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ABSTRACT OF THE DISSERTATION

Sec24 phosphorylation regulates COPII vesicles during autophagy

by

Saralin Morgan Davis
Doctor of Philosophy in Biomedical Sciences
University of California, San Diego, 2016

Professor Susan Ferro-Novick, Chair

Macroautophagy is a process of bulk degradation initiated during cellular
starvation or stress. When macroautophagy (hereafter referred to as autophagy) is
induced there is a rapid upregulation in the formation of autophagosomes; double
membrane vesicles, which engulf cytoplasmic materials and organelles. After

formation, autophagosomes fuse with the vacuole releasing their contents for

XX



degradation, which is essential to maintain homeostasis during nutrient deprivation.
Although the membrane source and trafficking events leading to autophagosome
formation are poorly understood, recent findings have implicated endoplasmic
reticulum (ER)-derived COPII vesicles in autophagosome biogenesis. During nutrient
rich conditions, COPII vesicles work on the secretory pathway by transporting cargo
from the ER to the Golgi. How the function of COPII vesicles is regulated to balance
their roles in secretion and autophagy is unclear. Moreover, the molecular mechanism
of how COPII vesicles recognize autophagy machinery to aid in autophagosome
formation is unknown. The current understanding of the function of COPII vesicles
and other parts of the secretory pathway in autophagy is discussed in Chapter 1.

The work in this dissertation examines how phosphorylation of Sec24, a
subunit of the inner COPII coat, regulates autophagosome formation. In Chapter 2 we
rule out a major role for Sec24 phosphorylation in regulating the secretory pathway.
We next screened for Sec24 phosphorylation sites that are required for autophagy and
not ER-Golgi transport. This analysis identified a patch of conserved phosphorylation
sites that are required for autophagosome formation during starvation.
Phosphorylation of these residues regulates autophagosome frequency and enhances
the interaction of the COPII coat with Atg9, a key regulator of autophagosome
initiation. Chapter 3 discusses the role of the serine/threonine kinase Hrr25 in
regulating the Sec24-Atg9 interaction through Sec24 phosphorylation. Chapter 4
discusses the interacting domains of Usol, a long coil-coiled tether that links COPII
vesicles to the Golgi on the secretory pathway. Chapter 5 places these findings into

the broader context of COPII vesicle trafficking and autophagosome formation.

xx1



Additionally, this final chapter gives recommendations for future studies to further our

knowledge of the membrane rearrangements required for autophagosome initiation.
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CHAPTER 1

The role of the secretory pathway in autophagosome formation

1.1 Summary

The induction of autophagy by starvation leads to a rapid increase in the
formation of autophagosomes, unique organelles that replenish the cellular pool of
nutrients by sequestering cytoplasmic material for degradation. The urgent need for
membrane to form autophagosomes leads to a dramatic rearrangement of intracellular
membranes to maintain homeostasis. Here we discuss recent findings that have begun
to uncover how different parts of the secretory pathway directly and indirectly

contribute to autophagosome formation during starvation.

1.2 Introduction

Macroautophagy (hereafter referred to as autophagy) is a highly conserved
bulk degradation process that is rapidly upregulated to maintain homeostasis when
cells are starved for nutrients. During autophagy, large double-membrane vesicles
called autophagosomes non-selectively deliver cytoplasmic components to the vacuole
or lysosome for degradation. In addition to non-selective autophagy, there are a
variety of types of selective autophagy, which target a specific cargo for degradation.
This dissertation will focus on non-selective starvation induced autophagy. For a
recent review of selective autophagy see (Sica et al., 2015; Stolz et al., 2014).

Although the mechanism of autophagosome formation has remained elusive, recent



findings have begun to unravel some of the key events in the process, which require
the activation and recruitment of both specific autophagy-related (Atg) proteins and
membrane trafficking machinery from the secretory pathway. The secretory pathway
traffics membrane-bound and secreted proteins through a complex network of
intracellular compartments. Recent studies have highlighted the early secretory
pathway as a key player in autophagosome biogenesis. This introduction will outline
the role of the secretory pathway and its associated trafficking machinery in
contributing to autophagosome formation during starvation.

There are four major stages of autophagosome formation; initiation, expansion,
closure and fusion with the endolysomal system (Lamb et al., 2013) (Figure 1.1).
Upon autophagy induction, formation of the autophagosome is initiated adjacent to a
pre-autophagosomal structure (PAS). The PAS was originally identified in the yeast
Saccharomyces cerevisiae as a location where Atg proteins are recruited (Nakatogawa
et al., 2009). A double track membrane, called the phagophore, or isolation
membrane, extends from the PAS engulfing cytoplasmic materials and organelles. In
mammalian cells, there is not a single PAS, rather there are multiple sites of
autophagosome formation. Additionally, Atg proteins in mammalian cells are
recruited to a domain of the endoplasmic reticulum (ER) termed the omegasome,
which cradles the developing phagophore and appears to be functionally similar to the
PAS in yeast (Axe et al., 2008; Hayashi-Nishino et al., 2009). After sealing, the outer
membrane of the fully formed autophagosome fuses with the vacuole or lysosome

where hydrolases degrade the delivered cargo. This catabolic process is upregulated



during nutrient deprivation, resulting in a dramatic increase in the number of
autophagosomes that are formed. Additionally, in higher eukaryotes autophagy plays
an important role in the pathophysiology of various diseases and is essential for proper

development and immune response (Hale et al., 2013; Schneider and Cuervo, 2014).

Genetic screens in yeast first identified Atg proteins that are necessary for
autophagosome formation (Mizushima et al., 2011; Nakatogawa et al., 2009). The
Atgs can be grouped into six major complexes that are recruited to sites of
autophagosome formation in a hierarchical manner (Suzuki et al., 2007). These
complexes are well conserved and mammalian homologues have been identified for
all key Atg proteins. The most upstream complex is the Atgl/Ulk] initiating complex,
which contains the serine/threonine kinase Atgl/Ulkl. In yeast Atgl forms a complex
with Atgl3, Atgl7, Atg29 and Atg31 (Kawamata et al., 2008; Ragusa et al., 2012),
while in mammalian cells Ulkl complexes with Atgl3, FIP200 (mammalian Atgl7)
and Atgl01, which is absent in budding yeast (Hosokawa et al., 2009; Jung et al.,
2009; Qi et al., 2015). When autophagy is induced, the initiating complex activates
Atgl/Ulk1 kinase activity and recruits downstream Atg complexes, including the
multispanning transmembrane protein Atg9, followed by the autophagy specific class
III phosphatidylinositol 3-kinase (PI3K) complex (Rao et al., 2016; Suzuki et al.,
2015). The PI3K complex generates phosphatidylinositol-3-phosphate (PI(3)P) at the
PAS by phosphorylating phosphatidylinositol (PI) at the 3-position hydroxyl group.

PI(3)P is needed for the recruitment of the PI(3)P-binding protein Atgl8 (WIPI2 in



mammals) and its partner Atg2, which are involved in Atg9 recycling (Obara et al.,

2008; Reggiori et al., 2004).

The most downstream Atg complexes are the two ubiquitin-like conjugation
systems, Atgl2 and Atg8. The Atgl2 system results in the formation of the
Atgl6/Atgl2/Atg5 complex, which is thought to act as an E3 ligase for the
conjugation of Atg8 (LC3 in mammals) to phosphatidylethanolamine (PE) (Hanada et
al., 2007; Noda et al., 2013). The Atgl6/Atg5/Atgl2 complex localizes to the outer
membrane of the autophagosome and is released before vacuole fusion (Kuma et al.,
2002). Conversely, Atg8-PE is embedded in both the inner and outer autophagosomal
membrane and some Atg8 is delivered with the autophagosome to the vacuole
(Kirisako et al., 1999). As a result, Atg8/LC3 is a commonly used marker for both the
phagophore and mature autophagosome. Atg8 has been reported to regulate the later
stages of autophagosome formation including expansion and closure (Nakatogawa et
al., 2007; Xie et al., 2008). However, the mechanism of how Atg8 mediates
membrane expansion remains unclear. Additionally, while the recruitment of the Atg
complexes to sites of autophagosome formation is well defined, how these complexes
work with trafficking machinery to coordinate the membrane rearrangements required

for autophagosome formation is only beginning to emerge.

1.3 The Early Secretory pathway
The endoplasmic reticulum (ER) has been implicated as a critical organelle for
the early stages of autophagosome formation. In mammalian cells Atg proteins are

recruited to the ER upon autophagy induction and the growing phagophore or isolation



membrane is cradled between sheets of ER-associated membrane called the
omegasome (Axe et al., 2008; Hayashi-Nishino et al., 2009). The omegasome is a
PI(3)P enriched region of the ER that was originally identified by localization studies
with the PI(3)P binding protein DFCP1 and named for its Q-shape. Formation of the
omegasome occurs de novo during starvation and is dependent on the PI3K complex
(Axe et al., 2008). This PI(3)P enriched subdomain of the ER enwraps the
phagophore as it expands, with occasional connections between the two membranes
(Hayashi-Nishino et al., 2009). Before full maturation, the autophagosome is released
and the omegasome contracts back to the ER. Recently, specific subdomains of the
ER, ER Exit Sites (ERES) and ER-mitochondria contact sites, have been implicated as

sites of autophagosome biogenesis.

1.3.1 ER Exit Sites

ERES are domains of the ER where COPII vesicles, that transport cargo
between the ER and the Golgi, are formed (Budnik and Stephens, 2009). Assembly of
the COPII coat is initiated at ERES by the GTPase Sarl. Activated Sarl becomes
anchored to the ER membrane to recruit the inner COPII coat (Sec23/Sec24), or coat
adaptor, that sorts cargo into the vesicle. The coat adaptor recruits the outer shell
(Sec13/Sec31), which leads to membrane deformation and vesicle budding (Lord et
al., 2013; Zanetti et al., 2011). After vesicle budding, Sar1 is released from the vesicle
(Barlowe et al. 1994), however, the adaptor and outer shell of the coat remain on the

vesicle until it docks with its target membrane (Cai et al. 2007; Lord et al., 2011)



(Figure 1.2). The COPII coat adaptor plays an important role in targeting the vesicle

to its acceptor membrane (Cai et al., 2007; Lord et al., 2011).

Proteomics has recently linked the ERES to the autophagy machinery (Graef et
al., 2013), and Atg proteins were found to assemble adjacent to the ERES (Graef et al.,
2013; Suzuki et al., 2013). In particular, the growing edge of the phagophore, where
Atg9 and Atg?2 localize, was shown to face the ERES (Graef et al., 2013; Suzuki et al.,
2013). In mammalian cells, LC3 puncta colocalize with the ER-marker Sec61 and
Secl16, a scaffold protein that interacts with multiple COPII coat subunits at the ERES
to regulate coat assembly (Graef et al., 2013). Furthermore, loss of function
temperature-sensitive mutations in genes that encode secretory machinery such as
SEC16 or SEC12, the guanine nucleotide exchange factor (GEF) for Sarl, inhibit
autophagosome formation (Graef et al., 2013; Ishihara et al., 2001). Disruption of
ERES by knockdown of Sarl or TECPR2, a protein that is required for the stability of
SEC24D in mammalian cells, also inhibits autophagosome formation at an early stage
(Stadel et al., 2015; Zoppino et al., 2010). ERES have been proposed to function in
autophagy through the production of COPII vesicles, which may directly provide
membrane for the growing phagophore. Alternatively, ERES may act as a platform on
which Atg proteins and the phagophore assemble (Sanchez-Wandelmer et al., 2015).
Although these models are not entirely mutually exclusive, a growing body of

evidence favors the former model.



1.3.2 COPII vesicles

Almost 15 years ago, mutants that block the early secretory pathway were also
shown to block autophagy (Hamasaki et al., 2003; Ishihara et al., 2001). However, it
was argued that these mutants were inhibiting autophagy indirectly by disrupting the
flow of membrane traffic from the ER (Hamasaki et al., 2003). Recent work has
begun to separate out the function of COPII vesicles in autophagy from their role in

secretion, demonstrating that COPII vesicles directly act in autophagosome formation.

Supporting a direct role for COPII vesicles in autophagy, COPII coated
structures accumulate at the PAS when autophagy is blocked (Tan et al., 2013).
Although mutations in the COPII vesicle trafficking machinery broadly inhibit
autophagy, a notable exception is the tether Usol, which links COPII vesicles to the
Golgi (Tan et al., 2013). This finding indicates that general ER-Golgi traffic is not
required for autophagy. ER-Golgi SNARESs (type Il membrane proteins required for
fusion (Jahn and Scheller, 2006)), which are normally packaged into COPII vesicles,
are also required for autophagy (Nair et al., 2011; Tan et al., 2013) as is the ER
localized SNARE, Ufel. A recent study suggested that Ufel might traffic to sites of

autophagosome formation in a special class of COPII vesicles (Lemus et al., 2016).

While the findings described above are consistent with a role for COPII
vesicles in autophagosome formation, how the vesicle recognizes the autophagy
machinery is unclear. In line with previous findings showing that the COPII coat
actively targets the vesicle to its final intracellular destination (Cai et al., 2007; Lord et

al., 2013), a recent study has shown that during nutrient deprivation, Sec24 plays a



pivotal role in engaging the vesicle with the Atg machinery. In particular,
phosphorylation of a cluster of amino acids on the membrane distal surface of Sec24
was shown to commit COPII vesicles to autophagy. Mutating these phosphorylation
sites to alanine specifically disrupted autophagosome formation, but not ER-Golgi
transport (Davis et al., In Revision). Furthermore, phosphorylation of this Sec24
regulatory surface was found to modulate autophagosome abundance during starvation
via the ability of Sec24 to interact with Atg9. Casein kinase 1, Hrr25, is a key kinase
that phosphorylates this Sec24 surface. These phosphorylation events were found to
be independent of the assembly of the Atg hierarchy (Davis et al., In Revision).
Together these findings show that phosphorylation regulates membrane
rearrangements during starvation induced autophagy and the COPII coat is a target of

this regulation.

Membrane fractionation also identified the mammalian ER-Golgi intermediate
compartment (ERGIC) as required for LC3 lipidation in an in vitro reaction (Ge et al.,
2013). The ERGIC is a site of both COPII vesicle fusion and COPI vesicle budding,
COPI vesicles mediate multiple trafficking events including retrograde traffic from the
ERGIC to the ER (Lorente-Rodriguez and Barlowe, 2011). While the relationship of
the omegasome to this ERGIC fraction is unclear, the ERES were found to move to
the ERGIC fraction when autophagy was induced. Interestingly, it was shown that the
budding of COPII, but not COPI vesicles, from this ERGIC fraction is required for
LC3 lipidation (Ge et al., 2014). COPII vesicles were also found to relocalize to the

ERGIC during starvation and this event was dependent on PI3-kinase activity (Ge et



al., 2014). Other components required for autophagy also translocate to sites of
autophagosome formation in a PI3K-dependent manner when autophagy is induced
(Axe et al., 2008). The collective findings discussed above suggest that only those
translocated COPII vesicles with phosphorylated Sec24, and the appropriate SNARE: ,

contribute to autophagosome formation (Figure 1.2).

1.3.3 ER-Mitochondria Contact Sites

ER-mitochondria contact sites are locations of non-vesicular lipid transfer
(Phillips and Voeltz, 2014) that have also been proposed to be sites of autophagosome
biogenesis. Key autophagy machinery such as Atgl4, part of the PI3K complex, and
Atg5 localize to ER-mitochondria contact sites during starvation in a manner
dependent on the SNARE Stx17 (Hamasaki et al., 2013). Stx17 is required late in
autophagy for autophagosome-lysosome fusion (Diao et al., 2015). Disruption of ER-
mitochondria contact sites via knockdown of PACS2, a cytosolic-sorting protein that
uncouples the mitochondria from the ER, or mitofusin 2, an ER-mitochondria tether,
disrupts autophagosome formation at an early stage. Live cell imagining revealed
that the ER is the dominant platform for autophagosome biogenesis with the
mitochondria interacting more dynamically (Hamasaki et al., 2013). Interestingly, a
significant fraction of the COPII coat subunit Sec31 was also reported to colocalize
with ER-mitochondria markers during starvation, raising the possibility there could be
a connection between COPII vesicles and ER-mitochondria contact sites (Tan et al.,

2013).
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As the basic mechanism of autophagy is well conserved from yeast to man, an
essential role for mitochondria in the biogenesis of the autophagosome should be
conserved. In yeast, however, a role for ER-mitochondria contact sites in autophagy
has not been substantiated. ERMES, a critical tether for maintaining ER-mitochondria
contact sites, is required for selective autophagy of the mitochondria (mitophagy), but
not general autophagy (Bockler and Westermann, 2014). Additionally, mitochondria
were not found to colocalize significantly with the PAS, phagophores or

autophagosomes (Graef et al., 2013).

1.4 The Golgi/Endosome/Plasma Membrane

The Golgi, endosome and plasma membrane have all been implicated in
autophagosome formation. Recent findings suggest the contribution of each of these
organelles is largely through the regulation of Atg9 and Atgl6 trafficking. In this
section we will discuss the role that each of these organelles plays in the constitutive
trafficking of Atg9 and Atgl6 as well as the delivery of these Atg proteins to sites of

autophagosome formation.

1.4.1 Atg9

As mentioned above, the multispanning Atg9 transmembrane protein is
necessary for the recruitment of downstream Atg proteins, including the Atg2/Atgl8
(WIPI2) complex and the PI3K complex (Suzuki et al., 2007; Suzuki et al., 2015). In
yeast, Atg9 is incorporated into the autophagosomal membrane, but is recycled before
the autophagosome fuses with the vacuole (Yamamoto et al., 2012). Although

mammalian Atg9 (mAtg9) is required for formation of the omegasome (Orsi et al.,
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2012), it does not appear to incorporate into the autophagosomal membrane, rather it
localizes to tubular-vesicular clusters adjacent to sites of autophagosome formation
(Orsi et al., 2012). More recent studies suggest that while mAtg9 has a complex
trafficking route, it associates with Atgl6L1 in Rabl1 positive recycling endosomes,

which may function as an autophagosome precursor (Puri et al., 2013).

Yeast Atg9 must pass through the early secretory pathway before it localizes to
endosomal compartments (Ohashi and Munro, 2010). When cells are deprived of
nutrients, however, Atg9 traffics from the endosome to the late Golgi, prior to its
delivery to the PAS. The primary Atg9 trafficking pathway appears to be the early
endosome-Golgi pathway (Shirahama-Noda et al., 2013), which is mediated by the
sorting nexin Atg24 and the TRAPPIII complex that activates the Rab GTPase Yptl
(Lynch-Day et al., 2010). During starvation, late endosome-Golgi bypass trafficking
pathways may also exist to help ensure sufficient Atg9 is transported to sites of
autophagosome formation during periods of stress (Ohashi and Munro, 2010;

Shirahama-Noda et al., 2013) (Figure 1.3).

Upon autophagy induction, Atg9 vesicles form from the late-Golgi in an Atg23
and Atg27 dependent manner (Yamamoto et al., 2012). Atg23 is a peripheral
membrane protein and Atg27 is a single-pass transmembrane protein. Atg23 and
Atg27 form a complex with Atg9 (Legakis et al., 2007) and regulate the amount of
Atg9 that is incorporated into vesicles (Backues et al., 2015). Atg9 vesicles are
recruited to the PAS through the Atgl initiating complex. Specifically, the N-terminal

cytoplasmic domain of Atg9 was shown to interact with the HORMA domain of
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Atgl13, which is required for Atg9 PAS recruitment (Suzuki et al., 2015).
Additionally, the Atg9 core was reported to interact with Atgl7 (Rao et al., 2016).
The Atg9 binding region of Atgl7 is inhibited by Atg29-Atg31, but incorporation of
Atgl-Atgl3 into the complex relieves this inhibition, allowing Atgl7 to interact with
Atg9 (Rao et al., 2016). At the PAS, Atgl phosphorylates the C-terminus of Atg9,
which facilitates the recruitment of Atgl8 (Papinski et al., 2014). Atgl8 and its
binding partner Atg2 regulate Atg9 recycling from the autophagosome through an

unknown mechanism (Reggiori et al., 2004).

Multiple SNARESs have been implicated in Atg9 trafficking and autophagy.
The exocytic SNARES Sso1/Ssol and Sec9 as well as the late Golgi SNARE Tlg2
have been proposed to regulate Atg9 trafficking to the PAS (Nair et al., 2011). Tlg2,
which is required for endosome to Golgi traffic, only displays a severe autophagy
defect when combined with other endosome-Golgi mutants, consistent with the
observation that Atg9 uses multiple trafficking pathways during nutrient deprivation
(Ohashi and Munro, 2010). Interestingly, the functionally redundant exocytic
SNARESs Snc1/2 are not required for autophagy (Nair et al., 2011). Currently, it is
unknown which SNAREs are present on Atg9 vesicles that are delivered to the PAS
and which are required for Atg9 traffic. In the future it will be important to
distinguish those SNAREs which are directly required for autophagosome formation,

from those needed for Atg9 transport.

mAtg9 follows a similar, albeit slightly more complex, trafficking network as

it has been reported to localize to the trans-Golgi network (TGN) as well as early, late
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and recycling endosomes (Young et al., 2006). When autophagy is induced, mAtg9
disperses from the TGN to peripheral endosome compartments (Young et al., 2006).
mAtg9 is thought to traffic to the plasma membrane where it is endocytosed in AP2
vesicles and then transported through the early endosome to the recycling endosome
(Popovic and Dikic, 2014; Puri et al., 2013). The RabGAP TBCD15 interacts with
mAtg9 and AP2 during starvation to facilitate Atg9 trafficking from the plasma
membrane (Popovic and Dikic, 2014). mAtg9 has been reported to form tubular-
vesicular clusters from perinuclear Rab11-positive recycling endosomes. Tubulation
of Rab11 recycling endosomes is induced upon nutrient deprivation and is dependent
on the curvature inducing protein Bif-1 and dynamin 2 (Takahashi et al., 2016). Atg9
tubular-vesicular clusters are ultimately recruited adjacent to sites of autophagosome
formation (Orsi et al., 2012), and this recruitment is independent of Ulk1 (Orsi et al.,
2012) (Figure 1.3). Whether mAtg9 recruitment requires FIP200 or Atgl3 is
unknown. FIP200 shares little sequence similarity with Atgl7 and the region of yeast
Atg9 that interacts with Atgl3 is not conserved, indicating mAtg9 may be recruited to

sites of autophagosome formation through a different mechanism.

142 Atglé

Similar to Atg9, Atgl6 relies on trafficking machinery for its proper
localization and function. Atgl6 is a peripheral membrane protein that forms a
complex with Atg5-Atgl2. Together Atg5-Atgl2-Atgl6 acts as an E3 like enzyme
catalyzing the conjugation of Atg8/LC3 to PE. Thus, Atgl6 has been proposed to be

the key determinant for the location of Atg8 lipidation (Fujita et al., 2008). In
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mammalian cells, Atgl6L1 associates with clathrin coated pits and is endocytosed
from the plasma membrane in distinct vesicles from mAtg9 (Puri et al., 2013;
Ravikumar et al., 2010). After endocytosis, Atgl6L1 may undergo homotypic fusion
which is dependent on the SNARE VAMP7 (Moreau et al., 2011). Atgl6L1 then
coalesces with mAtg9 in Rab11-positive recycling endosomes. This fusion event is
directed by another SNARE, VAMP3 (Puri et al., 2013). Recruitment of Atgl6L1 to
recycling endosomes is dependent on SNX18, a sorting nexin that binds PtdIns(4,5)P2
(Knaevelsrud et al., 2013). During starvation, SNX18 recruits Rab11 to perinuclear
recycling endosomes where together they recruit Atgl6L1 (Knaevelsrud et al., 2013)
(Figure 1.3). It is unknown if Atgl6 is trafficked by a similar mechanism in lower
eukaryotes. Additionally, the precise relationship between the omegasome and
Atgl6L1 recycling endosomes is unclear. While it has been proposed that SNX18
induces the tubulation of the recycling endosome to contribute membrane to the
expanding phagophore (Knaevelsrud et al., 2013), it cannot be ruled out that the
Atgl6L1 recycling endosome mainly functions by facilitating Atgl6L1 transport. A
better understanding of the fusion events involved in delivering Atgl6L1 to the
omegasome would help clarify its contribution to autophagosome biogenesis.
Furthermore, the relationship between the SNX18/Atgl6L1 tubules and the recently
described Bif-1/mAtg9 tubules, which both form from the perinuclear recycling

endosome, has not been explored.

During starvation, Atgl6L1 is recruited to sites of autophagosome formation.

Atgl 6 recruitment to the PAS is dependent on its complex partner Atg5 and PI(3)P
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(Suzuki et al., 2007). PI(3)P helps recruit Atgl6 in part through Atg21, which
interacts with both PI(3)P and Atgl6, although additional factors likely help recruit
Atgl6 during starvation (Juris et al., 2015). In mammalian cells, after trafficking to
the recycling endosome, Atgl6L1 is recruited to the omegasome by the PI(3)P binding
protein WIPI2b (Dooley et al., 2014). Although Atgl6L1 also interacts with FIP200
(Nishimura et al., 2013), this interaction does not appear to be essential for autophagy
and cannot explain the dependence of Atgl6L1 recruitment on PI(3)P (Dooley et al.,

2014).

1.5 Tethers and tethering factors

Tethers are essential membrane trafficking machinery that physically connect
vesicles with their target membrane. They also facilitate the transition from vesicle
tethering to fusion by binding to SNAREs and promoting SNARE complex assembly
(Hong and Lev, 2014). Tethers are typically effectors of Rab GTPases, which act as
molecular switches cycling between their inactive GDP-bound state and active GTP-
bound state (Mizuno-Yamasaki et al., 2012). Tethers can be divided into two main
subgroups; multisubunit complexes and long coiled-coil tethers. Long coiled-coil
tethers include p115 (Usol in yeast) and the Golgins. The multisubunit complexes
include COG (conserved oligomeric Golgi), the exocyst and HOPS (homotypic fusion
and vacuole sorting protein), which will be discussed in this section. We will also
discuss the TRAPP (transport particle protein) complexes here. While the TRAPP
complexes are unlikely to directly tether membranes, they are tethering factors that

participate in membrane tethering events (Lord et al., 2011). Some tethers and
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tethering factors function directly in autophagosome formation and autophagosome-
lysosome fusion, while others act indirectly by regulating the trafficking of Atg9

(Figure 1.4).

1.5.1 TRAPP

The guanine nucleotide exchange factor (GEF) for the Rab GTPase Yptl,
TRAPP, was originally identified in yeast where it forms 3 distinct complexes;
TRAPPI, TRAPPII and TRAPPIII. TRAPPI is required for ER-Golgi transport,
TRAPPII is needed for Golgi traffic, and TRAPPIII functions in autophagy
(Barrowman et al., 2010). These three complexes share a core set of 6 subunits. In
addition to the core subunits, TRAPPII and TRAPPIII contain adaptor subunits that
target each of these complexes to different parts of the cell. Recent work has shown
that TRAPPIII, which contains the unique subunit Trs85, is required for autophagy
(Lynch-Day et al., 2010). Trs85 interacts with autophagy machinery at the PAS and
maintains Golgi to endosome traffic, which is needed for constitutive Atg9 trafficking.
The single-particle EM structure of TRAPPIII revealed that Trs85 caps one end of the
elongated core TRAPPI structure (Tan et al., 2013). The Bet3 subunit, present in all
three complexes, interacts with the COPII coat subunit Sec23 (Cai et al., 2007). The
structure of TRAPPIII revealed that the addition of Trs85 to the complex does not
obscure the Sec23 binding site on Bet3. In vitro binding studies confirmed that
TRAPPIII binds to Sec23 (Tan et al., 2013). Therefore, similar to TRAPPI, TRAPPIII
likely functions in part by activating Yptl on COPII vesicles. TRAPPIII, which is

recruited to the PAS by Atgl7, is needed for the PAS recruitment of Yptl and
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autophagosome formation (Lynch-Day et al., 2010; Wang et al., 2013). Yptl
functions at the PAS by recruiting effectors that include Atgl and the CK1 kinase
Hrr25 (Wang et al., 2015; Wang et al., 2013). Inhibiting Yptl function or COPII
vesicle budding diminishes the recruitment of Hrr25 to the PAS, suggesting CK1 is
delivered to the PAS by activated Yptl residing on COPII vesicles (Wang et al.,

2015).

In addition to its role in regulating the recruitment of Yptl to the PAS,
TRAPPIII also facilitates endosomal to Golgi transport and Atg9 trafficking
(Shirahama-Noda et al., 2013). Supporting a role for TRAPPIII in Atg9 traffic, Trs85
was found on Atg9 vesicles and it partially colocalizes with Atg9 (Kakuta et al., 2012;
Lynch-Day et al., 2010). Although TRAPPIII is essential for Atg9 trafficking during
nutrient rich conditions, late endosome to Golgi bypass pathways exist during
starvation that mask this requirement (Shirahama-Noda et al., 2013). Atg9 was also
reported to recruit Trs85 to the PAS (Kakuta et al., 2012), however, others have found
no effect on Trs85 recruitment in atg9A cells (Lynch-Day et al., 2010; Wang et al.,
2013). Currently, it is unclear how TRAPPIII is recruited to the late-Golgi/early
endosome to regulate early endosome traffic. Interactions with different vesicle coat
complexes (COPII and COPI) have been shown to recruit TRAPPI and TRAPPII to
the ER to Golgi (COPII) and Golgi (COPI) trafficking pathways respectively (Cai et
al., 2007; Yamasaki et al., 2009). Whether TRAPPIII is engaged by a similar

mechanism is unknown.
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In mammalian cells, two forms of TRAPP have been identified: a TRAPPIII-
like and TRAPPII-like complex (Bassik et al., 2013; Wang et al., 2013; Yamasaki et
al., 2009). The mammalian TRAPPIII-like complex regulates both secretion and
autophagy and contains TRAPPCS, the mammalian homologue of Trs85. Knockdown
of TRAPPCS disrupts Golgi integrity and general secretion (Lamb et al., 2016;
Scrivens et al., 2011). Additionally, during starvation, knockdown of TRAPPCS
reduces the number of omegasomes, indicating it is required for autophagy at an early
stage (Lamb et al., 2016). Similarly, Rabla is required for autophagosome formation
and in particular omegasome formation (Huang et al., 2011; Zoppino et al., 2010).
TRAPPCS was recently found to directly interact with the RAP GAP TBC1D14.
TBC1D14 overexpression was previously shown to inhibit autophagy by inducing the
formation of an enlarged, Ulk1-positive tubulated recycling endosome (Longatti et al.,
2012). TBC1D14 and TRAPPCS8 work together to regulate constitutive mAtg9
trafficking from Rab1 1-positive recycling endosomes to a Rab1-positive Golgi
compartment (Lamb et al., 2016). While TRAPPCS is critical for constitutive mAtg9
trafficking to the Golgi, it did not affect the co-localization of Atg9 with LC3 during
starvation (Lamb et al., 2016). Although the roles of the mammalian TRAPP
complexes are still being elucidated, thus far the general function of TRAPPIII in
autophagosome formation and constitutive Atg9 trafficking appears to be largely

conserved.
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1.5.2 Cog

The conserved oligmeric Golgi complex (COG), which regulates intra-Golgi
traffic via COPI coated vesicles (Willett et al., 2013), has been implicated in
autophagy in yeast via its ability to regulate Atg9 traffic. COG is comprised of eight
subunits, divided into two lobes, lobe A and lobe B. Disruptions in the essential lobe
A COG subunits inhibit autophagosome formation (Yen et al., 2010). In particular,
COG was found to affect the anterograde trafficking of Atg9 to the PAS. This is
consistent with proper Golgi transport needed for Atg9 PAS delivery. COG was also
suggested to play additional roles in tethering membranes at the PAS (Yen et al.,
2010), although future work will be required to validate this model. The trafficking
function of COG is well conserved in mammalian cells (Willett et al., 2013), but a role

for COG in mammalian autophagy has not yet been identified.

1.5.3 Exocyst

The exocyst is an octameric complex that regulates the tethering of post-Golgi
secretory vesicles to the plasma membrane (Munson and Novick, 2006). In
mammalian cells two exocyst subunits, Exo84 and Sec5, are effectors of the Ras-like
GTPase RalB (Moskalenko et al., 2002; Moskalenko et al., 2003). RalB was shown to
be required for autophagosome formation and its activity was found to be enhanced
during starvation. RalB promoted the assembly of Exo84 with the PI3K complex
(Atgl4L, Beclinl, Vps34), which assembles with activated Ulk1 (Bodemann et al.,
2011). Beclinl also formed a complex with another exocyst subunit, Sec5, which

disassembles in a RalB dependent manner during starvation (Bodemann et al., 2011).
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Therefore, RalB was hypothesized to function as a switch during autophagy to
regulate the assembly of an Atg initiation complex, which employs an exocyst
subcomplex as a platform. The role of the exocyst in autophagy, however, has
recently been called into question. Findings in Drosophila show that the Ral GTPase
and the exocyst are not needed for starvation-induced autophagy and only act during
development in an autophagy pathway associated with cell death (Tracy et al., 2016).
In yeast, there have been conflicting reports on whether exocyst subunits are required
for autophagy (Geng et al., 2010; Ishihara et al., 2001; Nair et al., 2011). The GTPase
Sec2 and its GEF Sec4, which associate with the exocyst, have been shown to

contribute to autophagy by regulating Atg9 trafficking to the PAS.

1.54 HOPS

HOPS works with the Rab GTPase Ypt7/Rab7 to regulate multiple tethering
and fusion events at the vacuole/lysosome. During autophagy, HOPS and Ypt7/Rab7
are required for autophagosome fusion with the vacuole/lysosome. In yeast, deletion
of HOPS subunits and Ypt7 results in the accumulation of autophagosomes in the
cytoplasm (Kirisako et al., 1999; Rieder and Emr, 1997). However, a clear role for
HOPS in autophagosome fusion in higher eukaryotes has only recently emerged.
Knockdown of multiple HOPS subunits leads to the accumulation of autophagosomes
in both mammalian cells and Drosophila (Jiang et al., 2014; Takats et al., 2014).
Additionally, HOPS subunits were shown to interact with the autophagosomal
SNARE, Stx17, which helps recruit HOPS to the autophagosome (Jiang et al., 2014;

Takats et al., 2014). A role for the HOPS-Stx17 interaction in autophagy has
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subsequently been confirmed in a mouse model (Zhen and Li, 2015). HOPS has also
been proposed to be linked to autophagosomes in mammalian cells by another Rab7
effector, Pleckstrin homology domain containing protein family member 1
(PLEKHM1). PLEKHM1 is thought to connect LC3 on autophagosomes with HOPS

through binding the C-terminus of the VPS34 subunit (McEwan et al., 2015).

HOPS shares a core set of subunits with another tethering complex called
CORVET, that regulates early to late endosome maturation (Balderhaar and
Ungermann, 2013). HOPS and CORVET also contain additional unique subunits that
interact with different Rabs, Rab7 (HOPS) and Rab5 (CORVET) (Balderhaar and
Ungermann, 2013). Although subunits only present in CORVET have been
implicated in autophagy in yeast (Chen et al., 2014), the Drosophilia CORVET

specific subunit, fob/Vps16B, is not required for autophagy (Takats et al., 2014).

1.6  Concluding Remarks

Recent studies have highlighted the importance of the secretory and endocytic
trafficking pathways in the transport of Atg proteins to sites of autophagosome
formation during starvation. Additionally, the early secretory pathway has been
shown to play a direct and critical role in contributing membrane to autophagosome
formation. The COPII coat, in particular, facilitates the delivery of membrane and
SNARESs to sites of autophagosome formation via its ability to recognize the Atg
machinery. While it is not clear if the late secretory and endocytic pathways directly
contribute membrane to autophagosome formation, key autophagy proteins, such as

Atg9 and Atgl6, use these pathways during nutrient deprivation. These Atgs proteins
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have a complex tightly coordinated trafficking itinerary that regulates their delivery to

sites of autophagosome formation.

Although significant progress has been made in understanding the initiation of
autophagosome formation, the precise mechanism by which the autophagosomal
membrane expands and closes has remained elusive. Additional studies will be
needed to determine if the secretory pathway also contributes to this event. While this
review has focused on autophagosome formation during starvation induced autophagy,
recent work has highlighted the importance of other types of autophagy pathways that
also use autophagosomes (Sica et al., 2015). These selective autophagy pathways
target a particular cargo, often a damaged organelle or protein aggregate, for
degradation. Future work will be required to determine if the secretory pathway also

plays a role in forming autophagosomes on these less characterized pathways.
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Figure 1.1. Overview of autophagosome formation.

Autophagy related (Atg) proteins are recruited in a hierarchical manner to the
omegasome in mammals (top) or the pre-autophagosomal structure (PAS) in yeast
(bottom). The Atgs can be grouped into six major complexes; the Atgl/Ulk1 initiating
complex, Atg9, the phosphatidylionsital 3-kinase complex (PI3K), the Atg2/Atgl8
(WIPI2 in mammals) complex, and the Atgl2 and Atg8 conjugating systems. After
Atgs are recruited to the omegasome or PAS a double membrane track called the
isolation membrane forms that non-selectively engulfs proteins and organelles. The
isolation membrane then seals to form the completed autophagosome. The
autophagosome ultimately fuses with the lysosome or vacuole, releasing its contents
for degradation.
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Figure 1.2. COPII vesicles in autophagosome formation.

Formation of the COPII coat is initiated at ER Exit Sites (ERES) by the guanine
nucleotide exchange factor (GEF) Sec12. Sec12 activates the GTPase Sarl, which
recruits the inner COPII coat, Sec23/Sec24, followed by the outer coat, Sec13/Sec31.
Sec16 localizes to the ERES to facilitate coat assembly. After the coat has formed,
Sarl is inactivated and released from the vesicle. The COPII coat remains on the
vesicle to aid in intracellular targeting. The casein kinase Hrr25 phosphorylates the
COPII cargo adaptor Sec24, which enhances its interaction with Atg9. Atg9 localizes
to the growing edge of the isolation membrane that faces the ERES.
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Figure 1.3. The Golgi and endosome system in autophagy.

Top, In yeast Atg9 traffics from the ER through the Golgi and localizes to endosome
compartments. During starvation Atg9 traffics from the early endosome to the late
Golgi where it is packaged into small vesicles. Bypass late endosome trafficking
pathways likely exist during starvation (dotted arrows). Atg9 vesicles are recruited to
the pre-autophagosome structure (PAS) by Atgl3 and Atgl7, which forms adjacent to
ER exit sites. Bottom, In mammalian cells Atg9 traffics through the secretory pathway
to the plasma membrane (PM) where it is endocytosed in AP2 vesicles, facilitated by
the RAPGAP TBCD15. Atg9 then traffics through the early endosome to the
recycling endosome, where it meets Atgl6L1. Atgl6L1 is packaged into separate
clathrin vesicles from Atg9 at the PM and is recruited to the recycling endosome by
Snx18/Rabl1. The perinuclear recycling endosome is tubulated during starvation and
Atgl6L1 and Atg9 are subsequently recruited to the omegasome.
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Figure 1.4. Tethers and tethering factors in autophagy.

Constitutive Atg9 trafficking requires the tethering factor TRAPPIII, for early
endosome to Golgi transport in yeast or recycling endosome to Golgi transport in
mammalian cells. Proper intra Golgi transport requires the tether COG and is needed
before Atg9 vesicles are recruited adjacent to ER exit sites to initiate formation of the
isolation membrane. TRAPPIII also binds the COPII coat where it likely activates the
GTPase Rabl, which is required for autophagosome formation. The tether HOPS and
Rab7 act after autophagosome formation in autophagosome-lysosome fusion.
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CHAPTER 2
Phosphorylation of Sec24 regulates autophagosome abundance during nutrient

deprivation

2.1 Summary

Endoplasmic Reticulum (ER)-derived COPII coated vesicles constitutively
transport secretory cargo to the Golgi. However, when cells undergo starvation-
induced stress, these vesicles are also required for formation of autophagosomes,
distinct organelles that engulf cellular components for degradation by autophagy.

How cells regulate COPII vesicles to fulfill dramatically different cellular roles in
response to environmental cues is unknown. We hypothesized that phosphorylation of
the COPII coat could regulate the function of COPII vesicles during starvation. Here
we investigate the role of phosphorylation of the COPII cargo adaptor, Sec24, and find
that phosphorylation of conserved amino acids on the membrane-distal surface of
Sec24 is specifically required for autophagy, but not ER-Golgi transport. In particular,
Sec24 phosphorylation regulates autophagosome abundance during starvation
conditions.

We next sought to understand the mechanism through which Sec24
phosphorylation impacts autophagosome formation. Here we confirm an interaction
between Sec24 and the essential Atg protein, Atg9 by co-immunoprecipitation.
Moreover, Sec23/Sec24 directly interacts with the C-terminus of Atg9 and the Sec24-

Atg9 interaction is regulated by Sec24 phosphorylation. We propose that the acute
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need to produce autophagosomes during starvation drives the interaction of Sec24

with Atg9 to increase autophagosome abundance.

2.2 Introduction

Autophagy is a highly conserved catabolic process that uses membrane traffic
to target proteins and organelles for degradation. Basal levels of autophagy
continuously replenish the cellular pool of amino acids and other metabolites to
maintain homeostasis. However, when cells are starved for nutrients, autophagy is
quickly upregulated. This upregulation leads to a dramatic intracellular reorganization
to meet the high demand for membrane required to form autophagosomes, distinct
organelles that target cellular components for degradation (Nakatogawa et al., 2009).
Induction of autophagy leads to the formation of a double-membrane structure, called
the isolation membrane, that forms adjacent to a pre-autophagosome structure (PAS)
where autophagy related proteins (Atg) are recruited in a hierarchical manner
(Nakatogawa et al., 2009). As the isolation membrane expands, it engulfs cytoplasmic
proteins and organelles targeted for degradation before it seals to form an
autophagosome. The autophagosome then fuses with the vacuole/lysosome, releasing
its contents for degradation (Lamb et al., 2013; Nakatogawa et al., 2009). Although
the assembly pathway of the Atg proteins is known, the mechanism by which
membranes are directed to the autophagy pathway remains a central unanswered
question in the field.

Autophagosome biogenesis has been linked to COPII vesicles and an ER

subdomain called the ER exit sites (ERES) where COPII vesicles are formed (Graef et
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al., 2013; Suzuki et al., 2013; Tan et al., 2013; Ge et al., 2014; Wang et al., 2015;
Lemus et al., 2016). How COPII vesicles, which are faithfully targeted to the Golgi
under normal growth conditions, can be reprogrammed to function on an alternate
trafficking pathway during nutrient deprivation remains enigmatic. COPII coated
vesicle formation is initiated at the ER with the recruitment of an inner coat layer
comprising the Sec23/Sec24 complex. Coat polymerization and vesicle budding
occurs when Sec23/Sec24 recruits a second complex (Sec13/Sec31) that forms the
outer shell of the coat. Sec24, the major cargo adaptor of the COPII coat, recruits
biosynthetic cargo and SNAREs (which mediate vesicle fusion) into vesicles that are
delivered to the Golgi (Lord et al., 2013). After vesicle fission, the coat lingers on the
vesicle to facilitate vesicle targeting to the Golgi (Cai et al. 2007; Lord et al, 2011).
COPII vesicle budding mutants, as well as other mutants that disrupt ER-Golgi traffic,
also disrupt autophagy (Hamasaki et al., 2003). However, a direct functional link
between COPII vesicles, the COPII coat and autophagy has been difficult to
demonstrate.

Multiple COPII coat subunits, including Sec23 and Sec24, are phosphorylated
by Hrr25 (Bhandari et al., 2013; Lord et al., 2011), a kinase required for ER-Golgi
traffic and autophagy (Lord et al., 2011; Murakami et al., 1999; Wang et al., 2015; Yu
and Roth, 2002). Previously, we showed that coat phosphorylation is required for
COPII vesicle fusion (Lord et al., 2011; Wang et al., 2015). Given the recently
identified role of COPII vesicles in autophagosome formation, and the observation
that Hrr25 is required for autophagy, we asked if coat phosphorylation also functions

to regulate vesicle traffic during autophagy. Here we find that phosphorylation of the
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membrane distal surface of Sec24 promotes the interaction of Sec24 with the C-
terminus of Atg9, which is needed for autophagy. Failure to phosphorylate this Sec24
site leads to a decrease in autophagosome number, but not autophagosome expansion.
This phosphorylation event is independent of the assembly of the Atg machinery at the
PAS. Together these studies reveal a surprising role for Sec24 phosphorylation in
reprogramming core trafficking machinery to fulfill a distinct function during

starvation.

2.3 Results

2.3.1 Identification of Sec24 phosphorylation sites

To address whether coat phosphorylation allows COPII vesicles to function in
autophagy versus ER-Golgi traffic, we purified the COPII inner coat from yeast cells
induced for autophagy. Our analysis initially focused on Sec24, as it is the major
COPII cargo adaptor. Using mass spectrometry, we identified 27 high confidence
Sec24 phosphorylation sites in vivo (Table 2.1). Many of the Sec24 phosphosites are
conserved in the closely related paralog Iss1, which is also a cargo adaptor (Kurihara
et al., 2000) (Table 2.1).

As Sec24 is an essential gene we first determined whether mutations in
phosphorylated residues affect cell viability. Phosphorylated residues on Sec24 were
mutated to either a phosphomimetic residue or to a non-phosphorylatable alanine and
introduced as the sole copy in either a sec24A or sec24AissIA background. As Issl
can compensate for the function of Sec24 the sec24AissIA background is more

sensitive to Sec24 defects (Miller et al., 2003). Phosphorylated residues located
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structurally near other sites were mutated as a group. This mutational analysis
revealed phosphomimetic mutations in two different patches that resulted in cell
inviabilty (Table 2.1). One of the patches is located on the membrane proximal
surface of Sec24 (membrane proximal I) whereas the other is located on the membrane
distal surface (Figure 2.1). Alanine mutations in the membrane proximal I patch were

the only alanine mutations that affected cell viability (Figure 2.2; A).

2.3.2 Sec24 phosphorylation does not play a major role in regulating cargo
packaging

Since Sec24 is the major cargo adaptor subunit of the COPII coat we initially
focused on determining whether phosphorylation regulates Sec24-cargo interactions.
We first analyzed the membrane proximal I patch, consisting of T635/S636/S638 as
both the alanine and phosphomimetic mutants affected cell viability (Figure 2.2; A),
these sites could regulate an essential function of Sec24. Additionally, these sites are
located on the membrane proximal surface near other known cargo binding sites
(Figure 2.1). To determine whether the phosphomimetic and alanine mutants affected
Sec24 expression we tagged the Sec24 mutants with Hise behind a galactose inducible
promoter. Upon galactose induction WT Sec24-Hiss was expressed but Sec24-
T635E/T636E/S638D-Hiss and Sec24-T635A/T636A/S638A-Hiss failed to express
(Figure 2.2; B), indicating mutations in these sites affect the stability of Sec24 rather
than the function of Sec24. As a result these sites were not studied further.

We next looked for phosphorylation sites near known cargo binding sites on

Sec24. Two of the Sec24 phosphosites (S730 and S735) map to a region of the protein
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that comprises one of the four well-characterized yeast cargo-binding sites (Miller et
al., 2003; Miller et al., 2005; Pagant et al., 2015) (Figure 2.1). The so-called A-site
packages a SNARE, Sed5, needed for ER-Golgi traffic and autophagy (Miller et al.,
2005; Mossessova et al., 2003; Tan et al., 2013). COPII vesicles formed in vitro with
Sec24-S730A/S735A showed normal capture of Sed5 and other cargo, whereas those
formed with Sec24-S730D/S735D contained reduced amounts of Sed5 and were
modestly impaired in their fusion efficiency with the Golgi (data not shown).
Additionally, a strain harboring the Sec24-S730D/S735D mutations had reduced
autophagic activity, whereas the Sec24-S730A/S735A mutation had no effect (data not
shown). As phosphorylation of S730/S735 negatively regulated both ER-Golgi
transport and autophagy, packaging of Sed5 into COPII vesicles is required on both
pathways.

A second set of conserved phosphosites, S645/S678 (membrane proximal II) is
located near a known cargo binding site in mammalian Sec24 (mSec24) (Figure 2.1).
Sec23/Sec24 complexes with alanine and phosphomimetic mutations in these sites
were purified from yeast and screened for their ability to package a variety of cargo.
However, mutations in these sites did not disrupt the packaging of any cargo tested
(data not shown). Therefore, although we did identify effects of S730/S735
phosphorylation on regulating the packaging of the SNARE Sed5, phosphorylation
does not appear to be a commonly used mechanism for regulating Sec24-cargo

interactions.
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2.3.3 Phosphorylation of Sec24 is required for autophagy

As phosphorylation did not play a major role in regulating the cargo packaging
function of Sec24, we next asked whether phosphorylation could regulate the function
of Sec24 during autophagy. To test this hypothesis we screened a panel of alanine
mutations in the phosphorylation sites conserved in Iss1. The effects of mutations in
these sites on autophagy were monitored in a sec244iss 14 double mutant background
by assaying Pho8A60 activity. Pho8A60 is a cytosolic form of vacuolar alkaline
phosphatase that is delivered to and activated in the vacuole when autophagy is
induced (Klionsky, 2007). Only combinations of T324A, T325A and T328A were
defective in autophagy (Table 2.2). These three sites form a patch located on the
membrane distal surface of Sec24 (Figure 2.1), making them unlikely to regulate
cargo packaging. Alanine mutations in the other 13 phosphosites tested showed no
autophagy defects (Table 2.2).

When we dissected the role of individual residues on this membrane distal
surface of Sec24, single and double mutant combinations of T324A/T325A/T328A
showed a range of defects in Pho8A60 activity, with the triple alanine mutant showing
the most dramatic defect (Figure 2.3; A). We were unable to test the full range of
phosphomimetic combinations, as some caused lethality (Table 2.1, Figure 2.3; D).
However, none of the viable phosphomimetic mutants showed a defect in autophagy
(Figure 2.3; B, C). Sec24-T324A/T325A/T328A (hereafter referred to as Sec24-3A)
was further characterized because it had the most dramatic defect in Pho8A60 activity.
To confirm that phosphorylation of the Sec24 membrane distal surface is required for

autophagy, we examined a second autophagy marker, Atg8. Cytosolic GFP-Atg8 is
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lipidated and incorporated into membrane at the PAS before being delivered to the
vacuole (Klionsky et al., 2007). Translocation of GFP-Atg§8 to the vacuole following
nitrogen starvation was significantly reduced in a strain expressing Sec24-3A (Figure
2.4; A). This defect was confirmed using western blot analysis by monitoring the
cleavage of GFP-Atg8 to GFP (Figure 2.4; B). The GFP translocation defect was less
severe in the presence of Iss1 (Figure 2.4; A right), suggesting functional
complementation by the paralogous protein.

We next demonstrated that phosphorylation of the membrane distal sites on
Sec24 is specifically required for autophagy by examining ER-Golgi traffic in cells
containing Sec24-3A. The processing of carboxypeptidase Y (CPY), as it traffics
from the ER (p1), Golgi (p2), and vacuole (m) is kinetically indistinguishable from
wild-type (Figure 2.5), demonstrating that phosphorylation of the Sec24 membrane
distal patch regulates a novel function of Sec24 that is specific to autophagy.

Since Sec24 robustly co-purifies with Sec23, our mass spectrometry data also
included information on Sec23, which contained three phosphosites on an alpha helix
structurally equivalent to the Sec24 membrane distal patch (Figure 2.6; A). Mutation
of these Sec23 sites (T146/S147/S149) caused no defects in growth (data not shown),
Pho8A60 activity (data not shown) or translocation of GFP-Atg§8 to the vacuole
(Figure 2.6; B), suggesting the effects we observed on autophagy are specific to Sec24
and its paralog, Iss1.

2.3.4 ER-Golgi transport is delayed during starvation
If COPII vesicles are diverted from the secretory pathway during autophagy

induction, we hypothesized ER-Golgi transport may be decreased during starvation.
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To test this idea the trafficking of CPY was monitored in cells grown in nutrient rich
or starved for nitrogen for 1 h. After starvation the processing of CPY from its ER
from (p1) to its Golgi form (p2) was significantly slowed (Figure 2.7; A), consistent
with the model that some COPII vesicles are diverted from the secretory pathway.
Expression of Sec24-3A did not rescue this delay even in an iss /A strain background
(Figure 2.7; B), suggesting that additional sites and/or factors also participate in

reprogramming COPII vesicles during starvation.

2.3.5 Phosphorylation of Sec24 regulates autophagosome frequency during
starvation

We next wanted to determine whether Sec24-3A is required specifically for
autophagosome formation during starvation-induced upregulation of autophagy. To
compare autophagosome formation in nutrient rich and autophagy inducing
conditions, structured illumination microscopy (SIM) was used to examine
autophagosomes marked by GFP-Atg8 in the absence (nutrient rich) or presence of
rapamycin. Rapamycin is an inhibitor of TOR, a key negative regulator of autophagy
(Loewith and Hall, 2011). In nutrient-rich media, autophagosomes (also called Cvt
vesicles) were smaller, less numerous, and dependent on Atgl1 (Figure 2.8; A). As
previously reported (He et al., 2006), Atgl1 was only required for autophagosome
formation in rich medium and not in rapamycin-treated cells (compare Figure 2.8; A
and B).

Cells expressing Sec24-3A were not defective in autophagosome formation in

nutrient rich medium (Figure 2.8; A), however, fewer autophagosomes formed in the
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rapamycin-treated Sec24-3A cells (Figure 2.8; B). While Sec24-3A significantly
reduced the number of autophagosomes, it did not significantly affect the size of
autophagosomes that formed (Figure 2.8; C). Similar results were obtained when we
blocked COPII vesicle budding at 37°C in the temperature-sensitive mutant sec/2-4
mutant (data not shown) as well as in the ER-Golgi SNARE mutants bet/-1 and bosI-
1 (Figure 2.9).

We also used a second assay to confirm the effect of Sec24-3A on the
frequency of autophagosome formation during starvation. Autophagosome number
and size can be indirectly assessed using transmission electron microscopy to measure
the number and size of autophagic bodies. Upon deletion of the PEP4 gene, which
encodes a protease that is required for the activation of multiple vacuolar hydrolases,
autophagic bodies accumulate in the vacuole (Backues et al., 2013). Two independent
sets of electron microscopy were performed, after 90 min or 60 min of nitrogen
starvation. At both time points, fewer autophagic bodies accumulated in cells
expressing Sec24-3A compared to WT Sec24 (Figure 2.10; A, B, D). Although
autophagic body number was significantly reduced, autophagic body size was not
affected (Figure 2.10; C, E). Therefore, using two different approaches we could
demonstrate that phosphorylation of the Sec24 membrane distal sites regulates

autophagosome number, while autophagosome size or expansion is unaffected.

2.3.6 Phosphorylation of Sec24 regulates Sec24-Atg9 interaction
We previously proposed that COPII vesicles interact with Atg9 vesicles at the

PAS (Tan et al., 2013). When autophagy is induced, Atg9 vesicles traffic from the



38

late Golgi to the PAS and localize adjacent to the ER exit sites that produce COPII
vesicles (Graef et al., 2013; Suzuki et al., 2013; Yamamoto et al., 2012). Similar to
our observations with Sec24, Atg9 was recently shown to regulate autophagosome
number, but not size (Jin et al., 2014). Furthermore, proteomics revealed an
interaction between multiple COPII coat subunits and Atg9 in detergent lysates (Graef
et al., 2013). However, it remained unclear from these studies which coat subunit
mediated this interaction and whether it was required for autophagy. Therefore, we
first confirmed that Sec24 co-precipitates with Atg9 and tested whether this interaction
is regulated by autophagy. Sec24 was immunoprecipitated from cells expressing
Atg9-13myc that were grown in nutrient rich conditions (SMD) or starved for nitrogen
(SD-N). The precipitate was then blotted with anti-myc antibody. Atg9-13myc co-
immunoprecipitated with Sec24, but not the pre-immune control (Figure 2.11; A).
Moreover, approximately 2.5-fold more Atg9-13myc co-immunoprecipitated with
Sec24 from lysates prepared from nitrogen starved cells (Figure 2.11; A),

demonstrating that this interaction is upregulated during autophagy.

Atg9 is a six transmembrane protein with N-terminal, C-terminal and Core
cytoplasmic domains (Figure 2.11; B). While the middle and C-terminal domains are
present in mammalian cells, the N-terminus is largely absent (Young et al., 2006). In
order to determine which domain of Atg9 directly interacts with the COPII coat, the
cytoplasmic domains of Atg9 were fused to GST and the purified fusion proteins were
incubated with purified Sec23/Sec24 complex in vitro. The Sec23/Sec24 complex

was used for these studies, since Sec24-Hiss is unstable in the absence of Sec23.
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Sec24 was predominantly unphosphorylated as it was purified without phosphatase
inhibitors and stored in the freezer following purification. A GST fusion to a Sec31
fragment (aa878-1114), which was previously shown to interact with the Sec23/Sec24
complex (Bi et al., 2007), served as a positive control. The C-terminus of Atg9 bound
to Sec23/Sec24, while the N-terminal and middle hydrophilic Atg9 domains did not
(Figure 2.11; C). Furthermore, binding of Sec23/Sec24 to the C-terminus increased
with increasing concentrations of the complex and was saturable (data not shown).
This interaction was dependent on Sec24, as Sec23 alone did not interact with GST-

Atg9C (data not shown).

Next we used the phosphomimetic mutations to ask if the interaction between
Sec24 and Atg9 is enhanced by phosphorylation of the membrane distal sites. While
the most dramatic effects on autophagy were seen with the sec24 triple alanine mutant
(Figure 2.3; A), the sec24 triple phosphomimetic mutant is inviable. Therefore, to
cover all three phosphosites of interest in our binding studies, we used Sec23/Sec24-
T325E and Sec23/Sec24-T324E/T328E. Consistent with the notion that
phosphorylation enhances the Sec24-Atg9 interaction, both T325E and T324E/T328E

increased the interaction of Sec24 with GST-Atg9C (Figure 2.12; A).

To determine whether the Sec24-Atg9 interaction is regulated by
phosphorylation in vivo, wild-type or mutant Sec24 cells co-expressing Atg9-13myc
were starved for nitrogen and Sec24 was immunoprecipitated in the presence of
phosphatase inhibitors. Sec24-T324A/T325A (Figure 2.12; B, D), but not Sec24-

T324E/T325E (Figure 2.12; E) disrupted the interaction of Sec24 with Atg9-13myc.
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This defect was enhanced in Sec24-3A, where Sec24-T328 is also mutated (Figure
2.12; C, D). Sec24-3A did not impair the trafficking of Atg9 to the PAS (data not
shown), indicating that Sec24 does not regulate Atg9 traffic. Together these findings
imply that the C-terminus of Atg9 directly interacts with phosphorylated Sec24 via its

membrane distal surface after Atg9 has been recruited to the PAS.

We next determined whether Sec24-3A affects recruitment of other Atg
proteins to the PAS. For this study we examined the co-localization of a member of
each of the remaining Atg complexes with the PAS marker Apel in WT Sec24 and
Sec24-3A. Sec24-3A only affected the PAS localization of Atg8, the most
downstream Atg, which showed a modest defect in PAS recruitment (Figure 2.13).
The PAS localization of other Atgs was not affected (data not shown). These results
indicate that a functional PAS is able to form in Sec24-3A and that Sec24
phosphorylation does not indirectly affect autophagy by disrupting the trafficking of
Atg proteins to the PAS.

Microscopy-based studies have linked ERES to autophagosome formation
(Graef et al., 2013; Suzuki et al., 2013), however, the ERES are also a subdomain of
the ER where COPII vesicles bud (Budnik and Stephens, 2009). To ask if Sec24-3A
disrupts the formation of ERES, the localization of Sec13-GFP was examined in cells
expressing wild-type Sec24 or Sec24-3A. Secl3-GFP, a component of the outer
COPII coat, predominantly localizes to ERES (Shindiapina and Barlowe, 2010).
ERES localization of Sec13-GFP was not affected by Sec24-3A in nutrient rich or

starvation conditions, suggesting Sec24-3A does not disrupt ERES formation (Figure
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2.14). Thus, our findings imply that the major function of phosphorylation of the
Sec24 membrane distal surface is to regulate the interaction of COPII vesicles with the

Atg machinery.
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Figure 2.1. Location of key Sec24 phosphorylation sites.

Ribbon diagram of Sec23 (lime) and Sec24 (lavender) with groups of key Sec24
phosphorylation sites (green, pink, red, and teal). The mSec24 membrin-binding site
and conserved cargo binding B-site are colored light brown.
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Figure 2.2. Mutations in Sec24 T635/T636/S638 affect growth and protein

stability.

A WT SEC24 or sec24 mutants were introduced into sec24A (top) or sec24AissIA
(bottom) deletion strains and grown on 5-FOA to select against the WT balancing
plasmid at 25°C. B WT Sec23/Sec24-Hiss or mutant Sec23/Sec24-Hiss behind a
galactose inducible promotor was induced with 0.2% galactose for 5 h and blotted for
Sec24-Hise (top). The SNARE Bosl (bottom) was used as a loading control.
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Figure 2.3. Phosphorylation of Sec24 T324/T325/T328 is required for autophagy.
A Vacuolar alkaline phosphatase activity was assayed in lysates prepared from a
sec24AissIA deletion strain harboring sec24 alanine mutations. The activity of wild-
type (WT) 2 h after starvation was set as 100% and 0 time-point values were
subtracted. B, C As in (A) except activity was assayed in extracts from
phosphomimetic mutations in sec24AissIA (B) or sec24A (C) deletion strains.
Averages and s.e.m. are shown for 3 biological replicates. D Plasmids encoding
SEC24 (WT) or mutant sec24 were expressed in sec24A (left) or sec24AissIA (right)
and grown on 5-FOA at 25°C to select against the WT balancing plasmid. *P < 0.05;
**P < (.01; Student’s paired t-test.
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Figure 2.4. Issl can compensate for autophagy defects in Sec24-3A.

A The translocation of GFP-Atg8 to the vacuole was examined 1 h after nitrogen
starvation at 25°C in sec24AissIA and sec24A deletion strains in either the presence of
WT Sec24 or Sec24-3A. Representative images (left) and quantification from 300
cells (right) are shown. Scale bar 2 pm. WT was set to 100% for each experiment and
had an average vacuolar localization of 76% (sec24AissIA) and 86% (sec24A).
Averages and s.e.m. are shown for 3 biological replicates. B Cleavage of GFP-Atg8
was examined in sec24AissIA cells expressing Sec24 or Sec24-3A after 1 h starvation
at 25°C (left). The ratio of free GFP to GFP-Atg8 was quantitated (right). WT was set
as 1 for each experiment. Averages and s.e.m. are shown for 3 biological replicates.
*P <0.05; **P < 0.01; Student’s unpaired t-test.
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Figure 2.5. ER-Golgi transport is not affected by Sec24-3A.

sec24Aiss IA cells expressing Sec24 (lanes 1-4) or Sec24-3A (lanes 5-8) were pulse-
labeled for 4 min and chased for the indicated times (top). The pl (ER), p2 (Golgi)
and m (vacuolar) forms of CPY are labeled. Quantitation of the ratio of p2/p1 CPY for
the 5 and 10 min time points are shown (bottom). Averages and s.e.m. are shown for 3
biological replicates.
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Figure 2.6. Phosphorylation of Sec23 membrane distal sites is not required for
autophagy.

A Ribbon diagram of Sec23 (lime) and Sec24 (lavender). B Translocation of GFP-
Atg8 to the vacuole was examined in WT and the sec23 mutants 1 h after nitrogen
starvation at 25°C (left). Scale bar 2 um. 300 cells were quantitated (right). WT was
set to 100% for each experiment and had an average of 75% vacuolar localization.
Averages and s.e.m are shown for 3 biological replicates.
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Figure 2.7. ER-Golgi traffic is delayed during autophagy.

A WT cells were grown in nutrient rich media (SMD) (lanes 1-4) or starved for
nitrogen (SD-N) for 1 h at 25°C (lanes 5-8). Cells were pulse-labeled for 4 min and
chased at the indicated times before CPY was immunoprecipitated. ER (p1), Golgi
(p2) and vacuolar (m) forms of CPY are labeled (left). Ratio of p2 to pl CPY was
determined (right). Averages and s.e.m. are shown for 3 biological replicates. B As in
(A) except sec24AissIA cells expressing Sec24 (lanes 1-4) or Sec24-3A (lanes 5-8)
were starved for nitrogen for 1 h at 25°C (left). Ratio of p2 to pl1 CPY was determined
(right). Averages and s.e.m. are shown for 3 biological replicates. **P <0.01; ***P <
0.001; Student’s unpaired t-test.
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Figure 2.8. Autophagosome formation is reduced after rapamycin treatment in
Sec24-3A.

A Representative images from WT cells expressing GFP-Atg8 treated with 400 ng/ml
rapamycin for 1 h at 25°C (left top) or untreated (left bottom). Deconvolved images
are shown. Scale bar, I um. WT Sec24 and Sec24-3A expressed in the sec244iss 1A
deletion strain and WT (+Atgl1) and atgl 14 cells (-Atgl 1) expressing GFP-Atg8
were imaged and the number of autophagosomes per cell was quantitated from 300
cells. Averages and s.e.m. are shown for 3 biological replicates. B As in (A) except
cells were treated with 400 ng/ml rapamycin for 1 h at 25°C. Averages and s.e.m. are
shown for 3 biological replicates. C As in (B) only the diameter of 100
autophagosomes was measured from cells expressing WT Sec24 and Sec24-3A in
sec244iss14 deletion strains treated with 400 ng/ml rapamycin for 1 h at 25°C.
Averages and s.e.m. are shown for 4 biological replicates.* P <0.05; ** P <0.01;
Student’s unpaired t-test.
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Figure 2.9. ER-Golgi SNARES regulate autophagosome number.

WT, betl-1, and bosi-1 cells expressing GFP-Atg8 were treated with 400 ng/mL
rapamycin for 1 h at 37°C and were imaged using SIM. The number of
autophagosomes per cell was quantitated from 300 cells (left). The diameter of
autophagosomes was measured (right). Averages and s.e.m. are shown for 3 biological
replicates. ***P < 0.001; Student’s unpaired t-test.
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Figure 2.10. Autophagic body number is reduced in Sec24-3A.

A Representative images of autophagic bodies in cells expressing Sec24 (left) and
Sec24-3A (right) in sec244iss [ Apep44 deletion strains after 1.5 h of nitrogen
starvation at 30°C. Scale bar represents 500 nm. B Histogram showing the
distribution of the number of autophagic bodies per vacuole section in Sec24 and
Sec24-3A. The number of autophagic bodies was quantitated for 78 vacuole sections
for each strain (left). p-value = 0.00012; Mann-Whitney Test. Box plot of the number
of autophagic bodies per vacuole section. Bars show data between the lower and upper
quartiles, the median is a horizontal line within the box. Whiskers indicate the smallest
and largest observations (right). C The diameter of autophagic bodies was
determined. N > 300. Averages with error bars as s.d. are shown. D Same as in (B)
except after 60 min of nigtrogen starvation. The number of autophaghic bodies was
quantitated for 100 vacuole sections for each strain. E Same as in (D) except after 60
min nitrogen starvation. Averages with error bars as s.d. are shown. N > 300.
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Figure 2.11. Sec24 interacts with the C-terminus of Atg9.

A ypt7A cells expressing Atg9-13myc were grown in nutrient rich (SMD) or starvation
(SD-N) media for 4 h and Sec24 was immunoprecipitated and blotted for Atg9-13myc.
Precipitated Atg9-13myc was quantitated and normalized to the amount of Sec24 in
the precipitate. SMD was set as 1 for each experiment. Averages and s.e.m. are
shown for 4 biological replicates. B Schematic showing cytosolic domains of Atg9.

C Equimolar amounts (200 nM) of purified GST, GST-Sec31 (aa878-1114) or GST-
Atg9 fragments were incubated with 50 or 100 nM of Sec23/Sec24-Hiss. *P < 0.05;
Student’s unpaired t-test.
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Figure 2.12. Sec24 phosphorylation regulates the Sec24-Atg9 interaction.

A Equimolar amounts (200 nM) of GST-Atg9C or GST was incubated with 37.5 nM
of WT Sec23/Sec24-Hises, Sec23/Sec24-T325E-Hises or Sec23/Sec24-T324E/T328E-
Hise (left). Ratio of Sec24 bound to GST-Atg9C was quantified from 3 biological
replicates (right). Binding to WT Sec23/Sec24-Hiss was set as 1 for each experiment.
Averages and s.e.m are shown. B Sec24 (WT) and Sec24-T324A/T325A or C Sec24-
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T324A/T325A/T325A were immunoprecipitated from lysates expressing Atg9-13myc

as described in the Methods. D Precipitated Atg9-13myc was quantitated and
normalized to the amount of Sec24 in the precipitate. WT Sec24 was set as 1 for each
experiment. Averages and s.e.m. are shown for 4 (T324A/T325A) or 5 (Sec24-3A)
biological replicates. E Same as B except Sec24-T324E/T325E was
immunoprecipitated. Averages and s.e.m. are shown for 5 biological replicates. *P <
0.05; **P < 0.01; ***P < 0.001; Student’s unpaired t-test.
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Figure 2.13. Sec24-3A modestly affects Atg8 recruitment to the PAS.

Sec24 or Sec24-3A cells expressing GFP-Atg8 and Apel-RFP were treated with 400
ng/mL rapamycin for 30 min at 30°C and the percent of Apel-RFP that colocalized
with GFP-Atg8 was determined for 300 cells in 3 biological replicates. Scale bar 2
uM. Arrowheads point to the PAS. Averages and s.e.m are shown. *P < 0.05;
Student’s unpaired t-test.
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Figure 2.14. Sec24-3A does not affect ERES assembly.

Sec24 and Sec24-3A cells expressing Sec13-GFP were grown in nutrient rich (SMD)
or starved for nitrogen (SD-N) for 2 h at 25°C (Top). Scale bar 2 um. The number of
Sec13-GFP puncta per cell was quantitated (bottom). Over 300 cells were quantitated
form 3 biological replicates. Averages and s.e.m. are shown.
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Figure 2.15. Sec24 phosphorylation regulates the Sec24-Atg9 interaction for
autophagosome formation.

Phosphorylation of a conserved regulatory surface of Sec24 enhances the ability of the
COPII coat to recognize the autophagy machinery. Phosphorylation of the Sec24
membrane distal sites regulates the interaction of Sec24 with the C-terminus of Atg9.
During starvation, the Sec24-Atg9 interaction is needed to increase autophagosome
number. If Sec24 is not phosphorylated, it is unable to efficiently interact with Atg9
and COPII vesicles traffic to the Golgi.
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Figure 2.16. The Sec24 membrane distal patch is conserved.

Top, Structure of yeast Sec24 and mSec24a with conserved residues in membrane
distal sites (red). Bottom, Alignment of the region surrounding T324/T325/T328
(shown in red) with Sec24 orthologues. Conserved residues shown in gray, similar
residues shown in light gray.



Table 2.1. Identification of Sec24 phosphorylation sites.

Phosphomimetic
Minsecas . |0 [_Grown Phenctype
$0c244 | sec24liss14
T152/T1585 99, 99 None Nora
S172 46 Nor Nora
T305 29 None None
$316/5319 99,978 None None
T324/T326 99,99 None Not Viable
T324/1328 99, 99 None None
Ta25/T328 99,99 Not Viable Not Viable
$363/5369/5395 | 99, 99, 99 None None
S463 827 None None
5469 99 None None
T472 99 None None
5649 97 None None
T635 40 Not Viable Not Viable
T636/5638 99, 99 None Not Viadle
S645/5678 99, 99 Nona Nona
$693 99 None None
§725 99 None None
$730/5735 99, 99 None None
T778/1780 99.99 None None

58
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Table 2.2. Identification of Sec24 phosphorylation sites required for autophagy.

In Sec24 (%) A 7 inlss1
T152/T155 99, 99 None None e +
$172 46 None None + +
Ta24/Ta25 99, 99 None None + + -
Ta24/Ta28 99, 99 None None + 4 .
Ta25/T328 99,99 None None + + -
T472 99 None None + +
5549 97 None None + +
T635 40 None None + +
T636/5638 99,99 None None + + +
S645/5678 99,99 None None -
$693 99 Ncae None + +
S730/S735 99,99 None None + + +




60

2.4  Discussion

Although significant progress has been made in defining the upstream events
leading to the assembly of Atg proteins at the PAS (Nakatogawa et al., 2009), the
membrane rearrangements that occur during autophagy remain poorly understood.
Here we show that phosphorylation of a conserved regulatory domain of the major
COPII cargo adaptor Sec24 reprograms the function of COPII vesicles by modulating
its interaction with the C-terminus of Atg9, a key component of the autophagy
machinery (Figure 2.15). The C-terminus of Atg9 is present in vertebrates and is
essential for autophagy (He et al., 2008; Young et al., 2006). Previous studies have
shown that Atg9 functions early in autophagosome initiation (Suzuki et al., 2007;
Yamamoto et al., 2012) and affects autophagosome number, but not size (Jin et al.,
2014). Similarly, mutating the Sec24 regulatory sites specifically affects
autophagosome number. Collectively these results imply that Sec24 functions with
Atg9 during autophagy to regulate autophagosome abundance.

Previous work has established that COPII vesicles are required for autophagy
(Ge et al., 2014; Graef et al., 2013; Lemus et al., 2016; Suzuki et al., 2013; Tan et al.,
2013; Wang et al., 2015). However, because it has been difficult to fully tease apart
the function of COPII vesicles on the secretory pathway from their role in autophagy,
their contribution to autophagy has been problematic to address. Our finding that
phosphorylation of a novel regulatory surface of Sec24 is specifically required for
autophagy and not ER-Golgi transport conclusively demonstrates that COPII vesicles
play a direct role in autophagy, rather than an indirect role in maintaining the

trafficking of autophagy machinery through the secretory pathway. Additionally, we



61

can now ascribe an autophagy-specific role to COPII vesicles in enhancing
autophagosome number during nutrient deprivation. This role of Sec24 in autophagy
is likely to be conserved in mammalian cells as T324 and T328 are conserved in
mSec24a (Figure 2.16).

Interestingly, membrane fractionation identified the mammalian ER-Golgi
intermediate compartment (ERGIC) as the site of lipidation of LC3, Atg8 in mammals
(Ge et al., 2014). During starvation, the ERES were found to translocate to the
ERGIC fraction, and although the ERGIC is typically a location of COPI vesicle
budding, COPII vesicle budding from this ERGIC fraction was shown to be required
for LC3 lipidation (Ge et al. 2014). These observations suggested that, in higher
eukaryotes, the COPII vesicles used in autophagy are spatially separated from those
that traffic to the Golgi. The findings were report here could explain how these

spatially segregated COPII vesicles engage the Atg machinery.

Here we have begun to unravel the stage at which COPII vesicles act during
autophagosome formation. Current data strongly points to COPII vesicles fusing with
Atg9 vesicles or an isolation membrane containing Atg9. This model is based on the
interaction between the COPII coat and Atg9, the localization of Atg9 to the growing
tip of the phagophore adjacent to the ERES (Graef et al., 2013; Suzuki et al., 2013)
and the similar defect in autophagosome frequency in Sec24 and Atg9 mutants (Jin et
al., 2014). Although a mechanism for COPII and Atg9 vesicle fusion is unknown,
current evidence points to the ER-Golgi SNAREs as candidates to mediate these

fusion events. The ER-Golgi SNAREs are required for autophagy (Tan et al., 2013)
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and autophagosome formation (Figure 2.9). Furthermore, disrupting the packaging of
the SNARE Sed5 into COPII vesicles inhibits autophagy (data not shown). Future
work to further examine the roles of ER-Golgi SNARESs in autophagy will be
discussed in Chapter 5.

In conclusion, our findings highlight an unexpected role for phosphorylation in
regulating the reorganization of membrane trafficking pathways during starvation and
demonstrate that the COPII coat is a key target of this regulation. Identification of a
cellular mechanism that redirects the flow of membrane during autophagy makes it
possible to now study how these complex membrane rearrangement events culminate

in the formation of a distinct organelle, the autophagosome.

2.5 Methods

2.5.1 Mass spectrometry

Sec24-Hise was purified from SFNY2181 as described previously (Kurihara et
al., 2000) with the following modifications. Cells were grown overnight to log phase
in SC-Ura-Leu medium with 10% glycerol as the carbon source, and induced at a
starting ODgoo of 0.6-0.8 with 0.2% galactose for 5 h at 30°C. These growth
conditions were found to induce autophagy in the absence of rapamycin. Cells were
lysed in approximately 20 ml HSLB (0.75 M potassium acetate, 50 mM HEPES pH
7.0, 0.1 mM EGTA, 20% glycerol) with protease and phosphatase inhibitor cocktails
(Sigma). The cleared lysate was incubated with Ni-NTA beads for 1 h at 4°C and
washed with 20 ml B-II and 20 ml B-III (Kurihara et al., 2000). Sample preparation

for mass-spectrometry was carried out as described before (Guttman et al., 2009), then
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liquid chromatography coupled tandem mass spectrometry analysis (LC-MS/MS) was

performed as described previously (Meyer et al., 2014).

2.5.2 Generation of sec24 mutants

Mutations in pSFN1915 (SEC24, HIS3, CEN) were made using the
QuikChange Site-directed mutagenesis kit (Agilent technologies) and all mutations
were confirmed by DNA sequencing. Plasmids were then introduced into SFNY2201
and SFNY2202 and grown on two round of 5-fluoroorotic acid (5-FOA) plates at
25°C to select against pLM22 (SEC24, URA3, CEN). To observe growth defects,
sec24 mutants were compared to WT SEC24 at 25°C after two rounds of 5-FOA. For
purification of mutant coat proteins, the mutations were made on pSFNB1895 (GALI-
SEC24-His, LEU2, CEN) and co-transformed with pSFNB1894 (GALI-SEC23, URA3,

CEN) into SFNY2367.

2.5.3 In vitro vesicle budding and fusion assays

COPII proteins (Sarl, Sec23/Sec24 and Sec13/Sec31) were purified (Miller et
al., 2003) and used to generate vesicles from microsomal membranes prepared as
described (Barlowe et al., 1994). Vesicle budding assays were performed as described
previously (Miller et al., 2002). Vesicle fusion was monitored by measuring a-1,6-
mannose modification of 3*S-labeled pro-0-factor as described previously (Barlowe et

al., 1994).

2.5.4 Pho8A60 assay
Alkaline phosphatase assays were performed as previously described

(Klionsky, 2007). Cells were grown overnight at 25°C to log phase, ODsoo between
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0.7 and 1.0, washed with 10 ml SD-N medium and incubated in SD-N medium for 2
to 4 h at 25°C or 37°C to induce autophagy. 2.5 ODeoo units of cells were collected
and washed, and lysed in 250 pl of lysis buffer (20 mM PIPES pH 7.2, 0.5% TritonX-
100, 50 mM KCI, 100 mM potassium acetate, 10 mM MgS04, 10 pM ZnSOs4, and 1
mM PMSF) using glass beads. Lysates, with a protein concentration around 0.5
mg/ml, were spun for 5 min at 13,000 rpm, and 100 pl of lysate was assayed at 37°C
in 400 pl reaction buffer (1.25 mM p-nitrophenyl phosphate, 250 mM Tris-HCI pH
8.5, 0.4% Triton X-100, 10 mM MgSOs, and 10 uM ZnSOs). The reaction was
stopped with 500 pl of stop buffer (1 M glycine/KOH pH 11.0), and the OD4o0 value
was determined. The data were normalized to protein concentration using the

Bradford method and IgG as a standard.

2.5.5 Fluorescence Microscopy

For GFP-Atg8 vacuole localization, cells were grown at 25°C overnight in SC-
Ura to early log phase, ODsoo between 0.6 and 1.0. Cells were washed and
resuspended in SD-N and incubated for 1 h at 25°C or 30 min at 37°C. For Secl3-
GFP localization cells were grown overnight to early log phase at 30°C to early log
phase, ODgoo between 0.6 and 1.0. Cells were washed and resuspended in SD-N and
incubated for 2 h at 30°C. For co-localization of Apel-RFP with Atgs, cells were
grown to an ODsoo between 0.6 and 1.0 and treated with 400 ng/mL rapamycin for
30min to 1 h at 25°C. Cells were then visualized at 25°C with a Zeiss Axio Imager Z1

fluorescence microscope using a 100 x 1.3 NA oil-immersion objective. Images were
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captured with a Zeiss AxioCam MRm digital camera and analyzed with AxioVision
software.

To examine autophagosome formation by structured illumination (SIM)
microscopy, cells were grown overnight at 25°C in SC-Ura to early log phase, ODsoo
between 0.6 and 1.0. For autophagy induction, cells were treated with 400 ng/ml
rapamycin for 1 h at 25°C or for 1 h at 37°C for temperature-sensitive mutants. Cells
were pelleted and incubated in 3.7% formaldehyde for 30 min at 25°C and visualized
on an Applied Precision DeltaVision OMX Super Resolution System using an Evolve
512 EMCCD camera. The data was acquired and processed using Delta Vision OMX
Master Control software and SoftWoRx reconstruction and analysis software. To
determine autophagosome size, deconvolved images were analyzed with Image J

software.

2.5.6 GFP-Atg8 cleavage

Cells were grown overnight in SC media to early log phase and washed and
shifted to SD-N for 1 h at 25°C. 2.5 ODeoo units of cells were pelleted in 100 pl
ddH>O and 100 pl of 0.2 M NaOH was added. Cells were mixed and incubated at
room temperature for 5 min. Cells were pelleted and boiled in sample buffer for 5 min

at 95°C.

2.5.7 CPY Pulse Chase
Cells were grown overnight in minimal media at 25°C to early log phase and
16 ODeoo units of cells were pelleted and resuspended in 3.6 ml of fresh minimal

media. For starved samples, cells were washed and shifted to SD-N for 1 h at 25°C.



66

16 ODsoo units of cells were then pelleted and resuspended in 3.6 ml of fresh SD-N.
Cells were pulse labeled with 400 uCi of S*>-methionine for 4 min at 25°C, and 700 pl
of the cell suspension was removed and added to 700 ul of ice-cold 20 mM sodium
fluoride/sodium azide (0 min time-point). 250 ul of chase mix (250 mM methionine,
250mM cysteine) was added to the remaining sample, and then 700 pl of cells were
removed at 5, 10 and 15 min. Cells were pelleted and washed with 1 ml of cold 10
mM sodium fluoride/sodium azide, resuspended in 150 pl spheroplasting buffer (1.4
M sorbitol, 100 mM sodium phosphate pH 7.5, 0.35% b-mercaptoethanol and 0.2
mg/ml zymolyase) and incubated at 37°C for 45 min. Spheroplasts were spun for 3
min at 6500 rpm and heated for 5 min at 95°C in 100 ul 1% SDS. 900 ul of PBS plus
2% Triton X-100 was added to the lysates before they were spun for 15 min at 14,000
rpm. CPY antibody (3 pl of anti-Rabbit serum prepared against CPY) was added to
920 ul of cleared lysate and incubated for 1 h at 4°C with rotation. 50 pl of 50%
Protein-A sepharose was added and incubated for 1 h. The protein-A beads were
washed twice with 1 ml of PBS, followed by two washes with 1 ml of 1% b-
mercaptoethanol and heated in 70 pl of 1x sample buffer for 5 min at 95°C. Samples
were normalized to cpm in the cell lysate, then loaded onto an 8% SDS-PAGE gel and

processed for autoradiography. Protein bands were quantified using Image J software.

2.5.8 Electron Microscopy
Cells were grown overnight in YPD to an ODsoo of 1.0 and shifted to SD-N for
1 or 1.5 hat 30°C. 30 ODsoo units of cells were pelleted, resuspended in 1 mL of

1.5% KMnO4 and incubated for 30 min at 4°C with nutation. Cells were then pelleted
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and resuspended in 1 mL of 1.5% KMnO4 and incubated overnight at 4°C with
nutation. Samples were dehydrated in ethanol, embedded in Durcupan epoxy resin
(Sigma-Aldrich) and sectioned at 60 nm on a Leica UCT ultramicrotome. Sections
were picked up on Formvar and carbon-coated copper grids and stained with 2%
uranyl acetate for 5 min and Sato's lead stain for 1 min. Grids were viewed using a
Tecnai G2 Spirit BioTWIN transmission electron microscope equipped with an Eagle
4k HS digital camera (FEI, Hilsboro, OR). Autophagic body number and size were
determined with Adobe Photoshop and Image J software as described previously

(Backues et al., 2013).

2.5.9 Co-immunoprecipitation of Sec24 and Atg9

Cells were grown overnight to early log phase. For starvation, cells were
shifted to SD-N for 4 h at 30°C. 100 ODsoo units of cells were pelleted, resuspended
in 2 ml of spheroplasting buffer (1.4 M sorbitol, 100 mM sodium phosphate pH 7.5,
0.35% b-mercaptoethanol and 0.5 mg/ml zymolyase) and incubated for 30 min at
37°C. Spheroplasts were loaded on top of a 5 ml sorbitol cushion (1.7 M sorbitol, 100
mM HEPES pH 7.2) and spun for 5 min at 3,000 rpm. Cells were lysed in 1 ml of
lysis buffer I (20 mM Hepes pH 7.4, 150 mM NaCl, excess protease inhibitors —
combination of Roche and Sigma inhibitors, phosphatase inhibitors (Sigma)) with a
dounce homogenizer on ice. Cell debris was cleared by a 10 min spin at 500 xg.
When cross-linking was performed, lysates were incubated on ice with 100 mM
dithiobis (succinimidyl propionate) for 30 min. To quench excess crosslinker, 100

mM Tris pH 7.6 was added and incubated for 15 min on ice. Triton X-100 was added
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to a final concentration of 1% and incubated on ice for 30 min followed by a 15 min
spin at 15,000xg. The lysates were incubated with 50 pul of 50% protein A-sepharose
for 20 min at 4°C with rotation to pre-clear the lysates and reduce background. To
immunoprecipitate Sec24, 2 mg of lysate was incubated with 10 pl of Sec24 antibody
(rabbit polyclonal prepared against GST-Sec24) or 10 pl of pre-immune serum for 2 h
at 4°C with rotation. 50 pl of 50% protein A-sepharose was added and incubated for
45 min at 4°C with rotation. The beads were then washed 5 times with 1 ml of lysis
buffer with 1% Triton X-100 and heated in 40 pl of 3x sample buffer for 5 min at

95°C.

2.5.10 Purification of fusion proteins from bacteria.

For purification of GST fusion proteins, bacterial cells were incubated at 18°C
overnight with 0.5 mM isopropyl B-D-1-thiogalactopyranoside to induce protein
expression. Cells were collected and resuspended in 1x phosphate-buffered saline
(PBS) with 1 mM DTT and protease inhibitors. Cells were sonicated for 2 min total
with 15 sec on/off bursts on ice. Triton X-100 was added to a final concentration of
1% and lysates were incubated on ice for 15 min. Lysates were cleared through a 15
min centrifugation at 15,000 rpm. The supernatant was incubated with 1 mL of 50%
glutathione sepharose beads (GE Healthcare) that had been prewashed with PBS for 1
h at 4°C with rotation. The beads were washed extensively with PBS and stored at
4°C.

Hise-Sec23 was purified as described above for GST-fusion proteins except

cells were lysed in 50 mM Hepes pH 7.2, 150 mM NaCl, 15 mM Imidazole, ImM
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DTT with protease inhibitors and incubated with Ni**-NTA resin (Qiagen). Protein
was eluted from the resin with 50 mM Hepes pH 7.2, 150 mM NaCl, 250 mM

Imidazole.

2.5.11 In vitro bindings with GST-Atg9 fragments

Equimolar amounts (0.2 uM) of immobilized GST fusions were incubated with
increasing amounts of bacterially purified Hisg-Sec23 or Sec23/Sec24-Hises from yeast
in binding buffer (50 mM HEPES pH 7.2, 150 mM NaCl, 1% Triton X-100, 1 mM
MgCl, 1 mM EDTA, 1 mM DTT, protease inhibitors) for 4 h at 4°C with rotation.
Beads were washed 3-4 times with binding buffer and eluted in 50 pL of sample

buffer by heating for 5 min at 95°C.
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CHAPTER 3

Hrr25 functions in autophagosome formation through Sec24 phosphorylation

3.1 Summary

Phosphorylation of Sec24 is required for the COPII coat to recognize the
autophagy machinery, which is critical for autophagosome formation. The kinase
involved in phosphorylating Sec24 to regulate this novel role during autophagy is
unknown. The casein kinase, Hrr25, has previously been shown to phosphorylate
Sec24 and was recently implicated as a positive regulator of autophagy. However, the
precise function of Hrr25 in autophagy was unclear. To determine if Hrr25
phosphorylates the Sec24 membrane distal patch, we identified in vitro
phosphorylation sites on Sec24 by mass spectrometry and picked up Sec24-T328 at
lower confidence. We next confirmed that Hrr25 regulates autophagic body number,
but not size through electron microscopy. Consistent with Hrr25 phosphorylating the
Sec24 membrane distal patch, Hrr25 is required for the Sec24-Atg9 interaction in
vivo. Ectopic expression of Sec24 T325E/T328E partially rescued the Sec24-Atg9
interaction and autophagy defect in an 47725 mutant, whereas Sec24 T325A/T328A
did not. Additionally, we looked at another COPII coat subunit Lstl, whose
phosphorylation can be monitored by a gel shift and found that Lst1 was more

phosphorylated during starvation in a manner dependent on Hrr25. Collectively these
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results strongly implicate Hrr25 as a key kinase involved in phosphorylating the Sec24

membrane distal surface during autophagy.

Although we found that Hrr25 is not directly regulated during autophagy, it
could work with additional kinases that phosphorylate the COPII coat during
autophagy. Here we examined the two most obvious candidates: Atgl and Nnkl.
Atgl is an essential kinase required for autophagosome formation. However, we
found that Atgl does not directly interact with Sec23/Sec24 and is not required for
Lst1 phosphorylation during starvation suggesting it likely does not phosphorylate the
COPII coat. Although Nnk1 does directly interact with the COPII coat and was
previously linked to TOR, a key autophagy regulator, we found that Nnk1 is not

required for autophagy.

3.2  Introduction

Autophagy requires significant membrane rearrangements in order to rapidly
upregulate autophagosome formation during starvation. COPII coated vesicles, which
act on the secretory pathway to transport cargo from the ER to the Golgi, are also
required for autophagosome formation during nutrient deprivation (Ge et al., 2014;
Ishihara et al., 2001; Tan et al., 2013). Our previous analysis showed that
phosphorylation is a mechanism through which the function of COPII vesicles is
regulated during autophagy. Specifically, we showed that phosphorylation of the
membrane distal surface of the COPII coat subunit Sec24 allows it to recognize Atg9,
a critical component of the autophagy machinery (Yamamoto et al., 2012).

Consequently, we next sought to identify the kinase(s) responsible for this
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phosphorylation event. The serine/threonine kinase, Hrr25, is the only kinase in yeast
known to phosphorylate Sec24 and it was recently shown that Hrr25 is required for
non-selective autophagy (Lord et al., 2011; Wang et al., 2015). Accordingly, we
hypothesized that Hrr25 may be required for phosphorylation of the Sec24 membrane
distal surface, which is needed to regulate COPII vesicles during starvation.

Hrr25 phosphorylates multiple COPII coat subunits including Sec24, Sec23,
Sec31 and Lstl (Bhandari et al., 2013; Lord et al., 2011). Hrr25 phosphorylation of
Sec23 helps drive sequential interactions that mediate the forward flow of COPII
vesicle traffic, preventing inappropriate vesicle fusion with the ER. These sequential
interactions are required for both ER-Golgi transport and autophagy (Lord et al., 2011;
Wang et al., 2015). However, epistasis studies suggested Hrr25 may have an
additional role in autophagy, upstream of COPII vesicle delivery to the PAS (Wang et
al., 2015). Specifically, it was shown that while COPII coated structures accumulate
at the PAS when autophagy is blocked in cells deleted for the key autophagy kinase
Atgl, they failed to accumulate in the Arr25-5 mutant or in an hrr25-5atgIA double
mutant (Wang et al., 2015). Moreover, Sec24 T328 fits the CK1 consensus motif
(pS/pT-X-X-S/T) (Knippschild et al., 2005) (Figure 3.2; A) making Hrr25 a likely
kinase for phosphorylating this residue.

We also examined two additional kinases as potential candidates for Sec24
phosphorylation: Atgl and Nnkl. Atgl is a serine/threonine kinase that is part of the
initiating complex that helps assemble the PAS and recruits downstream Atg proteins
(Nakatogawa et al., 2009). Atgl is the central kinase involved in autophagosome

formation and its kinase activity is activated upon autophagy induction (Kamada et al.,



74

2000). Although Atgl displays a strong preference for serines over threonines, it also
prefers hydrophobic residues at the N-3 position, which fits Sec24 T325 (Papinski et
al., 2014) (Figure 3.2; A). Additionally, the mammalian homologue of Atgl, Ulkl,
was recently shown to phosphorylate Sec16, which regulates COPII vesicle assembly
at ER exit sites (Joo et al., 2016), indicating there could be a connection between Atgl
and the COPII coat.

Nnkl is a poorly characterized kinase, which was initially identified in a high
throughput screen as interacting with the TOR network, an upstream negative
regulator of autophagy (Breitkreutz et al., 2010). Additionally, mass spectrometry
screens identified Nnk1 as physically interacting with COPII coat subunits
(Breitkreutz et al., 2010). Direct interaction of Nnk1 with Sec23 and Sec24 was
verified in our lab through in vitro bindings (data not shown). Thus we sought to

determine whether Nnk1 works with Hrr25 to regulate autophagy.

3.3 Results

3.3.1 Hrr25 regulates autophagy in part through the Sec24-Atg9 interaction

To begin to address whether Hrr25 is involved in phosphorylating the Sec24
membrane distal sites we began by identifying Hrr25 in vitro phosphorylation sites on
Sec24. GST-Sec24 was purified from bacteria and phosphorylated in vitro with Hise-
Hrr25 (aal-394). A truncated Hrr25 construct was used as it removes a c-terminal
inhibitory domain increasing Hrr25 kinase activity. We performed two independent
rounds of mass spectrometry with different digestion enzymes in order to increase the

sequence coverage of Sec24. This analysis identified 11 high confidence Hrr25
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phosphorylation sites on Sec24, four of which were also picked up with high
confidence in vivo (Table 3.1). Interestingly, Sec24 T328 was identified as a lower
confidence in vitro site.

If Hrr25 phosphorylates the Sec24 membrane distal sites in vivo, we predicted
that an Arr25 mutant would have a similar autophagy phenotype as Sec24-3A.
Autophagosome formation was previously analyzed by SIM in Arr25-5 and hrr25-5
showed a defect in autophagosome number (Wang et al., 2015). To confirm these
findings transmission electron microscopy was performed on Arr25-5 in a pep4A
background after 90 min of starvation at 37°C. Similar to Sec24-3A, hrr25-5 caused a
reduction in autophagic body number but not size (Figure 3.1; A, B, C).

We previously showed that phosphorylation of the Sec24 membrane distal
surface modulates the interaction of Sec24 with Atg9, a key regulator of
autophagosome formation. Therefore, we next sought to determine if Hrr25 is
required for the Sec24-Atg9 interaction. Consistent with a role for Hrr25 in
phosphorylating the Sec24 membrane distal patch, less Atg9 co-immunoprecipitated
with Sec24 from an Arr25-5 mutant lysate (Figure 3.2; B). To determine if Hrr25
regulates the Sec24-Atg9 interaction via Sec24 phosphorylation, we asked whether the
Sec24 phosphomimetic mutations could rescue the Sec24-Atg9 interaction defect in
hrr25-5. Sec24 T325/T328 was chosen for this analysis as it contained T328, which is
phosphorylated by Hrr25. WT Sec24, Sec24 T325A/T328A or Sec24 T325E/T328E
was ectopically expressed in 4rr25-5 containing Atg9-13myc and Sec24 was
immunoprecipitated. Sec24 T325E/T328E partially rescued the Sec24-Atg9

interaction in Arr25-5, whereas Sec24 T325A/T328A did not (Figure 3.2; C). To
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determine if this improved Sec24-Atg9 interaction alleviates the autophagy defect in
hrr25-5, GFP-Atg8 vacuolar localization was examined after 2 h starvation at 37°C in
hrr25-5 cells expressing WT Sec24, Sec24 T325A/T328A or Sec24 T325E/T328E.
Consistent with Hrr25 phosphorylating the Sec24 membrane distal sites, Sec24
T325E/T328E partially rescued the GFP-Atg8 translocation defect in Arr25-5 while
Sec24 T325A/T328A did not (Figure 3.3; A). To confirm the fluorescence results,
GFP-Atg8 cleavage was also examined. Sec24 T325E/T328E almost fully rescued the
GFP cleavage defect in hrr25-5, while Sec24 T325A/T328A had no effect (Figure 3.3;
B). Therefore, even though Hrr25 may have additional roles in autophagy,
phosphorylation of Sec24 is a primary function of this kinase during starvation.
3.3.2 Hrr25 regulates Lstl phosphorylation during starvation

We next wanted to determine if Hrr25 phosphorylates the COPII coat during
starvation. For technical reasons, we have been unable to address if the Sec24
membrane distal sites are phosphorylated as a consequence of inducing autophagy. As
a result we looked at another cargo adaptor of the COPII coat, Lst1, that is a known
Hrr25 substrate whose phosphorylation can be monitored by a gel mobility shift
(Bhandari et al., 2013). This gel shift assay enabled us to ask if Hrr25 phosphorylates
a COPII coat subunit during starvation. For this analysis we used W303 strains, since
the shift in Lst1 is most dramatic in this strain background. Furthermore, while Hrr25
is essential in most strain backgrounds, it is not essential in W303 strains, allowing us
to test a null mutant (DeMaggio et al., 1992). After nitrogen starvation, the mobility
of Lstl decreased (Figure 3.4; A). The higher molecular weight form (lane 3) was

abolished when immunoprecipitated Lst]l was treatment with calf intestinal
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phosphatase (CIP), in the absence (lane 4) but not presence (lane 5) of EDTA,
demonstrating this mobility shift is a consequence of phosphorylation. The starvation-
dependent Lst1 mobility shift was not seen in the A7725A mutant (Figure 3.4; B),
indicating that Hrr25 is required for phosphorylation of Lstl during starvation.
Although Lstl is not essential for autophagy (data not shown), these findings
demonstrate that Hrr25 substrates can be more phosphorylated as a consequence of
autophagy induction.

We next asked whether Hrr25 is regulated during starvation. Hrr25 expression
levels were assayed after a time course of nitrogen starvation and were found to be
unaffected (Figure 3.5; A). Next, Hrr25 kinase activity was assayed by
immunoprecipitating Hrr25-HA from cells grown in nutrient rich media or starved for
nitrogen and myelin basic protein (MBP) was phosphorylated in vitro. The kinase
activity of Hrr25 was also unaffected by starvation (Figure 3.5; B). These findings
indicate that Hrr25 is not directly regulated during autophagy. Alternatively, Hrr25
may act with one or more kinases that are regulated during starvation. Given that CK1
kinases prefer prephosporylated substrates at the N-3 position (Knippschild et al.,
2005) (Figure 3.2; A), it is likely another kinase phosphorylates the coat in response to
autophagy induction, making COPII cargo adaptors more effective substrates for

Hrr25.

3.3.2 Atgl does not interact with Sec23/Sec24
Atgl is an essential kinase for autophagosome formation, whose substrates are

only recently being identified. To test if Atgl directly regulates the COPII coat we
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first tested whether Atgl interacts with Sec23/Sec24 in vitro. Sec23/Sec24-Hiss was
purified from yeast and tested for binding in vitro with bacterially purified GST-Atgl
(aal-500) and GST-Atgl (aa501-end). GST-Sec31 (aa878-1114), a fragment of the
outer coat that interacts with Sec23/Sec24, was used as a positive control and GST as
a negative control (Bi et al., 2007). Neither the N-terminal kinase domain nor the C-
terminal domain of Atgl bound to Sec23/Sec24, suggesting Atgl does not directly
interact with Sec23/Sec24 (Figure 3.6; A).

We next looked to see if Atgl regulates COPII coat phosphorylation in vivo.
The phosphorylation of Lst] was monitored in an Atgl kinase dead mutant, atg/
D2114, after nutrient rich or starvation conditions. Lstl phosphorylation was not
reduced in atgl D2114 and actually tended to be more phosphorylated in this mutant
(Figure 3.6; B). These findings support the idea that Atgl is not required for

phosphorylation of the COPII coat during starvation.

3.3.3 Nnkl is not required for autophagy

Because Nnkl is connected to the TOR network (Breitkreutz et al., 2010) and
it directly interacts with the COPII coat we asked whether Nnk1 works with Hrr25
during autophagy. To test this hypothesis we monitored autophagy in an nnkIA
mutant. The translocation of GFP-Atg8 to the vacuole during starvation was not
affected by nnkIA (Figure 3.7; B) nor was pho8A60 activity (data not shown). To
determine whether Nnk1 has a synthetic interaction with Hrr25, Nnk1 was deleted in

the Arr25-5 mutant. Deletion of Nnk1 in Arr25-5 did not affect the growth of Arr25-5



or the translocation of GFP-Atg8 to the vacuole (Figure 3.7; A, B). These results

demonstrate that Nnk1 does not work with Hrr25 during autophagy.
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Figure 3.1. Autophagic body number is reduced in /irr25-5.

A Representative images of autophagic bodies in pep4A (left) or hrr25-5pep4A (right)
after 1.5 h of nitrogen starvation at 37°C. Scale bar represents 500 nm. B Histogram
showing the distribution of the number of autophagic bodies per cell section in WT
and hrr25-5. The number of autophagic bodies was quantitated for 100 cell sections
for each strain (left). p-value = 0.0016; Mann-Whitney Test. Box plot of the number
of autophagic bodies per cell section. Bars show data between the lower and upper
quartiles, the median is a horizontal line within the box. Whiskers indicate the smallest
and largest observations (right). C The diameter of autophagic bodies was
determined. For WT N = 396, for hrr25-5 N = 254. Averages with error bars as s.d.
are shown.
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Figure 3.2. Hrr25 is required for the Sec24-Atg9 interaction.

A Alignment of the region surrounding T324/T325/T328 (shown in red) with Sec24
homologues. B Sec24 was immunoprecipitated from WT or Arr25-5 lysates
expressing Atg9-13myc (left). Precipitated Atg9-13myc was quantitated and
normalized to the amount of Sec24 in the precipitate (right). WT was set as 1 for each
experiment. Averages and s.e.m. are shown for 5 biological replicates. C Same as B
except Sec24 was immunoprecipitated from WT or hrr25-5 cells expressing WT
Sec24 or Sec24 T325/T328 mutants. Averages and s.e.m. are shown for 3 biological
replicates. *P < 0.05; ***P < 0.001, Student’s unpaired t-test.
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Figure 3.3. Sec24 T325E/T328E partially rescues the autophagy defect in hrr25-
5.

A Vacuolar localization of GFP-Atg8 was examined 2 h after nitrogen starvation at
37°C in WT or hrr25-5 cells expressing either WT Sec24 or Sec24 T325/T328
mutants. Scale bar, 2 um (left). Over 300 cells were quantitated from 3 biological
replicates. WT was set as 100%. Averages and s.e.m. are shown. B Cleavage of GFP-
Atg8 in hrr25-5 cells expressing WT Sec24 or Sec24 T325/T328 mutants was
examined after 2 h nitrogen starvation at 37°C. The ratio of GFP to GFP-Atg8 was
quantitated from 3 biological replicates. Cleavage in WT was set to 1 for each
experiment. Averages and s.e.m. are shown. *P < 0.05; **P < 0.01; Student’s
unpaired t-test.
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Figure 3.4. Hrr25 is required for phosphorylation of Lstl during starvation.
A Lstl was immunoprecipitated from lysates prepared from WT cells grown in
nutrient rich media (SMD) (lane 1) or starved for nitrogen (SD-N) for 4 h

(lanes 2-5). The precipitates were untreated (lanes 1-3), treated with CIP (lane 4) or
CIP and EDTA (lane 5). B Lstl was immunoprecipitated from lysates prepared
from hrr254 cells grown in nutrient rich (lane 1) or starved for nitrogen for 4 h
(lane 2).
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Figure 3.5. Hrr25 is not regulated during starvation.

A Lysates were prepared from WT cells starved for nitrogen for the indicated time
periods by incubating 2.5 ODeoo units of cells with 200 pl 0.1 M NaOH for 5 min at
room temperature. The precipitate was pelleted and heated in sample buffer for 5 min
at 95°C. Lysates were immunoblotted with anti-Hrr25 (top) and anti-Bos1 (bottom)
antibodies. The SNARE Bos1 was used as a loading control. B Hrr25-HA was
immunoprecipitated from cells grown in nutrient rich media (SMD) or starved for
nitrogen (SD-N) for 1 h at 25°C. The kinase activity of Hrr25 was assayed in vitro
using myelin basic protein (MBP) as a substrate as described in the Materials and
Methods. Asterisk denotes contaminate band from HA resin. Hrr25 activity was
quantitated and normalized to amount of Hrr25-HA in the precipitate (right). SMD
was set to 1 for each experiment. Averages and s.e.m. are shown for 4 biological
replicates.
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Figure 3.6. Atgl does not interact with the COPII coat.

A Equimolar amounts (200nM) of GST, GST-Sec31 (aa878-1114) or GST-Atgl
fragments were incubated with 50 or 100 nM Sec23/Sec24-Hises. B Lstl was
immunoprecipitated from lysates prepared from atg/ d211a cells grown in nutrient
rich media (SMD) (lane 1) or starved for nitrogen (SD-N) for 4 h (lanes 2).
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Figure 3.7. Nnkl is not required for autophagy.

A Nnkl was deleted in the 4rr25-5 mutant and growth was tested on a YPD plate at
the indicated temperatures. Two nnkIAhrr25-5 transformants are shown. B The
translocation of GFP-Atg8 to the vacuole was examined after 1 h nitrogen starvation at
37°C (left). Scale bar 2uM. The vacuolar localization of GFP-Atg8 was quantitated in
over 300 cells from 3-4 biological replicates (right). WT was set as 100% for each
experiment. Averages and s.e.m. are shown. **P < 0.01, ***P <(0.001; Student’s
unpaired t-test.
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Figure 3.8. A model for Hrr2S during autophagy.

During autophagy Hrr25 regulates autophagosome number through phosphorylation of
the Sec24 membrane distal sites. This phosphorylation event promotes the interaction
between Sec24 and Atg9 and is required for autophagy.



Table 3.1. In vitro Hrr25 phosphorylation sites on Sec24.

Sec24 Residue Confidence* In vivo site Round’
T77 High No 2
T78 High No 2
S79 High No 2

S125 High No 2
T145 High Yes 2
T155 Low Yes 2
S172 Medium Yes 2
S175 Medium No 2
S193 High No 2
S184 High No 1
S319 Low Yes 1
T328 Low Yes 1
S463 Low Yes 1
S469 High Yes 1
S549 High Yes 1
S563 High No 1
S678 High Yes 2
S693 Low Yes 1

*High confidence > 75%, Medium 30-75%, Low <30%
TFirst round trypsin digest, second round pepsin digest
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3.4  Discussion

Phosphorylation of the Sec24 membrane distal surface is regulated at least in
part by Hrr25. Previous studies suggested Hrr25 may function upstream of COPII
vesicle delivery to the PAS (Wang et al., 2015), but how Hrr25 acts as a positive
regulator of autophagy was unclear. Here we have shown that Hrr25 functions in
autophagy largely by enhancing the Sec24-Atg9 interaction through the Sec24
membrane distal patch. A model depicting the role of Hrr25 in regulating COPII

vesicle traffic during autophagy is in Figure 3.8.

For technical reasons, we have been unable to address if the Sec24 membrane
distal sites are phosphorylated as a consequence of inducing autophagy. However,
given that the membrane distal Sec24 phosphosites are only required for
autophagosome formation during starvation-induced autophagy and that the Sec24-
Atg9 interaction is enhanced during autophagy (see Chapter 2), it seems likely that
these sites are more phosphorylated when autophagy is induced. Additionally, another
Hrr25 substrate that is part of the COPII coat, Lst1, is more phosphorylated during
starvation and Hrr25 is required for this starvation specific phosphorylation. This
result is consistent with recent findings that two other Hrr25 substrates that are
receptors for different types of selective autophagy, Atgl9 and Atg34, are also more
phosphorylated during starvation in an Hrr25 dependent manner (Mochida et al., 2014;
Tanaka et al., 2014). Together these findings highlight the growing importance of an
Hrr25 mediated signaling pathway that is upregulated during starvation. However,

given that Hrr25 is not directly regulated during starvation the mechanism through
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which this pathway is regulated is not clear. One likely possibility is that Hrr25 may
be acting with another kinase, which is activated during autophagy. This second
kinase could phosphorylate the COPII coat during starvation, creating new

phosphorylation sites for Hrr25.

Hrr25 is part of the casein kinase 1 (CK1) family. In yeast there are three other
members of this family, Yckl1, Yck2 and Yck3 (Wang et al., 1996). Yck1/2 is a pair
of essential kinases that are involved in glucose sensing, endocytosis and secretion
(Reddi and Culotta, 2013; Stalder and Novick, 2016; Wang et al., 1996). Yck3 may
share some redundancy with Hrr25 and functions in both vacuole fusion and vesicle
trafficking of AP-3 vesicles (Anand et al., 2009; LaGrassa and Ungermann, 2005;
Wang et al., 1996). It is currently unknown whether these other CK1 kinases are
involved in autophagy. Given the general role of this kinase family in membrane
trafficking and that multiple mass-spectrometry screens have picked up interactions
between these kinases with various Atgs (Breitkreutz et al., 2010; Graef et al., 2013;
Ptacek et al., 2005) it is likely that these other family members also act in autophagy.
Experiments to dissect the role of this kinase family in autophagy are discussed in

Chapter 5.

Atgl does not appear to be required for COPII coat phosphorylation as it does
not directly interact with Sec23/Sec24 in vitro and it did not affect the phosphorylation
of Lstl in vivo. Interestingly, Atg9 is phosphorylated by Atgl and potentially other
kinases (Feng et al., 2016; Papinski et al., 2014). Atgl was reported to predominately

phosphorylate the C-terminus of Atg9 and this phosphorylation regulates the
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recruitment of Atgl8, which helps recycle Atg9 from the PAS (Papinski et al., 2014).
Whether Atg9 phosphorylation regulates its interaction with the COPII coat remains to
be determined. Additionally, a recent report has linked Ulk1l (Atgl in mammals) to
ER-to-Golgi trafficking in mammalian cells. Specifically, Ulk1/2 was found to
phosphorylate Sec16, which affected ERES assembly and trafficking of a subset of
cargo through regulating the interaction of Sec16 with mSec24C (Joo et al., 2016).
Future work will be needed to determine if this is a conserved function of the Ulk

family.

These findings begin to unravel the signal that regulates the function of COPII
vesicles during autophagy. Hrr25 plays a central role in phosphorylating the Sec24
membrane distal surface, which enhances the interaction of the COPII coat with Atg9.
This interaction between Sec24 and Atg9 is required for autophagy. These results raise
the possibility that a novel Hrr25 mediated signaling pathway coordinates membrane
trafficking machinery during starvation. Future studies will be needed to understand

the upstream signaling factors and whether other CK1 family members are involved.

3.5 Materials and Methods

3.5.1 Purification of GST fusion proteins

For purification of GST fusions, BL21(DE3) cells were grown overnight to
stationary phase in LB-Amp. 50-100 ODsoo units of stationary cells were diluted in
500mL to 1L of LB-Amp and grown for 2 h at 37 °C. The temperature was then
shifted to 18°C for 30 min before adding isopropyl B-D-1-thiogalactopyranoside to a

final concentration of 0.5 mM to induce protein expression overnight. Cells were
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subsequently spun down and resuspended in 25 mL of cold PBS with ImM DTT and
protease inhibitors. Cells were sonicated for 2 min total at 50% amplitude with 15 sec
on/off pulses. Triton X-100 was added to a final concentration of 1% and incubated
on ice for 15 min. Lysates were cleared by a 15 min centrifugation at 15,000 rpm in a
Sorvell SS-34 rotor at 4°C. The cleared lysate was incubated with 1 mL of 50%
glutathione sepharose beads (GE) for 1 h at 4°C with rotation. The beads were
washed with 25 mL PBS, transferred to a fresh tube and washed 3x with 5 mL PBS.
The beads were run on an SDS-PAGE gel and stained with coomassie along with a
BSA standard to estimate protein concentration. The beads were stored at 4°C for up

to 5 days.

3.5.2 Purification of Hise-Hrr25 (aal-394)

Rosetta(DE3) cells were transformed with a vector expressing a 1-394 amino
acid truncated form of Hiss-tagged Hrr25 (gift from Kevin Corbett, UCSD).
Transformed cells were grown overnight in 50 mL LB-Amp at 37 °C to a stationary
phase. 100 ODeoo units of stationary cells were diluted in 1 L of LB-Amp and grown
for 2 hr at 37 °C. The temperature was then shifted to 18 °C for 30 min before adding
isopropyl B-D-1-thiogalactopyranoside to a final concentration of 0.5 mM to induce
protein expression overnight. The cells were collected by centrifugation of 10 min at
5000 rpm at 4°C and re-suspended in cold 25 ml sonication buffer (20 mM Tris pH
8.0, 300 mM NaCl, 10 mM imidazole, 10% glycerol, 0.1% 2-mercaptoethanol) along
with 2 mM phenylmethylsulfonyl fluoride and 1x protease inhibitors (Roche). The

cells were then sonicated a total of 2 min with a 15 sec on/off cycle on ice and
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centrifuged at 34500 rcf in a Sorvall SS-34 rotor for 30 min at 4°C. The supernatant
was moved to a new tube and incubated with 1 ml of Ni-NTA agarose for 1 hr at 4°C
with rotation. The lysate-agarose mixture was loaded onto an econo column and
washed with 50 ml of sonication buffer. The Ni-NTA agarose was then washed with
25 ml of wash buffer (20 mM Tris pH 8.0, 300 mM NaCl, 45 mM imidazole, 10%
glycerol, 0.1% 2-mercaptoethanol). The agarose was washed 5x with 1 ml elution
buffer (20 mM Tris pH 8.0, 80 mM NaCl, 300 mM imidazole, 10% glycerol, 0.1% 2-
mercaptoethanol) to elute protein from the Ni-NTA agarose. The elute was buffer
exchanged 3 times with 20 mM HEPES pH 7.4 and 30% glycerol and concentrated to

a final volume of 150 pl.

3.5.3 In vitro kinase reaction

For pepsin digestion, GST-Sec24 was purified as described in Section 3.5.1
from bacteria. GST-Sec24 was then eluted from the glutathione sepharose prior to the
in vitro kinase reaction, by incubating the glutathione sepharose with 50 mM Tris pH
8.0, 10 mM glutathione. GST-Sec24 was then buffer exchanged into 1x PBS. 5 ug of
GST-Sec24 was incubated with 125 ng of Hise-Hrr25 (aal-394) for 1 h at 30°C in

kinase buffer (20 mM Tris pH 7.4, 8 mM EDTA, 10 mM MgCl,).

3.5.4 Electron Microscopy

Cells were grown overnight in YPD to an ODsoo of 1.0 and shifted to SD-N for
1.5 hat 37°C. 30 ODeoo units of cells were pelleted, resuspended in 1 mL of 1.5%
KMnO4 and incubated for 30 min at 4°C with nutation. Cells were then pelleted and

resuspended in 1 mL of 1.5% KMnOj4 and incubated overnight at 4°C with nutation.
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Samples were dehydrated in ethanol, embedded in Durcupan epoxy resin (Sigma-
Aldrich) and sectioned at 60 nm on a Leica UCT ultramicrotome. Sections were
picked up on Formvar and carbon-coated copper grids and stained with 2% uranyl
acetate for 5 min and Sato's lead stain for I min. Grids were viewed using a Tecnai
G2 Spirit BioTWIN transmission electron microscope equipped with an Eagle 4k HS
digital camera (FEI, Hilsboro, OR). Autophagic body number and size were
determined with Adobe Photoshop and Image J software as described previously

(Backues et al., 2013).

3.5.5 Sec24-Atg9 Co-immunoprecipitation in hrr25-5

Cells were grown overnight to early log phase. For the Arr25-5 mutant, cells
were shifted to SD-N for 2 h at 37°C. 100 ODeoo units of cells were pelleted,
resuspended in 2 ml of spheroplasting buffer (1.4 M sorbitol, 100 mM sodium
phosphate pH 7.5, 0.35% b-mercaptoethanol and 0.5 mg/ml zymolyase) and incubated
for 30 min at 37°C. Spheroplasts were loaded on top of a 5 ml sorbitol cushion (1.7 M
sorbitol, 100 mM HEPES pH 7.2) and spun for 5 min at 3,000 rpm. Cells were lysed
in 1 ml of lysis buffer II (20 mM Hepes pH 7.4, 150 mM NaCl, excess protease
inhibitors — combination of Roche and Sigma inhibitors, phosphatase inhibitors
(Sigma)) with a dounce homogenizer on ice. Cell debris was cleared by a 10 min spin
at 500 xg. When cross-linking was performed, lysates were incubated on ice with 100
mM dithiobis (succinimidyl propionate) for 30 min. To quench excess crosslinker,
100 mM Tris pH 7.6 was added and incubated for 15 min on ice. Triton X-100 was

added to a final concentration of 1% and incubated on ice for 30 min followed by a 15
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min spin at 15,000xg. The lysates were incubated with 50 ul of 50% protein A-
sepharose for 20 min at 4°C with rotation to pre-clear the lysates and reduce
background. To immunoprecipitate Sec24, 2 mg of lysate was incubated with 10 pl of
Sec24 antibody (rabbit polyclonal prepared against GST-Sec24) or 10 pl of pre-
immune serum for 2 h at 4°C with rotation. 40 pl of 50% protein A-sepharose was
added and incubated for 45 min at 4°C with rotation. The beads were then washed 5
times with 1 ml of lysis buffer with 1% Triton X-100 and heated in 40 pl of 3x sample

buffer for 5 min at 95°C.

3.5.6 Fluorescence Microscopy

For GFP-Atg8 vacuole localization, cells were grown at 25°C overnight in SC
media to early log phase, ODgoo between 0.6 and 1.0. Cells were washed and
resuspended in SD-N and incubated for 1-2 h at 37°C. Cells were then visualized at
25°C with a Zeiss Axio Imager Z1 fluorescence microscope using a 100 x 1.3 NA oil-
immersion objective. Images were captured with a Zeiss AxioCam MRm digital

camera and analyzed with AxioVision software.

3.5.7 Immunoprecipitation and CIP treatment of Lst1

Cells grown overnight in YPD to early log phase were collected by
centrifugation, washed and resuspended in either SD-N or SC media for 4 h at 30°C.
Subsequent to this incubation, the cells were collected by centrifugation, washed with
20 mM Tris pH 7.4, resuspended in 2 ml of spheroplasting buffer and incubated for 30
min at 37°C. Spheroplasts were pelleted through a 5 ml sorbitol cushion, resuspended

in 1 ml of IP buffer (50 mM Tris pH 8.0, 100 mM NaCl, 10 mM MgCl,, 0.5% Triton
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X-100, 1 mM DTT, 1 mM PMSF, 2x phosphatase (Sigma) and 10x protease inhibitors
(Roche)) and lysed with a dounce homogenizer on ice using 70-80 strokes. Insoluble
material was removed by centrifugation at 13,000 rpm for 15 min. 4 mg of cleared
lysate was incubated with 10 pl of anti-Lst1 antibody (rabbit antiserum prepared
against GST-Lstl) for 1 h at 4°C with rotation. 40 ul of 50 % Protein-A beads were
added and incubated for 1 h at 4°C before the samples were washed 3 times with IP
buffer. For the CIP assays, the Protein-A beads were washed three times with CIP
buffer (New England BioLabs) that contained excess protease inhibitor cocktail
(Roche and Sigma cocktails) before the beads were resuspended in 100 pl of CIP
buffer with CIP (0.5 U/pul), or with CIP plus 50 mM EDTA and incubated at 37°C for
20 min. The samples were heated in 3x sample buffer at 100°C for 5 min and

analyzed on a 6% SDS-PAGE gel by Western blotting.

3.5.8 NaOH lysis

For detecting Hrr25 levels after starvation, cells were grown overnight in YPD
to early log phase, ODso0 0.6-0.8, then washed and shifted to SD-N medium and grown
for the indicated time at 25°C. At the time point 2.5 ODeoo units of cells were
removed, spun down and resuspended in 100 pl of ddH20. 100 pl of 0.2 M NaOH
was added and samples were mixed by tapping. Samples were incubated for 5 min at
room temperature, spun down and the pellet was resuspended in 50 pl of 3x sample
buffer and boiled at 95°C for 5 min.

For GFP-Atg8 cleavage cells were grown overnight in SC media to early log

phase, ODeoo 0.6-0.8, then washed and shifted to SD-N medium for 2 h at 37°C. Cells
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were then lysed as described above.

3.5.9 Hrr25 kinase assay

Cells expressing Hrr25-HA were grown overnight in SC-Ura to early log
phase, ODgoo 0.6-0.8, then washed and shifted to SD-N medium for 1 h at 25°C to
induce autophagy. The cells were harvested by centrifugation, washed with 20 mM
Tris pH 7.4, resuspended in 5 ml of spheroplasting buffer and incubated at 37°C for 30
min. Spheroplasts were pelleted through a 10 ml sorbitol cushion, resuspended in 5
ml of lysis buffer (50 mM Tris-HCI pH 7.4, 100 mM NaCl, 5 mM EDTA, 1 mM
PMSF, 1% Triton X-100, 2X protease inhibitor mixture (Roche)) and lysed with a
dounce homogenizer on ice. Lysates were then cleared by a 15 min centrifugation at
14,000 rpm. To immunoprecipitate Hrr25-HA, lysates were incubated with 20 ul anti-
HA resin (Sigma) for 2 h at 4°C with rotation. The beads were washed 3 times with
lysis buffer and 2 times with kinase buffer (50 mM HEPES pH 7.4, 5 mM MgCl,
0.2% NP-40 and 1 mM DTT). The kinase activity of immunopurified Hrr25-HA was
assayed in a 50 pl reaction volume using 1 pg of myelin basic protein (MBP) as

substrate as described before (Wang et al., 2013).

3.5.10 Purification of Sec23/Sec24-Hise from yeast

For purification of the inner COPII coat, yeast cells were transformed with
GALI1-Sec23 and GAL1-Sec24-Hiss constructs. Cells were grown to stationary phase
in SC-Leu-Ura media with 0.1% glucose and 5% glycerol (SGG media). 6 L of SGG

media was inoculated at a starting ODgoo of 0.008 and incubated overnight at 30°C.
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Cells were induced at an ODgoo of 0.6-0.9 with 0.2% galactose and grown for 5 h at

30°C. Cells were pelleted, washed with ddH>O and the pellet was frozen at -80°C.

The pellet was thawed on ice and stock solutions were added to give the
following final concentrations 0.75 M KOAc, 50 mM HEPES pH 7.0, 10% glycerol,
0.1 mM EGTA, 2 mM DTT, 2 mM PMSF, 2x PIC cocktail (Roche). Cells were lysed
in a chilled bead beater with 6 x 1 min bursts with 2 min rest on ice in between each
burst. The lysate was cleared with a 20,000 rpm spin in a SS-34 rotor for 30 min at
4°C. The supernatant was then incubated with 1 mL packed Ni-NTA resin for 1 h at
4°C. The resin was spun down and loaded onto an econo-column. The resin was
washed with 25 mL of B-II buffer (50 mM HEPES pH 6.8, 0.75 M KOAc, 0.1 mM
EGTA, 50 mM Imidazole, 10% glycerol) and 25 mL B-III buffer (50 mM HEPES pH
7.0, 0.1 mM EGTA, 0.25M sorbitol, 50 mM Imidazole, 10% glycerol). Sec23/Sec24-

Hise was eluted off the resin with 3 mL of B-III buffer with 200 mM Imidazole.

The Ni-NTA elute was diluted with 6 mL dilution buffer (50 mM HEPES pH
7.0, 0.1 mM EGTA, 10% glycerol) then loaded onto a I mL DEAE column (GE
Healthcare). The column was washed with 5 mL of dilution buffer and 10 mL of wash
buffer (50 mM HEPES pH 7.0, 0.25 M KOAc, 0.1 mM EGTA, 50 mM Imidazole,
10% glycerol). Sec23/Sec24-Hise was eluted off the column with increasing amounts
of KOACc in wash buffer (0.5 M, 0.6 M, 0.7 M, 0.8 M). 0.5 ml fractions were
collected. The column was cleared with 1 M NaCl in wash buffer. The protein
concentration of Sec23/Sec24-Hiss in the eluted fractions was determined on a

coomassie gel with a BSA standard.
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3.5.11 In vitro bindings with Sec23/Sec24-Hise

Equimolar amounts (0.2 uM) of immobilized GST fusion proteins were
incubated with increasing amounts of purified Sec23/Sec24-Hiss from yeast in binding
buffer (25 mM HEPES pH 7.2, 150 mM NaCl, 1% Triton X-100, 1 mM MgCl;, 1 mM
DTT, protease inhibitors) for 4 h at 4°C with rotation. Beads were washed 4x with 1
mL binding buffer and eluted in 50 pL of sample buffer by heating for 5 min at

100°C.
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CHAPTER 4

Identification of Usol interacting domains

4.1 Summary

Usol is a long coiled-coil tether previously shown to be an effector of the
GTPase Yptl and is required for COPII vesicle tethering at the Golgi. Which domain
of Usol interacts with Yptl was unknown. Additionally, what factors connect Usol
to the cis-Golgi in order to link COPII vesicles to their acceptor compartment was
unclear. In this Chapter we used an in vitro binding approach to identify the regions
of Usol that interact with Yptl and ER-Golgi SNAREs. This approach demonstrated
that a conserved region in the N-terminal globular head of Usol interacts with Yptl.
Additionally, Usol contains a region in its second coiled-coil domain (CC2), which
interacts with the t-SNARE Sed5. CC2 is essential for Usol function as truncating
this region affected growth and Uso1 localization. These findings shed light on the

mechanism of Usol tethering, which is well conserved in mammalian cells.

4.2 Introduction

On the secretory pathway, COPII coated vesicles transport cargo from the ER
to the Golgi (Lord et al., 2013). After vesicle budding a multimeric guanine
nucleotide exchange factor (GEF), TRAPPI, binds the Sec23 subunit of the COPII
coat and activates the GTPase Yptl (Cai et al., 2007). GTPases function as molecular
switches that cycle between an active GTP-bound state and an inactive GDP-bound

state (Hutagalung and Novick, 2011). Activated Yptl recruits effector proteins,

100
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which regulate COPII vesicle tethering and fusion. One of these effectors is the long
coiled-coil tether Usol, which was previously shown to be required for COPII vesicle
tethering at the cis-Golgi (Cao et al., 1998), but the precise mechanism of Usol
tethering and how it is regulated is less clear. After the vesicle has been tethered to
the Golgi, pairing of a v-SNARE on the vesicle with a t-SNARE complex at the target

membrane catalyzes membrane fusion (Jahn and Scheller, 2006).

Usol has a homologue in mammalian cells, p115, which has been studied
more extensively. pl15 is an effector of the mammalian homologue of Yptl, Rabl
(Allan et al., 2000), and it regulates trafficking from the ER to the ER Golgi
intermediate compartment (ERGIC) as well as intra-Golgi transport (Alvarez et al.,
1999; Nakamura et al., 1997). Separate groups have reported different Rab1 binding
domains in p115, in the N-terminal globular head and the first coiled-coil domain (An
et al., 2009; Beard et al., 2005). Additionally, p115 interacts with the t-SNARE
syntaxin-5 and v-SNARE Gos28, potentially catalyzing SNARE complex formation
(Shorter et al., 2002). Whether these interactions are conserved in other eukaryotes is

unknown.

Rabs contain two switch regions, which undergo conformational changes
depending upon the nucleotide binding state (Hutagalung and Novick, 2011). A
chimera protein that replaces the switch 1 (SW1) domain of Yptl with the SW1
domain of Sec4, involved in the delivery of secretory vesicles to the plasma
membrane, has been used to study the activation mechanism of these two Rabs

(Brennwald and Novick, 1993). This chimera, Ypt1-SW 15 can be activated by the



102

GEF of Sec4, Sec2 (Dong et al., 2007) and is recruited to Golgi derived secretory
vesicles (data not shown). Interestingly, it was recently determined that Ypt1-SW 15
causes the inappropriate recruitment of Usol to sites of polarized cell growth, leading
to some trafficking defects and toxicity upon overexpression (data not shown).
Therefore, a more detailed analysis of the interacting domains of Usol would provide

1 Sec4

insights into the mechanism of Ypt1-SW as well as a better understanding of

COPII vesicle tethering.
4.3 Results

4.3.1 Usol interacts with Yptl through its head domain

In order to better understand the mechanism of Usol tethering and the
trafficking defects associated with Ypt1-SW 15 we aimed to identify the Yptl
binding site on Usol. Usol contains a conserved N-terminal globular head domain,
four coiled-coil domains, followed by a short C-terminal acidic domain (Figure 4.1;
A). The N-terminus of Usol (aal-726) was fused to GST, purified from bacteria and
tested for binding in vitro with Yptl-Hiss. Usol (aal-726) bound to Yptl-Hiss, as did
a smaller N-terminal fragment (aal-246), which contains only the Usol globular head
domain (Figure 4.1; B, C). A fragment of Usol containing the first and second coiled-
coil domains (CC1 and CC2) did not bind (Figure 4.1; C). These findings demonstrate
that Usol is able to directly interact with Yptl through a conserved binding site in the

N-terminal globular head domain.
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4.3.2 Usol CC2 interacts with the SNARE SedS5

SNARE complex assembly is achieved through short 60-70 amino acid
domains, called SNARE-motifs (Weimbs et al., 1997). p115 has been shown to
interact with SNARESs, through a SNARE-like motif (Shorter et al., 2002; Weimbs et
al., 1997). This interaction helps link the vesicle with fusion machinery at the target
membrane and potentially catalyzes SNARE complex assembly (Shorter et al., 2002).
However, as the coiled-coil domains of p115 and Usol are not well conserved, it is
unknown whether Usol also contains a SNARE interacting domain. To find a
potential SNARE binding domain, we aligned Usol CC1-CC4 with SNARE motifs
from members of the t-SNARE family and found a region in CC2, aal019-1076, that
possesses weak sequence homology (37% similarity) to a t-SNARE motif (Figure 4.2;
A). Similar to the domain identified in p115, this SNARE-like motif lacks the highly
conserved arginine or glutamine residue required to be a bonafide member of the
SNARE family. To determine whether this region is required to interact with
SNARESs, a fragment containing Usol CC1-CC2 was used in in vitro bindings with
the ER-Golgi SNARES. The t-SNARE Sed5 bound to Usol CC1-CC2, but not to a
fragment containing the head domain and CC1 (Figure 4.2; B, C). This finding is
consistent with Sed5 interacting with Usol through its SNARE-like motif in CC2.
The other ER-Golgi SNARESs, Betl, Bos1 and Sec22 did not interact with Usol CC1-

CC2 in vitro (Figure 4.3; A, B, C).
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4.3.3 Usol SNARE-like motif is required for Usol localization

We next wanted to determine if the Usol SNARE-like motif is required for
Usol function. As Usol is an essential gene a significant disruption in Usol function
will result in a growth defect. A Usol truncation deleting the C-terminal acidic
domain and Usol CC3-CC4 did not disrupt growth. However, further truncating of
the Usol SNARE-like motif in CC2, led to a severe growth defect at 37°C (Figure 4.4;
B). This growth defect corresponded with a defect in the trafficking of
carboxypeptidase Y (CPY) from the ER to the Golgi at the non-permissive
temperature (data not shown). The above findings indicate that this region in CC2

regulates a critical function of Usol.

The t-SNARE SedS5 is predominantly localized to the Golgi (Weinberger et al.,
2005) and consequently may help target Usol to this organelle. In order to determine
whether CC2 is required for Usol localization, GFP was tagged at the C-terminus of
both WT Usol and the Usol truncations. WT Usol-GFP localizes to puncta
structures at the cis-Golgi (Cao et al., 1998; Gillingham et al., 2004). Usol (aal-
1123)-GFP, which contains the SNARE-like motif, displayed a WT puncta
localization (Figure 4.4; C). However, even at the permissive temperature of 25°C,
fewer cells containing Usol (aal-950)-GFP displayed a puncta localization (Figure
4.4; C). Frequently, Usol (aal-950)-GFP had a “bar” localization, suggesting that the

SNARE binding region of Usol is important for the proper localization of Usol.

Ypt1-SW15* causes the inappropriate recruitment of Usol to Golgi derived

ISec4

secretory vesicles. Interestingly, toxicity induced by Ypt1-SW can be rescued by
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both Usol (aal-950) and Usol (aal-1123) truncations (data not shown). These Usol
truncations contain the Yptl binding site in the N-terminal head domain, indicating
they can still be recruited by Ypt1-SW 154 to sites of polarized cell growth.
Additionally, the presence or absence of the SNARE-like motif had no effect on the
ability of the Usol truncations to rescue Ypt1-SW 15 defects. Therefore, it seems
likely that the bulky coiled-coil domain of Usol may physically interfere with
secretory vesicle trafficking and shortening this domain seems to relieve this

interference.

Usol is a phosphoprotein with phosphorylation sites identified near the
SNARE-like motif in CC2 (Figure 4.5; A) (Swaney et al., 2013). To determine
whether these phosphorylation sites in CC2 are essential for Usol function, these
phosphorylation sites were mutated to a non-phosphorylatable alanine or to a
phosphomimetic residue and tested for their ability to complement Usol (aal-950).
Even when mutations in all four of the phosphorylated residues in CC2 were
combined, there was no effect on growth (Figure 4.5; B). Although we cannot rule out
that these mutations have a subtler defect in Usol localization or Uso1-Sed5 binding,

these phosphorylation sites do not significantly regulate Usol function in vivo.
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Figure 4.1. Yptl binds to the N-terminus of Usol.
A Schematic of Usol with head domains (H) coiled-coil domains (CC) and acidic
domain (AD) labeled. B Equimolar amounts of GST (lanes 7-9), GST-Sec13 (lanes 1-
3) or GST-Usol (aal-726) was incubated with increasing amounts of Yptl-Hiss. C
Equimolar amounts of GST (lanes 7-9), GST-Usol (aal-246) (lanes 1-3) or GST-
Usol (aa726-1246) was incubated with increasing amounts of Ypt1-Hise.
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Figure 4.2. Usol CC2 binds the SNARE SedS5.

A Alignment of Usol with SNARE motifs. Conserved residues highlighted in black,
similar residues highlighted in gray. B Equimolar amounts of GST (lanes 1-5) or GST-
Sed5 (lanes 6-10) was incubated with increasing amounts of Hiss-Usol (aa726-1246).
C Same as in (B) except Hiss-Usol (aa726-1246) was used.
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Figure 4.3. Usol does not bind Betl, Bos1 or Sec22.

A Equimolar amounts of GST (lanes 1-4) or GST-Bet1 (lanes 5-8) was incubated with
increasing amounts of Hise-Uso1l (aa726-1246). B Same as in (A) except Sec22-GST
was used. C Same as in (A) except GST-Bos1 was used.



109

A B
Usof H1 M2 CC1 CC2 CC3 CC4 AD
1 - o g ] o o — = {
! pig TERRAE OGS 17350 25°C 37*C
Uso1 f‘]’ 2 QC,':] QCIZ__ WT
Usot(aat-1123) K JK 2 NNk

(1-1123) 4
1

¥ "
726 M) 123

Uso1 '#_&_ﬂﬂfff Uso1(aa1-950)
(1-950) J

’ v
1 726 950 %50

C

Uso1.GFP Uso1(aa1-1123)-GFP Uso1(aa1.950).GFP

Usol (1252
8 " Usot (11124
= S WT
T !
3
-t a8
£ I

i~ 1
Puncta Bar Barand Neasher
Puncta

Figure 4.4. Usol CC2 is essential for Usol function.
A Schematic showing Usol truncations. SNARE-like motif shown in yellow. B

Growth of WT and Usol truncations at 25°C (left) and 37°C (right) on a YPD plate. C
The localization of WT Usol-GFP and Usol-GFP truncations was determined in over
300 cells. Scale bar 2 pM. Averages and s.e.m. are shown. **P < (.01, Student’s

unpaired t-test.
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Figure 4.5. Model for Usol tethering.

A Location of identified phosphorylation sites on Usol schematic. B WT USO1,
empty vector, or usol mutants were transformed into Usol (aal-950) and grown at
25°C (left) or 37°C (right). C Usol head domain interacts with activated Yptl on
COPII vesicles, while Usol CC2 binds to the t-SNARE Sed5 at the target membrane.
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4.4  Discussion

Here we have identified both a Yptl and Sed5 binding domain in the essential
tether Usol. Although previous work had identified Usol as a Yptl effector (Cao et
al., 1998), how Usol interacted with Yptl was unknown. Identification of these
interactions leads to a model in which Usol localizes to the Golgi through interacting
with the t-SNARE Sed5 and tethers COPII vesicles by interacting with Yptl through
its head domain (Figure 4.5; C). Truncating the domain of Usol that interacts with
Sed5 disrupted growth and Usol localization. These findings highlight the
conservation in COPII vesicle tethering in yeast and mammalian cells. In mammalian
cells, p115 has been reported to bind Rab1 through both its globular head domain and
a domain in CC1 (An et al., 2009; Beard et al., 2005). Our findings indicate the Rab
binding domain in the head group is conserved and may be the primary Rab binding
site. Additionally, although the coiled-coil region of Usol is significantly longer and
not well conserved, the coiled-coil regions of both Usol and p115 contain a SNARE
binding domain. Usol interacts with the t-SNARE Sed5, while p115 interacts with its
mammalian homologue syntaxin-5 and another v-SNARE Gos28 (Shorter et al.,

2002).

It is unknown whether Usol1 interacts with other factors on COPII vesicles in
addition to Yptl, in order to enhance its tethering specificity. We were unable to
detect a direct interaction between the inner COPII coat, Sec23/Sec24, and Usol in
vitro (data not shown). Alternatively, Usol may indirectly interact with the COPII

coat through the nonessential tethers Grh1 and Bugl. Grhl and Bugl are thought to
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be similar to the Golgins, GRASP65 and GM 130, in mammalian cells (Behnia et al.,
2007). Interestingly, Grh1 was shown to interact with Sec23/Sec24 and displayed
some genetic interactions with Usol and Yptl (Behnia et al., 2007). Therefore, these
non-essential tethers may function with Usol to facilitate COPII vesicle tethering,

although additional experiments would be required to test this model.

Interestingly, Usol is the only essential COPII trafficking component not
required for autophagy (Hamasaki et al., 2003; Ishihara et al., 2001; Tan et al., 2013).
This finding suggests that COPII vesicle tethering to the Golgi is not required for
autophagosome formation. In Chapter 2, we showed that ER-Golgi traffic is disrupted
during starvation. Whether this disruption is solely due to COPII vesicles being
actively diverted away from the secretory pathway or whether ER-Golgi transport is
negatively regulated is unclear. Usol could be a potential target for negative

regulation during starvation given its critical and specific role in ER-Golgi transport.

The above findings have identified domains of Usol that are essential for its
tethering function. The globular head domain interacts with Yptl, while CC2 likely
links the vesicle to the Golgi through binding the t-SNARE Sed5. In summary, these
findings highlight the highly conserved mechanism of COPII vesicle tethering in yeast

and mammalian cells.



113

4.5 Methods

4.5.1 Immobilization of GST fusion proteins

For purification of GST fusion proteins, BL21(DE3) cells were incubated at
18°C overnight with 0.5 mM isopropyl B-D-1-thiogalactopyranoside to induce protein
expression. Cells were collected and resuspended in 1x phosphate-buffered saline
(PBS) with 1 mM DTT and protease inhibitors. Cells were sonicated for 2 min total
with 15 sec on/off bursts on ice. Triton X-100 was added to a final concentration of
1% and lysates were incubated on ice for 15 min. Lysates were cleared through a 15
min centrifugation at 15,000 rpm. The supernatant was incubated with 1 mL of 50%
glutathione sepharose beads (GE Healthcare) that had been prewashed with PBS for 1
h at 4°C with rotation. The beads were washed extensively with PBS and stored at

4°C.

4.5.2 Purification of Hiss fusion proteins

For purification of Hiss-tagged fusion proteins, cells were incubated overnight
at 18°C with 0.5 mM isopropyl B-D-1-thiogalactopyranoside to induce protein
expression. Cells were collected and resuspended in sonication buffer (25 mM Hepes
pH 7.4, 150 mM NaCl, ] mM DTT, 15 mM Imidazole and protease inhibitors). Cells
were sonicated for 2 min total with 15 sec on/off bursts on ice. Lysates were cleared
through a 15 min centrifugation at 15,000 rpm. The supernatant was incubated with 2
mL of 50% Ni-NTA resin (Qiagen) for 1 h at 4°C with rotation. The Ni-NTA resin
was prewashed with sonication buffer. Following binding the resin was washed

extensively with sonication buffer. Fusion proteins were eluted off the resin with
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sonication buffer containing 250 mM Imidazole. Proteins were buffer exchanged with
20 mM Hepes pH 7.4, 150 mM NaCl. Glycerol was added to a final concentration of

30% and proteins were stored at -20°C.

4.5.3 In vitro bindings with recombinant proteins

Equimolar amounts (0.2 uM) of immobilized GST fusions were incubated with
increasing amounts of bacterial purified Hise-Usol in binding buffer (25 mM HEPES
pH 7.4, 150 mM NaCl, 2% Triton X-100, 1 mM MgCl,, 1 mM EDTA, 1 mM DTT,
protease inhibitors) for 4 h at 4°C with rotation. Beads were washed 3 times with
binding buffer and eluted in 25 pL of sample buffer by heating for 5 min at 100°C.

Bindings with bacterially purified Yptl-Hiss were performed as described
above except with binding buffer II (25 mM HEPES pH 7.4, 150 mM NaCl, 0.5%

Triton X-100, 1 mM MgCl,, 1 mM EDTA, 1 mM DTT, protease inhibitors).

4.5.4 Fluorescence microscopy for Usol-GFP

Cells were grown at 25°C overnight in YPD to an OD between 0.5-1.0. Cells
were visualized with a Carl Zeiss Observer Z.1 spinning-disk confocal fluorescence
microscope using DIC or GFP filters with a 100x oil-immersion objective. Images
were captured with a Zeiss AxioCam MRm and analyzed using AxioVision Rel. 4.7

software. At least 300 cells were examined.

4.6  Acknowledgements
Some of the work in Chapter 4 was performed by other researchers. Hua Yuan

is a co-author of this Chapter.



115

Hua Yuan, from the lab of Peter Novick, performed the studies with Yptl-

154 that are discussed. Shuliang Chen constructed the Usol truncations and

Sw
Wenyun Zhou constructed some of the Usol fusion proteins. Elizabeth Miller

provided the Sec22-GST and GST-Betl constructs used in this study.



CHAPTER 5

Future Directions and Conclusions

5.1 Summary of past chapters

How intracellular membranes are rearranged to meet the increased demand for
autophagosomes during nutrient deprivation is not well understood. A growing
consensus in the field is that the ER is the dominant organelle required for
autophagosome biogenesis. Recently, specialized subdomains of the ER have also
been implicated, including ER exit sites (ERES), which produce COPII vesicles that
mediate the forward flow of traffic from the ER to the Golgi (Graef et al., 2013;
Suzuki et al., 2013). The COPII coat contains an inner layer composed of the
Sec23/Sec24 heterodimer and an outer shell made up of the Sec13/Sec31
heterotetramer. Previous work has shown that mutations that inhibit COPII vesicle
production block autophagosome formation (Hamasaki et al., 2003; Ishihara et al.,
2001). However, it had previously been difficult to tease apart the function of COPII
vesicles during autophagy, as inhibiting the secretory pathway likely has indirect
downstream effects on other pathways.

My project was focused on identifying the role of phosphorylation of Sec24,
the major cargo adaptor subunit of the COPII coat. We initially ruled out a central

role for Sec24 phosphorylation in regulating ER-Golgi transport. Given growing

116
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evidence supporting a role for COPII vesicles in autophagy, we next screened alanine
mutations in the conserved Sec24 phosphorylation sites for autophagy defects using
the Pho8A60 assay. This analysis identified a group of phosphorylation sites, Sec24-
T324/T325/T328, which are required for autophagy, but not ER-Golgi transport.
Autophagosome formation was analyzed in the Sec24-3 A mutant through structured
illumination microscopy (SIM) and electron microscopy. Both methods showed a
decrease in autophagosome number, but not size, during starvation conditions in the
Sec24-3A mutant. We next tested whether Sec24 phosphorylation was functioning in
autophagy by regulating the interaction of the COPII coat with the Atg machinery.
Through co-immunoprecipitation experiments we confirmed an interaction between
Sec24 and Atg9, an essential Atg involved in autophagosome initiation. We next
determined that the Sec23/Sec24 complex directly interacts with the C-terminal
cytoplasmic domain of Atg9 and Sec24 phosphomimetic mutants enhance the Sec24-
Atg9 interaction. Additionally, the co-immunoprecipitation of Atg9 with Sec24 was
diminished in the Sec24-3A mutant, demonstrating that phosphorylation of the Sec24
membrane distal sites regulates the Sec24-Atg9 interaction both in vitro and in vivo.
Additionally, Sec24-3A did not affect the formation of ERES or assembly of Atg
proteins at the PAS.

In Chapter 3 we examined the role of various kinases in regulating the COPII
coat and autophagy. Hrr25, part of the casein kinase 1 family, is known to
phosphorylate Sec24 (Lord et al., 2011) and was recently shown to be required for
autophagy (Wang et al., 2015), but how it acts as a positive regulator of autophagy

was unclear. Here we identified Hrr25 in vitro phosphorylation sites on Sec24 and
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identified Sec24 T328 as a low confidence site. We next determined that similar to
the Sec24-3A mutant, Hrr25 is required for the Sec24-Atg9 interaction in vivo and
regulates autophagic body number during starvation. The defective Sec24-Atg9
interaction and autophagy defect in an 47725 mutant could be partially rescued by
expression of Sec24 T325E/T328E, indicating Hrr25 acts through phosphorylation of
Sec24. Although we found that another COPII coat subunit, Lst1, was more
phosphorylated during starvation in an Hrr25 dependent manner, Hrr25 expression
levels or kinase activity was not affected by starvation. These observations indicate
Hrr25 may work with another kinase during autophagy. Atgl, an essential kinase in
autophagosome formation, does not directly interact with the COPII coat and does not
regulate the phosphorylation of Lstl during starvation in vivo. These findings suggest
that Atgl is not involved in COPII coat phosphorylation. Additionally, another kinase
connected to the TOR network, Nnk1, was examined. Although Nnkl1 directly
interacts with the COPII coat, Nnkl1 is not required for autophagy. Thus future work
will be required to identify additional kinases that may work with Hrr25 to
phosphorylate the COPII coat during autophagy.

In Chapter 4 we examined the interactions of the COPII vesicle tether Usol.
Interestingly, Usol is required for COPII vesicle tethering during secretion but not
during autophagy (Tan et al., 2013). Usol is an effector of the GTPase Yptl (Cao et
al., 1998). In vitro bindings revealed that Yptl directly interacts with the conserved
head domain of Usol, but not with its coiled-coil domain. The second coiled-coil
domain (CC2) contains a SNARE-like motif and this region binds the t-SNARE Sed5,

but not other ER-Golgi SNAREs. Usol truncations that disrupt the SNARE-like motif
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result in a temperature-sensitive growth phenotype and disturb Usol localization.
Together these results suggest Usol tethers COPII vesicles through interacting with
Yptl on the vesicle through its N-terminal head domain and Sed5 at the target

membrane through its CC2 domain.

5.2 Future Directions

5.2.1 SNARE:s required for Atg9-COPII vesicle fusion

The precise membrane fusion events that occur during autophagosome
formation have been difficult to uncover. Our findings support a model where Atg9
and COPII vesicles fuse at an early stage of autophagosome formation. Testing this
model through in vitro reconstitution of COPII and Atg9 vesicles is not technically
feasible at the moment. Although the core of Atg9 has been able to be expressed in
liposomes (Rao et al., 2016), this portion does not contain the Atg9 C-terminal
domain, which interacts with Sec24. Efforts are currently underway to express Atg9
with its C-terminus in liposomes. COPII vesicles can be generated in vitro from
microsomal membranes with purified coat proteins (Miller et al., 2002). If full-length
Atg9 can be expressed in liposomes, the interaction between Atg9 and COPII vesicles
can be determined in vitro through co-immunoprecipitation experiments. This study
would further support our model that COPII and Atg9 vesicles directly interact as
Atg9 and the COPII coat would be in a more physiological state compared with

purified proteins.

An additional limitation for examining fusion between Atg9 and COPII

vesicles in vitro is that we do not know which SNAREs are present on Atg9 vesicles at



120

the PAS. Current candidates for regulating the fusion of COPII vesicles with Atg9
containing membranes are the ER-Golgi SNAREs (Sed5, Betl, Bosl and Sec22) and
the ER-derived SNARE Ufel, which are required for autophagy and are packaged into
COPII vesicles (Lemus et al., 2016; Tan et al., 2013). It is thought that Atg9 vesicles
are derived from the late-Golgi in yeast (Ohashi and Munro, 2010; Yamamoto et al.,
2012), so these vesicles may contain Golgi SNARES, although this has not been

verified.

If a SNARE were required for Atg9 fusion at the PAS, we would expect that
Atg9 could traffic to the PAS, but fusion at the PAS would be blocked. Therefore, the
localization of Atg9 during starvation in temperature-sensitive SNARE mutants could
be tested to determine if they affect Atg9 retrograde trafficking. Atg9 anterograde
versus retrograde trafficking is commonly tested in an epistasis experiment that
examines the localization of Atg9 in a WT and atg/A background. In an atg/A
background Atg9 accumulates at the PAS (Sekito et al., 2009), therefore if a SNARE
is required for Atg9 trafficking to the PAS, Atg9 will fail to accumulate in a SNARE
atglA double mutant. However, if the SNARE is required after Atg9 has been
trafficked to the PAS, Atg9 will accumulate at the PAS in a SNARE mutant as well as
in a SNARE atg/A double mutant. Similarly, it would be expected that COPII coated
structures would accumulate at the PAS in temperature-sensitive SNARE mutants
required for COPII fusion during autophagy. Although indirect, these findings would
provide evidence that SNARESs block the fusion of COPII vesicles and Atg9

membranes at the PAS.
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Recent work has indicated that the ER-localized SNARE Ufel is delivered to
the vacuole during starvation in a manner dependent on the COPII coat (Lemus et al.,
2016). It would be interesting to determine if the ER-Golgi SNARE:s are also
delivered to the vacuole during starvation, as this would suggest that these SNAREs
reside on the autophagosome. To test this hypothesis the localization of GFP tagged
SNARES could be examined during starvation. Blocking autophagosome formation
through an atg mutant should block their delivery to the vacuole. Similarly, it would
be important to determine whether their delivery to the vacuole is dependent on COPII
vesicle budding. However, some proteins involved in autophagosome formation are
retrieved from the autophagosomal membrane before fusion with the vacuole by an
unknown mechanism. Therefore, this experiment is limited, as a lack of SNARE
delivery to the vacuole does not demonstrate these SNAREs are not temporarily
localized to the isolation membrane. Consequently, the colocalization of GFP tagged
SNARESs with the autophagosome marker Atg8 should also be examined during
starvation. These colocalization experiments should be performed in an ypt7A
background in order to enhance the number of autophagosomes in the cell.
Additionally, it would be important to determine whether this colocalization is

dependent on COPII or Atg9 vesicle formation.

5.2.2 Involvement of other CK1 family members in autophagy
Hrr25 is part of a larger family of casein kinases in yeast, consisting of Yck1/2
and Yck3 (Wang et al., 1996). These kinases have been implicated in a variety of

membrane trafficking events and mass-spectrometry screens have identified
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interactions between these kinases and the Atg machinery (Breitkreutz et al., 2010;
Graefet al., 2013; Ptacek et al., 2005). Consequentially, it is tempting to speculate
that these kinases function with Hrr25 in autophagy either through working with
Hrr25 to regulate Sec24 phosphorylation or by acting at a different stage of

autophagosome formation.

Pho8A60 activity and GFP-Atg8 cleavage could be assayed to determine
whether these kinases are required for autophagy. As Yckl and Yck2 are redundant
(Wang et al., 1996) these assays should be performed in a yckIA/yck2-ts and yck3A
background. If the kinases are required for autophagy, it will be critical to
subsequently determine if they are required for autophagosome formation or
autophagosome fusion with the vacuole. In particular, Yck3 localizes to the vacuole
and regulates the HOPS tethering complex (LaGrassa and Ungermann, 2005),
indicating it could act at the autophagosome-vacuole fusion step. To separate these
stages, autophagosome formation should be visualized by structured illumination
microscopy (SIM) in a WT and ypt7A background, which inhibits autophagosome-
vacuole fusion (Kirisako et al., 1999). Alternatively electron microscopy can be
performed to determine if autophagosomes accumulate in the cytoplasm in a kinase
mutant during starvation. Additionally, as Yck1/2 are involved in glucose sensing
(Reddi and Culotta, 2013), they may be required upstream of autophagosome initiation
for nutrient sensing. To determine whether autophagy is induced normally, the
phosphorylation state of Atgl3 can be examined by western blot. Atgl3 is commonly

used to test for autophagy induction because during nutrient rich conditions Atgl3 is



123

phosphorylated by TOR, but is rapidly dephosphorylated upon autophagy induction

(Miller-Fleming et al., 2014).

If these kinases are directly required for autophagosome formation, it will be
necessary to determine whether they also regulate the Sec24-Atg9 interaction through
co-immunoprecipitation experiments in a kinase mutant. If they regulate the Sec24-
Atg9 interaction, it would suggest Hrr25 is acting with CK1 family members to
phosphorylate Sec24 during autophagy. In vitro kinase assays would need to be
performed to determine whether Sec24 is a direct substrate of the kinase.
Additionally, it would be important to determine whether the activity of the kinase is
regulated during starvation through in vitro kinase assays comparing kinase
immunoprecipitated from yeast in nutrient rich or starvation conditions. If these other
CK1 kinases are required at a similar stage of autophagy as Hrr25, it will be
interesting to determine if the CK1 family members can compensate for Hrr25 during
autophagy. To test this idea, GFP-Atg8 cleavage or Pho8A60 activity could be

assayed in an hrr25 mutant, overexpressing the CK1 family member on a 2uM vector.

If these kinases are not regulating autophagosome formation through Sec24
phosphorylation, they may act by phosphorylating one of the Atgs identified as
interacting by mass spectrometry screens. Examining the assembly of the Atg
hierarchy at the PAS by fluorescence in a kinase mutant would be a helpful starting

point to determine which Atg complexes are affected by these kinases.
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5.2.3 Conserved role for Sec24-Atg9 in autophagy

ERES and COPII vesicles have been shown to play an important role in
autophagy in mammalian cells (Ge et al., 2014; Graef et al., 2013; Zoppino et al.,
2010), but it is unclear how the COPII coat interacts with the Atg machinery in higher
eukaryotes. Given that the phosphorylation sites on Sec24 are conserved and the
mammalian homologue of Hrr25, CK10, has many conserved roles, it is likely that the
events described here are conserved. In order to determine whether the Sec24-Atg9
interaction is conserved in mammals, tagged mAtg9 could be immunoprecipitated
from cell lysates with and without starvation and blotted for mSec24. Furthermore,
the larger size of mammalian cells would permit a more detailed visualization of the
relationship between the COPII coat, Atg9, and the growing isolation membrane
during starvation. It has been reported that the COPII coat subunit Sec31 relocalizes
to the ER-Golgi intermediate compartment (ERGIC) during autophagy (Ge et al.,
2014). It will be important to determine whether Sec31 also colocalizes with Atg9
during starvation. If they colocalize, live-cell imaging could be used to examine

possible fusion events between these two vesicle classes during starvation.

To determine whether CK 10 is required for autophagy in mammalian cells,
CK10 can be knockdown through siRNA and the formation of GFP-LC3 puncta can
be quantitated during starvation. This experiment should be done in the presence and
absence of bafilomycin, a H” ATPase inhibitor, which prevents autophagosome
degradation (Klionsky et al. 2013). This would distinguish between a defect in

autophagosome formation and a defect in autophagosomal flux. Other assays should
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be used to confirm the role of CK10 in autophagy, including monitoring the
degradation of long-lived proteins or p62, which are delivered to the lysosome after
autophagy induction (Klionsky et al. 2013). In yeast, mutations in Hrr25 do not affect
PAS assembly, but dramatically inhibit the PAS recruitment of Atg8, the most
downstream Atg (Wang et al., 2015). Consequently, if CK10 were required for
autophagosome formation, we would predict it might function after or independently
of omegasome formation. To test this, formation of the omegasome can be visualized
in CK10 knockdown cells through DFCP1 labeling. DFCP1 is a PI(3)P binding

protein commonly used as an omegasome marker (Axe et al., 2008).

5.2.4 Role of COPII vesicles in selective autophagy

The events described here are for the non-selective autophagy pathway that is
rapidly upregulated during starvation. Phosphorylation of Sec24 does not appear to be
required for the cytoplasmic to vacuole targeting pathway (Cvt) (Figure 2.8), a type of
selective autophagy that targets the cargo Apel to the vacuole for processing during
nutrient rich conditions (Lynch-Day and Klionsky, 2010). Although the Cvt pathway
is commonly used as a model for selective autophagy, other selective autophagy
pathways degrade larger cargo and are induced under different types of cellular stress.
As aresult, it is conceivable that other selective autophagy pathways employ different
mechanisms of autophagosome formation from the Cvt pathway. It is unknown
whether COPII vesicles are required for other types of selective autophagy and more

specifically whether phosphorylation of Sec24 is needed.
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To determine whether phosphorylation of Sec24 is required for other forms of
selective autophagy we can examine the degradation of specific cargo for autophagy
of the ER (ER-phagy), mitochondria (mitophagy) or peroxisomes (pexophagy) in the
Sec24-3A mutant. ER-phagy is induced in yeast through long-term rapamycin
treatment and the cleavage of the ER proteins Sec63-GFP or Rtn1-GFP can be
examined by fluorescence or western blot (Mochida et al., 2015). Mitophagy can be
induced through extended growth in a non-fermentable carbon source such as glycerol
and monitored through examining the cleavage of the mitochondrial matrix-targeted
DHFR-mCherry or Idh1-GFP (Kondo-Okamoto et al., 2012). Pexophagy is initiated
through inducing peroxisome proliferation by growth in oleate medium and then
shifting to nitrogen starvation media. Alternatively long-term growth in oleate medium
can be used (Motley et al., 2012). Cleavage of Pex11-GFP is typically examined to
monitor pexophagy (Motley et al., 2012). These studies would clarify whether

phosphorylation of Sec24 is involved in other types of selective autophagy.

Another possibility is that COPII vesicles are required on other selective
autophagy pathways, but Sec24 does not need to be phosphorylated. To distinguish
between these possibilities a more general COPII vesicle mutant should be tested for
selective autophagy defects. However, most COPII trafficking components are
essential and as a result temperature-sensitive mutants are used. As cells can only
tolerate short shifts to the restrictive temperature, these temperature-sensitive mutants
cannot be tested for the selective autophagy pathways described above, which require

extended induction times. Therefore, nonessential COPII trafficking machinery must
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be examined. These include Trs85, the TRAPPIII specific subunit, ypt/-2 a non
temperature-sensitive allele that affects non-selective autophagy (Wang et al., 2013) or
the ER-Golgi SNARE Sec22. Additionally, it was recently reported that sec23-1
displays autophagy defects at the permissive temperature when secretion is normal
(Lemus et al., 2016) and therefore could used to examine selective autophagy. These
studies would help clarify the contribution of the early secretory pathway to selective
autophagy as well as provide a better understanding of the underlying mechanisms of

autophagosome formation in non-selective and selective autophagy.

53 Concluding Remarks

This dissertation shows that phosphorylation of the COPII coat subunit Sec24
is required for autophagy through regulating the interaction between the COPII coat
and Atg9. Additionally, we find that the casein kinase, Hrr25, regulates the Sec24-
Atg9 interaction through Sec24 phosphorylation and that these events are required for
autophagy. These studies identify a novel role for the COPII coat in actively targeting
the vesicle on the autophagy pathway and begin to dissect how COPII vesicles are
trafficked during starvation. These results are likely to be conserved given the
importance of COPII vesicles and Atg9 in mammalian autophagy. Although these
findings represent an important step forward in our understanding of membrane
trafficking events during autophagosome formation, many questions still remain.
Future studies will be required to understand membrane fusion events during
autophagosome formation as well as to identify additional kinases that may work with

Hrr25 to regulate its function during starvation.
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