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PREFACE

This thesis summarizes the research I conducted while working in Dr. Daniel J.
Klionsky’s laboratory since September 201 1. Through my thesis research, we obtained a
better understanding of how peroxisomal fission promotes pexophagy and how
autophagosome-vacuole fusion is specifically regulated.

Chapter 1 consists of part of chapter 1 in the book Autophagy, Infection, and the
Immune Response (doi: 10.1002/9781118677551.chl), and part of a Snapshot published
in Cell (doi: 10.1016/j.cell.2013.01.004), with some modifications. I wrote the text for
the snapshot in Cell and Meiyan Jin did the primary work on the poster.

Chapter 2 characterizes of the molecular machinery of how peroxisomal fission
facilitates engulfment of peroxisomes by autophagy, which is published in the journal
Autophagy (doi.org/10.4161/auto.27852). Kai Mao and I contributed equally to this work.
Kai Mao initiated the project and co-designed all the experiments with me, and Kai Mao
and I generated most of the data. Yuchen Feng helped with the yeast-two-hybrid analysis
in Figure 5A.

Chapter 3 describes the observation that the Atgl7-Atg31-Atg29 complex and
Atgl1 recruit Vam7 to the phagophore assembly site to facilitate autophagosome-vacuole

fusion. This study is published in Current Biology (doi.org/10.1016/j.cub.2015.11.054).



Kai Mao and I contribute equally to this work. Kai Mao and I co-designed most of the
experiments and generated most of the data. Angela Y.H. Yu and Dr. Calvin K. Yip did
the GST isolation assay in Figure 3G and Figure 4F,G; Amin Omairi-Nasser, Jotham
Austin IT and Dr. Benjamin S. Glick did the correlative fluorescence microscopy and
electron tomography for Figure 6E.

Chapter 4 summarizes the major implications of my thesis research and future
directions. The second part of this chapter is part of an autophagic punctum published in

Autophagy (doi.org/10.1080/15548627.2016.1162364).
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ABSTRACT

Macroautophagy, hereafter referred to as autophagy, is a well-conserved cellular process
among eukaryotes, through which portions of cytoplasm are degraded and recycled.
Malfunction of autophagy has been related to many human diseases, including cancer,
liver, heart and lung diseases and neurodegeneration. Therefore, it is important to study
the molecular mechanisms of autophagy and how autophagy activity is regulated.

Autophagy can be non selective or selective. Selective engulfment of peroxisomes
by autophagy is termed pexophagy. Collaborating with Kai Mao, a previous Ph.D student
in the lab, we determined that in mutants where peroxisome fission is compromised,
pexophay is defective. The selective autophagy scaffold Atgl1 and the pexophagy
specific receptor Atg36 are able to interact with the fission machinery components
including Dnm1 and Vpsl on peroxisomes being degraded. These findings imply that the
autophagy machinery recruits peroxisome fission machinery to drive pexophay specific
fission, facilitating efficient engulfment of the organelle.

The later steps of the autophagy process involve fusion of the outer membrane of
autophagosomes with the vacuole membrane. Working with Kai Mao, we confirmed an
interaction between Atgl7, a scaffold protein required for autophagy induction, and a

vacuolar SNARE Vam7. The SNARE domain of Vam7 and several hydrophobic residues

Xii



in helix1 and helix4 of Atgl7 mediate the interaction. Specifically diminishing the
interaction leads to defects in autophagosome-vacuole fusion and autophagic flux. This
study provides new insights into the role of the Atgl7-Atg31-Atg29 complex in the late

stage of autophagy and how auophagosome-vacuole fusion is specifically regulated.
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CHAPTER 1. Introduction’

Autophagy is an evolutionarily conserved process through which cells degrade and
recycle cellular components, including protein aggregates, damaged organelles and
invading pathogens. Basal autophagy functions to modulate cellular and tissue
homeostasis, but the process can also be induced under stress conditions to facilitate
cellular adaptation or survival. Dysfunction of autophagy is linked with many pathologies,
including cancer, diabetes, myopathies, heart, liver and lung diseases and certain types of

neurodegenerative disease [1-6].

1.1 Types of autophagy

There are three main types of autophagy: chaperone-mediated autophagy (CMA),
microautophagy, and macroautophagy. CMA is a process where a cytosolic chaperone
protein, HSPA8/HSC70, specifically recognizes its cargo proteins through a KFERQ-like
motif and facilitates their translocation directly across the lysosomal membrane for

degradation [7, 8]. Microautophagy involves the uptake of portions of cytoplasm by the

" This chapter is reprinted partly from Liu, X. and Klionsky, DJ. (2014) Autophagy and
Immunity, in Autophagy, Infection, and the Immune Response (eds W. T. Jackson and M.
S. Swanson), John Wiley & Sons, Inc, Hoboken, NJ, USA
(doi:10.1002/9781118677551.chl), and partly from Jin M., Liu X., Klionsky D.J. (2013)
Snapshot: Selective autophagy. Cell 152 (doi: 10.1016/j.cell.2013.01.004), with some
modifications.



direct invagination or protrusion of the lysosomal or vacuolar membrane [9]. The third
process, macroautophagy, hereafter referred to as autophagy, is the best characterized and

will be the focus of this chapter.

1.2 Morphology

The morphological hallmark of autophagy involves the de novo formation of a
double-membrane organelle named the autophagosome (Figure 1.1); however, this
structure is essentially an end product of the sequestration process and as such is not
really the primary functional unit of autophagy. Rather, the precursor to the
autophagosome, the phagophore, is the dynamic membrane structure that is responsible
for sequestering the cargos such as damaged organelles and invading pathogens. The
phagophore expands with the addition of membrane, the sources of which are suggested
to include almost every intracellular organelle. Upon completion, the phagophore seals
and becomes a completed autophagosome. In yeasts, the autophagosome fuses with the
vacuole. In mammals, the autophagosome may fuse directly with a lysosome, or first with
a late endosome to form an intermediate amphisome. The subsequent fusion of the outer
membrane of the autophagosome or the amphisome limiting membrane with a lysosome
generates an autolysosome and exposes the cargoes to the degradative lysosomal
enzymes. The degradation products, especially amino acids, are subsequently released
back into the cytosol and are used in generating energy or as substrates for biosynthetic

pathways.



1.3 Molecular machinery

Even though autophagosomes have been observed by electron microscopy as early as the
1950s, the molecular mechanisms of autophagy have been poorly studied until the past
two decades [10]. The molecular machinery was first identified through studies in
budding yeast, Saccharomyces cerevisiae, and to date more than 40 autophagy-related
(ATG) genes have been identified as being involved in this process [11-14]. Subsequent
work with mammalian cells has revealed homologs of the core autophagy machinery [15],
supporting the notion that autophagy is evolutionarily conserved. At the same time, there
are also increasing numbers of Atg proteins being identified in mammals and other model
systems such as C. elegans that lack yeast homologs, suggesting an increased complexity
and diversity of function in more complex eukaryotes [3]. For ease of discussion, the core
protein machinery of autophagy is subdivided into four major complexes in the following
sections and I will focus on the yeast autophagy molecular machinery. I will also discuss
a group of proteins that function in the selective autophagy pathways either as scaffold or

as receptor proteins.

1.3.1 Atgl complex

Autophagy occurs at a basal level in cells under normal conditions. Upon stress or other
stimuli, autophagy can be induced, and defects in regulation that prevent proper induction
can lead to aberrant cell physiology; however, too much autophagy activity can also be

detrimental to the cell. Thus, the level of autophagy must be tightly controlled.



Accordingly, there are various factors that regulate autophagy induction, and studies have
shown that the Atgl complex functions in part in an early stage of autophagy regulation.

Atgl is the kinase and the other components of the complex include Atgl3, Atgl7,
Atg29 and Atg31 [16-18]. Atgl3 directly interacts with Atgl regardless of the nutrient
availability; however, the phosphorylation status of these proteins changes under
different conditions. In nutrient-rich conditions, a key upstream negative regulator of
autophagy, the target of rapamycin complex 1 (TORCI) interacts with the complex and
phosphorylates Atgl and Atgl3, inhibiting Atgl kinase activity. Upon starvation,
TORC1 gets released from the complex. Atgl and Atgl3 are then partially
dephosphorylated, leading to activation of Atgl kinase activity, which in turn leads to
phosphorylation of Atgl3 (presumably on distinct sites from those used by TORC1) to
induce autophagy [18].

Atgl7, Atg29 and Atg3l form a stable ternary complex in the cells. The
Atgl7-Atg31-Atg29 complex is among the very first Atg proteins recruited to the
phagophore assembly site (PAS), where an autophagosome forms in yeast. The complex
interacts with Atgl-Atgl3 and may be involved in targeting of the latter to the PAS.
Structural analysis reveals that this ternary complex forms a dimer with two crescents
[19]. This complex, together with Atgl and Atgl3, may function to tether Atg9 vesicles,

which will be discussed in more detail, to facilitate phagophore expansion [19].



1.3.2 Class III phosphatidylinositol 3-kinase (PtdIns3K) complexes

The class III PtdIns3K is generally thought to act downstream of the Atgl complex,
mediating formation of phosphatidylinositol-3-phosphate (PtdIns3P) on the phagophore
membrane, an event essential for autophagy. PtdIns3P serves to recruit downstream
factors such as Atgl8 and Atg2, which are involved in the trafficking of Atg9, and
promote autophagosome maturation. In yeast, the only known PtdIns3K, Vps34, is able
to form two distinct complexes [20]. PtdIns3K complex I is specific to the autophagy
pathway and is composed of Atgl4, Vps34, Vpsl5 and Vps30/Atg6 [20]. Vpsl5
regulates the kinase activity of Vps34 via modulating its membrane association [21].
Atgl4 is specific for autophagy and targets the PtdIns3K complex I to the PAS [22].
Atgl4 also bridges Vps30/Atg6 with Vps34-Vpsl5 in the complex. Recently, a study
shows that Atg38, though is not essential for autophagy, stabilizes the Vps34 PtdIns3K
complex I via interacting with Atgl4 and Vps34. Vps34, Vpsl5 and Vps30/Atg6 can also
form a complex with Vps38, which is part of the PtdIns3K complex II. This complex

functions in the endosomal/Vps pathway [20].

1.3.3 Atg9 trafficking system

The Atg9 trafficking system is best characterized in yeast, although even in this model
organism there are many questions that remain to be answered. The current model is that
the transmembrane protein Atg9 cycles between the phagophore assembly site and

peripheral (i.e., non-PAS) sites, and that this process is needed for the proper delivery of



membrane from various donor organelles to the expanding phagophore [23, 24]. Atg23
and Atg27 interact with Atg9 and facilitate its anterograde traffic from the peripheral
sites to the PAS, whereas Atg2-Atgl8 and the Atgl-Atgl3 complex are required for its
retrograde transport from the PAS back to the peripheral sites [25-28].

In mammals, ATGY9 localizes to the trans-Golgi network and endosomes in
nutrient-rich conditions. A pool of ATGY translocates to LC3 (homolog of Atg8 in
yeast)-positive compartments upon starvation. This translocation is dependent on ULK1
(homolog of Atgl in yeast) and PIK3C3/VPS34 kinase activity [29]. The dynamic
movement between ATG9 and the phagophore membrane during autophagy suggests a
conserved role for ATGY in membrane movement during phagophore expansion. Similar
to yeast, ATGY retrieval from the phagophore membrane is dependent on WIPI2, a
homolog of yeast Atgl8, but movement in this direction is ULK1 kinase independent

[30].

1.3.4 Ubiquitin-like conjugation systems

There are two ubiquitin-like (Ubl) conjugation systems, which involve the Ubl proteins
Atgl2 and Atg8. These systems are quite well studied, playing important roles in
phagophore expansion [31-33]. Atgl2 is conjugated with Atg5 in a manner that is similar
to canonical ubiquitination [32]. The El-like enzyme, Atg7, activates Atgl2 via a
thioester bond [34]. Atgl2 is then transferred to an E2-like enzyme, Atgl0, before it is

finally conjugated to an internal lysine of Atg5. Atg5 then noncovalently binds Atgl6,



which subsequently dimerizes. During autophagy, Atg5 directs the Atgl2—-Atg5-Atgl6
complex to the phagophore [35].

Atg8 1is conjugated to the lipid phosphatidylethanolamine (PE), and this
modification is required for association with the phagophore membrane [36, 37]. Initially,
the cysteine protease Atg4, removes the C-terminal amino acids of Atg8 to reveal a
glycine residue, generating a cytosolic form of Atg8. This soluble Atg8 is then
sequentially activated by Atg7 and conjugated via the E2-like enzyme Atg3, resulting in
the membrane-associated form, Atg8—PE [34, 38]. The PE group can ultimately be
cleaved by Atg4 in a deconjugation step, which is important for maintaining the proper

level of autophagy activity [39].

1.3.5 Selective autophagy pathways and molecular machinery

Autophagy can be categorized as nonselective or selective. Nonselective autophagy
randomly engulfs a portion of the cytoplasm into autophagosomes and then delivers them
to the vacuole or the lysosome for degradation. Selective autophagy, however,
specifically recognizes and degrades a particular cargo, either a protein complex, an
organelle, or an invading microbe.

Selective autophagy utilizes the same core machinery used for nonselective
autophagy. A small number of additional proteins suffice to make the process selective;
A cargo-ligand-receptor-scaffold model is proposed to describe how cells achieve

selectivity (Figure 1.2). The ligand is the recognition component on the cargo that binds a



receptor. In some cases, the receptor is a resident protein on the cargo (e.g., Atg32 or
BNIP3L/NIX, which are located in the mitochondria outer membrane, in mitophagy).
The interaction between the receptor and scaffold is vital for cargo recruitment to the
PAS, where an autophagosome forms. In yeast, Atgll is the most commonly used
scaffold protein, mediating several types of selective autophagy including the
cytoplasm-to-vacuole targeting (Cvt) pathway, mitophagy, pexophagy and reticulophagy
[40-45]; however, in mammals a functional counterpart of Atgl1 is yet to be discovered.
In many cases, the receptor proteins subsequently bind Atg8 in yeast, or in mammalian
cells one of the LC3 family proteins, through a particular sequence referred to as AIM
(Atg8-family interacting motif) or LIR (LC3-interacting region). This interaction may
connect the cargo directly with the macroautophagy machinery. In the following sections,
the Cvt pathway, mitophagy and pexophagy will be discussed in more details as
examples of the selective autophagy pathways.

The Cvt pathway

The yeast Cvt pathway is the best-characterized example of a biosynthetic process that
utilizes the macroautophagy machinery [43]. It is a transport route through which
vacuolar resident enzymes are targeted from the cytosol to the vacuole, their final site of
action. Enzymes that utilize the Cvt pathway include Apel, Ape4 and Amsl. Atgl9 is the
primary receptor for these cargos, binding each through a different domain. Atg34 is
another receptor similar to Atgl9 that appears to bind only Amsl under starvation

conditions. The interaction of Atgl1 with either Atgl9 or Atg34 mediates the transport of



prApel oligomers in the form of a large complex to the PAS [43]. Atgl9 and Atg34 also
interact with Atg8 via a C-terminal WXXL motif that functions as an AIM to connect the
cargo with the sequestration machinery.

Mitophagy

Selective degradation of surplus or dysfunctional organelles by autophagy has been
observed both in yeast and mammals. Mitophagy, selective removal of mitochondria by
autophagy, is one of the most studied types of “organelle autophagy” in part due to the
connection between dysfunction of this process and certain diseases [42, 46, 47]. In yeast,
mitophagy is associated with the cellular remodeling that occurs upon the transition to a
preferred carbon source. For example, when yeast cells are shifted from respiratory
substrates such as lactate to glucose, excess mitochondria are degraded. The
mitochondria outer membrane protein Atg32 functions as the receptor for mitophagy, by
interacting sequentially with Atgl1 and Atg8 [42, 46, 47]. These interactions are critical
for mitochondria delivery to, and subsequent degradation within, the vacuole.

In mammals, the functional counterpart of Atg32 is yet to be determined. BNIP3L,
FUNDC1 and SQSTMI1/p62 have been implied to function as receptors to link
mitochondria with the autophagy machinery, depending on the cell type [47]. During
erythrocyte maturation, BNIP3L 1is essential for mitochondrial clearance where
mitophagy plays a developmental role [48]. Another such example is allophagy, a process
observed in Caenorhabditis elegans embryos, where sperm-derived paternal

mitochondria and their mtDNA are degraded by autophagy [49]. SQSTM1 may function



as a receptor for depolarization-induced mitophagy. According to one model, PINKI
accumulates on the outer membrane of depolarized or damaged mitochondria, where it
recruits PARK2/Parkin, an E3 ubiquitin ligase. PARK2 mediates the ubiquitination of
numerous outer mitochondrial membrane proteins including MFN1 and MFN2. SQSTM1
contains a LIR motif, allowing it to bridge the ligand on the mitochondrial membrane
with the autophagy machinery. However, SQSTMI1 is not essential for mitophagy,
suggesting that other factors may be able to function in its place.

Pexophagy

Pexophagy, the selective autophagic degradation of peroxisomes, shares certain features
with mitophagy in that it can also occur by both macro- and microautophagic
mechanisms, and is primarily a response to changing nutrients [50]. When fungi are
grown on oleic acid or methanol, the peroxisomes proliferate, as this organelle contains
the enzymes necessary to utilize these carbon sources. When subsequently shifted to
glucose or ethanol, the peroxisomes are rapidly and selectively degraded through
autophagy. PpAtg30 and Atg36 function as receptors for pexophagy in Pichia pastoris

and Saccharoymeces cerevisiae, respectively [41, 44].

1.4 Physiological roles

Autophagy has many physiological roles. First, autophagy is a protective mechanism
against cellular stress [6, 51]. For example, autophagy’s role in supplying essential

building blocks or metabolic substrates such as amino acids under conditions of nutrient
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deprivation is critical for maintaining cell viability under adverse conditions; autophagic
degradation and recycling enable cells to maintain the synthesis of essential proteins and
to generate ATP.

Recent studies indicate that autophagy is also indispensible during development.
One example of such a role is seen after oocyte fertilization in C. elegans where
autophagy is involved in the elimination of maternal mitochondria [52, 53]; however, this
does not appear to be the case in mammals [54]. In addition, during embryonic
development, clearance of apoptotic cells is achieved through autophagy [55]. Autophagy
is also implicated in life span extension; induction of autophagy increases longevity in
several model organisms [56], and its role in clearing aggregate-prone proteins and
damaged mitochondria might be relevant to its anti-aging effects.

As autophagy acts to eliminate many harmful components in a cell, malfunction of
autophagy has also been suggested to correlate with or be the cause of a variety of
diseases, such as cancer, neurodegeneration, cardiovascular myopathies, and lysosomal
storage disorders [3]. For example, the selective degradation of damaged mitochondria is
suggested to underlie the tumor suppressive effects of autophagy, possibly through
reducing oxidative stress and preventing DNA damage [57]. Several lines of evidence
suggest that the role of autophagy in clearing toxic aggregate-prone proteins is critical to
prevent certain types of neurodegeneration, including those associated with Huntington,

Alzheimer and Parkinson diseases [58, 59].
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Figure 1.1 Schematic model of autophagy process in yeast. Cargoes including cytosolic
proteins, protein aggregates, and damaged organelles are sequestered by a phagophore,
which will expand and mature to form a complete autophagosome. The outer membrane
of the autophagosome fuses with the vacuole membrane, releasing the inner membrane
together with cargoes into the vacuole lumen, which are then degraded by the resident
hydrolases. The breakdown products are released back into the cytosol for reuse.
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Figure 1.2 A cargo-ligand-receptor-scaffold model of selective autophagy pathways. In
yeast, during selective autophagy processes, the cargo or ligand on the cargo recruits
specific receptor, which can interact with Atg8 and the scaffold protein Atgll. These
interactions mediate the recruitment of core autophagy molecular machinery to form an
autophagosome encapsulating the cargo.
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CHAPTER 2. The progression of peroxisomal degradation through autophagy

requires peroxisomal division®

2.1 Abstract

Peroxisomes are highly dynamic organelles that have multiple functions in cellular
metabolism. To adapt the intracellular conditions to the changing extracellular
environment, peroxisomes undergo constitutive segregation and degradation. The
segregation of peroxisomes are mediated by two dynamin-related GTPases, Dnml and
Vpsl, whereas, the degradation of peroxsisomes is accomplished through pexophagy, a
selective type of autophagy. During pexophagy, the size of the organelle is always a
challenging factor for the efficiency of engulfment by the sequestering compartment, the
phagophore, which implies a potential role for peroxisomal fission in the degradation
process, similar to the situation with selective mitochondria degradation. In this study, we
report that peroxisomal fission is indeed critical for the efficient elimination of the
organelle. When pexophagy is induced, both Dnml and Vpsl are recruited to the
degrading peroxisomes through interactions with Atgl1 and Atg36. In addition, we find

that specific peroxisomal fission, which is only needed for pexophagy, occurs at

? This chapter is reprinted from Mao K', Liu X', Feng Y, Klionsky DJ. (2014) The
progression of peroxisomal degradation through autophagy requires peroxisomal division.
Autophagy 10(4):652-661 (doi.org/10.4161/auto.27852).
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mitochondria-peroxisome contact sites.

2.2 Introduction

In most eukaryotic cells, mitochondria and peroxisomes drive the catabolism of long
chain fatty acids through B-oxidation, and convert the hydrogen peroxide into water and
oxygen; in yeasts, this process is restricted to peroxisomes. One byproduct of f-oxidation
is the production of reactive oxygen species that have the potential to damage cellular
components. Therefore, it is essential that proper peroxisomal function is maintained, and
that these organelles are removed if damaged or no longer needed. To adapt to the
changing extracellular environment, peroxisomes undergo a remarkable remolding of
their cellular pattern of expression, morphology, and abundance. Peroxisomes achieve
this dynamic property through biogenesis, division, and degradation. Budding from the
endoplasmic reticulum (ER) appears to be one source of the peroxisome membrane,
which is generated in a Pex3- and Pex19-dependent manner; however, the organelle may
be primarily generated through fission of a preexisting peroxisome followed by import of
additional membrane and proteins [1]. The proliferation and replication of peroxisomes
that is achieved by division is under the control of two dynamin-related GTPases, Dnm1
and Vpsl[1, 2]. Superfluous, or extensively damaged peroxisomes are targeted for
vacuole-dependent degradation through selective autophagy, which is termed pexophagy
(3, 4].

Autophagy is a conserved lysosome/vacuole-dependent catabolic pathway degrading
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cytosol, protein aggregates, and organelles. Depending on the extracellular stresses and
the degrading targets, autophagy can occur in either nonselective or selective modes.
Nonselective autophagy mediates bulk degradation and recycling of cytoplasm to support
cell survival during nutrient deprivation [5, 6]. Selective autophagy recognizes and
targets specific cargos or organelles, such as peroxisomes (pexophagy) and mitochondria
(mitophagy) [7].

After a decade of study, a general model has been established for selective autophagy.
A ligand on the degrading target binds to a specific receptor; the receptor in turn recruits
a scaffold protein, which links the cargo-receptor complex with the autophagy machinery
[8]. In yeast, Atgll is the scaffold and its binding receptor varies depending on the
degrading cargos. In the case of pexophagy, Atg36 serves as the receptor in
Saccharomyces cerevisiae, and PpAtg30 in Pichia pastoris; Pex3 functions as the ligand,
binding to either Atg36 or ppAtg30 [9, 10]. The receptor Atg36 binds to Atgll, a
scaffold, which will promote the attachment of the degrading peroxisomes with Atg8—PE,
and subsequent engulfment of the organelles by the phagophore, the initial sequestering
compartment. We recently showed that when mitophagy is induced, the Atgl1 scaffold is
recruited by the mitophagy receptor Atg32, and in turn links the fission complex
containing Dnm1 to those mitochondria that are destined for degradation to drive their
division [11]. Similar to mitochondria, the size of peroxisomes also makes it problematic
to sequester this organelle by the phagophore, leading us to hypothesize that peroxisomal

fission is necessary for pexophagy.
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Here, we show that the two dynamin-related GTPases Dnm1 and Vpsl are important
for pexophagy. The scaffold protein Atgl1 interacts with both Dnm1 and Vpsl with the
Atgl1-Dnml interaction occurring on both mitochondria and peroxisomes, whereas the
Atgl1-Vpsl interaction takes place exclusively on peroxisomes. Unlike the mitophagy
receptor Atg32, the pexophagy receptor Atg36 is able to interact directly with Dnm1 and
Vpsl, and these interactions occur on the peroxisomes. Importantly, these interactions
represent the process of pexophagy-specific fission, which always occurs at

mitochondria-peroxisome contact sites.

2.3 Results

2.3.1 Peroxisomal fission is a significant step during pexophagy.

In Saccharomyces cerevisiae, peroxisomes proliferate with increasing number and size
when cells are cultured in growth medium containing oleic acid as the sole carbon source.
When these cells are subjected to conditions of nitrogen starvation in the presence of
glucose, this elevated population of peroxisomes is no longer necessary, and pexophagy
is dramatically induced to degrade the excess organelles [3]. To track the state and
morphology of peroxisomes during pexophagy, we transformed a plasmid expressing the
blue fluorescent protein (BFP) fused with a C-terminal type I peroxisomal targeting
signal, serine-lysine-leucine (BFP-SKL) [12]. When yeast cells were cultured in nutrient
rich medium with oleic acid (YTO), punctate peroxisomes appeared in the cytosol (Fig.

2.1A, left). After we shifted the cells to nitrogen starvation medium with glucose (SD-N)
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for 2 h, which we have previously shown induces pexophagy [3], the morphology of
some peroxisomes changed and displayed an elongated pattern (Fig. 2.1A, right). The
elongation of peroxisomal membrane precedes the division of these organelles, which is
significant for their replication and proliferation [2]. The occurrence of peroxisomal
elongation under pexophagy-inducing conditions implied that the fission event also
happened during the degradation of peroxisomes. Accordingly, we asked whether fission
plays an important role for the progression of pexophagy.

The division of peroxisomes in budding yeast is mediated by two dynamin-related
GTPases, Dnm1 and Vpsl. Dnml is able to constrict membrane, and its proper function
and localization on the peroxisomes requires a fission complex, which also includes Fisl,
Mdvl, and Caf4 [13]. Fisl is a tail-anchored membrane receptor that interacts with the
partially redundant proteins Mdvl and Caf4, which in turn bind to Dnml1, to recruit the
latter to the peroxisome. This fission complex is shared with mitochondria, and promotes
mitochondrial fission through the same mechanism of Dnml recruitment [2, 14]. Vpsl
also controls the segregation of peroxisomes, and is recruited to the peroxisomes through
interaction with Pex19 [15].

In order to detect and quantify the number of peroxisomes during pexophagy, we
used a plasmid containing a green fluorescent protein with the C-terminal type I
peroxisomal targeting signal (GFP-SKL) and CellTracker Blue CMAC dye to mark the
peroxisomes and vacuole lumen, respectively. The atg/A mutant served as a control,

since autophagy induction and peroxisomal degradation are completely absent in the
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atgIA mutant. When the yeast cells were grown in YTO medium, wild-type and atg/A
mutant cells had approximately 11.5 and 12.3 peroxisomes on average per cell,
respectively (Fig. 2.1C); however, there were fewer peroxisomes in fis/A (9.2/cell) and
dnmlIA (8.3/cell) mutants (Fig. 2.1B and C), which is consistent with the previous report
that the replication of peroxisomes is compromised in these mutants [16]. In vps/A and
dnmIA vpsIA mutants, peroxisomes are highly clustered making it difficult to
differentiate and quantify individual peroxisomes (Fig. 2.1B). After the wild-type cells
were starved in SD-N medium for 7 h, peroxisomes were degraded in the vacuole,
however, the fluorescent signal from GFP-SKL was relatively stable and was diffuse in
the vacuolar lumen; at the same time, the number of peroxisomes in the cytosol was
largely decreased (corresponding to 56.4% turnover). In fis/A and dnml mutants, a
vacuolar GFP signal was also detected, but a reduced number of peroxisomes (39.1% and
35.3%, respectively) were degraded (Fig. 2.1B and 2.1C), which indicated that
pexophagy was partially blocked in these two mutants. In atg/A, vpsIA and dnmliIA
vps IA mutants, no vacuolar GFP was detected, which implied that pexophagy was largely
defective in these mutants (Fig. 2.1B). However, as noted above, peroxisomes were
largely clustered in the vpsIA and dnmlIA vpsIA mutants (Fig. 2.1B), making the
quantification of peroxisomal degradation difficult.

To confirm the pexophagy defects in fission mutants, and to more precisely evaluate
the pexophagy activities in vpsIA and dnmIA vpsIA mutants, we took advantage of a

second method for monitoring pexophagy, the Pex14-GFP processing assay. PEX14
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encodes a peroxisomal integral membrane protein, and a chromosomally tagged version
with GFP at the C terminus is correctly localized on this organelle. When pexophagy is
induced, peroxisomes, along with Pex14-GFP, are delivered into the vacuole for
degradation. Pex14 is proteolytically degraded, whereas the GFP moiety is relatively
stable and accumulates in the vacuolar lumen. Thus, pexophagy can be monitored based
on the amount of free GFP by immunoblot [17]. After 1 or 2 h of nitrogen starvation with
glucose, a considerable amount of free GFP was detected in wild-type cells, however,
free GFP was hardly detectable in atg/A (Fig. 2.S1). The amount of free GFP was
reduced in fis/A, and dnmIA mutants, and dramatically reduced in vps/A, and dnmliA
vpsIA mutants (Fig. 2.1D). These results were consistent with the previous report and
suggested that both Dnml-dependent and Vpsl-dependent peroxisomal fission are

important for pexophagy, with Vps1 playing a more significant role [18].

2.3.2 Atgl1 interacts with Dnm1 and Fis1 on the degrading peroxisomes.

In growing yeast cells, Atgl1 is mostly diffuse in the cytosol; its translocation to various
organelles depends on the presence of different receptor proteins. Our recent studies
showed that upon translocation to mitochondria through binding to Atg32, Atgl1 recruits
the Dnm1-containing fission complex to these mitochondria that are being targeted for
degradation by mitophagy[11]. The Atgl1-bound population of Dnm1, which is specific
for fission associated with mitophagy, is different from the previously characterized

Atgl1-free Dnml, which controls homeostatic mitochondrial division. Pexophagy and
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mitophagy share the use of the Atgl1 scaffold and the Dnm1-containing fission complex.
Accordingly, we speculate that Atgl1 is also able to recruit the Dnm1-containing fission
complex to peroxisomes to facilitate their division prior to pexophagy.

To test this hypothesis, we used the bimolecular fluorescence complementation (BiFC)
assay to determine where the Atgl1-Dnml interaction occurs. Briefly, in the BiFC assay,
the Venus yellow fluorescent protein (VYFP) is split into two fragments, VN (N terminus
of vYFP) and VC (C terminus of vYFP) [19]. We fused VN to Atgl1 on the genome and
transformed cells with a plasmid containing Dnm1-VC. Fluorescence from these two
chimeras can only be detected when the two proteins interact and bring the two fragments
of VYFP proximal to each other. Thus, for example, when mitophagy is induced,
VN-Atgll and Dnm1-VC form vYFP puncta on the mitochondrial network [11]. We
carried out the same strategy and also introduced a C-terminal mCherry at the PEX14
locus on the chromosome to be able to monitor peroxisomes. When we starved the yeast
cells to induce pexophagy, the Atgll-Dnml interacting puncta colocalized with
Pex14-mCherry (Fig. 2.2A, arrowhead), which indicated that Atgll recruited Dnml to
the degrading peroxisomes when pexophagy was induced. To exclude the possibility that
the YFP signal detected was due to the overexpression of VN-Atgl1 under the control of
ribosomal protein promoter (RPL7Bp), we generated an RPL7Bp driven VN strain and
transformed cells with a plasmid containing Dnm1-VC. No YFP fluorescence was
detected in this control experiment, which suggested the YFP puncta represented

Atgl1-Dnml interaction (Fig. 2.S2A).
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Atgll and the Dnml-containing fission complex are shared by peroxisomes and
mitochondria. To carefully analyze the location of Atgll-Dnml interaction, we
transformed a plasmid harboring BFP-SKL to display peroxisomes and stained the
mitochondria with MitoTracker Red dye. After pexophagy was induced by nitrogen
starvation with glucose, the localization of Atgll-Dnml interacting puncta could be
classified into three major different classes. The class I puncta appeared on the
mitochondrial network (Fig. 2.2B, arrow; Fig. 2.2C), and thus correspond to complexes
that are involved in mitophagy-specific fission [11]. Mitophagy is highly induced when
yeast are grown solely in the presence of a non-fermentable carbon source and then
switched to nitrogen starvation medium containing a fermentable carbon source [20].
Because oleic acid is a non-fermentable carbon source, these culture conditions (i.e.,
switching from YTO to SD-N) likely induce mitophagy. Class II puncta were localized
on peroxisomes (Fig. 2.2B, arrowhead; Fig. 2.2C), and are presumed to represent the
fission complexes that mediate pexophagy-specific fission. Unexpectedly, these puncta
were found to be proximal to mitochondria. The class III puncta colocalized with both
peroxisomes and mitochondria (Fig. 2.2B, asterisk; Fig. 2.2C). At the same time, we also
found very few puncta localized in the cytosol or on the peroxisomes which were not
adjacent to mitochondria (Fig. 2.2C). The cellular pattern of both class II and class III
puncta implied the Dnml-mediated peroxisomal fission might occur at the
mitochondria-peroxisome contact sites.

To test this hypothesis, we also examined the sites of the Atgll1-Fisl interaction.
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Based on our previous work, Atgll interacts with Fisl in addition to Dnml on the
targeted mitochondria [11]. We chromosomally tagged ATG/I and FISI with VN and
VC, respectively, and used BFP-SKL and MitoTracker Red to track peroxisomes and
mitochondria, respectively. The distribution of Atgl1-Fisl puncta was extremely similar
to that of Atgl1-Dnml puncta, with the existence of distinct populations localized to
mitochondria (Fig. 2.2D, arrow; Fig. 2.2E), peroxisomes that were proximal to
mitochondria (Fig. 2.2D, arrowhead; Fig. 2.2E), and puncta localized on both organelles
(Fig. 2.2D, asterisks; Fig. 2.2E). Of note, the peroxisomes marked by the Atgll1-Fisl
interaction were always close to or associated with mitochondria. We also generated the
control experiment to make sure that the YFP signal detected was due to Atgll-Fisl
interaction (Fig. 2.S2B). After the analysis of both Atgl1-Dnml and Atgl1-Fisl puncta,
we concluded that Atgll recruited Dnml-containing fission complexes to peroxisomes
being targeted for degradation, and this fission event happened at
mitochondria-peroxisome contact sites. We propose that this distinct localization might
be due to the fact that mitochondria and peroxisomes share the Dnm1-containing fission

complex.

2.3.3 Atgl1 interacts with Vps1 on peroxisomes

We noticed that compared to Dnm1 inhibition of the Vpsl-mediated peroxisomal fission
had a stronger effect on pexophagy (Fig. 2.1B and D). Therefore, we wondered if there is

also an Atgl1-bound form of Vpsl, which localizes on the peroxisomes that will become
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targeted for sequestration and regulates pexophagy-specific division. We chromosomally
tagged ATGI11 with VN and PEX14 with mCherry, and transformed the cells with a
plasmid expressing Vpsl-VC. VN-Atgll and Vpsl-VC formed puncta in
pexophagy-inducing conditions, and these puncta localized on the peroxisomes marked
by Pex14-mCherry (Fig. 2.3A, arrowhead). At the same time these puncta were not due
to the overexpression of VN-Atgl1 (Fig. 2.S3A).

To verify the interaction between Atgll and Vpsl, we carried out protein A affinity
isolation with IgG-Sepharose. In our previous work, we showed that the Dnm1 mutant
lacking the last 30 amino acids [Dnm1 (30A)] is unable to interact with Atgll. The C
terminus of Vpsl has a high similarity at the amino acid sequence level compared to
Dnml (Fig. 2.S3B). We suspected that the Vpsl mutant lacking the last 30 amino acids
[Vpsl (30A)] would also lose interaction with Atgll. Protein A (PA)-tagged wild-type
Vpsl and Dnm1 co-precipitated a substantial amount of the available HA-Atgl1, whereas
Dnm1 (30A) precipitated a very small amount of this protein (Fig. 2.3B; Fig. 2.S3C). In
contrast to our expectation, Vpsl (30A) precipitated a similar level of HA-Atgl1 relative
to that affinity isolated by wild-type (i.e., full length) Vpsl (Fig. 2.3B). Therefore, Vpsl
interacts with Atgl1 through a different mechanism from the one used by Dnm1.

We showed that the Dnm1-regulated peroxisomal division occurred extremely close
to mitochondria (Fig. 2.2B), which we propose may be due to the fact that the
Dnml-containing fission complex is shared by mitochondria and peroxisomes. Up until

now, there have not been any published data indicating a role for Vpsl in mitochondria
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segregation. Accordingly, we decided to determine whether Vpsl-mediated peroxisomal
fission, in contrast to that driven by Dnml, occurred at a site that was distal from
mitochondria. We transformed cells with the BFP-SKL plasmid and used MitoTracker
Red to allow us to monitor both peroxisomes and mitochondria, respectively. Puncta
corresponding to the sites of Atgl1-Vpsl interaction did not appear to localize directly on
the mitochondrial network; however, the majority of peroxisomes marked by these
puncta were still closely associated with mitochondria (Fig. 2.3C, arrowhead; Fig. 2.3D).
This result suggested that pexophagy-specific fission, whether mediated by Dnm!l or

Vpsl, might require the participation of mitochondria.

2.3.4 Atg36 interacts with Dnm1 and Vpsl

Atg32 and Atg36 are receptors that bind to Atgll during mitophagy and pexophagy,
respectively; however, their properties vary in several respects. For example,
overexpression of Atg36 results in a high level of basal pexophagy independent of
nitrogen starvation, whereas overexpression of Atg32 does not induce mitophagy in
nutrient-rich conditions [10, 21]. Atg32 is localized on the mitochondrial outer membrane
and interacts with the Dnml-containing fission complex through Atgll. In contrast,
Atg36 is a cytosolic protein and is targeted to peroxisomes through binding to Pex3 [10,
21], which raises the possibility that Atg36 is also able to interact with Dnm1 or Vpsl,
which are also cytosolic proteins, to recruit the fission complex to peroxisomes; this

would be in contrast to Atg32, which binds Dnm1 indirectly through Atgl1.
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To test this hypothesis, and to gain further insight into the mechanism of
Vpsl-mediated pexophagy, we generated a series of strains expressing VN-Atg36
combined with Dnm1-VC, VC-Fisl, Mdv1-VC, Caf4-VC, or Vpsl-VC, and carried out
the BiFC assay to search for the possible interactions of these chimeric pairs. VN-Atg36
formed vYFP puncta with Dnm1-VC, or Vps1-VC, but not with the other fusion proteins
(Fig. 2.4A). Therefore, unlike Atg32, Atg36 interacts with the two dynamin-related
GTPases Dnm1 and Vpsl.

To determine where Atg36 interacts with Dnm1 and Vpsl, we used BFP-SKL and
MitoTracker Red to track peroxisomes and mitochondria, respectively. Both
Atg36-Dnml and Atg36-Vpsl interacting puncta were largely localized on peroxisomes
extremely close to mitochondria (Fig. 2.4B and D, arrowheads; Fig. 2.4C and E). This
location was similar to that seen for Atgl1-Dnml, Atgl1-Fisl, and Atgl1-Vpsl, which
reinforced our finding that the pexophagy-specific fission happened at the mitochondrial
periphery.

It was reported that the phosphorylation of Atg36 is significant for its interaction with
Atgll and Atg8. Specifically, phosphorylation of serine 31 is required for interaction
with Atg8, and phosphorylation of serine 97 is required for interaction with Atgl1 [22].
Therefore, we tested whether phosphorylation of Atg36 is required for interaction with
Dnml and Vpsl by yeast two hybrid. BD-Atg36 was able to interact with both
AD-Dnml and AD-Vpsl. BD-Atg36 (S31A), which was reported to lose interaction with

Atg8, was still interacting with both AD-Dnml and AD-Vpsl. At the meantime,
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BD-Atg36 (S97A), which was reported to lose interaction with Atgll, interacted with
both AD-Dnml and AD-Vpsl (Fig. 2.5A). These results suggested that Atg36-Atgl1
interaction is not required for Atg36-Dnml and Atg36-Vpsl interactions. Therefore,
Atg36 might be able to recruit Dnm1 and Vpsl1 to the peroxisomes independent of Atgl1.

Overexpression of Atg36 enhanced pexophagy without nitrogen starvation [10]. We
showed that Atg36 interacted with Vpsl1, which raised a possibility that overexpression of
Atg36 increased the level of Vpsl recruitment to the peroxisomes. If this is the case, we
should expect that overexpression of Vpsl also enhanced pexophagy independent of
nitrogen starvation. We constructed two yeast strains containing either HA-Atg36 or
HA-Vpsl1 under the control of GAL promoter, and used Pex14-GFP processing to detect
pexophagy. Yeast cells were cultured in YTO, and shifted to nutrient rich medium with
galactose (YPG). We observed robust increase of protein level of HA-Atg36 and
HA-Vpsl (Fig. 2.5C). When we detected pexophagy, a clear increase of free GFP
appeared after 9h culturing in YPG when Atg36 was overexpressed, which agreed with
previous report [10]; surprisingly, pexophagy level was even higher when Vpsl was
overexpressed (Fig. 2.5B). These results suggested overexpression of Atg36 might

accelerate peroxisomal fission due to its interaction with Vpsl1.

2.4 Discussion

The degradation of organelles is an energy and time consuming process in eukaryotic

cells. In addition, the size of the organelle can present steric challenges, and smaller
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fragments of organelles are presumably easier for sequestering. Autophagy is the primary
mechanism responsible for the bulk degradation of cytoplasmic components and the
selective removal of organelles. In nonselective autophagy, the protein level of Atg8
controls the size of the autophagosomes [23]. In contrast, during selective types of
autophagy the phagophore membrane is closely apposed to the cargo, excluding bulk
cytoplasm. Therefore, the factors that determine the curvature of the phagophore and the
ultimate size of the autophagsomes might be more somewhat distinct between these two
modes of sequestration. The cytoplasm-to-vacuole targeting (Cvt) pathway is a
biosynthetic route that delivers resident hydrolases to the vacuole. Overexpression of the
primary cargo of the Cvt pathway, precursor aminopeptidase I, results in the formation of
larger complexes, which are sequestered less efficiently [24]. Mitochondria exist as a
highly extended, reticular structure, which is even more difficult for sequestering within
phagophores. Our recent work suggested that during mitophagy a selective and specific
fission event occurs on the mitochondria that will become substrates for degradation [11].
Although the peroxisomes may be dispersed in the cytosol as individual compartments,
the size of this organelle appears to be close to the limit for sequestration by smaller
phagophores, such as those generated in the absence of Atgl7 [25]. This may be a
particular problem after these organelles proliferate following growth in an oleic
acid-containing medium. Therefore, we hypothesized that peroxisomes have to divide
prior to degradation, and that only the small fragments of the peroxisomes would be

targeted by autophagy.
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Here, we showed that deletion of the DNMI and VPSI genes, which encode two
dynamin-related GTPases, resulted in substantially lower efficiency of peroxisomal
degradation. Previous work indicated that even though the amino acid sequences of
Dnml and Vpsl are quite similar, deletion of either individual gene has different effects
on peroxisomal division. Deletion of VPS/ dramatically abolishes peroxisomal fission
when yeast cells are cultured in both glucose and oleic acid media. However, deletion of
DNM1 affects the division of peroxisomes only in oleic acid, and the defect is not as
strong as that of the vps/A mutant [16]. Consistent with these results, pexophagy is
significantly blocked in a vps/A strain, whereas there was only an intermediate affect in
the dnm 1A mutant (Fig. 2.1B and D). Overall, it is clear that peroxisomal fission, whether
mediated by Dnm1 or Fisl, is important for pexophagy, which is in agreement with our
hypothesis. When we were preparing our manuscript, Manivannan et al published their
work showing that Dnml and Vpsl are important for the removal of the
intra-peroxisomal protein aggregates and pexophagy in yeast Hansenula polymorpha and
Saccharomyces cerevisiae [18]. We also provided evidences indicating how the fission
machinery was recruited to the peroxisomes and facilitated peoxphagy.

As a scaffold protein, Atgl1 binds to a variety of cargo receptors to mediate different
types of selective autophagy. For example, Atgl1 binds to Atgl9, to Atg32 and to Atg36
for cargo selection during the Cvt pathway, mitophagy and pexophagy, respectively [10,
12, 21, 26, 27]. Atgll also interacts with Atgl and Atgl7, which connects the step of

cargo selection to the initiation of autophagosome formation [27]. Here, and with our
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previous work, we add a new piece to the puzzle: during pexophagy and mitophagy,
Atgll recruits the fission machineries to the organelles and promotes their specific
segregation, resulting in smaller fragments of these compartments that can be easily
degraded.

It is surprising that the pexophagy-specific fission, mediated either by Dnm1 or Vpsl,
is always occurring in proximity to mitochondria. The division of mitochondria requires
the participation of the ER [28], and the fission of peroxisomes apparently involves
mitochondria. The crosstalk that occurs between organelles is attracting increasing
attention. The peroxisome represents an interesting organelle to study in this regard,

having connections with the ER, the mitochondria, and the vacuole.

2.5 Experimental Procedures

2.5.1 Strains, media, and growth conditions.

Yeast strains are listed in Table 2.1. Yeast cells were grown in rich (YPD; 1% yeast
extract, 2% peptone, and 2% glucose) or synthetic minimal (SMD; 0.67% yeast nitrogen
base, 2% glucose, and auxotrophic amino acids and vitamins as needed) media. For
peroxisomal proliferation, cells were grown in YPD to approximately 0.5 ODgoo and
shifted to glycerol medium (SGd; 0.67% yeast nitrogen base, 0.1% glucose, and 3%
glycerol) for 16 h. The cells were then incubated for 4 h with the addition of yeast extract
and peptone into the SGd medium. The cells were ultimately shifted to oleic acid medium

(YTO; 0.67% yeast nitrogen base, 0.1% oleic acid, 0.1% Tween 40 and auxotrophic
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amino acids as needed) for 20 h. Pexophagy was induced by shifting the cells to nitrogen
starvation medium containing glucose (SD-N; 0.17% yeast nitrogen base without
ammonium sulfate or amino acids, and 2% glucose). For GAL promoter driven
overexpression, the cells were culture in galactose medium (YPG; 1% yeast extract, 2%

peptone, and 2% galactose)

2.5.2 Plasmids

pBFP-SKL(405), pCuGFP-SKL(416), pCuHA-Atgl1(416) and pDnm1-VC(416) have
been reported previously [11, 12, 21]. For constructing pVpsl-VC(416), the DNM1
promoter and ORF were removed by Xbal and Xmal from pDnml-VC(416), the
resulting linearized vector was ligated in the presence of the DNA fragment containing
the VPS1 promoter and ORF, which was amplified by PCR from the genome of the yeast
strain SEY6210 and digested with Xbal and Xmal. For constructing pAD-Dnml,
pAD-Vpsl, and pBDU-Atg36, the DNMI, VPSI and ATG36 ORF were amplified by
PCR from the genome of SEY6210 yeast strain. Xmal and BamHI were used to digest
DNM1 and ATG36, and EcoRI and Pstl to digest VPSI. The digested DNMI and VPSI
fragments were inserted into pAD-CI1, and AT7G36 into pBDU-C1 [29]. pBDU-Atg36
(S31A) and pBDU-Atg36 (S97A) were generated by site-directed mutagenesis from

pBDU-Atg36.
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2.5.3 Fluorescence microscopy.

For fluorescence microscopy, yeast cells were grown as described above to induce
peroxisome proliferation and shifted to SD-N for nitrogen starvation. Samples were then
examined by microscopy (Delta Vision, Applied Precision) using a 100x objective and
pictures were captured with a CCD camera (CoolSnap HQ; Photometrics). For each
microscopy picture, 12 Z-section images were captured with a 0.3-pm distance between
two neighboring sections. MitoTracker Red CMXRos (Molecular Probes/Invitrogen,

M7512) was used to stain the mitochondria.

2.5.4 Additional assay and reagents.

Immunoprecipitation was performed as described previously [21]. Immunoprecipitation
was carried out with monoclonal anti-YFP antibody clone JL-8 (Clontech, 632381),
monoclonal anti-HA antibody clone-HA7 (Sigma-Aldrich, H3663), and an antibody that

binds to protein A with high affinity (no longer commercially available).
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Table 2.1. List of strains used in this study.

Name Genotype Reference
KDM1103 | SEY6210 PEX14-GFP::KAN dnmlIA::LEU2 This paper
KDM1104 | SEY6210 PEX14-GFP::KAN fislA::LEU2 This paper
KDM1105 | SEY6210 PEX14-GFP::KAN vpsIA::HISS This paper
KDM1247 | SEY6210 atgl14::LEU2 DNM1-PA::HIS3 [11]
KDM1249 | SEY6210 atglIA::LEU2 DNM1(C30A)-PA::HIS3 [11]
KDM1252 | SEY6210 dnmIA::LEU?2 [11]
KDM1269 | SEY6210 atglIA::LEU2 VPSI-PA::HIS3 This paper
KDM1545 | SEY6210 RPL7Bp-VN-ATG11::TRP1 RPL7Bp-VC-FIS1::HIS3 [11]
KDM1535 | SEY6210 RPL7Bp-VN-ATG11::TRP1 [11]
SEY6210 | MATa leu2-3,112 wura3-52  his3-4200 trpl-4901  suc2-A9 | [30]
lys2-801; GAL
TKYM67 | SEY6210 PEX14-GFP::KAN [17]
TKYM72 | SEY6210 PEX14-GFP::KAN atglA::HISS [17]
WHY1 SEY6210 atglA::HISS [31]
XLY049 SEY 6210 pRS405-BFP-SKL::LEU2 This paper
XLY059 SEY 6210 PEX14-GFP::KAN dnmiA::LEU2 vpsiA::HISS This paper
XLY060 SEY6210 fisIA::LEU2 This paper
XLYO061 SEY6210 vpsIA::LEU?2 This paper
XLY062 SEY 6210 dnmiIA::LEU2 vpsIA::HISS This paper
XLY063 SEY 6210 RPL7Bp-VN-ATG36::TRP1 This paper
XLY064 SEY6210 RPL7Bp-VN-ATG36.::TRP1 RPL7Bp-VC-FISI::KAN This paper
XLY065 SEY 6210 RPL7Bp-VN-ATG36::TRP1 CAF4-VC::KAN This paper
XLY066 SEY6210 RPL7Bp-VN-ATG36::TRP1 MDVI1-VC::KAN This paper
XLY067 SEY6210 RPL7Bp-VN-ATG11::TRPI pRS405-BFP-SKL::LEU2 This paper
XLY068 SEY6210 RPL7Bp-VN-ATGI11::TRP1 RPL7Bp-VC-FISI::KAN | This paper
PpRS405-BFP-SKL::LEU?2

XLY069 SEY6210 RPL7Bp-VN-ATG36.::TRPI pRS405-BFP-SKL::LEU2 This paper
XLY070 SEY6210 RPL7Bp-VN-ATG11::TRPI1 PEX14-mCherry::KAN This paper
XLY072 SEY6210 ATG36-VN::HIS3 pRS405-BFP-SKL::LEU2 This paper
XLY073 SEY6210 atglIA::LEU2 VPS1(C30A)-PA::HIS3 This paper
XLYO085 SEY6210 RPL7Bp-VN::TRPI This paper
XLY086 SEY6210 RPL7Bp-VN::TRP1 RPL7Bp-VC-FIS1::KAN This paper
XLY087 SEY6210 RPL7Bp-VN-ATG11::HIS3  RPL7Bp-VC:: TRP1 This paper
XLYO088 SEY6210 PEX14-GFP::KAN GAL1p-3HA-ATG36:TRPI This paper
XLY089 SEY6210 PEX14-GFP::KAN GALIp-3HA-VPS1::TRPI This paper
YTS147 SEY6210 atglIA::LEU2 [20]
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Figure 2.1 Peroxisomal fission is required for pexophagy. (A) Wild-type yeast cells,
transformed with pBFP-SKL (XLY049), were cultured in YTO as described in Materials
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and Methods to induce peroxisome proliferation, and shifted to SD-N for 2 h. (B)
Wild-type (SEY6210), atgIA (WHY1), dnmIA (KDM1252), fisIA (XLY060), vpsIA
(XLYO061), and dnmIA vpsIA (XLY062) cells, transformed with pGFP-SKL, were
cultured in YTO to induce peroxisome proliferation and shifted to SD-N for 7 h.
CellTracker Blue CMAC was used to stain the vacuolar lumen. (C) Quantification of the
numbers of peroxisomes in (B). 12 Z-section images were projected and the number of
peroxisomes per cell was determined. Standard deviation was calculated from 3
independent experiments. In (A) and (C), all of the images are representative pictures
from single Z-sections. DIC, differential interference contrast. Scale bar, 2 um. (D) GFP
was tagged at the C terminus of PEX4 gene on the genome of wild-type (TKYM67),
dnmIA (KDM1103), fisIA (KDM1104), vpsIA (KDM1105), and dnmIA vpsIA (XLY059)
cells. These cells were cultured in YTO to induce peroxisome proliferation and shifted to
SD-N for 1 and 2 h. Immunoblotting was done with anti-YFP antibody. Pexophagy level
was estimated by calculating the amount of free GFP compared to the total amount of
intact Pex14-GFP and free GFP.
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Figure 2.2. Atgl1 recruits the Dnm1 fission complex to peroxisomes. (A) VN-ATG11
PEX14-mCherry (Pex14-mChe; XLY070) cells, transformed with pDnm1-VC, were
cultured in YTO to induce peroxisome proliferation and then shifted to SD-N for 1 h. The
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arrowheads mark colocalizing BiFC and mCherry puncta. (B, D) The plasmids
pBFP-SKL and pDnm1-VC were transformed into the VN-A7TG11 (KDM1535) cells used
in (B). pBFP-SKL was transformed into VN-ATG11 VC-FIS1 (KDM1545) cells in (D).
The arrows mark BIFC puncta colocalizing with MitoTracker Red; arrowheads denote
BiFC puncta colocalizing with peroxisomes that are proximal to mitochondria; asterisks
indicate BiFC puncta colocalizing with both peroxisomes and mitochondria. Cells were
cultured as described in the Materials and Methods to induce peroxisome proliferation
and shifted to SD-N for 1 h. MitoTracker Red was used to stain mitochondria. (C, E)
Quantification of the localization of Atgl1-Dnm1 interacting puncta in (B) and
Atgl1-Fis] interacting puncta in (D); percentage was calculated based on the number of
puncta at a specific location compared to the total number of puncta. In (A), (B) and (D),
all of the images are representative pictures from single Z-sections. DIC, differential
interference contrast. Scale bar, 2 pm.
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Figure 2.3. Atgl1 recruits Vpsl to peroxisomes that are targeted for degradation. (A)
VN-ATG11 PEXI14-mCherry (Pex14-mChe; XLY070) cells, transformed with pVps1-VC,
were cultured in YTO to induce peroxisome proliferation and subsequently shifted to
SD-N for 1 h. (B) The plasmid pCuHA-Atgl1 was transformed into atgl/IA (YTS147),
atgl IN VPS1-PA (KDM1269), atglIA DNMI1(C30A) (KDM1249) cells, and atglIA
VPSI1(C30A) (XLY073). Cells were cultured in YTO to induce peroxisome proliferation
and then shifted to SD-N for 2 h. Cell lysates were prepared and incubated with
IgG-Sepharose for affinity isolation. The eluted proteins were separated by SDS-PAGE
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and detected with monoclonal anti-HA antibody and an antibody that binds to PA. (C)

The plasmids pBFP-SKL and pVps1-VC were transformed into VN-ATG11 (KDM1535)

cells. Cells were cultured in YTO to induce peroxisome proliferation and then shifted to

SD-N for 1 h. MitoTracker Red was used to stain mitochondria. (D) Quantification of the

localization of Atgl1-Vpsl interacting puncta in (C); percentage was calculated based on

the number of puncta at a specific location compared to the total number of puncta. In (A)
and (C) all of the images are representative pictures from single Z-sections. DIC,

differential interference contrast. Scale bar, 2 um.
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Figure 2.4. Atg36 interacts with both Dnm1 and Vpsl1 on the degrading peroxisomes.
(A) The plasmid pDnm1-VC or pVps1-VC was transformed into VN-ATG36 (XLY063)
cells. These cells together with cells from strains VN-ATG36 VC-FISI (XLY064),
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VN-ATG36 CAF4-VC (XLYO065), and VN-ATG36 MDVI-VC (XLY066) were cultured in
YTO to induce peroxisome proliferation and then shifted to SD-N for 1 h. (B, D) The
plasmid pBFP-SKL and pDnm1-VC were transformed into VN-ATG36 (XLY063) cells in
(B), and pBFP-SKL and pVps1-VC were transformed into VN-ATG36 (XLY063) cells in
(D). Cells were cultured in YTO to induce peroxisome proliferation and then shifted to
SD-N for 1 h. MitoTracker Red was used to stain mitochondria. (C, E) Quantification of
the localization of Atg36-Dnml interacting puncta in (B) and Atg36-Vpsl interacting
puncta in (D); percentage was calculated based on the number of puncta at a specific
location compared to the total number of puncta. In (A), (B), and (D), all of the images
are representative pictures from single Z-sections. DIC, differential interference contrast.
Scale bar, 2 um.
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Figure 2.5. Overexpression of Vpsl induced pexophagy. (A) Yeast two hybrid analysis
of Atg36 mutants interacting with Dnm1 and Vpsl. (B, C) GFP was tagged at the C
terminus of PEX[4 gene on the genome of wild-type (TKYMG67), GALIp-3HA-ATG36
(XLYO088), and GALIp-3HA-VPSI (XLYO089) cells. These cells were cultured in YTO to
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induce peroxisome proliferation and shifted to YPG for 3h, 6h, and 9h. Immunoblotting
was done with anti-YFP antibody in (B), and with anti-HA antibody in (C).
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Figure 2.S1. Peroxisomal fission is required for pexophagy.

GFP was tagged at the C terminus of PEX14 gene on the genome of wild-type
(TKYM67), vpslA (KDM1105), dnm1A vpslA (XLY059), and atgIA (TKYM?72) cells.
These cells were cultured in YTO to induce peroxisome proliferation and shifted to SD-N
for 1 and 2 h. Immunoblotting was done with anti-YFP antibody.
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Figure 2.S2. Atgl1 recruits the Dnm1 fission complex to peroxisomes. pDnm1-VC
was transformed into VN-ATG11 (KDM1535) and VN (XLYO085) control cells in (A). These
cells together with VN-ATG11 VC-FIS1 (KDM1545), VN-ATG11 VC (XLY087) control,
and VN VC-FISI (XLYO086) control cells in (B) were cultured in YTO to induce
peroxisome proliferation and then shifted to SD-N for 1 h. All of the images are

representative pictures from single Z-sections. DIC, differential interference contrast.
Scale bar, 2 um.
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Figure 2.S3. Atgl1 recruits Vpsl to peroxisomes that are targeted for degradation.
(A) pDnm1-VC was transformed into VN-ATG11 (KDM1535) and VN (XLY085) control
cells. These cells were cultured in YTO to induce peroxisome proliferation and
subsequently shifted to SD-N for 1 h. All of the images are representative pictures from
single Z-sections. DIC, differential interference contrast. Scale bar, 2 um. (B) Alignment
of the C-terminus of Vpsl and Dnml1. (C) The plasmid pCuHA-Atgl1 was transformed
into atglIA (YTS147), atglIA DNMI-PA (KDM1247), atglIA DNMI(C30A)
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(KDM1249), and atglIA VPSI1-PA (KDM1269) cells. Cells were cultured in YTO to
induce peroxisome proliferation and then shifted to SD-N for 2 h. Cell lysates were
prepared and incubated with IgG-Sepharose for affinity isolation. The eluted proteins
were separated by SDS-PAGE and detected with monoclonal anti-HA antibody and an
antibody that binds to PA.
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CHAPTER 3. The Atgl17-Atg31-Atg29 complex coordinates with Atgl1 to recruit

the Vam7 SNARE and mediate autophagosome-vacuole fusion’

3.1 Abstract

Macroautophagy (hereafter autophagy) is an evolutionarily conserved process in which
portions of the cytoplasm are engulfed, degraded and subsequently recycled. The
Atgl7-Atg31-Atg29 complex translocates to the phagophore assembly site (PAS), where
an autophagosome forms, at a very early stage of autophagy, playing a vital role in
autophagy induction. Here, we identified a novel role of this complex in a late stage of
autophagy where it coordinates with Atgl1 to regulate autophagy-specific fusion with the
vacuole. Atgl7 and Atgll interact with the vacuolar SNARE (soluble
N-ethylmaleimide-sensitive factor attachment protein receptor) Vam?7 independent of
each other. Several hydrophobic residues in helix 1 and helix 4 of Atgl7 and the SNARE
domain of Vam7 mediate the Atgl7-Vam7 interaction. An F317D mutation of Atgl7,
which diminished its interaction with Vam7 without affecting its interaction with Atgl3

or Atg31, leads to a defect in the fusion of autophagosomes with the vacuole and

? This chapter is reprinted from Liu X*, Mao K*, Yu AY, Omairi-Nasser A, Austin J II,
Glick BS, Yip CK and Klionsky DJ. (2016) The Atgl7-Atg31-Atg29 Complex
Coordinates with Atgl1 to Recruit the Vam7 SNARE and Mediate
Autophagosome-Vacuole Fusion. Current Biology 26(2):150-160
(doi.org/10.1016/j.cub.2015.11.054).
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decreased autophagy activity. These results provide the first demonstration that the
Atgl7-Atg31-Atg29 complex functions in both early and late stages of autophagy, and
provides a mechanistic explanation for the coordination of autophagosome completion

and fusion with the vacuole.

3.2 Introduction

Macroautophagy (hereafter autophagy) is a highly controlled cellular pathway where
numerous cargoes including protein aggregates, superfluous or damaged organelles and
invading pathogens are targeted to the vacuole, or the analogous organelle in higher
eukaryotes, the lysosome, for degradation [1-4]. In yeast, during autophagy an initial
double-membrane structure named the phagophore is formed at the PAS. The phagophore
engulfs its cargoes sequentially, while expanding through lipid addition. Following
closure of the phagophore, the de novo formed autophagosome fuses with the vacuole.
The cargoes together with the inner membrane of the autophagosome are degraded in the
lumen before they are eventually recycled. Autophagy has many physiological roles,
whereas autophagic dysfunction is associated with many pathologies, including cancer,
diabetes, and certain types of neurodegenerative disease [5-7].

Following the induction of autophagy, Atgl7 is among the very first Atg proteins
that translocate to the PAS [8, 9]. Atgl7 forms a stable ternary complex with Atg31 and
Atg29, with Atg31 positioned as the bridge between the other two proteins [10]. The

Atgl7-Atg31-Atg29 complex is indispensible for autophagy induction. First, this
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complex recruits other Atg proteins, including Atgland Atgl3, to the PAS [11, 12].
Second, structural data indicate that this complex forms a dimer with two crescents [12,
13]; this curved structure might enable the complex together with Atgl and Atgl3 to
tether Atg9-containing vesicles, which may be membrane sources for autophagosome
formation, positioning them for fusion into the expanding phagophore.

After formation of a complete autophagosome, the double-membrane vesicle fuses
with the vacuole. In yeast, previous studies have indicated that the fusion machinery for
other targeting pathways that terminate at the vacuole is also required for
autophagosome-vacuole fusion, including the Rab GTPase Ypt7, its guanine nucleotide
exchange factor Monl-Cczl, and SNARE (soluble N-ethylmaleimide-sensitive factor
attachment protein receptor) proteins [14-20]. Similarly, the homotypic fusion and
protein sorting (HOPS) tethering complex, RAB7 and SNARE proteins also have a role
in mammalian autophagy [21-27]. However, those studies in yeast were carried out in
strains where the corresponding genes were deleted. As a result, all fusion events at the
vacuole, not only autophagosome-vacuole fusion, were affected. Accordingly, those data
have not provided specific information on the regulation of autophagosome-vacuole
fusion. Here we found that the Atgl7-Atg29-Atg31complex coordinates with Atgll to
recruit the SNARE protein Vam7 to the PAS when autophagy is induced. Impaired
recruitment of Vam?7 resulted in a defect in autophagosome-vacuole fusion and
diminished autophagy flux. The results demonstrate that distinct molecular machinery is

employed for regulating autophagy-vacuole fusion. Moreover, these data reveal a role of
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the Atgl7-Atg29-Atg31complex at a late stage of autophagy.

3.3 Results

3.3.1 The Atgl7-Atg31-Atg29 Complex Interacts with the Vam7 SNARE Protein at

the PAS

The Atgl7-Atg31-Atg29 complex is a scaffold that is vital for PAS organization during
autophagy induction. In a genome-wide study of protein-protein interaction via the yeast
two-hybrid (Y2H) assay, Atgl7 was found to bind Vam7, a vacuolar SNARE protein
[28]. This interaction appears counterintuitive because the Atgl7-Atg31-Atg29 complex
was thought to only act at a very early stage of autophagy, whereas Vam?7 is required for
autophagosome fusion with the vacuole, a relatively late stage of the process. Therefore,
we wanted to determine whether this interaction was valid and might reveal a novel role
of the Atgl7-Atg31-Atg29 complex in regulating autophagy.

First, we confirmed the previous result, interaction between Atgl7 and Vam7, using
the Y2H assay with the wild-type Y2H strain PJ69-4A (data not shown). Although it is a
useful system, in the Y2H assay proteins are typically overexpressed and artificially
directed to the nucleus. Therefore, to further validate the Atgl7-Vam7 interaction, we
utilized another assay, bimolecular fluorescence complementation (BiFC) [29]. In this
assay, the Venus yellow fluorescent protein (VYFP) is split into two fragments, VN (N
terminus of vYFP) and VC (C terminus of vYFP), and these are separately tagged to two

proteins of interest. If the two proteins are able to interact, VN and VC will be brought
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into proximity with each other and are essentially able to reform the native
three-dimensional structure of vYFP and emit a fluorescent signal.

We tested the interactions between VC-Vam7 and the respective Atg(17, 29, or
31)-VN fusion proteins. None of the three pairs produced a detectable signal under
growing conditions (YPD medium, “+”). In contrast, a substantial percentage of
Atgl7-VN VC-Vam7 and Atg29-VN VC-Vam7, but not Atg31-VN VC-Vam7, cells
displayed a vYFP signal under starvation conditions (SD-N medium, “-N”) (Figure 3.1A).
As controls, we examined Atgl7-VN VC, Atg29-VN VC and Atg31-VN VC cells, where
only the VC peptide was expressed. None of the cells expressing these combinations
showed a VYFP signal even under starvation conditions (Figure 3.S1A). In addition,
similar to Vam7, the Vam3 protein is a vacuolar SNARE that is needed for the fusion of
autophagosomes with the vacuole. As an additional control for the specificity of the
Atgl7-Vam7 interaction we examined whether any of the components of the
Atgl7-Atg31-Atg29 complex showed an interaction with Vam3 via the BiFC assay,
however, in all cases the results were negative (Figure 3.S1B and data not shown).

Next, we wanted to determine where the interaction between the ternary complex and
Vam7 occurs. Under starvation conditions, approximately 60% of the Atgl7-Vam7
puncta (i.e., a VYFP signal) colocalized with CFP-Atg8, a PAS marker (Figure 3.1B).
These colocalized puncta were located next to the vacuole, suggesting that the
Atgl7-Atg31-Atg29 complex recruits Vam7 to the PAS in autophagy-inducing

conditions.
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3.3.2 The Atgl7-Atg31-Atg29 Complex Recruits Cytosolic Vam7 to the PAS at an

Early Stage of Autophagy

The next question we addressed was to examine when the Atgl7-Atg31-Atg29 complex
recruits Vam7 to the PAS. In particular, we wanted to determine whether this recruitment
occurs at an early stage of autophagy when the ternary complex itself translocates to the
PAS or only after autophagosome completion, as is the case with the mammalian protein
STX17 that is recruited to completed autophagosomes to allow fusion with the lysosome
[26]. To answer this question, we deleted ATGI or ATGY in the ATG17-VN VC-VAM7
strain. In atgI/A or atg9A strains, autophagy can be initiated, but complete
autophagosomes cannot be formed. A vYFP signal was still observed in the null strains
after nitrogen starvation, indicating that the Atgl7-Atg31-Atg29 complex is able to
recruit Vam7 to the PAS at an early stage of autophagy (Figure 3.2A). Noticeably, the
percentage of cells showing vYFP puncta was significantly higher in the atg/A and atg9A
strains compared to the wild-type (WT) strain (Figure 3.2B). This higher level of
Atgl17-VN-VC-Vam?7 puncta likely reflects the block in autophagy and the accumulation
of autophagy-related proteins at the PAS.

There are two pools of cellular Vam7; one of these pools is cytosolic, and the other is
associated with the vacuolar membrane through its phox homology (PX) domain, which

binds phosphatidylinositol-3-phosphate (PtdIns3P) [30]. We constructed a strain with
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VC- Vam7*™ and Atgl7-VN to determine whether membrane binding was required for

the Atgl7-Vam?7 interaction. The truncated VC- Vam7*™*

protein was as stable as the
WT protein (Figure 3.2C), but a previous study demonstrated that Vam7°™™ localizes
only in the cytosol [30]. To verify the localization of the Vam7 construct lacking the PX
domain we compared the phenotype of Vam7-GFP to Vam7*"*-GFP. In contrast to the
punctate and vacuolar membrane distribution seen with Vam7-GFP, the Vam7*"*-GFP
chimera was distributed diffusely in the cytosol (Figure 3.S2A). In addition, we examined
the subcellular distribution of the proteins by fractionation. VC-Vam7 was located
primarily in the vacuole membrane-enriched P13 fraction, in addition to a cytosolic pool,
whereas VC-Vam7*"™™ was recovered entirely in the cytosolic supernatant fraction
(Figure 3.S2B). Despite its strictly cytosolic localization, under starvation conditions, we
were still able to observe a VYFP signal corresponding to Atgl7-VN-VC-Vam7*™*
(Figure 3.2D and 3.2E). Moreover, these BiFC dots showed good colocalization with
CFP-Atg8, implying that the Atgl7-Atg31-Atg29 complex recruits cytosolic Vam?7 to the
PAS (Figure 3.2D). Nonetheless, we cannot rule out the possibility that this complex is
also able to recruit membrane-associated Vam7 to the PAS.

Even though the PX domain of Vam7 was not required for the interaction with
Atgl7, we wondered whether it was necessary for normal autophagy activity. Based on a
well established quantitative autophagy assay, the Pho8A60 assay [31-33], cells

APX

expressing VC-Vam7 showed almost a complete block in autophagy, while the

activity of VC-Vam7 cells was comparable to wild-type cells (Figure 3.S2C). This
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finding suggests that the PX domain of Vam7 plays some other indispensible role(s) in

autophagy.

3.3.3 Atgl7 Directly Interacts with the SNARE Domain of Vam7

In order to examine the functional consequences of disrupting the interaction between the
Atgl7-Atg31-Atg29 complex and Vam7, we first asked which component(s) in the
ternary complex mediates the interaction. In the BiFC assay, both Atgl7-VN-VC-Vam?7
and Atg29-VN-VC-Vam?7 cells showed a vYFP signal (Figure 3.1A). To determine if one
or both of these interactions was direct, we deleted ATG31 in both strains because this
protein connects Atgl7 with Atg29 in the complex. We found that the
Atgl17-VN-VC-Vam?7 cells still produced BiFC dots in the absence of Atg31, and these
dots colocalized with CFP-Atg8 under starvation conditions (Figure 3.3A and 3.3B). In
contrast, an Atg29-VN-VC-Vam?7 signal was no longer detected after deletion of ATG31
(Figure 3.3C and 3.3D).

We have previously constructed a multiple-knockout (MKO) Y2H strain, in which
most of the known ATG genes are deleted, including A7G29 and ATG31 [10]. In this
MKO Y2H strain we found that cells with AD-Atgl7 and BD-Vam7 still showed robust
growth on selection plates, suggesting that the interaction between Atgl7 and Vam7 was
independent of most other Atg proteins (Figure 3.3E). As expected, Atg29 was not able
to bind Vam7 in the MKO Y2H strain, in agreement with our results using the wild-type

Y2H strain (data not shown).
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Next, we decided to map the Vam7 domain that is required for binding Atgl7. Vam7
consists of the N-terminal PX domain, an intermediate region and a C-terminal SNARE
domain [30, 34]. We constructed a set of BD-Vam7 constructs that contain various
domains of the Vam7 protein (Figure 3.3F). Only cells with AD-Atgl7 and
BD-Vam7°*'?!'°, which contains only the SNARE domain, showed stronger growth on

A245-303 .
, in which

selective plates than the control. In agreement with this result, BD-Vam7
only the SNARE domain was deleted, was not able to interact with AD-Atgl7 (Figure
3.3F). These results suggest that the SNARE domain of Vam?7 is necessary and sufficient
for interaction with Atgl7.

To further validate our findings that Vam?7 binds Atgl7 and that the SNARE domain
mediates this interaction, we carried out an in vitro affinity isolation analysis. Escherichia
coli cells were transformed with plasmids expressing Atgl7-hexahistidine (6xHis) and
glutathione S-transferase (GST) alone or as a GST-Vam7 SNARE domain chimera
(GST-SNARE). Cell lysates were loaded onto glutathione resin and after extensive
washing the proteins were eluted and analyzed by western blot. GST-SNARE, but not

GST alone, was able to affinity isolate Atgl7-6xHis (Figure 3.3G). Based on these results,

we conclude that Atgl7 directly interacts with the SNARE domain of Vam7.

3.3.4 Hydrophobic Residues in Helix 1 and Helix 4 of Atgl7 Mediate its Interaction

with Vam7

We could not block the interaction between Atgl7 and Vam7 by deleting the SNARE
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domain without affecting all fusion events at the vacuole. Thus, in order to determine the
function of the recruitment of Vam7 by Atgl7 we needed to turn instead to Atgl7.
Deletion of ATG17 blocks autophagy at a very early stage, which would obscure a
potential role for Atgl7 in regulating autophagosome-vacuole fusion. Accordingly, we
needed to identify an Atgl7 mutant that specifically affects the Atgl7-Vam?7 interaction
without disrupting its interaction with Atg31-Atg29 or Atgl3-Atgl. The crystal structure
of a partial Atgl7-Atg31-Atg29 complex has been resolved, indicating the presence of
four highly organized a-helices in Atgl7 [13]. To map the domains required for
interaction with Vam?7, a set of AD-Atgl7 deletion mutants were constructed (Figure
3.4A and 3.S3A). Atgl7 deletion mutants that lack part of helix 1 (92-106) or helix 4
(296-312, or 313-334) showed diminished interaction with Vam7 by the Y2H assay
(Figure 3.4A and 3.S3A).

Because we had shown that the SNARE domain of Vam7, which is also in a helix
structure, mediates its interaction with Atgl7, we hypothesized that the binding between
Atgl7 and Vam?7 is due to a “helix-helix” interaction, which is usually mediated by
hydrophobic residues from both sides of the interacting helices. Based on an alignment of
yeast Atgl7 homologs, we chose the conserved hydrophobic residues from 92-106 and
296-334, namely 198, L105, 1310, L313, 1314, F317, 1325 and L331, for further analysis
(Figure 3.S3B).

We mutated these residues to charged hydrophilic residues by site directed

mutagenesis and tested their interaction with Vam7 by the Y2H assay. Among the
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mutants that we tested, Atgl7"'®" Atgl7™"" and Atgl17°*" showed diminished
interaction with Vam7 (Figure 3.4B). As a control, we tested the stability of these
mutants compared to the WT protein. The GFP-Atgl17-"**P1*P " GFP-Atg17"'%" and
GFP-Atg17”""" mutants were somewhat less stable than the GFP-Atgl7"" protein
(Figure 3.S3C). However, because the AD-Atgl7-"**P"*P mutant still showed a strong
interaction with BD-Vam7 (Figure 3.4B), the impaired interaction with Vam7 seen with
the Atg17"'P, Atg17"""" and Atg17"*® mutants was unlikely to be due to a lower level
of the mutant proteins.

To confirm the results seen with the Y2H assay, we analyzed the three mutants by
the BiFC assay. The percentage of cells showing a vYFP signal after nitrogen starvation
in the Atgl7-VN strains with L105D, F317D or I325D mutated was substantially
decreased (Figure 3.4C, D).

Next, we determined whether these mutations affected other known interactions of
Atgl7. Because Atgl and Atg29 interact with Atgl7 through Atgl3 and Atg3l,
respectively, we tested the Atgl7 point mutants for interaction with Atgl3 and Atg31 by
the Y2H assay. The Atgl7""" mutant showed an essentially normal interaction with
both Atgl3 and Atg31, while Atgl17"'®P and Atg17°*" were particularly defective in
interactions with Atg13 and Atg31, respectively (Figure 3.4E).

Because the Atg17"'"® mutant was the only one that showed diminished interaction
with Vam7 without substantially affecting its binding affinity to Atgl3 and Atg31, we

decided to focus our analysis on this mutant. First, the defective interaction of the mutant
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with Vam7 was further demonstrated by an in vitro affinity isolation assay. Although the
GST-Vam7 SNARE domain chimera was able to affinity isolate Atgl7-6xHis (Figure
3.3G), it was not able to efficiently pull down Atgl7"*'"P-6xHis (Figure 3.4F,G). We also
examined whether the F317D mutation affects the efficiency of Atgl7 movement to the
PAS. During nitrogen starvation GFP- Atgl7"'"" displayed significant colocalization
with RFP-Apel (a PAS marker), at a frequency similar to the wild-type protein (Figure
3.53D).

F317D
7 mutant was

As the next part of the analysis we asked whether the Atgl7
competent for autophagy based on the Pho8A60 assay. Contrary to our expectations, the
mutant Atg17">""P did not affect the autophagy activity compared to the wild-type protein.
The Atgl7"'P mutant showed almost a complete block of autophagy, while the
Atg17°%" mutant displayed an approximately 50% decrease in activity (Figure 3.4H).
With either of the latter two mutants, however, we were not able to exclude the
possibility that the defects in interaction with Atgl3 or Atg31, rather than Vam?7, led to
the autophagy defects.

One possible explanation for the lack of an autophagy phenotype with the Atg17">'""
mutant is that the defect in the interaction with Vam?7 is not severe enough to cause a
detectable block in autophagy activity. We found that cells expressing AD-Atg17">'"P
and BD-Vam?7 still grew quite well on plates lacking histidine (a less stringent selection

condition), although they were not able to grow on plates without adenine (a harsher

selection condition) (Figure 3.4B). In this case, the residual binding affinity may be
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adequate for autophagy to occur at a nearly wild-type level. A second possibility is that
another protein might play a partially redundant role in recruiting Vam?7 to the PAS, so

B3P mutant was complemented.

that the autophagy activity defect from the Atgl7

We tested the first possibility by isolating mutants that display more severe defects in
the interaction between Vam?7 than Atgl7">'"". Substitutions of glycine, histidine, lysine
or glutamine for Phe317, however, did not show a stronger block in binding (Figure

3.S3E). Next, we made some double mutants including Atgl7">'"PP24 Atg]77317P-B23G

and Atgl77"7"4B¥S Unfortunately, although these double mutants displayed a stronger
defect in binding Vam7, they also had blocks in their interaction with either Atgl3 or

Atg31 (Figure 3.S3F and 3.S3G, and data not shown), preventing us from excluding the

possibility that the F317D mutation caused only a weak phenotype.

3.3.5 Atgll Recruits Vam7 to the PAS Independent of the Atgl7-Atg31-Atg29

Complex

Next, we tested the second possibility by looking at an Atg protein that may have a
similar role in recruiting Vam?7 as that proposed for Atgl7. In this regard, Atgl1 stands
out for three reasons. First, Atgll is predicted to have four major a-helical coiled-coil
(CC) domains, similar to Atgl7, which would allow it to engage in ‘“helix-helix”
interactions with Vam7. Second, like Atgl7, Atgll plays a role in formation and
organization of the PAS [12, 35]. Third, the atg/7A strain is able to generate a small

number of autophagic bodies under starvation conditions, whereas an atgl/IA atgl7A

66



double mutant displays an essentially complete block in autophagy [35].

To assess this possibility, a Y2H assay was conducted in the MKO strain background
to examine whether Atgll could bind directly to Vam7. Cells with AD-Atgll and
BD-Vam?7, but not control cells, grew on plates lacking histidine, suggesting a potential
direct Atgl1-Vam?7 interaction (Figure 3.5A). However, the observation that they cannot
grow on plates without adenine (data not shown) indicates that the Atgll-Vam?7
interaction is weaker than that of Atgl7-Vam7. Next, we tested Atgl1 mutants that lack
each of the four predicted coiled-coil domains to determine which region of Atgl1 is
involved in mediating the interaction. AD-Vam?7 was still able to show binding affinity to
AD-Atg] 147! (ACC1) and AD-Atg1127*® (ACC3), but not toward AD-Atg] 147367
(ACC2) or AD-Atg1 1% (ACC4), suggesting that the latter two o-helical domains of
the protein are required for the interaction (Figure 3.5A).

To further verify the interaction between Atgll and Vam7, a BiFC assay was
performed. In ATGII-VN VC-VAM7 cells, where Atgll1-VN was expressed at its
endogenous level, we were not able to detect a vVYFP signal (Figure 3.5B). In contrast,
the vYFP signal was observed in more than 90% of VN-ATG11 VC-VAM?7 cells, in which
Atgll was tagged at its N terminus, and the VN-Atgll chimera was overexpressed
(Figure 3.5B). Although Atgl1 can self-interact, the vYFP signal observed in these cells
was not due to overexpression of VN-Atgl1; cells expressing VN-ATGI1 and VC alone,
where both VN-Atgl1 and the VC peptide were overexpressed, did not display a vYFP

signal (Figure 3.5B).
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We next examined whether this interaction occurs at the PAS. Indeed, more than 70%
of VN-Atgll-VC-Vam7 vYFP dots colocalized with CFP-Atg8 under starvation
conditions (Figure 3.5C and 3.5D). Previous studies have shown that Atgl1 interacts with
the Atgl7-Atg31-Atg29 complex through Atg29 [12]. Therefore, we decided to examine
whether Atgl1-dependent recruitment of Vam7 to the PAS requires the ternary complex.
We deleted either ATG17 or ATG29 in the VN-ATG11 VC-VAM?7 strain and carried out a
BiFC assay. Similar to the WT strain, significant colocalization of vYFP and CFP-Atg8
(~70%) was still observed in both strains (Figure 3.5C and 3.5D). These data suggest that

Atgl1 can recruit Vam7 to the PAS independent of the Atgl7-Atg31-Atg29 complex.

3.3.6 Impaired Recruitment of Vam7 to the PAS Results in a Defect in

Autophagosome-Vacuole Fusion

We next tested whether the Atgl7™'"® mutant would display a defect in autophagy
activity in the atg/IA background. In the atg/IA atgl7A background, compared to
wild-type Atgl7, the Atgl7™'"® mutant showed an approximate 30% decrease in
autophagy acitivity (Figure 3.6A), in contrast to the essentially wild-type activity seen in
the atgl7A background (Figure 3.4H). Moreover, the Atgl7°*" mutant, which had
approximately 50% of the wild-type activity in the azg/7A strain background, displayed
almost a complete block of autophagy in the atgl /A atgl7A background.

F317D

To determine whether the autophagy defect we observed with the Atgl7 mutant

in the atglIA atgl7A background was due to impaired autophagosome-vacuole fusion,
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we performed a protease protection assay [36]. In brief, the propeptide of the cytosolic
precursor form of the vacuolar hydrolase aminopeptidase I (prApel) is sensitive to
cleavage by exogenous proteases added to lysed yeast spheroplasts; once enclosed in an
autophagosome, however, the propeptide is protected from digestion (Figure 3.6B). In the
vam7A cells, as a result of a block in autophagosome-vacuole fusion, approximately half
of the prApel was protected from exogenously added proteinase K (Figure 3.6C). In
contrast, the prApel was completely sensitive to proteinase K treatment in the azglIA
atgl7A cells, where autophagosome formation is defective. Compared to cells with

F317D
™ mutant, a small

wild-type Atgl7, in the atglIA atgl7A cells expressing the Atgl7
but consistent portion of the prApel pool was protected from proteinase K (Figure 3.6C

and 3.6D).

Next, to validate our protease protection assay data, we investigated the

autophaogosome structure of the Atgl7">'"®

mutant by correlative light and electron
microscopy, combining fluorescence microscopy and tomography. GFP-Atg8 was
utilized as a PAS/autophagosome marker to correlate the fluorescence with
autophagosomal structures observed by EM. In both the atg/7A vam7A cells expressing

the Atgl7"" protein, and the atglIA atgl7A cells expressing the Atgl7"'"P

mutant, we
were able to observe circular double-membrane structures correlated with the GFP
fluorescence signal in the sections examined by transmission electron microscopy (TEM)

F317D

tomography (Figure 3.6E), suggesting that the autophagosomes in the Atgl7 mutant

might be sealed. However, by TEM tomography the sections are 0.3 pm, which are not
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of sufficient thickness to cover a complete autophaogosome. Accordingly, we further

F317D

investigated the autophagosomes in the Atgl?7 mutant, using scanning transmission

electron microscopy (STEM) tomography, which covers thicker sections (up to 2 pm)

F317D

[37]. By this method, we observed fully closed autophagosomes in the Atgl7 mutant

(Figure 3.6E).

To further support the observation that autophagosome formation in the Atg17"'""
mutant was not defective, we transformed either the empty vector, or a plasmid
expressing wild-type ATG17 or the ATGI7 (F317D) mutant into atglIA atgl7A vam7A
cells, where the VAM?7 deletion enhances the accumulation of completed autophagosomes.
As expected, in those cells with the empty vector in which autophagosome formation was
blocked, the prApel was completely sensitive to proteinase K treatment (Figure 3.54). In

F317D

contrast, in cells expressing the Atgl7 mutant, a substantial pool of the prApel was

insensitive to proteinase K treatment, similar to that seen in cells with wild-type Atgl7.
Based on these results, we conclude that the autophagy defect seen with the Atgl7"™'""

mutant was due to defective autophagosome-vacoule fusion, but not autophagosome

formation.

3.4 Discussion

The Atgl7-Atg31-Atg29 complex was identified as a scaffold indispensible for PAS
organization and vesicle tethering at a very early stage of autophagy [12, 13]. In this

study we characterized a role of this complex in regulating autophagosome-vacuole
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fusion, a relatively late stage of the process. We found that the Atgl7-Atg31-Atg29
complex recruits the vacuolar SNARE protein Vam7 to the PAS at an early stage of
autophagy. In vitro and in vivo analyses indicate that Atgl7 directly interacts with the
SNARE core domain of Vam7. This interaction might block SNARE complex formation
between Vam7 and other SNARE proteins, such as Vtil and Vam3, inhibiting premature
fusion of incomplete autophagosomes/phagophores with the vacuole. However, if this
model is correct, it is not clear how Vam7 is released from Atgl7 upon autophagosome
maturation. Similar to many other Atg proteins, Atgl7 will dissociate from the completed
autophagosome and be recycled for the next round of autophagosome formation. A
previous study has shown that the clearance of PtdIns3P by the phosphatase Ymrl is
required for disassembly of the Atg machinery from completed autophagosomes, which
is a requisite for subsequent fusion with the vacuole [38]. We think it is possible that
clearance of PtdIns3P promotes dissociation of Atgl7 from autophagosomes, releasing
Vam?7 to mediate fusion between autophagosomes and the vacuole. In addition, we found
that the PX domain of Vam7, which is able to bind PtdIns3P, is required for normal
autophagy activity, even though it is not directly involved in mediating the Atgl7-Vam?7
interaction (Figure 3.2D and 3.S2C). We think it is likely that the removal of PtdIns3P
from the membrane normally releases the PX domain of Vam7, promoting the
disassociation of the protein from Atgl7.

Atgl1, which also functions as a scaffold protein in autophagy, interacts with Vam7

at the PAS independent of the Atgl7-Atg31-Atg29 complex. Previous data suggest that
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Atgll and Atgl7 are partially redundant, with Atgll functioning in selective types of
autophagy, but also in PAS organization primarily under growing conditions [12, 35, 39].
Along these lines, we observed interaction between Atgl1 and Vam7 under nutrient-rich
conditions by the BiFC assay (data not shown). In contrast, Atgl7 did not interact with
Vam?7 in this condition (Figure 3.1A). Also, a previous study has shown that Atgl7 is not
required for the cytoplasm-to-vacuole targeting (Cvt) pathway that delivers resident
hydrolases to the vacuole under growing conditions [8]. These lines of evidence suggest
that Atgl1 recruits Vam7 to Cvt vesicles as part of the Cvt pathway. This pool of Vam7
is enough for mediating the fusion of Cvt vesicles with the vacuole considering that the
Cvt pathway essentially operates at a basal level relative to induced autophagy. Upon
nitrogen starvation autophagy is highly stimulated, and the Atgl7-Atg31-Atg29 complex
is now needed to recruit an adequate amount of Vam?7 to the PAS.

Our analysis of the interaction between Atgl7 and Vam7 reveals that certain
hydrophobic residues in helix 1 and helix 4 of Atgl7 mediate its interaction with Vam?7.
Point mutants Atgl17-'"", Atgl7"*'"® and Atgl17°*" are defective in interaction with
Vam?7, with the Atg17""" mutant showing only a partial defect. But only the Atgl7"'""
mutant is still able to interact with Atgl3 and Atg31, as does the wild-type protein. In
addition, the Atg17"'"® mutant is able to suppress the autophagy defect in the atgl7A

F317D
mutant

strain to a level similar to that of the wild-type protein. In contrast, the Atgl7
can only rescue the autophagy activity to approximately 70% in an atgl /A atgl7A double

deletion strain compared to the wild-type protein. This implies that the binding affinity of
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wild-type Atgl7 for Vam?7 is relatively saturated for starvation-induced autophagy so that
a partial defect in recruiting Vam7 does not lead to an obvious functional defect.

Previous studies on the topic of autophagosome-vacuole/lysosome fusion
demonstrated a requirement for the general fusion machinery that operates at this
organelle [14-22, 24-27]. A major question, however, concerned the specific regulation
of autophagosome-vacuole/lysosome fusion. Autophagy presents a unique situation in
this regard compared to other vesicular transport pathways. For example, in the secretory
pathway vesicles do not bud off from the originating organelle until they are essentially
complete. Thus, fusion with the target/acceptor organelle cannot occur prematurely. In
contrast, the phagophore expands sequentially and thus must be prevented from fusing
with the vacuole/lysosome prior to completion. In mammals, the functional counterpart
of Atgl7 is RB1ICCI1/FIP200 [40-43]. RBICCI1 is predicted to be largely helical. The
similarity in secondary structure might imply a conserved role of RBICCI to recruit a
SNARE protein(s) to the phagophore or autophagosomes. Recent studies in higher
eukaryotes identified the autophagosomal SNARE protein STX17 that specifically
mediates fusion of autophagosomes with lysosomes, together with SNAP29 and VAMPS
[26, 27]. It is not known whether RB1CCl interacts with these SNARE proteins. During
the preparation of our manuscript, it was reported that ATG14 interacts with STX17 and
SNAP29 on mature autophagosomes to promote membrane tethering and the fusion of
autophagosomes with lysosomes [44]. It is possible that RBICC1 coordinates with

ATG14 to recruit these SNAREs to autophagosomes in mammalian cells. Our study
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provides evidence that a similar specific mechanism is employed to regulate
autophagosome-vacuole fusion in yeast. Overall, conserved molecular machinery might

be employed to regulate autophagosome-vacuole/lysosome fusion.

3.5 Experimental Procedures

3.5.1 Yeast Strains, Media and Growth Conditions

Yeast strains used in this study are listed in Table 3.1. Under growing conditions, yeast
cells were grown in rich (YPD; 1% yeast extract, 2% peptone, and 2% glucose) or
synthetic minimal (SMD; 0.67% yeast nitrogen base, 2% glucose, and auxotrophic amino
acids and vitamins as needed) media. To induce autophagy, cells were cultured in
nitrogen starvation media (SD-N; 0.17% yeast nitrogen base without ammonium sulfate

or amino acids, containing 2% glucose).

3.5.2 Plasmids

For the Y2H assay, pGAD-Atgl7 was constructed by ligation of the polymerase chain
reaction-amplified A7G17 open reading frame (ORF) fragment into the pGAD-C1 vector
between the Clal and Sall sites. Plasmids pGAD-Atgll, pGAD-Atgl14?7%22!
pGAD-Atgl 12758 pGAD-Atgl11*7%"  pGAD-Atg11***'"  pGAD-Atgl3,
pGAD-Atg31 and pGBDU-Atg17 have been described previously [8, 10]. The truncation
and point mutants of Atgl7 were made by site-directed deletion or mutagenesis from

either pGAD-Atg17 or pGBDU-Atgl7. Plasmids pPGBDU-Vam?7, pGBDU-Vam7(1-125),
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pGBDU-Vam7(119-254) and pGBDU-Vam7(241-317) were constructed by ligation of
the corresponding polymerase chain reaction-amplified DNA fragments from the VAM7
ORF into the pGBDU-CI1 vector between the EcoRI and BamHI sites. The deletion
mutants of Vam7 were made by site-directed mutagenesis based on pGBDU-Vam?7.

The ATG17 ORF fragment was ligated into the Clal and Sall sites of pCu(416) [45]
and pCu-GFP(416) vectors to construct pCu-Atgl7(416) and pCu-GFP-Atgl7(416).

Atgl7 point mutants were then made by site-directed mutagenesis.

3.5.3 Bimolecular Fluorescence Complementation assay

The strains for the BiFC assay were made by altering the corresponding genes on the
yeast genome through homologous recombination [29]. Using plasmids
pFA6a-VC-His3MX6 (KanMX6 or TRP1), pFA6a-VN-His3AMX6 (KanMX6 or TRP1),
pFA6a-His3MX6 (KanMX6 or TRP1)-RPL7Bp-VC or pFA6a-His3AMX6 (KanMX6 or
TRP1)-RPL7Bp-VN as templates, DNA fragments with the VN or VC peptide-coding
sequence and homologous regions from the genes of interest were amplified by PCR [29].
Subsequent transformation of DNA fragments into the appropriate yeast strains was

subsequently conducted and strains were examined by fluorescence microscopy.

3.5.4 Fluorescence Microscopy

For fluorescence microscopy, cells were cultured in YPD medium to mid-log phase and

then shifted to SD-N medium for 1 h to induce autophagy. Images were then captured on
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a DeltaVision microscope with a 100x objective and a CCD camera (CoolSnap HQ;
Photometrics). Twelve Z-sections with 0.3-um spacing between two neighboring sections

were taken for each picture.

3.5.5 In Vitro GST Affinity Isolation

ATG17 (WT) or ATG17 (F317D) was cloned into pQLINK-H using the BamHI and Notl
sites N-terminal to the sequence encoding the 6xHis tag, while the SNARE domain of
Vam7 was cloned into the pQLINK-G2 vector using the BamHI and Notl sites. The
ligase independent cloning method was used to generate two expression constructs by
linking the His-tagged Atgl7 sequence to the pQLINK-G2-Vam7 SNARE or
pQLINK-G2 (negative control). Binary interactions were examined by transforming the
two-gene construct into the T7 express strain (NEB, C2566I) and induced with 0.5 mM
IPTG at an OD600 of ~0.6. Cells were suspended in lysis buffer (50 mM Tris-HCI, pH
8.0, 150 mM NaCl, 2 mM PMSF, 0.1% Triton X-100, 5% glycerol, 0.5 mM DTT) and
lysed by sonication. The lysate was pre-cleared by centrifugation at ~30,000 x g for 30
min. The supernatant fraction was next incubated with glutathione resin (Genscript,
L00206) at 4°C for 1 h followed by washes in lysis buffer. SDS-loading buffer was added
to the glutathione resin and the samples were boiled and subsequently analyzed by

western blotting using anti-His antibody (ABM, G020).

76



3.5.6 Correlative Fluorescence Microscopy and Electron Tomography

A 100 ml, mid-log phase culture of yeast cells was starved in SD-N for 4 h at 30°C with
shaking. Cells were then concentrated by vacuum filtration using a 0.22-um bottle-top
filter (EMD Millipore). The cell paste was transferred to planchettes (Ted Pella),
cryo-fixed using a Bal-Tec HPM 010 high-pressure freezing machine (RMC), and placed
into cryotubes containing 0.1% uranyl acetate in anhydrous acetone. Samples were
freeze-substituted at -80°C for 70 h in an EM AFS2 freeze substitution device (Leica).
The temperature was then raised to -50°C and the samples were washed three times with
acetone, followed by successive increasing overnight infiltrations with Lowicryl K4M
resin (5, 10, 25, 50, 75, and 100%), followed by three 100% resin incubations for 1 h
each. Samples were then placed in molds and polymerized at -50°C under UV for 30 h.
Sections of 300-2000 nm were cut with an EM UC6 ultramicrotome (Leica) and placed
on 200-mesh carbon-formvar coated London-Finder copper grids (EMS).

For fluorescence microscopy, the grid was placed on a glass slide with the resin
side up, and a 22x22 mm No. 1.5 glass coverslip with a 10-ul droplet of 500 mM
Na'-HEPES, pH 7.5 was inverted onto the grid. The coverslip was immediately sealed
with wax. Imaging was performed with an SP5 confocal microscope (Leica), with 63x oil
Plan Apochromat objective and using a pinhole of 1 Airy unit. The grid was then
retrieved for analysis by electron microscopy.

For transmission electron microscopy (TEM), TEM tomography and scanning
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transmission electron microscopy (STEM) tomography, images were collected on a
Tecnai G2 F30 electron microscope (FEI) operating at 300 kV. Grids were prepared for
either TEM or STEM tomography by applying for 10 min on each side of the grid a 10-pl
solution of 15-nm colloidal gold beads serving as fiduciary markers (BBI solutions,
obtained from Ted Pella). The samples were then stained for 8-25 min with 2% uranyl
acetate, and placed into a Model 2040 dual-axis tomography holder (Fischione
Instruments). For TEM tomography, 300- to 400-nm sections were used to collect digital
images at 15,000x magnification with a 4K UltraScan camera (Gatan). For STEM
tomography, 1- to 2-um sections were analyzed. Images were collected using a Model
3000 annular dark field detector (Fischione) placed above the viewing screen, and a
Model 805 bright- and dark-field detector (Gatan) below the viewing screen. For both
TEM and STEM tomography, images were collected as a dual-axis tilt series over a range
of -60° to +60° at tilt angle increments of 1° using serial EM tomography software [46].

The IMOD software was used for all tomographic reconstruction and analysis [47].

3.5.7 Other Methods

Western blot, the Pho8A60 assay and the prApel protease protection assay were

performed as described previously [36, 48, 49].
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Table 3.1. Yeast strains used in this study.

Name Genotype Reference
KDM1586 SEY6210RPL7Bp-VC-Vam?7::HIS3 ATG17-VN::TRP1 This study
KDM1587 SEY6210 RPL7Bp-VC-Vam7::HIS3 ATG29-VN::TRPI This study
KDM1588 SEY6210 RPL7Bp-VC-Vam7::HIS3 ATG31-VN::TRPI This study

SEY6210 RPL7Bp-VC-Vam7::HIS3 ATG17-VN::TRPI This study
KDM1591 CFP-ATG8(405)::LEU2
KDM1701 SEY6210 VAM7-GFP::HIS3 This study
PI69-AA MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4A [50]

gal8OA LYS2::GALI-HIS GAL2-ADE?2 met2::GAL7-lacZ

MATa leu2-3,112 ura3-52 his3-4200 trp1-4901 suc2-49 | [51]
SEY6210 lys2-801 GAL
WLY176 SEY 6210 phol3A pho8A60 [52]
XLYO087 SEY6210 RPL7Bp-VN-ATG11::HIS3 RPL7Bp-VC::TRP1 | [53]
XLY100 SEY6210 RPL7Bp-VC-VAM7::HIS3 ATG17-VN::TRP1 This study

atg3IA::KAN CFP-ATG8(405)::LEU2

SEY6210 RPL7Bp-VC-VAM7::HIS3 ATG29-VN::TRP1 This study
XLY101

atg31IA::KAN
XLY107 SEY6120 RPL7Bp-VC-VAM7 (APX)::HIS3 This study

ATG17-VN::TRP1 CFP-ATGS8(405)::LEU?2

SEY6210 RPL7Bp-VC-VAM7::HIS3 ATG17-VN::TRP1 This study
XLY108

atgIA::URA3

SEY6210 RPL7Bp-VC-VAM7::HIS3 ATG17-VN::TRP1 This study
XLY111

atg9A::URA3
XLY124 SEY6120 ATG11-VN::TRP1 RPL7Bp-VC-VAM?7::HIS3 | This study
XLY128 SEY6120 RPL7Bp-VN-ATG11::TRP1 This study

RPL7Bp-VC-VAM?7::HIS3
XLY129 SEY6120 RPL7Bp-VN-ATG11::TRPI This study

RPL7Bp-VC-VAM?7::HIS3 CFP-ATG8(405)::LEU2

SEY6120 RPL7Bp-VN-ATG11::TRP1 This study
XLY130 RPL7Bp-VC-VAM?7::HIS3 CFP-ATG8(405)::LEU2

atgl7A::KAN

SEY6120 RPL7Bp-VN-ATG11::TRP1 This study
XLY131 RPL7Bp-VC-VAM?7::HIS3 CFP-ATG8(405)::LEU2

atg29A::KanMX
XLY134 WLY 176 atgl7A::KanMX This study
XLY135 WLY 176 atgl IA::HIS3 This study
XLY136 WLY 176 atglIA::HIS3 atgl7A::KanMX This study
XLY137 WLY 176 vam7A::LEU2 This study
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XLY139 WLY176 atgl7A::KanMX RFP-APE1(305)::LEU2 This study

XLY142 WLY 176 atgl7A::KanMX vam7A::HIS3 This study
GFP-ATGS8(405)::LEU2

XLY143 SEY6210 RPL7Bp-VC-Vam7::HIS3 This study
ATGI17(L105D)-VN::TRP1

XLY144 SEY 6210 RPL7Bp-VC-Vam7::HIS3 This study
ATGI17(F317D)-VN::TRPI

XLY 145 SEY6210 RPL7Bp-VC-Vam7::HIS3 This study
ATG17(1325D)-VN::TRP1

XLY146 WLY 176 atglIA::HIS3 atgl7A::KanMX vam7A::LEU2 | This study

XLY147 WLY 176 atgl7A::KanMX atgl IA::HIS3 This study
GFP-ATGS8(405)::LEU2

XLY149 SEY6210 ATGI17-VN::TRPI1 RPL7Bp-VC::KAN This study

XLY150 SEY6210 ATG29-VN::TRPI1 RPL7Bp-VC::KAN This study

XLY151 SEY6210 ATG31-VN::TRPI1 RPL7Bp-VC::KAN This study

XLY152 SEY6210 ATGI17-VN::TRPI1 RPL7Bp-VC-Vam3::KAN This study

XLY153 SEY6120 Vam7APX-GFP::HIS3 This study

XLY154 WLY176 VC-Vam7::HIS3 This study

XLY155 WLY176 VC-Vam7APX::HIS3 This study

YCY 149 SEY 6210 atglA, 2A, 3A, 4A, 5A, 6A, 7A, A, 9A, 10A, [10]

L1IA, 12A, 13A, 14A, 16A, 17A, 18A, 19A, 20A, 21A, 23A,

24N, 27A, 29A, gal4A gal80A GALI-HIS3 GAL2-ADE?2
met2::GAL7-lacZ atg3IA::KanMX
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Figure 3.1. The Atgl7-Atg31-Atg29 Complex Recruits Vam7 to the PAS upon
Autophagy Induction. (A) VC-VAM7 ATGI17-VN (KDM1586), VC-VAM7 ATG29-VN
(KDM1587), and VC-VAM7 ATG31-VN (KDM1588) cells were grown in YPD to
mid-log phase (+N) and then shifted to SD-N medium (-N) for 1 h to induce autophagy.
Images were captured by fluorescence microscopy and are representative single
Z-sections. Scale bar, 2.5 pm. The quantification of the percentage of cells showing a
VvYFP signal is indicated below each panel. Error bars represent the standard deviation
(SD) of three independent experiments. *** p<0.001. DIC, differential interference
contrast.

(B) VC-VAM7/ATG17-VN CFP-ATGS (405) (KDM1591) cells were grown as described
in (A). FM 4-64 staining was used to visualize the vacuole limiting membrane. Cells
were observed under a fluorescence microscope. Images were collected as in (A). The
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quantification of colocalization of vYFP and CFP signals is shown on right. The
percentage is calculated from the number of cells showing colocalization divided by the
total number of cells with both vYFP and CFP signals. Error bars represent the SD of
three independent experiments. *** p<0.001. Scale bar, 2.5pum.

(See also Table 3.S1 and Figure 3.S1.)
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Figure 3.2. Cytosolic Vam7 Is Recruited to the PAS at an Early Stage of Autophagy
(A) VC-VAM7 ATG17-VN WT (KDM1586), atgIA (XLY108), and arg9A (XLY111)
cells were grown as described in Figure 3.1A. Images were captured by fluorescence
microscopy and are representative single Z-sections. Scale bar, 2.5 um.

(B) Quantification of the percentage of cells showing a vYFP signal in (A). Error bars
represent the SD of three independent experiments. ***, p<0.001.

(C) VC-VAM7 ATG17-VN CFP-ATG8(405) (KDM1591) and VC-VAM7APX ATG17-VN
CFP-ATGS8(405) (XLY107) cells were grown as described in Figure 3.1A. Cell lysates
were prepared, subjected to SDS-PAGE and analyzed by western blot.

(D) VC-VAM7 ATG17-VN CFP-ATG8(405) (KDM1591) and VC-VAM7APX ATG17-VN
CFP-ATGS8(405) (XLY107) cells were grown as described in Figure 3.1A. Images were
captured by fluorescence microscopy and are representative single Z-sections. Scale bar,
2.5 pm.

(E) Quantification of the percentage of cells showing a vYFP signal in (D). Error bars
represent the SD of three independent experiments. **, p<0.01.

(See also Figure 3.S2.)
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Figure 3.3. Atgl7 Directly Interacts with the SNARE Domain of Vam7

(A) VC-VAM7 ATG17-VN CFP-ATG8(405) (WT, KDM1591) and atg3IA (XLY100)
cells were grown as described in Figure 3.1A. Images were captured by fluorescence
microscopy and are representative single Z-sections. Scale bar, 2.5 pm.

(B) Quantification of cells showing a vYFP signal in (A). Error bars represent the SD of
three independent experiments. **, p<0.01.

(C) VC-VAM7 ATG29-VN WT (KDM1587) and atg3IA (XLY101) cells were grown as
described in Figure 3.1A. Images were captured by fluorescence microscopy and are
representative single Z-sections. Scale bar, 2.5 um.

(D) Quantification of cells showing a vYFP signal in (C). Error bars represent the SD of
three independent experiments. ***, p<0.001.
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(E) MKO Y2H (YCY149) cells were co-transformed with the indicated plasmids. These
cells were grown in SMD -Ura -Leu +Met medium to mid-log phase. Dilutions as
indicated were grown on non-selective and selective plates for 3 days and then imaged.
(F) MKO Y2H (YCY149) cells were transformed with the indicated plasmids, and then
analyzed for growth as in (E). “—” indicates no significant growth; “+”, indicates the
relative extent of growth.

(G) Interaction between Atgl7 and the Vam7 SNARE domain in vitro. Affinity isolation
experiments were performed by co-expressing His-tagged Atgl7 with either the
GST-tagged Vam7 SNARE domain or the GST tag alone as described in Materials and
Methods. The Coomassie-stained gel shows the GST construct inputs. Glutathione resin
was used for precipitation and the western blot was probed using anti-His antibody.

TL, total lysate; E, eluate.
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Figure 3.4. Hydrophobic Residues in Helix 1 and Helix 4 of Atgl7 Mediate its
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Interaction with Vam7

(A) MKO Y2H (YCY149) cells were transformed with the indicated plasmids and
analyzed as described in Figure 3.3F. “-” indicates no significant growth; “+”, indicates
the relative extent of growth.

(B) MKO Y2H (YCY149) cells were co-transformed with the indicated plasmids. Cells
were grown as described in Figure 3.3E and imaged. A, H, L and U correspond to
adenine, histidine, leucine and uracil, respectively.

(C) VC-VAM7 ATGI17-VN (KDMI1586), VC-VAM7 ATGI7-'"P-vN (XLY143),
VC-VAM7 ATG177"P-yN (XLY144) and VC-VAM7 ATG17°7P-VN (XLY145) cells
were grown as described in Figure 3.1A. Images were captured by fluorescence
microscopy and are representative single Z-sections. Scale bar, 2.5 um.

(D) Quantification of the percentage of cells showing a VYFP signal in (C). Error bars
represent the SD of three independent experiments. ***, p<0.001. FD, F317D; ID, 1325D;
LD, L105D.

(E) MKO Y2H (YCY149) cells were co-transformed with the indicated plasmids. These
cells were then grown as described in Figure 3.3E and imaged.

(F) Interaction between Atgl7>'"" and the Vam7 SNARE domain in vitro. Affinity
isolation experiments were performed by co-expressing His-tagged Atgl7 or Atgl7">'"P
with the GST-tagged Vam7 SNARE domain or the GST tag alone. The
Coomassie-stained gel shows the GST construct inputs. Glutathione resin was used for
precipitation and the western blot was probed using anti-His antibody.

(G) Quantitative infrared western to compare binding affinities between wild-type (WT)
Atgl7 and Atgl17™""" and the Vam7 SNARE domain. Error bars correspond to standard
deviation calculated from data obtained from three independent experiments. SN,
SNARE. *** p<0.001.

(H) Wild-type (WLY176) cells with empty vector, and atg/7A (XLY134) cells with
either empty vector, pCu-Atgl7 (WT), pCu-Atgl17-'"P (LD), pCu-Atgl17"'"" (FD), or
pCu-Atgl17"*P (ID) were grown in SMD -Ura medium to mid-log phase. The cells were
then shifted to SD-N for 4 h to induce autophagy, and the autophagy activity in these
samples was analyzed by the Pho8A60 assay. The activity of atg/7A (XLY 134) cells with
pCu-Atgl7 (WT) after starvation was set to 100% and other values were normalized. The
graph shows the average activity obtained from three independent experiments. Error
bars represent the SD. **, p<0.01; ***, p<0.001.

(See also 3.S3.)
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Figure 3.5. Atgl1 Recruits Vam7 to the PAS Independent of the Atgl7-Atg31-Atg29

Complex

(A) MKO Y2H (YCY149) cells were co-transformed with the indicated plasmids. These
cells were grown in SMD -Ura -Leu +Met medium to mid-log phase. Dilutions as
indicated were grown on non-selective and selective plates for 4 days and then imaged.
(B) ATGI1I-VN VC-VAM7 (XLY124), VN-ATGI1 VC (XLY087) and VN-ATGII
VC-VAM7 (XLY128) cells were grown as described in Figure 3.1A. Images were
captured by fluorescence microscopy and are representative of single Z-sections. Scale
bar, 2.5 um.

(C) VN-ATG11 VC-VAM7 CFP-ATGS (405) (WT, XLY128), atgl7A (XLY130), atg29A
(XLY131) cells were grown as described in Figure 3.1A. Images were captured by
fluorescence microscopy and are representative of single Z-sections. Scale bar, 2.5 pm.
(D) Quantification of cells showing a vYFP signal and colocalization of vYFP and CFP
signals in (C). The percentage of colocalization is calculated from number of cells
showing co-localization divided by total number of cells with both vYFP and CFP signals.
Error bars represent the SD of three independent experiments. NS, not significant.

92



A B Protease Q
_ 150 O+N protection ®
S 1 O-N assay: «‘ o
>
% 1004 — prApel e 2
S x propeptide - | 545114 atg17A
S Ape1
§ 50 . complex ¥ Qe
B A A I
0 T T T T
Vec WT F317D 1325D
Strain: atg11A atg11A atg17A vam7A
atg11A atg11A atg11A
C Strain: vam7A atg17A atg17A atg17A
Vector: Empty WT F317D Empty
TX-100: -+ - + - + - + - + - + - +
PK: + + - - + + - - + + - — + +

prApe1
mApe1

prApe1
mApe1

D

2

< 507

5 Ex

©

2

3 251

o

o

5 i

2 0 —_— : »

atg11A

vam7AWT FD atg17A

F317D

S ™

TEM
Tomography

STEM
Tomography

Figure 3.6. Impaired Recruitment of Vam7 to the PAS Leads to Defects in
Autophagosome-Vacuole Fusion and Autophagy Activity
(A) atglIA (XLY135) cells with empty vector, and atglIA atgl7A (XLY136) cells with
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either empty vector, pCu-Atgl7 (WT), pCu-Atgl1 77", or pCu-Atgl7"*°" were grown in
pty p

SMD -Ura to mid-log phase. The cells were then shifted to SD-N medium for 4 h and
autophagy activity was analyzed by the Pho8A60 assay. The activity of atglIA atgl7A
(XLY136) cells with pCu-Atgl7 (WT) after starvation was set to 100% and other values
were normalized. The graph shows the average activity obtained from three independent
experiments. Error bars represent the SD. **, p<0.01.

(B) A schematic model of the prApel protease protection assay. PK, proteinase K.

(C) vam7A (XLY137) cells with empty vector, and atgl IA atgl7A (XLY136) cells with
either empty vector, pCu-Atgl7 (WT) or pCu-Atgl7 (F317D) were grown in SMD-Ura
medium to mid-log phase. The cells were then shifted to SD-N medium for 4 h. Total cell
lysates from lysed spheroplasts were centrifuged at 300 x g to pellet cell debris. Then the
cell lysates were further centrifuged at 5000 x g to obtain a prApel-enriched membrane
fraction, which was split into four aliquots and subjected to different treatments: no
addition, 0.2% Triton X-100 (TX-100), proteinase K (PK), or proteinase K with 0.2%
Trition X-100 on ice for 30 min. After protein precipitation, samples were analyzed by
western blot. S.E., short exposure; L.E., long exposure.

(D) The quantification of percentage of protected prApel from three independent
experiments. The percentage is calculated from amount of prApel after PK treatment
divided by total level of Apel without any treatment. *, p<0.05.

(E) The atgl7A vam7A GFP-ATGS (XLY142) cells with pCu-Atgl7 (WT), and the
atgl IA atgl7A GFP-ATGS (XLY147) cells with pCu-Atgl7 (F317D) were grown in
SMD-Ura to mid-log phase. Cells were then shifted to SD-N medium for 4 h to induce
autophagy before samples were frozen and analyzed by correlative light and electron
microscopy. The top two panels show samples observed by TEM tomography, while the
bottom panel shows results from STEM tomography. The bottom right corner of each
electron tomographic image shows the same cell visualized by fluorescence microscopy.
An overlay of the fluorescent signal on the tomographic volume of the same cell is also
shown. Tomographic models of the outlined autophagic structures are shown to the right;
the lower model is the same as the top one, but is rotated 90° around the x-axis. Scale
bars, 300 nm.

(See also Figure 3.54.)
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Figure 3.S1 (related to Figure 3.1). The Atgl7-Atg31-Atg29 Complex Recruits Vam7
to the PAS upon Autophagy Induction

(A) VC ATGI17-VN (XLY149), VC-VAM7 ATG17-VN (KDM1586), VC ATG29-VN
(XLY150), VC-VAM7 ATG29-VN (KDM1587), VC ATG31-VN (XLY151) and VC-VAM7
ATG31-VN (KDM1588) cells were grown as described in Figure 3.1A. Images were
captured by fluorescence microscopy and are representative single Z-sections. Scale bar,
2.5 pm. The quantification of the percentage of cells showing a vYFP signal is
indicated below each panel. Error bars represent the SD of three independent experiments.
Ak p<0.001.

(B) VC ATGI7-VN (XLY149), VC-VAM3 ATGI7-VN (XLY152) and VC-VAM7
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ATG17-VN (KDM1586) cells were grown as described in Figure 3.1A. Images were
captured by fluorescence microscopy and are representative single Z-sections. Scale bar,
2.5 ym. The quantification of the percentage of cells showing a vYFP signal is

indicated on the right. Error bars represent the SD of three independent experiments. ***,
p<0.001.
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Figure 3.S2 (related to Figure 3.2): Cytosolic Vam7 Is Recruited to the PAS at an
Early Stage of Autophagy

(A) VAM7-GFP (KDM1701) and VAM7APX-GFP (XLY153) cells were grown in YPD
to mid-log phase. Then images were captured by fluorescence microscopy and are
representative single Z-sections. Scale bar, 2.5 um.

(B) VC-VAM7 ATG17-VN CFP-ATG8(405) (KDM1591) and VC-VAM7APX ATG17-VN
CFP-ATGS8(405) (XLY107) cells were grown in YPD medium to mid-log phase. Total
cell lysates from lysed spheroplasts were centrifuged at 300 x g to pellet cell debris. The
lysates were then evenly divided into two aliquots, with one as the total lysate (TL)
sample and the other undergoing centrifugation at 1,3000 x g for 10 min to obtain a P13
fraction. The supernatant (S) and P13 pellet fractions and the TL samples were then TCA
precipitated and analyzed by western blot.

(C) Wild-type (WLY176), VC-VAM7 (XLY154) and VC-VAM7APX (XLY155) cells
were grown in YPD medium to mid-log phase. The cells were then shifted to SD-N for 4
h to induce autophagy, and the autophagy activity in these samples was analyzed by the
Pho8A60 assay. The activity of wild-type cells after starvation was set to 100% and other
values were normalized. The graph shows the average activity obtained from three
independent experiments. Error bars represent the SD. ***  p<(0.001.
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Figure 3.S3 (related to Figure 3.4): Hydrophobic Residues in Helix 1 and Helix 4
of Atgl7 Mediate its Interaction with Vam7

(A) MKO (YCY149) cells were transformed with the indicated plasmids. Then they were
treated as described in Figure 3.3F. “-” indicates no significant growth; “+”, indicates the
relative extent of growth.

(B) Alignment of regions of a-helix] and a-helix4 of yeast Atgl7 homologs. Sc,
Saccharomyces cerevisiae, Tp, Tetrapisispora phaffii, K1, Kluyveromyces lactis, and Cg,
Candida glabrata. The red dots indicate the residues chosen for mutational analysis.

(C) atgl7A (XLY134) cells were transformed with either pCu-GFP-Atgl7(WT),
pCu-GFP-Atgl7(L105D), pCu-GFP-Atgl17(1313D L314K), pCu-GFP-Atgl7(F317D), or
pCu-GFP-Atg17(1325D). They were then grown in SMD-Ura to mid-log phase (+N) and
subsequently shifted to SD-N medium (-N) for 1 h to induce autophagy. Cell lysates were

prepared, subjected to SDS-PAGE and analyzed by western blot.
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(D) atgl7A  RFP-APEI (XLY139) cells were transformed with either
pCu-GFP-Atgl7(WT) or pCu-GFP-Atgl7(F317D), and were grown as described in (C).
Images were captured by fluorescence microscopy and are representative single
Z-sections. Scale bar, 2.5 um. The quantification of the colocalization of GFP and RFP
signals are shown below. The percentage colocalization is calculated from the number of
cells showing colocalization divided by the total number of cells with both GFP and RFP
signals. Error bars represent the SD of three independent experiments. NS, not
significant.

(E-G) MKO (YCY149) cells were co-transformed with the indicated plasmids. These
cells were then grown as described in Figure 3.3E and imaged. A, H, L and U correspond
to adenine, histidine, leucine and uracil, respectively.
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Figure 3.S4 (related to Figure 3.6): Impaired Recruitment of Vam7 to the PAS
Leads to Defects in Autophagosome-Vacuole Fusion and Autophagy Activity

atgl IA atgl7A vam7A (XLY146) cells were transformed with either empty vector,
pCu-Atgl7(WT) or pCu-Atgl7(F317D). The cells were then grown and treated as
described in Figure 3.6C. Samples were subsequently analyzed by western blot. S.E.,
short exposure; L.E., long exposure.
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CHAPTER 4. Summary*

Autophagy is a highly conserved cellular process among eukaryotes. This process has
many physiological roles. Autophagy is associated with development, immunity,
longevity, whereas autophagic dysfunction may be a cause of tumor development and
neurodegeneration. By studying the molecular machinery and regulation of autophagy,
we may be able to identify potential therapeutic targets for autophagy-related diseases. In
my thesis, [ use the budding yeast Saccharomyces cerevisiae as the model organism and
explored 1) how peroxisome fission facilitates peroxisomal degradation through autophagy

and 2) how autophagosome-vacuole fusion is specifically regulated.

4.1 Atgll and Atg36 coordinate with peroxisome fission machinery to facilitate

degradation of peroxisomes through autophagy

Selective degradation of damaged or surplus organelles is important for maintaining
cellular homeostasis. How autophagosomes efficiently sequester organelles is a very
interesting question. Compared to cytosolic proteins or RNAs, the organelles are much
larger in size; wherease the size and capacity of autophagosomes are limited. Thus

specific machinery is necessary to facilitate the capture of organelles. Kai Mao, a

* The second part of this chapter is partly reprinted from Liu X, Klionsky DJ. (2016) The
Atgl7-Atg31-Atg29 complex and Atgl1 regulate autophagosome-vacuole fusion.
Autophagy, 12(5):894-895 (doi.org/10.1080/15548627.2016.1162364).
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previous PhD student in the lab, characterized the role of mitochondrial fission
machinery in mitophagy. He and colleagues, found that the scaffold Atgll recruits the
dynamin-related GTPase, Dnml, which is essential for mitochondrial fission, to
mitochondria being degraded. The division of mitochondria facilitates the engulfment by
autophagosomes.

Since peroxisomes also undergo fission and fusion, we then wondered whether
similar mechanism applies to pexophagy. The fission machinery of mitochondria
composed of Fisl and Dnml is also involved in mediating peroxisomal fission. In
addition, another dynamin-related GTPase, Vpsl is specific for fission of peroxisomes.
We found that pexophagy is defective when peroxisomal fission is compromised and that
both Atgl1 and the pexophagy specific receptor Atg36 interact with Dnm1 and Vpsl on
peroxisomes being targeted for degradation, similar to the scenario of mitophagy.

There are some intriguing questions that remain to be answered. First, how the
interaction of Atgll and Atg36 with Dnml and Vpsl is regulated under different
conditions is unclear. Since Atgll, Atg36, Dnml and Vpsl can be phosphorylated, the
phosphorylation status of the proteins can regulate the interactions between them.
Analysis of serine or tyrosine residues on Atgll, Atg36, Dnml and Vpsl important for
mediating the interactions may be interesting. The kinases responsible for the
phosphorylation events can also be identified. Second, we observed that
pexophagy-specific fission mostly occurs close to mitochondria. Is it possible that

mitochondria provide membrane or lipid sources for making pexophagy-specific
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autophagosomes? In addition, because Dnm1 and Fisl participate in both mitochondria
and peroxisome fission, the peroxisomes in close proximity to mitochondria may recruit
Dnml and Fisl more efficiently than others. In other words, the crosstalk between

peroxisomes and mitochondria can play indispensible roles in mediating pexophagy.

4.2 The Atgl7-Atg31-Atg29 complex and Atgll regulate autophagosome-vacuole

fusion

The autophagy process involves de novo formation of double-membrane
autophagosomes; after sequestering cytoplasm these transient organelles fuse with the
vacuole/lysosome. Genetic studies in yeasts have characterized over 40 Atg proteins
required for autophagy, and the majority of these proteins play roles in autophagosome
formation. The fusion of autophagosomes with the vacuole is mediated by the Rab
GTPase Ypt7, its guanine nucleotide exchange factor Monl-Cczl, and soluble
N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins.
However, these factors are not autophagosome-vacuole fusion specific. In chapter 3, we
showed that two autophagy scaffold proteins, the Atgl7-Atg31-Atg29 complex and
Atgll, regulate autophagosome-vacuole fusion by recruiting the vacuolar SNARE Vam?7
to the phagophore assembly site, where an autophagosome forms in yeast.

However, some questions still remain to be explored. First, how does Vam7 get
released from Atgl7 after autophagosome formation is completed? It is possible that

other SNARE proteins such as Vam3 and Vtil are recruited to the PAS after
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autophagosome maturation, and that they have stronger binding affinity toward Vam?7
than that of Atgl7. Thus they may outcompete Atgl7 to form a SNARE complex with
Vam?7, facilitating fusion of autophagosomes with the vacuole. Another possibility is that
Atgl7 gets dissociated from mature autophagosomes after clearance of PtdIns3P by
Ymrl, a PtdIns3P phosphatase, releasing Vam?7 as part of the process. Second, it has been
shown that Atgll, but not Atgl7, is required for the cytoplasm-to-vacuole targeting
pathway that delivers resident hydrolases to the vacuole under growing conditions. Along
these lines, does Atgll play the major role in recruiting Vam7 in the Cvt pathway?
Further analysis of the Atgl1-Vam7 interaction will be needed to answer this question.
Third, does the mammalian homolog of Atgl7, RBICCI1/FIP200, also regulate
autophagosome-lysosome fusion? In mammals, ATG14 interacts with STX17, the
autophagosomal SNARE protein, and SNAP29 on mature autophagosomes to promote
membrane tethering and the fusion of autophagosomes with lysosomes. Does RB1CCl1
coordinate with ATG14 to regulate autophagosome-lysosome fusion? If this is the case, it
may suggest that a conserved molecular machinery is employed to regulate the fusion of

autophagosomes with the vacuole/lysosome.
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