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Abstract

Macroautophagy (hereafter autophagy), literally defined as a type of self-eating, is a
dynamic cellular process in which cytoplasm is sequestered within a unique compartment
termed the phagophore. Upon completion, the phagophore matures into a double-membrane
autophagosome that fuses with the lysosome or vacuole, allowing degradation of the cargo.
Autophagy is involved in various aspects of cell physiology, and its dysregulation is
associated with a range of diseases. Thus, Understanding of molecular mechanism and the
regulation of autophagy is important for exploring potential therapy of diseases.

The most prominent feature of autophagy is the formation of a double-membrane
sequestering compartment, the phagophore; this transient organelle surrounds part of the
cytoplasm and matures into an autophagosome, which subsequently fuses with the vacuole
or lysosome to allow degradation of the cargo. Much attention has focused on the process
involved in phagophore nucleation and expansion, but many questions remain. Here, we
identified the yeast protein Icy2, which we now name Atg4l, as playing a role in
autophagosome formation. Atg41 interacts with the transmembrane protein Atg9, a key
component involved in autophagosome biogenesis, and both proteins display a similar
localization profile. Under autophagy-inducing conditions the expression level of Atg4l
increases dramatically and is regulated by the transcription factor Gen4. This work provides
further insight into the mechanism of Atg9 function and the dynamics of sequestering

membrane formation during autophagy.



Autophagy is a tightly controlled cellular process by which cytosolic proteins,
Studies have revealed the molecular mechanism of transcriptional regulation of autophagy-
related (A47G) genes upon nutrient deprivation. However, little is known about their
translational regulation. Here we found that Dhhl, a DExD/H-box RNA helicase, is
required for efficient translation of Atgl and Atgl3, two proteins essential for autophagy
induction. Dhhl directly associates with ATGI and A7TGI3 mRNAs under nitrogen
starvation conditions. The structured regions shortly after the start codons of the two
mRNAs are necessary for their regulation by Dhhl. Moreover, Eapl, an EIF4E binding
protein, physically interacts with Dhhl to facilitate the delivery of the Dhh1-47G mRNA
complex to the translation initiation machinery. These results suggest a model for how some
ATG genes bypass the general translational suppression that occurs during nitrogen
starvation to maintain a proper level of autophagy.

The molecular mechansim of autophagosome formation has been an interesting
topic over years due to its importance to autophagy process. This thesis enlarges the
knowledge of Atg9 cycling system in yeast, which provides insight for understanding
membrane donation process in autophagy. Diffterent levels of autophagy control are
essential for cellular homestasis. This thesis, by investigating both transcriptional and
translational regulation of autophagy, provides insight in understanding autophagy control.
This will help further investigation on diseases resulting from autophagy dysfunction and

their connections to autophagy regulation.

xi



Chapter 1 Introduction’
Autophagy is a cellular process in which cytoplasmic contents are degraded within the
lysosome/vacuole, and the resulting macromolecular constituents are recycled [1].
Macroautophagy is one type of autophagic process in which the substrates are sequestered
within cytosolic double-membrane vesicles termed autophagosomes. The substrates of
macroautophagy include superfluous and damaged organelles, cytosolic proteins and
invasive microbes. Following degradation, the breakdown products are released back into
the cytosol in order to recycle the macromolecular constituents and to generate energy to
maintain cell viability under unfavorable conditions, and to protect the cell during various
conditions of stress [2, 3]. Autophagy is highly conserved from yeast to mammals, both
morphologically and with regard to the protein constituents that make up the core

autophagy machinery.

1.1. Terms and structures
The most readily identifiable feature of macroautophagy is the sequestration of cargo within
cytosolic doublemembrane vesicles, and many researchers still consider the analysis of

macroautophagy by electron microscopy to be the “gold standard” for verifying

! This chapter is reprinted partly from Feng Y*, He D*, Yao Z*, Klionsky DJ. The machinery of
macroautophagy. Cell Res 2014; 24:24 41 and partly from Feng Y*, Yao Z*, Klionsky DJ. How
to control self-digestion: transcriptional, post-transcriptional, and post-translational regulation of
autophagy. Trends in cell biology 25 (6), 354-363, with some modifications.



macroautophagy activity. Below, we present some of the most common terms describing
the principle structures of macroautophagy (Figure 1.1).

Autophagic body: The inner-membrane-bound structure released into the vacuole lumen
after the outer membrane of the autophagosome fuses with vacuolar membrane [4]. Note
that autophagic bodies only appear in yeast and plants due to the large size of the vacuole,
and are not found in mammalian lysosomes.

Autophagosome: The completed double-membrane bound compartment, the product of
phagophore expansion and closure, which sequesters cytoplasmic cargos during
macroautophagy [5, 6].

PAS: The phagophore assembly site; a peri-vacuolar location or compartment where the
nucleation of the phagophore initiates. Most components of the macroautophagy core
machinery locate at least transiently at the PAS in yeast; however, a mammalian equivalent
of the PAS has not been identified [7-9].

Phagophore: The double-membrane structure that functions in the initial sequestering of
cargo, and thus the active compartment of macroautophagy. The phagophore further

elongates/expands and ultimately closes, generating a completed autophagosome [10].

1.2. The history of discovery

The term ‘“autophagy” was coined by Christian de Duve at the CIBA Foundation
Symposium on Lysosomes in 1963. This was based on his discovery of lysosomes in 1955,
which won him the Nobel Prize in Physiology or Medicine in 1974 [11]. Autophagy was
named morphologically by the observations from electron microscopy of rat hepatic cell
lysosomes, where single membrane vesicles, containing cytoplasm or organelles such as

mitochondria and endoplasmic reticulum (ER) were observed [12-15]. Based on Thomas



Ashford’s and Keith Porter’s early findings in 1962 that revealed the presence of
sequestered organelles in rat hepatocytes following their exposure to glucagon [12], de
Duve and his colleagues confirmed that this hormone can induce autophagy[16].
Subsequently, other researchers further examined the hormonal and enzymatic regulation of
autophagy. For instance, Per Seglen and Paul Gordon discovered the inhibitory role of 3-
methyladenine [17]. As de Duve mentioned in 1966 that autophagy could be selective [14],

the specific sequestration of organelles including ER [18], mitochondria [19] and
peroxisomes [20] by autophagy was demonstrated in the following decade. Although
autophagy was initially revealed in mammalian systems, the molecular understanding of it
was largely expanded and facilitated through genetic studies in yeast. Genetic screens of
macroautophagy-defective mutants in Saccharomyces cerevisiae were carried out by the
Ohsumi and Thumm laboratories [21, 22]. Shortly thereafter, the first autophagy-specific
gene, APG1 (now ATGI1 [23]), was identified, and the corresponding gene product,
Apgl/Atgl, was characterized as a Ser/Thr protein kinase [24]. Multiple laboratories
working on autophagy primarily in S. cerevisiae, Pichia pastoris and Hansenula polymorpha
subsequently discovered more than forty autophagy related (ATG) genes. The molecular
basis of autophagy was first connected to human diseases by Beth Levine’s laboratory
through the identification of BECN1/VPS30/ATG6 as a tumor suppressor gene [25].
Subsequently, a series of studies uncovered the connections between autophagy and
pathophysiological conditions, such as pathogen infection [26-29] and neurodegeneration

[30], and its dual role in cell growth and death [31, 32].



1.3. The types of autophagy

There are three primary types of autophagy: microautophagy, macroautophagy and a
mechanistically unrelated process, chaperone-mediated autophagy that only occurs in
mammalian cells. Both micro and macroautophagy can be selective or nonselective and
these processes have been best characterized in yeast [33]. As noted above, the most
distinguishing feature of macroautophagy (here-after autophagy) is the formation of the
double-membrane bound phagophore and autophagosome (Figure 1.1). In contrast, during
microautophagy the cargos are sequestered by direct invagination or protusion/septation of
the yeast vacuole membrane [34]. Nonselective autophagy is used for the turnover of bulk
cytoplasm under starvation conditions, whereas selective autophagy specifically targets
damaged or superfluous organelles, including mitochondria and peroxisomes, as well as
invasive microbes; each process involves a core set of machinery, as well as specific
components, and accordingly is identified with a unique name — mitophagy for selective
mitochondria degradation by autophagy, pexophagy for peroxisomes, xenophagy for

microbes, etc. [35, 36].

1.4. Identification of the PAS and the origin of the phagophore membrane

1.4.1. Identification of the PAS

Atg8 was the first Atg protein characterized to mark the phagophore and autophagosome
[37, 38]. Immunofluorescence microscopy revealed that in rich conditions, Atg8 is
primarily dispersed in the cytoplasm as small puncta, while it forms larger puncta in the
vicinity of the vacuole when yeast cells are switched to starvation conditions; the nature of
the smaller puncta is not known, whereas the larger puncta correspond to nascent

autophagosomes. Subsequent studies with green fluorescent protein (GFP)-tagged chimeras



demonstrated that most of the Atg proteins reside at this location, at least transiently [8].
Accordingly, this site is proposed to be where the phagophore assembles, and is thus termed
the phagophore assembly site, or PAS [8, 9]. The precise nature of the PAS with regard to
its protein and membrane composition, or the reason for its peri-vacuolar localization, is not
known, but assembly of the Atg proteins at the PAS occurs in a hierarchical manner [39].
The PAS forms constitutively, and in vegetative conditions a key component that marks this
site is Atgl1; upon autophagy induction, the structure transitions into an autophagy specific
PAS and the function of Atgl1 is replaced by a ternary complex of Atgl7-Atg31-Atg29 that
assembles at the PAS along with Atgl and Atgl3 [40, 41]. Atg9, which shuttles between the
PAS and peripheral sites, plays an important role in directing membrane to the PAS that is
needed for autophagosome formation, and it localizes to the PAS at a similar time as the
Atgl kinase complex. Subsequently, the PtdIns3K and Atgl2—Atg5-Atgl6 complexes are
recruited to the PAS; the latter acts in part as an E3 ligase to facilitate the formation of
Atg8—PE, one of the last proteins that are recruited to the PAS. In mammalian cells, the
colocalization of ATG proteins is observed at multiple sites [42-44], instead of a single PAS

as in yeast.

1.4.2. Origin of the phagophore

Until recently, the dogma was that the phagophore and autophagosome formed de novo,
meaning that the sequestering membrane does not form in “one step” from a pre-existing
organelle already containing its cargo as occurs throughout the secretory pathway [45, 46].
Regardless of the specific mechanism, autophagosome formation is thought to occur by the
expansion of the phagophore, that is, a sheet of membrane that would correspond to the size

of a complete autophagosome does not separate from the endomembrane system and simply



curl up to form an autophagosome. Rather, after nucleation the phagophore grows through
the addition of membrane from one or more donor sources [1, 47]; however, the origin of
the phagophore membrane is still under debate. Various lines of data suggest a role for
almost every membrane compartment in contributing to formation of the autophagosome,
including the ER, mitochondria, the Golgi apparatus and the plasma membrane [48-52]. As
discussed above, there is no absolute equivalent of the yeast PAS in mammalian cells.
Instead, there is evidence that there may be at least two separate mechanisms for generating
autophagosomes. One mechanism would involve the delivery of membrane from various
organelles, as is thought to occur in yeast, and the second utilizes an omega-shaped
membrane structure or cradle, derived from phosphatidylinositol-3-phosphate (PtdIns3P)-

enriched ER subdomains, termed an omegasome [53].

1.5. Core molecular machinery of autophagosome formation

The transition of autophagy studies from morphology to molecular machinery relied on the
identification of the ATG genes [23]. As mentioned above, genetic screens for autophagy-
defective mutants in yeast have led to the identification of over 40 ATG genes [21-23, 54],
many of which have known orthologs in higher eukaryotes.

Among these ATG genes, one subgroup, consisting of approximately 18 genes (Table 1.1),
is shared among the various types of autophagy including nonselective macroautophagy, the
cytoplasm-to-vacuole-targeting (Cvt) pathway (a biosynthetic autophagy-like pathway),
mitophagy and pexophagy. More specifically, the corresponding gene products of this
subgroup are required for autophagosome formation, and thus are termed the core
autophagy machinery. The core Atg proteins can be divided into different functional

subgroups: (A) the Atgl/ULK complex (Atgl, Atgll, Atgl3, Atgl7, Atg29 and Atg31) is



the initial complex that regulates the induction of autophagosome formation; (B) Atg9 and
its cycling system (Atg23, Atg27, Atg2, Atg9 and Atgl8) play a role in membrane delivery
to the expanding phagophore after the assembly of the Atgl complex at the PAS; (C) the
PtdIns 3-kinase (PtdIns3K) complex (Vps34, Vpsl5, Vps30/Atg6, and Atgl4) acts at the
stage of vesicle nucleation, and is involved in the recruitment of PtdIns3P-binding proteins
to the PAS; (D) two ubiquitin-like (Ubl) conjugation systems: the Atgl2 (AtgS, Atg7,
Atgl0, Atgl2 and Atgl6) and Atg8 (Atg3, Atg4, Atg7 and Atg8) conjugation systems play

roles in vesicle expansion [39, 55-57].

1.5.1 The Atgl/ULK complex

The Atgl kinase complex regulates the magnitude of autophagy [58-62]. This complex also
plays a role in mediating the retrieval of Atg9 from the PAS [63]. The Atgl kinase complex
is extensively regulated, receiving input from several signaling pathways. In yeast, much of
the regulation centers around nutrient signaling and involves kinases that sense the
nutritional status of the cell including the target of rapamycin (TOR), protein kinase A
(PKA), Gen2 and Snfl. The yeast Atgl kinase complex includes Atgl, a Ser/Thr protein
kinase, Atgl3, a regulatory subunit, and the Atgl7-Atg31-Atg29 complex, which may
function in part as a scaffold. Atgl is the only kinase of the core autophagy machinery;
however, despite the fact that it was the first Atg protein to be identified, the key
physiological substrate of yeast Atgl is not known. Atgl kinase activity is required for
autophagosome formation and the Cvt pathway, although there are conflicting data
concerning the changes in kinase activity when yeast cells shift from vegetative growth to

autophagy-inducing conditions [24, 64, 65]. Atgl recruitment to the PAS may be regulated



by PKA dependent phosphorylation [66]. TOR also phosphorylates Atgl, and
autophosphorylation is important in regulating Atgl kinase activity [67, 68].

Atgl3 is required for Atgl kinase activity. Atgl3 is hyperphosphorylated under nutrient-
rich conditions, and its phosphorylation is regulated by TOR complex 1 (TORC1) [69]
and/or PKA [70]. Atgl3 is rapidly, but only partially, dephosphorylated upon autophagy
induction[71]. These data, coupled with affinity isolation studies, led to a model suggesting
that the interaction between Atgl and Atgl3 is controlled by Atgl3 phosphorylation-
dephosphorylation would lead to the formation of an Atgl-Atgl3 complex, and subsequent
activation of Atgl kinase activity [61]. Recent data, however, suggest that Atgl and Atgl3
interact in a constitutive manner [72],which is similar to the situation in other organisms.
Atgl7-Atg31-Atg29 exists as a stable complex under both vegetative and starvation
conditions, suggesting that formation of the complex is not involved in autophagy induction.
Atg31 bridges Atgl7 and Atg29, Atgl7 binds Atgl3, and Atg29 binds Atgl1; the latter is a
scaffold protein that may also be considered part of the Atgl kinase complex because it
binds Atgl and is involved in the transition of the PAS that occurs during the switch from
vegetative to starvation conditions [40, 41, 58, 73-75]. Both Atg29 and Atg31 are
phosphoproteins. The phosphorylation of Atg29 appears to be involved in regulation and is
proposed to alter the conformation of an inhibitory C-terminal peptide to allow the protein
to become active [41].

The mammalian ULK1/2 complex includes ULK1/2 (mammalian homologs of Atgl),
ATGI13 (a homolog of yeast Atgl3), RBICCI1/FIP200 (a putative Atgl7 homolog) and
C120rf44/ATG101 (the latter component is not conserved in S. cerevisiae) [76-80]. ULK1/2

interact with ATG13, which directly binds RBICC1 and mediates the latter’s interaction



with the ULKs [76, 81]. In mammalian cells, ULK1 kinase can be activated by both AMP-
activated protein kinase (AMPK)-dependent (glucose starvation) and -independent (amino
acid starvation) processes [82]. The ULKI1/2-ATG13-RB1CCI1 interaction is nutrient
independent, forming a complex even in nutrient-rich conditions [80]. In this situation,
MTORCI1 phosphorylates and inhibits ULK1/2 and ATGI13, disrupting the interaction
between ULK1 and AMPK [82]. In contrast, under autophagy-inducing conditions, MTOR
is released from the complex, resulting in activation of ULK1/2, which phosphorylates, and
presumably activates, ATG13 and RB1ICC1. AMBRA1 and BECNI1, components of the
autophagy-promoting PtdIns3K complexes, are also phosphorylated by ULKI; these
modifications result in localization of the lipid kinase complex to the ER and its activation

[83, 84].

1.5.2. The Atg9 Complex

In yeast cells, Atg9 is a transmembrane protein that transits between the PAS and peripheral
sites; the latter have been termed Atg9 reservoirs or tubulovesicular clusters, and are
proposed to represent sites from which membrane is delivered to the forming phagophore
[49, 63, 85], although the exact role of Atg9 in this process is not clear. Atg9 is proposed to
consist of six transmembrane domains, with both the amino and carboxyl termini exposed in
the cytosol. Atg9 self-interacts and may exist in a complex [85, 86].

Atg9 localization to the PAS from the peripheral sites (referred to as anterograde transport)
depends on Atgl1, Atg23 and Atg27 [63, 87-89]. Return to the peripheral sites (retrograde
movement) requires Atgl-Atgl3, Atg2 and Atgl8; PAS recruitment of the latter involves

binding to PtdIns3P and thus necessitates the function of Atgl4 and the class IIT PtdIns3K



complex [63]. Atg27 is a type I integral transmembrane protein, while the other components
involved in Atg9 movement are soluble and/or peripherally associated with membranes.

The mammalian Atg9 homolog ATG9A localizes to the trans-Golgi network and late
endosomes in nutrient-rich conditions [44]; another Atg9 ortholog, ATG9B, displays a
similar localization, but is expressed only in the placenta and pituitary gland, whereas
ATGOYA is expressed ubiquitously [43]. ATGY9 appears to have a conserved role in
coordinating membrane transport from donor sources to the phagophore and displays a
cycling pattern similar to that seen in yeast [44, 90]. ATG9 and ATGI6L1 also appear to
traffic at least in part on vesicles derived from the plasma membrane, which are delivered to
the recycling endosome; the two proteins are initially present in separate vesicular
populations that subsequently fuse as part of the process of autophagosome formation [91].
ATGY movement is dependent on the activity of the ULK1 and PIK3C3/VPS34 kinases, as

well as WIPI2 (a homolog of yeast Atgl8).

1.5.3. PtdIns3K complexes

In yeast, Vpsl5 (a putative regulatory protein kinase that is required for Vps34 membrane
association), Vps30/Atg6, Vps34 (the PtdIns3K), Atgl4 and Atg38, form the autophagy-
specific class III PtdIns3K complex I, which localizes at the PAS [92-94]. One key role of
the PtdIns3K complex, the generation of PtdIns3P, is presumably to recruit PtdIns3P-
binding proteins such as Atgl8 to the PAS. Vpsl5, Vps34 and Vps30 are present in a
second complex that includes Vps38 instead of Atgl4. Thus, the latter protein appears to

determine the specificity of the PtdIns3K complex I for macroautophagy.

10



Mammalian cells have both a class I phosphoinositide 3-kinase and a class I1I PtdIns3K; the
class III enzyme complexes consist of homologs of Vps34 (PIK3C3), Vps15 (PIK3R4) and
Vps30 (BECNI1) [95]. These core components are part of at least three different complexes

[96, 97]. The ATG14 complex contains ATG14 and is regulated by the binding of BECN1
to AMBRA1 and BCL2, which stimulate and inhibit the complex, respectively. This
complex functions similarly to the yeast PtdIns3K complex I. The UVRAG complex
replaces ATG14 and AMBRA1 with UVRAG and its positive regulator SH3GLB1, and
participates in both endocytosis and macroautophagy. In the third complex, SH3GLBI is
replaced with KIAA0226/Rubicon, which inhibits UVRAG; this complex acts to negatively

regulate macroautophagy.

1.5.4. Ubiquitin-like (Ubl) conjugation systems

There are two Ubl protein conjugation systems that participate in macroautophagy in
yeast[48]. These include two Ubl proteins, Atg8 and Atgl2, which are used to generate the
conjugation products Atg8—PE and Atgl2—Atg5, respectively. The Ubl conjugation systems
participate in phagophore expansion, although their functions are not fully understood. The
Atgl2—Atg5 conjugate, along with a third component, Atgl6, may act in part as an E3
ligase to facilitate the conjugation of Atg8 to PE, and the amount of Atg8 can regulate the
size of autophagosomes [98]; however, Atg8 also functions in cargo binding during
selective autophagy [99]. Yeast Atg8 is initially synthesized with a C-terminal arginine
residue that is removed by Atg4, a cysteine protease [38, 100]. During autophagy, Atg8 is
released from Atg8—PE by a second Atg4-dependent cleavage referred to as deconjugation

[101], whereas there is no similar cleavage that separates Atgl2 from Atg5. Both of the Ubl
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protein conjugation systems share a single E1-like activating enzyme, Atg7 [100, 102-104].
The E2-like conjugating enzymes are Atg3 for Atg8, and Atgl0 for Atgl2 [102, 105].

The Ubl protein conjugation systems are highly conserved from yeast to mammals [106-
109]. One of the primary differences is the existence of multiple homologs of yeast Atg8,
which are divided into two subfamilies, LC3 and GABARAP. LC3 functions at the stage of
phagophore elongation, whereas GABARAP proteins act at a later stage of maturation [110].
There are four mammalian ATG4 homologs, with ATG4B carrying out the primary role in
macroautophagy [111]. As in yeast, this enzyme cleaves after the C-terminal glycine of
proLC3 to form cytosolic LC3-I, followed by its subsequent conjugation to PE to generate
the membrane-associated LC3-II form [112]. The GABARAP proteins undergo a similar

type of posttranslational modification.

1.6. Regulation of autophagy

Autophagy is involved in normal aspects of cell development and physiology, and defects in
this process are associated with a range of diseases in humans. Accordingly, there has been
tremendous interest in manipulating autophagy for therapeutic purposes. One fundamental
issue, however, is that either too little or too much autophagy can be deleterious. Therefore,
the cell, and clinicians interested in modulating this process, need to ensure tight regulation
of the induction and magnitude of autophagy. Thus, a thorough understanding of the
mechanisms involved is crucial to allow the manipulation of autophagy for the treatment of
disease. Regulation of autophagy can happened in different steps of Atg protein production,
including transcriptional regulation, post transcriptional regulation and post-translational

regulation.
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1.6.1. Transcriptional regulation of autophagy

More and more transcriptional regulators have been identified recently either activate or
suppress autophagy. Those regulators mainly manipulate autophagy through controlling
ATG genes expression level. In yeast, Ume6 (Unscheduled Meiotic gene Expression) is part
of a complex that includes the corepressor Sin3 (Switch IN dependent) and the histone
deacetylase Rpd3 (Reduced Potassium Dependency), which acts as a negative regulator of
ATGS transcription [113]. Another protein, Pho23, negatively controls the mRNA levels of
ATG1, ATG7, ATGS, ATG9, and ATG14 [114]. On the other hand, Gen4, a master regulator
in response to nutrient stress, was reported to activate multiple ATG genes expression [115-
116].

In mammals, The transcription factor EB (TFEB), a master regulator of lysosome
biogenesis, was found to regulate a variety of autophagic genes including UVRAG, WIPI,
MAPLC3B, SQSTM1, VPS11, VPS18, and ATG9B [117]. Other examples includes FOXO
(forkhead box O) family proteins, TP53 (tumor protein p53) and NFKB/NF-kB (nuclear
factor of kappa light polypeptide gene enhancer in B-cells) [118-121]. However, these
regulators seem to play dual roles in the regulation of autophagy. The detail mechanism

needs further elucidation.

1.6.2. Post-transcriptional regulation of autophagy

Current knowledge about post-transcriptional regulation of autophagy focuses on two
aspects: noncoding microRNAs (miRNA) regulation and mRNA decay through mRNA
decapping machinery. miRNAs are a class of small endogenous regulatory RNAs that
control gene expression at the post-transcriptional level, typically by translational arrest or

mRNA cleavage, through interaction mainly at the 3’-untranslated regions (UTRs) of the
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target mRNAs. Mir20a and Mirl06b, two members of the Mirl7 microRNA family,
suppress ULK1 expression in C2C12 myoblasts [122]. In addition, MIR885-3p regulates
autophagy through its putative recognition sequence present in the 5’-UTR of ULK2, which
results in ULK2 downregulation [123].

Recently, studies started to show the importance of mRNA decay to autophagy regulation.
Dcp2, the decapping enzyme, was found to degrade the ATG mRNA only in nutrient rich
condition. The activity of Dcp2 is controlled by TOR phosphorylation and the association of
specific RNA helicase. More than twenty 47G mRNAs are affected by Dcp2 to ensure the

low level of autophagy under nutrient rich regulation [124].

1.6.3. Post-translational regulation of autophagy

Although translational control of autophagy is still under the myth, the post-translational
control of autophagy is well studied. Atg proteins are phorphorylated, ubiqutinated or
acetylated during autophagy, affecting their function, stability and localization.
Phosphorylation of ATG proteins is the most well studied post-translational modifications
(PTMs). In yeast, TOR participates in the regulation of Atgl through the direct
phosphorylation of the regulatory Atgl3 subunit, which is also inhibited by PKA (cAMP-
dependent protein kinase A). The phosphorylation of Atgl3 affects both the nature of its
interaction with Atgl and its localization to the phagophore assembly site. Atgl is also a
direct substrate of PKA, and phosphorylation regulates Atgl localization to the PAS.
Phosphorylation of the PtdIns3K complex, another part of the autophagy core machinery,
which is responsible for producing PtdIns3P, also regulates autophagy [125-126]. In
mammals, PIK3C3/VPS34 is the catalytic subunit of a class III PtdIns3K that provides the

core function of the complex. PIK3C3 is functional in autophagy when it interacts with
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BECN1, which in turn is inhibited by anti-apoptotic proteins such as BCL2 [127]. Thus, any
PTM that disrupts the interaction between BECNI1 and its inhibitory partners has the
potential for stimulating autophagy and vice versa. For example, DAPK (death-associated
protein kinase) phosphorylates BECN1 and MAPKS/ JNK1 (mitogen-activated protein
kinase 8) phosphorylates BCL2 [125,128-129]. In both cases the interaction between
BECNI1 and BCL2 is disrupted, allowing BECN1 to associate with PIK3C3 and induce
autophagy.

Ubiquitination is another type of PTM that regulates autophagy. In general ubiquitination
can affect the stability of Atg proteins and their upstream regulators. Ubiquitination of the
autophagy core machinery can either affect protein function or stability. TRAF6 (TNF
receptor-associated factor 6, E3 ubiquitin protein ligase), a RING finger-containing ligase,
can ubiquitinate both BECN1 and ULK1 [130-131]. The Lys63 (K63)-linked ubiquitination
of BECN1 by TRAF6 is required for the induction of autophagy by TLR4 (toll-like receptor
4), a protein that plays a role in activation of the innate immune system in response to
bacterial antigen. By contrast, the deubiquitinating enzyme TNFAIP3/A20 (tumor necrosis
factor, alpha-induced protein 3) antagonizes TRAF6 regulation by deubiquitinating BECN1
and repressing autophagy.

ATG proteins are also regulated by direct acetylation [132]. During serum starvation, the
acetyltransferase KATS/TIP60 [K(lysine) acetyltransferase 5] is activated by GSK3
(glycogen synthase kinase 3) and it directly acetylates ULK1 [133]. This acetylation is
required for ULKI1 activation and autophagy initiation. Another example of regulatory

acetylation/deacetylation in autophagy is seen with EP300/p300 (E1A binding protein p300)
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and SIRT1 (sirtuin 1). The EP300 acetyltransferase acetylates a variety of autophagy

proteins including ATGS, ATG7, LC3, and ATG12.
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Figure 1.1. Schematic depiction of the macroautophagy in yeast.

In macroautophagy, random cytoplasm and dysfunctional organelles are sequestered by the
expanding phagophore, leading to the formation of the autophagosome. The autophagosome
subsequently fuses with the vacuole membrane, releasing the autophagic body into the

vacuole lumen. Eventually, the sequestered cargos are degraded or processed by vacuolar
hydrolases.
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Table 1.1. Atg/ATG proteins in the core machinery of autophagosome formation.

Yeast Mammals Characteristics and functions
Atgl ULK1/2 Ser/Thr protein kinase; phosphorylated
by M/TORCI1; recruitment of Atg
proteins to the PAS
Atgl3 ATG13 Regulatory subunit through
phosphorylation
by M/TORC1 and/or PKA, linker
between Atgl and Atgl7
Atgl7 RB1CC1/FI Scaffold protein, ternary complex with
Atgl/ULK complex P200 Atg29 and Atg31; Phosphorylated by
(functional ULK1; scaffold for ULK1/2 and ATG13
homolog)
Atg29 Ternary complex with Atgl7 and Atg31
Atg31 Ternary complex with Atgl7 and Atg29
Atgll Scaffold protein in selective autophagy
for PAS
organization
Cl12orf44/A Component of the complex with ATG13
tgl01 and RBICC1
Atg2 ATG2 Interacts with Atgl8
Atg9 ATGY9A/B Transmembrane protein, directs
membrane to the phagophore
Atg9 and its cycling
system Atgl8 WIPI1/2 PtdIns3P-binding protein
Atg23 Interacts with Atg9 and Atg27
Atg27 Interacts with Atg9 and Atg23
Vps34 Is’;lj3c3/VP PtdIns 3-kinase
Vpsl5 PIK3R4/VP Ser/Thr protein kinase
PtdIns3K complex S15
/\2)th360 BECNI1 Component of PtdIns3K complex I and II
Atgl4 ATG14 Component of PtdIns3K complex I
Atg8 LC3A/B/C, Ubl, conjugated to PE
GABARAP
GABARAP
Atg8 Ubl conjugation L1/2
system Atg7 ATG7 El-like enzyme
Atg3 ATG3 E2-like enzyme
ATG4A/B/ Deconjugating enzyme, cysteine
Atgd .
C/D proteinase
Atgl2 ATGI12 Ubl
Atg7 ATG7 El-like enzyme
Atgl2 Ubl Atgl0 ATG10 E2-like enzyme
conjugation system
Atgl6 ATGI16L1 Interacts with Atg5 and Atgl2
Atg5 ATGS Conjugated by Atgl2
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Chapter 2 Atg41/Icy2 regulates autophagosome formation®

2.1. Abstract

Macroautophagy (hereafter autophagy) is one of the major degradation systems in
eukaryotic cells, and its dysfunction may result in diseases ranging from neurodegeneration
to cancer. Although most of the autophagy-related (Atg) proteins that function in this
pathway were first identified in yeast, many were subsequently shown to have homologs in
higher eukaryotes including humans, and the overall mechanism of autophagy is highly
conserved. The most prominent feature of autophagy is the formation of a double-
membrane sequestering compartment, the phagophore; this transient organelle surrounds
part of the cytoplasm and matures into an autophagosome, which subsequently fuses with
the vacuole or lysosome to allow degradation of the cargo. Much attention has focused on
the process involved in phagophore nucleation and expansion, but many questions remain.
Here, we identified the yeast protein Icy2, which we now name Atg41, as playing a role in
autophagosome formation. Atg41 interacts with the transmembrane protein Atg9, a key
component involved in autophagosome biogenesis, and both proteins display a similar
localization profile. Under autophagy-inducing conditions the expression level of Atg4l

increases dramatically and is regulated by the transcription factor Gen4. This work provides

* This chapter is reprinted partly from Z Yao, E Delorme-Axford, SK Backues, DJ Klionsky.
Atg41/Icy2 regulates autophagosome formation. Autophagy 11 (12), 2288-2299, with some
modifications.
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further insight into the mechanism of Atg9 function and the dynamics of sequestering

membrane formation during autophagy.

2.2. Introduction

Autophagy is involved in numerous aspects of cellular homeostasis, and autophagic
dysfunction is associated with a range of diseases in humans [1]. Part of the reason that
autophagy is connected to a wide array of physiological pathways has to do with the unique
process of sequestration involving the phagophore. In contrast to the secretory pathway,
where vesicles bud off from organelles already containing their cargo, the phagophore is
generated through an expansion process that provides tremendous cargo flexibility. Thus,
autophagy is the primary mechanism through which cells can eliminate damaged or
superfluous organelles. For this reason, the mechanism of phagophore nucleation and
expansion, including the origin of the donor membranes, has been the subject of intense
focus.

The biogenesis of the phagophore is thought to initiate at a nucleating site, named the
phagophore assembly site (PAS). Most of the Atg proteins transiently reside at the PAS,
although the ultrastructure of this site and the interactions among the Atg proteins during
phagophore formation are not known. One of the key proteins that functions in formation
and/or expansion of the phagophore is Atg9. This protein is predicted to contain 6
transmembrane domains, and to transit from the endoplasmic reticulum to the Golgi
apparatus [2-3]; Atg9 subsequently localizes to peri-mitochondrial sites that are termed
Atg9 peripheral structures, Atg9 reservoirs or tubulovesicular clusters [4]. As a membrane
protein, Atg9 is considered to play a role in delivering or directing membrane from a donor

site(s) to the PAS. In addition, Atg9 may move between these sites in successive rounds of
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trafficking [4-5]. Anterograde movement to the PAS requires Atgll, Atg23 and Atg27,
whereas retrograde movement involves Atgl-Atgl3 and Atg2-Atgl8 [5-6]. The details of
Atg9 trafficking, however, are not understood.

Molecular genetic studies in Saccharomyces cerevisiae have contributed substantially to our
understanding of autophagy at the molecular level [7]. Genetic screens for autophagy-
defective mutants have identified a series of genes whose products are involved primarily or
exclusively in autophagy. These Atg proteins act at different steps of the autophagy process.
Even though 40 different Atg proteins have been reported in yeast, new ones continue to be
identified. Atg41l is a small protein identified in yeast as being upregulated during heat
shock [8], but the structural and functional information for this protein is limited and its
cellular function is not known [9-11].

Here, we report that Atg41 plays a role in autophagosome formation; azg414 cells display a
severe defect in autophagy activity. We found that A7G41 is upregulated at the
transcriptional level, resulting in a substantial increase in the protein amount under
autophagy-inducing conditions, and this upregulation is required for efficient autophagy.
The association between Atg4l and Atg9 suggest that this protein is part of the Atg9

complex that plays a role in determining the frequency of autophagosome formation.

2.3. Result

2.3.1 Atg41/Icy2 is required for nonselective autophagy

We identified icy24 in a large-scale screen for mutants defective in mitophagy, the selective
autophagic degradation of mitochondria [12]. To determine whether Icy2 plays a role in
nonselective autophagy, we carried out the GFP-Atg8 processing assay. Atg8 is required for

autophagosome formation and the phosphatidylethanolamine (PE)-conjugated form of the
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protein initially lines both sides of the phagophore; Atg8—PE on the outer surface of the
mature autophagosome is released, whereas the population inside the autophagosome is
delivered to the vacuole and degraded [3]. When fused to GFP, Atg8 is still degraded in the
vacuole lumen, but the GFP moiety is relatively stable. Thus, the generation of free GFP
can be used to monitor autophagic delivery to the vacuole [13]. We monitored the
processing of GFP-Atg8 expressed under the control of the endogenous ATGS promoter. In
growing conditions there is a low level of GFP-Atg8, and the protein is upregulated
following autophagy induction (Fig. 2.1A). We observed a substantial decrease of free GFP
in icy24 cells after 2 h of autophagy induced by nitrogen starvation compared to the wild
type (Fig. 2.1 A-B), suggesting that autophagy flux was reduced in the mutant.

The GFP-Atg8 processing assay reflects the surface area of the inner autophagosome
vesicle, which is referred to as an autophagic body once it is released into the vacuole
lumen. A more quantitative measure of autophagic capacity can be achieved with the
Pho8A60 assay, which measures the volume of the autophagosome/autophagic body. Pho8
is a vacuolar phosphatase that is synthesized as a zymogen; it is delivered to the vacuole via
part of the secretory pathway and is subsequently activated in the vacuolar lumen by
proteolytic removal of a C-terminal propeptide [14]. Pho8A60 lacks the N-terminal
transmembrane domain that serves as an internal, uncleaved signal sequence; the truncated
protein remains in the cytosol and is only delivered to the vacuole by autophagy. Thus,
autophagy activity can be measured by monitoring Pho8A60-dependent phosphatase
activity in a strain lacking the endogenous PHOS gene [15].

The wild-type strain showed the expected increase in autophagy activity following nitrogen

starvation (Fig. 2.1C). In contrast, an atg94 strain displayed essentially a complete block in
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Pho8A60-dependent phosphatase activity. Consistent with the GFP-Atg8 processing assay,
the icy24 strain showed a significant reduction in autophagy activity compared to the wild
type. Yeast express a paralog of Icy2, Icyl, and we extended the analysis by examining the
requirement for this protein in autophagy. In contrast to the icy24 strain, however, there was
no significant difference between the autophagy activity in the icy/4 and wildtype cells. To
verify that the defect seen in the icy24 mutant was not due to an unknown secondary
mutation we transformed the null strain with a plasmid encoding the wild-type ICY2 gene
under the control of its endogenous promoter. The wild-type gene fully restored the
autophagy activity of the null strain suggesting that the mutant phenotype was indeed the
result of deleting /CY2 (Fig. S2.1A).

We decided to examine whether Icy2 was sufficient to induce autophagy by overexpressing
it during nutrient-rich conditions. We took advantage of the ZEOI promoter, which allows
constitutive expression of the downstream gene before and after starvation. However,
overexpressing /CY2 by replacing its endogenous promoter with the ZEOI promoter did not
induce autophagy in growing conditions (Fig. S2.1B), and in fact caused a partial decrease
in activity in starvation conditions. The inability to induce autophagy by overexpression in
growing conditions likely reflects the need for the upregulation of other Atg proteins
including Atg7, Atg8 and Atg9 to achieve a higher level of autophagy activity [16-18]. To
rule out the possibility that Icy2 affects the transcription of other A7G genes we examined
the expression of the ATG7 and ATGY genes in the icy24 mutant after starvation. We found
that the expression of either gene was not affected by the absence of Icy2 (Fig. S2.1C).

Similarly, the amount of the Atg9 protein was unaffected (Fig. S2.1D), indicating that Icy2
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was not required for Atg9 translation; we do not have antibody to the endogenous Atg7
protein.

Next, to investigate whether Icy2 affects selective autophagy, we examined processing of
precursor aminopeptidase I (prApel). The precursor form of Apel is the major cargo of the
cytoplasmto-vacuole targeting (Cvt) pathway, a biosynthetic type of selective autophagy.19
Upon delivery to the vacuole, the propeptide of prApel is proteolytically cleaved and the
resulting molecular weight shift can be detected by western blot. We observed a defect in
prApel processing in the absence of Icy2 (Fig. S2.1E), indicating that this protein is
required for an efficient Cvt pathway. Taken together, these data indicate that Icy2 is
required for normal autophagy flux. Because of the autophagy-defective phenotype of the
icy24 strain based on the GFP-Atg8 processing and Pho8A60 assays, and the block in the
Cvt pathway, we concluded that Icy2 is involved in both selective and nonselective
autophagy. We are not able to identify a previous publication describing Icy2, and therefore
refer to the protein as Atg41 hereafter.

2.3.2 An increased Atg41 expression level during starvation is required for autophagy
Either insufficient or excessive autophagy can be detrimental to cell physiology.
Accordingly, autophagy activity is regulated at many levels, including through
transcriptional control [16-18,20]. To determine whether the expression level of Atg4l
changed between nutrient-rich and nitrogen starvation conditions we first examined the
ATG41 mRNA level by real-time quantitative PCR (RT-qPCR; Fig. 2.2A). A dramatic
increase of 47G41 mRNA was observed after 1 h of nitrogen starvation. To determine
whether the AT7G41 transcriptional expression increase leads to a corresponding

translational upregulation, we integrated epitope tags at the AT7G41 chromosomal locus
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using either GFP or protein A (PA) to generate C-terminal fusions. A Pho8A60 assay of the
ATG41-GFP strain showed a comparable autophagy activity level to the wild type,
indicating that the C-terminal tagging of A7G41 did not disrupt protein function (Fig.
S2.2A). Cells expressing tagged Atg4l were harvested from cultures in growing and
nitrogen starvation conditions and protein extracts were examined by western blot (Fig.
2.2B-C). In agreement with the RT-qPCR results, the protein level of Atg4l detected in
either of the tagged strains increased substantially during nitrogen starvation. We could not
detect Atg41-GFP in growing conditions with a short-time exposure, but could observe a
low level of Atg41-PA. The inability to detect the GFP-tagged protein in growing conditions
probably reflects the low expression level of Atg4l during vegetative growth and the
different sensitivity of the respective antibodies.

We took advantage of the GFP tag to examine the expression of Atg4l by fluorescence
microscopy. Consistent with the western blot results, dramatically increased fluorescence
intensity was observed after 2-h nitrogen starvation (Fig. S2.2B). To investigate the stability
of the Atg41 protein, we performed the western blot equivalent of a pulse-chase experiment,
relying on the low expression level observed in growing conditions (Fig. S2.2C). Cells
expressing Atg41-GFP were first starved for nitrogen and then shifted back to rich medium
conditions (YPD). Protein extracts were collected at different time points and examined by
western blot. The Atg8 level was also monitored for comparison because Atg8 shows a
similar dramatic increase in expression under starvation conditions. We found that the
Atg41 level decreased back to the pre-starvation level within 30 min after shifting the
cultures back to growing conditions, indicating that Atg41 is unstable or rapidly degraded

when the cells are not under autophagy inducing conditions. In contrast, Atg8 levels

32



displayed a steady but slow decline consistent with the turnover of the part of the Atg8
population that was present within autophagic bodies.

The increased expression of Atg41l was of a greater magnitude than that seen for any of the
characterized Atg proteins, with the exception of Atg8. In the case of Atg7, Atg8 and Atg9
the increases in protein levels are important for efficient autophagy [16-18]. Accordingly,
we next wanted to determine whether the increase in Atg4l was required for robust
autophagy activity. Accordingly, we replaced the endogenous A7G4/ promoter in the
genome with the COFI promoter. We determined empirically that the COFI promoter
drives relatively low protein expression; in addition, the expression pattern of genes under
the control of the COF'I promoter showed relatively little difference between vegetative and
starvation conditions (data not shown).

Thus, by replacing the endogenous A7G41 promoter (47G41p) with that of COF1 we were
able to maintain a similar, low 47G41 expression level before and after nitrogen starvation
(Fig. 2.3A). We used the C-terminal GFP-tagged strain to allow us to detect the Atg41-GFP
protein level; in fact, the primary purpose of using this strain in addition to the null mutant
was that it allowed us to verify the reduced level of Atg4l with a positive signal. The
atg414, ATG41p-ATG41-GFP and COF1p-ATG41-GFP cells were grown to mid-log phase
and shifted to starvation conditions; aliquots were collected and protein extracts were
analyzed by the Pho8A60 assay. The wild-type and ATG41p-ATG41-GFP strains displayed
a robust induction of autophagy activity during nitrogen starvation (Fig. 2.3B). In contrast,
the COF Ip-ATG41-GFP cells showed a substantial reduction in autophagy activity, close to
that of the atg4/4 null strain. These data suggest that the large increase in Atg4l protein

seen under starvation conditions is required for normal autophagy activity.
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2.3.3 Atg41 protein levels correlate with autophagosome number

A decrease in the number and/or size of autophagosomes can result in impaired autophagy
activity [21-22]. Therefore, we used transmission electron microscopy to determine the
effect of decreased Atg4l protein levels with regard to autophagosome formation, by
measuring the number and size of autophagic bodies[23]. We used a pep4A4vps4A strain
background for this analysis. PEP4 encodes proteinase A, which is required to activate
multiple vacuolar hydrolases; deleting PEP4 causes the accumulation of intact autophagic
bodies in the vacuole. VPS4 edcodes a AAA-ATPase involved in multivesicular body
protein sorting, and deletion of this gene reduces the vesicular background content of the
vacuole. We analyzed the atg414, ATG41p-ATG41-GFP and COFIp-ATG41-GFP strains
with regard to autophagic body number and size (Fig. 2.3C-E). Quantitative analysis of the
images revealed that the number of autophagic bodies was reduced in the atg4/4 and
COF1p-ATG41-GFP strains (Fig. 3D), whereas there was essentially no difference in
autophagic body size (Fig. 2.3E). Using an algorithm to estimate total autophagic body
number and size within the vacuole [23], the electron microscopy analysis indicated that the
total autophagy flux in the COFIp- ATG41-GFP and atg4lA strains was reduced by
approximately 50% compared to the ATG41p-ATG41-GFP wild type (Table S2.1), which is
consistent with the Pho8A60 assay results. These data further support our finding that the
increased Atg4l level is required for a maximal autophagic response. Finally, because the
lower autophagy activity was due to decreased autophagosome numbers, these results also
suggest that the Atg4l level is important in determining the rate of autophagosome
formation.

2.3.4 Atg41 localizes to Atg9 peripheral structures and associates with Atg9
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Reduced levels of Atg4l affected the number of autophagosomes formed during starvation,
and we next wanted to determine the relationship of Atg41 to other components of the Atg
core machinery, those proteins that are needed for autophagosome formation [24].
Information on protein subcellular location can often provide useful informative with regard
to protein function, and most of the Atg proteins have discrete localization patterns.
Accordingly, we examined the localization of Atg41-GFP. Our analysis of Atg4l
expression based on the visualization of the Atg41-GFP chimera showed a unique
distribution pattern for this protein (Fig. S2.2B), which was reminiscent of the overall
morphology of yeast mitochondria. Accordingly, we used Mito-Tracker Red to stain the
mitochondria of cells expressing Atg41-GFP and examined them by fluorescence
microscopy. We observed substantial colocalization of Atg41-GFP and Mito- Tracker Red
(Fig. 2.4A). A peri-mitochondrial distribution is similar to that displayed by Atg9-GFP [4].
In addition, Atg41 does not contain a mitochondrial targeting sequence or transmembrane
domain, suggesting that Atg41-GFP distributes around the mitochondria rather than being
directly associated with the organelle.

Considering that Atg41 had a similar subcellular distribution to that of Atg9, and a decrease
in either protein correlated with a reduced number of autophagic bodies, we decided to
investigate the relationship between these 2 proteins. We first tagged Atg9 with mCherry,
and Atg4l with GFP to see if these 2 proteins displayed a close proximity under
fluorescence microscopy (Fig. 2.4B). The results indicated a partial co-localization of Atg9
and Atg4l. To further examine whether a potential transient interaction exists, we took
advantage of the bimolecular fluorescence complementation (BiFC) assay [25]. In this assay,

Venus YFP is split into 2 parts, the N terminus (VN) and C terminus (VC). We genomically
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tagged the C terminus of Atg41 with VC and the C terminus of Atg9 with VN, generating
an ATG41-VC ATGY9-VN strain. The YFP fluorescence signal in this strain can only be
observed when VN and VC are in close proximity. For comparison, we also constructed
ATG41-VC ATG2-VN and ATG41-VC ATG27-VN strains. Atg2 and Atg27 both function in
Atg9 trafficking between the peripheral sites and the PAS, in retrograde and anterograde
trafficking, respectively. We observed bright fluorescent dots in the cells expressing Atg41-
VC Atg9-VN, but not in the other strains (Fig. 2.4C-D). Furthermore, we could only detect
a fluorescent signal between Atg41-VC and Atg9-VN under starvation conditions; however,
this may simply reflect the extremely low level of Atg4l expression during growing
conditions (Fig. 2.2). This result suggests that Atg4l associates with (or is located in
proximity to) Atg9, but not necessarily other Atg proteins involved in Atg9 trafficking.

To confirm the BiFC result, we also performed the yeast two hybrid assay (Fig. 2.4E). AD-
ATG41 and BD-ATG9 were cotransformed into cells, while the AD empty vector and BD-
ATGY were co-transformed as controls. The results showed that only cells with AD-ATG41
and BD-ATG9 could grow under minus histidine selection, indicating an association
between Atg4l and Atg9. Since Atg9 is proposed to function in donating or directing
membrane to the expanding phagophore by trafficking from donor sites to the PAS, we next
investigated whether Atg41 controlled autophagy via an effect on Atg9 movement. Previous
studies indicated that in the absence of Atgl the retrograde trafficking of Atg9 was largely
blocked resulting in accumulation of the protein at the PAS [5]. We took advantage of this
phenotype to carry out a kinetic analysis of Atg9 anterograde movement in cells expressing
a temperature sensitive allele of ATG1 (Atglts); the strain also expressed Atg9-3GFP and

RFP-Apel as a PAS marker. When autophagy was induced at the permissive temperature,
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Atg9-3GFP could shuttle between the PAS and peripheral sites, resulting in a low level of
co-localization between Atg9 and prApel (data not shown). Similarly, the cells displayed a
low level of co-localization in growing conditions (Fig. 2.4F). Following a shift of the
Atglts strain to the non-permissive temperature, Atg9—3GFP accumulated at the PAS
resulting in a substantial increase in co-localization with RFP-Apel. In the atg41A4 strain
there was a significant decrease in the co-localization between these 2 proteins compared to
the wild type. The Atg4l protein level in the Atglts strain was comparable to that in the
wild-type strain after 1 h of starvation at the non-permissive temperature (Fig. S2.3A),
indicating that the defect in Atg9 trafficking reflected the absence of Atg41 specifically in
the atg414 (Atglts) strain and not the ATG41 wild-type (Atglts) strain. This result
indicated a kinetic defect in Atg9 anterograde trafficking in the absence of Atg41.

Because fluorescence microscopy, bimolecular fluorescence complementation and yeast
two-hybrid data suggested that Atg41 associated with Atg9, we wanted to map the region of
Atg41 that is required for this interaction, which would then allow us to examine the effect
of specifically disrupting this association. We started the analysis with a computerized
prediction of intrinsically disordered regions (IDRs) in Atg4l. For many proteins IDRs
participate in dynamic binding interactions. Furthermore, we determined that many of the
yeast Atg proteins contain IDRs [26], and this appears to be conserved up to humans [27].
We used PONDR-FIT [28], an algorithm that combines several individual disorder
predictors that evaluate the tendency for intrinsic disorder based on the target sequence, to
identify putative IDRs in Atg41 (Fig. 2.5A). Based on the analysis, Atg41 contains at least 4
regions above the threshold level. Two of these potential IDRs are located at or near the N

terminus. Because deletions of this part of the protein were more likely to affect folding of
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the remainder of the protein we focused our initial analysis on the 2 C-terminal IDRs and
generated strains expressing Atg41(491-110) and Atgd1(4127—-136). The C termini of these
strains were tagged with VC, and Atg9 was tagged with VN to allow us to carry out the
BiFC assay.

Based on the bimolecular fluorescence complementation assay after autophagy induction
we could still detect a fluorescent signal with Atg9-VN and Atg41(491—110)-VC, similar to
the results with full-length Atg41 (Fig. 2.5B-C). In contrast, deletion of the extreme 10 C-
terminal residues in Atg41(A4127—-136)-VC abrogated the association between the 2 proteins.
Because of the relatively small size of the deletion, and its location at the extreme C
terminus, this mutation is unlikely to affect the stability of Atg4l; indeed, analysis of
Atg41(4127-136)-GFP by microscopy indicated that the truncation did not affect the
stability of the protein relative to the wild type (Fig. 2.5D). Similarly, western blot indicated
that Atgd1(4127-136)-GFP was stable (Fig. S2.3B). Therefore, these data suggest that the
extreme C-terminal region of Atg41 is important for associating with Atg9.

Having identified a region in Atg41 that was needed for its association with Atg9, we next
utilized the Pho8A60 assay to examine the phenotypic consequence of disrupting this
association (Fig. 2.5E). Cells expressing Atg4l1-VC displayed a wild-type level of
autophagy activity, which was also the case for cells expressing Atg41(491-110)-VC. In
contrast, the Atg41(4127—-136)-VC protein, which no longer interacted with Atg9, had a
reduction of Pho8A60 activity similar to that seen with the atg4lA strain. Finally, we
examined the distribution pattern of the Atg41(A4/27—136) mutant. In contrast to the peri-
mitochondrial localization seen with wild-type Atg41-GFP, Atgd1(A4127—136)-GFP showed

a diffuse distribution pattern (Fig. 2.5D). Taken together, these results indicate the very C-
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terminal region of Atg41 is important for its association with Atg9, its correct subcellular
distribution and normal autophagy activity.

2.3.5 The Gcend transcription factor regulates ATG41 expression

Because the Atg41 expression level changed considerably between growing and starvation
conditions, we wanted to determine the mechanism involved in the transcriptional
regulation of ATG41. High-throughput analysis indicates that Gen4, the master regulator of
gene expression during amino acid starvation, modulates the transcriptional level of
multiple ATG genes [29]. Moreover, combining the previous study and an online yeast
transcriptional database, Yeastract (www.yeastract.com), indicated that the ATG4l 5’
untranslated region (5’UTR) contains 2 putative Gen4 binding regions [30]. Therefore, we
decided to investigate the possible role of Gen4 in regulating A7G41 expression. We
examined the 47G41 mRNA level by RT-qPCR. As we observed previously (Fig. 2.2A),
there was a strong increase in A7G41 mRNA in the wild-type strain following autophagy
induction by nitrogen starvation. In contrast, there was a significant reduction relative to the
wild type in a gcn44 strain (Fig. 2.6A). Next, we tagged Atg41 with protein A in the gcn44
mutant and monitored the protein level of Atg41-PA by western blot. In agreement with the
RT-gPCR results, the protein level of Atg41-PA was reduced by approximately 40% in the
gen4A background (Fig. 2.6B and C). Next, we used the Pho8A60 assay to determine
whether the absence of Gen4 caused an autophagy defect (Fig. 2.6D). We found a clear
decrease of autophagy activity in the gcn44 background, suggesting that Gen4-dependent
regulation is necessary for optimal autophagy activity. To test whether overexpression of
Atg41 in starvation conditions could rescue the gcn44 phenotype, we replaced the ATG41

endogenous promoter with the ZEOI promoter in the gcn44 background; Gen4 does not
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regulate the ZEO! promoter. The Pho8A60 assay of ZEOIp-ATG41 showed a significantly
increased autophagy activity compared to gcn4A, indicating a partial rescue of the gcn4A
autophagy defect (Fig.2.6E). The observation that the ZEOIp-ATG41 strain did not display
a complete restoration of autophagy likely reflects a role for Gen4 in regulating other genes
whose products are required for full autophagy activity. Taken together, these data suggest
that Gen4 positively regulates A7G41 and that this regulation is important for autophagy.

Finally, we wanted to determine whether Gen4 regulates ATG41 by direct binding to its
promoter or indirectly by activating other transcription factors. To address this question we
carried out a chromatin immunoprecipitation (ChIP) experiment using a Gen4-PA strain.
We designed 9 pairs of primers (47G41-1 to ATG41-9) each spanning approximately 130
to 170 nucleotides of the ATG41 promoter region to ensure complete coverage including 2
potential Gen4 binding regions predicted by computer and database analysis (Fig. 2.6F). In
addition, we used a previously identified site in the HIS5 gene as a positive control [29] and
the TFCI gene, which lacks any predicted Gen4 binding sites, as a negative control. The
RT-gPCR analysis indicated binding at the HIS5 promoter, but no binding at the TFC1
promoter as expected (Fig.2.6G). For the ATG41 promoter region, we detected enrichment
(at least 50% the level of the positive control) of the PCR product using primers ATG41-1
to ATG41-5, with the regions detected by primers ATG41-3 and ATG41—4 showing an even
higher enrichment than the HIS5 positive control. This result is in agreement with the
prediction that one of the potential Gen4 binding sites is located in the region covered by
these primers. The second predicted binding site, covered by the primer pair A7G41-8 did
not show a strong enrichment. This second site is located almost 800 nucleotides away from

the translational start site (compared to approximately 300 nucleotides for the enriched site),
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which is generally outside the region of yeast promoters, and is therefore unlikely to
function in transcriptional control of ATG41. Taken together, these results indicated that
Gcen4d binds directly to the promoter region of A7G41 and transcriptionally activates

expression of this gene.

2.4. Discussion

In this report we identified Atg4l as a novel component of the autophagy machinery in
yeast. The absence of Atg4l results in a severe defect in autophagy activity due to a
decreased rate of autophagosome formation. Icyl, a paralog of Atg4l/Icy2, has low
sequence similarity to Atg41/Icy2, which likely explains why Icyl does not appear to play a
role in autophagy. Many of the Atg proteins are upregulated during starvation, but only
Atg8 and Atg4l display a greater than 10-fold increase in protein level. Both Atg8 and
Atg41 are relatively small proteins, and Atg8 functions in phagophore expansion; lower
levels of Atg8 correspond to smaller autophagosomes[21]. In contrast, Atg4l does not
appear to play a role in determining the size of autophagosomes, but rather influences their
formation rate, similar to Atg9 [17]. Along these lines, the localization of Atg41 shows a
peri-mitochondrial distribution similar to Atg9. Furthermore, our results showed an
association between Atg9 and Atg41. Considering all of these data, we propose that Atg4l
is part of the Atg9 complex and is involved in the delivery of donor membrane to the
expanding phagophore.

We also identified Gen4 as a positive regulator of autophagy in agreement with previous
studies [31]. ATG41 mRNA levels only increased approximately 8-fold in the gcn44 strain
compared to the nearly 60-fold increase seen in the wild type, indicating that Gen4 plays a

primary role in transcriptional regulation of A7G41. Although ATG41 transcripts increased
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at 6- to 7-fold higher levels in the wild type compared to the gcn44 strain, the protein levels
only increased approximately 2-fold. This difference may reflect the role of other potential
positive regulators, or translational silencing. The gcn44 strain displayed an approximately
50% decrease in autophagy activity, which further supports our hypothesis that a large
increase in the amount of the Atg41 protein is required for normal autophagy activity. Cells
do not maintain elevated levels of autophagy indefinitely, although the mechanisms
involved in down-regulating autophagy under inducing conditions are not fully understood.
For example, at present we do not know what controls the turnover of Atg4l. We have not
detected this protein within the vacuole (data not shown), suggesting that it may be
degraded by the proteasome. Expression from the COFI promoter is predicted to be
constant under growing and starvation conditions, yet we observed a clear decrease in
Atg41-GFP when expressed at low levels (Fig. 2.3A), which may correspond to degradation
of the protein. Future studies may provide further information on the mechanism(s)
involved in regulating the expression and stability of Atg41 and in determining its role in
autophagy. Although homologs of Atg41/Icy2 are found in different fungal species, no
homolog is reported in higher eukaryotes based on sequence analysis. Even though many
Atg proteins are conserved from yeast to mammals, a number of Atg proteins in yeast lack
the corresponding homologs in mammals; however, in many cases the potential functional
counterparts of these Atg proteins in mammals exist. One example is seen with Atgl7 and
RBICCI, the latter of which is considered as the mammalian counterpart. Although
RB1CCI1 is much larger than Atgl7 (1594 amino acids compared to 417 amino acids), both
proteins bind to the Atgl/ULKI1 kinase and play important roles in autophagy induction

[32]. In yeast, Atgl7, Atg29 and Atg31 form a stable complex, whereas RBICC1 can
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interact with ULK1 alone. It is thus possible in this case that in mammals one protein
combines the functions of several yeast proteins. We speculate that Atg41 also falls into this
category. That is, it is possible that a functional counterpart exists in mammals, and this
protein either functions similarly to Atg41 or combines the functions of Atg41 and at least

one other yeast protein.

2.5. Materials and Methods

2.5.1 Yeast strains, media and growth conditions

Yeast strains used in this paper are listed in Table S2.2. Yeast cells are grown in rich
medium (YPD: 1% [wt/vol] yeast extract [ForMedium, YEMO04], 2% [wt/vol] peptone
[ForMedium, PEP04], 2% [wt/vol] glucose; or SMD: 0.67% yeast nitrogen base
[ForMedium, CYN0410], 2% [wt/vol] glucose, 0.5% casamino acids [ForMedium, CAS03],
1x complete amino acids and vitamins supplement (see Table S2.3 for details), 2% glucose).
Autophagy was induced by shifting mid-log phase cells from rich medium to nitrogen
starvation medium (SD-N: 0.17% yeast nitrogen base without ammonium sulfate or amino
acids [For-Medium,CYNO0501], 2% [wt/vol] glucose) for the indicated times.

2.5.2 Antibodies and antisera

Anti-YFP antibody, which detects GFP, was from Clontech (JL-8; 63281), and anti-Pgk1
was a generous gift from Dr. Jeremy Thorner (University of California, Berkeley).
Antibodies to Apel and Atg9 were described previously [33-34]. The protein A tag was
detected with a nonspecific commercial antibody that is no longer available.

2.5.3 Plasmids

PpRS405-GFP-ATGS contains the GFP-ATGS open reading frame with the endogenous

ATGS promoter. This plasmid was linearized and integrated into the corresponding strains
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listed in Table S2.2. pRS414-ATG41 contains 1,000 nucleotides of the ATG41 5’ UTR, the
ATG41 open reading frame and 500 nucleotides of the 3° UTR. pRS414-ATG1-ts contains
the ATGI open reading frame with the endogenous A7G1 promoter, and L88H, F112L and
S158P mutations that confer a temperature sensitive phenotype [35].

2.5.4 Fluorescence microscopy

Yeast cells were grown to mid-log phase in rich medium and then shifted to SD-N for
autophagy induction. Cells were then examined by microscopy (Olympus; Delta Vision, GE
Healthcare Life Sciences, Pittsburgh, PA, USA) using a 100x objective, and a CCD camera
(CoolSnap HQ; Photometrics, Tucson, AZ, USA). Twelve-image stacks were taken for each
picture with a 0.3-um distance between 2 images.

2.5.5 Mitochondria staining

MitoTracker Red CMXRos (Molecular Probes/ThermoFisher Scientific, M-7512) was
dissolved in DMSO. The dye was added to mid-log cells growing in rich medium with a
final working concentration of 200 nM and a final DMSO concentration of 0.02%. After
approximately 45 min, cells were washed and grown in rich medium for another 1 h. Cells
were then shifted to SD-N for autophagy induction and microscopy analysis.

2.5.6 Real-time quantitative PCR

Yeast cells were cultured in YPD to mid-log phase and then shifted to SD-N for autophagy
induction. Cells were then collected and frozen in liquid nitrogen. Total RNA was extracted
using an RNA extraction kit (NucleoSpin RNA II; Clontech, 740955.50). Reverse
transcription was carried out using the High Capacity cDNA Reverse Transcription Kit

(Applied Biosystems/ThermoFisher Scientific, ILT4368814). RT-qPCR was performed
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using the Power SYBR Green PCR Master Mix (Applied Biosystems/ThermoFisher
Scientific, [LT4367659). All primer information can be found in Table S2.4.

2.5.7 Chromatin immunoprecipitation

The protocol for ChIP was slightly modified from one described previously [36]. After
induction of autophagy, formaldehyde was added to the cells for DNA-protein cross-linking.
Samples were then harvested, lysed and chromatin was isolated. DNA was then sheared by
sonication and the sheared chromatin was immunoprecipitated. The protein-DNA complex
was eluted from the beads and reverse cross-linking was performed. DNA was then purified
and examined by quantitative PCR. All primer information can be found in Table S2.4.
2.5.8 Other methods

Western blot, Pho8A60, GFP-Atg8 processing, and prApel processing assays, and
transmission electron microscopy were performed as described previously [13,15,23,37].
Gene deletion, truncation or integration was performed based on a standard method [38].
Genome tagging and genomic promoter exchange were performed based on a standard

method [39].
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Table S2.1. Detailed analysis of TEM data.

Strain Autophagic body size
Measured cross sections Estimated original
Mein SD rad Mean SD rad Volume®
rad rad
ATG41-GFP 187.065 54.430 219.400 37.065 4. 81E+07
COF1p-

ATG41-GFP 173.260 47.824 202.738 30.962 3.74E+07
atg414 187.273 52.571 221.008 32.479 4.82E+07
Strain Vacuole size

Measured cross sections Estimated original
Mean SD rad Mean SD rad
rad rad

ATG41-GFP 882.267 251.897 952.992 238.480
COF1p-

ATG41-GFP 859.125 268.753 895.624 258.352
atg4i14 865.867 266.114 904.460 260.716
Strain Autophagic body number

Measured cross )
sections/ Estimated
bodies/cell
cell

ATG41-GFP 7.330 25.640
COF1p-

ATG41-GFP 4.539 15.862
atg414 4.331 14.185
Strain Total flux (%)° Number of cells analyzed

ATG41-GFP 100 183
COF1p-

ATG41-GFP 48.07 170
atg414 55.41 136

*Rad, radius in nm.
®Expressed in nm3.

‘Total flux was calculated as (the estimated average autophagic body volume) x (the
estimated autophagic body number per cell). The values were normalized to the A7G41-
GFP sample, which was set to 100%.
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Table S2.2. Strains used in this study.

Name Genotype Ref
MATa leu2-3,112 ura3-52 his3-4200 trp1-4901 suc2-49
SEY6210 lys2-801 GAL 1]
PI69-4A MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4A 2]
gal80A LYS2::GALI-HIS GAL2-ADE2 met2::GAL7-lacZ
FRY 143 SEY 6210 vps4A::TRP1 pep4A::LEU2 [3]
atglA::ble atg9::KAN ATGY9-3GFP::LEU2 RFP- .
SKBITI Ajel:: URAS SEY6210 This study
WLY176 SEY 6210 phol34 pho8460 [4]
ZYY101 WLY 176 pRS405-GFP-ATGS::LEU2 This study
ZYY102 WLY 176 pRS405-GFP-ATGS::LEU2 icy24::HIS3 This study
ZYY103 WLY 176 pRS405-GFP-ATGS::LEU?2 atg34::HIS3 This study
ZYY104 WLY176 atg94::LEU2 This study
ZYY105 WLY 176 icy24::HIS3 This study
ZYY106 WLY176 icylA::LEU2 This study
ZYY107 WLY176 ICY2-GFP::HIS3 This study
ZYY108 WLY 176 ICY2-PA::HIS3 This study
ZYY109 WLY 176 PCOF1::KAN-ICY2-GFP:;HIS3 This study
ZYY110 FRY 143 icy24::HIS3 This study
ZYY111 FRY 143 PCOF1::KAN-ICY2-GFP:;HIS3 This study
ZYY112 FRY 143 ICY2-GFP::HIS3 This study
ZYY113 WLY 176 ICY2-VC::HIS3 ATG9-VN::TRPI This study
ZYY114 WLY 176 ICY2-VC::HIS3 ATG2-VN::TRPI This study
ZYY115 WLY 176 ICY2-VC::HIS3 ATG27-VN::TRPI This study
ZYY116 WLY176 ICY2-VC::HIS3 This study
ZYY117 WLY176 icy24(91-110)-VC::HIS3 This study
ZYY118 WLY 176 icy24(127-136)-VC::HIS3 This study
ZYY119 WLY 176 icy24(91-110)-VC::HIS3 ATGY-VN::TRP1 This study
ZYY120 WLY 176 icy24(127-136)-VC::HIS3 ATG9-VN.:TRPI This study
ZYY121 WLY 176 icy24(127-136)-GFP::HIS3 This study
ZYY122 WLY 176 gcnd4A::LEU2 This study
ZYY123 WLY 176 gcnd4A::LEU2 ICY2-PA::HIS3 This study
ZYY 124 WLY 176 GCN4-PA::LEU2 This study
ZYY125 WLY 176 ICY2-GFP::HIS3; ATG9-mCherry::TRPI This study
ZYY126 SKB171 icy24::HIS3 This study
ZYY127 WLY 176 PZEOI::HIS3-ICY2 gcn4A::LEU2 This study
ZYY128 WLY 176 PZEOI::HIS3-ICY2 This study
ZYY129 WLY 176 ICY2-GFP::HIS3 atglA::LEU2 This study
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Table S2.3. Amino acid, nucleoside and vitamin stock solutions.

20xamino acid and nucleic acid base complete stock
(1 L in distilled H20); store at 4°C.

Amino acid or base Concentration (%)
Adenine 0.06
Histidine 0.04
Leucine 0.10

Lysine 0.06
Tryptophan 0.10
Uracil 0.04

200x vitamins (1 L in distilled H20); filter sterilize and store at store at 4°C or -20°C.

Vitamin or precursor Concentration

4-Aminobenzoic acid (p-Aminobenzoic acid) 0.3 mM
Biotin (vitamin H) 2.0 uM

Ca pantothenate (vitamin BS5) 330 uM

Folic acid (vitamin B9) 1.0 uM
Inositol (myo-inositol; vitamin B8) 2.22 mM
Niacin (nicotmic acid, vitamin B3) 0.65 mM
Pyridoxine HCI (vitamin B6) 0.4 mM
Riboflavin (vitamin B2) 0.1 mM
Thiamine HCI (vitamin B1) 0.24 mM
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Table S2.4. Primers used in qPCR, ChIP and promoter replacement.

NAME SEQUENCE PURPOSE
ATG41-CHIP1-F GCGGCTCTGCGTAAAAAGGT CHIP-qPCR
ATG41-CHIP2-F CGGAAAGGGTCTGGAGCAAC CHIP-qPCR
ATG41-CHIP3-F GCGCGAAGATGACACATTGC CHIP-qPCR
ATG41-CHIP4-F CCGTCCGGAAATCTACAGAA CHIP-qPCR
ATG41-CHIP5-F CCAAGAAGTCCCTTGGGGTT CHIP-qPCR
ATG41-CHIP6-F ACACCATACCCACTGTCCTG CHIP-qPCR
ATG41-CHIP7-F TCTCCCTTCCGGGTAAGCAC CHIP-qPCR
ATG41-CHIPS-F GCTCTCCCCCAAAGCTAGTT CHIP-qPCR
ATG41-CHIP9-F GTTCTTTCACCAGAGCCAAG CHIP-qPCR
ATG41-CHIP1-R TTGGTTGGTTTGGTGTAGCC CHIP-qPCR
ATG41-CHIP2-R GGGGGAAGATTCCACAGAGG CHIP-qPCR
ATG41-CHIP3-R ACCTTTTTACGCAGAGCCGC CHIP-qPCR
ATG41-CHIP4-R GCAATGTGTCATCTTCGCGC CHIP-qPCR
ATG41-CHIP5-R TTCTGTAGATTTCCGGACGG CHIP-qPCR
ATG41-CHIP6-R AACCCCAAGGGACTTCTTGG CHIP-qPCR
ATG41-CHIP7-R CAGGACAGTGGGTATGGTGT CHIP-qPCR
ATG41-CHIPS-R GTGCTTACCCGGAAGGGAGA CHIP-qPCR
ATG41-CHIP9-R AACTAGCTTTGGGGGAGAGC CHIP-qPCR
HIS5-F TGGTATAGTGACGTAGTTAGTGC CHIP-qPCR
HIS5-R GAACAGAACTGTGTGCATCC CHIP-qPCR
CHIP-qPCR,
TFCI-F CCCCATCTTTAAGCTCTGCT ATG41 mRNA
LEVEL CHECK
CHIP-qPCR,
TFCI-R AAGACCAAAAGCGAAGAAGC ATG41 mRNA
LEVEL CHECK
ATG41 mRNA
ATG41 F1 CGAGTACTGAAGACGATTGCAT LEVEL CHECK
ATG41 mRNA
ATG41 R1 TGCGACATTGGCAAAGGCAT LEVEL CHECK
ATG41 mRNA
ATG41 F2 GCACGCACACTAAAGATAAGACG LEVEL CHECK
ATG41 mRNA
ATG41 R2 ACTTGCAAAGGCAAACCCAG LEVEL CHECK
ATGA41 COFLp- CTTGTTTTATTCTTGAGAAAACCA COF1
. - AACTAAATTGGCTACAGAATTCGA PROMOTER
GCTCGTTTAAAC CHANGE
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ATG41 COF1-P-

CTTCATAGCGCGAGATGGGGGAA

COF1

R GATTCCACAGAGGACATCTTCTTT PROMOTER
TGTTAGTTTTTTG CHANGE
CTTGTTTTATTCTTGAGAAAACCA ZEOI

?TGM'ZEOI'P' AACTAAATTGGCTACAGAATTCGA PROMOTER
GCTCGTTTAAAC CHANGE

ATG41-ZEOLP. CTTCATAGCGCGAGATGGGGGAA ZEOI

R GATTCCACAGAGGACATAATTAAT PROMOTER
TGATATAAACGTA CHANGE

ATG7 mRNA

ATG7-F ATGAGCATTGTCCAGCATGTAG LEVEL CHECK

ATG7 mRNA
ATG7-R GACCTCCTGCTTTATGACTGAC LEVEL CHECK

ATGY9 mRNA
ATGY-F CGTACTAACAGAGTCTTTCCTTG LEVEL CHECK
ATG9-R CTAAGACACCACCCTTATTGAG ATGY mRNA

LEVEL CHECK
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Figure 2.1. Icy2 is required for nonselective autophagy.

(A) GFP-Atg8 processing assay for samples prepared from wild-type (WT; ZYY101) and
icy24 (ZYY 102) strains. Both growing samples (0 h; mid-log phase in YPD) and starvation
samples (2 h; SD-N medium) were collected. Proteins were resolved by SDS-PAGE and
detected by western blot with anti-YFP antibody and anti-Pgk1 (loading control) antiserum.
A long exposure of a separate blot is included to show the GFP-Atg8 bands in growing
conditions. (B) Quantitative analysis of processed GFP for the experiment in (A) Error bars
represent the SD of 3 independent experiments. The result is examined by 2-way analysis of
variance (ANOVA). P values derived from the Sidak post test are reported for the
comparison between wild type and mutant. **, p<0 .01. (C) Pho8A60 assay for the WT
(WLY176), atg94 (ZYY104), icylA4 (ZYY106) and icy24 (ZY Y 105) strains. Samples were
collected from growing cells (+N; mid-log phase in YPD) and after starvation (-N; SD-N
medium). The Pho8A60 activity in the WT was set to 100% and the other samples were
normalized. The error bars indicate the SD of 3 independent experiments. The result is
examined by ANOVA. p values derived from the Sidak post test are reported for the
comparison between wild type and mutant. **** p <0 .0001.
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Figure 2.2. The Atg41 expression level increases after autophagy is induced.

(A) The mRNA level of ATG41 was measured by RT-qPCR in the wild-type strain (WT;
WLY176) before and after nitrogen starvation with 2 pairs of independent ATG41 primers.
The error bars represent the SD from 3 independent experiments. (B) The protein level of
Atg41-GFP was detected by western blot. Both growing (mid-log phase in YPD) and
starvation (SD-N medium) samples of Atg41-GFP were collected, protein extracts resolved
by SDS-PAGE and blots probed with anti-YFP antibody and anti-Pgk1 (loading control)
antiserum. (C) The protein level of Atg41-PA was detected by western blot as described in
B.
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Figure 2.3. The increase in Atg41 protein level is required for autophagy.

(A) The COFI promoter was used to clamp Atg41/Icy2 expression at the basal level. Both
ATG41p-ATG41-GFP (ZYY107) and COFIp-ATG41-GFP (2YY109) cells were collected
before and after nitrogen starvation, and protein extracts were analyzed by western blot as
in Figure 2.1. A long exposure is shown to visualize Atg4l in growing conditions. (B)
Pho8A60 assay of ATG41p-ATG41-GFP (ZYY107) and COF1p-ATG41-GFP (ZYY109).
The activity in the wild-type strain (WT; WLY 176) was set to 100% and other values were
normalized. Error bars represent the SD of 3 independent experiments. The result is
examined by 2-way analysis of variance (ANOVA). p values derived from the Sidak post
test are reported for the comparison between wild type and mutant. **** p <0 .0001. (C)
Representative TEM images of ATG41p-ATG41-GFP, COF1p-ATG41-GFP and atg414
cells after starvation (SD-N medium). Autophagic bodies are seen as clustered vesicles in
the vacuole lumen, which appears white. The lower panels provide a higher magnification
of the cells in the upper panels. Scale bar: 500 nm. (D, E) Estimated average number (D) or
average radius (E) of of autophagic bodies per cell for the strains in C. Estimations were
based on the number (D) or the radius (E) of autophagic body cross sections observed by
TEM in a sample size of more than 100 cells. The error bars indicate SD of the sample cells’
radius estimated and calculated by the mathematic algorithm.
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(A) Representative images for co-localization of Atg41l and MitoTracker Red. ATG41-GFP
(ZYY107) cells were grown to mid-log phase and stained with MitoTracker Red in YPD
medium. Cells were then washed and shifted to starvation conditions (SD-N) before
fluorescence microscopy analysis; images are representative pictures from single Z-sections.
Scale bar: Sum. (B) Representative images and the quantification for Atg41-GFP and Atg9-
mCherry (ZYY125) co-localization. Cells were starved in SD-N medium prior to
microscopy. Scale bar: Sum. (C) Representative images for a BiFC assay of strains
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expressing Atg41-VC and either Atg2-VN (ZYY114), Atg9-VN (ZYY113) or Atg27-VN
(ZYY115). Cells were starved in SD-N medium prior to microscopy. Scale bar: Sum. (D)
Quantitative analysis of cells showing BiFC signals described in (C). The result was
examined by 2-way analysis of variance (ANOVA). p values derived from the Sidak post
test are reported for the comparisons between ZYY 113 and 2 other strains. **, p<0 .01. (E)
Images for the yeast 2-hybrid result. The ATG41-AD and AD empty prey plasmids were co-
transformed with the ATG9-BD bait plasmid. Cells were grown on SMD —Leu —Ura plates
selecting for the presence of both plasmids. Cells were also grown on SMD —Leu —Ura -His
plates with 10-fold serial dilution for the selection of strains having protein interactions. (F)
Quantitative analysis of Atg9 and prApel (PAS) colocalization. WT (SKB171) and mutant
(ZYY126) cells were transformed with a plasmid expressing temperature-sensitive Atgl
and cultured at the permissive temperature (24°C) with SMD medium (+N) until the mid-
log phase. Samples were then shifted to SD-N and cultured at the nonpermissive
temperature (37°C) for 1 h. The co-localization of Atg9—3GFP and RFP-Apel were counted
and the frequency was determined. The result was examined by ANOVA. P values derived
from the Sidak post test are reported for the comparison between wild type and mutant. *, p
<0.05.
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Figure 2.5. The C-terminal region of Atg41 is important for its function in autophagy.

(A) Tendency of intrinsic disorder and probability of an Atg41 residue being in a disordered
region, predicted by PONDR-FIT. Regions of the protein above the horizontal dashed line
are predicted to be disordered. The vertical lines indicate the regions chosen for deletion
analysis. (B) Representative images for a BiFC assay of Atg4l-VC Atg9-VN cells
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expressing full-length (1- 136) Atg41-VC (ZYY113), and deletion mutants Atg4l (491—
110)-VC (ZYY119) or Atgdl (4127-136)-VC (ZYY120). Cells were starved in SD-N
medium before fluorescence microscopy analysis. Scale bar: Spm. (C) Quantitative analysis
of the BiFC assay described in (B). The result is examined by 2-way analysis of variance
(ANOVA). p values derived from the Sidak post test are reported for the comparison
between wild type and mutant. ** p < 0.01. (D) Representative images showing the
distribution of Atg41-GFP (ZYY107) and Atgd4l (4127-136)-GFP (ZYY121) in cells
before and after starvation in SD-N medium prior to fluorescence microscopy analysis. The
right column of panels corresponds to a higher magnification. Scale bar: Sum. (E) Pho8A60
assay of a wild-type (WT; WLY176) or atg414 (ZYY105) strain, and strains expressing
full-length (FL) Atg41-VC (ZYY116) and the indicated Atg41-VC deletion mutants
(ZYY117 and ZYY118). Pho8A60 activity was set to 100% in the WT after starvation and
normalized in the other samples. Error bar represented the SD of 3 independent experiments.
The result is examined by 2-way analysis of variance (ANOVA). p values derived from the
Sidak post test are reported for the comparison between wild type and mutant. **** p <
0.0001.

61



A L+ 80
%20 T
i
32401
S
z““ 201 k% %
0 . ; |
Starvation (h): 0 1 0 1
WT gendA
B WT gendA
Starvation (h): 0 2 0 2
Atgd1-PA{ = 4D —
Pgkl - _———ﬂ
D 50
< [I-N
< B N (4h)
2 100 1
=
g k%
R 4
8 ) i
(e}
£
~ 0 | . =]
WT gend4A
F
ATG41 primer:

9I8I7I6_I5I4I3_I2I
T 1 T 1 1T 1

] ATG41 5' (1,000 bp)
B Gcn4 potential binding site
[l ATG41 ORF

c 150
CI+N
< B NQCh
8100 ]
?;-_PT) J_ 44k %
<3
2= 50,
= QO
ol
Y o
0l =1 .
WT gendA
Eg
S 150
z [1+N
Z o W-N@h
Q 100 | -
(e
5 |
E 50+
[a W)
9
£ MM MM M
2 WT ZEOIp-ATG41  gcndA
gendA
200
-N (1h)

Relative fold enrichment

=
=
]
=

150+
100+

50+

0
123456

5

ﬁrﬁrﬁrzﬂ
789

ATG41

=2

Figure 2.6. Gcn4 activates the transcription of A7G41 during nitrogen starvation.

(A) The mRNA level of ATG41 in the wild-type (WT; WLY176) and gcn44 (ZYY122)
strains was measured by RT-qPCR. Samples were collected in both growing (YPD) and
starvation (SD-N) conditions. Error bars represent the SD of 3 independent experiments.
The result was examined by 2-way analysis of variance (ANOVA). p values derived from
the Sidak post test are reported for the comparison between wild type and mutant. **** p <
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0 .0001. (B) The Atg41-PA level of WT (ZYY108) and gcn44 (ZYY123) strains was
analyzed by western blot. Pgkl served as a loading control. (C) Quantitative analysis of the
protein levels from the samples in (B). The protein level in the WT strain in starvation
conditions was set to 100% and other samples were normalized. Error bars indicate the SD
of 3 independent experiments. The result is examined by ANOVA. P values derived from
the Sidak post test are reported for the comparison between wild type and mutant. **** p <
0 .0001. (D) Pho8A60 assay for the WT and gcn44 strains. Cells were starved in SD-N.
Error bars indicate the SD of 3 independent experiments. (E) Pho8A60 assay for the WT,
ZEOIp-ATG41 gcn4A (ZYY127) and gen4A strains. Cells were starved in SD-N. Error bars
indicate the SD of 3 independent experiments. The result is examined by ANOVA. p values
derived from the Sidak post test are reported for the comparison between ZYY 127 and 2
other strains. **, p < 0.01. (F) Schematic picture showing the regions of the ATG41 5> UTR
covered by the indicated primers for analysis by ChIP; “1” corresponds to the ATG41-1
primer pair, etc. Gen4 potential binding sites are shown as black lines. (G) RT-qPCR
analysis of ChIP samples of the GCN4-PA strain (ZYY124). Numbers correspond to the
primers illustrated in (F). The values were normalized to the positive control HISS (set to
100%). The error bars indicate the SD of 3 independent experiments.
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Figure S2.1. Exogenous ICY2 can restore autophagy activity in the icy2A strain.

(A) Pho8A60 assay of the wild-type strain (WT; WLY176), the icy2?A strain (ZYY105) or
the icy2A strain transformed with a plasmid expressing /CY2 or the corresponding empty
vector. All samples were starved in SD-N. Autophagy activity in the WT was set to 100%
and the other samples were normalized. Error bars indicate the SD of 3 independent
experiments. (B) Pho8A60 assay of the wild-type strain and the ZEOIp-ICY2 strain
(ZYY128). Samples manipulation and data analysis are the same as described in (A). (C)
The mRNA level of ATG7 and ATG9 was measured by RT-qPCR in the wild-type strain
and the icy2A strain (ZYY102) after 1 h nitrogen starvation. The mRNA level of the WT
strain was set to 1.0 and the icy2A strain was normalized. Error bars indicate the SD of 3
independent experiments. (D) Atg9 protein level after 2 h nitrogen starvation in the wild-
type strain and the icy2A strain (ZYY102) was measured by western blot. Pgkl served as
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the loading control. (E) Precursor Apel processing assay of the wild-type, icy?A (ZYY102)
and atg9A (ZYY104) strains; atg9A served as a negative control. The quantification was
processed by ImagelJ, Pgkl served as the loading control.
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Figure S2.2. The Atg41-GFP chimera is functional and the protein level increases
after starvation.

(A) Pho8A60 assay of the wild-type (WT; WLY176) and ATG41-GFP (ZYY107) strains.
Cells were starved in SD-N medium. Autophagy activity was set to 100% for the WT after
starvation and other samples were normalized. Error bars indicate the SD of 3 independent
experiments. (B) Microscopy analysis of Atg41-GFP fluorescence intensity after starvation.
Samples were starved in SD-N. Scale bar: Spum. (C) Stability of the Azg4/-GFP protein
when shifted from SD-N to nutrient-rich conditions. The protein level of Atg8 is also shown
for comparison. Pgk1 served as a loading control.
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Figure S2.3. Atg41 and the corresponding deletion mutants are stable under nitrogen
starvation conditions.

(A) The protein level of Atg41-GFP (ZYY107) and Atg41-GFP in an atg/A background
(ZYY129) transformed with a plasmid expressing Atglts was measured before and after
starvation. Pgkl served as a loading control. (B) The protein level of full-length Atg41-VC
in the presence of Atg9-VN (ZYY113) and the A/27-136 deletion mutant (ZYY120) was
measured before and after nitrogen starvation. Pgk1 served as a loading control.
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Chapter 3 Dhh1 promotes autophagy-related protein translation and autophagy
during nitrogen starvation®

3.1. Abstract

Macroautophagy (hereafter autophagy) is a well-conserved cellular process through which
cytoplasmic components are delivered to the vacuole/lysosome for degradation and
recycling. Studies have revealed the molecular mechanism of transcriptional regulation of
autophagy-related (A7G) genes upon nutrient deprivation. However, little is known about
their translational regulation. Here we found that Dhh1, a DExD/H-box RNA helicase, is
required for efficient translation of Atgl and Atgl3, two proteins essential for autophagy
induction. Dhhl directly associates with A7TGI and A7TGI3 mRNAs under nitrogen
starvation conditions. The structured regions shortly after the start codons of the two
mRNAs are necessary for their regulation by Dhhl. Moreover, Eapl, an EIF4E binding
protein, physically interacts with Dhhl to facilitate the delivery of the Dhh1-47G mRNA
complex to the translation initiation machinery. These results suggest a model for how some
ATG genes bypass the general translational suppression that occurs during nitrogen

starvation to maintain a proper level of autophagy.

*This chapter is reprinted partly from the manuscript X Liu*, Z Yao*, M Jin*, DJ Klionsky.
Dhhl promotes autophagy-related protein translation and autophagy during nitrogen starvation,
with some modifications.
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3.2. Introduction

Autophagy is a tightly controlled cellular process by which cytosolic proteins, protein
aggregates, damaged or surplus organelles and invading pathogens are sequestered within a
double-membrane vesicle (the autophagosome), then delivered to the vacuole/lysosome for
degradation and recycling [1, 2]. Autophagy is highly conserved among eukaryotes.
Malfunction of autophagy has been related to many human diseases, including cancer,
myopathies, liver, heart and lung disease and neurodegeneration [3-6].

Studies in yeasts have identified more than 40 autophagy-related (47G) genes involved in
mediating autophagy [7]. Many of the corresponding gene products have homologs or
functional counterparts in higher eukaryotes [2]. The expression levels of ATG genes are
important for maintaining proper levels of autophagy activity [8, 9]. Expression of most
ATG genes is upregulated under autophagy-inducing conditions such as nutrient deprivation
[10]. The transcriptional regulation of ATG genes has been extensively investigated, and an
increasing number of transcriptional activators and repressors involved in autophagy
regulation are being characterized in both yeast and mammals [8, 10-14].

Two recent studies from our lab and collaborators showed that under nutrient-rich
conditions ATG mRNAs are post-transciptionally regulated [15]. The main mRNA
decapping enzyme, Dcp2, mediates the decapping of almost all major A7G mRNAs, while
the RNA exoribonuclease, Xrnl, is responsible for the degradation of some of them. A
subset of A7G mRNAs, especially ATGS8 mRNA, is conveyed to the decapping machinery
by Dhhl, a DExD/H-box RNA helicase. These studies demonstrated that 477G mRNAs are

post-transciptionally downregulated by decapping-mediated mRNA decay, so that their
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expression is restricted to maintain autophagy activity at a basal level under nutrient-rich
conditions.

However, it is not well known whether and how the expression of 47G genes is regulated
post-transcriptionally and translationally when nutrients are limited. Under nutrient-
deprivation conditions the translation of most genes across the genome is downregulated,
while expression of most 47G genes are upregulated and maintained at relatively high
levels to support the increased demands of autophagy activity. This suggests that there is
likely to be a specialized post-transcriptional regulation mechanism, through which the ATG
mRNAs escape the general translation inhibition when nutrients are depleted; conditions
under which autophagy becomes essential.

In this study, we found that Dhh1 facilitates translation of ATG1 and ATG13 mRNAs under
nitrogen starvation conditions, in contrast to its role as an autophagy inhibitor when
nutrients are rich. Under nitrogen starvation, Dhhl directly associates with A7G/ and
ATG13 mRNAs, and it binds to A7G1 mRNA through its 3'-untranslated region (UTR). The
structured regions shortly after the start codons of ATGI/ and ATGI3 mRNAs are
indispensible for the regulation by Dhh1. Moreover, Dhhl interacts with an EIF4E binding
protein, Eapl, which facilitates the delivery of ATG1 and ATG13 mRNAs to the translation
initiation machinery. This mechanism acts to help Atgl and Atgl3 bypass the general
translation repression after nitrogen starvation, to support the increased demand for

autophagy activity.

3.3. Result

3.3.1 Dhh1 positively regulates autophay under nitrogen starvation conditions
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The DExD/H-box-containing RCK family RNA helicases are highly conserved in
eukaryotes [16]. These proteins play important roles in regulating mRNA degradation,
storage, and translation. Recently others and we have shown that under nutrient-rich
conditions Dhhl, a DExD/H-box protein, targets several A7TG mRNAs, most significantly
ATG8 mRNA, for degradation through the Dcp2-mediated mRNA decapping pathway to
restrict autophagy activity [15]. Consistently, deletion of the DHHI gene in yeast cells led
to elevated ATGS8 expression and autophagy activity levels under both nutrient-rich and
short-term nitrogen starvation conditions (Figure 3.1A). The dhhiIA cells also displayed
much lower viability compared to the wild-type cells after three days of nitrogen starvation
(Figure 3.1B). However, we noticed that after longer periods of starvation, the Atg8 protein
level and the autophagy activity in the dhhIA cells was not significantly different from that
of wild-type cells, suggesting that the inhibitory effects of Dhhl on A7G8 expression and
autophagy were released after prolonged nitrogen starvation (Figure 3.1A).

An obvious question then is what contributes to the significant lower viability of the dhhiIA
cells after prolonged nitrogen starvation, and does autophagy still play a role? To answer
this, we needed to test autophagy activity in the dhhIA cells under conditions the prolonged
nitrogen starvation. However, the commonly used autophagy flux assays in yeast [17], such
as the GFP-Atg8 processing and Pho8A60 assays, are not suitable for this purpose, because
the autophagy activity in the wild-type cells tested with these assays usually becomes
saturated after 4 to 6 h of nitrogen starvation. Thus we developed a Pgil-GFP processing
assay to quantitatively monitor autophagy activity during prolonged nitrogen starvation.
Pgil is a glycolytic long-lived cytosolic protein, which has a stable expression even upon

prolonged nitrogen starvation conditions. As with most cytosolic proteins, we expect that,
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upon starvation, the cytosolic Pgil-GFP fusion protein is delivered to the vacuole for
degradation through nonselective autophagy. The GFP moiety is relatively resistant to
vacuolar degradation [18]; thus, consistent with our prediction, we observed an
accumulation of the free GFP band in the wild-type cell lysates by western blot after
autophagy induction (Figure 3.1C). There was no processing of Pgil-GFP in atgIA cells
that are defective for autophagy, demonstrating that the generation of free GFP was
dependent on autophagic degradation of the chimera. In the dhhiIA cells a substantially
reduced amount of free GFP was detected after nitrogen starvation compared to the wild-
type cells, suggesting autophagy was impaired in this mutant (Figure 3.1C). Similar results
were observed when we examined the processing of another long-lived cytosolic fusion
protein, Fbal-GFP (Figure S3.1). In sum, our observations suggest that Dhhl is a
bidirectional regulator of autophagy, whose role is controlled by nutrient conditions. Dhhl
acts as a negative regulator to direct some 47G mRNAs for degradation under nutrient-rich
conditions. Here, our data imply a newly discovered role for Dhhl to positively regulate
autophagy under nitrogen starvation conditions.

3.3.2 Dhh1 promotes the translation of Atgl and Atgl3

The next question we would like to answer is how Dhhl promotes autophagy during
nitrogen starvation. Our previous analysis indicated that the levels of most A7G mRNAs in
the dhhiA cells are similar to that in wild-type cells after 1 h starvation [15]; thus, it is less
likely that Dhh1 regulates A7G mRNA stability under this condition. A recent genome-wide
study suggested that Dhhl is able to both suppress and promote mRNA translation [20].
However, this study was performed under nutrient-rich conditions when autophagy is not

induced and it did not identify A7G mRNAs within the core autophagy molecular
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machinery being directly translationally regulated by Dhhl. Accordingly, we specifically
asked whether Dhh1 regulates mRNA translation under nitrogen starvation conditions, and
if any ATG mRNAs are targets of Dhh1. The previous study [20] suggested that a feature of
the mRNAs translationally activated by Dhhl is that the nucleotides 50—120 after the start
codons of these mRNAs show a high intrinsic tendency to form secondary structures. We
used SPARCS (Structural Profile Assignment of RNA Coding Sequences) [21], a program
to analyze structured regions in mRNA coding sequences, to predict if any of the A7TG
mRNAs are potential targets of Dhhl. Out of the 18 ATG mRNAs that comprise the core
autophagy molecular machinery analyzed, only ATG1, ATG6, and ATG13 mRNAs showed
potential structured regions longer than 30 base pairs (bps) in the open reading frames
(ORFs) shortly after the start codons (data not shown). Atgl and Atgl3 are the main
components of a kinase complex essential for the autophagy process. In addition, the
expression of the two proteins is highly induced after nitrogen starvation. Therefore, we
decided to focus on investigating whether and how Dhhl regulates Atgl and Atgl3
translation under autophagy-inducing conditions.

To test whether ATG1 and ATG13 mRNAs are bona fide targets of Dhh1, we first checked
ATGI and ATG13 expression when the DHHI gene is deleted. The Atgl and Atgl3-PA
protein levels were substantially decreased in the dhhIA cells compare to the wild-type cells
after 6 h nitrogen starvation (Figure 3.2A and 3.2B). Under nutrient-rich conditions, a
higher Atgl protein level was observed in the dhhIA cells compared to wild-type cells,
consistent with the suggested role of Dhh1 in promoting decapping of some 47G mRNAs in
this condition [15] (Figure 3.2A). By quantitative reverse transcription PCR (RT-qPCR), we

found that there were no significant reductions in the 47G1 and ATG13 mRNA levels with
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the deletion of DHHI under starvation conditions (Figure 3.2C). As a control, we also
tested A7G2 expression in the dhhIA cells and found that neither A7G2 mRNA nor Atg2
protein level were decreased in the mutant compared to the wild-type cells under nitrogen
starvation conditions (Figure S3.2). Taken together, these data suggest that Dhh1 promotes
Atgl and Atgl3 translation during prolonged nitrogen starvation.

3.3.3 The structured regions in A7G1 and ATG13 ORFs are necessary for the
translational regulation by Dhh1

Next, we further investigated whether the structured regions shortly after the start codons of

ATGI and ATGI13 mRNAs are required for the regulation by Dhhl. We constructed

IWT 3WT

plasmids expressing either Atg or Atgl3™ -PA, or their mutant versions by changing
the third base of the codons within the structured regions to make them unstructured without
modifying the amino acid sequence (Figure 3.3A). These plasmids were integrated into the
atgIA or atgl3A cells, respectively. Subsequently, the DHHI gene was deleted in these
strain backgrounds. In the cells expressing Atgl™" or Atgl3V'-PA, depletion of DHH]I
caused substantial decrease of the protein levels after nitrogen starvation (Figure 3.3B and
3.3C). In contrast, the Atgl™" and Atgl3™"-PA protein levels were not significantly
affected by knocking out DHHI (Figure 3.3B and 3.3C). These results suggest that the
structured region shortly after the start codons of A7G1 and ATG13 mRNAs are necessary
for the translational regulation by Dhh1.

3.3.4 Dhh1 associates with A7G1 and ATG13 mRNAs

To further test our hypothesis that Dhh1 regulates Atgl and Atgl3 translation, we examined

whether Dhh1 associates with these two mRNAs. The RNA immunoprecipitation assay has

been utilized to investigate protein-RNA interactions (Figure 3.4A) [24]. We
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immunoprecipitated Dhh1-PA with IgG-conjugated Sepharose beads from lysates prepared
from cells starved for nitrogen. As a control, nitrogen-starved lysates from cells in which
Dhhl was not tagged were subjected to the same procedures in parallel. Subsequently, the
affinity-isolated RNA fragments were analyzed by RT-qPCR. Through this approach, we
found that, relative to the control group, significantly more A7GI and ATGI3 mRNA
fragments were precipitated with Dhh1-PA (Figure 3.4B and 3.4C). In addition, Dhh1-PA
showed a higher enrichment at both the 5'-UTR and the 3'-UTR regions of 47G/ and
ATG13 mRNAs. This latter finding suggests that the captured ATG1 and ATG13 mRNAs
are more likely in the “closed-loop” form (Figure 3.4B and 3.4C), which is suggested to be
a feature of mRNAs that are actively being translated [25].

When we swapped the endogenous 3'-UTR of ATG1 with that of the ADHI gene, making
an ATGI-ADHI’Y™ mRNA, Dhh1-PA was not able to efficiently associate with the mRNA
based on the RNA immunoprecipitation assay (Figure 3.4D). In addition, Dhh1-PA also did
not show higher enrichment at the 5'-UTR of the mRNA, even though this region was
endogenous. This result implies that the 3'-UTR was very likely the region bound by Dhhl.
Moreover, deletion of the DHHI gene in the ATGI-ADHI’ V™ mRNA background did not
result in a significant decrease in the Atgl protein level compared to the control cells
(Figure 3.4E). These results collectively suggest that Dhhl is very likely to bind A7GI
mRNAs through the 3'-UTR region to regulate its translation.

The residues in Dhhl that are important for its RNA binding have been identified
previously. For example, the Dhh1™*®* and Dhh1®*°"** mutants bind RNAs less efficiently
both in vitro and in yeast cells [26]. To further demonstrate that RNA binding of Dhhl is

required for its role in regulating ATG translation and autophagy, we generated a yeast
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H3OARITOA_PA mutant (Figure 3.4F). After nitrogen

strain which stably expresses the Dhh1
starvation the Atgl protein level in the mutant cells was significantly lower than that in the
cells expressing Dhh1™'-PA (Figure 3.4F). The autophagy activity was also diminished in
the Dhh1™*AR3794p A mutant cells tested by the Pgil-GFP processing assay (Figure 3.4G).
Therefore, we conclude that Dhh1 binds to ATGI and ATG13 mRNAs, and that the RNA
binding is necessary for its role in promoting their translation and autophagy under nitrogen
starvation conditions.

3.3.5 Eapl interacts with Dhh1 and facilitates Atgl and Atgl3 translation during
nitrogen starvation

In eukaryotic cells, translation occurs mostly in a cap-dependent manner, which requires the
formation of the EIF4F complex, including EIF4A, EIF4E and EIF4G on the 5-UTR of
mRNAs. EIF4G, the scaffold for the complex, interacts with EIF4E, which directly binds to
the 5' mRNA cap [27]. Dhhl has recently been shown to associate with the translation
initiation machinery [20], but it is not known whether Dhh1 directly binds to the translation
initiation complex, nor it is clear how the association is regulated.

Eapl is an EIF4E binding protein (EIF4EBP). Although EIF4EBPs generally inhibit
translation through competing with EIF4G to bind EIF4E [27], they were recently shown to
play positive roles in the translation of some mRNAs in breast cancer cells under hypoxic
conditions [28]. In addition, Thor/4E-BPI null flies are more sensitive to starvation
compared to wild-type flies [29]. These studies indicate that EIFAEBPs may function
positively on certain mRNAs under specific conditions. Moreover, in yeast, Eapl physically
interacts with Dhh1 when nutrients are rich [30], leading us to propose that Eapl also plays

a role in regulating A7G mRNA translation by modulating the interaction between Dhhl
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and the translation initiation machinery. First, we examined whether Eapl interacts with
Dhhl under nitrogen starvation conditions. We immunoprecipitated Eapl-PA with IgG-
conjugated Sepharose beads from lysates of cells subjected to nitrogen starvation. The
Dhh1-3HA protein was affinity isolated together with Eap1-PA (Figure 3.5A). As a control,
when the immunoprecipitation was performed with lysates from cells in which Eapl was
not tagged to PA, Dhh1-3HA was not co-precipitated. These results demonstrate that Dhh1
interacts with Eap1 under nitrogen starvation conditions.

Next we deleted the EAPI gene and checked its effects on A7G1 and ATG13 expression and
autophagy activity. We observed lower Atgl and Atgl3-PA protein levels in the eaplA
cells compared to the wild-type cells (Figure 3.5B and 3.5C), even though the 47G/ and
ATG13 mRNA levels were not significantly affected (Figure 3.5D). Autophagy activity was
also compromised in the eap /A cells based on the Pgil-GFP processing assay (Figure 3.5E).
These results imply that Eapl promotes Atgl and Atgl3 translation and autophagy under
nutrient depletion conditions possibly by facilitating the association of Dhhl with the

translation initiation machinery.

3.4. Discussion

The DExD/H-box RNA helicases, Dhhl and its Vadl homolog in Cryptococcus neoformans,
have been shown to bind some A7G mRNAs and direct them to the decapping enzyme
Dcp2 for degradation under nutrient-rich conditions, maintaining autophagy at a basal level
[15]. When autophagy is induced by nutrient deprivation, inhibition of TOR leads to the
loss of Dcp2 phosphorylation and a subsequent decrease in decapping activity. However,
Vadl or Dhhl still show binding affinity towards some A7G mRNAs after nutrient

deprivation, though to a lesser extent than that seen in nutrient-rich conditions [15]. Because

78



the ATG mRNA levels in the dhhiA cells are similar to that in wild-type cells, the binding
of Dhhl to the A7G mRNAs may not be related to mRNA stability. Here we found that
Dhhl promotes autophagy by targeting A7G/ and ATGI3 mRNAs to the translation
initiation machinery after nutrient deprivation, revealing the bidirectional roles of Dhhl in
regulating autophagy. These observations also suggest that Dhh1 is able to deliver mRNAs
to different RNA processing machineries, resulting in distinct fates of the mRNAs.

What are the factors determining the outcomes of these mRNAs? Our analysis implicates
that elements within the mRNAs are important. When the structured regions shortly after
the start codons of ATGI and ATGI3 mRNAs were mutated to be unstructured or
disordered, translation of the mRNAs were no longer promoted by Dhhl. The regions that
Dhh1 binds to may also contribute to determining their fates. It was reported that DDX6, a
DEAD box helicase protein in human cells, binds to the 3'-UTR in the mRNAs of positive
regulators of proliferation/self-renewal such as CDCI and EZH2, to facilitate their
translation in epidermal progenitor cells [31]. In contrast, DDX6 binds to the 5'-UTR of
KLF4, which encodes a differentiation-inducing transcription factor to mediate its
degradation through the decapping pathway. Therefore, some intrinsic feature(s) inside the
regions Dhh1 binds to may also be critical for deciding what to do with the bound mRNAs.
Conversely, regulation of interactions between Dhhl and the different RNA function
machineries may also be indispensible, though this is largely unexplored. Is it possible that
post-translational modifications of Dhhl are involved? Does the binding to mRNAs induce
different conformational changes of Dhh1 that favor distinct protein-protein interactions?
Cap-dependent translation initiation requires formation of an EIF4F complex on mRNAs.

The EIF4F complex is composed of three major components: EIF4A, EIF4E and EIF4G
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[32]. EIF4EBPs inhibit translation initiation by competing with EIF4G to bind EIF4E [33].
TOR, an autophagy inhibitor, positively regulates cap-dependent translation by allowing the
replacement of EIF4AEBPs with EIF4G under nutrient-rich conditions [27]. Upon nutrient
deprivation, TOR is inhibited, resulting in translational repression of ~98% of the cellular
genes. This is partly due to dephosphorylation and activation of EIF4AEBPs upon TOR
inhibition, which in turn suppresses the complex formation between EIF4G and EIF4E [27,
34]. However, Eapl, a yeast EIF4AEBP, counterintuitively promotes ATGI and ATG13
mRNA translation under starvation conditions. Eapl has a unique long C-terminal domain
that is absent in its mammalian homologs. This domain may distinguish Eapl as a positive
regulator of ATG1 and ATG13 mRNAs. It would be interesting to identify the functional
counterpart of the C-terminal part of Eapl in higher eukaryotes. It is possible that the
domain’s function is executed by some unexplored protein(s) in mammals.

Eapl was reported to physically interact with Dhhl, coordinating with the decapping
complex to degrade the translationally suppressed mRNAs under nutrient-rich conditions
[30]. However, the Eapl-Dhhl complex facilitates the translation of ATG/ and ATGI3
mRNAs upon nutrient deprivation. Nonetheless, the signaling that controls the switch of
roles is unknown. It is very likely that the phosphorylation regulation of Eapl by TOR
and/or other kinases plays a role.

In summary, our study showed how ATGI and ATG13 mRNA translation, which is crucial
for maintaining autophagy activity and cell viability, is promoted under prolonged
conditions of nitrogen starvation where general translation is inhibited. The future studies
on the questions raised from this discovery will shed more light on how ATG genes are

post-transcriptionally and translationally regulated.
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3.5. Materials and Methods

3.5.1 Yeast strains, media and growth conditions

Yeast strains used in this study are listed in Table S1. For nutrient-rich conditions, yeast
cells were grown in YPD medium (1% yeast extract, 2% peptone, 2% glucose). For
nitrogen starvation, cells were cultured in SD-N medium (0.17% yeast nitrogen base
without ammonium sulfate or amino acids, 2% glucose).

3.5.2 Plasmids

The pRS-ATG1(406) was made by a two-step cloning. The DNA fragments containing
either 1000 bps upstream of the start codon together with the ORF of the ATGI gene, or
1000 bps downstream of the ATGI ORF were amplified by PCR from wild-type yeast
genomic DNA. The fragments were then ligated into the Kpnl and Xhol sites, and the Xhol
and Xmal sites of the pRS406 vector, resulting in the pRS-A7G1(406) plasmid, based on
which the pRS-4TG1™(406) contruct was made by site-directed mutagenesis.

The pRS-47G13-PA(406) plasmid was made by fast cloning [35]. The DNA fragment
containing 600 bps upstream of the start codon of ATG13, the ORF encoding ATG13-PA,
and 423 bps downstream of the ATG/3 ORF, was amplified by PCR from the genomic
DNA of a yeast strain where A7G13 gene was C-terminal tagged with one copy of PA
followed by the 4ATG13 endogenous 3'-UTR. The fragment was inserted into the pRS406
vector by fast cloning as described previously [35]. The insertion takes place between
EcoRI and BamHI sites. The pRS-47G13™"-PA(406) plasmid was made by site-directed
mutagenesis based on the pRS-4A7G13-PA(406) plasmid.

The pRS-DHH1-PA(405) plasmid was constructed by inserting a fragment containing the

675 bps upstream of the DHHI ORF, the DHHI ORF, the sequence encoding two tandem
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repeats of PA, and the ADH]I terminator into the Xhol and Spel sites of pRS(405). This
fragment was amplified by PCR from the genomic DNA of a yeast strain in which the
DHHI gene was tagged with two tandem repeats of PA followed by the ADHI terminator.
The pRS-DHH1(405) plasmid was made by deletion of the sequence encoding the two
tandem repeats of PA in the pRS-DHH-PA(405) plasmid via site-directed mutagenesis.
The pRS-DHHIP'**E%%1_p 4(405) and pRS-DHHI1*""°-PA(405) plasmids were also made
by site-directed mutagenesis based on pRS-DHH 1-PA(405).

3.5.3 RNA immunoprecipitation assay

The RNA immunoprecipitation assay was adapted from the protocol described previously
[24]. Dhh1-PA and Dhhl untagged cells were cultured to mid-log phase in YPD and then
were starved for 2 h in SD-N medium. The starved cells were subjected to cross-linking by
0.8% formaldehyde for 10 min before being harvested. The cross-linking was stopped by
the addition of glycine. After washing with PBS, the samples were resuspended in FA lysis
buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, ImM EDTA, 1% Triton X-100, 0.1%
sodium deoxycholate, 0.1 % SDS). Before vortexing with glass beads to lyse the cells, PMSF
(to 5 mM final concentration), 1 tablet of protease inhibitor cocktail (Roche) and RNasin®
PLUS RNase inhibitor (Promega) were added into the buffer. The lysates were collected
and sonicated at 4°C with three rounds of 15-sec pulses with 45% amplitude. After
centrifugation at 10000xg for 5 mins, the supernatants were recovered. An aliquot of each
sample was stored in -80°C as inputs for later use. The rest of the supernatants were
incubated with IgG Sepharose™ beads (GE healthcare Life Sciences) overnight at 4°C. IP
fractions were washed with FA lysis buffer several times and one time with TE buffer (10

mM Tris-HCL, pH 7.5, 1 mM EDTA). Then the proteins and RNAs were eluted in RIP
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elution buffer (50 mM Tris-HCI, pH 7.5, 10 mM EDTA, 1% SDS) with RNase inhibitor at
70°C for 10 min. The IP elution and input samples were reverse cross-lined by incubation
with proteinase K for 1 h at 42°C, followed by 1 h at 65°C. The RNAs in these samples
were then recovered with acid-phenol:chloroform (pH=4.5) and subsequent ethanol
precipitation. Glycogen (20 pg) was added to the samples to facilitate RNA precipitation.
The pellets were washed with 70% ethanol and dried. The samples were next treated with
the TURBO DNA free kit (Thermo Fisher Scientific) to remove residual DNA. The RNA
samples were then subjected to analysis by RT-qPCR.

3.5.4 RT-qPCR

Yeast cells were cultured in YPD medium to mid-log phase. An aliquot was collected as the
nutrient-rich sample. The other aliquot was shifted to SD-N medium for 6 h before the cells
were collected. The total RNA for each sample was isolated using the RNeasy mini kit
(Qiagen). One microgram of total RNA was subjected to reverse-transcription using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). To analyze the
cDNA levels, real-time PCR was performed with Power SYBR Green master mix (Applied
Biosystems). The gene-specific primers for ATGI, ATG2, ATG13, and the reference gene
TAF10 are listed in a previous study [15].

The primers used for the RT-qPCR analysis for the RNA immunoprecipitation assays are
listed in the supplemental materials.

3.5.5 Protein-protein co-immunoprecipitation assay

Yeast cells were cultured in YPD medium to mid-log phase. The cells were washed with
sterile water one time before they were shifted to SD-N medium for 2 h starvation. Cells (50

OD units) for each sample were harvested and washed once with ice cold PBS. Cells were
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lysed by vortexing them with glass beads in lysis buffer (10xPBS, 200 mM sorbitol, 1 mM
MgCl2, 1% Tween 20, 1 mM DTT, 1 mM PMSF, protease inhibitor cocktail [Roche
Diagnostic, 1 tablet for 500 pl solution]) at 4 °C. After spinning down the cell debris, 50 pl
of the supernatant of each sample was saved as total lysate and 500 pl of the supernatant
was subjected to immunoprecipitation. For total lysate, proteins were precipitated by adding
1 ml 10% TCA and the samples were kept on ice for 30 min before centrifugation. The
pellets were washed with acetone once and then air dried. Next, 50 ul MURB (50 mM
NaH,POy4, pH 7.0, 2.5 mM MES, pH 7.0, 1% SDS, 3 M Urea, 0.5% B-mercaptoethanol, 1
mM NaN3, 0.2 mg/ul bromophenol blue) was added before the samples were heated at 55°C
for 15 min. For immunoprecipitation, 40 ul IgG sepharose beads (GE healthcare Life
Sciences) were prepared for each sample by washing them with IP buffer (10xPBS, 200
mM sorbitol, I mM MgCl,, 1% Tween 20) 3 times. Supernatant (500 pl) was added to the
beads. The total volume of each sample was made to 1 ml with IP buffer. The samples were
incubated at 4°C on a shaker for 2 h. The IgG beads were then collected by centrifugation
and washed 6 times with IP buffer. After the washing, 50 pul of MURB was added to the
samples before they were heated at 55°C for 20 min. The input and IP samples were then
analyzed by western blot.

3.5.6 Western blot

The western blot was performed as described previously [8]. The antisera to Pgkl was
generously provided by Dr. Jeremy Thorner (University of California, Berkeley) and used
as described previously [8]. Antibody to YFP (Clontech, 632381) was used to detect GFP-

tagged proteins. The antibody to PA (Jackson ImmunoResearch, 323-005-024) was used to
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detect Atgl3-PA, Dhh1-PA and Eapl1-PA. The antibody to HA epitope (Sigma, H3663) was

used to detect Dhh1-3HA. The endogenous antibody to Atgl was described previously [36].
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Table S3.1. Yeast strains used in this study

Name Genotype Reference
BY4742 MATa his341 leu2A0 lys2A40 ura340 Invitrogen
IMY114 WLY 176 ATG134::KAN This study
MATa leu2-3,112 ura3-52 his3-4200 trp1-4901 suc2-49 [1]
SEY6210 lys2-801 GAL
WLY176 SEY 6210 phol3A pho8A60 [2]
XLY301 SEY6210 dhhiA::KANMX6 This study
XLY306 BY4742 PGII-GFP::HIS3 This study
XLY307 BY4742 PGII-GFP::HIS3 atgIA::URA3 This study
XLY308 BY4742 PGII-GFP::HIS3 dhhIA::URA3 This study
XLY310 BY4742 PGII-GFP::HIS3 eapIA::KANMX6 This study
XLY312 SEY6210 PGII-GFP:TRPI This study
XLY314 SEY6210 PGII-GFP:TRP1 dhhiA::KANMX6 This study
XLY316 SEY 6210 atglIA::HIS3 pRS-ATG1(406)::URA3 This study
XLY317 SEY 6210 atglA::HIS3 pRS-ATGI1™"(406)::URA3 This study
XLY318 BY4742 Fbal-GFP::HIS3 This study
XLY319 BY4742 Fbal-GFP::HIS3 dhhiA::URA3 This study
XLY320 BY4742 Fbal-GFP::HIS3 atgIA::URA3 This study
XLY321 SEY6210 DHHI1-PA::HIS3 This study
XLY322 SEY6210 ATGI-ADHI 3'UTR::TRPI This study
XLY323 SEY6210 ATGI1-ADHI 3'UTR::TRPI dhhIA::KANMX6 This study
XLY323 SEY6210 ATGI-ADHI 3'UTR::TRP1 DHHI-PA::HIS3 This study
XLY324 SEY6210 PGII-GFP:TRP1 DHHI-PA::HIS3 This study
XLY325 SEY 6210 PGII-GFP:TRPI DHHI(H395AR396A4)- This study
PA::HIS3
XLY336 WLY176 ATG2-PA This study
XLY337 WLY 176 ATG2-PA dhhIA::URA3 This study
ZYY101 WLY 176 pRS405-GFP-ATGS::LEU2 [3]
ZYY201 WLY 176 pRS405-GFP-ATGS::LEU2 dhhiA::KAN This study
ZYY202 IMY 114 pRS406-ATG13-PA::URA3 This study
ZYY203 IMY 114 pRS406-ATG13-PA::URA3 dhhiA::HIS3 This study
ZYY204 IMY 114 pRS406-ATG13-PA::URA3 eaplA::HIS3 This study
ZYY205 JMY 114 pRS406-ATG13™"-PA::URA3 This study
ZYY206 JMY 114 pRS406-ATG13™"'-PA::URA3 dhhiA::HIS3 This study
7ZYY207 SEY6210 HIS3::ZEOIp-EAP1-PA::KAN This study
ZYY208 SEY6210 DHHI-3HA::TRP1 This study
SEY 6210 HIS3::ZEOIp-EAP1-PA::KAN DHH -
ZYY209 3HA::TRP1 This study
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Table S3.2. Primers for RT-qPCR analysis in the RNA immunoprecipitation assay

Primer Sequence

ATGI -480 F TTAACCGCTCGGCTCTGATTTC

ATGI -480 R AAGCTCCTTTATGAGATGCTCGATTC
ATGI -290 F TAGGCCGAGGTTAATTCTAGAACG
ATGI -290 R ATAGTACTGTTCTCTGTTTCCCCAGA
ATGI 35F CTGTGAACCATAATCTAATGGCAAGTG
ATGI 35 R TACTTCCTTTATGGCTACATGCTGAG
ATG1 800 F GAGCTTCCAATCATTTGGAGTTATTC
ATGI 800 R CTATTCTTTGGGCTGGATCAAATGTC
ATGI 2340 F GGTAGTTCGGAAGAGCCAGTATAT
ATGI 2340 R GTTGCATAAGCTAATTCACAGTTGTAC
ATGI 3UTR F GAGGCAGAAGATGAACCACCAAA
ATGI 3UTR R GTAAAGCATTTCGAGAGTAGCATAAC
ATGI3-10F AGCATGAGTCATGGTTGCCGAAG
ATGI3 -10 R ACTTGATTCGGTGGAGCATATTAG
ATG13 1000 F CAACACCAGGTCCAGACACAAC
ATG13 1000 R GTTGAACAGGTCTCGATATTGGATAG
ATG13 3'UTR F GACGAGGATGATCAAGATGATGATCTAG
ATGI33'UTR R TCTTTTCTTGCATATCTATTTCACCTT
ATGI-ADHI?Y™ F CCAAAATTAAGCGCGCCACTTC
ATGI-ADHI’Y™ R TCGTTTTAAAACCTAAGAGTCACTT
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Figure 3.1. Dhh1 positively regulates autophagy under nitrogen starvation conditions.
(A) GFP-Atg8 (ZYY101) and GFP-Atg8 dhhiIA (ZYY201) cells were grown in YPD to
mid-log phase (-N: 0 h) and then shifted to SD-N for 1, 3 and 6 h. Cell lysates were
prepared, subjected to SDS-PAGE and analyzed by western blot. Pgkl was a loading
control. (B) WT (SEY6210) and dhhIA (XLY301) cells were grown in YPD to mid-log
phase (-N: 0 d) and then shifted to SD-N for 5 and 10 d. The indicated dilutions of cells
were plated on YPD plates and grown for 2 days. (C) Pgil-GFP (XLY306), Pgil-GFP
atgIA (XLY307), and Pgil-GFP dhhiIA (XLY308) cells were grown in YPD to mid-log
phase (-N: 0 d) and then shifted to SD-N for 1, 3 and 5 d. Cell lysates were prepared,
subjected to SDS-PAGE and analyzed by western blot.
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Figure 3.2. Dhh1 promotes the translation of Atgl and Atgl3.

(A) WT (SEY6210) and dhhIA (XLY301) cells were grown in YPD to mid-log phase (-N:
0 h) and then shifted to SD-N for 6 h. Cell lysates were prepared, subjected to SDS-PAGE
and analyzed by western blot. For quantification of Atgl protein level in cells after
prolonged nitrogen starvation, Atgl protein level was first normalized to the loading control
Pgkl. The values of the dhhIA mutant samples were then normalized to that in WT cells.
The error bars indicate the SD of 3 independent experiments. The result is examined by t-
test, **** p <0 .0001. S.E, short exposure; L.E, long exposure. (B) Atgl3-PA (ZYY202)
and Atgl3-PA dhhiIA (ZYY203) cells were grown in YPD to mid-log phase (-N: 0 h) and
then shifted to SD-N for 6 h. Cell lysates were prepared, subjected to SDS-PAGE and
analyzed by western blot. The quantification of Atgl3 protein level was conducted as
indicated in (A). (C) Atgl3-PA and Atgl3-PA dhhliA cells were grown in YPD to mid-log
phase (-N: 0 h) and then shifted to SD-N for 6 h. Total RNA for each sample was extracted
and the mRNA levels were quantified by RT-qPCR. The mRNA levels of the samples were
first normalized to the level of the reference gene TFCI. Then, individual ATGI, and
ATG13 mRNA levels were normalized to the mRNA level of the corresponding gene in WT
cells. The error bars indicate the SD of 3 independent experiments. The quantification was
conducted as indicated in (A).
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Figure 3.3. The structured regions in the ATGI and ATG13 ORFs are necessary for
the translational regulation by Dhhl.

(A) The mutations made in the structured regions of A7G1 and ATGI3 ORFs are shown as
indicated. (B) AtglV" (XLY316), Atgl™" dhhIA (XLY317), Atgl™" (XLY318) and Atgl™
dhhIA (XLY319) cells were grown in YPD to mid-log phase (-N: 0 h) and then shifted to
SD-N for 6 h. Cell lysates were prepared, subjected to SDS-PAGE and analyzed by western
blot. The error bars indicate the SD of 3 independent experiments. The result is examined
by t-test, **** p<0.0001. (C) Atg13V'-PA (ZYY202), Atg13V'-PA dhhIA (ZYY203),
Atg13™"PA (ZYY205) and Atgl3™'-PA dhhIA (ZYY206) cells were grown in YPD to
mid-log phase (-N: 0 h) and then shifted to SD-N for 6 h. Cell lysates were prepared,
subjected to SDS-PAGE and analyzed by western blot. The quantification of Atgl3-PA
protein level was conducted as indicated in Figure 3B.
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Figure 3.4. Dhh1 associates with A7G1 and ATG13 mRNAs.

(A) Workflow of the RNA immunoprecipitation assay. (B), (C) WT (SEY6210) and Dhh1-
PA (XLY323) cells were grown in YPD to mid-log phase (-N: 0 h) and then shifted to SD-
N for 2 h. Cells were subjected to the RNA immunoprecipitation procedures as described in
Materials and Methods. RT-qPCR was performed to analyze the enrichment of RNA
fragments as indicated. The values were first normalized to the input samples. Next, levels
of affinity-isolated RNA fragments from the Dhh1-PA cells were normalized to that from
WT cells. ALG9 mRNA was a negative control. Enrichment of regions in A7TG/ and ATG13
mRNAs are shown in (B) and (C), respectively. (D) ATGI-ADHI’V™ (XLY324) and
ATG1-ADHIY™ Dhhl-PA (XLY325) cells cultured and subjected to the RNA
immunoprecipitation assay as described in (B) and (C). The relative enrichments of the
indicated ATGI-ADHI*Y™ mRNA fragments are shown. 47G13 mRNA is shown as a
positive control. ALG9 mRNA is a negative control. (E) ATGI-ADHI’"™ and ATGI-
ADHI*Y™ Dhh1-PA cells were grown in YPD to mid-log phase (-N: 0 h) and then shifted
to SD-N for 6 h. Cell lysates were prepared, subjected to SDS-PAGE and analyzed by
western blot. (F), (G) Pgil-GFP Dhh1Y'-PA (XLY327) and Pgil-GFP Dhh1"**AR%ApA
(XLY328) cells were grown in YPD to mid-log phase (-N: 0 h) and then shifted to SD-N for
6 h. Cell lysates were prepared, subjected to SDS-PAGE and analyzed by western blot. The
analysis of Atgl protein levels and Pgil-GFP processing are shown in (F) and (G),
respectively.
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Figure 3.5. Eapl interacts with Dhhl and facilitates Atgl and Atgl3 translation
during nitrogen starvation.

(A) Eapl1-PA (ZYY207), Dhh1-3HA (ZYY208) and Eapl1-PA Dhh1-3HA (ZYY209) cells
were grown in YPD to mid-log phase (-N: 0 h) and then shifted to SD-N for 2 h. The
samples were collected and subjected to the protein-protein immunoprecipitation
procedures described in Materials and Methods. The analysis of the samples by western blot
was shown. (B), (C) Atgl3-PA (ZYY202) and Atgl3-PA eapIA (ZYY204) cells were
grown in YPD to mid-log phase (-N: 0 h) and then shifted to SD-N for 6 h. Cell lysates
were prepared, subjected to SDS-PAGE and analyzed by western blot. Atgl and Atgl3-PA
levels are shown in (B) and (C), respectively. The error bars indicate the SD of 3
independent experiments. The result is examined by t-test, ** p <0 .01. (D) Atgl3-PA and
Atg13-PA eaplA cells were grown in YPD to mid-log phase (-N: 0 h) and then shifted to
SD-N for 6 h. Total RNA for each sample was extracted and the A7G/ and ATG13 mRNA
levels were quantified by RT-qPCR. (E) Pgil-GFP (XLY306) and Pgil-GFP eaplA
(XLY310) cells grown in YPD to mid-log phase (-N: 0 d) and then shifted to SD-N for 3 d.
Cell lysates were prepared, subjected to SDS-PAGE and analyzed by western blot.
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Figure S3.1 Dhhl1 positively regulates autophagy under nitrogen starvation conditions.
(A) Fbal-GFP (XLY320), Fbal-GFP dhhIA (XLY321) and Fbal-GFP atglA (XLY322) cells
were grown in YPD to mid-log phase (-N: 0 h) and then shifted to SD-N for 3 and 5 d. Cell
lysates were prepared, subjected to SDS-PAGE and analyzed by western blot. The image
shown is from one blot. Some unrelated lanes were cropped.
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Figure S3.2. Dhh1 promotes the translation of Atgl and Atgl3. (A) Atg2-PA (XLY336)
and Atg2-PA dhhIA (XLY337) cells were grown in YPD to mid-log phase (-N: 0 h) and
then shifted to SD-N for 2, 4 and 6 h. Cell lysates were prepared, subjected to SDS-PAGE
and analyzed by western blot. Vam4 was a loading control. The 5'-UTR and 3'-UTR of
ATG?2 in these strains were not changed. (B) WT (SEY6210) and dhhIA (XLY301) cells
were grown in YPD to mid-log phase (-N: 0 h) and then shifted to SD-N for 6 h. Total RNA
for each sample was extracted and the A7G2 mRNA levels were quantified by RT-qPCR.
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Chapter 4 Summary*
Autophagy is a highly conserved degradation system that is required for cellular
homeostasis in eukaryotes. Dysfunction of autophagy is tightly connected to a verity of
diseases including neurondegeneration, heart failure and cancer. Autophagy process relies
on a set of autophagy specific proteins, termed Atg proteins, to form autophagy machinery
in a complicated manner. The fine control of the autophagy machinery is crucial to
maintain proper autophagy level. Thus, studies on molecular basis of autophagy as well as
regulation of autophagy are not only important to understand the mechanism of autophagy
process but also helpful to provide insight to disease therapies. In my thesis, I use
Saccharomyces cerevisiae as a model system to investigate 1) The function of Atg41/Icy2

in autophagy; 2) The translational regulation of Dhhl to autophagy.

4.1. Atgd1/Icy2 regulates autophagosome formation

Autophagy is best characterized by the formation of a double membrane structure termed
autophagosome. The membrane source required for autophagosome and the detailed
mechanism of donating membrane are still under investigation. Over past decades, more
than 40 Atg proteins has been identified in yeast. These proteins function in different steps

in autophagy. Among them Atg9 was reported to be involved in membrane donation for

*This chapter is reprinted partly from Z Yao, E Delorme-Axford, SK Backues, DJ Klionsky.

Atg41/Icy2 regulates autophagosome formation. Autophagy 11 (12), 2288-2299 and

the

manuscript X Liu*, Z Yao*, M Jin*, DJ Klionsky. Dhhl promotes autophagy-related protein

translation and autophagy during nitrogen starvation, with some modifications.
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autophagosome formation. However, the mechanism and molecular partners for Atg9
membrane donation is not fully elucidated.

Based on a previous screening, we targeted Atg41/Icy2 as a novel member in autophagy
machinery. In the absence of Atg41/Icy2, autophagy defect is observed under nitrogen
starvation. Huge increase of Atg41/Icy2 mRNA level and protein level is observed when
autophagy is induced and this up-regulation is necessary for autophagy. Autophagosome
number but not size is affected when Atg4l/Icy2 is absent or express in a low level.
Atg41/Icy2 is observed to localize near mitochondrial, which shows a similar localization of
Atg9. Further analysis indicates Atg41/Icy2 associate with Atg9 near mitochondria and
affect Atg9’s anterograde traffic. The C terminal of Atg4l/Icy2 is important for its
localization and function. Since truncation of last Atg41/Icy2 C termini results in its mis-
localization, lost interaction with Atg9 and autophagy defect. Atg4l/Icy2 is under
transcriptional control under starvation. Gen4, a master regulator under stress is shown to
directly activate Atg41/Icy2 when autophagy is induced.

However, there are questions remained to be answered. Although Atg41/Icy2 is shown to
increase a lot during autophagy, we don’t know how these proteins are consumed. We have
not detected this protein within the vacuole, suggesting that it may be degraded by the
proteasome. Future studies may provide further information on the mechanism(s) involved
in regulating the expression and stability of Atg41 and in determining its role in autophagy.
Although homologs of Atg41/Icy2 are found in different fungal species, no homolog is
reported in higher eukaryotes based on sequence analysis. Even though many Atg proteins
are conserved from yeast to mammals, a number of Atg proteins in yeast lack the

corresponding homologs in mammals; however, in many cases the potential functional
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counterparts of these Atg proteins in mammals exist. Furture studies may include

identification of functional counterparts of Atg41l in mammals.

4.2. RNA helicase Dhh1 functions in translational regulation of Atg proteins to
promote autophagy

Autophagy is a fine tuned process. Abnormal levels of autophagy will lead to disruption of
cellular homeostasis. Autophagy is tightly controlled in multiple aspects including
transcriptional, post-transcriptional, translational and post-translational regulations. These
controlling mechanisms function through targeting ATG genes and their products. Thus
autophagy activity remains low in nutrient replete condition and quickly goes up when the
stress is applied. Compared to other 3 types of regulations, translational regulation of
autophagy is barely investigated.

Here we reported the DExD/H-box RNA helicase, Dhhl, is required for translational
activation of Atgl and Atgl3 proteins and autophagy activity during nitrogen starvation.
Autophagy activity decreased when Dhhl is absent. Atgl and Atgl3 protein levels are
decreased in the dhhl deletion strain while mRNA levels of them remained similar to wild
type. The structured regions shortly after the start codon of the two mRNAs are necessary
for their regulation by Dhhl. In addition, Dhh1 directly associates with ATG/ and ATG13
mRNAs via the 3’ untranslated region (UTR) regions. Moreover, Dhhl physically interacts
with an EIF4E binding protein, Eapl, and facilitates the delivery of the Dhh1-47G mRNA
complex to the translation initiation machinery. In the absent of Eapl, autophagy activity
and Atgl/Atgl3 protein levels decreased. These results demonstrate a model of how some
ATG genes bypass the general translational suppression by TOR inhibition during nitrogen

starvation to maintain a proper level of autophagy.
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There are several questions remained to be answered. Both Dhhl and Eapl are found to
serve as a negative regulator in nutrient rich conditions. Eap1 specifically, was found as the
yeast homolog of EIF4EBP in mammals. In mammals, EIF4EBP activates in stress
condition to inhibit the protein translation through disrupting Cap-dependent translation
initiation. However, our result indicates Eapl positive regulates Atg protein translation.
Eapl has a unique long C-terminal domain that is absent in its mammal homologs. This
domain may distinct Eap1 as a positive regulator of ATG1 and ATG13 mRNAs. It would be
interesting to identify the functional counterpart of the C-terminal part of Eapl in higher
eukaryotes. It is possible that the domain’s function is executed by some unknown protein(s)
in mammals. Another interesting question arises about the multiple roles Dhhl plays in
different conditions. The switch mechanism between its transcriptional and translational
roles is still unclear. Whether it is under post-translational modification or undergoes

conformational change during the switch of conditions needs further investigation.

4.3. Contribution of the thesis

In this thesis, questions about autophagy machinery and regulation of autophagy are
investigated. For the autophagy machinery, this thesis focuses on autophagosome
generation. By identifying a novel protein, Atg41, this thesis enlarges the knowledge about
the membrane donation process in autophagy. Meanwhile, this study also indicates that
membrane near mitochondria serves as a potential membrane donor for autophagosome
formation, which is consistant with previous reports from the Klionsky lab. Moreover, the
Atg9 complex is less understood in both yeast and mammals compared to other autophagy
machineries. Studies of the Atg9 cycling system can be an interesting topic for this field in

the future. By elucidating the relationship between Atg41l and Atg9, this study provides a
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potential path for further investigation of this Atg complex. Recently, more and more
attention has been drawn to the regulation of autophagy. In this thesis, both transcriptional
and tranlational regulation of autophagy are studied. This thesis provides evidence about the
quick reaction of transcriptional regulation and relativly long-term effect of translational
regulation. The results not only show the control of autophagy at mutiple levels, but also
indicate that different kinds of regulation serve in different time frames. Specifically,
translational regulation of autophagy is poorly understood compared to other kinds of
regulation. This thesis provides important hints for translational regualtion of autophagy,

which will benefit this field and provide potential direction for future studies.
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