbaun Sujwnsse ajdwes-z ‘1591
1 1UapN1S) S19119| [e21IUP! Ae|dsip ouaJayip JuedlyIudis INoyum sajdwes ‘|A3S F ueaw Suiuasaidau

weu3elp Jeq e ul panold sem pue (,9uou,) uolssaidxa ETHIY-NSNUSA Supde| S||9d [0JIU0D

1974

0} pazijewJou sem d|dwes yoes 40} A}ISuslul 92UIISDI0N|) JO URIPAW By “J919WO0IAD moly e Suisn
92U92$2J40N|4 SNUIA J0o) pazAjeue pue paziuisdAsl auam (syueinw pajedipul ayl Jo adAr-piim) €191V
-NSNUSA pue TOTOLY-ISNUaA Suissaidxe Ajqeis s43IN OX £I610 (g) ‘UMoys s dde4aiul ETOLY 3yl
Ul SaNPISaJ 959U JO UOIIEZIEIO| BY) ‘|aued JBMO| BY) U] PaJ Ul PJ0|0d dJe SpoyIaw yioq o1 Sulpiodde
s10ds 10y paJspisSuod sanpisay ‘umoys ale (O ‘6€ 'Jo4) yoeosdde yS/g9-ININ @yl Aq paindwod
(Burudny) saiSiaua Sulpulq dA13944 anpisal-iad ‘|aued ajppiw 3yl u| ‘sjods 10y Suipuig paJapisuod
ale _jow (e} T < HVV Bulp|alA sanpisas ‘suoreinw e|y-03-anpisas 9dA1-piim 1oy SaoUBIIHIP
A31aua 9344 Bulpulq sajousp DVYV (jpued Jaddn) (Lg “jo4) JaAJasgam |, 2400S3NIQ Byl pue (yg
494 /0506 :Al 8Qd) J9W1poIa1dy VINYOH TOTOLY-ETOLY UBWNY By} JO 84n1oNJis ay) Suisn pawlopiad
Sem 22e191Ul TOTOLV-ETOLY 9Y1 Jo Suiuueds aujuele jeuoneindwo) (y) "TOTOLY YUM uoldesaiul

S HgIyul 01 JUBPIYNS S| ETOLY Ul 8ETA PUe YETA ‘€ETY ‘TETI SONPISaJ Jo uoneINA “p a.nsi4

‘wrl og :4eq 9|eds 'S a4n31y Asejuswalddns pue ‘g ‘¢ saun8iy ul pasnal aJe (ETO 1Y) |043u0d
10} SUWN|0) "PauleIqo Sem G0'0 > d YHM aduedliusis [Bd13s13els ON "dul| ||99 [enpIAIpUl Yoea 4o} INTING
031 §Sg3 Suedwod pawuogiad sem saouelen [enbaun Suiwnsse ajdwes-g ‘1591 1 uapnIS oyl Suisn
sisAjeue |eansiiels "pazAjeue sem uole|nwils Jad |30 89T 4O WNWIUIW Y "NIS + ueaw juasaidal
ejeq ‘aJemyos Ifiy 3uisn suop sem uonedyuenb 90 Jad uoleziedojod pue epund ‘Suidewl
104 pasn sem 2d03sosdiw SujUUBDS J3SE| [EI0JUOD 3SIDAUI UY "TIDTGY PUe (dTOT-SINIA 92UBAOD) YH
JoJ paulels pue pazijigeaw.ad ‘paxiy aJam s||a] Y T 404 (SSg3) wnipaw uoljeAtels 4o (AJNQ) wnipaw
|IN} yum uonenwis o} Joud Aep auo sdijs J9A0D SSe|3 0JUO Papaads UM (ELEIN-SVEAV)ETOLY
“VH J0 €TD1V-VH Jayua Suipodud YNQ2 Yim paioadjsuely Ajjesinoaial s43N OY €630 aioydodeyd

9y} 0} JUBWIHNIIRI [BNINW SHQIYul €TOLY Ul uoidas Sulpuig-TIDTAY Y3 jo uondnisiq g ainSi4

‘g pue G saungiy ul pasnaJ aJe (ETHLY PUe O) S|0J43U0d J0j SIAIND “uldlold pazAjeue ay)

10 UOI3BJUBDUOD 3S3YSIY 9y} SululeIuOd UoIdRL) BY) 0} Pazijewlou pue Indul 3y} JO Oljed B 3. Uol3oe.}



144

ay3 8uisn sisAjeue |e211S13R1S "INJ3S + UBSW Juasaidal eleq "94emyos Ifiy Suisn suop sem uoljediyauenb
1192 J43d ejund "2dodsosoiw Suluueds Jase| |BI0JUOD 3SJaAUl ue Suisn pawdopad sem SuiSew
"ZIdIM 404 paulels pue pazijigeaw.ad ‘paxiy a4am s|19) 'Y g 404 (SSg3) wnipaw uoljeasels Jo (NIINQG)
wnipaw ymmoJs ur pajeqnau; pue 3ysiuiano sdijs J19A0d sse|3 uo UMOoJIS 249M SjuelleA €T 1Y Paiedipul
3y} Bulpodud YNQO YHm paroajsuedy Ajjesinoslas s43N OY €160 (v) "uonewuoy eypund zidIM

padnpul-uolleAlels ploe oulwe J0j saJejialul uolldesaiul €191V Jo JuswaJinbau |ennuaJsajig ‘8 a4n3i4

“TOA 40 TIALLSOS 40} Suiiojgounwiwi
Aq pazAjeue asam s91eSA| Jein||@2 paJes|) "y g J40) (SS93) Wnipaw UOoIleAIe)S JO Wnipaw yimous ul
pa1eqNdUl 9J9M SlUBLIBA €TO Y Pa1edIpul 8y Sulpodus YNG9 40 (0)l) 40199A Aidws yum paidajsuely
Ajjedinoaiad s43N O £161p (3) “(sedueliea [enbaun Suiwnsse sjdwes-z ‘1591 1 uapnis) uedyiudis
10U “S'U‘TO'0 > dxx ‘SO'0 > dx INIS + UBDW BJE S NSaY “(Wnipaw ul €T9]Y) SUe| [041U0d 3Y] JO SOljed
ay1 Jo a3esane ayl Aq (josauod Sulpeo| 0} ui104d) oljed pazijewJdou ydea ulplAlp Aq palendjed auam
sa8ueyd pjo4 “1DA PUe ‘g1IV ‘€01 ‘VH 4o Suimojqounwwi Aq pazAjeue aiam sa1esA| Jejn|ad paJes|)
‘(@) ul paquSap Se Pajeqnoul SJ9M SIUBLIEA €TD]Y Pa1edipul 3y} Suipodus YNQD 4o (OY) 40309A
Ardwa yum pardsysuedy Ajjesinoalad s43N O) €1610 40 (1MW) S43IN dA1-piim €161y paldajsuesiun
(4 ‘@ ) (ssouenen |enbaun Sujwnsse djdwes-z 1531 1 IUSPNIS) TO0'0 > dxxx TO0 > dux
'saul| |92 paoidap Joj uswieasl Tyyeqg + $sg3 Sulnp uollejnwnoe eund €37 Suliedwod pawioiad
sem saduelieA |enbaun Sujwnsse s|dwes-z ‘159] 1 uapn1s ay) Suisn sisAjeue |eaNISIEIS “IATS + UBSW
1uasaJdas eleq "aaemyos Iy Suisn suop sem uoliedlyauenb 192 Jad ejpund pue adodsoudiw Sujuueds
J3Se| [B20JUOD 3SJaAUl U Suisn pawioyad sem SuiSew| "€)7 J0) paulels pue pazijigeawsad ‘paxiy
aJam s|19D *(*vieg) v upAwojiyeq U Of JO 9Juasge Jo 9duasald syl ul (SSg3) wnipsw uolleAlels
JO winipaw ymmoJds ul y g Joj paregnaul pue 1ySiuiano sdijs J3A0D SSe| U0 UMOJS aJam SjuelieA

€TOLY paiedlpul 3y} Suipodua YNQ@d 40 (OY) 4039A Axdwa yum pajoaysuedy Ajjedinotidl s43IN Ol

1610 10 S43IN (1MW) 2dA1-piim €161y paldajsuesiun (g) "(seoueriea |enbaun Suiwnsse sjdwes-g ‘1591

134

73U9pPNIS) TOO'0 > dssx ‘TO0 > dsx INIS + UBSW JUSSAIdaI BIRQ “WNIPAW YIMOJS Ul PaIegndUl S||92
9dA1-p|Im 01 pazijew.ou sem ajdwes yoea Joj ANSualul 92uUdIsaJ0N|4 JO uelpaw ay| ‘A11dw0lAd Moy}
Aq pazAjeue aiam sjeusis ged1-sulIIDW JeN|[9 |B10] 'Y 8 404 (Twieq) Ty udAwojijeq AU O INOYHUM
JO YUM (SSg3) Wnipaw UOI1BAIE)S JO WNIPSW YIMOJS Ul Paun}jnd a4am SjuelieAn €T9H1Y paiedipul 3yl
pue ggdT-autudW Suissaldxa Ajgels s43IN ON €620 40 (LM) S43IN 9dA-piim €163V (V) J9A0uUIN} €D

padnpul-uoijeAlels ploe oulwe J0j S9dejtalul uoljdelaiul €T91YV 4o Juawadinbau |ennuaJlapiqg L ain3i4

‘wrl Qg :4eq 9|eds "3uidewl Joj pasn
sem 9dodsouo1w Suluueds J3Se| [BI0JUOD SSIDAUI UY "€D7T PUB (dTOT-SIAIN 92UBAOD) \H 10} paulels pue
pazijigeawJad ‘paxiy a49m S||9D "y z 404 (SSE3) Wnipsw UolleAlels Yum uolnejnwiis o} Jold Aep suo
sdi|s 49A0D Sse|S 01UO PIpPa3S SJaM SJUBINW PIIBDIPUl BY) JO ETD1V-VH Suissaidxa Ajgels s43IN O
€1670 (3) "Wl 0T :4eq 9]edS "TO0'0 > dx#x TO'0 > dxs ‘SO0 > dx "BUI| |99 [ENPIAIPUI YIBD JO) INIING
03} $5g3 Suliedwod pawuogad sem saouelea |enbaun ujwnsse ajdwes-g ‘1593 1 U9pNIS ayl Suisn
sisAjeue [e213S13L1S IAI3S + UBSW judsasdal eleq "pazAjeue sem uonenwils Jad s|[32 £ZT JO wnwiulw
v "24em1yos 1M} Suisn suop sem uonedyiauenb |92 Jad uollezes0j0d pue epund ‘Suidewl Joj pasn
sem 2d02soJo1W Sujuueds Jase| [eI04UOD BSISAUI UY “TIITGY PUe (dTOT-SININ 92UBAOD) YH 10} paulels
pue pazijiqeawsad ‘paxiy a4am S||9) 'Y T Joj (SS93) wnipaw uoneAsels Jo (AJINQ) wnipaw ||y
yum uonejnwils o1 Jotid Aep auo sdijs J9A0I sse|S 01uo papaas a4aM (y) Ul paqglIasap s|19D (g) S pue
T $94n31) Ul pasnal aJe (ETDLY pue Q) $|041U0d Joj S3AIND “uldloid pazAjeue ayl JO UOIIBIIUSIUOD
159y31y ay1 Sululeluod uondes) Ayl 01 paziewlou pue ndul 3yl JO OlleJ B 1B UOIDeJ) Ydea Joj
s|aA9| uie1oad moys sweaSelq ‘suia104d paiedipul a3y Joj Suimojqounwwi Aq pazAjeue siam suoloe.d
‘uwinjod aseaJdul g 9sotadng e uo AydesSolewouyd uoisn|axa-azis Aq pajesedas aiom sjuelleA ETO 1Y
-VH paiedipul ay3y Suissaidxe Ajgeis s43IN ON £I610 jo speiixa 00TS (V) "ETOLY 4O 10w Y| 3yl

Aq 10U 1nq uodEIAUI THTN-ETDLY 2yl Ag pasuanjjul si xajdwod YN 3y3 Jo uoiusodwo) *9 ainSi4



14

‘(paulwialap Jou “pru) paudisse Ajlenuew sem paJ 34ep 3p0od J0jod 3y} pue ‘a8uel
40 1IN0 0} 135 SEM (%9°/97) UORINWIS SSGT JdpuUn | Y[ 40} dNJeA BYL “6ST 0} LG WOy paulap
sem 3uiddew Joy a3ues syl “(MOJ 141} ‘STOLV) %00T O3 19S SEM UdIYyM ‘|0J3u0d 8y} 0} pazijewou
9J9M SaN|BA || (8 PUB /£ SUWIN|OD) I|NWIIS PIILIIPUI SY} YUM JuswWieas) Jaye TIITY pue SJUuelieA
€TOLV-VH JO SIUaA3 UoI3ezI[eI0]0d JO a8e1uad4ad ay3 (11 10 ‘(9 03  SUWN|OD) I|NWIIS PaledIpul 3yl Ag

uononpul ASeydoine Jayje uonewsoy epund TI9TOLY PUe ZIdIM JO 9seaJdaul ayl (Il ‘(€ 03 T suwn|od)

Ty upAwojiyeq Jo aduasaid ayy Ul IINWIIS paledlpul dyl Joj Suniojqounwwi Aq pajdalep |eusi
-€27 o 98euanuad ayi (1 smoys dew 3eay ay] "uoliqiyul YOLIA 10 UolleAlels ploe oulwe Ag uoonpul

ASeydoine uo sa0BISIUI UOIDEISIUI ETOH]Y Ul SUOIIBINW JO S}BY3 3y} Jo Alewwns QT ainSi4

‘(s@auelieA [enbaun 3ulwnsse sjdwes-g 1531 1 3uspnis) 1000
> dsxx ‘TO'0 > dxsx ‘S0°0 > dx INIS + UBSW BlE S)NSDY “(WNIPaW By} Ul €T 1Y) due| [043U0d 3Y) JO
soljed ay1 Jo adesane ayy Ag (jo43uod Sulpeo| 01 uie10.4d) olled pazijewJou yoea 3ulpiAlp Ag pajejndjed
2J9m sa8ueyd pjo4 "gloV pue €31 Joy Sumojqounwuwi Aq pazAjeue suam saiesA| Jdejn|j9d pases|)
‘("wieg) Ty upAwojeq NU Op pue (sjpued 1y3u) upAwededs AU QG JO (S|oued 13]) U0} |NU 0ST
J0 92uasqge Jo 92uasaJd ay) Ul WNIpaw YIMou3 ul Y Z J0) Pa1egndul 919M SjuelieA €TO|Y paledipul syl

8uipoous YN@2 40 (OM) 40199A Axdwia yum paldsjsuely Ajjesinoalal s43IN O 1610 (3 01 ) "uol

1yuy

YOLIN Agq paonpur ASeydoine 1o} $32e4193U1 UOIIORIDIUI ETD]Y 4O JUBWIJIINbAI [e13USIBHIQ 6 24nSI4

‘wrl 07 :4eq 31835 "T00'0 > dsx+ ‘TO'0 > dsx ‘S0°0 > d "BUI| |23 [ENPIAIPUI YOED

10} INJINQ 01 SS93 Suiedwod pawuogiad sem saouelea lenbaun uiwnsse ajdwes-g 15331 3 JUIpNIS



8l DLV 08FO1LY Z/1N jow Bulpuig-g/1M1N
ze il YO l¥l' L0bd slaquaw Ajiwey gbyy urewop Y|
e €LEN-8PEAY €LEW-8YEAV 10018 mow Buipuig-100 194
Apnis siy) audH VEELA'PSIA'CELY LELI L0LOLY urewop YIWHOH
d(s'v'e)sulpid ‘disuipid urewop
oz ~a87d VEIN'SIM LIMOLY ‘desuipid ‘vd spidijoydsoyd Buipuig-pidijoydsoyd
Joy bBuijaqe] uoljelnw uoljoesaul urewop
08rO1L OlbI-90ra  E€LEW-8PEA G6L4-1IM 8IM-01Y
Buipuig-z/1MIN Al Buipuig-100 19 Bulpuig- 10191V
Tl [ ] | I
08 ozy 09¢€ ove 08l ozl

d

Buipuig-pidijoydsoyd

\

| 2i1nbi4



Input IP: HA IP: RB1CC1
o Input IP: ATG101
& & &
) ) ,ﬁé\ & N rbb‘%ﬁ\ & ) @ﬁ e e
:© &) & ) P © & & &)
& P S £ P 5 & P S C e @ e %P"é\
[kDa] \3) 4! O
+ + + + + + + + + EBSS [kDa] .@d}- {1\@’ V;\ _@C} ?“\Q’ b¢
170 ——— — P — — L._.‘ L-—h_HHLd_ < RB1CC1 150  ~ : |_-'—_'-| RB1CC1
] . | | _Hl ULK1
- - o == 5 . 11 . A |y e
l | [ "= w.]
70 | “-““‘ . ..l : ATG13 25{ m ATG101
g g |
B C CCL AP: streptavidin
& )
& &
& &
¥ oF
S S
o ” WD Y ¥ {5 G o
% o) 4- ol S &9 80 o
— a
=3 FFEE FIEE
S5 o ¥R R SRR
as . [kDa «\\* Y \X‘* XK
= -
3T 29 RB1CC1
g8 L - 170 e e ” |
=8
SE ' —
" 23 100 o -
I~ = HA
o) 0 T T T T 50 fnaesd —
= 8
> 2 S 3
3 S & & e -
= 6“\‘@%’ 05 [T | [ o= o ] ATG101
. 2MDa 669 kDa 440 kDa 158 kDa 14 kDa
D % 1.5 - KO 1.5 kD] 3 |
= — ATG13 o £16 1718 19 20 2122 23 24 2526 27 26 20 30 31 32 3334 35 36 3738
G >
5 07 — AV348-M373 & B oSSBT | REtce
= o ULK1
& 0.5 2 05 2 30
g = 704 HA
‘@ 0.01 T —r— g 00T T T T 251!. "'—"'"| ATG101
£ 1719 21 23 25 27 29 31 33 35 37 5 17 19 21 23 25 27 29 31 33 35 37
2 . fraction # = gind fraction # 170 M = -—— | rB1CCH
@ ; ULKA
o 157 . 157 = 130{‘ - 11 |
510- E 5 70! T HA
E, iy 5 25]; = = ATG101
% 0.5 g o 170# -~ | RB1CCA
o
% 8 "EI’ 13(;, T e | uLka
0.0 e cd—— e
£ 1719 21 23 25 27 29 31 33 35 37 £ 17 19 21 23 25 27 29 31 33 35 37 § s ] T T TP | HA
£ P fraction # 2 05 fraction # z 25«1‘ . Py —— | ATG101




Figure 3

0
h"
H

B Medium
= EBSS
o)

10+
8
6
4
2
0

1192 42d sjop
aAIsod-10018Y pue -yH

CLEN-BVYEAV

199 42d sjop LOO1LaY

—

T L}
o o o
o

150+~

—

1199 12d sjop VH

€191V



Figure 4
A

(V)

2
— 2.07
g 13 § b b ’b%?b
= 5 E 151 = 5001 MEF afg13 KO + &_n
g - ‘%; a 4004 VenusC-ATG101 %\’b
g & 2% " £ 3004 o 2 &
< 5 2 [kDa] ‘\0‘;\ Y'SO ,:b'\”
0B LEEie i e e > E 059 © 2004 : =
R Dl sl s g 100 --4 ATG13
Interface residues 004 100+ v " .
i £ O T F S E A WA S 10 [emm] ACTB
= 10F 1 P 10°10' 10° 10° 10° 10°
S ® s FITC-A 25|I| ATG101
= &t rgf;& rbrgt“ [ none
g 4 NN VenusN-ATG13
— 2 o R133,V134,Y138A
£ 0 bt [1 1131,R133,V134,Y138A
o MEF atg13 KO + VenusC-ATG101
= 4
|
B ey

PEES-tannsanre RS TsSaeess

Interface residues C

(' ccL IP: ATG101
& &
P . WP
R S L S
[c) ) o & 9
O FEXREOEER

| -t RB1CC1
' 1 ‘” ULK1
-

HA

ATG101 ATG13

(10
o
<L
El Medium
250+
, _ i B3 EBSS
z 3 2004
[ | o
= g 1501
£ 2
c 1004
©
% 504
R o __',ll
Eg _ 80
= 3
20 &
aeQ g 1
< £
_g 404
8 204
@ 'D
b o
] 0- =
= 2 i
2 a0 |
23
o2 154
2
104
2 4
og 2" o
z z " > \ &> & &) e*- >
& Ly
O P F L P
\/ L3
2 & o & 2
3 N & &
= Y ¥ Q7 4V
& * #
o ¢ &
] Q\./
o
5Tm
o5
=
o %
m(")
o>
o<




Figure 5
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Figure 6
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Figure 8
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Figure 9
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Supplementary Figures
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Figure S1. A second hot spot region located in the connector loop was identified by MM-
GB/SA calculations. (A) Contribution of all amino acids of the HORMA domain of ATG13 to
the heterodimer stability. AG values denote the effective energy of binding on a per-residue

level calculated by the MM-GB/SA approach.>® %

Amino acids considered as hot spots by the
computational alanine scanning (Fig. 3A) and here are colored in red. The standard error in
the mean is shown by black bars. In the upper part of the panel, the secondary structure of
the human ATG13 HORMA domain is shown. (B) Cluster of hot spot residues localized on the

connector loop of the HORMA domain of ATG13.
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Figure S2. Exchange of ATG13 residues 1131, R133, V134 and Y138 to alanines does not
disturb interaction with ATG14. Lysates of atg13 KO MEFs stably expressing HA-ATG13 or the
indicated variants were subjected to anti-HA or anti-ATG14 immunopurification and

interacting proteins were detected by immunoblotting.
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Figure S3. A permanent accumulation of ATG13 and RB1CC1l can be observed in cells

expressing the ATG13 variant lacking both the ATG101 and phospholipid interaction site

even under full medium conditions. atgl3 KO MEFs stably expressing HA-

ATG13(PLBD™"HD™") were seeded onto glass cover slips 1 day prior to fixation and

immunofluorescence staining for the indicated antibodies (anti-HA antibody: covance MMS-
101P).
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Figure S4. Inhibition of the ATG13-ATG101 interaction blocks autophagic flux. atg13 KO

MEFs retrovirally transfected with empty vector (KO) or cDNA encoding the indicated ATG13

variants were incubated in growth medium or EBSS starvation medium in the absence or

presence of 40 nM bafiolmycin A; (BafA;) for 1 h. Cell lysates were analyzed by

immunoblotting for the indicated antibodies. 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 (Student t test, 2-sample

assuming unequal variances).
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Figure S5. The number of LC3 puncta is slightly increased in cells expressing an ATG13
variant with mutated LIR domain. atg13 KO MEFs stably expressing the indicated ATG13
variants were grown on glass cover slips overnight and incubated in starvation medium
(EBSS) with 40 nM bafilomycin A; (BafA;) for 2 h. Cells were fixed, permeabilized and stained

for LC3. Imaging was performed using an inverse confocal laser scanning microscope.
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Figure S6. Effect of ATG13 variants on MTORC1 and ULK1 kinase activity during autophagy
induction by various stimuli. (A to C) atg13 KO MEFs retrovirally transfected with empty
vector (KO) or cDNA encoding the indicated ATG13 variants were incubated in growth
medium in the presence or absence of 250 nM torin2 or 500 nM rapamycin or in EBSS

starvation medium for 2 h. Cell lysates were analyzed by immunoblotting for the indicated

antibodies.
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Figure S7. Analysis of HA-ATG13- and RB1CC1-positive dots upon treatment with torin2.
atgl3 KO MEFs retrovirally transfected with empty vector (KO) or cDNA encoding the
indicated ATG13 variants were seeded onto glass cover slips one day prior to incubation with



growth medium in the presence or absence of 250 nM torin2 for 1 h. Cells were fixed,
permeabilized, and stained for the indicated antibodies. Imaging was done using an inverse
laser scanning microscope. Puncta and colocalization per cell quantification was done using
fiji software. Data represent mean + SEM. Scale bar: 20 um. Please note that during revision
of this manuscript we were provided with a new lot of anti-HA antibody (covance MMS-101P
was replaced by BioLegend 901501), which now shows nuclear localization in every cell line

as compared to previous results, e.g., shown in Fig. 6C.
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Figure S8. WIPI2 puncta formation is not detectable upon torin2 treatment. atg13 KO MEFs
retrovirally transfected with empty vector (KO) or cDNA encoding the indicated ATG13

variants were seeded onto glass cover slips one day prior to incubation with growth medium



in the presence or absence of 250 nM torin2 for 1 h. Cells were fixed, permeabilized, and
stained for the indicated antibodies. Imaging was done using an inverse laser scanning

microscope. Scale bar: 20 um.
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Figure S9. Analysis of ATG16L1 puncta formation in cells expressing different ATG13 variants
upon EBSS or torin2 treatment. atg13 KO MEFs retrovirally transfected with empty vector



(KO) or cDNA encoding the indicated ATG13 variants were seeded onto glass cover slips one
day prior to incubation with growth medium in the presence or absence of 250 nM torin2 or
EBSS starvation medium for 1 h. Cells were fixed, permeabilized, and stained for the
indicated antibodies. Imaging was done using an inverse 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 or torin2 to DMEM for each individual cell line. *P < 0.05, **P < 0.01, n.s.,

not significant. Scale bar: 20 um.



Supplementary Methods

Macro for quantification of WIPI2 puncta and DAPI-stained nuclei

- dirl directory to original images, dir2 directory to processed images
-d0: channel AlexaFluor647: WIPI2 staining

-d1: channel DAPI: nuclei staining

dirl = getDirectory("Choose a Directory ");
dir2 = getDirectory("Choose a Directory ");
setBatchMode(true);
list = getFileList(dirl);
for (i=0; ilist.length; i++)
{
open(dirl+list[i]);
title = File.nameWithoutExtension ;
run("Split Channels");
saveAs("Tiff", dir2+title+"dO0.tif");
close();
saveAs("Tiff", dir2+title+"d1.tif");
close();
open(dir2+title+"d1.tif");
run("Unsharp Mask...", "radius=500 mask=0.90");
run("Median...", "radius=10");
run("Unsharp Mask...", "radius=500 mask=0.90");
run("Make Binary");
run("Fill Holes");
run("Analyze Particles...", "size=10-1000 summarize");
saveAs("Tiff", dir2+title+"d1_binary.tif");
open(dir2+title+"d0.tif");

run("Gaussian Blur...", "sigma=3");
run("Subtract Background...", "rolling=6");
saveAs("Tiff", dir2+title+"d0_processed.tif");
setThreshold(40, 255);
run("Convert to Mask");
run("Analyze Particles...", " summarize");
saveAs("Tiff", dir2+title+"d0_binary.tif");
close();
}
setBatchMode(false);
selectWindow("Summary");
saveAs("Text", dir2+"Summary.txt");
showMessage("Macro is finished");

exit();




Macro for quantification of LC3 puncta and DAPI-stained nuclei
- dirl directory to original images, dir2 directory to processed images

-d0: channel AlexaFluor488: LC3 staining

-d1: channel DAPI: nuclei staining

dirl = getDirectory("Choose a Directory ");

dir2 = getDirectory("Choose a Directory ");
setBatchMode(true);

list = getFileList(dirl);

for (i=0; i<list.length; i++)

{

open(dirl+list[i]);
title = File.nameWithoutExtension ;

}

run("Split Channels");
saveAs("Tiff", dir2+title+"dO0.tif");
close();
saveAs("Tiff", dir2+title+"d1.tif");
close();
open(dir2+title+"d1.tif");
run("Unsharp Mask...", "radius=500 mask=0.90");
run("Median...", "radius=10");
run("Unsharp Mask...", "radius=500 mask=0.90");
run("Make Binary");
run("Fill Holes");

run("Analyze Particles...", "size=10-1000 summarize");

saveAs("Tiff", dir2+title+"d1_binary.tif");
open(dir2+title+"d0.tif");

run("Enhance Contrast...", "saturated=0.01 normalize");

run("Subtract Background...", "rolling=1.5");
saveAs("Tiff", dir2+title+"d0_processed.tif");
setThreshold(69, 255);

run("Convert to Mask");

run("Analyze Particles...", " summarize");

saveAs("Tiff", dir2+title+"d0_binary.tif");

close();

setBatchMode(false);
selectWindow("Summary");

saveAs("Text", dir2+"Summary.txt");
showMessage("Macro is finished");

exit();




Macro for quantification of ATG16L1 puncta and DAPI-stained nuclei
- dirl directory to original images, dir2 directory to processed images
-d0: channel AlexaFluor647: ATG16L1 staining

-d1: channel DAPI: nuclei staining

dirl = getDirectory("Choose a Directory ");
dir2 = getDirectory("Choose a Directory ");
setBatchMode(true);
list = getFileList(dirl);
for (i=0; ilist.length; i++)
{
open(dirl+list[i]);
title = File.nameWithoutExtension ;
run("Split Channels");
saveAs("Tiff", dir2+title+"dO0.tif");
close();
saveAs("Tiff", dir2+title+"d1.tif");
close();
open(dir2+title+"d1.tif");
run("Unsharp Mask...", "radius=500 mask=0.90");
run("Median...", "radius=10");
run("Unsharp Mask...", "radius=500 mask=0.90");
run("Make Binary");
run("Fill Holes");
run("Analyze Particles...", "size=10-1000 summarize");
saveAs("Tiff", dir2+title+"d1_binary.tif");
open(dir2+title+"d0.tif");

run("Gaussian Blur...", "sigma=3");
run("Subtract Background...", "rolling=6");
saveAs("Tiff", dir2+title+"d0_processed.tif");
setThreshold(65, 255);
run("Convert to Mask");
run("Analyze Particles...", " summarize");
saveAs("Tiff", dir2+title+"d0_binary.tif");
close();
}
setBatchMode(false);
selectWindow("Summary");
saveAs("Text", dir2+"Summary.txt");
showMessage("Macro is finished");

exit();




Macro for quantification of HA and RB1CC1 puncta and DAPI-stained nuclei
- dirl directory to original images, dir2 directory to processed images

-d0: channel AlexaFluor488: HA staining

-d1: channel AlexaFluor647: RB1CC1 staining

- d2: channel DAPI: nuclei staining

dirl = getDirectory("Choose a Directory ");
dir2 = getDirectory("Choose a Directory ");
setBatchMode(true);
list = getFileList(dirl);
for (i=0; ilist.length; i++)
{
open(dirl+list[i]);
title = File.nameWithoutExtension ;
run("Split Channels");
saveAs("Tiff", dir2+title+"dO0.tif");
close();
saveAs("Tiff", dir2+title+"d1.tif");
close();
saveAs("Tiff", dir2+title+"d2.tif");
close();
open(dir2+title+"d2.tif");
run("Unsharp Mask...", "radius=500 mask=0.90");

run("Median...", "radius=10");

run("Unsharp Mask...", "radius=500 mask=0.90");
run("Make Binary");

run("Fill Holes");

run("Analyze Particles...", "size=10-1000 summarize");
saveAs("Tiff", dir2+title+"d2_binary.tif");
open(dir2+title+"d0.tif");

run("Subtract...", "value=25");

run("Subtract Background...", "rolling=3");
saveAs("Tiff", dir2+title+"d0_processed.tif");
setThreshold(75, 255);

run("Convert to Mask");

saveAs("Tiff", dir2+title+"d0_binary.tif");

run("Analyze Particles...", "size=0.00-0.50 summarize");
close();

open(dir2+title+"d1.tif");

run("Subtract...", "value=25");

run("Gaussian Blur...", "sigma=2");
run("Subtract Background...", "rolling=3");
saveAs("Tiff", dir2+title+"d1_processed.tif");
setThreshold(25, 255);

run("Convert to Mask");

saveAs("Tiff", dir2+title+"d1_binary.tif");
run("Analyze Particles...", " summarize");
close();

open(dir2+title+"d0_binary.tif");
setPasteMode("AND");




run("Copy");
open(dir2+title+"d1_binary.tif");
run("Paste");
saveAs("Tiff", dir2+title+"d0_1_features.tif");
run("Analyze Particles...", " summarize");
close();

}

setBatchMode(false);

selectWindow("Summary");

saveAs("Text", dir2+"Summary.txt");

showMessage("Macro is finished");

exit();




