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Preface

This thesis comprises the research | conducted in Prof. Daniel J. Klionsky’s
lab starting from April 2009. The objective was to better understand the
molecular mechanisms of proper autophagy induction and how autophagy
mediates mitochondrial degradation.

Chapters 2, 3, and 4 were published in Journal of Cell Biology (2011,
193(4):755-67), Developmental Cell (2013; 16(1):9-18), and PNAS (2013;
110(31):E2875-84), respectively. Chapter 5 is currently under revision at
Autophagy and will be submitted by December 2013.

Chapter 2 describes the identification of two conserved mitogen-activated
protein kinases, Slt2 and Hogl, which are required for mitophagy. These two
pathways are important for regulating proper degradation of excessive or
damaged mitochondria. | initiated this project and performed most of the
experiments; Ke Wang helped design the experiments; Mantong Zhao
performed the experiments in Figure 2.5 A and B; Tao Xu constructed the
plasmids.

Chapter 3 describes the direct link between the mitochondrial fission
complex and the mitophagy machinery, suggesting that mitochondrial fission
facilitates mitophagy. | initiated this project and performed most of the
experiments; Ke Wang helped design the experiments; Xu Liu made several
yeast strains.

Chapter 4 describes the molecular and structural analysis and the
Atg17-Atg31-Atg29 protein complex and the function of Atg29 phosphorylation
during autophagy induction. This project was initiated by two former members
from Klionsky lab, Heesun Cheong and Yuko Inoue-Aono, and was finished by
me. | performed most of the experiments described in the publication: Leon H.

Chew contributed the single particle electron microscopy; Usha Nair made the



Atgl mutant which lost the interaction to Atgll; Hana Popelka made the
computational analysis of Atg29.

Chapter 5 describes the role of peroxisomal fission during peroxisomal
degradation. This project, together with the one in Chapter 3 reveals a novel
mechanism that is generally applicable to the fission and degradation of some
organelles, such as peroxisomes, mitochondria and probably chloroplasts. Xu
Liu and | contributed equally to this work. | initiated the project, made the
original observations and designed all of the eperiments. Xu performed many
of the experiments, observed many novel phenomena, and generated many

results.
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Abstract

Eukaryotic cells rely on autophagy to degrade damaged or excess proteins
and organelles. In autophagy, cytoplasmic components or organelles are
engulfed by the sequestering compartment, the phagophore. The membrane
expansion of the phagophore results in the formation of the autophagosome.
This event begins with the organization of the phagophore assembly site (PAS),
where most of the autophagy-related (Atg) proteins are at least transiently
localized and mediate autophagosome formation. Autophagy can occur in
either nonselective or selective modes. Nonselective autophagy sequesters
bulk cytoplasm; in contrast, selective autophagy targets specific proteins or
organelles as cargos, such as mitochondria (mitophagy) and peroxisomes
(pexophagy).

My doctoral thesis has focused on the molecular mechanisms of autophagy
and mitophagy in S. cerevisiae. These studies comprise three major findings:

1. Mitophagy plays an essential role in the maintenance and quality control
of mitochondria. Little was known regarding how upstream signaling pathways
control this process. | identified two mitogen-activated protein kinases
(MAPKSs), SIt2 and Hogl, which are required for mitophagy in S. cerevisiae.
Wscl and SiInl, two plasma membrane sensors receive the signals and
transmit them to SlIt2 and Hog1l, respectively. Upon activation, Slt2 and Hog1l
remain in the cytosol and phosphorylate currently unknown targets to promote
mitophagy. Slt2, but not Hogl, affects the recruitment of mitochondria to the
PAS, a critical step in the packaging of cargo for selective degradation. This
work presents the first identified upstream signaling pathways regulating
mitophagy and is published in The Journal of Cell Biology (2011,
193(4):755-67).

2. Both mitochondrial degradation and division are significant for
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maintaining the proper quality and quantity of this organelle. Mitochondrial
division is controlled by a fission complex containing Fisl, Dnm1, Mdv1, and
Caf4. The role of mitochondrial fission during mitophagy has been unclear. My
work showed that mitochondrial fission is important for the progression of
mitophagy. The bimolecular fluorescence complementation (BiFC) assay was
used to generate a proper marker for the superfluous mitochondria destined
for degradation. When mitophagy is induced, the fission complex is recruited to
these mitochondria through an interaction between Dnml and Atgll, a
scaffold protein essential for selective autophagy. After recruitment, the fission
complex drives the separation of a fragment of the mitochondria from the
remaining reticulum. These isolated fragments of mitochondria will then be
targeted by autophagy for degradation. Interfering with the interaction between
Dnml and Atgll severely blocks mitophagy. These data establish a paradigm
for selective organelle degradation, and the results have been published in
Developmental Cell (2013; 16(1):9-18).

3. Autophagy occurs at a basal level, and can be induced by various types
of stress; the process must be tightly regulated because insufficient or
excessive autophagy can be deleterious. Autophagy begins with the
organization of the phagophore assembly site, and a complex composed of
Atg17-Atg31-Atg29 is vital for PAS organization and autophagy induction,
implying a significant role in autophagy regulation. My work demonstrates that
Atg29 is a phosphorylated protein and that this modification is critical to its
function. In vivo data show that the Atgl7-Atg31-Atg29 complex interacts with
Atgll, and these four proteins constitute the minimal components as the
platform that recruits other Atg proteins to the PAS. Alanine substitution of the
phosphorylation sites of Atg29 blocks its interaction with Atg11, and its ability to
facilitate assembly of the PAS. Atg29 has the characteristics of an intrinsically
disordered protein, suggesting that it undergoes dynamic conformational
changes upon interaction with a binding partner(s). Single-particle electron

microscopy analysis of the Atgl7-Atg31-Atg29 complex reveals an elongated

XV



“S” structure with Atg29 located at the opposing ends. This work reveals the
mechanisms of how Atgl7-Atg31-Atg29 is activated and mediates PAS
organization and has been published in Proceedings of the National Academy
of Sciences USA (2013; 110(31):E2875-84).

Together, these studies advance our understanding of the regulation and
mechanism of selective autophagy, a process that is conserved from yeast to

human, and that plays a critical role in cell physiology and disease.

Xvi



Chapter 1

Introduction

In eukaryotic cells, autophagy is a potent lysosome/vacuole-dependent
mechanism that serves for the elimination of damaged or excess proteins and
organelles under nutrient starvation or specific developmental, physiological
and pathophysiological conditions. Autophagy plays significant roles in
development, immune defense, programmed cell death, tumor suppression,
and prevention of neuron degeneration (1-3).

Up until now, three primary forms of autophagy have been observed,
including macroautophagy, microautophagy, and chaperone-mediated
autophagy. In this dissertation, | will focus on macroautophagy (hereafter
referred to as autophagy), which is the most widely studied one. During
autophagy, an expanding membrane structure termed the phagophore
enwraps portions of the cytoplasm, which leads to the formation of a
double-membrane sequestering vesicle, termed the autophagosome.
Autophagosomes subsequently fuse with lysosomes/vacuoles, releasing their
inner compartment to the lysosomal/vacuolar lumen. The inner membrane part
of the autophagosome, together with the enclosed cargo, is degraded, and the
resulting macromolecules are released into the cytosol through
lysosomal/vacuolar membrane permeases for recycling (Figure 1.1).

During the past two decades, genetic screens in Saccharomyces
cerevisiae and other fungi have identified 38 AuTophaGy-related (ATG) genes,
which are involved in various types of autophagy. Furthermore, orthologs of
many yeast ATG genes have been identified in higher eukaryotes. The
characterization of these gene products (Atg proteins) have largely expanded
our knowledge of this process, and provided us with genetic and biochemical

tools for exploring the diverse functions of autophagy and further revealing the



molecular mechanisms of autophagy.

The proposed site of autophagosome formation is the phagophore
assembly site (PAS). Atg proteins accumulate, at least transiently, at the PAS
and initiate phagophore formation. In Saccharomyces cerevisiae, the PAS is
observed at the vacuolar periphery (4, 5); and in mammalian cells, the
autophagosomes are formed at the ER-mitochondria contact sites, which

suggested that the PAS may also localize at the ER-mitochondria contact sites

(6).

1.1 Core molecular machinery of autophagy

Among the identified ATG genes, a subset of genes is required for
autophagosome formation in all types of autophagy. The corresponding gene
products were referred to as the “core” molecular machinery of
autophagosome formation. The core machinery is composed of four major
groups based on their functions in different aspects of autophagy: (1) the Atg1
kinase complex; (2) the phosphatidylinositol 3-kinase (PtdIns3K) complex; (3)
the ubiquitin-like protein (Ubl) system; and (4) the Atg9 cycling system.

1.1.1 The Atgl kinase complex

The Atg1 kinase complex includes Atg1, Atg11, Atg13, Atg17, Atg29, and
Atg31 (Figure 1.2). Among the 38 known Atg proteins, Atg1 is the only kinase,
and plays a particularly essential role in autophagy induction by controlling the
trafficking of other Atg proteins including Atg9 and Atg23 (7), and in the proper
organization of the PAS (8, 9). Atg1 has several (direct) binding partners,
including Atg13 (which interacts with Atg17) and Atg11; the kinase activity of
Atg1 is regulated in part by its binding partners (10, 11).

The Atg17-Atg31-Atg29 complex is constitutively formed in both growing
and nitrogen starvation conditions (12). Atg31 directly interacts with Atg17 and
Atg29 to bridge these two proteins (13), hence the order of the components is

written “Atg17-Atg31-Atg29” to signify these interactions. Atg17 interacts with



Atg1 via Atg13 (14). When autophagy is initiated, the Atg17-Atg31-Atg29
complex is first targeted to the PAS and recruits other Atg proteins, including
Atg1 and Atg13, highlighting the significance of this ternary complex (15, 16).

In Chapter 2, | provide new evidence showing that Atg11 is also able to
connect the Atg17-Atg31-Atg29 complex to Atg1, through direct interaction
with Atg1 and Atg29 (Figure 1.2).

1.1.2 The PtdIns3K complex

The PtdIins3K complex contains vacuolar protein sorting (Vps)34, Vps15,
Vps30/Atg6 and Atg14. Vps34 is a class Il Ptdins3K, generating PtdIns3P,
and participates in multiple vesicular trafficking pathways, including
endocytosis and autophagy (17). Vps15, a protein kinase interacting with
Vps34, is required for the membrane association of Vps34 (18, 19). In
Saccharomyces cerevisiae, \/ps15, Vps34, Vps30, and Vps38 form a complex
(Ptdins3K complex Il) involved in the trafficking of a subset of vacuolar
proteins through the Vps pathway; however, Vps15, Vps34, Vps30, and Atg14
form another complex (Ptdins3K complex 1), localizing at the PAS and
recruiting PtdIns3P-binding proteins such as Atg18 (20-22). In mammals,
BECN1 is the homolog of Atg6; however, BECN1 is primarily involved in
autophagy, rather than endocytosis (23-25)

1.1.3 The ubiquitin-like protein system

Atg8 and Atg12 are the two Ubls (26, 27). The crystal structures of Atg8
and Atg12 show that each has a ubiquitin fold at the C terminus, although their
primary sequences do not display clear homology to ubiquitin (28, 29). The
C-terminal glycine of Atg12 is attached to an internal lysine in Atg5, whereas
the C-terminal glycine of Atg8 is attached to phosphatidylethanolamine (PE)
(30, 31). Specifically, the C terminus of Atg8 is first processed by a cysteine
protease, Atg4, to expose the glycine residue before conjugation (32, 33). Atg7
is the E1-like activating enzyme for both Atg8 and Atg12, and Atg3 and Atg10



are the E2-like conjugating enzymes for Atg8 and Atg12, respectively (34-38).
The Ubls are suggested to regulate phagophore expansion, and their PAS

localization depends on Atg9 and the autophagy-specific Ptdins3K complex

(4).

1.1.4 The Atg9 cycling system

Atg9 is the only transmembrane Atg protein that is absolutely required for
autophagosome formation, and it has six transmembrane domains with its
amino and carboxyl termini exposed in the cytosol (39, 40). In Saccharomyces
cerevisiae, Atg9 self-interacts and shuttles between the PAS and the
mitochondrial periphery; and this shuttling is proposed to be involved in the
process in which membrane is contributed to the PAS (7, 41). In mammals,
Atg9 homologs localize to the trans-Golgi network and late endosomes (40).

The anterograde transport of yeast Atg9 to the PAS requires Atg23 and
Atg27 (42, 43), whereas the retrieval of Atg9 from the PAS depends on the
Atg1 kinase complex, Atg2 and Atg18 (7). Atg2 and Atg18 are both membrane
peripheral proteins, and their PAS localization depends on each other as well
as Atg1, Atg9 and the PtdIns3K complex (22, 44-46). Both Atg2 and Atg18 are
able to interact with Atg9 (7, 44).

1.2 Selective autophagy

Autophagy is able to work in both non-selective and selective modes.
Compared to the bulk degradation of cytosol through non-selective autophagy,
selective autophagy specifically recognizes and degrades a particular cargo,
such as a protein complex, an organelle, or an invading pathogen (47-50).
Cells employ selective autophagy for a variety of purposes under different
conditions, including adaptation to the changing environment and clearance of
damaged organelles.

Selective autophagy employs the same core machinery used for

non-selective autophagy. Furthermore, a small group of additional proteins are



required to make the process selective. A cargo-ligand-receptor-scaffold model
is generally proposed to achieve the selectivity (51). The ligand is the
recognition component on the cargo that binds to the receptor. The receptor in
turn interacts with the scaffold, which guarantees the selectivity and proper
cargo recruitment to the PAS. In Saccharomyces cerevisiae, Atg11 is the
general scaffold protein, mediating several types of selective autophagy,
including the cytoplasm-to-vacuole targeting (Cvt) pathway, mitophagy,
pexophagy, and reticulophagy (the selective degradation of mitochondria,
peroxisomes or endoplasmic reticulum by autophagy, respectively); however,

the mammalian homolog of Atg11 has not yet been discovered.

1.2.1 The Cvt pathway

The yeast Cvt pathway is the first characterized example of selective
autophagy, and the only known biosynthetic process that utilizes the
autophagy machinery (52, 53). It is a transport route through which at least
three vacuolar resident enzymes are targeted from the cytosol to the vacuole,
their final site of action. Enzymes that utilize the Cvt pathway include Ape1,
Ape4, and Ams1 (54). Atg19 interacts with each cargo through different
domains and functions as the receptor (55). Atg11 mediates the delivery of the
cargo complex to the PAS though binding to Atg19 (11, 56). After completion of
autophagosome formation, both the cargo and the receptor are delivered to

the vacuole.

1.2.2 Mitophagy

Selective degradation of superfluous or damaged mitochondria by
autophagy, termed mitophagy, has been observed both in yeast and mammals
(57). In Saccharomyces cerevisiae, mitophagy removes excess mitochondria
to achieve cellular remodeling (58). Atg32, a mitochondrial outer membrane
protein, works as the receptor and sequentially interacts with Atg11 and Atg8.

These interactions are critical for the formation of mitochondria-specific



autophagosomes (mitophagosomes) and ultimately degradation in the vacuole
(59, 60). In mammals, both BNIP3 and BNIP3L/Nix are proposed to be the
functional counterpart of Atg32 (61). BNIP3, BNIP3L and SQSTM1/p62 have
been proposed to function as receptors to link mitochondria with the autophagy
machinery (61, 62). During erythrocyte maturation, BNIP3L is essential for the
removal of mitochondria. During depolarization-induced mitophagy, SQSTM1
may function as a receptor; in this case, PINK1 accumulates on the outer
membrane of depolarized mitochondria and recruits PARK2/Parkin, an E3
ubiquitin ligase (63). PARK2 activates the ubiquitination of numerous outer
mitochondrial membrane proteins, such as MFN1 and MFN2 (64).

In Chapter 2 and 3, | provide new evidence showing the upstream
signaling controlling mitophagy, and the significant role of mitochondrial fission

during mitophagy.

1.2.3 Pexophagy

Pexophagy, the selective autophagic degradation of peroxisomes, is
important for cellular adaption to changing nutrients. When fungi are grown on
oleic acid or methanol, the peroxisomes proliferate because this organelle
contains the essential enzymes for the utilization of 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 Saccharoymces cerevisiae,
respectively (65, 66).

In Chapter 5, | provided new evidence suggesting an important role of

peroxisomal fission during pexophagy.

1.2.4 Reticulophagy
The endoplasmic reticulum (ER) is associated with a high level of protein
synthesis, and protein misfolding is a potential significant problem in this

organelle. Cells have specific mechanisms for correcting misfolding errors,



including lumenal chaperones, the unfolded protein response, and
ER-associated degradation; however, if the misfolding load is excessive and
cannot be solved by these systems, reticulophagy is induced. Different from
other types of autophagy, degradation of the impaired ER is not the immediate
aim of reticulophagy; rather, sequestration of the overloaded ER within an

autophagosome is sufficient to maintain cellular homeostasis (67).
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Figure 1.1 Schematic depiction of autophagy.

Cytosolic components are sequestered by an expanding membrane structure,
the phagophore, resulting in the formation of a double-membrane vesicle, an
autophagosome; the outer membrane of the autophagosome fuses with a
vacuole, releasing the inner compartment to the lumen where it gets degraded,

along with its cargo.
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Figure 1.2 Graph of the Atgl complex.

The Atg17-Atg31-Atg29 complex is constitutively formed, and Atg1 is
associated with Atg11 and Atg13. Upon nutrient deprivation, autophagy is
induced, and the intact Atg1 complex is formed. The formation of this complex
is mediated by direct interaction between Atg13 and Atg17, and between Atg11
and Atg29.



Chapter 2
Two MAPK-signaling pathways are required for mitophagy

in Saccharomyces cerevisiae®

2.1 Abstract

Macroautophagy (hereafter referred to simply as autophagy) is a catabolic
pathway that mediates the degradation of long-lived proteins and organelles in
eukaryotic cells. The regulation of mitochondrial degradation through
autophagy plays an essential role in the maintenance and quality control of this
organelle. Compared with our understanding of the essential function of
mitochondria in many aspects of cellular metabolism such as energy
production and of the role of dysfunctional mitochondria in cell death, little is
known regarding their degradation and especially how upstream signaling
pathways control this process. Here, we report that two mitogen-activated
protein kinases (MAPKs), Slt2 and Hog1, are required for mitophagy
in Saccharomyces cerevisiae. Slt2 is required for the degradation of both
mitochondria and peroxisomes (via pexophagy), whereas Hog1 functions
specifically in mitophagy. Slt2 also affects the recruitment of mitochondria to
the phagophore assembly site (PAS), a critical step in the packaging of cargo

for selective degradation.

2.2 Introduction
Autophagy functions as a highly conserved degradative mechanism in
eukaryotic cells. During autophagy, cytosolic components and organelles are

sequestered into autophagosomes, double-membrane vesicles, and then

1 Originally published in Journal of Cell Biology (2011; 193(4):755-67) with
authors listed as Kai Mao, Ke Wang, Mantong Zhao, Tao Xu, and Daniel J.
Klionsky.
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delivered to the lysosome in mammalian cells or the vacuole in yeast for
degradation (47). This process has attracted increasing attention in recent
years because it is involved in various aspects of cell physiology, including
survival during nitrogen starvation, clearance of excess or dysfunctional
proteins and organelles, proper development, and aging (48). During nitrogen
starvation, autophagy is generally considered to be nonselective. The unique
mechanism by which the initial sequestering compartment, the phagophore,
expands into an autophagosome allows for an extremely flexible capacity for
cargo. In addition to this nonselective or bulk autophagy, selective types of
autophagy are used for biosynthetic transport (the cytoplasm-to-vacuole
targeting [Cvt] pathway), and to recognize and degrade specific cargoes or
organelles. These latter include the selective degradation of mitochondria
(mitophagy), peroxisomes (pexophagy), and ribosomes (ribophagy) (58,
68-71). Among different kinds of selective autophagy, mitophagy is particularly
crucial because of the significance of mitochondria in cellular homeostasis. In
particular, mitochondria supply energy to the cell for a variety of cellular
activities. However, mitochondria are also the major source of cellular reactive
oxygen species (ROS) that cause oxidative damage to cellular components
including DNA, proteins, and lipids (71). Accumulation of damaged
mitochondria and the concomitant increase in ROS is related to aging, cancer,
and neurodegenerative diseases (72). Therefore, quality control and clearance
of damaged or excess mitochondria through autophagy is an important cellular
activity.

Until now, four primary signaling pathways have been characterized as
playing a role in the negative regulation of nonselective autophagy. The
regulatory kinases of these pathways are the target of rapamycin (TOR), Sch9,
Ras/cAMP-dependent protein kinase A (PKA), and Pho85, the latter of which
also plays a positive role in regulation (73-75). In the case of TOR and PKA,
the corresponding signaling events negatively regulate the activity of Atg1 and

Atg13 and inhibit the induction of autophagy, whereas Pho85 acts in
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conjunction with various cyclins to inhibit Gen2 and Pho4 to exert a negative
effect, and inhibits Sic1 for positive regulation. In contrast to the signaling
pathways upstream of bulk autophagy, which have been studied to some
extent, the regulatory mechanisms of mitophagy remain largely unexplored.

In this report, we analyzed the functions of two MAPKSs, Sit2 and Hog1, in
the yeast Saccharomyces cerevisiae, and showed that both are required for
mitophagy. SIt2 is a MAPK involved in the protein kinase C (Pkc1) cell wall
integrity kinase signaling pathway, and responds to cell wall stress (76). Here,
we show that Slt2 is required for pexophagy and mitophagy, but not the Cvt
pathway or bulk autophagy. Hog1 is a MAPK homologue of mammalian p38,
and responds to hyper-osmotic stress (77). Different from p38, which is a
negative regulator of autophagy, Hog1 is a positive regulator only required for
mitophagy, but not other types of selective autophagy or bulk autophagy. We
thus propose that these two MAPK pathways play a critical role in organelle

quality control.

2.3 Results
2.3.1 The MAPK SIt2 and upstream signaling components are involved in
mitophagy

In a recent genome-wide yeast mutant screen for mitophagy-defective
strains we found that BCK1, a gene encoding a mitogen-activated protein
kinase kinase kinase (MAPKKK), is required for mitophagy (78). Bck1 is
involved in the cell wall integrity signaling pathway, which includes Pkc1, Bck1,
redundant Mkk1/2, and Slt2 kinases (76). Upon cell wall stress, Bck1 is
activated by Pkc1 and then phosphorylates and activates Mkk1/2, which in turn
transmits the signal to Slt2 (79). We asked whether all of the components of
this signaling pathway are involved in mitophagy. To detect mitophagy, we first
used the Om45-GFP processing assay. OM45 encodes a mitochondrial outer
membrane protein, and a chromosomally tagged version with the GFP at the C

terminus is correctly localized on this organelle. When mitophagy is induced,
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mitochondria, along with Om45-GFP, are delivered into the vacuole for
degradation. Om45 is proteolytically removed or degraded, whereas the GFP
moiety is relatively stable and accumulates in the vacuole. Thus, mitophagy
can be monitored based on the appearance of free GFP by immunoblot (58).

Atg32 is a mitophagy-specific receptor and is necessary for the
recruitment of mitochondria to the PAS through interaction with Atg11, which is
an adaptor protein for selective types of autophagy (59, 60). After 6 h of
nitrogen starvation in the presence of glucose, free GFP was detected in
wild-type but not atg32A cells (Figure 2.1B). Mitophagy was severely blocked
in bck1A and slt2A cells. Even though the amount of free GFP derived from
Om45-GFP in mkk1A or mkk2A single-mutant cells appeared essentially
identical to the wild type (not depicted), an mkk1A mkk2A double-deletion
mutant showed a strong defect in mitophagy (Figure 2.1B). Mitophagy
activities of pkc1 temperature-sensitive mutants were also measured at both
permissive and restrictive temperatures. In the wild-type strain, Om45-GFP
was processed at both temperatures with a greater level of free GFP detected
at 35°C than at 24°C (Figure 2.1C, lanes 3 and 4, and lanes 15 and 16). In
contrast, in the pkc1-1, pkc1-2, pkc1-3, and pkc1-4 mutants, Om45-GFP
processing was substantially reduced relative to the wild type at the
nonpermissive temperature (Figure 2.1C, compare lane 4 to lanes 8 and 12,
and lane 16 to lanes 20 and 24), suggesting that the Pkc1-Bck1-Mkk1/2—-SIt2
signaling pathway is required for mitophagy.

To extend our analysis and precisely quantify mitophagy, we took
advantage of the mitoPho8A60 assay to examine the extent of mitophagy
defects in these mutants. PHO8encodes a vacuolar alkaline phosphatase, and
its delivery into the vacuole is dependent on the ALP pathway (80). Pho8AGO,
the truncated form of Pho8 with 60 N-terminal amino acid residues including its
transmembrane domain deleted, is unable to enter the endoplasmic reticulum,
remains in the cytosol, and is delivered into the vacuole only through bulk

autophagy (81). In this way, the magnitude of bulk autophagy is quantified by

13



measuring the activity of alkaline phosphatase in nitrogen starvation conditions.
If PHO8AGO0 is fused with a mitochondrial targeting sequence, the encoded
protein is specifically localized in mitochondria, and the ensuing alkaline
phosphatase activity becomes an indicator of mitophagy (82). When
mitophagy was induced, wild-type cells showed a dramatic increase in
mitoPho8AGO activity, whereas essentially no increase was detected in
atg32A cells where mitophagy was completely blocked (Fiugre. 1D).
In bck1A, mkk1/24, and slt2A cells, a severe decrease of mitoPho8AGO
activity was seen compared with wild-type cells; these mutants displayed ~60,
53, and 62% of the mitophagy activity of the wild type, respectively. These
results suggested that Bck1, Mkk1/2, and Slt2 regulate mitophagy through a

linear signal transduction pathway.

2.3.2 Slt2 is required for pexophagy, but not the Cvt pathway or bulk
autophagy

Considering the apparent role of SIt2 in mitophagy, we next asked
whether this kinase is also involved in bulk autophagy or other types of
selective autophagy. Bulk autophagy was tested by the Pho8A60 assay. Atg1
is a cytosolic protein kinase required for vesicle formation, and autophagic flux
is absent in atg1A cells (8, 9). When bulk autophagy was induced in nitrogen
starvation conditions, the Pho8A60-dependent alkaline phosphatase activity
showed a strong increase in wild-type and s/t2A cells, but remained at a basal
level (i.e., the level before nitrogen starvation) in atg1A cells (Figure 2.1E).

Although the Cvt pathway is biosynthetic, it represents a selective type of
autophagy and shares many of the same molecular components with bulk
autophagy. The precursor form of aminopeptidase | (prApe1) is delivered to
the vacuole via the Cvt pathway in rich conditions and through autophagy in
nitrogen starvation conditions (53). After entering the vacuole, the N-terminal
propeptide of prApe1 is cleaved to generate the mature form (mApe1) and the

resulting difference in molecular mass can be differentiated by Western blot
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(52). The maturation of prApe1 appeared normal in s/t2A cells compared with
wild-type cells in both growing and nitrogen starvation conditions,
whereas atg1A cells displayed the expected block and accumulated only
prApe1 (Fiugre. 1F).

As indicated above, the Cvt pathway is unusual in that it is a biosynthetic
autophagy-related pathway. Therefore, we decided to examine another type of
specific organelle degradation, pexophagy. PEX14 encodes a peroxisome
integral membrane protein. After chromosomal tagging with GFP, the encoded
protein, Pex14-GFP, is localized on the peroxisome and becomes a marker for
pexophagy, similar to Om45-GFP for mitophagy; when pexophagy is induced,
Pex14-GFP is delivered into the vacuole and pexophagy is detected by the
release of free GFP (68). Pex14-GFP was processed after 4 h of pexophagy
induction in wild-type cells, but this processing was almost completely blocked
in slt2A cells similar to the atg1A negative control (Fiugre. 1G). These results
indicated that Slt2 is involved in both mitophagy and pexophagy, but not the
Cvt pathway or bulk autophagy.

2.3.3 The MAPK Hog1l and upstream kinase Pbs2 are mitophagy-specific
regulators

Five MAPK-signaling pathways exist in Saccharomyces cerevisiae, and
these MAPKSs are involved in stress response and filamentous growth. Among
these MAPKs, Hog1 responds to osmotic stress and regulates cellular
metabolism. In Candida albicans, Hog1 controls respiratory metabolism and
mitochondrial function (83). Because of the role of the SIt2 MAPK pathway in
selective organelle degradation, we were also interested in the potential role of
Hog1 in mitophagy. In the Hog1 signaling pathway, Pbs2 is the MAPKK
upstream of Hog1, and the activation of Hog1 is dependent on its
phosphorylation by Pbs2 (84). We again used the Om45-GFP processing
assay to test mitophagy in both hog7A and pbs2A cells and found that there

was minimal Om45-GFP processing relative to the wild-type positive control,
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similar to the atg32A negative control, which suggested a defect in mitophagy
(Figure 2.2A). Furthermore, quantification by the mitoPho8A60 assay showed
~50 and 52% of mitophagy activity in pbs2A and hog1A cells, respectively
(Figure 2.2B). These results suggested that similar to Slt2, the Hog1 signaling
pathway is also required for mitophagy.

As with SlIt2, we extended our analysis by checking bulk autophagy, the
Cvt pathway, and pexophagy. Our results showed that Pho8AG60 activity (bulk
autophagy), prApe1 maturation (the Cvt pathway), and Pex14-GFP processing
(pexophagy) were all unaffected in hog71A cells compared with wild-type
and atg1A cells (Figure 2.2C-E). These results suggested that, different from

Sit2, the Pbs2 and Hog1 kinases are mitophagy-specific regulators.

2.3.4 Wscl and SInl function as upstream sensors for input into the Slt2
and Hogl signaling pathways

To obtain more information for the extension of these two signaling
pathways, we began to search for upstream and downstream components of
the SIt2 and Hog1 pathways. For the SIt2 signaling pathway, six cell surface
sensors, Wsc1, Wsc2, Wsc3, Wsc4, Mid2, and Mtl1, and three transcriptional
factors, RIm1, Swi4, and Swi6, function as upstream sensors and downstream
effectors, respectively. Based on the Om45-GFP processing assay, mitophagy
was blocked in the wsc1A strain, but not in any of the other mutants (Figure
2.3A and B). The involvement of Wsc1 in mitophagy was confirmed with the
mitoPho8AGO assay (Figure 2.3C).

In the Hog1 signaling pathway, Sho1 and SIn1 function as sensors in the
plasma membrane that function in parallel pathways (85). Mitophagy was
unaffected in a sho1A strain (Figure 2.3C), but was partially blocked in a
conditional sIn1 temperature-sensitive mutant at the nonpermissive
temperature (Figure 2.S1A). SIn1 is a negative regulator of the Hog1 pathway
(Figure 2.51B); however, constitutively active Hog1 (e.g., due to defective Sin1)

has a negative phenotype (85). Thus, a block in mitophagy in the sin1 mutant
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is in agreement with our data showing a defect in the hog1A strain (Figure 2.2).
SIn1 and its effector Ypd1 inhibit the Ssk1 kinase, an activator of Hog1. To
extend our analysis of the upstream components, we examined an
Ssk1A strain. The ssk1A mutant displayed a partial block in mitoPho8AG0
activity similar to the wsc1A mutant (Figure 2.3C). There are three known
transcriptional factors, Sko1, Hot1, and Smp1, that function downstream of
Hog1. Mitophagy was unaffected in sko14, hot14A, and smp1A cells (Figure
2.3B). These results indicate that the upstream sensors and effectors in the
Slt2 and Hog1 signaling pathways that involve the Wsc1 and SIn1 sensors,
respectively, regulate mitophagy. However, the known transcriptional factors
downstream of SIt2 and Hog1 that we tested had no apparent role in

mitophagy.

2.3.5 Slt2 and Hog1l are also involved in post-log phase mitophagy

Mitophagy in the yeast Saccharomyces cerevisiae can be induced in two
different conditions: nitrogen starvation and culturing cells to the post-log
phase in a nonfermentable carbon source medium (78). Atg32 is required for
both types of mitophagy; however, Atg33 is specifically involved in post-log
phase mitophagy, which suggests that mitophagy is induced through different
mechanisms depending on the conditions. We asked whether Sit2 and Hog1
are also required for post-log phase mitophagy. Wild-type, atg324, sit2A,
hog1A, and hog1A slt2A cells were cultured in lactate medium to log phase,
and then grown for another 12, 24, and 36 h. The mitoPho8A60 activities of
the slt2A, hog14A, and hog1A sit2A mutants were significantly reduced
compared with wild-type cells (Figure 2.4A). These results indicated these two
MAPK signaling pathways regulate both types of mitophagy.

Finally, we examined the effect of combining the hog71A and s/t2A muta
tions. Mitophagy was almost completely blocked in hog1A slt2A double-mutant
cells; the mitoPho8AGO activity of the hog1A slt2A mutant was comparable to
that of afg32A cells (Figure 2.4A). This phenotype could also be detected
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when mitophagy was induced by nitrogen starvation (Fiugre 2.4B). This result
suggested that the strong defect of mitophagy in the hog71A slt2A mutant
reflects an additive effect because these kinases regulate different steps of

mitophagy in parallel pathways.

2.3.6 Slt2 and Hog1l are phosphorylated and remain in the cytosol during
mitophagy

To investigate the response patterns of SIt2 and Hog1 during mitophagy,
we examined the phosphorylation states of these proteins, which corresponds
with their activation (86, 87). When cells were grown on lactate medium, both
Slit2 and Hog1 were nonphosphorylated and inactive, but became
phosphorylated upon nitrogen starvation (Figure 2.5A and B). Phosphorylation
of Slt2 was initiated at 30 min after cells were shifted to SD-N and was
subsequently reduced at 4 h (Figure 2.5A); in contrast, Hog1 was activated at
2 h and retained its phosphorylated state at 4 h (Figure 2.5B). This result
indicated that Slt2 responds quickly to mitophagy-inducing signals and might
function in an early stage of mitophagy, and that Hog1 responds late and might
function in a correspondingly later stage of the process.

Although SIt2 and Hog1 can translocate to the nucleus and activate
relevant transcription factors, depending on the stimulus, they also have
cytoplasmic substrates. The observation that mitophagy was unaffected
in rim1A, swi4A, swibA, sko1A, hot1A, and smp1A cells suggested that both
Sit2 and Hog1 might control mitophagy through a mechanism other than
transcriptional regulation. To monitor the distribution and localization of Slt2
and Hog1 during mitophagy, we fused both proteins with the venus variant of
YFP and observed their localization during mitophagy-inducing conditions. It
has been previously shown that during heat-shock stress (39°C) and
hyper-osmotic stress (0.4 M NaCl), respectively, SIt2-YFP and Hog1-YFP
translocate to the nucleus (86, 87). Accordingly, we used these conditions to

test and verify the functionality of our constructs. As expected, SIt2-YFP and
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Hog1-YFP showed clear nuclear localization under the respective stress
conditions (Figure 2.5C and D). In contrast, during mitophagy Hog1-YFP and
SIt2-YFP remained in the cytosol (Figure 2.5C and D). These results support
the hypothesis that both SIt2 and Hog1 might activate some unknown

cytoplasmic target to regulate mitophagy.

2.3.7 Atg32 recruitment to the PAS is perturbed in slt24, but not hog1A
mutants

The accumulation of the degrading portions of mitochondria at the PAS is
a significant step during mitophagy (78). We first confirmed this event with the
RFP-tagged mitochondria matrix protein Idh1 (Idh1-RFP) using GFP-Atg8 as
the PAS marker. After 2 h of nitrogen starvation, a portion of mitochondria was
located at the PAS (Figure 2.S2A).

Atg32, which functions as an organelle-specific marker, is delivered into
the vacuole together with mitochondria during mitophagy (60). In atg1A cells,
when the autophagic flux is completely blocked, a portion of GFP-Atg32
accumulates at the PAS, which localizes to the periphery of the vacuole in
nitrogen starvation conditions (59). The PAS-localized Atg32 indicates the
initiation of mitochondria-specific autophagosome (mitophagosome) formation.
To further investigate how SIt2 and Hog1 regulate mitophagy, we focused on
Atg32, which is the only known mitophagy receptor in yeast. We first examined
the protein level of Atg32 in slf2A and hog1A mutants during mitophagy and
found that the amount of the Atg32 protein was unaffected by either mutation
(unpublished data). Thus, we ruled out transcriptionnal control for this
mitochondria tag as being the explanation for the mitophagy defect.

As SIt2 and Hog1 are both involved in mitophagy, we asked whether
Atg32 recruitment to the PAS was disturbed in the slt2A or hog1A mutant.
In atg1A cells, GFP-Atg32 was present on mitochondria, but not at the PAS to

an appreciable extent in vegetative conditions (SML medium). GFP-Atg32
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accumulated at the PAS in ~45% (2 h) or 77% (4 h) of the atg71A cells in
nitrogen starvation conditions, whereas only 17% (2 h) or 37% (4 h) of the cells
displayed PAS-localized GFP-Atg32 in atg1A slt2A mutants (Figure 2.6).
Although mitophagy was severely blocked in hog1A cells, GFP-Atg32
accumulated at the PAS in 39% (2 h) or 68% (4 h) of atg1A hog1A cells, which
was almost similar to the extent of colocalization seen in atg1A cells (Figure
2.6). This result suggested a defect in mitochondrial recruitment to the PAS in

the slt2A, but not hog1A mutant.

2.3.8 The kinase activities of Pbs2 and Hog1l are required for mitophagy

Among the autophagy core machinery proteins identified, Atg9 is the only
transmembrane protein that is essential for the formation of autophagosomes.
Atg9 cycles between the PAS and peripheral sites (7, 88). In mammalian cells,
the MAPK p38, which is a homologue of Hog1, regulates autophagy by
affecting Atg9 movement (89). Therefore, we asked whether Hog1 in yeast
might also affect Atg9 cycling. Accordingly, we first investigated the retrograde
transport of Atg9 in the hog7A mutant. Like the wild-type cells, Atg9 displayed
multiple dots both in vegetative (SML) or nitrogen starvation (SD-N) conditions,
which indicated that Hog1 had no effect on Atg9 retrograde transport (Figure
2.7A). We then examined the anterograde transport of Atg9 by the TAKA
(transport of Atg9 after knocking out ATG1) assay (90). This is an epistasis
analysis that relies on the accumulation of Atg9 at the PAS in the atg1A mutant
background; mutants that are defective in anterograde movement of Atg9 to
the PAS do not accumulate the protein at this site when combined with
the atg71A mutation. However, Atg9 accumulated as a single dot in the atg14
hog1A mutant, similar to the result seen in the atg7A mutant (Figure 2.7B).
This result indicated that, unlike p38, Hog1 is involved in mitophagy through a
mechanism that does not affect Atg9 movement.

Next, we asked whether the kinase activities of Pbs2 and Hog1 are

necessary for mitophagy. As expected, introduction of the wild-type HOG1 and

20



PBS2 genes complemented the mitophagy defect in hog71A and pbs2A cells,
respectively (Figure 2.8A and B). In contrast, the kinase-dead mutants of Hog1
(K52R) and Pbs2 (K389R) were unable to recover mitophagy activity. Overall,
these results suggest that upon activation by Pbs2, Hog1 phosphorylates a
certain unidentified substrate(s), and that these signaling events play a
significant role in mitophagy.

As a final attempt to identify targets of these signaling pathways, we
examined whether the Hog1 and Slt2 kinases had any effect on the activity of
the Atg1 kinase. Atg1 autophosphorylation results in a molecular mass shift
that can be detected by SDS-PAGE (91). The slt2A and hog1A strains showed
the same shift in mass for HA-Atg1 as seen in the wild-type strain (Figure
2.S3A). We extended this analysis by examining Atg1 kinase activity using an
in vitro assay with myelin basic protein as a substrate (10). Atg1 kinase activity
was reduced in the absence of Atg13 as expected, but there was no change in
activity in the slt2A or hog1A mutants (Figure 2.S3B), in agreement with the
normal autophosphorylation activity. We then asked whether the absence of
Slt2 or Hog1 affected Atg13 phosphorylation; Atg13 is highly phosphorylated in
rich conditions, and partially dephosphorylated upon shift to nitrogen starvation
(92). Again, there was essentially no difference in the phosphorylation status of
Atg13 in the slt2A or hog1A mutants relative to the wild type (Figure 2.S3C).
Although the SIt2 and Hog1 kinases did not appear to affect the Atg1 or Atg13
proteins, we decided to examine the converse, and monitored the
phosphorylation of Slt2 and Hog1 in an atg71A strain. Slt2 and Hog1 were
phosphorylated after a 1- or 2-h shift to nitrogen starvation conditions,
respectively, in the atg7A strain, similar to the result seen in the wild type

(Figure 2.S3D).

2.4 Discussion
MAPK-signaling pathways comprise components that play major roles in

cellular metabolism and resistance to stress. The Slt2-signaling pathway
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participates in cell wall integrity, hypo-osmotic response, and ER stress and
inheritance regulation (76, 93, 94), whereas the Hog1 signaling pathway is
involved in hyper-osmotic response and the ER stress response (77, 87). In
this paper, we have shown that SIt2 and Hog1 are involved in mitophagy, as
both slt2A and hog1A cells showed severe defects in selective mitochondria
degradation. Furthermore, the analysis of upstream components indicates that
these kinases are involved in the Wsc1-Pkc1-Bck1-Mkk1/2-SIt2 and
Ssk1-Pbs2-Hog1 signal transduction pathways, respectively. Both SIt2 and
Hog1 are phosphorylated and remain in the cytosol during mitophagy, and
none of the known downstream transcriptional factors have any apparent role
in mitophagy. Bulk autophagy was unaffected in both s/t2A and hog1A cells,
indicating that these two signaling pathways do not act through the autophagy
core machinery or by affecting overall autophagic flux.

Atg32 acts as an organelle-specific tag, and is critical for the recognition of
mitochondria during mitophagy. Accordingly, the defect in Atg32 recruitment to
the PAS in slt2A cells may explain why mitochondria could not be recognized,
targeted, and transported to the PAS in the s/t2A mutant. This defect together
with the quick response of Slt2 phosphorylation suggested that a
Slt2-dependent signaling event might play an early role in mitophagy induction.
In contrast, no effect on Atg32 PAS localization in the hog7A mutant and a late
pattern of Hog1 phosphorylation might be due to a role of Hog1 in a relatively
late stage of mitophagy. Hog1-driven signaling was specific for mitophagy,
whereas Slt2 also participated in pexophagy. A role for SIt2 in pexophagy was
recently found by another group (95); however, in that paper, a mitophagy
defect was not detected in s/t2A cells, whereas pexophagy was completely
blocked, the latter being consistent with our results.

Both Hog1 and SIt2 were required for mitophagy, but only the latter for
pexophagy. One explanation for the apparently more stringent regulation of
mitophagy may be that mitochondria play a much more important role in

cellular physiology in S. cerevisiae. This organism has evolved such that its
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metabolism favors fermentation, and unlike Pichia pastoris or Hansenula
polymorpha it does not grow on methanol. Although S. cerevisiae can induce
peroxisomes when grown in media with oleic acid as the sole carbon source, it
otherwise retains relatively small numbers of this organelle. Accordingly, there
may be relatively fewer mechanisms for regulating peroxisome degradation.
The Hog1, and possibly SIt2, MAPK-signaling pathway is conserved from
yeast to mammals and its role in autophagy regulation also shows similarities,
to some extent; in mammalian cells, the MAPKs JNK1, PKC®, and p38
modulate autophagy (89, 96-99). Thus, the significant roles of SIt2 and Hog1 in
mitophagy reveal an evolutionarily conserved function of MAPKSs in autophagy

control.

2.5 Materials and methods

Strains, media, and growth conditions. Yeast strains used in this study
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 mitochondria proliferation, cells were grown in lactate
medium (YPL; 1% yeast extract, 2% peptone, and 2% lactate) or synthetic
minimal medium with lactate (SML; 0.67% yeast nitrogen base, 2% lactate,
and auxotrophic amino acids and vitamins as needed). Mitophagy was
induced by shifting the cells to nitrogen starvation medium with glucose (SD-N;
0.17% yeast nitrogen base without ammonium sulfate or amino acids, and 2%
glucose). For peroxisome induction, cells were grown in oleate medium (1%
oleate, 5% Tween 40, 0.25% yeast extract, 0.5% peptone, and 5 mM
phosphate buffer). Pexophagy was also triggered by transferring the cells to
SD-N.

Plasmids. pCuGFPAtg32(416) has been reported previously (59). In brief,
the gene encoding GFP was inserted into the Spel and Xmal restriction

enzyme sites of pCu(416) to generate pCuGFP(416) (11). Then the ATG32
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gene was amplified by PCR from the yeast genome and ligated into the EcoRI
and Sall sites of pCuGFP(416) to construct pCuGFPAtg32(416). For other
plasmids, we amplified the open reading frames along with 1 kb of upstream
genomic DNA of the SLT2, PBS2, and HOG1 genes by PCR, and introduced
the PCR fragments into pPDONR221 by recombination-based cloning using the
Gateway system (Invitrogen). The Hog1"**R and Pbs2"*®R kinase-dead alleles
were generated by site-directed mutagenesis of the entry vectors. After
sequencing, wild-type and kinase-dead alleles of HOG1 and PBS2 were
separately introduced into the pAG416-ccdB-TAP destination vector
(Addgene). Wild-type alleles of SLT2 and HOG1 were also introduced into the
pDEST-vYFP destination vector (100).

Other reagents. The anti-phospho-SIt2 (phospho-p44/42 MAPK) and
anti-phospho-Hog1 antibody (phospho-p38 MAPK) were from Cell Signaling
Technology.

Fluorescence microscopy. For fluorescence microscopy, yeast cells
were grown to ODgg ~0.8 in SML selective medium. Cells were shifted to
SD-N for nitrogen starvation, or to 39°C for heat shock stress, or 0.4 M NaCl
was added into the medium for hyper-osmotic stress. The samples were then
examined by microscopy (TH4-100, Olympus; or Delta Vision Spectris, Applied
Precision) using a 100x objective at 30°C and pictures were captured with a
CCD camera (CoolSnap HQ; Photometrics). The imaging medium was either
SML or SD-N, as indicated for each figure. For each microscopy picture, 15
Z-section images were captured with a 0.4-ym distance between two
neighboring sections. FM 4-64 (Invitrogen) was applied to stain the vacuolar
membrane. For quantification of GFP-Atg32 dots, the stack of Z-section
images was projected into a 2D image. Images were processed in Adobe
Photoshop and prepared in Adobe lllustrator.

Additional assays. The Pho8A60, Pex14-GFP processing, Om45-GFP
processing, mitoPho8A60 and Atg1 in vitro kinase assays were performed as

described previously (8, 68, 78, 90). For the alkaline phosphatase assay, two
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Asoo equivalents of yeast cells were harvested and resuspended in 100 pl lysis
buffer (20 mM Pipes, pH 7.0, 0.5%Triton X-100, 50 mM KCI, 100 mM
potassium acetate, 10 mM MgSQOy4, 10 uM ZnSO4, and 1 mM PMSF). The cells
were lysed by vortexing with glass beads for 5 min, 50 ul of extract was added
to 450 ul reaction buffer (250 mM Tris-HCI, pH 8.5, 0.4% Triton X-100, 10 mM
MgSOq4, and 1.25 mM nitrophenylphosphate), and samples were incubated for
15 min at 30°C before terminating the reaction by adding 500 pl of stop buffer
(2 M glycine, pH 11). Production of nitrophenol was monitored by measuring
the absorbance at 400 nm using a spectrophotometer (DU-640B; Beckman
Coulter), and the nitrophenol concentration was calculated using Beer’s law
with €400 = 18,000 M"cm™. Protein concentration in the extracts was
measured with the Pierce BCA assay (Thermo Fisher Scientific), and one

activity unit was defined as nmol nitrophenol/min/mg protein.
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Table 2.1 Yeast strain list

Name Genotype Reference
BY4742 MATa his3A leu2A lys2A ura3A Invitrogen
JGY134 [SEY6210 RFP-APE1::LEU2 ATG9-3xGFP::URA3 This study
SEY6210 RFP-APE1::LEU2 ATG9-3xGFP::URA3

JGY135 |atg1A::ble This study
SEY6210 pho8A::TRP1 pho13A::LEU2 pRS406-

KDM1003 |ADH1-COX4-pho8A60 mkk1A::HIS5 mkk2A::KAN This study
SEY6210 pho8A::TRP1 pho13A::LEU2 pRS406-

KDM1005 |JADH1-COX4-pho8A60 pbs2A::KAN This study
SEY6210 pho8A::TRP1 pho13A::LEU2 pRS406-

KDM1008 |ADH1-COX4-pho8A60 sit2A::KAN This study
SEY6210 pho8A::TRP1 pho13A::LEU2 pRS406-

KDM1015 |ADH1-COX4-pho8A60 hog1A::HIS5 This study
SEY6210 pho8A::TRP1 pho13A::LEU2 pRS406-

KDM1021 |ADH1-COX4-pho8A60 ssk1A::ble This study
SEY6210 pho8A::TRP1 pho13A::LEU2 pRS406-

KDM1022 |ADH1-COX4-pho8A60 sho1A::ble This study
SEY6210 pho8A::TRP1 pho13A::LEU2 pRS406-

KDM1023 |ADH1-COX4-pho8A60 wsc1A::ble This study
SEY6210 pho8A::TRP1 pho13A::LEU2 pRS406-

KDM1025 |JADH1-COX4-pho8A60 sit2A::KAN hog1A::HIS5 This study

KDM1101 SEY6210 PEX14-GFP::KAN slt2A::URA3 This study

KDM1102 SEY6210 PEX14-GFP::KAN hog1A::URA3 This study

KDM1203 [SEY6210 atg1A::HIS5 slt2A::ble This study
SEY6210 RFP-APE1::LEU2 ATG9-3xGFP::URA3

KDM1207 |hog1A::KAN This study

KDM1211 SEY6210 atg1A::HIS5 hog1A::ble This study
SEY6210 RFP-APE1::LEU2 ATG9-3xGFP::URA3

KDM1212 |atg1A::ble hog1A::KAN This study

KDM1213 [SEY6210 slt2A::HIS5 This study

KDM1214 |[SEY6210 hog1A::HIS5 This study

KDM1217 [SEY6210 HOG1-GFP::HIS5 This study

KDM1218 [SEY6210 SLT2-GFP::HIS5 This study
SEY6210 OM45-GFP::TRP1 mkk2A::KAN

KDM1303 |mkk1A::HIS5 This study

KDM1305 [SEY6210 OM45-GFP::TRP1 slt2A::KAN This study

KDM1307 [SEY6210 OM45-GFP::TRP1 hog1A::KAN This study

KDM1309 [SEY6210 OM45-GFP::TRP1 pbs2A::KAN This study

KDM1403 [SEY6210 pho13A pho8A60::HIS3 hog1A::KAN This study

KDM1401 [SEY6210 pho13A pho8A60::HIS3 slt2A::URA3 This study
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KDM2009 [BY4742 OM45-GFP::HIS3 pkc1-2::KAN This study
KDM2011 [BY4742 OM45-GFP::HIS3 pkc1-1::KAN This study
KDM2010 [BY4742 OM45-GFP::HIS3 pkc1-3::KAN This study
KDM2012 [BY4742 OM45-GFP::HIS3 pkc1-4::KAN This study
KDM2023 BY4742 OM45-GFP::HIS3 This study
KDM2024 [BY4742 OM45-GFP::HIS3 wsc1A:KAN This study
KDM2025 [BY4742 OM45-GFP::HIS3 wsc2A::KAN This study
KDM2026 [BY4742 OM45-GFP::HIS3 wsc3A::KAN This study
KDM2027 [BY4742 OM45-GFP::HIS3 wsc4A::KAN This study
KDM2028 BY4742 OM45-GFP::HIS3 mid2A::KAN This study
KDM2029 BY4742 OM45-GFP::HIS3 mti1A::KAN This study
KDM2030 [BY4742 OM45-GFP::HIS3 rim1A::KAN This study
KDM2031 [BY4742 OM45-GFP::HIS3 swidA::KAN This study
KDM2032 [BY4742 OM45-GFP::HIS3 swibA::KAN This study
KDM2033 [BY4742 OM45-GFP::HIS3 sko1A::KAN This study
KDM2034 BY4742 OM45-GFP::HIS3 smp1A::KAN This study
KDM2035 [BY4742 OM45-GFP::HIS3 hot1A::KAN This study
KDM2036 BY4742 OM45-GFP::HIS3 sin1-ts::KAN This study
SEY6210 pho8A::TRP1 pho13A::LEU2
KWY20 |pRS406-ADH1-COX4-pho8A60 (78)
SEY6210 pho8A::TRP1 pho13A::LEU2
KWY22 |pRS406-ADH1-COX4-pho8A60 atg32A::KAN (78)
SEY6210 pho8A:: TRP1 pho13A::LEU2
KWY33 |pRS406-ADH1-COX4-pho8A60 bck1A:KAN (78)
KWY51 [SEY6210 OM45-GFP::TRP1 bck1A::KAN (78)
MATa ura3-52 leu2-3,112 his3-A200 trp1-A901
SEY6210 |lys2-801 suc2-A9 mel GAL (101)
TKYM130 [SEY6210 OM45-GFP::TRP1 atg32A::URA3 (78)
TKYM22 |SEY6210 OM45-GFP:: TRP1 (58)
TKYM67 |SEY6210 PEX14-GFP::KAN (58)
TKYM72 [SEY6210 PEX14-GFP::KAN atg1A::HIS5 (58)
TKYM203 [SEY6210 atg1A::HIS5 IDH1-RFP::KAN (59)
UNY29 [SEY6210 atg13A::KAN atg1A::HIS5 This study
WHY001 [SEY6210 atg1A::HIS5 (56)
WLY176 [SEY6210 pho134 pho8A60::HIS3 (59)
WLY192 [SEY6210 pho13A::KAN pho8A60::URA3 atg1A::HIS5|  (59)
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Figure 2.1 SIt2 is involved in mitophagy and pexophagy, but not bulk
autophagy or the Cvt pathway.

(A) The SIt2 MAPK pathway.

(B) Om45-GFP processing is blocked in bck1A, mkk1/24A, and slt2A
mutants. OM45 was chromosomally tagged with GFP in the wild-type
(TKYM22), atg32A (TKYM130), bck1A (KWY51), mkk1A mkk2A (KDM1303),
and s/t2A (KDM1305) strains. Cells were cultured in YPL to mid-log phase,
then shifted to SD-N and incubated for 6 h. Samples were taken before (+) and
after (-) starvation. Immunoblotting was done with anti-YFP antibody and the
positions of full-length Om45-GFP and free GFP are indicated. Anti-Pgk1 was
used as a loading control.

(C) Om45-GFP processing is blocked in pkc1 mutants. Om45-GFP processing
was examined in wild-type (KDM2023), pkc1-1(KDM2011), pkc1-2
(KDM2009), pkc1-3 (KDM2010), and pkc1-4 (KDM2012) strains. Cells were
cultured in YPL at 24°C to mid-log phase. For each strain, the culture was then
divided into two parts. Both were shifted to SD-N and one half was incubated
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for 6 h at 24°C while the other was shifted to 35°C. Protein extracts were
probed with anti-YFP antibody.

(D) MitoPho8AG0 activity is reduced in Slt2 pathway mutants. Wild-type
(KWY20), atg324A (KWY22),bck1A (KWY33), mkk1/2A (KDM1003), and slt2A
(KDM1008) cells were cultured as in A. The mitoPho8A60 assay was
performed as described in Materials and methods. Error bars, standard
deviation (SD) were obtained from three independent repeats.

(E) The Pho8A60 activity (nonspecific autophagy) is unaffected in
the slt2A mutant. Wild-type (WLY176), atg1A (WLY192), and s/t2A (KDM1401)
cells were cultured as in A, but the time of incubation in SD-N was reduced to 2
h. The Pho8AG0 assay was performed as described in Materials and methods.
Error bars, SD were obtained from three independent repeats.

(F) The Cvt pathway is unaffected in the slf2A mutant. Wild-type
(SEY6210), atg1A (WHY001), and s/t2A (KDM1213) cells were cultured in
YPD to mid-log phase, then shifted to SD-N and incubated for 1 h. Samples
were taken before and after nitrogen starvation. Immunoblotting was done with
anti-Ape1 antibody and the positions of precursor Ape1 and mature Ape1 are
indicated.

(G) Pex14-GFP processing is blocked in the slt2A mutant. PEX14 was
chromosomally tagged with GFP in wild-type (TKYMG7), atg1A (TKYM72),
and s/t2A (KDM1101) strains. Cells were grown in oleic acid—containing
medium for 19 h and shifted to SD-N for 4 h. Samples were taken before and
after nitrogen starvation. Immunoblotting was done with anti-YFP antibody and
the positions of full-length Pex14-GFP and free GFP are indicated. Anti-Pgk1
was used as a loading control.
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Figure 2.2 Hogl is involved in mitophagy, but not other types of
autophagy.

(A) Om45-GFP processing is blocked in pbs2A and hog1A mutants. Om45-
GFP processing was tested in wild-type (TKYM22), atg32A (TKYM130),
pbs2A (KDM1309), and hog1A (KDM1307) cells with the methods described
in Figure 2.1B.

(B) MitoPho8A60 activity is reduced in hog71A and pbs2A mutants. The
mitoPho8AGO activity was examined in wild-type (KWY20), atg32A (KWY22),
pbs2A (KDM1005), and hog1A (KDM1015) cells as in Figure 2.1D. Error bars,
SD were obtained from three independent repeats.

(C) The Pho8A60 activity is unaffected in the hog1A mutant. The Pho8A60
assay was performed in wild-type (WLY176), atg1A (WLY192), and hog1A
(KDM1403) cells as in Figure 2.1E. Error bars, SD were obtained from three
independent repeats.

(D) The Cvt pathway is unaffected in the hog7A mutant. Maturation of prApe1
was examined in wild-type (SEY6210), hog1A (KDM1214), and atg1A
(WHYO001) cells as in Figure 2.1F.

(E) Pex14-GFP processing is unaffected in the hog1A mutant. Pex14-GFP
processing was examined in wild-type (TKYMG67), hog1A (KDM1102), and
atg1A (TKYM72) cells as in Figure 2.1G.
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Figure 2.3 Wscl and Ssk1 are required for mitophagy.

(A) Om45-GFP processing is blocked in wsc1A cells but not other mutants
lacking cell surface sensors. Om45-GFP processing was tested in wild-type
(KDM2023), wsc1A (KDM2024), wsc2A (KDM2025), wsc34 (KDM2026),
wsc4A (KDM2027), mid2A (KDM2028), and mtl1A (KDM2029) cells as in
Figure 2.1B. Protein extracts were probed with anti-YFP antibodies and
anti-Pgk1 as a loading control.

(B) Om45-GFP processing remains normal in rim1A (KDM2030), swi4A
(KDM2031), swi6A (KDM2032), sko1A (KDM2033), hot1A (KDM2035), and
smp1A (KDM2034) mutants. Protein extracts were probed as in A.

(C) The mitoPho8A60 activity is reduced in wsc1A (KDM1023) and ssk1A
(KDM1021) mutants but not in the sho1A (KDM1022) mutant. Error bars, SD
were obtained from three independent repeats.
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Figure 2.4 Mitophagy in post-log phase requires Slt2 and Hog1 signaling.
(A) MitoPho8A60 activity is reduced in slt2A, hog1A, and hog1A slt2A mutants
in post-log phase mitophagy. Wild-type (KWY20), atg32A (KWY22), slt2A
(KDM1008), hog1A (KDM1015), and hog1A slt2A (KDM1025) cells were
cultured in lactate medium to log phase and the cells were grown for another
12, 24, and 36 h. Samples were collected at each time point. The
mitoPho8A60 assay was performed as described in Materials and methods.
Error bars, SD were obtained from three independent repeats.

(B) MitoPho8A60 activity is reduced in thehog1A slt2A double mutant in
nitrogen starvation—induced mitophagy conditions. The mitoPho8A60 assay
was performed in wild-type (KWY20), atg32A(KWY22), and hog1A slt2A
(KDM1025) cells as in Figure 2.1E.
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Figure 2.5 Hog1l and Slt2 are activated and remain in the cytosol during
mitophagy.

(A and B) SLT2 or HOG1 were chromosomally tagged with GFP. SLT2-GFP
(KDM1218) or HOG1-GFP (KDM1217) cells were cultured in YPL to mid-log
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phase and shifted to SD-N for the indicated times. Samples were taken before
(+) and at the indicated times after (-) nitrogen starvation. Immunoblotting was
done with anti-phospho-Sit2 antibody in A, anti-phospho-Hog1 antibody in B,
or anti-YFP antibody in both A and B.

(C and D) Cells (SEY6210) transformed with plasmids encoding either
Hog1-YFP or SIt2-YFP were cultured in SML to mid-log phase and shifted to
SD-N for the indicated times, or cultured at 39°C for SIt2-YFP in C or treated
with 0.4 M NaCl for Hog1-YFP in D. Samples were taken after each specific
treatment, fixed, stained with DAPI to mark the nucleus, and observed by
fluorescence microscopy. Representative pictures from single Z-section
images are shown. DIC, differential interference contrast. Bars, 2.5 ym.
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Figure 2.6 Recruitment of Atg32 to the PAS is defective in the slt24, but
not the hog1A mutant.

(A) Plasmid-driven GFP-Atg32 was transformed into atg1A (WHYQ001), atg1A
slit2A (KDM1203), and atg1A hog1A (KDM1211) strains. Cells were grown to
mid-log phase in SML, shifted to SD-N for 2 or 4 h, and stained with FM 4-64 to
mark the vacuole. Representative pictures from single Z-section images are



shown. DIC, differential interference contrast. Bars, 2.5 um.

(B) Quantification of Atg32 PAS localization. 12 Z-section images were
projected and the percentage of cells that contained at least one GFP-Atg32
dot on the surface of the vacuole was determined. The SD was calculated from
three independent experiments.
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Figure 2.7 Atg9 movement is unaffected in the hog14 mutant.

(A and B) The localization of Atg9-3xGFP was tested in wild-type (JGY134)
and hog1A (KDM1207) strains (A) and atg1A (JGY135) and atg7A hog1A
(KDM1212) strains (B). Cells were cultured in growing (YPL medium)
conditions and shifted to nitrogen starvation medium (SD-N) for 2 h. Cells were
fixed and observed by fluorescence microscopy. Representative pictures from
single Z-section images are shown. DIC, differential interference contrast. Bars,
2.5 um.
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Figure 2.8 Kinase-dead mutants of Hogl and Pbs2 have defects in
mitophagy.

(A) The hog1A (KDM1307) or (B) pbs2A (KDM1309) cells were transformed
with empty vector or a plasmid encoding either (A) wild-type (WT) Hog1 or a
kinase-dead mutant (K52R), or (B) with empty vector or a plasmid encoding
either wild-type Pbs2 or a kinase-dead mutant (K389R). (A and B) Om45-GFP
processing was examined as described in Materials and methods.
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Figure 2.S1. SInlis required for efficient mitophagy.

(A) OM45 was chromosomally tagged with GFP in the wild-type (TKYMZ22),
sin1-ts (KDM2036), and atg32A (TKYM130) strains. Cells were cultured in YPL
to mid-log phase, then shifted to SD-N and incubated for 6 h. Samples were
taken before (+) and after (-) starvation. Immunoblotting was done with
anti-YFP antibody and the positions of full-length Om45-GFP and free GFP are
indicated.

(B) The SIn1 branch of the Hog1 pathway.
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Figure 2.S2 A portion of the total mitochondria population accumulates
at the PAS under mitophagy-inducing conditions.

(A) Idh1-RFP colocalized with GFP-Atg8 during mitophagy. IDH1-RFP atg1A
(TKYM203) cells transformed with a plasmid expressing GFP-Atg8 were
cultured in SML to mid-log phase and shifted to SD-N. Samples were taken
after 2 h culturing in SD-N and observed by fluorescence microscopy. White
arrowheads mark mitochondria that overlap with GFP-Atg8. Representative
pictures from single Z-section images are shown.

(B) The atg1A (WHYO001) cells transformed with plasmids encoding CFP-Atg8
and GFP-Atg32 were cultured in SML to mid-log phase and shifted to SD-N.
Samples were taken after 2 h culturing in SD-N and observed by fluorescence
microscopy. Representative pictures from single Z-section images are shown.
Bars, 2.5 um.
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Figure 2.S3 Slt2 and Hog1 regulate mitophagy independent of the Atg1-
Atgl3 complex.

(A) Slt2 and Hog1 have no effect on Atg1 phosphorylation. Wildtype
(SEY6210), slt2zA (KDM1213), and hog1A (KDM1214) cells transformed with
plasmid encoding HA-Atg1 were cultured in SML to mid-log phase and shifted
to SD-N. Samples were collected before or at 1 or 2 h after nitrogen starvation.
Immunoblotting was done with anti-HA antibody.

(B) Slt2 and Hog1 have no effect on Atg1 kinase activity. The atg714A (WHY001),
atg1A slt2A (KDM1203), atg1A hog1A (KDM1211), and atg1A atg13A (UNY29)
cells transformed with protein A—tagged Atg1 (PA-Atg1) were cultured in SML
medium to mid-log phase and shifted to SD-N for 2 h. PA-Atg1 from the
indicated strains was immunoprecipitated with IgG sepharose. MBP was used
as substrate in an in vitro kinase assay with immunoprecipitated PA-Atg1 from
different mutant cells. Phosphorylated MBP was detected by autoradiography
and the protein input was shown by immunoblot; the molecular mass indicated
is approximate.

(C) Wild-type (SEY6210), slt2A (KDM1213), and hog1A (KDM1214) cells
transformed with a plasmid encoding HA-Atg13 were treated as in (A).

kD
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Immunoblotting was performed with anti-HA antibody.

(D) Atg1 has no effect on the phosphorylation of Slt2 and Hog1. Wild-type
(SEY6210), atg14 (WHY001), s/t2A (KDM1213), and hog1A (KDM1214) cells
were treated as in A. Immunoblotting was done with anti-phospho-Sit2 or

anti-phospho-Hog1 antibodies.

43



Chapter 3
The scaffold protein Atgll recruits fission machinery to drive selective

mitochondria degradation by autophagy?

3.1 Abstract

As the cellular power plant, mitochondria play a significant role in
homeostasis. To maintain the proper quality and quantity of mitochondria
requires both mitochondrial degradation and division. A selective type of
autophagy, mitophagy, drives the degradation of excess or damaged
mitochondria, whereas division is controlled by a specific fission complex;
however, the relationship between these two processes, especially the role of
mitochondrial fission during mitophagy, remains unclear. In this study, we
report that mitochondrial fission is important for the progression of mitophagy.
When mitophagy is induced, the fission complex is recruited to the degrading
mitochondria through an interaction between Atg11 and Dnm1; interfering with
this interaction severely blocks mitophagy. These data establish a paradigm for

selective organelle degradation.

3.2 Introduction

Mitochondria are double-membrane-bound organelles that play significant
roles in a variety of cellular metabolic reactions. This organelle is central to
cellular physiology, supplying energy and certain metabolites, but it also
generates harmful reactive oxygen species. Thus, mitochondrial homeostasis
must be maintained, which can be a costly process. As a result, cells degrade
superfluous, or extensively damaged, mitochondria; however, this is a

considerable structural challenge considering the extended, reticular nature of

2 Originally published in Developmental Cell (2013; 26(1):9-18) with authors
listed as Kai Mao, Ke Wang, Xu Liu, and Daniel J. Klionsky.
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this organelle. Constitutive mitochondrial fusion and fission, as well as
biogenesis and degradation, make the mitochondria highly dynamic. In the
budding yeast Saccharomyces cerevisiae, a complex containing Fis1, Dnm1,
Mdv1 and Caf4 controls the fission of mitochondria, whereas fusion is
regulated by the action of Fzo1, Ugo1 and Mgm1 (102). The degradation of
mitochondria is mediated by mitophagy, a selective type of macroautophagy
(hereafter autophagy). The study of mitophagy has attracted increasing
attention in recent years; this process plays significant roles in various aspects
of normal physiology such as the removal of mitochondria during the
maturation of erythroid cells, whereas its dysfunction is associated with certain
pathophysiologies such as Wolfram Syndrome 2 and Parkinson disease
(59-61, 63, 103-106).

Autophagy functions as a lysosome/vacuole-dependent mechanism for
the degradation of damaged or obsolete proteins and organelles, and can
occur in either nonselective or selective modes. Nonselective autophagy
functions to sequester bulk cytoplasm into double-membrane vesicles, termed
autophagosomes, which are then transported to the lysosome/vacuole where
the cargo is degraded (47). In contrast, selective autophagy targets specific
proteins or organelles as cargos, such as peroxisomes (pexophagy) and
mitochondria. In the case of selective autophagy, a general model has been
established in which a ligand on the target interacts with a specific receptor;
the receptor in turn binds a scaffold protein, which links the cargo-receptor
complex with the autophagy machinery (107). For example, in yeast mitophagy,
Atg32 is a mitochondrial protein that serves as a selective receptor (a ligand, if
one exists, has not been identified), which binds the Atg11 scaffold. Atg11 is
needed for subsequent engagement of the mitochondria with Atg8—PE, which
lines the initial sequestering compartment, the phagophore. Due to its
potentially large size, one key question with regard to mitophagy concerns the
role of mitochondrial fission. Work in mammalian cells suggests that

mitochondrial fission facilitates the process of mitophagy (64, 108); however, it

45



is not clear whether these two processes occur independently, or whether they
function in a coordinated manner.

Here, we show that the Atg32-Atg11 interaction marks degrading
mitochondria. Furthermore, Dnm1 is recruited to these mitochondria through
an interaction with Atg11. When Dnm1 loses its interaction with Atg11, the
degradation of mitochondria is severely blocked. These results support the
hypothesis that mitochondrial fission machinery participates in, and facilitates,
mitochondrial division in an early step of mitophagy, and indicate that Atg11
plays a unique role as a scaffold that recruits the fission components in

addition to its role in connecting the target with the autophagic machinery.

3.3 Results
3.3.1 The mitochondrial fission complex is required for mitophagy

In our recent genome-wide yeast mutant screen for mitophagy-defective
strains, we found that DNM1, a gene encoding a dynamin-related GTPase
required for mitochondrial fission, is required for efficient mitophagy (78). In
Saccharomyces cerevisiae, the mitochondrial fission complex consists of four
components, Fis1, Dnm1, Mdv1 and Caf4. Fis1 is a conserved integral
membrane protein and is required for the proper localization of Dnm1 and
Mdv1 on mitochondria (109-111). Dnm1 assembles specifically at the sites
where mitochondrial fission occurs (112). Mdv1 and Caf4 redundantly bridge
the interaction between Fis1 and Dnm1 (109, 113). Although Fis1 is distributed
evenly on mitochondria, Dnm1 and Mdv1 show colocalized puncta on
mitochondrial tubules, and it is thought that those puncta are the sites where
mitochondrial division takes place. We first sought to determine whether all
four of the corresponding gene products are involved in mitophagy.

In Saccharomyces cerevisiae, mitochondria proliferate when cells are
cultured in a non-fermentable carbon source, such as lactic acid or glycerol.
When these cells are subjected to conditions of nitrogen starvation in the

presence of a fermentable carbon source, such as glucose, mitophagy is
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induced to degrade the excess mitochondria (58). We examined the activity of
mitophagy in the absence of DNM1, FIS1, MDV1 or CAF4, using an enzymatic
assay in which a mitochondrially-targeted zymogen, mitoPho8A60, is activated
following mitophagic delivery to the vacuole (78). PHOS8 encodes an alkaline
phosphatase that is transported to the vacuole via the ALP pathway (80).
Pho8A60, a mutant form of Pho8 in which the N-terminal 60 amino acids
including the transmembrane domain have been removed, localizes to the
cytoplasm and is unable to be transported to the vacuole through the ALP
pathway. We fused cytochrome c¢ oxidase subunit IV (Cox4) with Pho8A60 and
named the fusion protein mitoPho8AG0. This fusion protein is localized on
mitochondria and its transport to the vacuole, which results in enzyme
activation, is dependent on mitophagy (78). Therefore, calculating the
phosphatase activity of mitoPho8A60 can be used to monitor mitophagy
activity. We found that mitophagy was severely blocked in dnm71A and fis1A
cells, partially blocked in mdv1A cells, and essentially normal in caf4A cells
(Figure 3.1). Previous work implied a redundant function for Mdv1 and Caf4,
with Mdv1 being more important than Caf4 in mitochondrial fission (114).
Accordingly, we examined the mdv1A caf4A double-deletion mutant, which
showed a strong defect in mitophagy, similar to dnm1A and fis1A (Figure 3.1).
These results suggest that the intact mitochondrial fission machinery is
required for mitophagy.

Previously, it was reported that mitochondrial fission is not required for
rapamycin-induced mitophagy (115). In this study, the diminished mitophagy
activity in fis1A cells is reported to be due to a secondary mutation in the WHI2
gene. Therefore, we tested mitophagy activity in whi2A cells using the
mitoPho8A60 assay. Mitophagy activity in whi2A cells was essentially identical
to that of the isogenic wild-type cells (Figure 3.1). The discrepancy between
our results and those of Mendl et al. may be due to the different methods used
to induce mitophagy. In the previous study, yeast cells were cultured in

medium containing glycerol, and mitophagy was induced by the addition of
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rapamycin; however, these conditions require 24 h of drug treatment to induce
a high level of mitophagy. In our study, mitochondrial proliferation was
achieved by growth in lactic acid, and mitophagy was induced by nitrogen
starvation in the presence of glucose; a similar level of mitoPho8AGO activity
was detected in the wild-type and whi2A strains within 6 h. In general, nitrogen
starvation induces a substantially stronger response than treatment with

rapamycin.

3.3.2 The Atg32-Atgll interaction marks degrading mitochondria during
mitophagy

Mitochondrial fission is proposed to occur on mitochondrial termini (113),
which may therefore represent a very early stage of mitophagy. Thus, the first
requirement was to identify a marker that would enable us to specifically
identify mitochondria destined for degradation. Previously, others and we
showed that Atg32 and Atg11 directly participate in an early event of mitophagy
(59, 60, 116, 117). When mitophagy is induced, Atg32 recruits Atg11 to the
mitochondria, and their interaction is required for the delivery of mitochondria
to the phagophore assembly site (PAS), the location of autophagosome
formation, and eventually into the vacuole for degradation. In mammalian cells,
PARK2/Parkin is recruited to, and thereby selectively marks, depolarized
mitochondria (103); in yeast, however, Atg32 is evenly distributed on the
mitochondrial tubules, even though only a relatively small portion of the total
mitochondrial population will ultimately be degraded (118). Therefore, Atg32
alone cannot serve as the sole marker of the degrading mitochondria.

We took advantage of the bimolecular fluorescence complementation
(BiFC) assay (119), in which the Venus yellow fluorescent protein (VYFP) is
split into two fragments, VN (N terminus of vYFP) and VC (C terminus of vYFP);
we fused VN to Atg32, and VC to Atg11 by integrating the corresponding
constructs at the chromosomal ATG32 and ATG1717 loci. Fluorescence from

these chimeras can only be observed when the two proteins interact and bring
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the two fluorophore fragments into close proximity. We tested the
VN-Atg32-VC-Atg11 interaction in both growing (YPL) and mitophagy-inducing
(SD-N) conditions. When expressing both VN-Atg32 and VC-Atg11, ~9% of the
cells showed vYFP dots in growing conditions; however, when mitophagy was
induced, ~42% of the cells displayed VYFP dots, indicating the colocalization of
these two proteins (Figure 3.2A and B). In contrast, neither VN-Atg32 in
combination with another autophagy-related protein fusion construct, Atg9-VC,
nor a different chimera containing the OM45 mitochondrial outer membrane
protein fused to VN (OM45-VN) in combination with VC-Atg11, generated
fluorescent puncta in either growing or mitophagy-inducing conditions (Figure
3.2A). These results were consistent with our previous report that the
interaction of Atg32 and Atg11 is enhanced when mitophagy is induced (59).
The chimeric constructs were stable under mitophagy-inducing conditions and
did not show an appreciable change in protein level, indicating that the
appearance of the fluorescent dots reflected colocalization, and was not due to
a change in protein concentration (Figure 3.S1B).

We next asked whether the VN-Atg32-VC-Atg11 BiFC fluorescent puncta
(hereafter, 32-11 dots) represented degrading mitochondria. We first examined
the activity of mitophagy in the presence of the fusion proteins VN-Atg32 and
VC-Atg11. Wild-type and VN-Atg32-VC-Atg11 cells were grown in a
non-fermentable carbon source, then shifted to SD-N to induce mitophagy. The
mitoPho8AGO activity of VN-Atg32-VC-Atg11 cells was similar to that of
wild-type cells, which indicated that mitophagy occurred normally when Atg32
and Atg11 were fused with VN and VC, respectively (Figure 3.S1C). The
atg32A strain served as a negative control, and displayed only a background
level of activity. Second, we stained the mitochondria with MitoTracker Red
dye and examined the localization of the 32-11 dots relative to the organelle.
When mitophagy was induced following a 30 min shift to SD-N, most of the
32-11 dots were localized on the mitochondrial reticulum (Figure 3.S1D).

Subsequently, we used the FM 4-64 dye to mark the vacuole. Immediately
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after the shift to SD-N, no 32-11 dots were detected in proximity to the vacuole
(data not shown). Within 1 h after mitophagy induction, however, we detected
32-11 dots localized close to the vacuole limiting membrane (Figure 3.S1E);
this perivacuolar location likely corresponds to the PAS. Finally, by 6 h after
shifting to SD-N, very few 32-11 dots could be detected in wild-type cells;
however, atg7A mutant cells that are defective in mitophagy continued to
accumulate 32-11 dots, which indicated that the degradation of mitochondria
marked by the VN-Atg32-VC-Atg11 BiFC interaction was dependent on an
intact autophagy pathway (Figure 3.S1F and G). Therefore, based on the
observations that 1) VN-Atg32 and VC-Atg11 are functional fusion proteins; 2)
32-11 dots localized on mitochondria shortly after inducing mitophagy; 3) at a
later time point, the 32-11 dots subsequently showed a vacuole-peripheral PAS
localization; and 4) the loss of the 32-11 signal was dependent on autophagy,
we concluded that the 32-11 dots were an appropriate marker to monitor
degrading mitochondria.

In order to clarify the sequential steps of mitophagy, we used a plasmid
containing Mito-RFP and CellTracker Blue CMAC dye to mark the
mitochondria and vacuole lumen, respectively, which enabled us to observe
both organelles and determine the localization of the 32-11 signal. In growing
conditions, when mitophagy was not induced, very few 32-11 dots were
detected, which was defined as Stage 0 (Figure 3.2C, row 1). After a short time
of starvation (10 to 30 min), when mitophagy was initiated, 32-11 puncta were
formed on the mitochondrial reticulum, which was defined as Stage 1 (Figure
3.2C, rows 2 and 3). After longer times of starvation (approximately 40 to 60
min), even though most of the 32-11 puncta were still localized on the
mitochondrial reticulum, some of the puncta were detected in proximity to the
vacuole, which corresponded to the presence of mitophagosomes. We defined
this step as Stage 2 (Figure 3.2C, row 4). The earliest we were able to detect
the VYFP signal in the vacuole was after approximately 50 min starvation, and

the RFP signal was also seen in the vacuole at this time, which suggested the

50



degradation of mitochondria in the vacuole lumen. We defined this step as

Stage 3 (Figure 3.2C, rows 5 and 6).

3.3.3 Dnm1l is recruited to the degrading mitochondria through its
interaction with Atg1l

Dnm1 assembles specifically at the sites where mitochondrial fission
occurs. Therefore, we next asked whether Dnm1 accumulated on the
degrading mitochondria, which were marked by 32-11 dots. Accordingly, we
chromosomally tagged Dnm1 with mCherry and examined its localization
together with the 32-11 dots. Several Dnm1-mCherry puncta that colocalized
with 32-11 dots were seen when mitophagy was induced by nitrogen starvation,
and this colocalization occurred on the mitochondrial reticulum, which was
marked by Mito-BFP (Figure 3.3A). We also chromosomally tagged Mdv1 and
Caf4 with mCherry. Similar to Dnm1-mCherry, both Mdv1-mCherry and
Caf4-mCherry were colocalized with 32-11 dots (Figure 3.S2A and B).

Based on these observations, we hypothesized that there were two
groups of Dnm1, one of them assembling on the mitochondria destined for
degradation in order to promote mitophagy-specific fission, with the other
functioning in the normal process of constitutive mitochondrial division. A key
question with regard to this first population would be the mechanism through
which Dnm1 can be specifically recruited to sites that correspond to
mitochondria that are destined for degradation. We hypothesized that Atg32 or
Atg11 might be able to interact with Dnm1, Fis1, Mdv1 and/or Caf4. To
determine whether Atg32 or Atg11—which we just showed mark this
population of mitochondria—played a role in Dnm1 localization, we
constructed eight strains expressing different combinations of Atg11, Atg32
and the fission machinery components as BiFC chimeras: VC-Atg11
co-expressed with Dnm1-VN, VN-Atg11 with VC-Fis1, VC-Atg11 with Mdv1-VN,
VC-Atg11 with Caf4-VN, VN-Atg32 with Dnm1-VC, VN-Atg32 with VC-Fisf1,
VN-Atg32 with Mdv1-VC, and VN-Atg32 with Caf4-VC; we used the BiFC
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assay to test the interactions of these chimeric pairs. All eight strains were
tested in both growing (YPL) and mitophagy-inducing (SD-N) conditions. The
fluorescent signal could only be observed in cells expressing VC-Atg11 and
Dnm1-VN or VN-Atg11 and VC-Fis1 (Figure 3.S2C). The chimeric constructs
were stable and did not change in expression level during the course of the
analysis, indicating that the fluorescent signals reflected protein localization
rather than changes in protein concentration (Figure 3.S2D).

To extend our analysis, we then examined where the interactions occurred.
Therefore, we stained the mitochondria with MitoTracker Red dye and
examined the localization of the Atg11-Dnm1 and Atg11-Fis1 dots relative to
the organelle. Atg11-Fis1 dots were localized on the mitochondrial reticulum in
both growing and starvation conditions (Figure 3.3B). However, in VC-Atg11
Dnm1-VN cells, although Atg11-Dnm1 dots were observed on the
mitochondrial reticulum, the mitochondrial morphology was abnormal, which
resembled that in dnm17A cells. It was reported that the BiFC assay allows the
detection of weak and transient interactions, but that these interactions are
stabilized by the formation of an intact YFP. Thus, we considered that the
stabilized binding of VC-Atg11 and Dnm1-VN prevented the free Dnm1, which
functions as an oligomer, from participating in the normal process of
constitutive mitochondrial fission. Therefore, in order to provide additional free
Dnm1 in the cells, we either transformed a plasmid harboring Dnm1-3HA into
the VC-Atg11 VN-Dnm1 cells or a plasmid harboring Dnm1-VN into the
chromosomally integrated VC-Atg11 cells. In both cases, the mitochondrial
morphology was normal and the Atg11-Dnm1 dots were localized on the
mitochondrial reticulum (Figure 3.3B).

To further demonstrate the existence of two different populations of Dnm1,
one of which interacted with Atg11, we asked whether the localization of Dnm1
was affected when Atg11 or Atg32 was absent. Accordingly, we chromosomally
tagged Dnm1 with GFP in wild-type, atg11A and atg32A cells, and tracked the

mitochondria with a plasmid-driven Mito-RFP. In both growing and nitrogen
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starvation conditions, the cellular pattern of Dnm1-GFP and mitochondrial
morphology was normal in either atg71A or atg32A cells, which suggested that
neither Atg11 nor Atg32 would affect the function of the normal mitochondrial
fission machinery (Figure 3.S2E). We also noticed that even though many
Dnm1-GFP puncta were detected in each cell (Figure 3.S2E), only a few
Dnm1-Atg11 interacting dots were formed (Figure 3.3B), which also supported
our hypothesis that there were two different population of Dnm1. To directly
observe these two groups of Dnm1, we generated a yeast strain with VC-Atg11
and Dnm1-mCherry on the genome and transformed these cells with a plasmid
harboring Dnm1-VN. The Dnm1 puncta corresponded to an oligomeric mixture
of both Dnm1-mCherry and Dnm1-VN, and as a result all of the Dnm1 puncta
showed a mCherry signal; however, only the small population associated with
VC-Atg11 also showed a vYFP signal (Figure 3.3C).

A previous report demonstrated that mitochondrial fission happens at the
ER-mitochondria  contact sites (120). We  wondered whether
mitophagy-specific fission also occurred at these sites. Accordingly, we
co-transformed plasmids containing Mito-BFP and HDEL-DsRed to track the
mitochondria and ER, respectively. We found that some of the 32-11 dots were
indeed localized at the ER-mitochondria contact sites (Figure 3.4A). Previous
work also reported an ERMES (ER-mitochondria encounter structure) complex
localized at the ER-mitochondria contact sites (121). This complex includes
four proteins: Mmm1 and Mdm12, which are on the ER side, and Mdm10 and
Mdm34, which are on the mitochondria side of the complex. We fused
mCherry at the C terminus of Mdm12 or Mdm34 in the yeast genome, and
observed the localization of these proteins together with the 32-11 dots. We
observed the colocalization of 32-11 dots with some of the Mdm12-mCherry
and Mdm34-mCherry puncta (Figure 3.4B and C). These observations
suggested that the ER, in particular at the ER-mitochondria contact sites,

might also participate in mitophagy-specific fission.

53



3.3.4 The Dnm1-Atg1l interaction is required for mitophagy

Dnm1 contains four domains: GTPase, middle, insert B, and GED
(GTPase effector domain) (122). In order to find a Dnm1 mutant that lost its
binding to Atg11, we examined the interaction of Dnm1 mutants with Atg11 by
the BiFC assay. Almost no interacting dots were observed when the GED (~87
amino acids at the C terminus) was deleted (Figure 3.6A and B), which implied
that the GED is required for binding to Atg11. We then made truncations of
Dnm1 from the C terminus. The interacting dots were detected when we
deleted the last 24 amino acids (Dnm1-VN 24A); however, very few fluorescent
dots were seen when the last 30 amino acids were absent (Dnm1-VN 30A)
(Figure 3.6A and B). To verify the observation from the BiFC assay, we carried
out protein A affinity isolation with 1IgG-Sepharose. Protein A-tagged wild-type
Dnm1 or the mutant without the last 24 amino acids co-precipitated HA-Atg11;
however, the Dnm1 mutant lacking the last 30 amino acids was not able to
precipitate this protein (Figure 3.6C).

We hypothesized that the six amino acids (EDQTLA) that exist in Dnm1
24/, but not Dnm1 30A, might be important for Dnm1 binding to Atg11.
Therefore, we made two Dnm1 mutants: Dnm1 4R in which the first four amino
acids, EDQT, were substituted with arginine, and Dnm1 5A in which the first
five amino acids, EDQTL, were substituted with alanine. We then examined
the interaction of these two Dnm1 mutants with Atg11 by the BIiFC assay.
Interacting dots were detected with wild-type Dnm1, but almost none were
seen with the Dnm1 4R or 5A mutants (Figure 3.6D and E). Consistent with
this result, protein A-tagged Dnm1 4R or 5A were not able to co-precipitate
HA-Atg11 by affinity isolation using IgG-Sepharose (Figure 3.6F). Furthermore,
these mutants resulted in a block in mitophagy activity similar to that seen with
the complete absence of Dnm1 (Figure 3.S3A).

Even though Dnm1 4R or 5A lost the ability to interact with Atg11, we
asked whether these two mutants still retained the normal function of Dnm1.

Therefore, we used the plasmid-driven Mito-RFP to determine the
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mitochondrial morphology in the presence of the Dnm1 4R or 5A mutant.
Mitochondrial morphology was normal in wild-type cells, whereas enlarged
mitochondria were seen in dnm1A cells (Figure 3.S3B). The expression of
proteinA-tagged wild-type Dnm1 from the plasmid was able to rescue the
defect of mitochondrial fission in dnm71A cells, whereas neither Dnm1 4R nor
5A could rescue the defect (Figure 3.S3B). We suspected the loss of function
of Dnm1 4R or 5A was due to the loss of interaction with Mdv1, Caf4 and/or
Fis1. Therefore, we carried out affinity isolation with IgG-Sepharose and found
that proteinA-tagged Dnm1 4R or 5A were unable to co-precipitate HA-Mdv1,
HA-Caf4, GFP-Fis1 or GFP-Atg32 (Figure 3.S4). Accordingly, we generated
additional Dnm1 mutants with single amino acid changes in the interaction
domain that we had identified. We found that Dnm1 E728R and D729R, but
not Q730R or T731R, had a reduced interaction with Atg11 (Figure 3.7A), but
maintained the normal function of Dnm1 with regard to mitochondrial fission,
and interaction with Mdv1, Caf4, and Fis1 (Figure 3.S4A, B, and C). In contrast,
Dnm1 E728R and D729R were not able to co-precipitate GFP-Atg32, in
contrast to Dnm1 Q730R or T731R, in agreement with a role for Atg11 as a
scaffold that bridges the interaction between Dnm1 and Atg32 (Figure 3.S4D).
Finally, we asked whether the Dnm1 mutants that lost binding to Atg11

were competent for mitophagy. Therefore, we determined the mitophagy
activity of the dnm1A strain containing empty vector, or vector harboring either
wild-type Dnm1, or the single amino acid mutants using the mitoPho8AG0
assay. The presence of wild-type Dnm1 largely suppressed the mitophagy
defect in the dnm71A mutant strain, and similar results were obtained with the
Dnm1 Q730R or T731R mutants. In contrast, the Dnm1 E728R or D729R
mutants displayed decreased mitoPho8AGO activity (Figure 3.7B). Based on
these results, we suggest that the interaction of Dnm1 and Atg11 is required for
efficient mitophagy, although we do not yet know if this interaction is direct or is

mediated by another protein(s).
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3.4 Discussion

Autophagy regulates the degradation of cytoplasmic components and
organelles. In nonselective autophagy, the amount of Atg8 controls the size of
the autophagosomes (123). In contrast, during selective types of autophagy
the phagophore membrane is in close apposition to the cargo, excluding bulk
cytoplasm. Thus, partly different mechanisms may be involved in determining
curvature of the phagophore, and the ultimate size of the autophagosome. In
the cytoplasm-to-vacuole targeting (Cvt) pathway, a biosynthetic route that
delivers resident hydrolases to the vacuole, the size of the cargo is relatively
small; however, when the primary cargo of the Cvt pathway is overexpressed,
it forms a larger complex that is no longer efficiently sequestered (124),
indicating that there is a size limit for Cvt vesicle formation. Similarly, size may
be an issue for organelles that are destined for degradation, especially for
organelles such as mitochondria, which exist largely as an extended, reticular
structure. Therefore, it is possible that large organelles need to be divided into
smaller pieces in order to be effectively engulfed by phagophores.

Here, we showed that mitochondrial division is important for mitophagy,
which leads to the question of how mitochondrial fission participates in this
process. If fission and mitophagy occur independently, we could imagine that
mitochondrial fission happens constitutively and only the resulting small
mitochondrial fragments would be chosen for degradation. In this case, there
would be no requirement for a direct connection between the fission complex
and the mitophagy machinery. In contrast, if fission and mitophagy occur in a
coordinated manner, the mitochondria destined for degradation should be
selected first, and then the fission complex would be recruited to drive the
separation of these mitochondria from the mitochondrial reticulum. The direct
interaction between Atg11 and Dnm1 supports the second model. Therefore,
we propose that when mitophagy is induced, Atg32 recruits Atg11 to the
degrading mitochondria. Atg11 in turn brings Dnm1 and other mitochondrial

fission proteins to these “marked” mitochondria, and promotes their division.
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These small fragments of mitochondria are subsequently transported to the
PAS where other Atg proteins accumulate, initiating the formation of
mitochondria-specific autophagosomes (mitophagosomes).

As a scaffold protein and selective autophagy adaptor, Atg11 binds to a
variety of cargo receptors to mediate different types of selective autophagy.
For example, Atg11 binds to the Cvt pathway receptor, Atg19, to Atg32 and to
Atg36 for cargo selection during the Cvt pathway, mitophagy and pexophagy,
respectively (11, 56, 59, 66, 125). Atg11 also interacts with Atg1 and Atg17,
which connects the step of cargo selection to the initiation of autophagosome
formation (125). Here, we unveil a new role forAtg11: recruiting mitochondrial
fission machinery to facilitate mitophagy.

Previous results indicated that Atg32 is evenly distributed on the
mitochondria, even in mitophagy-inducing conditions (118). In contrast, the
BiFC Atg32-Atg11 interacting pair displayed a punctate pattern on the
mitochondrial tubules. We suggest that these dots represent the degrading
mitochondria. However, it remains unknown as to how Atg11 recognizes and
binds only the Atg32 that marks the organelles, or segments of the organelles,
that are to be degraded. Thus, some other factor(s) might determine this very
early event in mitophagy.

The degradation of peroxisomes and chloroplasts through autophagy
pathways in Pichia pastoris, S. cerevisiae, Arabidopsis thaliana and other
organisms have been reported (65, 66, 126, 127). It was also reported that the
mitochondrial fission complex (Dnm1, Fis1, Mdv1 and Caf4) controls the
fission of peroxisomes in yeast, and peroxisomes and chloroplasts in plants
(128-130). Thus, we propose that the mechanism we show in this study
(receptor-adaptor-fission complex) may also be relevant in selective

pexophagy and chloroplast autophagy.

3.5 Materials and methods

Strains, Media, and Growth Conditions. Yeast strains used in this study
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are listed in Table 3.1. 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 mitochondria proliferation, cells were grown in lactate
medium (YPL; 1% yeast extract, 2% peptone, and 2% lactic acid) or synthetic
minimal medium with lactic acid (SML; 0.67% yeast nitrogen base, 2% lactic
acid, and auxotrophic amino acids and vitamins as needed). Mitophagy was
induced by shifting the cells to nitrogen starvation medium with glucose (SD-N;
0.17% yeast nitrogen base without ammonium sulfate or amino acids, and 2%
glucose).

Plasmids.pMito-RFP(URA) was a gift from Dr. Lois Weisman (University
of Michigan). pCuHA-Atg11(416) has been reported previously (59). For
pCuHA-Mdv1(416) and pCuHA-Caf4(416), the ORF of MDV1 and CAF4 was
amplified by PCR from the yeast genome. The HA tag is included in the &'
primer. The resulting PCR products, HAMDV1 and HACAF4, were digested by
Xmal and Xhol and ligated into pCu416 (131) to generate pCuHA-Mdv1(416)
and pCuHA-Caf4(416). For pCuGFP-Fis1(416), the ORF of FIS1 was
amplified from the yeast genome. The DNA fragment of GFP was ligated into
pCu416 cut with Spel and Xmal and that of FIS7 after digestion with Xmal and
Xhol to generate pCuGFP-Fis1(416). For other plasmids, the DNA fragments
of DNM1-3HA, DNM1-VN, DNM1-VC and DNM71-PA containing the
endogenous promoter of the DNM1 gene and the ADH1 terminator were
amplified by PCR from the genome of the yeast strains KDM1215, KDM1523,
KDM1521 and KDM1247 respectively, and digested with Spel and Kpnl.
DNM1-3HA, DNM1-VN and DNM1-VC were ligated into pRS416 to generate
pDnm1-3HA(416), pDnm1-VN(416), and pDnm1-VC(416). DNM1-PA was
ligated into pRS314 to generate pDnm1-PA(314). pDnm1(4R)-VC(416), and
pDnm1(5A)-VC(416) were generated by site-directed mutagenesis from
pDnm1-VC(416), and pDnm1(4R)-PA(314), pDnm1(5A)-PA(314),
pDnm1(E728R)-PA(314), pDnm1(D729R)-PA(314), pDnm1(Q730R)-PA(314),
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and pDnm1(T731R)-PA(314) were from pDnm1-PA(314).

Fluorescence Microscopy. For fluorescence microscopy, yeast cells
were grown to ODgpp ~0.6 in YPL or SML media 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-ym distance between two
neighboring sections. MitoTracker Red (Invitrogen/Molecular Probes) was
used to stain the mitochondria, CellTracker Blue CMAC (Invitrogen/Molecular
Probes) to stain the vacuolar lumen, and FM 4-64 (Invitrogen) to stain the
vacuolar membrane.

Additional Assays. The mitoPho8A60 assay and immunoprecipitation

were performed as described previously (59, 78)
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Table 3.1 Yeast strain list

Name Genotype Reference
SEY6210 pho8A::TRP1 pho13A::LEU2 pRS406-
ADH1-COX4-pho8A60 RPL7Bp-VN-ATG32::KAN

KDM1001 |RPL7Bp-VC-ATG11::HIS3 This study
SEY6210 pho8A::TRP1 pho13A::LEU2

KDM1002 [pRS406-ADH1-COX4-pho8A60 fis1A::HIS5 This study
SEY6210 pho8A::TRP1 pho13A::LEU2

KDM1006 [pRS406-ADH1-COX4-pho8A60 mdv1A::HIS5 This study
SEY6210 pho8A pho13A

KDM1009 [pRS406-ADH1-COX4-pho8A60 This study
SEY6210 pho8A::TRP1 pho13A::LEU2

KDM1010 [pRS406-ADH1-COX4-pho8A60 whi2A::HIS5 This study
SEY6210 pho8A::TRP1 pho13A::LEU2

KDM1011 pRS406-ADH1-COX4-pho8A60 caf4A::KAN This study
SEY6210 pho8A::TRP1 pho13A::LEU2 pRS406-

KDM1012 |ADH1-COX4-pho8A60 caf4A::KAN mdv1A::HIS5 This study
SEY6210 pho8A::TRP1 pho13A::LEU2

KDM1013 [pRS406-ADH1-COX4-pho8A60 dnm1A::HIS5 This study
SEY6210 pho8A pho13A

KDM1014 [pRS406-ADH1-COX4-pho8A60 dnm1A::HIS5 This study

KDM1209 [SEY6210 DNM1-GFP::HIS3 This study

KDM1210 [SEY6210 DNM1-GFP::HIS3 atg11A::.LEU2 This study

KDM1236 [SEY6210 DNM1-GFP::HIS3 atg32A::LEU2 This study

KDM1252 [SEY6210 dnm1A:.LEU2 This study

KDM1215 [SEY6210 DNM1-3HA::HIS5 This study

KDM1247 [SEY6210 atg11A::LEU2 DNM1-PA::HIS3 This study

KDM1248 [SEY6210 atg11A::LEU2 DNM1(C24A)-PA::HIS3 This study

KDM1249 [SEY6210 atg11A::LEU2 DNM1(C30A)-PA::HIS3 This study

KDM1251 [SEY6210 atg11A::LEU2 dnm1A::HIS5 This study
SEY6210 pRPL7b-VN-ATG32::TRP1

KDM1501 |RPL7Bp-VC-ATG11::HIS5 This study
SEY6210 RPL7Bp-VN-ATG32::TRP1

KDM1505 |RPL7Bp-VC-ATG11::HIS5 atg1A::LEU2 This study

KDM1517 [SEY6210 RPL7Bp-VC-ATG11::HIS3 This study
SEY6210 RPL7Bp-VN-ATG32:: TRP1

KDM1519 |ATG9-VC::HIS3 This study
SEY6210 RPL7Bp-VC-ATG11::HIS5 This study

KDM1520 |OM45-VN:: TRP1
SEY6210 RPL7Bp-VN-ATG32:: TRP1

KDM1521 IDNM1-VC::HIS3 This study

KDM1523 [SEY6210 RPL7Bp-VC-ATG11::HIS5 This study
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DNM1-VN::TRP1

SEY6210 RPL7Bp-VC-ATG11::HISS

KDM1528 IDNM1 (c-1000)-VN:: TRP1 This study
SEY6210 RPL7Bp-VC-ATG11::HIS3

KDM1532 [DNM1(C-24A)-VN:: TRP1 This study
SEY6210 RPL7Bp-VC-ATG11::HIS3

KDM1533 IDNM1(C-30A)-VN:: TRP1 This study

KDM1535 [SEY6210 RPL7Bp-VN-ATG11::TRP1 This study
SEY6210 RPL7Bp-VN-ATG32:: TRP1

KDM1540 MDV1-VC::HIS3 This study
SEY6210 RPL7Bp-VN-ATG32:: TRP1

KDM1541 |CAF4-VC::HIS3 This study
SEY6210 RPL7Bp-VC-ATG11::HIS3

KDM1542 MDV1-VN:: TRP1 This study
SEY6210 RPL7Bp-VC-ATG11::HIS3

KDM1543 (CAF4-VN:: TRP1 This study
SEY6210 RPL7Bp-VN-ATG32:: TRP1

KDM1544 |RPL7Bp-VC-FIS1::HIS3 This study
SEY6210 RPL7Bp-VN-ATG11::-TRP1

KDM1545 |RPL7Bp-VC-FIS1::HIS3 This study

KDM1550 [SEY6210 RPL7Bp-VN-ATG32::KAN
RPL7Bp-VC-ATG11::HIS3 DNM1-mCherry:: TRP1 This study
SEY6210 RPL7Bp-VC-ATG11::HIS3

KDM1558 [DNM1-mCherry:: TRP1 This study

KDM1559 [SEY6210 HIS3::RPL7Bp-VN-ATG11-PA:: TRP1 This study
SEY6210 HIS3::RPL7Bp-VN-ATG11-PA:: TRP1

KDM1560 |RPL7Bp-VC-ATG32::KAN This study
SEY6210 RPL7Bp-VN-ATG32::KAN

KDM1561 |RPL7Bp-VC-ATG11::HIS3 MDV1-mCherry:: TRP1 This study
SEY6210 RPL7Bp-VN-ATG32::KAN

KDM1562 |RPL7Bp-VC-ATG11::HIS3 CAF4-mCherry:: TRP1 This study
SEY6210 RPL7Bp-VN-ATG32::KAN

KDM1563 |RPL7Bp-VC-ATG11::HIS3 MDM12-mCherry=TRP1  |This study
SEY6210 RPL7Bp-VN-ATG32::KAN

KDM1564 |RPL7Bp-VC-ATG11::HIS3 MDM34-mCherry=TRP1  |This study
SEY6210 pho8A:: TRP1 pho13A::LEU2

KWY20 |pRS406-ADH1-COX4-pho8A60 (78)
KWY22 [SEY6210 pho8A::TRP1 pho13A::LEU2

PRS406-ADH1-COX4-pho8A60 atg32A::KAN (78)

SEY6210

MATa leu2-3,112 ura3-52 his3-A200 trp1-A901 suc2-A9

lys2-801; GAL

(101)

TKYM22

SEY6210 OM45-GFP::TRP1

This study

XLY050

SEY6210 dnm1A::LEU2 atg32A::HIS3

This study
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XLY051

SEY6210 dnm1A::LEU2 mdv1A::HIS3 This study
XLY052 [SEY6210 dnm1A::LEU2 fis1A::HIS3 This study
XLY053 [SEY6210 dnm1A::LEU2 caf4A::HIS3 This study
YTS147 [SEY6210 atg11A:LEU2 (58)
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Figure 3.1 Mitochondrial fission is required for mitophagy.

MitoPho8AG60 activity is reduced in strains with deletions of genes encoding
mitochondrial fission proteins. Wild-type (KWY20), atg32A (KWY22), dnm1A
(KDM1013), fis1A (KDM1002), mdv1A (KDM1006), caf4A (KDM1011), mdviA
caf4A (KDM1012) and whi2A (KDM1010) cells in the mitoPho8A60
background were cultured in YPL to mid-log phase, then shifted to SD-N for 6
h. The mitoPho8A60 assay was performed as described in Experimental
Procedures. Error bars correspond to the standard error, and were obtained
from three independent repeats. * p<0.01; ** p<0.001; *** p<0.0001.
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Mitochondria degraded in the vacuole (50 min+)

Figure 3.2 BIFC 32-11 dots mark degrading mitochondria during

mitophagy.

(A) A BiFC assay was performed for Atg32, Atg11, Om45 and Atg9. Cells
containing BiFC pairs (Atg32-Atg11 in KDM1501, Atg32-Atg9 in KDM1519 and
Atg11-Om45 in KDM1520) were cultured in YPL and shifted to SD-N for 1 h,
followed by analysis by fluorescence microscopy; images are representative
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pictures from single Z-sections. DIC, differential interference contrast. Scale
bar, 2 ym.

(B) Quantification of (A). 12 Z-section images were projected and the
percentage of cells that contained 32-11 dots was determined. Standard error
was calculated from three independent experiment. * p<0.01.

(C) VN-ATG32 VC-ATG 11 (KDM1501) cells, transformed with pMito-RFP, were
cultured in SML and shifted to SD-N from 10 min to 1 h, and the cell samples
were observed by fluorescence microscopy. CellTracker Blue CMAC was used
to stain the vacuolar lumen. Arrowheads indicate the 32-11 dots that localized
on the mitochondrial reticulum; and arrows indicate the 32-11 dots that
localized on the vacuolar periphery. All of the images are representative
pictures from single Z-sections. DIC, differential interference contrast. Scale
bar, 2 um. The inset in row 5, panel 4 corresponds to the large vacuole,
reducing the red intensity to demonstrate that the intravacuolar punctum
corresponds to a green 32-11 dot that has not yet been degraded.

65



A C vC-Aell
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Figure 3.3 Atg11 recruits Dnm1 to the degrading mitochondria.

(A) VN-ATG32 VC-ATG11 DNM1-mCherry cells, transformed with pMito-BFP,
were cultured in SML and shifted to SD-N for 1 h, and samples were observed
by fluorescence microscopy. Arrowheads indicate the colocalized 32-11 dots
with Dnm1-mCherry on the mitochondrial reticulum. All of the images are
representative pictures from single Z-sections. DIC, differential interference
contrast. Scale bar, 2 um.

(B) VC-ATG11 DNM1-VN cells transformed with empty vector or pDnm1-3HA,
VC-ATG11 cells transformed with pDnm1-VN, and VN-ATG11 VC-FIS1 cells
transformed with empty vector were cultured in SML and shifted to SD-N for 1
h. Samples were observed by fluorescence microscopy as in (A). Scale bar, 2
pm.

(C) VC-ATG11 DNM1-mCherry cells, transformed with pDnm1-VN, were
cultured in SML and shifted to SD-N for 30 min. Samples were observed by
fluorescence microscopy as in (A). Scale bar, 2 um.
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Figure 3.4 The ER participates in mitophagy-specific fission.

(A) VN-ATG32 VC-ATG11 (KDM1501) cells, transformed with pMito-BFP and
pHDEL-DsRed, were cultured in SML and shifted to SD-N for 30 min.

(B, C) VN-ATG32 VC-ATG11 MDM12-mCherry (KDM1561) and VN-ATG32
VC-ATG11 MDM34-mCherry (KDM1562) cells were cultured in YPL and
shifted to SD-N for 30 min. The cells in (A, B, and C) were analyzed by
fluorescence microscopy. The images are representative pictures from single
Z-sections. DIC, differential interference contrast. Scale bars, 2 ym.
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Dnml GTPase Middle Insert B GED
[ [ I [

670 757
GEDA | GTPase | Middle [ InsenB |
244 | GTPase [ Middle [ InsenB | |
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WT EDQTLA
5A AAAAAA
4R RERRLA

Figure 3.5 Domain structure of Dnm1 and GED mutations.

The domains of Dnm1 are depicted in the top diagram, and the position of the
GED domain (amino acids 670-757) are indicated. The C-terminal truncations,
GEDA, 24A and 30A are depicted in the middle diagrams. The sequence of the
six amino acid residues comprising E728 through A733 in the GED that are
required for the interaction with Atg11 and the mutations 5A and 4R are shown
at the bottom.
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Figure 3.6 Mutation of the Dnm1 C terminus blocks mitophagy.

(A) Cells containing BiFC pairs (Atg11-Dnm1 in KDM1523, Atg11-Dnm1
(GEDA) in KDM1528, Atg11-Dnm1 (24A) in KDM1532, and Atg11-Dnm1 (30A)
in KDM1533) were cultured in YPL and shifted to SD-N for 1 h. Samples were
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observed by fluorescence microscopy, and all the images are representative
pictures from single Z-sections. DIC, differential interference contrast.

(B) Quantification of (A). 12 Z-section images were projected and the
percentage of cells that contained BiFC Dnm1-Atg11 dots was determined.
Standard error was calculated from three independent experiment. * p<0.01.
(C) The plasmid pCuHA-Atg11 was transformed into atg711A (YTS147), atg11A
DNM1-PA (KDM1247), atg11A DNM1(24A)-PA (KDM1248), and atg11A
DNM1(30A) (KDM1249) cells. Cells were cultured in SML and shifted to SD-N
for 1.5 h. Cell lysates were prepared and incubated with 1gG-Sepharose for
affinity isolation as described in Experimental Procedures. The eluted proteins
were separated by SDS-PAGE and detected with monoclonal anti-HA antibody
and an antibody that binds to PA.

(D) VN-ATG11 (KDM1535) cells, transformed with pDnm1-VC, pDnm1(4R)-VC,
or pDnm1(5A)-VC, were cultured in SML and shifted to SD-N for 1 h. Samples
were observed by fluorescence microscopy as in (A).

(E) Quantification of (D). 12 Z-section images were projected and the
percentage of cells that contained BiFC Dnm1-Atg11 dots was determined.
Standard error was calculated from three independent experiment. * p<0.01.
(F) The plasmid pCuHA-Atg11 together with pDnm1-VC, pDnm1(4R)-VC, or
pDnm1(5A)-VC were transformed into atg71A dnm1A (KDM1251) cells. The
cells were cultured in SML and shifted to SD-N for 1.5 h. Cell lysates were
prepared and analyzed as in (C).
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Figure 3.7 Dnml1l mutants that lose binding to Atgll are mitophagy
defective.

(A) The plasmid pCuHA-Atg11 together with pDnm1-PA, pDnm1(E728R)-PA,
pDnm1(D729R)-PA, pDnm1(Q730R)-PA, or pDnm1(T731R)-PA was
co-transformed into atg711A dnmi1A (KDM1251) cells. Cells were cultured in
SML and shifted to SD-N for 1.5 h. Cell lysates were prepared and incubated
with 19G-Sepharose for affinity isolation as described in Experimental
Procedures. The eluted proteins were separated by SDS-PAGE and detected
with monoclonal anti-HA antibody and an antibody that binds to PA.

(B) MitoPho8A60 wild-type (KDM1009) cells were transformed with empty
vector; mitoPho8A60 dnm1A (KDM1014) cells were transformed with empty
vector, pDnm1-PA, pDnm1(E728R)-PA, pDnm1(D729R)-PA, pDnm1(Q730R)-
PA, or pDnm1(T731R)-PA. Cells were cultured in SML to mid-log phase, then
shifted to SD-N for 6 h. The mitoPho8A60 assay was performed as described
in Experimental Procedures. Error bars correspond to the standard error, and
were obtained from three independent repeats. * p<0.01.
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Figure 3.S1 BiFC Atg32-Atgl1l puncta mark degrading mitochondria.

(A) Cells with OM45-GFP integrated into the genome were cultured in YPL to
mid-log phase and shifted to SD-N for 2, 4 and 6 h. Immunoblotting was done
with anti-YFP antibody. Only a small part of the total mitochondrial pool,
marked b Om45-GFP, is degraded during mitophagy, as measured by the
release of free GFP in the vacuole.

(B) VN-ATG11-PA VC-ATG32 (KDM1560) cells were cultured in YPL and
shifted to SD-N from 10 min to 1 h. Immunoblotting was carried out with
anti-YFP antibody for VC-Atg32 detection and an antibody that binds to PA for
VN-Atg11-PA.

(C) The mitoPho8A60 assay was performed in wild-type (KWY20), atg32A
(KWY22) and VN-ATG32 VC-ATG11 (KDM1001) cells with the indicated times
of nitrogen starvation. Error bars correspond to the standard error, and were
obtained from three independent repeats. * p<0.01.

(D, E) VN-ATG32 VC-ATG11 (KDM1501) cells were cultured in YPL and

MitoTracker  overlap 32-11
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shifted to SD-N for 30 min (D), or 1 h (E). All samples were analyzed by
fluorescence microscopy. MitoTracker Red was used to stain the mitochondria
in (D) and FM 4-64 to stain the vacuole in (E). Arrowheads indicate the 32-11
dots, which localized on the mitochondrial reticulum (D) or the vacuole
membrane (E). All of the images are representative pictures from single
Z-sections. DIC, differential interference contrast. Scale bars, 2 ym.

(F) VN-ATG32 VC-ATG11 (KDM1501) and VN-ATG32 VC-ATG11 atgiA
(KDM1505) cells were cultured in YPL and shifted to SD-N for 6 h. Cell
samples were analyzed by fluorescence microscopy. The images are
representative pictures from single Z-sections. DIC, differential interference
contrast. Scale bar, 2 um.

(G) Quantification of (F). 12 Z-section images were projected and the
percentage of cells that contained 32-11 dots was determined. Standard error
was calculated from three independent experiment. * p<0.01.
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Figure 3.S2 Atg1l interacts with Dnm1.
(A,B) VN-ATG32 VC-ATG11 MDV1-mCherry (KDM1561) and VN-ATG32
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VC-ATG11 CAF4-mCherry (KDM1562) cells were cultured in YPL and shifted
to SD-N for 30 min.

(C) ABIFC assay was performed for Atg32, Atg11, Dnm1, Fis1, Mdv1 and Caf4.
Cells containing BIiFC pairs (Atg11-Dnm1 in KDM1523, Atg11-Fis1 in
KDM1545, Atg11-Mdv1 in KDM1542, Atg11-Caf4 in KDM1543, Atg32-Dnm1 in
KDM1521, Atg32-Fis1 in KDM1544, Atg32-Mdv1 in KDM1540, and Atg32-Caf4
in KDM1541) were cultured in YPL and shifted to SD-N for 1 h.

The cells in (A, B, and C) were analyzed by fluorescence microscopy. The
images are representative pictures from single Z-sections. DIC, differential
interference contrast. Scale bar, 2 ym.

(D) VN-ATG11-PA (KDM1559) cells, transformed with pDnm1-VC, were
cultured in SML and shifted to SD-N from 10 min to 1 h. Immunoblotting was
carried out with anti-YFP antibody for Dnm1-VC detection and an antibody that
binds to PA for VN-Atg11-PA.

(E) DNM1-GFP wild-type (KDM1209), atg71A (KDM1210), and atg32A
(KDM1236) cells, transformed with pMito-RFP, were cultured in SML and
shifted to SD-N for 30 min. The cells were analyzed by fluorescence
microscopy as in (A).
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Figure 3.S3 Dnm1 4R and Dnm1l 5A result in defective mitophagy and
mitochondrial morphology.

(A) MitoPho8A6G0 wild-type (KDM1009) cells were transformed with empty
vector; mitoPho8AG60 dnm1A (KDM1014) cells were transformed with empty
vector, pDnm1-PA, pDnm1(4R)-PA, or pDnm1(5A)-PA. The mitoPho8AGO
assay was performed as described in Experimental Procedures. Error bars
correspond to the standard error, and were obtained from three independent
repeats. * p<0.01.

(B) Wild-type (SEY6210) cells were co-transformed with pMito-RFP and empty
vector, and dnm1A (KDM1252) cells with pMito-RFP and empty vector,
pDnm1-PA, pDnm1(4R)-PA, pDnm1(5A)-PA, pDnm1(E728R)-PA,
pDnm1(D729R)-PA, pDnm1(Q730R)-PA, or pDnm1(T731R)-PA. Cells were
cultured in SML and shifted to SD-N for 1 h. Samples were observed by
fluorescence microscopy, and all the images are representative pictures from
single Z-sections. DIC, differential interference contrast.
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Figure 3.S4 Co-immunoprecipitation analysis of Dnm1 mutants.

Cells were cultured in SML and shifted to SD-N for 1.5 h. Cell lysates were
prepared and incubated with IgG-Sepharose for affinity isolation as described
in Experimental Procedures. The eluted proteins were separated by
SDS-PAGE and detected with monoclonal anti-HA antibody, monoclonal

77



anti-YFP antibody and an antibody that binds to PA.

(A) The plasmid pCuHA-Mdv1 together with empty vector, pDnm1-PA,
pDnm1(4R)-PA, pDnm1(5A)-PA, pDnm1(E728R)-PA, pDnm1(D729R)-PA,
pDnm1(Q730R)-PA, or pDnm1(T731R)-PA was co-transformed into mdv1A
dnm1A (XLY051) cells.

(B) The plasmid pCuHA-Caf4 together with empty vector, pDnm1-PA,
pDnm1(4R)-PA, pDnm1(5A)-PA, pDnm1(E728R)-PA, pDnm1(D729R)-PA,
pDnm1(Q730R)-PA, or pDnm1(T731R)-PA was co-transformed into caf4A
dnm1A (XLY053) cells.

(C) The plasmid pCuGFP-Fis1 together with empty vector, pDnm1-PA,
pDnm1(4R)-PA, pDnm1(5A)-PA, pDnm1(E728R)-PA, pDnm1(D729R)-PA,
pDnm1(Q730R)-PA, or pDnm1(T731R)-PA was co-transformed into fis1A
dnm1A (XLY052) cells.

(D) The plasmid pCuGFP-Atg32 together with empty vector, pDnm1-PA,
pDnm1(4R)-PA, pDnm1(5A)-PA, pDnm1(E728R)-PA, pDnm1(D729R)-PA,
pDnm1(Q730R)-PA, or pDnm1(T731R)-PA was co-transformed into atg32A
dnm1A (XLY050) cells.
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Chapter 4
Atg29 phosphorylation regulates coordination of the Atg17-Atg31-Atg29

complex with the Atg11 scaffold during autophagy initiation®

4.1 Abstract

Macroautophagy (hereafter autophagy) functions in the nonselective
clearance of cytoplasm. This process participates in many aspects of cell
physiology, and is conserved in all eukaryotes. Autophagy begins with the
organization of the phagophore assembly site (PAS), where most of the
AuTophaGy-related (Atg) proteins are at least transiently localized. Autophagy
occurs at a basal level, and can be induced by various types of stress; the
process must be tightly regulated because insufficient or excessive autophagy
can be deleterious. A complex composed of Atg17-Atg31-Atg29 is vital for PAS
organization and autophagy induction, implying a significant role in autophagy
regulation. In this study, we demonstrate that Atg29 is a phosphorylated
protein and that this modification is critical to its function; alanine substitution at
the phosphorylation sites blocks its interaction with the scaffold protein Atg11,
and its ability to facilitate assembly of the PAS. Atg29 has the characteristics of
an intrinsically disordered protein, suggesting that it undergoes dynamic
conformational changes upon interaction with a binding partner(s). Finally,
single-particle electron microscopy analysis of the Atg17-Atg31-Atg29 complex

reveals an elongated structure with Atg29 located at the opposing ends.

4.2 Introduction

Autophagy is the major lysosome/vacuole-dependent cellular degradative

3 Originally published in PNAS (2013; 110(31):E2875-84) with authors listed as
Kai Mao, Leon H. Chew, Yuko Inoue, Heesun Cheong, Usha Nair, Hana
Popelka, Calvin K. Yip and Daniel J. Klionsky.
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pathway. During autophagy, cytoplasmic constituents including proteins, lipids
and even entire organelles, are surrounded by the phagophore, the initial
sequestering compartment. The phagophore then expands to form
double-membrane vesicles, termed autophagosomes. The completed
autophagosomes fuse with lysosomes/vacuoles allowing access of the cargo
to the degradative enzymes within this organelle; the resulting breakdown
products are released back into the cytosol as building blocks or catabolic
substrates (47, 132, 133). Autophagy is not only critical for survival upon
nutrient deprivation, but is also involved in various human pathophysiologies,
including cancer and neurodegeneration (48).

Upon autophagy induction, Atg proteins accumulate at the PAS and
initiate autophagosome formation. Among the 36 known Atg proteins, Atg1 is
the only kinase, and it plays a particularly important role in autophagy
induction by controlling the movement of other Atg proteins including Atg9 and
Atg23 (7), and in the proper organization of the PAS (8, 9). Atg1 interacts with
several proteins, including direct binding to Atg13 (which interacts with Atg17)
and Atg11; the kinase activity of Atg1 is regulated in part by its binding to,
and/or interaction with, some of these components (10, 11).

Atg17 constitutively forms a stable protein complex with Atg29 and Atg31
in both growing and nitrogen starvation conditions (12), and Atg31 directly
interacts with Atg17 and Atg29 to bridge these two proteins (13). When
autophagy is initiated, the Atg17-Atg31-Atg29 complex is first targeted to the
PAS and recruits other Atg proteins, including Atg1 and Atg13, highlighting the
significance of the ternary complex (15, 16). Along these lines, a single
deletion of the ATG17, ATG29, or ATG31 genes results in a dramatic decrease
in autophagy activity (134-136).

In this study, we examined the role of posttranslational modification of
Atg29. We found that Atg29 is a phosphoprotein, and that phosphorylation on
the C-terminal domain is critical for autophagy activity; the N terminus of Atg29

contains the functional domain, whereas the C terminus plays a regulatory role.
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We continued and extended our study to include a structural and functional
analysis of the Atg17-Atg31-Atg29 complex. Single-particle electron
microscopy reveals that the recombinant Atg17-Atg31-Atg29 complex is
present as an elongated “S”-shaped dimerized structure, with Atg17 forming
the backbone. We further demonstrate that Atg29 has the characteristics of an
intrinsically disordered protein (IDP), suggesting that the C-terminal half is
flexible and capable of altering its conformation upon binding to one or more
interacting proteins. Finally, we determined that Atg11 is necessary and
sufficient to recruit this complex to the PAS, and that phosphorylation of Atg29

is required for its interaction with Atg11 and proper PAS localization.

4.3 Results
4.3.1 Atg29 is a phosphoprotein

The activity of Atg1 kinase is regulated in part by various binding partners
(10, 137). For example, Atg13 is critical for Atg1 kinase activity, and Atg13
function is regulated through phosphorylation (92, 138, 139). Similarly, a
stable ternary complex composed of Atg17, Atg29 and Atg31 also interacts
with the Atg1 kinase complex (16, 134); while the function of the
Atg17-Atg31-Atg29 complex is not known, the absence of any of these
proteins results in a substantial decrease in autophagy activity, suggesting
that, similar to Atg13, they affect Atg1 kinase activity. Atg31 is a
phosphoprotein (12), but the functional significance of its phosphorylation has
not been demonstrated. To gain further insight into the mechanism of
regulation of the Atg1 kinase complex, we decided to examine the
phosphorylation status of Atg29. Following a shift from nutrient-rich to nitrogen
starvation conditions, we noted that protein A (PA)-tagged Atg29 migrated as
multiple bands (Figure 4.1A). The highest molecular mass corresponded to an
apparent increase of ~9 to 10 kDa. To determine whether the reduced
migration corresponded to phosphorylation, we performed a phosphatase

treatment. Cells expressing Atg29-PA were shifted to starvation conditions,
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and lysates were generated. Treatment of cell lysates with A protein
phosphatase resulted in a collapse of the multiple bands to a single, lower
mass band, whereas phosphatase treatment combined with phosphatase
inhibitor resulted in a migration pattern that appeared similar to lysates without
treatment (Figure 4.1A). These data suggest that Atg29 is a phosphorylated
protein, and that phosphorylation, as assessed by SDS-PAGE, occurs when
autophagy is induced.

To identify phosphorylation sites in Atg29 that affect autophagy activity,
we generated several truncated forms of Atg29 and examined their migration
pattern. All of the Atg29 constructs displayed multiple bands except for one
construct that contained the N-terminal half of the protein, Atg29[1-100]
(Figure 4.1B). This finding suggested that most of the phosphorylated sites of
Atg29, or at least those that contribute to the molecular mass shift detected by
SDS-PAGE, are in the C terminus (amino acids 101-213), but not the N

terminus (amino acids 1-100).

4.3.2 The N-terminal domain of Atg29 is functional

Considering that the two halves of Atg29 displayed different
migration/phosphorylation characteristics, we decided to separately examine
the two parts of the protein for their ability to complement the autophagy defect
of the atg29A strain. The C terminus of Atg29 expressed by itself was unstable,
whereas the N-terminal half of the protein displayed essentially normal stability
(Figure 4.1B). Therefore, we transformed the atg29A strain with a plasmid
encoding either wild-type Atg29 or Atg29[1-100], or with the empty vector, and
monitored autophagy activity using the Pho8A60 assay (81). In brief, Pho8A60
is a truncated version of vacuolar alkaline phosphatase that lacks the
N-terminal transmembrane domain. As a result of this deletion, Pho8AGO
cannot enter the endoplasmic reticulum and remains in the cytosol, where is
serves as a non-selective cargo for autophagy. Pho8A60-dependent alkaline

phosphatase activity thus provides a quantitative readout for autophagy
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activity. The atg29A strain (atg29A with empty vector) displayed a significant
block in autophagy activity under starvation conditions (Figure 4.2A), in
agreement with previous data (135), whereas transformation with the plasmid
expressing wild-type Atg29 or the N-terminal half of the protein, Atg29[1-100],
restored the autophagy activity to approximately 80% of that seen in wild-type
cells transformed with empty vector.

Thus, Atg29[1-100] largely suppressed the autophagy defect of the
atg29A mutant. Atg29 is associated with Atg17 and Atg31 though direct
interaction with the latter (13). To further investigate the functionality of the
N-terminal half of Atg29 we asked whether Atg29[1-100] retained the ability to
associate with Atg31. Accordingly, we transformed the atg29A strain with
plasmids encoding Atg29-PA and Atg31-GFP, and carried out protein A affinity
isolation with IgG-Sepharose. Both protein A-tagged wild-type Atg29 and
Atg29[1-100] co-precipitated Atg31-GFP (Figure 4.2B). Therefore, we
conclude that the N terminus of Atg29 constitutes a functional domain (Figure

4.2C).

4.3.3 The C terminus of Atg29 plays a regulatory role

Since the N-terminal domain of Atg29 is able to complement the atg29A
strain with regard to autophagy activity, we hypothesized that the C-terminal
domain containing multiple phosphorylation sites plays a regulatory role. The
C terminus of Atg29 contains 23 serine or threonine residues. Individual
mutations of serine or threonine to alanine had no significant effect on Atg29
function, and deletions of individual genes encoding kinases did not
completely eliminate phosphorylation. Because the number of possible
permutations of kinase deletions is quite large, and the number of potential
mutation combinations in Atg29 phosphorylation sites makes systematic
mutagenesis analysis impractical, we mutated all of these sites to alanine to
generate Atg29[23STA]. This mutant migrated as a single lower mass band

during SDS-PAGE when extracts were prepared from cells in either growing or
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nitrogen-starvation conditions (Figure 4.2D). We then carried out a Pho8A60
assay to assess the functionality of this construct. Atg29[23STA] was
completely unable to complement the autophagy defect of the atg29A strain
(Figure 4.2A). The atg29A strain displays approximately 40% of the autophagy
activity of the wild-type strain. Therefore, for ease of comparison to the mutant
constructs, we set the Pho8AGO activity of the afg29A strain expressing
wild-type Atg29 to 100% and that of the atg29A strain expressing empty vector
to 0, and normalized the results with the other forms of Atg29 as shown in
Figure 4.2E. The result with the Atg29[23STA] mutant indicated that the
phosphorylation of Atg29 at its C terminus is crucial for activity. Furthermore,
considering that the N-terminal half of Atg29 is able to complement the null
strain for autophagy activity, these data suggest that the C terminus, or some
portion of it, constitutes a negative regulatory domain (Figure 4.2C).

During the course of mapping the phosphorylation sites in Atg29, we
generated a series of C-terminal truncations (Figure 4.1B). We began to
systematically combine these truncations with the Atg29[23STA] construct to
define a domain that no longer inhibited the function of the N terminus. The
C-terminal 11 amino acids of Atg29 (residues 203-213) lack any potential
phosphorylation sites, and Atg29[1-202] retained ~90% of the Pho8A60
activity of the wild-type protein (Figure 4.2A and E). When the truncation of the
extreme C-terminal 11 amino acids was combined with the
non-phosphorylable mutant, which by itself lacked autophagy activity, the
double mutant construct Atg29[1-202/23STA] displayed ~80% of the Pho8A60
activity of the wild type (Figure 4.2A and E). Therefore, we conclude that the
last 11 amino acids play a negative role in Atg29 function, indicating that the
extreme C terminus of Atg29 acts as an inhibitory peptide (Figure 4.2C). The
observation that the truncation of the extreme C terminus restores function to
Atg29[23STA] suggests that at least one function of phosphorylation is to alter
the conformation of Atg29 such that the inhibitory peptide is displaced,

presumably altering its interaction with another component of the Atg1 kinase
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complex.

4.3.4 Residues adjacent to the inhibitory peptide are important in Atg29
function

Of the 23 serine and threonine residues in the C-terminal half of Atg29,
the last three serines (S197, S199, and S201) are very close to the inhibitory
peptide. Therefore, we proposed that these residues would have a particularly
important role in Atg29 function. Accordingly, we mutated S197, S199 and
S201 to alanine to generate Atg29[3SA]. We also generated the
complementary construct by mutating the first 20 serines and threonines to
alanine to generate Atg29[20STA] in which the last three potential
phosphorylation sites were left unchanged. In contrast to Atg29[23STA], which
displayed essentially no Pho8A60 activity, Atg29[20STA] retained ~65% of the
activity of wild-type Atg29, which was presumably due to phosphorylation of
one or more of the last three serines (Figure 4.3A and B). Along these lines,
mutation of only the last three serine residues had an even stronger effect, as
Atg29[3SA] only exhibited ~45% of the Pho8A60 activity of the wild type
(Figure 4.3A and B). These results suggest that the phosphorylation of the last
three serines plays a particularly important role for Atg29 function.

To extend our analysis of the serines at positions 197, 199 and 201 of
Atg29, we made phosphomimetic mutants, Atg29[3SD] or Atg29[3SE] by
substituting them with either aspartic acid or glutamic acid, and examined the
effect with regard to autophagy activity. Both Atg29[3SD] and Atg29[3SE]
retained ~80% of the wild-type activity (Figure 4.3A and C), indicating that the
phosphomimetic mutants functioned similar to wild-type Atg29. Even in the
context of the Atg29 mutant where the remainder of the C-terminal sites could
not be phosphorylated (i.e., Atg29[20STA]), the phosphomimetic mutants
(Atg29[20STA/3SD] or Atg29[(20STA/3SE]) retained ~80% of the wild-type
Atg29 activity (Figure 4.3A and C). Together, these data suggest that

phosphorylation of multiple residues of the Atg29 C terminus results in a
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mass-action effect that alters the conformation of the inhibitory peptide with
respect to Atg29 (i.e., auto-inhibition) or another component of the Atg1 kinase

complex.

4.3.5 Atg29 is an intrinsically disordered protein

The results of the above analysis indicate that Atg29 undergoes significant
conformational changes upon phosphorylation. This behavior is not unusual
for a large group of functional proteins that are either entirely disordered or
contain long disordered domains under physiological conditions. These
polypeptides are referred to as intrinsically disordered proteins (140-143).
Since IDPs can clearly be discriminated from the group of globular proteins
that gain a fixed rigid 3D structure in solution, we examined whether or not
Atg29 is an IDP.

The presence of long disordered regions makes IDPs very sensitive to
proteolytic cleavage, and disordered regions correspond to missing electron
density in protein structures (141). The ribbon model of Atg29 that was
obtained as part of the crystal structure of the Atg17-Atg31-Atg29 complex
(144), lacks the C-terminal half of the protein, due to sensitivity to proteolytic
cleavage. Furthermore, from the 79 residues that were used in the attempted
crystallization, residues 41-50 are missing and 51-79 could not be assigned to
specific amino acids. These results indicate that Atg29 is a solvent-accessible
polypeptide with a high degree of mobility that leads to noncoherent X-ray
scattering, making flexible atoms unobservable or hard to distinguish.

Unfoldedness of IDPs is encoded in their amino acid sequence (140-142).
We carried out a disorder prediction for Atg29 (Figure 4.4B) using IUPred, an
algorithm that evaluates the tendency for intrinsic disorder based on the
observation that globular proteins have an ordered structure that is stabilized
by a large number of inter-residue interactions, whereas intrinsically
disordered proteins possess an amino acid composition that does not allow

these interactions (145). IDPs contain random coil domains of at least 40
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consecutive amino acid residues (141). The IUPred analysis predicts that only
the first half of Atg29, up to Ser96, is structured, while the remaining part of
Atg29 (>100 amino acids including the entire C terminus) is disordered when
the protein is present alone in solution. However, in the presence of a
structured binding partner, this domain may undergo a disorder-to-order
transition. The ANCHOR predictor (146) identifies small hydrophobic domains
present within disordered regions; these domains are too small to favor
intramolecular interactions (i.e., aggregation), but facilitate intermolecular
binding, whereas the disordered regions themselves are generally low in
binding capacity. The residues lle, Leu, Phe and Val tend to predominate in
these short ordered regions in small  -helical linear motifs. Analysis using this
algorithm revealed a high probability for disordered binding regions in the
regulatory domain Figure 4.4B). In this regard it is noteworthy that the
inhibitory peptide at the very C terminus of Atg29 was identified as the longest
disordered binding region and exhibited the highest binding tendency, in
agreement with its proposed regulatory role involving interaction with another
component of the Atg1 kinase complex.

A very typical characteristic of IDPs is their special position in the CH plot
given by a combination of their low mean hydrophobicity <H> and high mean
net charge <R> (140, 141). Atg29 occupies the same area in the CH plot as
known IDPs such as Sic1 (147); Figure 4.S1B].

Since disorder propensity is embedded directly in the amino acid
sequence, it follows that IDPs in the DisProt database (148) are depleted in
rigid, order-promoting residues and enriched in flexible, disorder-promoting
residues (142). Compositional profiler (149) in Figure 4.4D shows that Atg29
has an amino acid composition similar to IDPs in the DisProt database (Figure
4B).

Another feature that Atg29 shares with IDPs is its anomalous migration
during SDS-PAGE (Figure 4C). The molecular mass of Atg29 calculated from
its amino acid sequence is 24.7 kDa. With the 17-kDa MOCR purification tag
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(see Materials and Methods), the expressed and purified Atg29 migrated as an
~48-kDa protein, and with the 10-kDa PA tag, the molecular mass of the
Atg29-PA fusion protein in yeast was ~45 kDa. Untagged Atg29 purified from E.
coli appeared to be 31- to 35-kDa (Figure 4.5A). Thus, Atg29 migrates at a
molecular mass approximately 8.3 kDa larger than predicted. This type of
aberrant migration typically results from poor interaction of the protein with
SDS due to a higher content of charged amino acid residues compared to
globular proteins (150). Taken together, these data suggest that Atg29 is an
IDP.

4.3.6 Single-particle electron microscopy analysis of the Atg17-Atg31-
Atg29 Complex

Atg29 exists in a stable protein complex that also contains Atg17 and
Atg31. To better understand the structure and function of Atg29, we carried
out negative stain single-particle electron microscopy (EM) analysis.
Coomassie Blue-stained SDS-PAGE analysis confirmed that the ternary
complex purified using the previously published procedure contained
stoichiometric quantities of Atg17, Atg31, and Atg29 (Figure 4.5A) (12). Next,
negative stained specimens were prepared by adsorbing purified
Atg17-Atg31-Atg29 to glow discharged carbon-coated EM grids and staining
with uranyl formate. Initial images obtained for these specimens revealed that
the purified complex was relatively homogeneous and had an elongated
shape (Figure 4.5A).

To gain further insights into the structural features of the
Atg17-Atg31-Atg29 complex, we selected a total of 6,788 particles from the
raw images, and subjected these particle images to reference-free alignment
and classification. The gallery of average images revealed that
Atg17-Atg31-Atg29 contained a backbone that had an overall shape
resembling a stretched out letter “S”, with two circular domains attached to

opposite “ends” (Figure 4.5B). These averages also showed that
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Atg17-Atg31-Atg29 is dimeric, with the two-fold symmetry axis located at the
center of the complex. The observed stoichiometry is in agreement with yeast
two-hybrid studies, which showed that Atg17 self-associates (134), and with
recent analytical ultracentrifugation experiments, which showed that Atg17
forms a 2:2:2 complex with Atg29 and Atg31 (12). The overall architecture of
this complex resembles the recently determined crystal structure of the
Lachancea thermotolerans Atg17-Atg31-Atg29 core complex (144),
suggesting that the S. cerevisiae complex has a similar subunit organization
as the L. thermotolerans complex. In other words, S. cerevisiae Atg17 forms
the backbone while Atg31 and Atg29 constitute the terminal globular domains.

The crystallized complex, however, lacks more than 100 C-terminal
residues of Atg29, the domain that we determined was subject to regulatory
phosphorylation and that contains the C-terminal inhibitory peptide, whereas
the S. cerevisiae complex we analyzed contains full-length components. To
localize the Atg29 C-terminal domain, a difference mapping approach was
implemented. This approach involves generating a series of 2D projections
corresponding to different views of the high-resolution model and then
experimentally determining the projection that correlates best with a
representative 2D average obtained for the S. cerevisiae complex. Next, a
difference image was calculated by subtracting the identified 2D projection
from the experimental 2D average. Strong difference densities adjacent to
each of the two globular domains were observed, suggesting that the
C-terminal domains of Atg29 may be projecting away from these domains
(Figure 4.5C). The two weaker densities were also located on opposite ends of
the complex, but these could be attributed to flattening of the particle by the
negative staining procedure, leading to a slight extension to its overall length
(Figure 4.5C).

The recombinant Atg17-Atg31-Atg29 complex that we structurally
characterized is  non-phosphorylated and presumably in the

non-autophagy-inducing state. To examine the autophagy-inducing state of
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Atg17-Atg31-Atg29, we reconstituted complexes containing the
phosphomimetic mutants Atg29[3SD] or Atg29[20STA/3SD], and subjected
the purified complexes to negative stain 2D EM analysis. Two galleries of
class averages were obtained from the classification of 4,671
Atg29[3SD]-containing and 6,558 Atg29[20STA/3SD]-containing particles,
respectively (Figure 4.5D and E). These averages indicated that the
phosphomimetic mutations did not significantly alter the overall structure of the
ternary complex. This finding is in agreement with the earlier assignment of
the C-terminal regulatory domain of Atg29 to the periphery of the
Atg17-Atg31-Atg29 complex (Figure 4.5C). Although the Atg29 regulatory
domain is not directly engaged in assembling and/or stabilizing this complex, it
localizes to a highly accessible region suitable for engaging in interactions with

other Atg proteins and/or components of the Atg1 signaling machinery.

4.3.7 In vivo reconstitution and analysis of the Atgl7-Atg31-Atg29
complex

The Atg17-Atg31-Atg29 complex is considered to be one of the first sets
of proteins that assemble at the PAS, and it plays a role in the recruitment of
other Atg proteins. However, the complexity of the interaction network of Atg
proteins has made it difficult to completely dissect the process of PAS
organization. Therefore, we tried to reconstitute assembly of the ternary
complex in vivo in our multiple-knockout (MKO) strain (151), and used
Atg17-GFP as the reporter to observe the PAS localization of the complex. In
the MKO strain, the ATG genes whose products are involved in
autophagosome formation have been deleted; this allows us to eliminate
contributions from other Atg proteins and determine the minimum components
needed for the assembly and correct localization of the complex. When we
expressed both Atg29 and Atg31 together with Atg17-GFP, we were unable to
observe puncta corresponding to Atg17-GFP (Figure 4.6A). In contrast, if

Atg11 was co-expressed with all three proteins, the Atg17-GFP puncta were
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now detected (Figure 4.6A). Thus, in the absence of all other known Atg
proteins, Atg11 is necessary and sufficient to recruit the Atg17-Atg31-Atg29
complex to the PAS.

Previous studies from our lab suggested that Atg17 interacts with Atg11
(125); however, neither ATG29 nor ATG31 had been identified at that time.
Therefore, we decided to reexamine which component of the
Atg17-Atg31-Atg29 complex was the direct binding partner of Atg11. In order
to carry out this analysis, we took advantage of the bimolecular fluorescence
complementation assay (119). In this system, the Venus yellow fluorescent
protein is split into two fragments, corresponding to the N terminus (VN) and C
terminus (VC). We fused VC to Atg11, and VN to Atg17, Atg29, or Atg31, by
integrating the corresponding constructs at the ATG11, ATG17, ATG29 or
ATG31 loci on the yeast genome. Fluorescence from these chimeras can only
be observed when the two proteins interact and bring the two fluorophore
fragments into close proximity. Bright dots were observed in cells expressing
VC-Atg11 and Atg29-VN, but no fluorescent signal was observed in cells
expressing either VC-Atg11 and Atg17-VN, or VC-Atg11 and Atg31-VN
(Figure 4.6B). To confirm the interaction between Atg29 and Atg11, we carried
out protein A affinity isolation with IgG-Sepharose. PA-tagged Atg17 and
Atg29 were both able to co-precipitate HA-Atg11. When Atg17 was absent,
Atg29 could still pull down Atg11; however, when Atg29 was absent, Atg17 no
longer interacted with Atg11 (Figure 4.6C). These results indicate that Atg29,
but not Atg17, directly interacts with Atg11 to facilitate the association of Atg11
with the complex and to achieve its PAS localization.

Atg11 is a scaffold protein required for selective autophagy that appears
to be dispensable for non-selective autophagy, as deletion of the ATG11 gene
has no obvious effect on autophagy activity (11). However, some lines of
evidence also suggest that Atg11 might have a role in non-selective
autophagy. For example, a small number of autophagic bodies (the

single-membrane vesicles that result from the fusion of autophagosomes with
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the vacuole) are detected in the vacuole in atg77A cells (9), consistent with the
fact that autophagy is not completely blocked when Atg17 is absent. However,
no autophagic bodies are detected in atg71A atg17A cells, suggesting that
Atg11 contributes to autophagic body (and hence autophagosome) formation
in the absence of Atg17. Atg11 is proposed to function as the initial component
localizing to the PAS in vegetative conditions, facilitating the formation of the
starvation-specific PAS upon the induction of autophagy (9). In the present
study, we found that Atg11 interacted with Atg29 and was required for the PAS
targeting of the Atg17-Atg31-Atg29 complex in MKO cells. Therefore, we
extended our analysis of the role of Atg11 in non-selective autophagy with the
Pho8A60 assay. In atg11A cells, autophagy activity was normal in agreement
with previous studies, whereas in afg29A cells, autophagy activity was
~40-45% the level of the wild type. In contrast, when both ATG77 and ATG29
were deleted, autophagy was almost completely blocked (Figure 4.6D).
Therefore, Atg11 appears to contribute to non-selective autophagy when

Atg29 is absent.

4.3.8 The phosphorylation of Atg29 is required for its binding to Atgll
and the PAS targeting of the Atg17-Atg31-Atg29 complex

Because we found that the phosphorylation of Atg29 is important for
autophagy activity, we decided to examine the role of Atg29 phosphorylation in
the PAS targeting of the Atg17-Atg31-Atg29 complex. We co-expressed Atg11,
Atg31 and either wild-type or mutant Atg29 in the MKO strain, and again used
Atg17-GFP as the reporter. With wild-type Atg29, ~22% or ~33% of the cells
contained Atg17-GFP puncta in growing or nitrogen starvation conditions,
respectively (Figure 4.7A and B). The phosphomimetic mutants Atg29[3SD]
and Atg29[3SE] were also able to support Atg17-GFP puncta formation at
essentially wild-type levels (Figure 4.7A and B). In contrast, no Atg17-GFP
puncta were observed with the non-phosphorylable Atg29[23STA] mutant in

either growing or nitrogen starvation conditions (Figure 4.7A and B). These
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results suggest that the phosphorylation of Atg29 is required for the PAS
recruitment of the Atg17-Atg31-Atg29 complex.

Since Atg29[23STA] could not promote the PAS targeting of the
Atg17-Atg31-Atg29 complex, we suspected that the phosphorylation of Atg29
was required for its association with the complex, or for interaction with Atg11.
Therefore, we used wild-type Atg29-PA or Atg29[23STA]-PA to pull down
Atg17-GFP and HA-Atg11 in MKO cells. Atg17-GFP was co-precipitated by
both wild-type Atg29-PA and Atg29[23STA]-PA, in agreement with the
observation that the Atg17-Atg31-Atg29 complex is present in vegetative
conditions (i.e., when we do not detect phosphorylation of the C terminus) (12);
however, only wild-type Atg29-PA was able to co-precipitate HA-Atg11 (Figure
4.7C). Therefore, the phosphorylation of Atg29 is dispensable for its
association with Atg31 and Atg17, but is required for interaction with Atg11,
and the PAS targeting of the Atg17-Atg31-Atg29 complex.

4.3.9 The Atgl7-Atg31-Atg29 complex and Atgll cooperate to recruit the
intact Atgl kinase complex

Previous work showed that Atg11 directly interacts with Atg1, although the
physiological role of this interaction is unknown (9, 11). In the absence of
Atg17 or Atg29, Atg11 permits the cells to retain residual autophagy activity (9).
Therefore, we hypothesized that the intact Atg1 complex consists of (at least)
six subunits, which form an interacting structure that controls autophagy
induction. To test our hypothesis and gain further insight into the physiological
role of the Atg1-Atg11 interaction, we combined random mutagenesis and
yeast two-hybrid assays and identified an Atg1 mutant, Atg1-82°HW826S
(hereafter Atg1(LHWS)). Atg1(LHWS) showed a significant decrease in its
interaction with Atg11, as detected by protein A affinity isolation (Figure 4.8A).
Importantly, Atg1(LHWS) has normal Atg1 function other than decreased

interaction with Atg11, as the plasmid-driven Atg1(LHWS) was able to rescue

the defect of autophagy activity as well as wild-type Atg1 (Figure 4.8B).
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Atg1 protein kinase is the key subunit of Atg1 complex, and we showed
that Atg11 is necessary and sufficient to recruit the Atg17-Atg31-Atg29
complex to the PAS (Figure 4.6A). We hypothesized that the
Atg17-Atg31-Atg29 complex and Atg11 together form a scaffold for the
recruitment of Atg1 to the PAS. To test this possibility and to preclude
interference from the endogenous wild-type Atg1, we transformed plasmids
expressing chimeras of GFP fused to either wild-type Atg1 or Atg1(LHWS) into
atg1A cells. Wild-type GFP-Atg1 and GFP-Atg1(LHWS) displayed similar
levels of puncta formation in both growing and starvation conditions (Figure
4.8C and D). Loss of the Atg1-Atg11 interaction may not have had an obvious
effect on autophagy activity (Figure 4.8B) or puncta formation (Figure 4.8C
and D) because of compensation from the Atg11-Atg29 interaction, which was
able to retain Atg11 within the Atg1 complex. To test this hypothesis, we next
deleted the ATG29 gene. In atg1A atg29A cells, wild-type GFP-Atg1 showed
reduced puncta formation compared to that in atg7A cells in both growing and
starvation conditions (Figure 4.8C and D), which suggested that Atg29 is
important for the PAS recruitment of Atg1. GFP-Atg1(LHWS) showed a further
decrease in puncta formation in the double deletion background (Figure 4.8C
and D), which implied that the Atg1-Atg11 interaction is essential for Atg1
recruitment when Atg29 is absent.

Finally, we asked whether the change in puncta formation corresponded
to a change in autophagy activity. Even though both wild-type Atg1 and
Atg1(LHWS) expressed from plasmids were able to rescue the defect of
autophagy activity in cells with only an ATG1 deletion (Figure 4.8B), when we
also deleted the ATG29 gene, only plasmid-driven wild-type Atg1, but not
Atg1(LHWS), rescued the autophagy defect (Figure 4.8B). Therefore, the
Atg1-Atg11 interaction is also essential for autophagy activity when Atg29 is

absent.
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4.4 Discussion

Autophagy is crucial for cellular metabolism, but either excessive or
insufficient autophagy can be deleterious. Therefore, the activity of this
process has to be tightly controlled. The Atg1 kinase complex, which includes
Atg1, Atg13, Atg17, Atg29, and Atg31, is a key regulator of autophagy
induction and inhibition, and the activity of these proteins is modulated in part
by posttranslational modifications. For example, Atg1, Atg13 and Atg31 are all
phosphoproteins, and the functions of at least Atg1 and Atg13 are regulated by
phosphorylation (12, 91, 92, 139). Here, we show that Atg29 is also a
phosphoprotein and we determine the physiological role of its phosphorylation.

Based on our results, we suggest that in nutrient-rich conditions, when
autophagy is at a basal level, the activity contributed by Atg29 is blocked by an
inhibitory peptide located at its extreme C terminus. Upon autophagy induction,
Atg29 is phosphorylated, and the modification of the last three serine residues
in particular promotes a conformational change and release of the inhibition,
thus allowing the full activity of the N-terminal functional domain.

The phosphorylation of Atg29 affected its ability to interact with Atg11. All
these results are consistent with our protein analysis that Atg29 belongs to a
new class of very flexible polypetides called intrinsically disordered proteins.
IDPs have a number of functional advantages over the function of structured
proteins. For example, they have larger interacting surfaces compared to their
ordered partners, exhibit increased speed of interactions and high specificity
coupled with low affinity, carry recognition segments that can fold after binding
to a native partner or cofactor, have accessible posttranslational modification
sites, and possess conformational flexibility that allows for structural
adaptation in interaction with several partners, or they can be involved in very
distinct functional modes, for example, acting as both inhibitors and activators
of their partner enzyme(s) (140, 150, 152, 153). The very same regions of
these proteins are involved in very distinct functional modes (e.g., activation as

well as inhibition) (140, 150, 152).
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The lines of evidence that Atg29 is an IDP come mainly from the
characteristics that originate in the protein’s amino acid sequence and that
have been shown by numerous studies (140-143, 147) to be distinct for IDPs
relative to ordered (globular) proteins. We were not able to apply a full set of
experimental techniques that would provide comprehensive characterization of
this protein, because the purified Atg29 could not be obtained in the
monomeric form; the protein a very significant propensity for aggregation
under different experimental conditions. This tendency to aggregate further
supported our finding that Atg29 is disordered, because this type of proteins
exists as an ensemble of conformations without a single minimum in the
energy landscape model, and as a result is always more prone to
inter-molecular interactions or aggregation in the absence of a natural binding
partner in solution (143). Given the enormous versatility of IDPs, we conclude
that the presence of at least Atg29 as one component representing this class
of proteins in the constitutively formed regulatory Atg1 kinase complex is
consistent with the requirement for prompt regulation of autophagy induction in
response to changing intracellular conditions.

Our single-particle electron microscopy analysis of the Atg17-Atg31-Atg29
complex revealed an “S”-shaped architecture that is consistent with the crystal
structure of the recently published L. thermotolerans complex (144), although
we note that the crystal structure does not include substantial portions of
Atg29 or Atg31, including the entire C-terminal half of Atg29 that we show in
the present study is subject to phosphorylation. Atg29 is located at the ends of
the dimeric scaffold that is formed primarily by the rigid structure of Atg17.
Considering this location, it is not surprising that the introduction of
phosphomimetic mutations to substitute for the last three serine residues in
Atg29 does not change the overall structure of the complex at this level of
resolution. We have not yet succeeded in purifying the complex from yeast
under autophagy-inducing conditions, so we cannot rule out the possibility that

the phosphorylated protein will display a more obvious conformational change.
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At any rate, we found that the phosphorylation state of Atg29 affected its ability
to interact with Atg11.

Atg11 is a selective autophagy scaffold protein, binding to a variety of
cargo receptors to mediate different types of selective autophagy (56, 59) (51).
Atg11 directly interacts with Atg1 and is involved in the activation of Atg1
kinase activity (10, 11). In the absence of Atg17 or Atg29, Atg11 permits the
cells to retain residual autophagy activity, even though the deletion of the
ATG11 gene by itself does not have an obvious effect on autophagy activity (9,
11). The hierarchical study of the Atg proteins along with other work suggests
that the Atg17-Atg31-Atg29 complex comprises the first set of proteins
localized to the PAS (15, 16). However, in the absence of other Atg proteins
(as in our MKO strain), this complex is diffuse in the cytosol rather than
accumulating at the PAS; under these conditions, Atg11 is necessary and
sufficient for PAS recruitment (Figure 4.5A).

Atg11 directly interacts with Atg1, although the physiological role of this
interaction is unknown (11). With regard to Atg1 kinase activity, the
Atg17-Atg31-Atg29 complex can interact with Atg1 via the binding of Atg13 to
Atg17, or through the binding of Atg11 to Atg29. This finding may explain the
residual autophagy activity seen in atg77A or atg29A cells, and the complete
loss of autophagy activity in atg71A atg17A or atg11A atg29A cells. Atg1 and
Atg13 are the core subunits within the complex; therefore, both non-selective
and selective autophagy are blocked when ATG1 or ATG13 are deleted. Atg11
and the Atg17-Atg31-Atg29 complex have partly redundant roles as scaffolds
for PAS organization (9); under starvation conditions, the Atg17-Atg31-Atg29
complex plays a major role, whereas Atg11 is critical for selective autophagy,
and for facilitating the transition to non-selective autophagy.

In summary, the function and organization of the PAS is a critical issue in
the autophagy field. A continued structure-function analysis of the
Atg17-Atg31-Atg29 complex will help us better understand the molecular

mechanism of phagophore initiation. In particular, further structural studies that
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include additional components of the Atg1 kinase complex combined with
molecular genetic data should provide tremendous insight into autophagy

regulation.

4.5 Materials and methods

Strains, Media, and Growth Conditions. Yeast strains used in this study
are listed in Table 4.1. 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. Autophagy was induced by shifting the cells to nitrogen
starvation medium (SD-N; 0.17% yeast nitrogen base without ammonium
sulfate or amino acids, and 2% glucose).

Plasmids. pCuHAAtg11(416), pCuHAAtg11(414) and pCuPA-Atg1(416)
has been reported previously (9, 59). For constructing wild-type or truncation
forms of the ATG29-PA plasmid, the full-length or corresponding truncation
forms of the ATG29 gene with its endogenous promoter were amplified by
PCR and ligated into pNopPA(314) after removing the NOP1 promoter, which
was described elsewhere (154). The DNA fragments of ATG29-PA[23STA] and
ATG29-PA[20STA] were synthesized by GenScript, and ligated into
pNopPA(314). The plasmids pAtg29[3SA]-PA, pAtg29[3SD]-PA, and
pAtg29[3SE]-PA were generated by site-directed mutagenesis from pAtg29-PA.
pAtg29[20STA/3SD]-PA and pAtg29[20STA/3SE]-PA were generated from
pAtg29[23STA]. For pAtg29[1-202/23STA], the DNA fragment lacking the last
33 nucleotides was amplified by PCR and ligated into pNopPA(314). To
construct pAtg1(414), the open reading frame along with 1763 bp of upstream
and 566 bp of downstream of ATG71 gene was amplified from yeast genome
and inserted in the BamHI site of pRS414. pGFP-Atg1(316) was a kind gift
from Dr. Yoshinori Ohsumi (National Institute for Basic Biology, Okazaki,
Japan). pAtg1(LHWS)(414) was generated by site-directed mutagenesis from
pAtg1(414), pGFP-Atg1(LHWS)(316) was from pGFP-Atg1(316), and
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pCuPA-Atg1(LHWS)(416) was from pCuPA-Atg1(416).

Fluorescence Microscopy. For fluorescence microscopy, yeast cells
were grown to ODggo ~0.6 in YPD or SMD and shifted to SD-N for autophagy
induction. Samples were then examined by microscopy (Olympus; or 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-um distance between
two neighboring sections.

Expression and purification of MOCR-Atg29. The ATG29 gene was
cloned using LIC technology (155) into the multiple cloning site of the pMOCR
expression vector (156). The recombinant fusion protein MOCR-Atg29 was
expressed for 3 h at 28°C in BL21-Al E. coli cells after induction with 0.2 mM
IPTG and 0.2% arabinose. The protein was purified in the first step using the
His tag. The soluble fraction of the bacterial lysate was batch bound to Ni-NTA
agarose (Qiagen) for 3 h. Resin was washed with 20 mM imidazole in a buffer
containing 50 mM sodium phosphate, pH 8, 300 mM NaCl and 10% betaine.
The protein was eluted with 250 mM imidazole in the same buffer and dialyzed
overnight in 50 mM sodium phosphate, pH 8, 10 mM NaCl, 1 mM DTT, and 5%
betaine. The second purification step was performed by gel filtration in dialysis
buffer using a Superdex 200 column and AKTApurifierTM FPLC system (GE
Healthcare). The protein eluted in the void peak as a soluble aggregate.

Purification of Recombinant Atgl7-Atg31-Atg29 Complexes and
Variants. N-terminal GST (glutathione-S-transferase)-tagged or N-terminal
hexahistidine-MBP (maltose binding protein)-tagged Atg17, was co-expressed
with N-terminal hexahistidine-tagged Atg31, and untagged Atg29 in the same
E. coli expression host. The recombinant complex was purified using
glutathione-agarose (for GST-tagged Atg17) or nickel sepharose (for His-MBP
tagged Atg17) followed by PreScission or TEV protease cleavage to remove
the affinity tag. The cleaved complex was further purified by gel filtration

chromatography using a Superose 6 column.
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Single-Particle Electron Microscopy. Negatively stained specimens
were prepared as previously described (157). Raw images were recorded at a
nominal magnification of 49,000x on a 4K x 4K Eagle camera (FEI) with a
Tecnai Spirit transmission electron microscope operated at an accelerating
voltage of 120 kV. Images for two-dimensional (2D) analysis were collected
using the same instrument with operating parameters and at a defocus value
of —1.2 um. For 2D analysis, particles were interactively selected using Boxer
(158) . The selected particles were windowed into 112 x 112-pixel images,
rotationally and translationally aligned, and subjected to ten cycles of
multi-reference alignment using SPIDER. Each round of alignment was
followed by K-means classification specifying 50 classes.

Additional Assays. The Pho8A60 assay and immunoprecipitation were

performed as described previously (59).
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Table 4.1 Yeast strain list

Name Genotype Reference
HCY107 [YCY123 ATG17-GFP::HIS3 This study
HCY108 [YCY131 ATG17-GFP::HIS3 This study
HCY109 [SEY6210 atg29A::KAN This study
HCY125 [SEY6210 atg17A::KAN Atg29-PA:: TRP1 This study
HCY129 [SEY6210 Atg29-PA:: TRP1 This study

KDM1233 [SEY6210 atg29A::KAN ATG31-GFP::HIS3 This study
KDM1234 [SEY6210 ATG17-PA::HIS3 This study
KDM1235 [SEY6210 atg29A::KAN ATG17-PA::HIS3 This study
KDM1270 [SEY6210 atg1A::HIS5 atg11A::LEU2 This study
KDM1406 [TN124 atg11A::URA3 This study
KDM1407 [TN124 atg29A::KAN atg11A::URA3 This study
KDM1408 [SEY6210 pho13A pho8A60 atg1A::LEU2 This study
KDM1409 [SEY6210 pho13A pho8A60 atg29A::HIS5 This study
KDM1410 [SEY6210 pho13A pho8A60 atg1A::LEU2 atg29A::HIS5 | This study
KDM1551 [SEY6210 pRPL7b-VC-ATG11::HIS3 ATG17-VN:: TRP1 | This study
KDM1552 [SEY6210 pRPL7b-VC-ATG11::HIS3 ATG29-VN::TRP1 | This study
KDM1553 [SEY6210 pRPL7b-VC-ATG11::HIS3 ATG31-VN:: TRP1 | This study
SEY6210 MATa leu2-3,112 ura3-52 his3-A200 trp1-A901 suc2-A9| (101)

lys2-801 GAL

TKY12 [SEY6210 atg29A::KAN atg1A::.LEU2 This study
TN124 |MATa leu2-3,112 trp1 ura3-52 pho8::pho8A60 (81)

pho13::LEU2

WHY1 [SEY6210 atg1A::HIS5 This study
WLY176 [SEY6210 pho13A pho8A60 This study
YCY123 [SEY6210 atgi1A, 2A, 3A, 4A, 5A, 6A, 7A, 8A, 9A, 10A, (151)

11A, 12A, 13A, 14A, 16A, 17A, 18A, 19A, 20A, 21A, 23A,
24A, 27A, 29A
YCY131 [SEY6210 atgi1A, 2A, 3A, 4A, 5A, 6A, 7A, 8A, 9A, 10A,| This study
11A, 12A, 13A, 14A, 16A, 17A, 18A, 19A, 20A, 21A, 23A,
24A, 27A, 29A, 31A::ble
YIY36 [TN124 atg29A::KAN This study
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Figure 4.1 Atg29 is a phosphoprotein.

(A) Cells containing a chromosomal protein A-tagged Atg29 (HCY129) were
grown in YPD and shifted to SD-N for 2 h. A phosphatase and phosphatase
inhibitor were added to the cell lysate as indicated.

(B) Different forms of plasmid-encoded Atg29-PA with the indicated truncations
were transformed into atg29A cells (HCY109). Cells were grown in SMD and
shifted to SD-N for 2 h. Cell lysates were separated by SDS-PAGE and
analyzed by western blot.
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Figure 4.2 Atg29 contains distinct functional, regulatory and inhibitory
domains.

(A) Pho8A60 wild-type (TN124) cells were transformed with empty vector;
Pho8AG0O atg29A (YIY36) cells were transformed with empty vector, or a
plasmid containing wild-type or different mutant forms of Atg29-PA as indicated.
Cells were cultured in SMD to mid-log phase (+N), and shifted to SD-N for 4 h.
The Pho8A60 assay was performed as described in Materials and Methods.
Error bars correspond to the standard deviation (SD), and were obtained from
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three independent repeats.

(B) Empty vector, or plasmids encoding Atg29-PA, or Atg29[1-100]-PA were
transformed into atg29A cells expressing Atg31-GFP (KDM1233). Cells were
cultured in SMD to mid-log phase, and cell lysates were prepared and
incubated with IgG-Sepharose for affinity isolation as described in Materials
and Methods.

(C) A schematic diagram of the Atg29 protein.

(D) The plasmid pAtg29-PA or pAtg29[23STA] was transformed into atg29A
cells (HCY109). Cells were cultured in SMD, shifted to SD-N for 2 h, and
analyzed by immunoblot.

(E) Relative activities of different Atg29 mutants based on the results in (A).
The conversion from percent Pho8A60 to relative Atg29 activity was carried
out as described in the text.
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Figure 4.3 Phosphorylation of serine residues adjacent to the inhibitory
peptide is important for Atg29 function.

(A) Pho8A60 wild-type (TN124) cells were transformed with empty vector;
Pho8AGO atg29A (YIY36) cells were transformed with empty vector, or a
plasmid containing wild-type or different mutant forms of Atg29-PA as indicated.
Cells were cultured in SMD (+N) to mid-log phase, and shifted to SD-N for 4 h.
Protein extracts were analyzed using the Pho8A60 assay. Error bars
correspond to the standard deviation (SD), and were obtained from three
independent repeats.

(B,C) Relative activities of different Atg29 mutants based on the results in (A).
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Figure 4.4 Atg29 is an intrinsically disordered protein.

(A) Tendency for intrinsic disorder and probability of an Atg29 residue being in
a disordered binding site, as predicted by IUPred and ANCHOR, respectively.
Gray areas, generated by ANCHOR, identify the disordered binding segments
in Atg29 that are likely to be stabilized through binding to a globular protein
partner. The Met residue at the Atg29 N terminus was not included in the
calculations for this plot and the plots in panel B and Figure 4.S1B.

(B) Compositional profiling of Atg29. The gray and black bars show the
fractional difference (calculated as (Cx - Cpps2s)/Cppe2s) in amino acid
composition of Atg29 and IDPs from the DisProt database, respectively,
relative to a reference set of proteins in PDB database (149) that is biased
towards the composition of proteins responsive to crystallization. Cx is the
content of amino acids in Atg29 or IDPs in DisProt and Cppgys is the
corresponding value for proteins in the PDB protein set. A negative/positive
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fractional difference indicates depletion/enrichment in the corresponding
amino acid. Amino acids are arranged on the x-axis from the most rigid to the
most flexible according to the Vihinen’s flexibility scale (159).

(C) Migration of Atg29 fusion proteins following SDS-PAGE. (Left) Atg29
fused to the MOCR solubilization tag was visualized by immunoblotting the E.
coli cell lysate with antiserum to polyHis and by Coomassie Blue staining of the
purified protein. (Right) Atg29 fused to protein A was detected by
immunoblotting the yeast cell extract with antiserum that detects PA.
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Figure 4.5 The Atgl7-Atg31-Atg29 complex adopts an elongated
S-shaped structure.

(A) Coomassie Blue-stained SDS-PAGE analysis of gel filtration-purified
recombinant Atg17-Atg31-Atg29 (left). A raw image taken from a negatively
stained recombinant Atg17-Atg31-Atg29 specimen (right). Particles are circled
and the scale bar represents 100 nm.

(B) Representative class averages obtained from reference-free classification
of 6,788 negatively stained Atg17-Atg31-Atg29 particles into 50 classes. Each
of the three classes contains between 110 to 220 particles. The side length of
each panel is 52 nm.

(C) Difference mapping between the high-resolution crystal structure projection
(feft) and the negative stained EM average of the full-length components from
S. cerevisiae (middle). The difference image (right) indicates that the Atg29 C
terminus is located in the globular domains.

(D) Representative class averages obtained from classification of 4,671
negatively stained Atg29[3SD]-containing particles into 50 classes. Each of the
three classes contains between 100 to 190 particles.

(E) Representative class averages obtained from classification of 6,588
negatively stained Atg29[20STA/3SD]-containing particles into 50 classes.
Each of the three classes contains between 150 to 170 particles.
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Figure 4.6 Atgll is important for the PAS recruitment of the Atg17-Atg31-
Atg29 Complex.

(A) An empty vector or a plasmid expressing Atg29-PA was co-expressed with
empty vector or a plasmid encoding HA-Atg11 under the control of the CUP1
promoter (pCuHA-Atg11) in MKO ATG17-GFP (HCY107) or MKO ATG17-GFP
atg31A (HCY108) cells as indicated. Cells were cultured in SMD to early log
phase.

(B) VC-ATG11 ATG17-VN (KDM1551), VC-ATG11 ATG29-VN (KDM1552),
and VC-ATG11 ATG31-VN (KDM1553) cells were cultured in YPD and shifted
to SD-N for 2 h. All of the cell samples in (A) and (B) were observed by
fluorescence microscopy. The images are representative pictures from single
Z-section images. DIC, differential interference contrast. Bars, 2 ym.

(C) The plasmid pCuHA-Atg11(416) was transformed into wild-type (SEY6210),
ATG17-PA (KDM1234), ATG17-PA atg29A (KDM1235), ATG29-PA (HCY129),
or ATG29-PA atg17A (HCY125) cells. Cells were cultured in SMD, and cell
lysates were prepared and incubated with IgG-Sepharose for affinity isolation
as described in Materials and Methods. The eluted proteins were separated by
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SDS-PAGE and detected with monoclonal antibody that recognizes HA or PA.
(D) Pho8A60 wild-type (TN124), atg11A (KDM1406), atg29A (YIY36), or
atg29A atg11A (KDM1407) cells were cultured in YPD (+N) and shifted to
SD-N for 4 h. The Pho8A60 assay was performed. Error bars correspond to
the standard deviation (SD), and were obtained from three independent
repeats.
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Figure 4.7 Phosphorylation of Atg29 is required for binding to Atg11.

(A) Plasmids encoding Atg29, Atg29[3SD], Atg29[3SE], or Atg29[23STA] were
co-expressed with HA-Atg11 under the control of the CUP1 promoter
(pCuHA-Atg11) in MKO ATG17-GFP (HCY107) cells. Cells were cultured in
SMD and shifted to SD-N for 2 h, and cell samples were observed by
fluorescence microscopy. The images are representative pictures from single
Z-section images. DIC, differential interference contrast. Bars, 2 um.

(B) Quantification of Atg17-GFP dots. 12 Z-section images were projected and
the percentage of cells containing the Atg17-GFP puncta was determined. The
SD was calculated from three independent experiments.

(C) A plasmid encoding Atg29, or Atg29[23STA] was co-expressed with
pCuHA-Atg11 in MKO ATG17-GFP (HCY107) cells. Cells were cultured in
SMD, and cell lysates were prepared and incubated with IgG-Sepharose for
affinity isolation.
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Figure 4.8 Atg29 and Atgll have redundant roles in the recruitment of
Atgl to the PAS.

(A) The plasmids pCuPA(416) or pCuPA-Atg1(416) and pCuHA-Atg11(414)
were transformed into atg1A atg71A cells (KDM1270). Cells were cultured in
SMD, and cell lysates were prepared and incubated with IgG-Sepharose for
affinity isolation as described in Materials and Methods. The eluted proteins
were separated by SDS-PAGE and detected with monoclonal antibody that
recognizes HA or PA.

(B) The plasmid pRS414, pAtg1(414), or pAtg1(LHWS)(414) was transformed
into either Pho8A60 wild-type (WLY176), atg1A (KDM1408), atg29A
(KDM1409), or atg11A atg29A (KDM1410) cells. Cells were cultured in SMD
(+N) and shifted to SD-N (-N) for 4 h. The Pho8A60 assay was performed as
described in Materials and Methods. Error bars correspond to the standard
deviation (SD), and were obtained from three independent repeats.

112



(C) The plasmid pGFP-Atg1(416) or pGFP-Atg1(LHWS)(416) was transformed
into either atg7A (WHY1) or atg1A atg29A (TKY12) cells. Cells were cultured in
SMD and shifted to SD-N for 2 h, and cell samples were observed by
fluorescence microscopy. The images are representative pictures from single
Z-sections. DIC, differential interference contrast. Bars, 2 um.

(D) Quantificaiton of (C). 12 Z-section images were projected and the
percentage of cells that contained GFP-Atg1 dots was determined. Standard
deviation was calculated from three independent experiments.
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Figure 4.S1 Atg29 is an intrinsically disordered protein (IDP).

(A) Ribbon model of Atg29 [Protein Data Bank (PDB) ID code 4HPQ]. End
residues on secondary structure elements are labeled. UNK, unknown.

(B) Charge-hydrophobicity (CH) plot shows the mean net charge <R> as a
function of the mean hydrophobicity <H>. Solid line marks the boundary that
separates ordered (globular) proteins from intrinsically disordered proteins.
Plot shows the position of Atg29 relative to the boundary and the position of
the recently characterized IDP Sic1 from Saccharomyces cerevisiae (147).
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Chapter 5
The progression of peroxisomal degradation through autophagy

requires peroxisomal division*

5.1 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, Dnm1 and Vps1, 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 Dnm1 and Vps1 are recruited to the degrading peroxisomes
through interactions with Atg11 and Atg36. In addition, we find that specific
peroxisomal fission, which is only needed for pexophagy, occurs at

mitochondria-peroxisome contact sites.

5.2 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

4 Submitted to Autophagy (under revision) with authors listed as Kai Mao*, Xu
Liu*, Yuchen Feng and Daniel J. Klionsky (* denotes equal contribution).
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to peroxisomes. One byproduct of pB-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 (160). The proliferation and replication of peroxisomes
that is achieved by division is under the control of two dynamin-related
GTPases, Dnm1 and Vps1 (160, 161). Superfluous, or extensively damaged
peroxisomes are targeted for vacuole-dependent degradation through
selective autophagy, which is termed pexophagy (127, 162).

Autophagy is a conserved lysosome/vacuole-dependent catabolic pathway
degrading 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 (47, 48). Selective autophagy recognizes and targets specific
cargos or organelles, such as peroxisomes (pexophagy) and mitochondria
(mitophagy) (163).

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 (51). In yeast, Atg11 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
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PpAtg30 in Pichia pastoris; Pex3 functions as the ligand, binding to either
Atg36 or ppAtg30 (65, 66). The receptor Atg36 binds to Atg11, 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 Atg11 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 (164). 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.

Here, we show that the two dynamin-related GTPases Dnm1 and Vps1 are
important for pexophagy. The scaffold protein Atg11 interacts with both Dnm1
and Vps1 with the Atg11-Dnm1 interaction occurring on both mitochondria and
peroxisomes, whereas the Atg11-Vps1 interaction takes place exclusively on
peroxisomes. Unlike the mitophagy receptor Atg32, the pexophagy receptor
Atg36 is able to interact directly with Dnm1 and Vps1, 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.

5.3 Results
5.3.1 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 (127). To track the state and morphology of

peroxisomes during pexophagy, we transformed a plasmid expressing the blue
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fluorescent protein (BFP) fused with a C-terminal type | peroxisomal targeting
signal, serine-lysine-leucine (BFP-SKL) (11). When yeast cells were cultured in
nutrient rich medium with oleic acid (YTO), punctate peroxisomes appeared in
the cytosol (Figure 5.1A, left). After we shifted the cells to nitrogen starvation
medium with glucose (SD-N) for 2 h, which we have previously shown induces
pexophagy (127), the morphology of some peroxisomes changed and
displayed an elongated pattern (Figure 5.1A, right). The elongation of
peroxisomal membrane precedes the division of these organelles, which is
significant for their replication and proliferation (161). 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 Vps1. Dnm1 is able to constrict
membrane, and its proper function and localization on the peroxisomes
requires a fission complex, which also includes Fis1, Mdv1, and Caf4 (129).
Fis1 is a tail-anchored membrane receptor that interacts with the partially
redundant proteins Mdv1 and Caf4, which in turn bind to Dnm1, to recruit the
latter to the peroxisome. This fission complex is shared with mitochondria, and
promotes mitochondrial fission through the same mechanism of Dnm1
recruitment (102, 161). Vps1 also controls the segregation of peroxisomes,
and is recruited to the peroxisomes through interaction with Pex19 (165).

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 | peroxisomal targeting signal (GFP-SKL) and CellTracker Blue
CMAC dye to mark the peroxisomes and vacuole lumen, respectively. The
atg1A mutant served as a control, since autophagy induction and peroxisomal
degradation are completely absent in the atg7A mutant. When the yeast cells

were grown in YTO medium, wild-type and atg7A mutant cells had
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approximately 11.5 and 12.3 peroxisomes on average per cell, respectively
(Figure 5.1C); however, there were fewer peroxisomes in fis1A (9.2/cell) and
dnm1A (8.3/cell) mutants (Figure 5.2B and C), which is consistent with the
previous report that the replication of peroxisomes is compromised in these
mutants (128). In vps71A and dnm1A vps1A mutants, peroxisomes are highly
clustered making it difficult to differentiate and quantify individual peroxisomes
(Figure 5.1B). 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 fis1A and dnm1 mutants, a
vacuolar GFP signal was also detected, but a reduced number of peroxisomes
(39.1% and 35.3%, respectively) were degraded (Figure 5.1B and C), which
indicated that pexophagy was patrtially blocked in these two mutants. In atg7A,
vps1A and dnm1A vps1A mutants, no vacuolar GFP was detected, which
implied that pexophagy was completely absent in these mutants (Figure 5.1B).
However, as noted above, peroxisomes were largely clustered in the vps1A
and dnm1A vps1A mutants (Figure 5.1B), making the quantification of
peroxisomal degradation difficult.

To confirm the pexophagy defects in fission mutants, and to more precisely
evaluate the pexophagy activities in vps1A and dnm1A vps1A mutants, we took
advantage of a second method for monitoring pexophagy, the Pex14-GFP
processing assay. PEX14 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 (118). After 1 or 2 h of nitrogen

starvation with glucose, a considerable amount of free GFP was detected in
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wild-type cells; however, the amount of free GFP was dramatically reduced in
fis1A, dnm1A and vps1A mutants, and was almost completely absent in double
dnm1A vps1A mutants (Figure 5.1D). In agreement with this observation, the
decrease of intact (i.e., full-length) Pex14-GFP was apparent in wild-type, fis1A,
and dnm1A mutant cells, but hardly detectable in the vps1A and dnm1A vps1A
mutants (Figure 5.1D). These results suggested that both Dnm1-dependent
and Vps1-dependent peroxisomal fission are important for pexophagy, with

Vps1 playing a more significant role.

5.3.2 Atg1l interacts with Dnm1 and Fis1 on the degrading peroxisomes.

In growing yeast cells, Atg11 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, Atg11 recruits the Dnm1-containing
fission complex to these mitochondria that are being targeted for degradation
by mitophagy (164). The Atg11-bound population of Dnm1, which is specific for
fission associated with mitophagy, is different from the previously
characterized Atg11-free Dnm1, which controls homeostatic mitochondrial
division. Pexophagy and mitophagy share the use of the Atg11 scaffold and
the Dnm1-containing fission complex. Accordingly, we speculate that Atg11 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 Atg11-Dnm1
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) (119). We fused VN to Atg11 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,
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when mitophagy is induced, VN-Atg11 and Dnm1-VC form vYFP puncta on the
mitochondrial network (164). We carried out the same strategy and also
introduced a C-terminal mCherry at the PEX74 locus on the chromosome to be
able to monitor peroxisomes. When we starved the yeast cells to induce
pexophagy, the Atg11-Dnm1 interacting puncta colocalized with
Pex14-mCherry (Figure 5.2A, arrowhead), which indicated that Atg11 recruited
Dnm1 to the degrading peroxisomes when pexophagy was induced.

Atg11 and the Dnm1-containing fission complex are shared by
peroxisomes and mitochondria. To carefully analyze the location of
Atg11-Dnm1 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 Atg11-Dnm1 interacting puncta could be classified into three
different classes. The class | puncta appeared on the mitochondrial network
(Figure 5.2B, arrow), and thus correspond to complexes that are involved in
mitophagy-specific fission (164). 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 (58). Because oleic acid is a non-fermentable carbon source, these
culture conditions (i.e., switching from YTO to SD-N) likely induce mitophagy.
Class Il puncta were localized on peroxisomes (Figure 5.2B, arrowhead), 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 Ill puncta colocalized with both
peroxisomes and mitochondria (Figure 5.2B, asterisk). The cellular pattern of
both class Il and class Ill puncta implied the Dnm1-mediated peroxisomal
fission might occur at the mitochondria-peroxisome contact sites.

To test this hypothesis, we also examined the sites of the Atg11-Fis1
interaction. Based on our previous work, Atg11 interacts with Fis1 in addition to

Dnm1 on the targeted mitochondria (164). We chromosomally tagged ATG 11
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and FIS1 with VN and VC, respectively, and used BFP-SKL and MitoTracker
Red to track peroxisomes and mitochondria, respectively. The distribution of
Atg11-Fis1 puncta was extremely similar to that of Atg11-Dnm1 puncta, with
the existence of distinct populations localized to mitochondria (Figure 5.2C,
arrow), peroxisomes that were proximal to mitochondria (Figure 5.2C,
arrowhead), and puncta localized on both organelles (Figure 5.2C, asterisks).
Of note, the peroxisomes marked by the Atg11-Fis1 interaction were always
close to or associated with mitochondria. After the analysis of both
Atg11-Dnm1 and Atg11-Fis1 puncta, we concluded that Atg11 recruited
Dnm1-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.

5.3.3 Atg1l interacts with Vpsl on peroxisomes.

We noticed that compared to Dnm1 inhibition of the Vps1-mediated
peroxisomal fission had a stronger effect on pexophagy (Figure 5.1B and D).
Therefore, we wondered if there is also an Atg11-bound form of Vps1, which
localizes on the peroxisomes that will become targeted for sequestration and
regulates pexophagy-specific division. We chromosomally tagged ATG 17 with
VN and PEX714 with mCherry, and transformed the cells with a plasmid
expressing Vps1-VC. VN-Atg11 and Vps1-VC formed puncta in
pexophagy-inducing conditions, and these puncta localized on the
peroxisomes marked by Pex14-mCherry (Figure 5.3A, arrowhead).

To verify the interaction between Atg11 and Vps1, 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 Atg11. The C terminus of Vps1 has a high similarity at the amino

acid sequence level compared to Dnm1. We suspected that the Vps1 mutant
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lacking the last 30 amino acids [Vps1 (30A)] would also lose interaction with
Atg11. Protein A (PA)-tagged wild-type Vps1 co-precipitated a substantial
amount of the available HA-Atg11, whereas Dnm1 (30A) precipitated a very
small amount of this protein (Figure 5.3B). In contrast to our expectation, Vps1
(30A) precipitated a similar level of HA-Atg11 relative to that affinity isolated by
wild-type (i.e., full length) Vps1. Therefore, Vps1 interacts with Atg11 through a
different mechanism from the one used by Dnm1.

We showed that the Dnm1-regulated peroxisomal division occurred
extremely close to mitochondria (Figure 5.2B), which we propose may be due
to the fact that the Dnm1-containing fission complex is shared by mitochondria
and peroxisomes. Up until now, there have not been any published data
indicating a role for Vps1 in mitochondria segregation. Accordingly, we decided
to determine whether Vps1-mediated peroxisomal fission, in contrast to that
driven by Dnm1, 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 Atg11-Vps1 interaction did not appear to localize
directly on the mitochondrial network; however, the peroxisomes marked by
these puncta were still closely associated with mitochondria (Figure 5.3C,
arrowhead). This result suggested that pexophagy-specific fission, whether

mediated by Dnm1 or Vps1, might require the participation of mitochondria.

5.3.4 Atg36 interacts with Dnm1 and Vps1.

Atg32 and Atg36 are receptors that bind to Atg11 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 (59, 66). Atg32 is
localized on the mitochondrial outer membrane and interacts with the

Dnm1-containing fission complex through Atg11. In contrast, Atg36 is a

123



cytosolic protein and is targeted to peroxisomes through binding to Pex3 (59,
66), which raises the possibility that Atg36 is also able to interact with Dnm1 or
Vps1, which are also cytosolic proteins, to recruit the fission complex to
peroxisomes; this would be in contrast to Atg32, which binds Dnm1 indirectly
through Atg11.

To test this hypothesis, and to gain further insight into the mechanism of
Vps1-mediated pexophagy, we generated a series of strains expressing
VN-Atg36 combined with Dnm1-VC, VC-Fis1, Mdv1-VC, Caf4-VC, or Vps1-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 (Figure 5.4A). Therefore, unlike Atg32, Atg36
interacts with the two dynamin-related GTPases Dnm1 and Vps1.

To determine where Atg36 interacts with Dnm1 and Vps1, we used
BFP-SKL and MitoTracker Red to track peroxisomes and mitochondria,
respectively. Both Atg36-Dnm1 and Atg36-Vps1 interacting puncta were
localized on peroxisomes extremely close to mitochondria (Figure 5.4B and C,
arrowheads). This location was similar to that seen for Atg11-Dnm1,
Atg11-Fis1, and Atg11-Vps1, which reinforced our finding that the

pexophagy-specific fission happened at the mitochondrial periphery.

5.4 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 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 (123). 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
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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 |, results in the formation
of larger complexes, which are sequestered less efficiently (53). 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 (164). Although the peroxisomes
may be dispersed in the cytosol as individual compartments, the size of this
organelle appears to be close to the Ilimit for sequestration by smaller
phagophores, such as those generated in the absence of Atg17 (134). 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.

Here, we showed that deletion of the DNM71 and VPS1 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 Dnm1 and Vps1 are quite similar, deletion
of either individual gene has different effects on peroxisomal division. Deletion
of VPS1 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 vps7A mutant (128). Consistent with these results,
pexophagy is significantly blocked in a vps7A strain, whereas there was only
an intermediate affect in the dnm1A mutant (Figure 5.1B and D). Overall, it is
clear that peroxisomal fission, whether mediated by Dnm1 or Fis1, is important

for pexophagy, which is in agreement with our hypothesis.
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As a scaffold protein, Atg11 binds to a variety of cargo receptors to mediate
different types of selective autophagy. For example, Atg11 binds to Atg19, to
Atg32 and to Atg36 for cargo selection during the Cvt pathway, mitophagy and
pexophagy, respectively (11, 56, 59, 66, 125). Atg11 also interacts with Atg1
and Atg17, which connects the step of cargo selection to the initiation of
autophagosome formation (125). Here, and with our previous work, we add a
new piece to the puzzle: during pexophagy and mitophagy, Atg11 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 Vps1, is always occurring in proximity to mitochondria. The division of
mitochondria requires the participation of the ER (120), 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.

5.5 Materials and methods

Strains, media, and growth conditions. Yeast strains used in this study
are listed in Table 5.1. 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 ODggp 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 amino

acids as needed) for 20 h. Pexophagy was induced by shifting the cells to
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nitrogen starvation medium containing glucose (SD-N; 0.17% yeast nitrogen
base without ammonium sulfate or amino acids, and 2% glucose).

Plasmids. pBFP-SKL(405), pCuGFP-SKL(416), pCuHA-Atg11(416) and
pDnm1-VC(416) have been reported previously.(11, 59, 164) For constructing
pVps1-VC(416), the DNM1 promoter and ORF were removed by Xbal and
Xmal from pDnm1-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.

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-uym distance
between two neighboring sections. MitoTracker Red CMXRos (Molecular
Probes/Invitrogen, M7512) was used to stain the mitochondria.

Additional assay and reagents. Immunoprecipitation was performed as
described previously (59). 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 5.1 Yeast strain list.

Name Genotype Reference
KDM1103 [SEY6210 PEX14-GFP::KAN dnm1A::LEU2 This study
KDM1104 [SEY6210 PEX14-GFP::KAN fis1A::LEU2 This study
KDM1105 [SEY6210 PEX14-GFP::KAN vps1A::HIS5 This study
KDM1249 SEY6210 atg11A::LEU2 DNM1(C30A)-PA::HIS3 (164)
KDM1252 SEY6210 dnm1A::.LEU2 (164)
KDM1269 SEY6210 atg11A::.LEU2 VPS1-PA::HIS3 This study

SEY6210 RPL7Bp-VN-ATG11::TRP1
KDM1545 \RPL7Bp-VC-FIS1::HIS3 (164)
KDM1535 SEY6210 RPL7Bp-VN-ATG11::TRP1 (164)
MATa leu2-3,112 ura3-52 his3-A200 trp1-A901
SEY6210 [suc2-A9 lys2-801; GAL (101)
TKYM67 [SEY6210 PEX14-GFP::KAN (118)
WHY1 |SEY6210 atg1A::HIS5 (166)
XLY049 [SEY6210 pRS405-BFP-SKL::LEU2 This study
SEY6210 PEX14-GFP::KAN dnm1A::LEU2
ALY0S9 vpsST1A::HISS This study
XLY060 [SEY6210 fis1A::LEU2 This study
XLY061 [SEY6210 vps1A::LEU2 This study
XLY062 [SEY6210 dnm1A::LEU2 vps1A::HIS5 This study
XLY063 [SEY6210 RPL7Bp-VN-ATG36::TRP1 This study
XLY064 SEY6210 RPL7Bp-VN-ATG36::TRP1
RPL7Bp-VC-FIS1::KAN This study
SEY6210 RPL7Bp-VN-ATG36::TRP1
XLY065 CAF4-VC::KAN This study
SEY6210 RPL7Bp-VN-ATG36::TRP1
ALY066 MDV1-VC::KAN This study
XLY067 SEY6210 RPL7Bp-VN-ATG11::TRP1
pPRS405-BFP-SKL::LEU2 This study
XLY068 [SEY6210 RPL7Bp-VN-ATG11::TRP1
RPL7Bp-VC-FIS1::KAN pRS405-BFP-SKL::LEU2 This study
XLY0B9 SEY6210 RPL7Bp-VN-ATG36::TRP1
pPRS405-BFP-SKL::LEU2 This study
XLYO70 SEY6210 RPL7Bp-VN-ATG11::TRP1
PEX14-mCherry::KAN This study
SEY6210 ATG36-VN::HIS3
ALy072 pPRS405-BFP-SKL::LEU2 This study
XLY073 [SEY6210 atg11A::LEU2 VPS1(C30A)-PA::HIS3 This study
YTS147 [SEY6210 atg11A::LEU2 (58)
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Figure 5.1 Peroxisomal fission is required for pexophagy.

(A) Wild-type yeast cells, transformed with pBFP-SKL (XLY049), were cultured
in YTO as described in Materials and Methods to induce peroxisome
proliferation, and shifted to SD-N for 2 h.

(B) Wild-type (SEY6210), atg1A (WHY1), dnm1A (KDM1252), fis1A (XLY060),
vps1A (XLY061), and dnm1A vps1A (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
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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 pm.

(D) GFP was tagged at the C terminus of PEX714 gene on the genome of
wild-type (TKYM67), dnm1A (KDM1103), fis1A (KDM1104), vps1A (KDM1105),
and dnm1A vps1A (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.
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Figure 5.2 Atg11 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 arrowheads mark colocalizing BiFC and
mCherry puncta.

(B, C) The plasmids pBFP-SKL and pDnm1-VC were transformed into the
VN-ATG11 (KDM1535) cells used in (B). pBFP-SKL was transformed into
VN-ATG11 VC-FIS1 (KDM1545) cells in (C). 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
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used to stain mitochondria.
In (A), (B) and (C), all of the images are representative pictures from single
Z-sections. DIC, differential interference contrast. Scale bar, 2 pm.
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Figure 5.3 Atgll recruits Vpsl to peroxisomes that are targeted for
degradation.

(A) VN-ATG11 PEX14-mCherry (Pex14-mChe; XLY0Q70) 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-Atg11 was transformed into atg11A (YTS147), atg11A
VPS1-PA (KDM1269), atg11A DNM1(C30A) (KDM1249) cells, and atg11A
VPS1(C30A) (XLYQ73). 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 1gG-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.

(C) The plasmids pBFP-SKL and pVps1-VC were transformed into VN-ATG 11
(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.

In (A) and (C) all of the images are representative pictures from single
Z-sections. DIC, differential interference contrast. Scale bar, 2 pm.

VN-Atgll
Vpsl-VC
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Dnm1-VC VC-Fisl Mdv1-VC Caf4-VC Vpsl-VC

B vYFP BFP-SKL.  MitoTracker

.. : | | | |

vYFP BFP-SKL.  MitoTracker overlap

Atg36-VN
Dnml-VC

Atg36-VN
Vpsl-VC

Figure 5.4 Atg36 interacts with both Dnm1 and Vpsl 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-FIS1 (XLY064), VN-ATG36 CAF4-VC (XLY065), and VN-ATG36 MDV1-VC
(XLYO066) were cultured in YTO to induce peroxisome proliferation and then
shifted to SD-N for 1 h.

(B, C) 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 (C). 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. In (A), (B), and (C), all of the
images are representative pictures from single Z-sections. DIC, differential
interference contrast. Scale bar, 2 ym.
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Chapter 6

Conclusion and implications

Autophagy plays significant roles in a wide range of biological processes,
including development, immune defense, programmed cell death, tumor
suppression, and prevention of neuron degeneration. In this thesis, | describe
several aspects of the molecular mechanisms of autophagy and mitophagy in
Saccharomyces cerevisiae. In this chapter, | will summarize the key

implications and discuss future directions.

6.1 Identification of the targets of MAPKs during mitophagy

Chapter 2 describes the roles of the MAPKs SIt2 and Hog1 during the
process of mitophagy. In our study, even though both SIt2 and Hog1 are
activated when cells are cultured in mitophagy-inducing conditions, the timing
of activation is different; SIt2 is activated before Hog1, and plays a role in the
recruitment of mitochondria destined for degradation to the phagophore
assembly site. Thus, we suggest that SIt2 might be involved in an early stage
of mitophagy, and Hog1 functions in a later stage.

Our further work reveals the origins of the two MAPK signaling pathways,
which links the changes of extracellular environment to the intracellular
adaption. The origins of the two signaling pathways are two plasma
membrane-localized sensors, Wsc1 and SIn1. The involvement of proteins that
are implicated in extracellular sensing is surprising to us, because mitophagy
is likely to be induced by an intracellular signal. One explanation is that these
plasma membrane sensors might also be able to respond to intracellular
signals. For example, a previous report suggests that ER stress (i.e., an
intracellular signal) activates the SIt2 signaling pathway through Wsc1 (plasma

membrane-sensor), which is another example that supports our hypothesis
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(94).

We were unable to identify the relevant targets of either Slt2 or Hog1 for
mitophagy regulation. After we showed in Chapter 3 that the dynamin-related
GTPase Dnm1 promotes mitophagy, | suspected that Slt2 might regulate
mitophagy through phosphorylating and activating Dnm1 based on the
following three reasons: First, the activities of the higer eukaryotic homologs of
Dnm1 are mediated by several kinases, including mitogen-activated protein
kinase 1/3 (MAPK1/3), protein kinase A (PKA), cyclin-dependent kinase 1
(CDK1), and calcium/calmodulin-dependent protein kinase | (CAMKI)
(167-171). Of these kinases, MAPK1/3 shows high similarity with Sit2. Second,
our results suggest that SIt2 regulates mitophagy through phosphorylating
certain cytosolic protein(s) (Figure 2.3 A and B; Figure 2.5 C and D); and Dnm1
localizes in the cytosol and translocates to the mitochondria to promote this
organelle’s fission. Third, the timing of Dnm1’s participation in mitophagy fits
the timing of SIt2 activation (Figure 2.5 A and B; Figure 3.2C). Aside from this
hypothesis, we also plan to screen the yeast genome to identify the targets of
Slt2 and Hog1 based on stable isotope labeling by amino acids in cell culture

(SILAC) combined with quantitative mass spectrometry (MS) (172).

6.2 Molecular and structural analysis of the Atgl complex

Structural analysis is critical in obtaining detailed information about the
molecular mechanisms in cellular events and the identification of potential drug
targets. The structural information of Atg proteins is severely limited, and
further study is necessary to obtain a comprehensive understanding of the Atg
complexes.

Chapter 4 describes the function of Atg29 phosphorylation during
autophagy induction and the structural information of the Atg17-Atg31-Atg29
protein complex. The Atg17-Atg31-Atg29 complex is a subcomplex of the Atg1
complex, which plays a key role in autophagy induction. Therefore, in order to

gain more information about how the Atg1 complex mediates autophagy
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initiation, the structure-function analysis of the intact Atg1 complex is
necessary and will be one of our future aims.

The intact Atg1 complex consists of Atg1, Atg11, Atg13, Atg17, Atg29, and
Atg31. We successfully purified the Atg17-Atg31-Atg29 complex and observed
its structure by single particle electron microscopy. We plan to continue and
purify the intact Atg1 complex.

The tandem affinity purification (TAP) tag consists of a calmodulin-binding
peptide (CBP) and a protein A (ProtA) tag. When the TAP tag is
chromosomally fused to the target gene, the expression of the gene will be
controlled by its own promoter region and maintain the fusion protein at its
native level. The fusion protein and its binding partners are recovered from cell
extracts by affinity purification of ProtA with 1gG beads (first step) and of CBP
with calmodulin beads (second step). Our collaborator, Dr. Calvin K. Yip,
recently generated the native At17-Atg31-Atg29 complex and analyzed its
structure by single particle electron microscopy (173). We will continue the
collaboration and purify the native Atg1 complex.

The most challenging part of TAP purification is to generate enough
protein, especially considering that the expression levels of the corresponding
genes are relatively low in yeast, as well as to maintain the intact complex
without losing any of the subunits. Therefore, we also plan to purify each
subunit separately from either yeast or E. coli, and rebuild the Atg1 complex in
vitro.

Protein purification in E. coli is commonly used and known by most people;
therefore, | will only introduce the method of protein purification in yeast. GAL1
promoter-driven gene overexpression is a commonly used system in yeast. By
integration of the GAL7 promoter and a GST affinity tag into the target gene in
the genome, the fusion protein will be highly overexpressed when yeast cells
are grown in galactose-containing medium. Protein purification is conducted by
the affinity of the GST tag for glutathione beads. In order to remove the GST

tag after purification, a TEV protease recognition sequence will be introduced

137



between the target protein and the GST tag. Gel filtration will be applied to
separate the final product. Other tags (polyHistidine, MBP, Myc) may also be

used depending on the outcome.
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