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ABSTRACT OF THE THESIS

A Common Model for Phospho-regulation of Pexophagy and Mitophagy receptors

Aaron Burkenroad

Master of Science in Biology

University of California, San Diego, 2013

Professor Suresh Subramani, Chair

Organisms must find a way to degrade and recycle cytoplasmic contents and

eliminate redundant organelles. Peroxisomes and mitochondria undergo rapid, targeted

degradation in eukaryotic cells by the tightly-regulated pathways of pexophagy and

mitophagy, respectively, when they become redundant, damaged, or when the cell

experiences starvation or stressful conditions. As classical selective autophagy receptors,

X



Atgl9 (yeast receptor for the cytosol to vacuole targeting pathway) and Atg32 (yeast
mitophagy receptor) interact with the autophagy-related proteins, Atg8 and Atgll. We
identified a novel Atg8-family interacting motif (AIM) of the Saccharomyces cerevisiae
pexophagy receptor, Atg36, that is required for its interaction with Atg8. We also found
that both Atg32 and Atg36 contain phospho-regulated sites that are required for their
interactions with Atg8 and Atgll. Each Atg36 molecule must interact with both Atg8
and Atgll in order to be fully functional in mediating pexophagy. In this work, we
present a common model for the phosphoregulation of selective autophagy receptors.
Furthermore, we demonstrated that the kinase, Slt2, previously known to regulate
selective autophagy pathways, plays a key role in the phosphorylation of both Atg32 and
Atg36. This discovery has led to a deeper understanding of the signaling, regulation, and
molecular mechanisms of selective autophagy pathways that may apply to how these

processes occur in higher eukaryotes.



1. Introduction



Autophagy

In order to function in and respond to a diverse range of environmental
conditions, living organisms must rely on an essential set of mechanisms that control
internal parameters such as temperature, pH, and metabolic rate. Organisms must also
find a way to degrade and recycle superfluous or damaged organelles and other
cytoplasmic constituents in order to promote and maintain cellular homeostasis.
Autophagy, an intracellular pathway by which a cell degrades its own contents, occurs in
virtually all eukaryotes,. Through the use of electron microscopy, Christian de Duve, who
coined the term “autophagy” (literally “self eating”), showed single- or double-membrane
vesicles containing portions of cytoplasm and organelles in mammalian cells (de Duve
and Wattiaux, 1966). During autophagy, cells can sequester cytoplasmic materials and
interior cell structures to be broken down and recycled via lysosomal or vacuolar
degradation through two distinct mechanisms, macroautophagy and microautophagy.

In macroautophagy, these large cargos are engulfed by double-membrane
structures known as autophagosomes, targeted to the lysosome (or vacuole in yeast), and
recycled back into the cytosol (Klionsky and Ohsumi, 1999). On the other hand,
microautophagy is a process in which the lysosomal or vacuolar membrane invaginates
and directly engulfs cytosolic components that are then degraded (Figure 1-1).
Autophagy is a tightly regulated and non-selective process employed to generate
macromolecular building blocks, such as amino acids, and energy required to meet
minimum survival requirements during periods of nutrient deprivation and stress.
Autophagy is also important for the removal of damaged and superfluous organelles,

protein aggregates or misfolded proteins, and other cytoplasmic contents.



Implications of autophagy in human physiology and disease

Autophagy is now known to play a role in a variety of human disease conditions.
A correlation between autophagy and human disease was first shown by Liang ef al., who
demonstrated that single allele deletions of the BECN1/ATG6 gene caused mice to be at
risk for spontaneous tumor formation (Liang et al., 1999). Since this discovery, numerous
correlations have been shown between dysfunctional autophagic processes and disease
conditions such as neurodegenerative disorders and cancer.

For example, double deletion of the 4TG5 gene specifically in neuronal cells,
which is required for autophagosome formation, results in the aggregation of cytoplasmic
proteins and deficits in neuronal function (Hara et al., 2006). Inhibition of autophagy in
cells expressing a mutant protein associated with Huntington’s disease caused increased
aggregation and cell death (Ravikumar et al., 2002). These and other findings suggest
that a basal level of autophagy is required for clearance of protein aggregates in neurons
to prevent neurodegenerative disorders such as Alzheimer’s and Huntington’s.

Furthermore, studies have suggested a role of autophagy as a tumor suppressor by
protecting cells from DNA damage that would otherwise result in oncogenesis (Mathew
et al., 2007). Autophagy has also been shown to be a necessary adaptation for post-
mitotic cells, such as cardiac myocytes, to survive and tolerate stresses (Nakai et al.,
2007). Enhanced activity of mTORC1 (mTOR Complex 1) in podocytes, which is
associated with inhibition of autophagy, causes many phenotypes seen in human Diabetic
Nephropathy (DN). A reduction of mTORCI expression in podocytes prevents DN in
diabetic animal models (Godel et al., 2011); Inoki et al., 2011). Clearly, autophagy has

been implicated in a variety of disease conditions and is important for cell growth and



survival, immune and nervous system integrity, tumor suppression, and apoptosis. Any
defects or dysregulation of the autophagic pathway could have significant consequences

for human development, survival, and incidence of a wide range of diseases.

Autophagy — general mechanism and regulation

Molecular investigation into the autophagy process began with genetic screens of
budding yeast such as S. cerevisiae, Pichia pastoris, and Hanseluna polymorpha, which
have led to identification of autophagy-related proteins that are encoded by the A7G
genes (He and Klionsky, 2009). Importantly, the majority of these genes was shown to
be conserved from yeast to humans (Klionsky et al., 2003), which demonstrates the
significance of the autophagy mechanism for survival and viability. Studies using S.
cerevisiae as a model have determined the steps involved in the mechanism of autophagy
and autophagy-related pathways. The steps involved in macroautophagy in yeast are the
following:

1) Signaling and induction of autophagy: carbon, nitrogen, phosphate,
or sulfate starvation causes induction of autophagy. Torl, a protein
kinase that regulates cell growth in response to nutrient availability
and cellular stress, hyperphosphorylates Atgl3 when nutrients are
abundant. This hyperphosphorylation event prevents autophagy by
blocking the interaction of Atgl3 with Atgl (Nair and Klionsky
2005). Upon starvation, the Torl pathway is inactivated, resulting
in rapid partial dephosphorylation of Atgl3 and activation of Atgl

kinase activity (Kamada et al., 2000).



2)

3)

4)

PAS formation: A complex of proteins aggregates at the
phagophore assembly site (PAS), where eventual membrane
elongation and recruitment of cargo occur. A variety of Atg
proteins assemble at the PAS: the Atgl kinase complex, the Atg2-
Atgl8 complex, the Atg8 and Atgl2 systems, the
phosphatidylinositol 3-kinase (PI3K) complex, and Atg9, a
transmembrane protein that shuttles between the PAS and
peripheral sites (Suzuki and Ohsumi, 2007; Klionsky 2005).
Vesicle formation: Atg8 and Atgl2 are ubiquitin-like proteins
which become conjugated to phosphatidylethanolamine (PE), a
phospholipid that makes up the vesicular membrane, and AtgS5,
respectively (Abeliovich et al., 2000). This step in the process
involves many Atg proteins and is necessary for expansion of the
membrane around the selected cargo.

Retrieval: Several components of the autophagy machinery are
then recovered for recycling and reuse in subsequent cycles of
vesicle formation. Atg8 associates with PE on the membrane of the
expanding phagophore, but is cleaved from PE on the outer
phagophore membrane as the tips of the enlarging phagophore fuse
to form a double-membrane vesicle known as the autophagosome.
Inability to cleave off Atg8 from PE at this late stage of
autophagosome formation causes a pexophagy defect (Kirisako et

al., 2000). Most Atg proteins also dissociate from the



5)

6)

autophagosomes. Likewise, Atg9, the only integral membrane-
associated protein, cycles between the PAS and a peripheral
compartment, the potential membrane source for autophagy. Thus
much of the core autophagy machinery is recruited to the PAS to
facilitate phagophore elongation, but upon completion of the
autophagosome, these components are recycled back for further
use.

Vesicular docking and fusion with the vacuole: Once vesicle
formation is complete, the vesicle can fuse with the vacuole and
efficiently release cargo. Many proteins that also function in other
targeting pathways also participate in vesicle fusion during
autophagy and autophagy-like pathways, such as the SNARE
proteins and class C Vps/HOPS complex proteins.

Breakdown of the intraluminal vesicle and its cargo and recycling
of the macromolecular constituents: Following fusion of the
vacuole with the outer autophagosomal membrane, the single-
membrane vesicles containing cargo termed autophagic bodies
must be degraded. The acidity within the vacuole and Atgl5, a
lipase, are thought to induce breakdown of the single membrane,
releasing the cargo into the vacuolar lumen. Vacuolar proteases,
proteinase A (Pep4) and proteinase B (Prbl), degrade the cargo
into its constituents (Klionsky 2005; Farré and Subramani 2004;

Takeshige et al., 1992). Finally, Atg22 and other amino acid



transporters export amino acids back into the cytosol, where they

can be reused (Yang et al., 2006).

Selective Autophagy

Autophagy has been described as a degradative pathway that results in the non-
selective, bulk degradation of cytoplasmic contents. In yeasts, this nonselective form of
autophagy mainly serves as a survival response in starvation conditions, providing a
source of amino acids and other nutrients to maintain cell viability. However, researchers
first demonstrated in 1973 that sequestration of smooth endoplasmic reticulum could be
achieved via an autophagy-like pathway (Bolender and Weibel, 1973). Sequestration of
mitochondria and peroxisomes was also observed (Beaulaton and Lockshin, 1977;
Veenhuis et al,, 1983). The cytoplasm-to-vacuole targeting pathway (Cvt) is an
autophagy-like biosynthetic pathway in which vesicles transport specific cargos, such as
the precursors of the vacuolar hydrolases aminopeptidase 1 (Apel) and a-mannosidase
(Amsl), to the vacuole. The Cvt pathway relies on the function of many of the same
proteins as the autophagy pathway, but also requires specific proteins to mediate its
specificity. The Apel precursor forms dodecamers, which aggregate into a larger Apel
complex. Atgl9, which serves as the Cvt-specific receptor protein, binds this Apel
complex and recruits it to the PAS through the interaction with scaffold protein, Atgl1
(Kim et al., 2001). Atgl9 also binds to Atg8, which causes membrane elongation and
engulfment of the cargo into a vesicle. Similarly, other forms of selective autophagy
each require their own specific selectivity protein/s in order to interact with the core

autophagic machinery proteins.



Selective autophagy can effectively mediate cellular homeostasis by tightly
regulating the turnover of target organelles and other cytoplasmic structures, such as
peroxisomes (pexophagy), mitochondria (mitophagy), ribosomes (ribophagy) and ER
(ER-phagy). Each of these selective autophagy mechanisms, like the Cvt pathway,
employ many of the genes involved in autophagy and also require their own specific

adaptor proteins (Johansen and Lamark, 2011).

Yeast as a model organism for the study of selective autophagy pathways

The use of yeast as a model organism for the study of myriad biological processes
has a long history. The first complete DNA sequence of a eukaryotic genome was
completed for the budding yeast S. cerevisiae in 1996. This effort has proven to be an
indispensable tool for the study of human biology, as the yeast genome encodes many
proteins that resemble those found in mammals (Botstein and Fink, 1988). Surprising
links between the specific sequence and function of human and yeast genes, making the
yeast model system very useful model for the study of human disease.

One of the most intriguing examples of this homology was the finding that yeast
lacking both RAS1 and RAS2 genes in yeast, close homologues of the ras proto-
oncogene in mammals, are nonviable mutants. When the mammalian H-ras gene was
expressed in yeast lacking both genes, viability was restored, indicating a surprising
conservation of sequence and function (Kataoka ez al., 1984). In addition, yeasts can be
easily and cheaply manipulated by various genetic techniques, and their short generation

time and conservation of mechanisms contribute to their utility as a model for the study



of biological processes. In addition, the yeast two-hybrid method has been used
extensively in this work to reveal details of various protein interactions.

Yeasts are especially useful for the study of autophagy and autophagy-related
pathways. From the initial discovery in the early 1990s that autophagy occurs in yeast,
our understanding of autophagy has improved dramatically. Methylotrophic yeasts such
as P. pastoris and H. polymorpha are particularly useful for the study of peroxisome
homeostasis, because manipulation of nutrient composition can stimulate both
peroxisome proliferation and degradation. Media containing methanol can promote
peroxisome proliferation. When these yeasts are shifted to media containing glucose or
ethanol, peroxisomes are no longer required for energy production, causes induction of
peroxisomal degradation by macro- or micropexophagy.

The use of S. cerevisiae has also been useful in the study of selective autophagy;
genetic screens of this species have resulted in the discovery of many of the ATG genes
required for general and selective autophagy. Furthermore, S. cerevisiae employs the
same signaling cascades that regulate cellular metabolism in response to environmental
stressors and nutrient availability in higher eukaryotes, and these pathways are thought to
be imperative for regulation of autophagic processes. The study of selective autophagy

signaling and regulation is the major focus of this work.

Peroxisome Homeostasis: A balance between biosynthesis and selective degradation
Peroxisomes are single membrane-bound organelles found in virtually all
eukaryotic cells and participate in a variety of metabolic and anabolic pathways. They

carry out both o- and (- oxidation of fatty acids and synthesis of bile acids and
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cholesterol (Van Veldhoven, 2010). Additionally, peroxisomes are essential in mammals
for the catabolism of long-chain fatty acids, D-amino acids, and plasmalogens which are
essential for proper brain and lung function (Wanders and Waterham, 2006). They are
also essential for cellular protection, by scavenging toxic and reactive by-products of
oxidative reactions. These single membrane-bound organelles range in size from 0.1 to
1.0 wm, and their subcellular distribution and number vary widely between organisms
and depend heavily on environmental conditions and nuclear availability. In human
beings, defects in at least 12 of the PEX genes involved in peroxisome biosynthesis and
other resident peroxisomal proteins can lead to devastating disorders in the Zellweger
syndrome spectrum (PBD-ZSS) (Steinberg et al., 2004). The balance between
peroxisome biogenesis and turnover by selective autophagy is essential for maintenance
of metabolic homeostasis.

Peroxisomes are distinct from mitochondria and chloroplasts in that they do not
contain their own DNA. Two models currently exist to explain how peroxisome
biogenesis occurs: the “growth and division” model (Purdue and Lazarow, 2001a) or de
novo biogenesis from the endoplasmic reticulum (ER) (Hoepfner et al., 2005). Electron
microscopy studies revealed that peroxisomes were closely associated with the ER,
suggesting that peroxisomes might originate from the ER (Novikoff and Novikoff, 1972;
Geuze et al, 2003). However this model was poorly accepted due to a lack of
biochemical evidence. Subsequent studies of peroxisome biogenesis found that
peroxisomal enzymes and peroxisomal membrane proteins (PMPs) were synthesized on

free polyribosomes and imported post-translationally into the organelle (Rachubinski et
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al., 1984). These findings provided evidence for the “growth and division” model of
peroxisome biogenesis.

However, subsequent mutagenesis studies in which several PEX gene mutants
(Apex3 or Apex19) effectively blocked peroxisome assembly in yeast and mammalian
cells. Upon reintroduction of the missing wild-type genes in these mutant fibroblast and
yeast cells lacking peroxisomes, this organelle could be reformed de novo (Hohfeld et al.,
1991; Subramani, 1998). Further biochemical evidence of the de novo biogenesis model
came from a recent study in which 16 PMPs encompassing all types of membrane
topologies were shown to first target to the ER and translocate to peroxisomes (van der
Zand 2010). According to this model PMPs are co-translationally targeted to the ER and
sorted to a specialized domain known as the pre-peroxisomal compartment. This
compartment is then budded from the ER to form pre-peroxisomal vesicles in a Pex19p-
dependent manner (Agrawal et al., 2011; Lam et. al., 2010).

Peroxisomal matrix are targeted to peroxisomes via one of two targeting signals:
PTS1 or PTS2. PTSI- and PTS2-containing proteins are recognized and bound by the
receptor proteins Pex5 and Pex7, respectively (Hettema et al., 2000; Subramani, 1998).
These receptor-cargo complexes are then recruited to the peroxisomal membrane, where
they interact with the docking subcomplex of the importomer (Hazra et al., 2002). This
interaction induces translocation of the entire complex across the membrane, where
cargos are released and PTS receptor complex proteins are recycled to repeat the process
of cargo recruitment and translocation (Ma and Subramani, 2009).

Pexophagy has been found to occur in many organisms from single-celled

eukaryotes to mammals but has been most extensively studied in yeasts. It was first
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noted when peroxisomes were observed in the lysosomes of mammalian liver cells (de
Duve and Baudhuin, 1966). As mentioned previously, each selective autophagy pathway
requires a specific cargo receptor that mediates interaction between the selected cargo
and the universal autophagy machinery. In P. pastoris, a methylotrophic yeast, Atg30
serves as the pexophagy receptor. Atg30 interacts with Pex3 and Pex14 on the
peroxisomal membrane, with another pexophagy-specific protein Atg37, as well as with
Atgll and Atgl7 of the core autophagic machinery. Aatg30 and Aatg37 cells exhibit a
full block in pexophagy, and overexpression of Atg30, but not Atg37, in conditions that
promote peroxisome proliferation, induces pexophagy (Farré et al., 2008). The cargo
receptor protein usually has a tripartite role in selective autophagy: (1) cargo binding, (2)
interaction with Atgl1, a protein that serves as a scaffold to facilitate the formation of the
PAS and (3) interaction with Atg8 via an AIM. However, direct interaction between
Atg30 and Atg8 had not been observed. Atg36 was recently shown to be the pexophagy
receptor in S. cerevisiae and perform all three of these functions, similarly to Atgl9 of
the Cvt pathway and Atg32 of mitophagy (Motley et al., 2012). Further study into the
molecular mechanisms of pexophagy and its receptors in yeast will lead to a better

understanding of these pathways are regulated.

Introduction to mitophagy

Mitochondria are essential for providing eukaryotic cells with a continuous supply
of energy in the form of ATP. However, these organelles can quickly produce a toxic
intracellular environment via excessive release of reactive oxygen species (ROS), and can

subsequently release proteins that promote cell death. In order for the eukaryotic cell to



13

protect the cell against harm or cell death pathways such as apoptosis or necrosis, it can
activate the selective degradation of aberrant mitochondria, or mitophagy. The balance
between cell death and mitophagy is a tightly regulated process that has opposite effects
on cell survival. Like other forms of selective autophagy, mitophagy is an evolutionarily
conserved mechanism that plays an essential role in maintaining cellular homeostasis and
integrity.

Mitophagy has also recently been implicated in a variety of human diseases.
Several studies suggest that mitophagy promotes tumorigenesis by maintaining a healthy
pool of mitochondria that is capable of meeting the energy demands of tumor cells (Gou
et al., 2011). A link has also been found between Parkin, a protein implicated in
Parkinson’s disease and encoded by the PARK2 gene in humans, and aspects of the
mitophagy pathway (Geisler et al., 2010). Deregulation of mitochondrial dynamics is
clearly associated with various human disease states such as cancer and Parkinson’s
disease. Further investigation into mechanisms and regulation of mitophagy can help to
shed light on these disease processes and support the development of new therapies.

Atg32, which localizes on mitochondria in S. cerevisiae, is the specific receptor
that facilitates selective degradation of mitochondria by binding to Atgll and Atg8
following induction of mitophagy (Kanki et al., 2009; Okamoto et al., 2009). Further
studies have revealed that Atg32 shares many of the same functional characteristics of
Atgl9, the “classic” receptor protein of the Cvt pathways (Okamoto et al., 2009).
However, further study into the molecular mechanisms and regulation of mitophagy can

lead to discoveries that can be applied to the process in yeast and higher eukaryotes.
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Mechanisms of regulation of pexophagy and mitophagy

The classic selective autophagy receptors, Atgl9 and Atg32, confer selectivity by
binding their respective cargos and interacting with proteins of the core autophagic
machinery, Atg8 and Atgll, at specific sites. These receptors interact with Atg8 via
AlMs (Atg8- family Interacting Motifs) in yeast and LC3-interacting regions (LIRs) in
mammals, which have a WxxL-like consensus sequence required for Atg8 or LC3
binding (Noda et al, 2010). Atgl9 possesses such a motif near its C-terminal end
(Shintani et al., 2002), and Atg32 possesses an AIM near its N-terminus (Okamoto et al.,
2009b). Selective autophagy receptors also interact with Atgl1 via a conserved binding
site that contains a Serine residue. The sequences of several selective autophagy receptor
homologues reveal a highly conserved sequence for Atgl1 binding that closely follows
the (D/S)ILSSS sequence (Farré et al., 2013).

Atg30 and Atg36 serve as the pexophagy receptors in P. pastoris and S.
cerevisiae, respectively, while Atg32 serves as the mitophagy receptor in both yeast
species. These receptors, like Atgl9 of the Cvt, interact with Atgll of the autophagic
machinery. In order for this interaction to take place, phosphorylation of each protein is
required as specific sites. Phosphorylation of Atg30 at Serine 112 is required for its
interaction with Atgl1 (Farré et al., 2008). Similarly, phosphorylation of Serine 114 on
Atg32 is required for its interaction with Atgl1 (Aoki et al., 2011).

Although much has been discovered about how these selective autophagy
receptors interact with Atg8 and Atgll, many details of this mechanism and how it is
regulated remain unknown. Induction of pexophagy and mitophagy requires the action of

protein kinase(s) on specific sites of the receptors Atg30 and Atg32 to facilitate the
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interaction with the scaffold protein Atgll. The existence of a similar mechanism to
mediate the interaction of Atg30, Atg32, and Atg36 with Atg8 has not been described.
Also, questions remain as to how interactions between the receptor proteins and Atg8 and
Atgl1 proceed: whether they occur sequentially or simultaneously, whether they occur on
the same molecule, and whether these modes of interaction are shared by receptors in
other selective autophagy pathways. Importantly, the specific kinase(s) that
phosphorylate these receptors at their Atg8 and Atgll interaction sites remain to be

discovered.

Implication of kinases in autophagy regulation

In total, 106 protein kinases have been identified in the entire fission yeast
genome (Bimbo et al., 2005). The task of identifying which of these kinase(s) is/are
involved in regulation of selective autophagy pathways such as pexophagy and
mitophagy is complex. As of yet, few kinases have been implicated in the direct
phosphorylation of selective autophagy receptors. It was found that TANK Binding
Kinase 1 (TBK1) phosphorylated Serine-177 of optineurin, a selective autophagy
receptor involved in the autophagic clearance of cytosolic Sa/monella enterica pathogen.
This phosphorylation event enhances optineurin’s affinity for LC3 (the mammalian Atg8
homolog) (Wild et al., 2011). Identification of the kinase that performs such a function
provides invaluable insight into how the process of selective autophagy of S. enterica is
triggered and regulated.

While the signaling events that regulate pexophagy and mitophagy are still poorly

understood, growing evidence points to intracellular signaling pathways. Recently, there
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have been several studies that suggest a role for Mitogen-activate protein kinases (or
MAPKSs) in autophagy. MAPKs are evolutionarily conserved serine/threonine-specific
kinases that act in response to extracellular growth factors, or mitogens. MAPKs are
important for a wide variety of cellular processes, such as the cell cycle, morphogenesis,
and survival in times of environmental stress. The mitogen-activated protein kinase p38
was shown to regulate starvation-induced autophagy through its interacting partner p38IP
and the transmembrane autophagy protein Atg9 (Kaneda ef al., 2009). It was also shown
that the MAPK SIt2 is required for pexophagy and mitophagy, but not for other
autophagy-related pathways such as Cvt (Manjithaya et al., 2010; Mao et al., 2011).
S1t2 was shown to be involved in recruitment of the mitochondria to the PAS during
mitophagy (Mao et al., 2011). Interestingly, ERK2, another protein of the MAPK class
has also been shown to activate mitophagy in mammalian cells (Dagda et al, 2008).
Further investigation into how these and other MAPKSs function in regulation of selective
autophagy is warranted.

It was recently discovered that Casein Kinase 2 is essential for mitophagy, but not
other autophagy-related pathways such as macroautophagy, Cvt, or pexophagy in S.
cerevisiae. CK2 was shown to be the direct kinase that performs phosphorylation of
Atg32 at Serine-114 and Serine-119, facilitating the interaction of Atg32 and Atgll
(Kanki et al., 2013). CK2 is a highly conserved serine/threonine protein kinase involved
in a variety of processes such as cell survival, the replication cycle, and the stress
response (Montenarh, 2010). This study serves as a model for the implication of a kinase
in the phosphorylation of an autophagy receptor in yeast, and highlights the possible

importance of casein kinase proteins in other selective autophagy pathways. Casein
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Kinases are known to phosphorylate proteins at the consensus sequence S/Tp-X-X-
(S/T)p. Interestingly, the pexophagy receptors, Atg30 and Atg36, contain several
sequences that mimic AIMs and Atgll consensus binding sites. ScHrr25, a Casein
Kinase I homolog, was shown to possibly interact with Atgll in high throughput
screening. Identification of the kinase(s) that phosphorylate Atg30 and Atg36 will lead to
a better understanding of how selective autophagy is regulated in response to changes in
environmental and intracellular conditions.

The goal of this study was to address some of the unanswered questions regarding
the regulation and mechanisms of selective autophagy receptors by using various
molecular, biochemical, and analytical methods. As processes that are conserved in
humans, insights into the mechanisms and regulation of pexophagy and mitophagy will
help support further study of other selective autophagy pathways and may one day be

applied to the development of therapies that treat a wide variety of human diseases.
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Figure 1-1: Schematic depiction of macro- and microautophagy in yeast. (Feng ef al.,
2014). In macroautophagy, portions of cytoplasm and dysfunctional or redundant
organelles are sequestered by the phagophore membrane, which engulfs these cargos to
form the autophagosome. The autophagosome then fuses with the vacuolar membrane,
releasing the cargos into the vacuolar lumen to be degraded by vacuolar hydrolases and
recycled. In microautophagy, cargos are taken into the lumen of the vacuole by
invagination and direct engulfment by the vacuolar membrane, followed by degradation
and recycling as it occurs in macroautophagy.



Table 1-1: List of autophagy-related genes [50].
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M it i
Gene Description of molecular events acropexopiagy Micropexophagy
Pp Hp Pp
ATGI Serine/threonine kinase required for PAS formation v v v
ATG2 Peripheral membrane protein required for Atg9 recycling v v
ATG3 E2-like ubiquitin ligase that catalyzes lipidation of Atg8 v
ATG4 Protease that processes Atg8 as prerequisite for conjugation v
with phosphatidylethanolamine (PE)
ATG6 Subunit of PI3K complexes I and II
ATG7 E1-(ubiquitin activating enzyme)-like protein involved in v
conjugation of Atgl2-Atg5 and Atg8-PE conjugates
Ubiquitin-like protein that is anchored to the expanded
ATG8 phagophore membrane in its processed and lipidated form, v v v
involved in phagophore membrane expansion
ATGO Trapsmembrane protein cycling between the PAS and a v v
peripheral compartment
ATGI1 Coﬂe<.i—c01l adaptor protein that interacts Wlth the core v v v
machinery and known receptors for selective autophagy
ATGI6  Essential component of the Atgl2-Atg5-Atgl6 complex W) v
ATGI17  Scaffold protein that is responsible for PAS organization v v
PtdIns3P-binding protein whose localization is dependent
ATGI8  Atg9 and PtdIns-3P; recruits Atg2 and needed for Atg9 v v
recycling
WD40 protein with phosphoinositide binding domain that is
ATG21 . . . v
involved in pexophagosome formation
ATG24 Sorting nexin protein involved in fusion events with the v v
vacuole
ATG25 Coﬂe'd-coﬂ protein that co-localizes with Atgl1 at the PAS, v
required for macropexophagy
ATG26 Sterol glucosyltran§ferase that plays a role in phagophore v v
membrane expansion
Coiled-coil protein required for peroxisome sequestration
ATG28  during micropexophagy and vacuole fusion of v v
pexophagosomes in macropexophagy
Pexophagy receptor that interacts with peroxins, Pex3 and
ATG30 Pex14, and adaptor proteins, Atgl1 and Atgl7 v v
ATG35 Localizes to the perinuclear structure; regulates MIPA v
formation and interacts with Atg28 and Atgl7
GCNI-4 Involved in general amino acid control v
Sarl ?ec protein required for MIPA and proper pexophagosome v v
ormation
PEP4 Vacuolar protease v
PEX3 PMP peroxin required for peroxisome biogenesis and for v v v
recruitment of pexophagy receptor
pEx14 TMP peroxin required for peroxisome biogenesis and for v v v
recruitment of pexophagy receptor
PIK1 PtdIns-4-kinase required for MIPA formation v
PFK1 Subunit of phosphofructokinase complex v
TUPI Transcriptional repressor v
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Figure 1-2: Schematic of proposed MAPK involvement in pexophagy and
mitophagy [34][35]. SIt2 is required for pexophagy and involved in mitophagy. The
direct target(s) of Slt2 in this process remains unknown.
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Figure 1-3: Yeast two-hybrid schematic. The yeast two-hybrid assay can be used to
identify protein-protein interactions via an artificial system in which the two relevant
proteins are expressed separately, one (the “bait” protein) fused to the Gal4 DNA-
Binding Domain (BD) and one (the “fish” protein) fused to the Gal4 transcriptional
activation domain (AD). In the specially-designed background strain, activation of the
reporter genes (HIS3 and ADE?) only occurs when the “bait” and “fish” proteins interact
and bind to the Gal4-sensitive promoters. Strains with various combinations of bait and
fish proteins expressed are grown on media deficient in Histidine or Adenine to
determine which pairs of proteins interact.



22

References:

1. Abeliovich, H., and D. J. Klionsky. 2001. Autophagy in Yeast: Mechanistic
insights and physiological function. Microbiol and Mol Biol Rev. 65.3: 463-79.

2. Agrawal, G., S. Joshi, and S. Subramani. 2011. Cell-free sorting of peroxisomal
membrane proteins from the endoplasmic reticulum. Proc Natl Acad Sci, USA.
108, 9113-9118.

3. Aoki, Y., T. Kanki, Y. Hirota, Y. Kurihara, T. Saigusa, T. Uchiumi, and D. Kang.
2011. Phosphorylation of serine 114 on Atg32 mediates mitophagy. Mol Biol Cell
22.17:3206-217.

4. Beaulaton, J. and R.A. Lockshin. 1977. Ultrastructual Study of the Normal

10.

11.

Degeneration of the intersegmental muscles of Anthereae polyphemus and
Manduca sexta (Insecta, Lepidoptera) with particular reference of cellular
autophagy. J Morphol. 154:39-57.

Bimbo, A., Y. Jia, S. L. Poh, R. K. M. Karuturi, N. Den Elzen, X. Peng, L. Zheng,
M. O'Connell, E. T. Liu, M. K. Balasubramanian, and J. Liu. 2005. Systematic
deletion analysis of fission yeast protein kinases. Eukaryotic Cell. 4.4: 799-813.

Bolender, R. P. 1973. A morphometric study of the removal of phenobarbital-
induced membranes from hepatocytes after cessation of treatment. J Cell Biol.
56.3: 746-61.

Botstein, D., and G. Fink. Yeast: An experimental organism for modern biology.
1988. Science 240.4858: 1439-443.

Dagda, R. K., J. Zhu, S.M. Kulich, and C. Chu. 2008. Mitochondrially localized
ERK2 regulates mitophagy and autophagic cell stress. Landes Biosci. 4(6):770-
82.

De duve C., Wattiaux R. Functions of lysosomes. 1966. Annu Rev Physiol. 28:
435-92.

Farré, J.C., R. Manjithaya, R. D. Mathewson, and S. Subramani. 2008. PpAtg30
tags peroxisomes for turnover by selective autophagy. Dev Cell 14.3: 365-76.

Farré, J.C. and S. Subramani. 2004. Peroxisome turnover by micropexophagy: an
autophagy-related process. Trends Cell Biol. 14(9): 515-23.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

23

Geisler, Sven, Kira M. Holmstrém, Diana Skujat, Fabienne C. Fiesel, Oliver C.
Rothfuss, Philipp J. Kahle, and Wolfdieter Springer. 2010. PINK1/Parkin-
mediated mitophagy is dependent on VDACI1 and P62/SQSTMI1. Nature Cell
Biol. 12.2: 119-31.

Geuze, H. J. 2003. Involvement of the endoplasmic reticulum in peroxisome
formation. Mol Biol Cell 14.7: 2900-907.

Godel M, Hartleben B, Herbach N, Liu S, Zschiedrich S, Lu S, Debreczeni-Mor
A, Lindenmeyer MT, Rastaldi MP, Hartleben G, Wiech T, Fornoni A, Nelson
RG, Kretzler M, Wanke R, Pavenstddt H, Kerjaschki D, Cohen CD, Hall MN,
Riiegg MA, Inoki K, Walz G, Huber TB. 2011. Role of mTOR in podocyte
function and diabetic nephropathy in humans and mice. J Clin Invest. 121(6):
2197-209.

Guo, J.Y., HYY. Chen, R. Mathew, J. Fan, A.M. Strohecker, G. Karsli-Uzanbas,
J.J. Kamphorst, G. Chen, J.M. Lemons, V. Karantza, H.A. Coller, R.S. Dipaola,
C. Gelinas, J. D. Rabinowitz, and E. White. 2011. Activated Ras requires
autophagy to maintain oxidative metabolism and tumorigenesis. Genes Dev. 25.5:
460-70.

Hara, Taichi, Kenji Nakamura, Makoto Matsui, Akitsugu Yamamoto, Yohko
Nakahara, Rika Suzuki-Migishima, Minesuke Yokoyama, Kenji Mishima, Ichiro
Saito, Hideyuki Okano, and Noboru Mizushima. 2006. Suppression of basal
autophagy in neural cells causes neurodegenerative disease in mice. Nature
441.7095: 885-89.

Hazra, P.P., I. Suriapranata, W.B. Snyder, and S.Subramani. 2002. Peroxisome
Remnants in pex3A Cells and the requirement of Pex3p for interactions between
the peroxisomal docking and translocation subcomplexes. Traffic. 3.8: 560-74.

He, C., and D. J. Klionsky. 2009. Regulation mechanisms and signaling pathways
of autophagy. Annu Rev Gen. 43.1: 090804135627089.

Hoepfner, D., D. Schildknegt, I. Braakman, P. Philippsen, and H.F. Tabak. 2005.
Contribution of the endoplasmic reticulum to peroxisome formation. Cell. 122.1:
85-95.

Hohfeld, J. 1991. PAS3, a Saccharomyces cerevisiae gene encoding a

peroxisomal integral membrane protein essential for peroxisome biogenesis.
1991. J Cell Biol. 114.6: 1167-178.

Inoki K., H. Mori, J. Wang, T. Suzuki, S. Hong, S. Yoshida, S. M. Blattner, T.
Ikenoue, M. A. Riiegg, M.N. Hall, D.J. Kwiatkowski,M.P. Rastaldi, T.B. Huber,
M. Kretzler, L.B. Holzman, R. C. Wiggins, and K. Guan. 2011. mTORCI1



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

24

activation in podocytes is a critical step in the development of diabetic
nephropathy in mice. J Clin Invest. 121(6): 2181-2196.

Johansen, T. and T. Lamark. (2011). Selective autophagy mediated by autophagic
adapter proteins. Landes Biosci. 7.3: 279-296.

Kamada, Y., T. Funakoshi, T. Shintani, K. Nagano, M. Ohsumi, and Y. Ohsumi.
2000. Tor-mediated induction of autophagy via an Apgl kinase complex. J Cell
Biol. 150(6):1507-13.

Kanki, T., Y. Kurihara, X. Gin, T. Goda, Y. Ono M. Aihara, Y. Hirota, T.
Saigusa, Y. Aoki, T. Uchiumi, and D. Kang. Casein kinase 2 is essential for
mitophagy. 2013. EMBO Rep. 14(9):788-94.

Kanki, T., K. Wang, Y. Cao, M. Baba, and D.J. Klionsky. 2009. Atg32 is a
mitochondrial protein that confers selectivity during mitophagy. Dev Cell. 17.1:
98-109.

Kim, J., Y. Kamada, P.E. Stromhaug, J. Guan, A. Hefner-Gravink, M. Baba, S.V.
Scott, Y. Ohsumi, W.A. Dunn Jr., and D.J. Klionksy. 2001. Cvt9/Gsa9 functions

in sequestering selective cytosolic cargo destined for the vacuole. J Cell Biol.
153:381-396.

Kirisako, T., Y. Ichimura, H. Okada, Y. Kabeya, N. Mizushima, T. Yoshimori, M.
Ohsumi, T. Takao, T. Noda, and Y. Ohsumi. 2000. The reversible modification
regulates the membrane-binding state of Apg8/Aut7 essential for autophagy and
the cytoplasm to vacuole targeting pathway. J Cell Biol. 151(2): 263-76.

Klionsky, D. J. 2005. The molecular machinery of autophagy: unanswered
questions. J Cell Sci. 118.1: 7-18.

Klionsky, D. J., JM. Cregg, W.A. Dunn Jr., S.D. Emr, Y. Sakai, [.V. Sandoval,
A. Sibirny, S. Subramani, M. Thumm, and M. Veenhuis. 2003. A unified
nomenclature for yeast autophagy-related genes. Dev Cell 5.4: 539-45.

Klionsky, D.J., and Yoshinori Ohsumi. 1999. Vacuolar import of proteins and
organelles from the cytoplasm. Annu Rev Cell Dev Biol15.1: 1-32.

Lam, S. K., N. Yoda, and R. Schekman. 2011. A vesicle carrier that mediates
peroxisome protein traffic from the endoplasmic reticulum. Proc Natl Acad Sci,
USA. 108.14: E51-52.

Liang X. H., S. Jackson, M. Seaman, K. Brown, B. Kempkes, H. Hibshoosh, and
B. Levine. 1999. Induction of autophagy and inhibition of tumorigenesis by
beclin 1. Nature. 402:672-676.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

25

Ma, C., and S. Subramani. 2009. Peroxisome matrix and membrane protein
biogenesis. I[UBMB Life 61.7: 713-22.

Manjithaya, R., S. Jain, J.C. Farré, and S. Subramani. 2010. A yeast MAPK
cascade regulates pexophagy but not other autophagy pathways. J Cell Biol.
189.2: 303-10.

Mao, K., and D. J. Klionsky. 2011. MAPKs regulate mitophagy in
Saccharomyces cerevisiae. Autophagy. 7.12: 1564-565.

Montenarh, M. 2010. Cellular regulators of protein kinase CK2. Cell Tissue Res.
342.2: 139-46.

Motley, A.M. J.M. Nuttall, E. H. Hettema. 2012. Pex3-anchored Atg36 tags
peroxisomes for degradation in Saccharomyces cerevisiae. EMBO J. 31(13):
2852-68.

Nair, U., A. Jotwani, J. Geng, N. Gammoh, D. Richerson, W. Yen, J. Griffith, S.
Nag, K. Wang, T. Moss, M. Baba, J. A. McNew, X. Jiang, F. Reggiori, T.J.
Melia, and D.J. Klionsky. 2000. SNARE proteins are required for
macroautophagy. Cell. 146.2: 290-302

Nakai, Atsuko, Osamu Yamaguchi, Toshihiro Takeda, Yoshiharu Higuchi,
Shungo Hikoso, Masayuki Taniike, Shigemiki Omiya, Isamu Mizote, Yasushi
Matsumura, Michio Asahi, Kazuhiko Nishida, Masatsugu Hori, Noboru
Mizushima, and Kinya Otsu. 2007. The role of autophagy in cardiomyocytes in
the basal state and in response to hemodynamic stress. Nat Med 13.5:619-24.

Noda, N. N., Y. Ohsumi, and F. Inagaki. 2010. Atg8-family interacting motif
crucial for selective autophagy. FEBS Letters 584.7: 1379-385.

Novikoff, P. M. 1972. Peroxisomes in absorptive cells of mammalian small
intestine. J Cell Biol. 53.2: 532-60.

Okamoto, K., N.Kondo-Okamoto, and Y. Ohsumi. 2009. Mitochondria-anchored
receptor Atg32 mediates degradation of mitochondria via selective autophagy.
Dev Cell 17.1: 87-97.

Purdue, P. Edward, and Paul B. Lazarow. 2001. Peroxisome Biogenesis. Annu
Rev Cell Dev Biol. 17.1: 701-52.

Rachubinski, R. A. 1984. Acyl-Coa oxidase and hydratase-dehydrogenase, two
enzymes of the peroxisomal beta-oxidation system, are synthesized on free
polysomes of clofibrate-treated rat liver. J Cell Biol. 99.6: 2241-246.



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

26

Ravikumar, B., R. Duden and D.C. Rubinsztein. 2002. Aggregate-prone proteins
with polyglutamine and polyalanine expansions are degraded by autophagy. Hum
Mol Genet. 11:1107-1117.

Shintani, T., W. Huang, P. Stromhaug, and D.J. Klionsky. 2002. Mechanism of
cargo selection in the cytoplasm to vacuole targeting pathway. Dev Cell. 3.6: 825-
37.

Steinberg, S., L. Chen, L. Wei, A. Moser, H. Moser, G. Cutting, and N.
Braverman. 2004. The PEX gene screen: molecular diagnosis of peroxisome

biogenesis disorders in the Zellweger syndrome spectrum. Mol Genet Metab.
83.3: 252-63.

Subramani, S. 1998. Components involved in peroxisome import, biogenesis,
proliferation, turnover, and movement. Physiol Rev. 78:171-188.

Suzuki, K., M. Akioka, C. Kondo-Kakuta, H. Yamamoto, and Y. Ohsumi. 2013.
Fine mapping of autophagy-related proteins during autophagosome formation in
Saccharomyces cerevisiae. J Cell Sci. 126(Pt 11): 2534-44.

Till, A., R. Lakhani, S.F. Burnett, and S. Subramani. 2012. Pexophagy: the
selective degradation of peroxisomes. Int/ J Cell Biol. 2012: 1-18.

Takeshige, K., M. Baba, S. Tsuboi, T. Noda, and Y. Ohsumi. 1992. Autophagy in
yeast demonstrated with proteinase-deficient mutants and conditions for its
induction. J Cell Biol. 119.2: 301-11.

Van Der Zand, A., 1. Braakman, and H. F. Tabak. 2010. Peroxisomal membrane
proteins insert into the endoplasmic reticulum. Mol Biol Cell. 21.12: 2057-065.

Van Veldhoven, P. P. 2010. Biochemistry and genetics of inherited disorders of
peroxisomal fatty acid metabolism. J. Lipid Res. 51.10: 2863-895.

Veenhuis, M., A. Douma, W. Harder, and M. Osumi.1983.Degradation and
turnover of peroxisomes in the yeast Hansenula Polymorpha induced by selective
inactivation of peroxisomal enzymes. Archives of Microbiology 134.3: 193-203.

Wanders, R.J.A., and H.R. Waterham. 2006. Biochemistry Of mammalian
peroxisomes revisited. Annu Rev Biochem. 75.1: 295-332.

Wild, P., H. Farhan, D. G. McEwan, S. Wagner, V. V. Rogov, N. R. Brady, B.
Richter, J. Korac, O. Waidmann, C. Choudhary, V. Dotsch, D. Bumann, and I.
Dikic. 2011. Phosphorylation of the Autophagy Receptor Optineurin Restricts
Salmonella Growth. Science. 333.6039: 228-33.



27

57. Yang, Z., J. Huang, J. Geng, U. Nair, and D. J. Klionsky. 2006. Atg22 recycles
amino acids to link the degradative and recycling functions of autophagy. Mol
Biol Cell. 17.12: 5094-104.



II. Results

28



29

Atg30 and Atg36 contain AIMs and phospho-regulated sites that are required for Atg8
and Atgl1 interaction

While Atg36 (the S. cerevisiae pexophagy receptor) and PpAtg30 do not share
sequence homology, they are functionally orthologous and interact with Pex3 of the
peroxisomal membrane and Atg8 and Atgl1 of the autophagy machinery (Motley et al.,
2012; Farré et al., 2013). However, a functional AIM and the specific phospho-sites
required for Atg8 and Atgl] interaction remained to be described for both pexophagy
receptors.

In order to investigate which residues on Atg30 and Atg36 may be involved in
Atg8 interaction, we employed a yeast two-hybrid approach. Wild-type Atg30 did not
show interaction with Atg8 in this assay. The interaction between the mammalian
optineurin receptor (OPTN) and LC3 (an Atg8 homolog) is enhanced upon
phosphorylation at residues near its LIR (Wild et al., 2011). Therefore, it is possible that
proper activation by phosphorylation of P. pastoris Atg30, which might not occur in the
yeast two-hybrid system because it is performed in a heterologous yeast (S. cerevisiae), is
preventing its interaction with Atg8. To prove this hypothesis, we mutated a residue of
Atg30 just upstream of a putative AIM by replacing it with either a phosphomimic amino
acid (Glutamate) or an amino acid that cannot be phosphorylated (Alanine). When
Serine-71 of Atg30 was mutated to Glutamate, Atg30°"'*-Atg8 interaction was observed.
This residue is just upstream of the Atg30 site, WILF (W73-F76). Interestingly, when
this AIM site was mutated along with Serine-71 (Atg30%"'5W734 F104) " At30-Atg8
interaction did not occur, confirming that WILF sequence was the real AIM site for

Atg30.
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To extend this study to S. cerevisiae, we used consensus sequence analysis to
screen for a putative AIM in ScAtg36 with an upstream Serine residue that shared some
homology with PpAtg30. In order for ScAtg8 interactions to be observed in these
experiments, the C-terminal residues Glycine-116 and Arginine-117 were first removed
via site-directed mutagenesis to form a non-conjugatable mutant, Atg8"'">. We then used
the two-hybrid system to determine which of these potential sequences, if any, were
required for Atg8-Atg36 interaction. Unlike the P. pastoris proteins, ScAtg8 interaction
with wild-type ScAtg36 is observed via yeast two-hybrid, most probably because the
interaction study was performed in S. cerevisiae. In the N-terminal region of ScAtg36,
we identified a putative classical WxxL-like sequence, FEVL (F33-L36). Mutation of
both Phenylalanine-33 and Leucine-36 to Alanine (Atg36" " *) abolishes the Atg8-
Atg36 interaction. Interestingly, mutation, of Serine-31 to Alanine (Atg36°>'*), upstream
of the AIM prevents Atg8-Atg36 interaction.

Based on comparison of the sequence organization of Atg30 and Atg36, we
predicted that Atg36 would also have an Atgl1 binding site following the AIM. It was
previously shown that Serine-112 of Atg30 is required for Atg30-Atgll interaction
(Farré et al., 2008). Here we show that Atgl1 interacts with wild-type Atg36. However,
mutation of Serine-97 to Alanine causes loss of the Atgl1-Atg36 interaction. In addition,
we wanted to investigate whether mutation of the putative AIM site (F33-L36) or Serine-
31 of Atg36 would affect Atg36 binding to Atgl1. Not surprisingly, Atgl1 is capable of
interacting with Atg36 mutants (Atg36 """ and Atg36>'") incapable of Atg8

interaction.
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Figure 2: Yeast two-hybrid analysis of Atg8 interaction with PpAtg30 and ScAtg36
[2]. A. Sequence alignment of PpAtg30 and ScAtg36 indicating the location of putative
AIM sites and upstream Serine residues (in grey boxes). B and C. AH109 cells were
transformed with pairs of yeast two-hybrid assay plasmids (indicated by “AD” and “BD”
columns). AD plasmids encode wild-type or mutant forms of Atg30 or Atg36 as
indicated. Empty vectors were used as negative interaction controls and strains were
grown on +His and -His +10 mM 3-AT plates.
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Figure 3: Yeast two-hybrid analysis of ScAtg36-Atgl1 interaction [2]. A. Sequence
alignment of PpAtg30 and ScAtg36 in the region containing Atgll binding sites. B.
AH109 cells were transformed with pairs of yeast two-hybrid assay plasmids (indicated
by “AD” and “BD” columns). AD plasmids encode wild-type or mutant forms of
ScAtg36 as indicated. BD plasmids encode wild-type Atgl1l. Empty vectors were used
as negative interaction controls and strains were grown on +His and -His +10 mM 3-AT
plates.
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Atg8 and Atgll interact with Atg36 independently and non-simultaneously

Although the specific Atg8 and Atgl1 binding sites for both Atg32 and Atg36 had
been confirmed, the specific manner in which receptor proteins bind to the machinery
proteins is yet to be determined. Interestingly, we found that these two binding sites were
always in close proximity, and in some yeast, they were overlapping, which might
suggest that Atg8 and Atgl1 cannot interact simultaneous with the receptor. In order to
investigate the interaction mechanism, we employed a yeast three-hybrid system.

The yeast three-hybrid system utilizes pBridge, a plasmid that encodes both a
Gal4 DNA Binding domain fusion protein and a protein fused to a nuclear localization
signal (NLS) (Mitchell et al., 2008). This assay can help determine whether two proteins
(in this case Atg8 and Atgll) can compete for interaction with another protein (Atg36).
In one experiment, ScAtgl1 was fused to a nuclear localization signal (NLS-ScAtgl1).
NLS-Atgll was able to disrupt the interaction between BD-ScAtg8 and wild-type
ScAtg36. When the Atgl1-binding site of ScAtg36 (Serine-97) was mutated to Alanine
(ScAtg36>™), NLS-Atgl1 could not compete with Atg8 for Atg36 interaction. In order
to determine if Atg8 could also compete with Atgl1 for interaction, Atg8 was then fused
to an NLS in the pBridge plasmid expressing BD-Atgl1. Surprisingly, NLS-Atg8 could

not disrupt the interaction between interaction between Atgl1 and wild-type Atg36.
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AD-ScAtg36 BD

AD-ScAtg36 BD-ScAtg8
AD-ScAtg36™""* BD-ScAtg8

AD-ScAtg36 BD-ScAtg8 + NLS-ScAtg11
AD-ScAtg36™" BD-ScAtg8 + NLS-ScAtg11

AD BD-ScAtg11 + NLS-ScAtgs
AD BD-ScAtg11

AD-ScAtg36 BD

AD-ScAtg36 BD-ScAtg11
AD-ScAtg36™'" BD-ScAtg11

AD-ScAtg36 BD-ScAtg11 + NLS-ScAtgs
AD-ScAtg36™"" BD-ScAtg11 + NLS-ScAtg8

Figure 4: Competition-based yeast 3-Hybrid Analysis of Atg36 with Atg8 and
Atgll [2]. HF7c cells were transformed with pairs of yeast two-hybrid plasmids
(indicated by “AD” and “BD” columns). The yeast three-hybrid assay is an extension of
the yeast two-hybrid system, utilizing the co-expression of a third protein as a competitor
as indicated in the figure (NLS—ScAtgll or NLS—ScAtg8) in the pBridge-BD vector.

ScAtg36 mutants affected in either Atgll binding (ScAtg36S97A) or in Atg8 binding

(ScAtg36531A) were included where indicated, as were appropriate auto-activation and
interaction controls. Strains were grown on +His and -His +1 mM 3-AT plates.



35

The effect of phospho-regulation of Atg36 on pexophagy in vivo

It is known that Atg36 interacts with both Atg8 and Atgll by yeast two-hybrid
and in vivo as shown in this and other work (Motley et al., 2012). To extend our
investigation of these phospho-regulated sites, we assessed their effects on the pexophagy
pathway using in vivo studies. We followed the level of pexophagy in various strains in a
wild-type background by assaying the appearance of free GFP over time caused by the
degradation of the peroxisomal matrix marker, Thiolase-GFP, under pexophagy-inducing
conditions. Not surprisingly, the Aazg36 strain exhibited a full block in pexophagy
comparable to the Aatg/ mutant used as a negative control for pexophagy because Atgl
is required for all autophagy-related pathways).

When the Aatg36 strain (in BY4742 background) was complemented with a
vector expressing wild-type Atg36 fused to an HA-tag (HA-ScAtg36), pexophagy was
restored to levels observed in the wild-type strain BY4742. Interestingly, the expression
of HA-ScAtg36"°** (the AIM mutant) in the Aatg36 background caused a delay in

6>'* (Atg8 phospho-site mutant).

pexophagy, similarly to the expression of Atg3
Furthermore, the expression of the Atg36>* point mutant in the Aatg36 background

caused a pronounced pexophagy defect comparable to that seen in the Atgl1 binding site

mutant of Atg30 (Farré et al., 2008).
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Figure 5: Assay monitoring pexophagy in wild-type and mutant S. cerevisiae cells
expressing Thiolase-GFP [2]. Cells were cultured in oleate medium until mid-log
growth and then shifted to SD-N. Pexophagy was monitored by immunoblotting with -
GFP antibodies. WT and Aatg! cells served as positive and negative controls for normal
levels of pexophagy. Aarg36 cells expressing either HA-Atg36 WT, HA-Atg36" " %4
HA-Atg36%'* or HA-Atg36>" as indicated in the figure were cultured and monitored
for pexophagy.
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Phospho-regulated sites of Atg32 required for Atg8 and Atgl1 interaction

Atg32 contains a WQAI motif near its N-terminus that is required for Atg8-Atg32
interaction (Okamoto et al., 2009b). However, the presence of phospho-regulated sites
that mediate Atg32 interaction with Atg8 had not been confirmed.

We performed a yeast two-hybrid experiment to analyze the interactions of Atg32
with Atg8 and Atgll and determine which specific sites are required for these
interactions. GBT9 plasmids were used to encode either Atg8"'"” or Atgll fused to the
Gal4 DNA Binding Domain. PGAD-GH plasmids were used to encode wild-type and
mutant forms of Atg32 fused to the Gal4 Activation Domain. The three Serine residues
upstream of the Atg32 AIM, Serine-81, Serine-83, and Serine-85, were mutated to
Alanine (Atg32%%'% S84 5858 \while BD-Atg8 interacts strongly with wild-type AD-
Atg32, it was unable to interact with AD-Atg32%%!" 594584 "1t wag also demonstrated
that BD-Atg8 can interact with Atg32°'"** 3114 in which the Atgll binding site was
mutated.

As mentioned in a previous study, Serine-114 and Serine-119 must be
phosphorylated for interaction with Atgll to occur. We showed via two-hybrid that
Atgll can interact with wild-type AD-Atg32. Not surprisingly, Atgll did not interact
with AD-Atg32%1*4 519 However, Atgl1 interaction with ADAtg325%!4 S84 5854 (g

shown.



38

-His +
AD BD 10mM3-AT
AD BD-ScAtg8
AD-ScAtg32 BD
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AD-ScAtg32 BD

AD-ScAtg32 BD-ScAtg11 C
AD-SCAtg32581A 8345854 BD.ScAtg11 C

AD-ScAtg325114ASTI9A  BD-ScAtg11 .

Figure 6: Yeast two-hybrid analysis of ScAtg32 interactions [2]. AH109 cells were
transformed with pairs of yeast two-hybrid assay plasmids (indicated by “AD” and “BD”
columns). AD plasmids encode Gal4-AD fused to the indicated wild-type or mutant
forms of Atg32. Atg32 was mutated at Serine-81, 83 and 85 (upstream of the AIM [9])
and Serine-114 and 119 Atgl1 binding site). BD plasmids encoded Gal4 DNA-BD fused
to wild-type Atg8 or Atgll as indicated. Empty vectors were used as negative interaction
controls and strains were grown on +His and -His +10 mM 3-AT plates.




39

The role of SIlt2/MAPKs in pexophagy/mitophagy and regulation of selective
autophagy

While several mechanistic details of selective autophagy have been determined by
this work and previous studies, little is known about the signaling pathways that link
environmental and intracellular stimuli and conditions to activation of pexophagy and
mitophagy. Perhaps one of the most important steps to take in developing insights on
selective autophagy signaling is to identify the kinase that phopshorylates the Atg8 and
Atgl1 binding sites of Atg30, Atg32, and Atg36. In order to accomplish this, we must
identify candidate kinases that affect specific selective autophagy pathways and not other
autophagy-related pathways. One such kinase, Slt2, is a MAP Kinase that has been
shown to cause a defect in pexophagy and mitophagy in vivo but not other selective and
nonselective forms of autophagy (Manjithaya et al., 2010; Mao et al., 2011). We first
chose to investigate the effects of SIt2 on the interactions of Atg32 and Atg36 with the
Atg8 and Atgl1 via yeast two-hybrid.

In order to investigate these effects, a yeast two-hybrid assay was performed in a
strain in which the SL72 gene was deleted. Remarkably, interactions of ScAtg32 and
ScAtg36, with both Atgl1 and Atg8 were lost in the As/t2 background (Figure 6 and 7).
To confirm that it was the explicit removal of Slt2 causing this loss of interaction, Slt2
fused to a nuclear localization signal (NLS-SIt2) was reintroduced in the As/¢2 strain.
The interaction of Atg32 with Atg8 was restored with NLS-SIt2 expression (Figure 8).

In order to determine if SIt2 affected phosphorylation of other selective autophagy
receptors, we again employed a yeast two-hybrid assay studying the interactions of Atg36

with Atg8 and Atgll. In this assay, we used the wild-type strain (AH109) and Aatg! to
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compare the relevant Atg36 interactions with those in As/t2. In the wild-type strain,
Atg36-Atg8 interaction occurred normally, in addition to Atg8 interaction with Atgl9,
the Cvt pathway receptor. These interactions were also observed in Aatg/. Interaction of
Atgll with Atg36 as well as Atgl9 was also observed in both the wild-type strain and
Aatgl (Figures 9 and 10). These results show that Atgl kinase is not regulating these
binding events.

As shown previously, the Aslt2 strain was defective for both Atg36-Atg8
interaction as well as Atg36-Atgll interaction. Interestingly, the interactions of Atgl9
(the Cvt receptor protein) with Atg8 and Atgl1 were not affected by the absence of Slt2
(Figures 9 and 10). In addition, the interactions of Atg36 with both Atg8 and Atgl1, in
the Aslt? strain, were rescue by introducing the phosphomimic mutations at the Atg8
binding site (Atg36>'F) and the Atgll binding site (Atg36>°'"). In the As/t2 strain,
addition of NLS-SIt2 by co-expression in the pBridge plasmid also restored both the

Atg36-Atg8 and Atg36-Atgl1 interactions.
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Figure 7: Yeast two-hybrid interaction studies of Atg32 in As/t2 cells [3]. AH109
Aslt2 cells were transformed with pairs of yeast two-hybrid assay plasmids (indicated by
“AD” and “BD” columns). AD plasmids encode Gal4-AD fused to wild-type Atg32. BD
plasmids encoded Gal4 DNA-BD fused to either wild-type Atg8 or Atgll as indicated.
Empty vectors were used as negative interaction controls and PpAtg30 x PpPex3 was
used as a positive interaction control. Strains were grown on +His and -His +10 mM 3-

AT plates.
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Figure 8: Yeast two-hybrid interaction studies of Atg36 in Asl¢2 cells. AH109 Aslt2
cells were transformed with pairs of yeast two-hybrid assay plasmids (indicated by “AD”
and “BD” columns). AD plasmids encode Gal4-AD fused to wild-type Atg36. BD
plasmids encoded Gal4 DNA-BD fused to either wild-type Atg8 or Atgll as indicated.
Empty vectors were used as negative interaction controls and the combination of
PpAtg30 x PpPex3 was used as a positive interaction control. Strains were grown on
+His and -His +10 mM 3-AT plates.



-His

NLS-SIt2 +His 2.5 mM 3AT

+ Atg8BD x Atg32

- Atg8BD x Atg32

- BD x Atg32

Atg8BD-SIt2NLS x Atg36

Figure 9: NLS-SIt2 co-expression restores Atg8-Atg32 interaction in As/z2 cells. The
Aslt2 strain was transformed with various pairs of BD and AD plasmids, encoding wild-
type Atg8 and Atg32 respectively. An empty BD vector was used as a negative control.
The pBridge plasmid with NLS-SIt2 co-expression was included where indicated (with
).
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Y2H in WT strains Y2H in Aatg1 strains
-His + -His +
AD 8D +His 3-AT AD 8D +His 3.AT
AD BD-ScAtg8 AD BD-ScAtg8
AD-ScAtg3s 8D AD-ScAtgas 8D
AD-ScAtg36 BD-ScAtg8 AD-ScAtg3s BD-ScAtg8

AD-ScAtg36S31E  BD-ScAtg8 AD-ScAtg3sS31E  BD-ScAtg8

AD-ScAtg19 8D AD-ScAtg19 8D
AD-ScAtg19 BD-ScAtg8 AD-ScAtg19 BD-ScAtg8
Y2H in Aslf2 strains
-His +
AD BD +His 3-AT
AD BD-ScAtg8
AD-ScAtg36 BD
AD-ScAtg36 BD-ScAtg8
AD-ScAtg36S31E  BD-ScAtgS
AD BD-ScAtg8 + NLS-ScSit2
AD-ScAtg35 BD-ScAtg8 + NLS-ScSit2
AD-ScAtg19 BD
AD-ScAtg19 BD-ScAtg8

Figure 10: Yeast two-hybrid analysis of Atg36-Atg8 interactions in S. cerevisiae
wild-type, Aatgl, and Aslt2 strains. In this assay, wild-type, Aatgl, and Aslt2 strains
were used. Both wild-type (“AD-Atg36”) and Atg8 binding site phosphomimic mutant
(AD-Atg36'") forms of Atg36 were used. In the As/t2 strain, the pBridge plasmid was
used to co-express NLS-SIt2 along with BD-Atg8 where indicated in the figure. The
Atgl19—Atg8 interaction was also studied in this assay, and all appropriate auto-activation
controls were included. Empty vectors were used as negative interaction controls and
strains were grown on +His and -His +1 mM 3-AT plates.
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Figure 11: Yeast two-hybrid analysis of Atg36-Atgll interactions in the S.
cerevisiae Aslt2 strain. This assay was used to further analyze the role of SIt2 in the
Atg36-Atgll interaction. Both wild-type (“AD-Atg36”) and Atgll binding site
phosphomimic mutant (AD-Atg36%F) forms of Atg36 were used. The pBridge plasmid
was also used to co-express NLS-SIt2 along with BD-Atgl1 where indicated in the
figure. The Atgl9—Atg8 interaction was also studied in this assay, and all appropriate
auto-activation controls were included. Empty vectors were used as negative interaction
controls and strains were grown on +His and -His +1 mM 3-AT plates.
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The role of Kinase(s) in regulation of the Pichia pastoris pexophagy receptor Atg30

As mentioned, interaction between wild-type PpAtg30 and PpAtg8 via yeast two-
hybrid was not previously observed without manipulation of PpAtg30 via mutagenesis
(Figure 1). In order to further investigate the role of kinases in phosphorylation of the P.
pastoris pexophagy receptor, we co-expressed various candidate kinases along with the
two-hybrid fusion proteins. Based on our findings in S. cerevisiae, we used the NCBI
BLAST Alignment Tool to identify P. pastoris proteins that shared close homology with
ScSIt2. This search yielded two results for proteins in the P. pastoris genome, here
referred to as “Slt2-like protein” (a protein that shared the closest homology with ScSIt2)
and “Smkl-like protein” (one that was closely homologous to Smkl in S. cerevisiae).
We adapted the yeast three-hybrid system to investigate this by co-expressing these
candidate kinases fused to a nuclear localization signal (Figure 11). When the Sit2-like
P. pastoris protein was co-expressed with PpAtg8 in the pBridge plasmid, Atg8-Atg30
interaction was not observed. In addition, when the Smkl-like P. pastoris protein was
expressed, Atg8-Atg30 interaction was again not observed.

Sequence analysis of the pexophagy and mitophagy receptors in P. pastoris and S.
cerevisiae reveals that they all contain many regions with Serine and Threonine residues
that can be phosphorylated. These residues are often found within sites that share
homology with consensus sequences.

When PpHrr25, a Casein Kinase I-like protein was expressed, Atg8-Atg30
interaction did occur via yeast two-hybrid. Interestingly, Hrr25 co-expression did not
promote Atg8-Atg32 interaction in this system, showing that Hrr25 regulates a

pexophagy-specific interaction between Atg8 and Atg30.



47

PpAtg30

MFSREKQVQKRN HCSNSSNSLNRIHKNEETAKGTVGVNAR RS DN
PRTSMI%PBNMGBYVI”GI RRTNSNHYYYNYNEQDIL
VYDAEQEYTEQ QVEDEEDDDSIINDLTHVVDDYDYEEEDDKQU LDNWRKK
QVSELLNELNHDDDLDPVLNRDKIDLIQSWGIENEKLNTKPRAKKROQRESKRASFYGQDL
LSKYSMEDLKIIKQIVAQLRDDLDKVKHDKPSSPLPNYHNTLKQAPSSNSON YYS
NYLTEKNN LLNNPNLEKYLPL'LKNLLYBMHQHP HFWD
NDL KLKQEIL

PpAtg32
MKQTYYDPKVAEPIGSE LDDMVQSLPPVDPLLDTPFPFRSADVEQGDTFATENN

SARTNVNFLPPHQ SSNLNMVEE ECSPSCWNQEFSVTA
RDDVKLONLWTHTKMYGTGSRRVPGTGNG LPDTPLLNEDDIE
DTILMIAEDENLKDTATVSSGRQSSFVMP SKS ISWNGKHARIKV

QWGNCABRLLARL! PYRKTLWMLDFVE ILVLLLNKDNVVLPRILNKPFLPIIIKD

PLELKSIDDOLFDI IHALSNMELDFC
SSRLAQRRKLHKQTOMSQSREKRSHQRCSYEYIN
Wl RRQLTLGLTLGL!SISYCI DHNKLHGYHHMNGVWMRCTV
ScAtgli0
MASVNNYQVDCGSRSARIQPRINNGIHDEE DFHRLKSFNDVRVIN

NPDLSPECTN PSDEI EQPAPALRNIR
S8SNSDRIDEWCLGSHLFNELHONVPQSSDGVNH LYTSAKLKKLTNAQR
IAVOQKLSRDLYPILRTCYREKTRROQLLTYHHERIFDDIPSFFPQRDFIFNYYSMPLEFDR

L§DVD 1 DSSSRERE NRSPSAASSSLENTSWF GWELLSRF LOREW

ScAtg32

MVLEYQQREGKGSSSKSMPPDSSS
PMGONLVISIDISGNHNVNDSISGS
EEQELLQAPAADIINIIKQGQEG? SPSHPFKQLOKIIX SLPLPGKB :
BDBM"BBDSVTITWMPKLSLTQKNPVPRLLIM“HQS IPKEYQSL
FELPKYHDSATFPQYTGIVIIFQELREMVSLLNRIVQYSQGKPVIPICQPGQVIQVKNVL
KSFLRNKLVKLLFPPVVV‘I‘NKRDLKKMFQRDQDLSLBYGEDVNBZDNDD!:AI HTKSRSYC
RNKKAENSKKKSRKE WE” ISITIGISFGCCVTYFVTAAYEHQTV
KSLSLRPSIL? : ISTEQFLWFDEKGTLQINFHSDGFIMKSLT
I IKBTWCKMNTPVLHALSKPLKPLENLNKS BEFSIDESNRILALGYILL

Figure 12: Putative phosphorylation sites in sequences of P. pastoris and S.
cerevisiae pexophagy and mitophagy receptors. Orange boxes denote the AIMs of
each protein sequence (with Atg8 binding sites upsteam). Red boxes indicate locations of
Atgl1 binding site motifs. Teal highlighting indicates areas of sequence that are potential
phosphorylation sites for Casein Kinase I and Casein Kinase 2[3][4]. Yellow highlighting
indicates areas of sequence that are potential phosphorylation sites for MAP Kinases.
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. -His
AD BD +His +2.5mM 3AT
PpAtg30 Atg8BD+NLSSIt2
PpAtg30 BD+NLSSIt2
PpAtg30 Atg8BD+NLSSmMK1
PpAtg30 BD+NLSSmKk1
PpAtg30 Atg8BD+NLSHIT25
PpAtg30 BD+NLSHrr25

Figure 13: Yeast two-hybrid interaction studies of PpAtg30 with PpAtg8 and co-
expression of various P. pastoris Kinases. In this experiment, PpAtg8-PpAtg30
interactions were studied with co-expression of a PpSlt2-like protein, PpSmkl-like
protein, and PpHrr25 using the pBridge vector in an S. cerevisiae background.
Appropriate auto-activation controls for the AD-PpAtg30, AD-PpAtg32, and BD-PpAtg8
+ NLS-PpHrr25 plasmids were included as shown.
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Interactions of P pastons proteins
In Y2H (S.c. strain)

-His +
AD BD tHis -His  3.AT
AD BD-PpAlg8 + NLS-PpHrr25
AD-PpAtg30 BD
AD-PpAtg32 BD
AD-PpAtg30 BD-PpAtlg8 + NLS-PpHrr25
AD-PpAtg32 BD-PpAtg8 + NLS-PpHrr25

Figure 14: Yeast two-hybrid interaction studies of P. pastoris receptors with PpAtg8
and PpHrr25 co-expression. In this experiment, PpAtg8 interactions with PpAtg30 and
PpAtg32 were studied with co-expression of PpHrr25 using the pBridge vector in an S.
cerevisiae background. Appropriate auto-activation controls for the AD-PpAtg30, AD-
PpAtg32, and BD-PpAtg8 + NLS-PpHrr25 plasmids were included as shown.




50

Acknowledgments

I would like to especially thank Dr. Jean-Claude Farré for providing many of the
plasmids and strains used in these studies, assisting with the planning, execution, and
analysis of all experiments, and for performing the sequence analyses shown in this work.
I also thank Sarah Burnett for performing the pexophagy assay experiment shown in
Figure 4 and assisting me with technical aspects of several of the yeast two- and three-
hybrid experiments shown in this work. I also thank Dr. Jing-Jing Liu for the Aatg36
mutant strain used in the pexophagy assay experiment. I thank Dr. Subramani and Dr.

Farré for helping me edit the written portions of this thesis.

The Results section, in part, contains data and findings that have been published
in a 2013 EMBO Reports article titled “Phosphorylation of pexophagy and mitophagy
receptors coordinates their interaction with Atg8 and Atgl1” [EMBO Rep. 14(5): 441-9].
The corresponding author Dr. Suresh Subramani and co-authors Dr. Jean-Claude Farré

and Sarah Burnett have approved the inclusion of these findings in this work.



51

References

1. Farré, J.C., R. Manjithaya, R. D. Mathewson, and S. Subramani. 2008. PpAtg30
tags peroxisomes for turnover by selective autophagy. Dev Cell. 14.3: 365-76.

2. Farré, J.C., A. Burkenroad, S. Burnett and S. Subramani. 2013. Phopshorylation
of mitophagy and pexophagy receptors coordinates their interaction with Atg8
and Atgl1l. EMBO Rep. 14(5):441-9.

3. Flotow, H., P.R. Graves, A. Wang, C. J. Fiol, R. W. Roeske, and P.J. Roach.

10.

1990. Phosphate groups as substrate determinants for Casein Kinase I action. J
Biol Chem. 265(24):14264-9.

Kanki, T., K. Wang, Y. Cao, M. Baba, and D.J. Klionsky. 2009. Atg32 is a
mitochondrial protein that confers selectivity during mitophagy. Dev Cell. 17.1:
98-109.

Kennelly, P.J. and E.G. Krebs. 1991. Consensus sequences as substrate specificity
determinants for protein kinases and protein phosphatases. J Biol Chem. 266(24):
15555-8.

Manjithaya, R., S. Jain, J.C. Farré, and S. Subramani. 2010. A yeast MAPK
cascade regulates pexophagy but not other autophagy pathways. Journal Cell
Biol. 189.2: 303-10.

Mao, K., and D. J. Klionsky. 2011. MAPKs regulate mitophagy in
Saccharomyces cerevisiae. Landes Biosci. 7.12: 1564-565.

Mitchell, R. S., R. Chaudhuri, O. W. Lindwasser, K. A. Tanaka, D. Lau, R.
Murillo, J. S. Bonifacino, and J. C. Guatelli. 2008. Competition model for
upregulation of the Major Histocompatibility Complex Class II-associated
invariant chain by Human Immunodeficiency Virus Type 1 Nef. J Virol. 82.16:
7758-767.

Motley, A.M. J.M. Nuttall, E. H. Hettema. 2012. Pex3-anchored Atg36 tags
peroxisomes for degradation in Saccharomyces cerevisiae. EMBO J. 31(13):
2852-68.

Okamoto, K., N.Kondo-Okamoto, and Y. Ohsumi. 2009. Mitochondria-anchored
receptor Atg32 mediates degradation of mitochondria via selective autophagy.
Dev Cell 17.1: 87-97.



52

11. Wild, P., H. Farhan, D. G. McEwan, S. Wagner, V. V. Rogov, N. R. Brady, B.
Richter, J. Korac, O. Waidmann, C. Choudhary, V. Dotsch, D. Bumann, and I.

Dikic. 2011. Phosphorylation of the autophagy receptor optineurin restricts
Salmonella growth. Science 333.6039: 228-33.



II1. Discussion

53



54

Yeast Selective Autophagy Receptors contain AIMs and Atgll binding sites that are
regulated by phosphorylation

In this work, we have identified several specific sites of various yeast selective
autophagy receptors that are essential for their proper functioning in their respective
selective autophagy pathways. Identification of these sites, along with further analysis of
the mechanism by which these receptors interact with Atg8 and Atgll of the core
autophagy machinery, has contributed to the establishment of a common model for
phosphoregulation of selective autophagy receptors.

As shown for other selective autophagy receptors, we sought to identify the true
AlMs of PpAtg30 and ScAtg36. We predicted that these AIMs would contain similar
WxxL-like motifs. Although Atg30 and Atg36 do not show sequence homology, we
demonstrated through sequence analysis that they contain similar motif organization.
This sequence comparison allowed us to identify the true AIMs of each protein and
demonstrate their direct interaction with Atg8 that has not been previously shown.

Due to the discovery that phosphorylation of optineurin (OPTN) just upstream of
its AIM enhances LC3 interaction (Wild et al. 2011), we sought to find similar regulation
for yeast pexophagy receptors. The study of P. pastoris protein interactions in the
artificial yeast two-hybrid system presents a challenge, because these experiments must
be done in a S. cerevisiae background. As a result, the proteins being studied may not be
properly activated or modified in a manner that facilitates their true interactions in vivo.
We predicted that mutation of a specific residue upstream of the true Atg30 AIM to a
phosphomimic amino acid would facilitate Atg30-Atg8 interaction in this heterologous

system. This interaction was also demonstrated in vivo by co-immunoprecipitation and
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the phosphorylation of Atg30 at Serine-71 was confirmed by phosphopeptide mapping by
mass spectrometry (Farré et al., 2013). We found that Atg8 did in fact interact with
Atg30°"'F. However, when Serine-71 was mutated along with this putative AIM site, the
Atg30-Atg8 interaction was lost. This implies that the W73-F76 site, which does not
strictly follow the AIM consensus W/F/YxxL/I/V, is the true AIM of Atg30. It is required
for Atg8 interaction, and can be regulated by phosphorylation of an upstream Serine
residue as was shown for OPTN in mammals.

An Atg8-interacting motif had not been previously identified in ScAtg36,
although a previous study demonstrated Atg8 and Atg36 co-immunopurified in vivo, but
they conclude it might be an indirect interaction (Motley et al., 2012). By using in silico
and yeast two-hybrid analysis, we identified this AIM, which is a canonical WxxL-like
motif similar to that found for ScAtg32 and ScAtgl9. When this site (F33-L36) was
mutated, Atg8 could no longer interact. We further demonstrated this by showing that
Serine-31, just upstream of the AIM, is also required for Atg8-Atg36 interaction. This
finding suggests that this FEVL site of Atg36 is the site of its true AIM. Identifying these
specific phospho-sites required for Atg8 interaction is a crucial step in elucidating the
mechanisms that control pexophagy.

We extended these studies to investigate Atgl1 interaction with the pexophagy
receptors. Interestingly, we found that Atgl1 could interact with Atg36 even when the
AIM or Serine-31 was mutated to Alanine. However, Serine-97, when mutated to
Alanine, prevented Atg36-Atgll interaction. This Serine residue is located at a site that
contains the conserved (D/S)ILSSS sequence found for other receptors. These findings

also demonstrate that behavior for Atg36 that is conserved between selective autophagy
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receptors in both S. cerevisiae and other yeast species. It also implies that Atgll can
interact with Atg36 independently from Atg§.

As shown for other selective autophagy receptors, we used an in vivo approach to
confirm that these newly identified sites play an important role in pexophagy. We
confirmed that these individual sites in Atg36 had significant phenotypic effects on the
pexophagy pathway. Individual mutations to the AIM and Serine-31 only partially
affected pexophagy. This result is consistent with the fact that both mutations similarly
disrupt the Atg36-Atg8 interaction, and the finding that disruption of the Atg8-Atg30
interaction in P. pastoris also only partially delays pexophagy in vivo (Farré et al., 2013).
These findings demonstrate that Atg36 and Atg30 behave similarly in yeast two-hybrid
analysis experiments as well as in vivo studies.

We predicted that Atg32 of S. cerevisiae would also contain specific sites that are
regulated by phosphorylation. Atg32 contains a classical AIM, the site WQAI (W86-189)
that is required for Atg8 interaction (Okamoto et al., 2009b). We discovered that at least
one of the residues mutated in our two-hybrid analysis (Serine-81, Serine-83, and Serine-
85) is phosphorylated to enhance this interaction. However, it is yet to be determined
which site specifically, or which combination of these three sites, is phospho-regulated.
We also confirmed by yeast two-hybrid that Serine-114 and Serine-119 are required for
Atgll interaction, as shown in a previous study (Aoki et al., 2011). Further, we
demonstrated that Atg8 could interact with the receptor protein when the Atgl1 binding
site is mutated, and vice versa. This finding demonstrates the evolutionary conservation

of selective autophagy receptors in yeast that are characterized by their tripartite
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interaction between the selected cargo, Atg8 and Atgll; some of these interactions are

regulated by phosphorylation.

Mechanism of Interaction of ScAtg36 with Atg8 and Atgll

Some receptors found in nature contain overlapping Atg8 and Atgl1 binding sites
(Farré et al., 2013) that may preclude their ability to interact with the two machinery
proteins simultaneously. It is known that binding of both Atg8 and Atgll to selective
autophagy receptors is required for their proper functioning. Atg8 and Atgl1 may have
to interact with each receptor molecule separately and non-simultaneously. We chose to
investigate this mechanism using S. cerevisiae Atg36, because phosphorylation of the
receptor happens normally in the yeast two-hybrid system. Although we found that the
Atg8 and Atgll sites in ScAtg36 do not overlap, we wanted to determine if this model
may be conserved among multiple selective autophagy receptors using a competition-
based yeast three-hybrid analysis.

Surprisingly, we found that NLS-Atg11 can compete with Atg8 for Atg36 binding
in this experiment. Therefore, if Atg8 binds first to Atg36, Atgl1 is capable of disrupting
this interaction. This competition was inhibited by mutation of Serine-97 to Alanine,
which is consistent with our previous two-hybrid findings. However, we also showed
that NLS-Atg8 is not capable of disrupting Atgl1-Atg36 binding. This suggests that
Atgl1 may have a higher binding affinity for Atg36 than Atg8 does. It is possible that
when Atgll binds to Atg36 and other receptors, modulation of the respective binding
affinities of Atg8 and Atgl1 occurs to prevent interaction of Atg8 with the receptor. In

order for Atg8 to displace Atgl1, another regulatory event may need to occur, such as the
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phosphorylation of the Atg8 site or dephosphorylation of the Atgl1 site of Atg36. While
it is still unknown which kinase(s) or phosphatase(s) perform these regulatory events,
these findings shed new light on the mechanisms by which selective autophagy receptors

interact with Atg8 and Atgl1.

Implication of Kinases in Regulation of Selective Autophagy Receptors

The MAPK SIt2 has been implicated in both pexophagy and mitophagy, but not
other selective autophagy pathways. Based on these findings, we predicted that SIt2
might play a role in the phosphorylation of pexophagy and mitophagy receptors. Our
yeast two-hybrid results show that in S. cerevisiae, deletion of SLT2 disrupts interaction
between wild-type Atg32 and Atg8 and Atgll (Figure 6). We also show via two-hybrid
that interaction of wild-type Atg36 with Atg8 and Atgl1 is lost in the As/¢2 strain (Figure
7).

Introduction of a phosphomimic mutation at the Serine-31 and Serine-97 sites of
Atg36 caused restoration of the interactions with Atg8 and Atgll respectively. Our
finding that deletion of SLT2 does not affect the interactions of Atgl9 of the Cvt pathway
imply that Slt2 is specifically involved in pathways that regulate pexophagy and
mitophagy, but not other autophagy pathways. These discoveries are consistent with
previous implications of SIt2 in both pexophagy and mitophagy and not the general
autophagy or Cvt pathways. Our findings suggest that SIt2 plays an essential role in the
signaling events that connect environmental and/or intracellular signals to the activation
of pexophagy and mitophagy. It is clear that Slt2 is involved in the pathway that results

in phosphorylation of ScAtg32 and Atg36 at sites required for their interaction with Atg8
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and Atgl1, and subsequent facilitation of their respective selective autophagy pathways.
However, our studies have yet to determine which protein functions as the kinase that
directly phosphorylates these selective autophagy receptors.

A recent study implicated Casein Kinase II (CK2) as the kinase that directly
phosphorylates ScAtg32 at Serine-114 and Serine-119 to facilitate its interaction with
Atgl1. This implies that SIt2 most likely cannot also serve as the direct kinase of Atg32
at these residues. However, it is possible that Casein Kinase II functions downstream of
S1t2 in phosphorylation of Atg32. In order to investigate this, CK2 could be co-expressed
in the Aslt2 background to determine if the receptors interactions of Atg32 are restored.
In addition, our studies have yet to determine whether Slt2 is the kinase that directly
phosphorylates Atg36, at either the Atg8 binding site or Atgl1 binding site.

After determining that SIt2 plays a role in phosphorylation of Atg32 and Atg36 in
S. cerevisiae, we sought to indentify a protein kinase that demonstrated similar effects on
P. pastoris receptors. However, an Slt2 homolog has yet to be indentified. A BLAST
analysis revealed two top hits in the P. pastoris genome, one protein referred to as an
“Slt2-like protein” in our results. A reverse BLAST analysis performed on the second P.
pastoris protein revealed that it is most closely homologous to Smk1, another MAPK in
S. cerevisiae. As the yeast two-hybrid system is in a S. cerevisiae background, it is a
challenge to study how protein-protein interactions of heterologous yeast are affected by
these kinases. As mentioned, Atg8 interaction only occurred in Atg30 when Serine-71

was mutated to Glutamate (Atg30°"'"

). We postulated that nuclear co-expression of a
kinase that is essential for phosphorylation of the receptor may facilitate Atg8 interaction.

Interestingly, co-expression of both the Slt2-like protein and Smkl1-like protein did not
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result in interaction between Atg30 and Atg8 (Figure 13). The absence of interaction
might be due to the following: (1) none of these kinases are the true SIt2 in P. pastoris, or
(2) SIt2 is not the direct kinase of the receptors and the rest of P. pastoris downstream
effector(s) are not present in the yeast two-hybrid assay. This likely prevents protein
activation and regulatory events that would result in proper kinase activation to act on the
P. pastoris receptor.

Surprisingly, nuclear co-expression of PpHrr25 did result in Atg30-Atg8
interaction. Hrr25 is a Casein Kinase I homolog that is also present in S. cerevisiae. This
is a promising result that is consistent with the finding that PpAtg30 contains an AIM and
Atgl1 binding site that follows sequence homology with the consensus for casein kinases
(Flotow et al. 1990; Kennelly and Krebs, 1991). Further investigation into the potential
role of Hrr25 in phosphorylation of receptors in both P. pastoris and S. cerevisiae is
warranted. Deletion of the HRR25 gene in both S. cerevisiae and P. pastoris produces a
non-viable mutant, which presents a challenge for using it in yeast two-hybrid and in vivo
studies. Therefore, a special technique must be implemented in order to study how Hrr25
affects selective autophagy pathways in yeast. A strategy for producing a viable S.
cerevisiae Ahrr25 strain was described by Ravid and Hochstrasser, 2008. They deleted
the wild-type gene in a strain that expresses an inducible and highly unstable form of the
protein (Hrr25%€"). A similar strategy can be developed in P. pastoris, using the
PpHrr25%¢™ " and the methanol-inducible promoter. The Hrr25%¢" can then be degraded
over time to produce a true Ahrr25 mutant that can be subject to a pexophagy assay.

Additional yeast two- and three-hybrid experiments could be performed to

explore the function of Hrr25 in S. cerevisiae. Much like with CK2, ScHrr25 could be
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co-expressed in the As/t2 background to determine if it restores receptor interactions lost
in this mutant strain. This result would help determine if Hrr25 is downstream of SIt2.
The sites of Atg8 and Atgl1 interaction for PpAtg30, ScAtg32, and ScAtg36 have
now been determined. In this work, we demonstrate a common model for phospho-
regulation of selective autophagy receptors and the mechanism by which they interact
with Atg8 and Atgl1 of the common autophagy machinery. However, further studies are
necessary to understand how selective autophagy pathways are regulated, and which
signaling pathways are involved. Additional experiments will be necessary to determine
if Slt2, Hrr25, or another protein kinase is responsible for direct phosphorylation of
PpAtg30 and ScAtg36. An in vitro kinase assay using purified kinases and substrates,
obtained either via bacterial or yeast expression, would be an effective approach. In
addition, further investigation into how these kinases are activated would lead to further
understanding of the signaling and regulatory events that pexophagy, mitophagy, and

other autophagy-related pathways in yeast and higher eukaryotes.
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Yeast strains, plasmids, and transformations

All yeast two- and three-hybrid experiments were performed with the strains
indicated in Table 2-2. A standard lithium acetate protocol as described was used to
transform all S. cerevisiae yeast strains as previously described (Motley et al., 2012).
Cloning was performed using standard molecular biology methods. Site-directed
mutagenesis of wild-type genes was performed using the QuikChange II Kit from Agilent
Technologies.
Biochemical studies of pexophagy

For monitoring of pexophagy in vivo, the wild-type S. cerevisiae strain BY4742
and mutant strains with the BY4742 background (see Table 2-3) were grown (starting
from 0.2 ODgg) in YPD medium (1% yeast extract, 2% peptone, and 2% glucose) to an
ODgoo of 1 at 30°C on a shaker set at 250 rpm. To induce peroxisome proliferation, they
were shifted to oleate medium (1% oleate, 5% Tween-20, 0.25% yeast extract, 0.5%
peptone, and SmM phosphate buffer) starting from an ODggo of 1. After 15 hours of
growth in oleate, pexophagy was induced by shifting these cells to SD-N medium (0.17%
Yeast Nitrgogen Base without ammonium sulfate or amino acids and 2% glucose) at an
ODggo of 1. One milliliter of cells was collected at time points indicated in the figures,

precipitated with trichloroacetic acid and analyzed by Western blot.
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Yeast two- and three-hybrid assays

The GAL4 based Matchmaker yeast two-hybrid system (Clontech Laboratories
Inc.) was used. Full length open reading frames were inserted in pGAD-GH (AD) and
pGBT9 (BD) plasmids, except for P. pastoris and S. cerevisiae Atg8, where the BD was
fused to a truncated Atg8 (Methionine-1 to Phenylalanine-115). The pBridge plasmid
from Clontech Laboratories (for co-expression of a BD fusion protein and a NLS fusion
protein) was used exclusively for the three-hybrid assay. The S. cerevisiae strains AH109
and HF7c were used for the two- and three-hybrid assays, respectively. Two
transformants from each strain were tested in duplicate in both assays. All strains were
plated on SD medium (Leu , Trp ) as well as SD medium (His , Leu , Trp ) containing

3-amino-1,2,4-triazole at the concentration indicated in the figure.
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Table 2-1: Yeast strains used yeast two- and three-hybrid assays in this study
Strain Description Genotype Reference
AHI109 | S. cerevisiae two- | MATa, ura3-52, his3-200, ade2- | Clontech Inc.

hybrid strain 101, trpl-901, leu2-3, 112, gal44,
met, gal804, URA3::GALIyus-
GALI TATA-ZCZCZ
Aatgl AH109 AHI109 + Aatgl::G418 This study
background; ATGI
deleted
Aslt2? AH109 AH109 + Aslt2::G418 This study
background; SLT2
deleted
HF7¢ S. cerevisiae MATa, ura3-52, his3-200, lys2- Mitchell et al.,
three-hybrid strain | 801, ade2-101, trpI1-901, leu2-3, | 2008 (Clontech
112, gal4-542, gal80-538, LYS Inc.)
2::GALI UAs-GAL] TATA'H]S3,
URA3::(GAL 17mers) 3-
CyC] TATA-ZCZCZ

Table 2-2: Yeast strains used for pexophagy assays
Strain Description Genotype References
Sc WT BY4742 + MATo; his3A1; leu2 AO; Saleem et al., 2008

Thiolase-GFP lys2A0; ura3A0
potl::Thiolase-GFP (HISS)
ScAatg36 | Aatg36 + BY4742 + Aatg36::G418 This study
Thiolase-GFP
ScAatgl Aatgl + BY4742 + Aatgl::G418 Saleem et al., 2008
Thiolase-GFP




Table 2-3: Plasmids used in yeast two- and three-hybrid studies
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Plasmid Fusion Protein 1 Fusion Protein | Background | Marker | References
2
pGBT9 BD-empty none pGBT9 TRPI Clontech
pGAD-GH | AD-empty none pGAD-GH | LEU2 | Clontech
Pjcf589- BD-PpAtg8 none pGBT9 TRPI This study
F115
Pjcf226 AD-PpAtg30 none pGAD-GH | LEU2 | This study
Pjcf590 AD-PpAtg32 none pGAD-GH | LEU2 | This study
Pjcf659 BD-ScAtg8 none pGBT9 TRP1 | This study
Pjcf660 BD-ScAtgll none pGBT9 TRPI This study
Pjcf652 AD-ScAtg32 none pGAD-GH | LEU2 | This study
Pjcf654 AD- none pGAD-GH | LEU2 | This study
ScAtg32S8IASEIASESA
Pjcf656 AD- none pGAD-GH | LEU2 | This study
ScAtg325!14AS119A
Pjcf653 AD-ScAtg36 none pGAD-GH | LEU2 | This study
Pjcf700 AD-ScAtg36>'" | none pGAD-GH | LEU2 | This study
pJCF701 | AD-ScAtg36>" | none pGAD-GH | LEU2 | This study
pJCF702 | AD-ScAtg36>'* | none pGAD-GH | LEU2 | This study
pJCF703 | AD-ScAtg36™ "™ none pGAD-GH | LEU2 | This study
pBridge BD-empty none pBridge TRPI1 | Mitchell et
al. 2008
(Clontech)
pJCEF800 BD-ScAtg8 none pBridge TRPI This study
pJCF801 BD-ScAtg8 NLS-ScAtgll | pBridge TRPI This study
pJCF804 BD-ScAtgll NLS-ScAtg8 | pBridge TRPI This study
pJCEF805 BD-ScAtg8 NLS-ScSIt2 pBridge TRPI This study
pJCEF806 BD-ScAtgll NLS-ScSIt2 pBridge TRPI This study
pJCE807 BD-PpAtg8 NLS-PpHrr25 | pBridge TRPI This study
pJCF808 BD-PpAtg8 NLS-PpSIt2 pBridge TRPI This study
pJCF809 BD-PpAtg8 NLS-PpSmk1 | pBridge TRPI This study
Table 2-4: Plasmids used in pexophagy assays
Plasmid | Fusion Protein Background Vector Marker References
pJCF500 | HA-ScAtg36 pRS415 LEU2 This study
pJCF501 | HA-ScAtg36™°** | pRS415 LEU2 This study
pJCF502 | HA-ScAtg36>'* pRS415 LEU2 This study
pJCF503 | HA-ScAtg36>" pRS415 LEU2 This study
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