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Abstract

In eukaryotes, autophagy is an evolutionarily conserved and essential “self-degradative” process
used to maintain cellular homeostasis. Central to autophagy is the formation of double-membrane vesicles
termed autophagosomes. The process of autophagosome formation is coordinated by over 35 autophagyrelated (Atg) proteins. The Atg1 kinase complex constitutes one group of proteins required for the initial
induction step of autophagosome formation. The Atg1 kinase complex is composed of the kinase Atg1, a
regulatory phosphoprotein Atg13, and a protein scaffold Atg17 that forms a ternary complex with Atg31
and Atg29.
In this study, we have determined the structure of the Saccharomyces cerevisiae Atg17-Atg31Atg29 ternary complex by single-particle electron microscopy. The complex is an “S-shaped” dimer
exhibiting an elongated architecture with an end-to-end distance of 345Å. Atg17 was found to form the
central scaffold while Atg31 and Atg29 formed two globular densities tethered to the arcs formed by
Atg17. Further analysis of purified Atg17 dimers showed that Atg17 mediated dimerization of the
complex while Atg31 and Atg29 had a structural role in maintaining the distinct curvature of the complex.
We further studied Atg1 kinase complex assembly by co-expressing a minimal pentameric
assembly consisting of Atg1 CTD (residues 589-897) and Atg13 CTD (residues 384-738) with Atg17Atg31-Atg29. Structural analysis localized Atg1 CTD and Atg13 CTD to the terminal regions of the
ternary complex supporting that the N-terminus of Atg17 likely mediates complex assembly. Finally, we
structurally characterized an important Atg1 kinase complex interacting partner, Atg11. Purified Atg11
exhibited an elongated architecture supporting its role as a coiled-coil protein scaffold.
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Chapter 1. Introduction
1.1 Overview of autophagy
The ability of cells to maintain homeostasis through synthesizing and degrading intracellular
components is a fundamental process required for life. In eukaryotes, two branches are responsible for
protein degradation; the proteasome-ubiquitin conjugation system and autophagy in conjunction with the
vacuole/lysosome1,2. Unlike the proteasome-ubiquitin system, autophagy has the capacity to degrade
much larger cargo such as protein aggregates and even whole organelles1. In this role, autophagy is an
essential adaptive degradative mechanism to remove cellular components during a defined physiological
state.
Several forms of autophagy exist and include: chaperone-mediated autophagy3, microautophagy4,
and macroautophagy5. The three forms of autophagy differ in the mechanism of sequestering cargo and
delivery of cargo to the degradative compartment. Chaperone-mediated autophagy requires the formation
of a chaperone-substrate complex, which associate with a lysosomal receptor to mediate fusion and
degradation3. Microautophagy is the direct engulfment of cytoplasm through invagination of the
vacuole/lysosome membrane4. Microautophagy is poorly characterized except in the case of
micropexophagy (peroxisome degradation) in methylotrophic yeast or micronucleophagy (nuclear
degradation)5. Nonselective macroautophagy (hereafter autophagy) is the most extensively studied form
of autophagy and is thought to be the primary form in cells5. Another autophagy-like pathway worth
mentioning is the cytoplasm-to-vacuole (Cvt) pathway only found in yeast6. This pathway is a selective
and anabolic form of autophagy that shares many of the components required for autophagy. The Cvt
pathway is required for the synthesis and delivery of two resident vacuolar hydrolases, ApeI and AmsI, to
the vacuole. Together these various forms of autophagy function to deliver cytoplasmic components to
the degradative compartment.
Autophagy’s primary role is adapting to conditions of stress, such as nutrient deprivation,
oxidative stress, and hypoxia. In this response, autophagy promotes homeostasis by regenerating essential
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macromolecules and ATP for biosynthesis and by removing deleterious cellular debris7,8. Importantly,
autophagy has been recognized to occur at a basal level in most cell types independent of extraneous
stressors and its function is required for the proper maintenance of cells9,10. Due to autophagy’s central
role in homeostasis, deregulation of this pathway is associated with many human diseases11,12 including
neurodegeneration9, myopathies13, cancer10, cellular immunity14, and aging15 and is further involved in
diverse physiological processes such as growth and development, differentiation and apoptosis16. Thus, it
is not surprising that further understanding the molecular details of this pathway has important
implications in human health and disease.
Autophagy was first discovered in the 1950s as a morphological phenomenon where cytoplasmic
components were observed to be encapsulated in double-membrane structures17. The frequency of these
observations was increased in cells exposed to nutrient deprivation or catabolic hormones, such as
glucagon17,18. These double-membrane organelles are now known as autophagosomes and have a
principal role in mediating autophagy function through engulfment of cytoplasmic material and delivery
to the vacuole/lysosome (Figure 1.1). Autophagosome synthesis begins at the preautophagosomal
structure (PAS) and is thought to occur in a sequential manner 5,19,20. Fusion of smaller vesicles leads to
expansion and formation of a cup-shaped membrane sac, termed an isolation membrane or phagophore.
Cytoplasmic content becomes sequestered into the growing membrane structure until the vesicle is sealed
forming a double-membrane autophagosome ~300 to 900 nm in diameter. Mature autophagosomes are
subsequently delivered to the vacuolar/lysosomal compartments where the outer membrane fuses with the
vacuolar/lysosomal membrane leading to the delivery of the inner vesicle encapsulating the cargo into the
lumen of the lysosome. Hydrolytic enzymes degrade the inner membrane vesicle, termed an autophagic
body, and the resulting metabolites can be recycled for anabolic pathways. Before the early 1990s, the
study of autophagy was limited due to the transient nature of the autophagosome. The discovery of
autophagy in the baker’s yeast Saccharomyces cerevisiae have allowed scientist to determine the
molecular mechanisms of autophagosome formation21,22.
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Figure 1.1 Overview of autophagosome formation. Autophagosome formation initiates at the
preautophagosomal structure (PAS). The PAS matures into a phagophore followed by nucleation and
elongation events leading to formation of a cup-shaped sac. Cytoplasmic content is encapsulated by this
growing double-membrane structure until completion of the autophagosome. The mature autophagosome
is then delivered to the degradative body, vacuole/lysosome, where the inner membrane vesicle is
deposited. Hydrolases lead to the degradation of the autophagic body.
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Table 1.1 Autophagy machinery functional groups

Functional Group

Atg1 Complex

PI(3)K Complex

Atg9
Atg18–Atg2
complex

Atg12 conjugation

Atg8 conjugation

Role in Autophagosome
Formation
Atg1 is a serine/threonine kinase
with a role in tethering membranes.
Atg17-Atg31-Atg29 acts a scaffold
for assembling the Atg1 complex

Produces Ptdins(3)P on autophagic
membranes. Atg14 and Atg6 have
shown membrane-binding
capabilities.
Integral membrane protein.
Provides early membrane source for
PAS formation.
Atg18 specifically binds PI(3)P
Recruits ubiquitin-like conjugation
system and recycles Atg9
Atg12 is conjugated torAtg5
through a ubiquitin-like cascade.
Atg12-Atg5 conjugates form a
complex with Atg16. Atg5 can bind
membranes and may tether
membranes through dimerization of
Atg16.
Atg8 is lipidated to PE through an
ubiquitin-like cascade. Atg4
proteolytically activates Atg8
followed by conjugation to the
enzymes Atg7 (E1), Atg3 (E2).
Atg8-PE conjugates tether
membranes.

Yeast

Human

Atg1
Atg13
Atg17
Atg29
Atg31

ULK1
ATG13
FIP200

Vps34
Vps15
Atg14

ATG101
VPS34
VPS15
ATG14L/BARKOR

Vps30/Atg6

Beclin1

Atg9

Atg9

Atg18

WIPI1-4

Atg2

Atg2

Atg12
Atg7
Atg10
Atg5

ATG12
ATG7
ATG10
ATG5

Atg16

ATG16L1/2

Atg4
Atg7

LC3A/B/C
GABARAP
GATE-16
ATG4A-D
ATG7

Atg3

ATG3

Atg8
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Figure 1.2 Hierarchy of Atg proteins. Groups of Atg proteins are recruited to the PAS in a step-wise
manner and function at different stages. The Atg1 kinase complex serves as a scaffold, through Atg17Atg31-Atg29. Solid lines are confirmed physical interactions between protein groups while dotted lines
are genetic interactions. The functions for each protein group are described in Table 1.1.
1.2 Molecular autophagy machinery required for autophagosome formation
Various genetic screens carried out in Saccharomyces cerevisiae and other fungal species led to
the identification of more than 35 AuTophaGy-related (Atg) genes22. Of these Atg genes, approximately
18 core proteins are essential for autophagosome formation in yeast and can be classified into five
functional groups based primarily on identified protein-protein interactions19 (Table 1): (i) the Atg1
kinase complex, (ii) the autophagy-specific phosphatidylinositol 3-kinase (PI(3)K) complex, (iii) Atg9
and the Atg2-Atg18 cycling system, (iv) the Atg12 conjugation system, and (v) the Atg8 conjugation
system. Importantly, the autophagy pathway and core machineries are evolutionarily conserved with more
than half of the Atg proteins in yeast having orthologs in higher eukaryotes (Table 1). Through the use of
yeast gene deletion strains, the hierarchical relationship between the different groups of Atg proteins was
established (Figure 1.2)23,24. Each group of Atg proteins functions at a different step of autophagosome
formation, which can be divided into several steps: induction, elongation, and completion20.
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1.2.1 Induction
Induction of autophagosome formation occurs through activation and localization of the
conserved Atg1 kinase complex to the PAS25 (further discussed in section 1.3 and 1.4). Atg1 is a
serine/threonine kinase whose activity is regulated by its association with several proteins: Atg13, a
phosphoprotein, Atg17, a protein scaffold, and two non-conserved regulatory subunits, Atg31 and Atg29.
This complex is an important regulatory hub that initiates autophagosome formation25. Once activated, the
Atg1 kinase complex functions to further localize and activate factors, such as Atg8 and Atg14, to the
PAS to mediate autophagosome elongation25,95.
1.2.2 Elongation
Addition of new membrane to the PAS mediates the elongation phase of nascent autophagosome
formation. The exact origin of the membrane source is unclear but it has been speculated to derive from
several compartments including mitochondria26,30, Golgi27, ER27,28,30, and plasma membrane29. What is
known is that Atg9, the only transmembrane protein essential for autophagy, likely has a role in
contributing some membrane to the growing autophagosome31,32. Atg9 has six predicted transmembrane
segments with both termini projecting to and localized in the cytoplasm33. Atg9 is present in high
curvature 30-60 nm lipid vesicles known as Atg9 vesicles, which are believed to be derived from Golgiendosome sources32. The Atg1 kinase complex has a role in recruiting Atg9 through Atg1734,35.
Additional factors including Atg23 and Atg27 are also required for Atg9 vesicle formation32. In nutrient
rich conditions, Atg9 vesicles exist as a pre-PAS. Upon induction of autophagy, several Atg9 vesicles are
trafficked to the vacuole to form the initial isolation membrane and provide the first membrane source for
the autophagosome. It is thought that as little as three Atg9 vesicles participate in this early
autophagosome biogenesis event32. Because Atg9 vesicles likely contribute only a small amount of
membranes to autophagosomes, these specialized lipid vesicles may possess alternative functions to
conscript additional membrane sources. Indeed, recent studies revealed that Atg9 recruits the TRAPPIII
vesicle tethering complex and Ypt1 Rab GTPase to the PAS36,37.
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Another required feature for elongation is the generation of phosphatidylinositol 3-phosphate
(PI(3)P), on autophagic membranes38,39. In yeast, the primary module required for de novo PI(3)P
synthesis is the class III PI(3) kinase (PI(3)K) complex40 which is composed of Vps34, the sole catalytic
class III PI(3)kinase, Vps15, a myristoylated regulatory serine/threonine kinase, Vps30 (aka Atg6), the
autophagy specific Atg14, and a recently discovered component, Atg3841. Together, this complex is
targeted to the PAS, through Atg1442,43,44 and by membrane association with Vps3045. Targeting of this
complex to the PAS promotes phosphorylation of the PAS by Vps34, which ultimately leads to
recruitment of additional Atg protein effectors.
The production of PI(3)P recruits Atg1846,47, Atg2048, Atg2149 and Atg2450 that associate with
autophagic membranes through phosphoinositide binding domains51. Of these proteins Atg1847 is required
for autophagy while Atg20 and Atg24 have been implicated in the Cvt pathway48. Interestingly, both
electron and fluorescent microscopy based studies have shown that PI(3)P is enriched on the inner surface
of the autophagosome membrane, and inhibiting the production of PI(3)P completely abolishes the
autophagic response during starvation conditions39. However, aside from its role in recruitment of Atg
proteins, the significance of PI(3)P localization to the inner surface of autophagosomes is not clear.
The PI(3)P effector, Atg18, forms a complex with Atg247. Recent studies have shown that Atg2
can localize to the PAS independent of Atg18. The importance of Atg2 localization is highlighted by the
observation that artificially inducing PI(3)P targeting of Atg2 can rescue the autophagy defect resulting
from the absence of Atg1852. The exact biological functions of the Atg18-Atg2 complex are not known
but likely have a role in recycling Atg9 and further recruit the ubiquitin-like conjugation systems to the
growing phagophore35,53.
1.2.3 Completion
The sealing and completion of autophagosomes are mediated by two ubiquitin-like conjugation
systems54,55. Each system has a unique ubiquitin-like protein, Atg8 or Atg12, which are conjugated to
phosphatidylethanolamine (PE) or Atg5, respectively. The process of Atg12 conjugation to Atg5 can be
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separated into several distinct events54. First, the C-terminal Gly186 residue of Atg12 forms a thioester
linkage with Cys507 of the E1-like enzyme Atg7. Atg12 is then transferred to the E2-like enzyme Atg10
before finally being conjugated to Lys149 of Atg5. The Atg12-Atg5 conjugate, through Atg5, can further
form a non-covalent complex with Atg16. The Atg12-Atg5-Atg16 complex, which is capable of forming
higher-order oligomers, localizes to the concave side of the expanding phagophore and dissociates prior
to autophagosome completion. Importantly, the Atg12-Atg5-Atg16 complex has E3-like activity to
promote lipidation of Atg8 to form the Atg8-PE conjugate56.
Lipidation of Atg8 with PE proceeds through a conjugation event55. First, nascent Atg8 is
proteolytically processed at a C-terminal arginine by the Atg4 cysteine protease to expose a glycine
residue. Next, this glycine residue is activated by adenylation to form a thioester bond with Cys507 of the
E1-like enzyme Atg7. Atg8 is then transferred to a cysteine residue of the E2-like enzyme Atg3. In the
final step, Atg8 is conjugated to the amino group of PE, which is mediated by the Atg12-Atg5-Atg16
complex. Importantly, Atg8 is the only Atg protein to be transcriptionally upregulated during autophagy
induction and serves as a marker for autophagy due to its change in localization from the cytosol to a
membrane bound form. Both the Atg8-PE conjugate and the Atg12-Atg5-Atg16 complex are likely to
have a role in tethering membranes to promote the completion and closure of the autophagosome. Atg16
in particular has the capacity to self dimerize57. Furthermore, deconjugation of Atg8-PE by the protease
Atg4 is important for autophagosome maturation and autophagic flux58,59,60.
The final fate of mature autophagosomes is delivery and fusion with degradative compartments.
The inner vesicle of the autophagosome, termed an autophagic body, is released into the lumen of the
vacuole/lysosome and is subsequently degraded by hydrolytic enzymes, such as Atg1561. The resulting
macromolecules are recycled by vacuolar effluxers, Atg22, Avt3 and Avt4, which shuttle free amino
acids back into the cytoplasm for anabolic processes62.
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Figure 1.3 Signalling pathways regulating the S. cerevisiae Atg1 kinase complex. TORC1 sense
amino acid levels in cells. During nutrient rich conditions, TORC1 is active and activates Sch9 (or SK6)
while inhibiting the Atg1 kinase complex. PKA senses the cAMP levels in cells produced by the activity
of adenylyl cyclase. During high cAMP signalling PKA inhibits the Atg1 kinase complex. Snf1 (or
AMPK) is activated by sensing a low ATP/AMP ratio in the cell. This signal promotes Snf1 activation of
the Atg1 kinase complex.
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1.3 Regulation of autophagosome formation
During normal cell growth, autophagy is kept at a low basal level, but is highly induced during
periods of stress. One of the major inducers of autophagy is nutrient deprivation, which is signalled
through the action of different kinases including the target of rapamycin (TOR)63,64, 67,73, protein kinase A
(PKA)64, and AMP-activated protein kinase (AMPK)65,66 (Figure 1.3).
In yeast, TOR (homolog of mTOR) is a conserved serine/threonine kinase of the phosphoinositide
3-kinase (PI3K)-related kinase (PIKK) family67,68. TOR is aptly named due to its targeted inhibition by
the immunosuppressive drug rapamycin67,68. TOR forms two signalling complexes in yeast: TOR
complex 1 (TORC1), and TOR complex 2 (TORC2). TORC1 receives information about the amino acid
status of cells from the tuberous sclerosis complex (TSC1-TSC2) where upstream signals converge68.
Under nutrient rich conditions, TORC1 is active and will inhibit autophagy through phosphorylation of
Atg13 and Atg1, components of the Atg1 kinase complex63,64. Inactivation of TORC1 leads to rapid
dephosphorylation of Atg13 and removal of inhibition leading to autophagy. TORC1 is an important
regulator of autophagy and inhibition of the complex with rapamycin mimics starvation. Rapamycin has
been widely used as an agent to induce autophagy independent of nutrient status in the cell. Additionally,
Sch9 (homolog of the mammalian SK6 kinase) is a serine/threonine kinase and downstream target of
TORC1. Increased TORC1 signalling also increases the kinase activity of Sch9, which inhibits
autophagosome formation. Importantly, inactivation of Sch9 is sufficient to promote autophagy69,
highlighting an additional layer of regulation for autophagosome formation.
The Ras/PKA pathway represents another nutrient-dependent pathway that has an important role
in regulating autophagy64,69,70. In nutrient rich conditions, the small GTPase RAS enhances cAMP
production through adenylyl cyclase. Free cAMP in the cell activates PKA activity, which acts on Atg13
to inhibit autophagy. Further inactivation of PKA was shown to be sufficient to induce autophagy,
indicating a central regulatory role for PKA64,69. Both TORC1 and PKA phosphorylate Atg13 but do so at
different sites64. Interestingly, the simultaneous inactivation of the TORC1 and PKA pathways produced a
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synergistic increase in autophagy activation defining that the inhibitory function work through separate
mechanisms64.
A final positive regulator that has been identified is Snf1 (homolog of mammalian AMPK).
Snf1is a serine/threonine kinase whose activity is regulated by the relative energy levels in the cell65,66.
Snf1 is allosterically activated by a decreased ATP/AMP ratio indicative of an energy crisis. Snf1 activity
increases autophagy activity in cells presumably through Atg1, although the molecular mechanism has yet
to be elucidated in yeast65. In mammalian cells, AMPK has been shown to directly phosphorylate ULK1
kinase, a component of the ULK1 complex (mammalian homolog of Atg1 kinase complex)66. Importantly,
TORC1 also has an effect on Snf1, and under nutrient-rich conditions Snf1 is inactivated by TORC171.
Thus a network of interactions and regulation exist between the upstream nutrient-sensing kinases to
control autophagy activation. Evidently, the common factor between these pathways is the convergence
of regulation on the Atg1 kinase complex, thus highlighting its essential role as a hub for autophagy
induction and regulation72,73,74,75.
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Figure 1.4 Summary of interactions mediating S.cerevisiae Atg1 kinase complex formation. Map of
interactions between components of the Atg1 kinase complex that include the core components; Atg1,
Atg13, Atg17, Atg31 and Atg29 while Atg11 is proposed to serve a similar role as Atg17 during nonstarvation conditions and in the Cvt pathway. Solid lines are confirmed physical interactions between
proteins while dotted lines are genetic interactions. Molecular weights are depicted.

1.4 The Atg1 kinase complex
In yeast, the Atg1 kinase complex consists of five core subunits; Atg1, Atg13 and a ternary
subcomplex composed of Atg17, Atg31 and Atg29 (Figure 1.4). Evidence for formation of this complex
was identified primarily through yeast-2-hybrid, co-immunoprecipitation and mass spectrometry
analysis63,76,77,78,79. This pentameric assembly coordinates early events in autophagosome formation by
recruiting effectors to the PAS and by activating Atg1 kinase activity. In mammalian cells, the ULK1
kinase complex is functionally analogous to the yeast Atg1 kinase complex80. The ULK1 complex is
composed of ULK1, mATG13, FIP200, the orthologs of Atg1, Atg13 and Atg17 respectively, and a
unique component ATG10181. Functionally, the Atg1 kinase complex likely has a role in tethering
membrane vesicles and as a scaffold to recruit downstream effectors, these roles will be discussed.
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1.4.1 Atg1 and Atg13
Yeast Atg1 is an 897 amino acid (101.7 kDa) serine/threonine kinase and was one of the first
autophagy genes characterized82. Yeast Atg1 has two functional domains: an N-terminal kinase domain
(residues 1-331) and a C-terminal domain (residues 550-897) required for protein-protein interactions83.
These two domains mediate distinct functions. Atg1’s kinase-dependent function is in
autophosphorylation of key residues in its activation loop that promote autophagy83,84.
Autophosphorylation required complex formation with Atg17 and Atg13 and was increased during the
autophagy response84. Although important for autophagy, Atg1’s kinase function has been found to be
dispensable during induction85, and has been implicated only in the late-stages of autophagosome
formation. Aside from itself, an endogenous Atg1 kinase substrate has yet to be identified in S.
cerevisiae86. Atg1 substrates have been identified in fly and human systems with one example showing
direct activation of the PI(3)K complex through phosphorylation of Beclin1, the homolog of Vps3087.
Conversely, the kinase-independent function of yeast Atg1 has been widely studied. The Cterminal domain of Atg1 has been found to associate with at least seven different Atg proteins; Atg1363,
Atg1763, Atg3188, Atg2988, Atg1163, Atg889,90 and Atg932. While Atg17, Atg29 and Atg31 are required for
starvation-induced autophagy90, Atg11 has a role in the Cvt pathway24. The interaction of Atg13 with
Atg1 was found to be essential for activating Atg1 kinase activity and the autophagy response63. More
specifically, the C-terminal domain of Atg1 was shown to mediate interaction with Atg13 and is likely to
be important for complex integrity78,91. Indeed, the Atg1-Atg17 interaction is mediated by a bridging
interaction with Atg1378,91.
Additionally, Atg1 interacts with Atg8 through a conserved LIR (LC3-interacting) motif localized
to the central region of Atg189,90. This interaction does not upregulate Atg1 kinase activity but rather
likely mediates Atg1’s role during the late stages of autophagosome formation. This interaction mediates
degradation of Atg1 and likely has a role in autophagic flux as a way to dampen the autophagy response.
Recently, a C-terminal domain of Atg1 was discovered to have the ability to bind and tether small (<50
nm) highly curved membranes in vitro92. Interestingly, this domain could self-dimerize which may further
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promote vesicle fusion. Further evidence for Atg1’s membrane binding role has come in the observation
that the Rab GTPase, Ypt1, recruited Atg1 to the PAS93. Ypt1 is a component of the TRAPPIII vesicle
tethering complex.
Yeast Atg13 is a 738 amino acid (83.2 kDa) protein and is considered a regulatory subunit of the
Atg1 kinase complex94. Atg13 is a phosphoprotein and a direct substrate of the aforementioned regulatory
kinases (see section 1.3). Atg13 contains a structured N-terminal domain and a predicted unstructured Cterminal domain that is thought to mediate interaction with Atg1 and Atg17. During nutrient-rich
conditions Atg13 is highly phosphorylated, while upon induction of autophagy Atg13 is rapidly
dephosphorylated. TORC1 induced Atg13 phosphorylation sites have been mapped out using mass
spectrometry analysis with and without rapamycin treatment to chemically induce starvation73. The
majority of these sites were mapped to the C-terminal region of Atg13 and may prove to be important
regulatory residues for interaction with Atg17 and Atg1. The dephosphorylation of Atg13 precedes
autophagy induction. Indeed, an unphosphorylatable form of Atg13 is sufficient to induce autophagy73.
Biochemically, Atg1 was found to only interact with dephosphorylated Atg13, which suggests that the
Atg1-Atg13 interaction only forms during starvation conditions63. However, recent evidence has shown
that Atg1 and Atg13 are constitutively associated, regardless of nutrient status; similar to what has been
observed in higher eukaryotes89. These conflicting observations have shed doubt on an established model
for Atg1 kinase complex assembly in yeast.
The structure of an N-terminal region of Atg13 (residues 1-268) was recently determined by Xray crystallography95. This previously unidentified Atg13 domain shows structural similarity to the
HORMA (Hop1p, Rev1p, and Mad2) domain family of proteins that are involved in recognizing DNA
damage96. From this structure, a potential function for recruitment of the PI(3)K complex was proposed.
Deletion of the Atg13 HORMA domain results is the loss of Atg14 localization to the PAS and a defect in
autophagy. A putative phosphate sensor in the HORMA domain was implicated in Atg14’s localization to
the PAS. Another recent studies has further shown that the N-terminus region of mammalian ATG13
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(mATG13) can associate with mono-phosphorylated phosphatidylinositol (PI(3)P and PI(4)P), indicating
a role of the mATG13 HORMA domain in binding this important lipid modification (see section 1.2.2).
1.4.2 The Atg17-Atg31-Atg29 ternary subcomplex
Atg17 is a 417-amino acid (48.7 kDa) protein that forms a ternary subcomplex with Atg31 and
Atg29. Atg17 was first discovered as an interacting partner of the Atg1-Atg13 complex through its
predicted coiled-coil domains63,76. Functionally, the role of Atg17 in autophagosome formation has
largely been studied using a yeast strain harbouring a deletion of the atg17 gene (Atg17Δ)76,77,78,91. The
Atg17Δ strain exhibited a mild defect in the autophagy response. Intriguingly, Atg17Δ strains produced
autophagosomes that were less than half their normal size76,91. These observations are likely due to the
compensatory effect of another protein, Atg11, which has a role in acting as a PAS organizer during the
Cvt pathway (see section 1.5). Indeed in Atg17Δ/Atg11Δ strains, autophagosomes do not form, which
coincides with mislocalization of key essential Atg genes, such as Atg1 and Atg877,78. These results
indicate that Atg17, perhaps in conjunction with Atg11, are the first proteins localized to the PAS.
Atg17, with Atg31 and Atg29 serves as a platform for assembly of the full Atg1 kinase complex
during autophagy induction. Evidence for formation of this subcomplex has come from yeast 2-hybrid
(Y2H) and co-immunoprecipitation (co-IP) analysis77,79,88,97,98. Atg17 was shown to directly interact with
Atg31 while Atg29 is likely bridged to Atg17 through Atg3179. Both Atg29 and Atg31 were found to be
essential for the autophagy response97,98. In vivo biochemical studies have shown that this subcomplex
exists as a constitutive dimer independent of nutrient status88. Furthermore, Atg17, Atg31 and Atg29 were
recombinantly co-expressed in an E.coli system showing that Atg17-Atg31-Atg29 could be stably
purified as a ternary complex88.
The two smaller components of the Atg17-Atg31-Atg29 complex, Atg31 and Atg29, may have
regulatory roles in complex function. Atg31 and Atg29 are both phosphorylated under starvation
conditions88, 99. Although the physiological role of Atg31 phosphorylation is unknown, it was recently
determined that Atg29 phosphorylation is functionally important for autophagy99. Putative Atg29
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phosphorylation sites were mapped out and a C-terminal region was identified to be essential for
autophagy function and PAS localization. Importantly, phosphorylated Atg29 required the protein
scaffold Atg11 to promote localization of the Atg17-Atg31-Atg29 complex to the PAS.
1.5 The protein scaffold Atg11
Atg11 was initially discovered as a protein essential for the Cvt pathway that transports two
resident vacuolar hydrolases, ApeI and AmsI, from the cytosol to vacuole in S. cerevisiae6,100. The two
hydrolases are packaged by a specific receptor, Atg19, as a large complex into 100-200 nm doublemembrane vesicles, termed Cvt vesicles101. Cvt vesicles are markedly smaller than autophagosomes. Cvt
vesicles are then delivered to the vacuole. The Cvt pathway is mechanistically similar to autophagosome
formation despite apparent conflicting function; the Cvt pathway is an anabolic process while autophagy
is a catabolic degradative process. Intriguingly, both pathways share all components of the
autophagosome machinery.
Atg11 is an 1178-amino acid (135 kDa) that is predicted to contain four coiled-coil domains101.
Atg11 has been shown to interact with many proteins including Atg1, Atg17, Atg29, Atg20, Atg19 and is
predicted to homodimerize through a central domain. As mentioned previously, despite an assigned
function in the Cvt pathway, Atg11 likely has a role in mediating an effective autophagy response as an
early PAS organizer during normal conditions required prior to activation of starvation-induced
autophagy. Atg17 and Atg11 likely have redundant roles as PAS organizers. Furthermore Atg11 is
necessary for recruitment of the Atg17-Atg31-Atg29 complex to the PAS in the absence of other Atg
proteins. A genetic interaction of Atg11 with the Atg31-Atg31-Atg29 complex was observed to be
mediated through Atg2999. Thus, an intimate functional relationship exists between the Atg17-Atg31Atg29 complex and Atg11 in their roles as protein scaffolds.
1.6 Studying large macromolecular assemblies using electron microscopy
In the field of structural biology, three techniques are predominantly used for structure
determination: X-ray crystallography, nuclear magnetic resonance (NMR) spectroscopy, and single	
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particle electron microscopy (EM). These techniques provide useful structural information of
macromolecules through different means of data acquisition. X-ray crystallography obtains diffraction
patterns from a protein crystal, while NMR relies on the physical phenomenon of nuclear spin in a
magnetic field to obtain a NMR absorption spectrum. For single-particle EM, macromolecules are
directly imaged through the use of a high-powered transmission electron microscope (TEM). Each
technique has its own inherent strengthens and weaknesses. X-ray crystallography and NMR have both
been the primary methods for protein structural determination with the potential to obtain atomic level
resolution and even study dynamics in the case of NMR. However, their use is limited by the fact that
protein samples may not form a perfectly ordered 3D crystal for X-ray crystallography or some samples
are too large to obtain an easily interpretably spectra for NMR. To determine protein structures that are
not amenable to study by X-ray crystallography and NMR, the use of single-particle EM has risen to
prominence.
Single-particle EM is particularly suited to studying large macromolecular assemblies on the
order of >300 kDa in size102. To perform these studies, a small sample of pure protein is applied to a
carbon-coated copper grid and the sample can then either be stained with heavy metal salts or vitrified
prior to visualization by a TEM. After acquiring a large number of images and selecting individual
“particles”, specialized image processing software is then used to calculate the three-dimensional (3D)
reconstruction of the complex. Single-particle EM has several advantages for studying largemacromolecular assemblies. As many macromolecular assemblies require flexibility in certain domains to
perform a function, single-particle EM is advantageous in that these dynamics can be visualized and
modeled104. These dynamic features are typically absent in a static X-ray crystal structure. Furthermore,
despite EM structures having lower resolutions, usually on the scale of 15-30 Å, the electron density map
can be used as an molecular envelope to fit high-resolution crystal or NMR structures to generate
“pseudo-atomic” models of a protein complex104,105. Excitingly, recent advances in electron microscopy
equipment and image processing algorithms have drastically improved the practical resolution from
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single-particle EM studies, and this is highlighted by the recent high-resolution models of the ribosome
(6.5 Å) and proteasome (7.4 Å).
1.7 Thesis Overview
Despite extensive work to functionally characterize the Atg1 kinase complex, there is a lack in
understanding the structural aspects of complex formation and function. Therefore, we were interested in
determining the molecular structure of the Atg1 kinase complex. What was evident from the literature
was the observed stability of the Atg17-Atg31-Atg29 complex, which has been purified by recombinant
methods. Thus as an early first step in deciphering Atg1 kinase complex formation, we sought to
determine the structure of the Atg17-Atg31-Atg29 complex.
To study the Atg17-Atg31-Atg29 complex, we employed the technique of single-particle electron
microscopy. This established method has been previously used to study the structures of large dynamic
macromolecular complexes and thus was a logical choice for this study. To perform these experiments, I
established a purification protocol to obtain adequate amounts of protein for EM studies. The use of
covalent fusion labels was used to localize the different subunits within the larger structure. Finally,
conformational dynamics of the complex was assessed by measurements of particle dimensions.
During the process of this study a crystal structure of the Lachancea thermotolerans Atg17Atg31-Atg29 was determined by X-ray crystallography92. These results provided evidence, which
supported our studies, but also shifted our work towards structurally characterizing the Atg1 kinase
complex by single-particle EM. As such, a new purification scheme was established to recombinantly
express and purify a five-component “pentamer” assembly of the Atg1 kinase complex. EM analysis was
used to study this pentameric assembly and further delineate Atg1 kinase complex formation.
In some preliminary work, the interacting protein scaffold Atg11, was purified using a novel
yeast expression system. As an interacting partner of the Atg1 kinase complex, this was a logical
extension to this project. The structure of Atg11 was further characterized by single-particle EM.
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Chapter 2: Materials and Methods
2.1 Purification in S. cerevisiae
2.1.1 TAP tagging of Atg29 and Atg31 in yeast
The protease-deficient yeast strain BJ2168 (MATa leu2 trp1 ura3 pep4-3 prb1-1122 prc1-407)
was used as a background strain for all endogenous tagging experiments. Atg29 and Atg31 were
endogenously C-terminal tagged at their native locus with a tandem affinity purification (TAP) tag108. The
TAP tag was amplified by polymerase chain reaction, from the plasmid pBS1539, with homologous
regions to the endogenous gene. 3 µg of PCR product was transformed into yeast by the lithium acetate
method109. Transformed yeast was grown on synthetic dropout media without uracil for two days at 30oC.
and colonies were screened by colony PCR amplification of the tagged locus. Endogenous expression of
the tagged subunit was confirmed by western blot of whole cell lysate using anti-TAP antibody (Thermo,
CAB1001).
2.1.2 TAP purification
TAP tagged Atg17, Atg31 and Atg29 were purified by the TAP purification method108. Atg31TAP and Atg29-TAP were developed in house (See above section), Atg17-TAP strain was provided as a
gift by Dr. Daniel J. Klionsky (University of Michigan). Yeast cells were grown to an OD600 of ~2.5 and
frozen at -80oC for storage. Approximately 15 – 20 grams of cells were resuspended in lysis buffer (100
mM HEPES pH 8, 250 mM KCl, 2 mM EDTA, 1 mM EGTA, 5% glycerol, 1% CHAPS, 2.5 mM DTT, 2
mM PMSF, 0.1 mM sodium vanadate, 2mM benzamidine, 50 mM NaF) containing EDTA-free protease
inhibitor (Roche, 11873580001) and lysed by bead beating. The lysate was clarified by centrifugation at
~30,000 xg for 30 min, and the supernatant fraction was incubated with Immunoglobulin G (IgG)
sepharose (GE Healthcare, 17-0969-01) for 1 h at 4oC. The resin was washed with buffer (50 mM TrisHCl pH 8.0, 100 mM NaCl, 5% glycerol, 0.1% CHAPS, 0.5 mM DTT) and bound proteins were eluted
by Tobacco etch virus (TEV) protease (Life Technologies, 12575-015) cleavage for 1.5 h at 16°C. The
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elution was concentrated using an Amicon Ultra 10K centrifugation unit (Millipore, UFC901008) and
loaded onto a Superose 6 column equilibrated with buffer (50 mM Tris-HCl pH 8.0, 100 mM NaCl, 5%
glycerol, 0.1% CHAPS) and connected to an ÄKTAprime plus (GE Healthcare, 11-0013-13). Purified
complexes were trichloroacetic acid (TCA)-precipitated for SDS-PAGE analysis or examined by EM.
2.2 Cloning and construction of co-expression vectors for recombinant protein expression
A significant amount of cloning was required to produce the various constructs used in this study.
In total, three different cloning methods were used; restriction enzyme cloning, restriction-free cloning
(RF-cloning) and ligation independent cloning (LIC), which will be covered in more detail in the
following text. A summary of the primers used for cloning and sequencing can be found in Appendix A.1
while all plasmids/vectors used can be found in Appendix A.2. All putative clones were confirmed by
DNA sequencing (Genewiz, South Plainfield, NJ).

2.2.1 Cloning Atg genes for recombinant expression of Atg17-Atg31-Atg29 using the pET-Duet
system
The coding regions of Atg17 (SGD YLR423C), Atg31 (SGD YDR022C), and Atg29 (SGD
YPL166W) were amplified by PCR from purified genomic DNA isolated from the yeast background
strain BY4741 (MATa his3∆0 leu2∆0 met15∆0 ura3∆0). The genes were cloned by restriction enzyme
cloning at the indicated sites (see Appendix A.1 and A.2). Atg17 was cloned into the pET28b-HMT110
and pGEX-6P-1 vector (GE Healthcare, 28-9546-48). Atg31 and Atg29 were cloned into the two multiple
cloning sites of pET-Duet1 and pCOLA-Duet1 (Novagen, 71406-3). More specifically, Atg31 was cloned
into the first multiple cloning site, followed by sequential cloning of Atg29 into the second available
multiple cloning site. These created the following vectors; pET28bHMT:Atg17 (pLC001), pGEX-6p-1:
Atg17 (pLC002), pET-Duet1:6xHis-Atg31/Atg29 (pLC003) and pColA-Duet1:6xHisAtg31/Atg29
(pLC004). The phosphomimetic mutant Atg29 vector was created in a similar manner as the Atg31/Atg29
containing vectors except the Atg29 sequence was amplified from a vector provided by our collaborator
(Dr. Daniel J. Klionsky, University of Michigan), that contained both the Atg29[3SD] and
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Atg29[20STA/3SD] phosphomimetic forms. Cloning these mutants into pET-Duet1 created the vectors,
pET-Duet1:Atg31-6xHis/Atg29[3SD] (pLC006) and pET-Duet1:Atg31-6xHis/Atg29[20STA/3SD]
(pLC007).
2.2.2 Construction of GFP-fusion label vectors for GFP labelling of Atg31 and Atg29
Green fluorescent protein (GFP) labelling vectors were constructed by cloning the GFP sequence
into both multiple cloning sites of the pETDuet1 vector. GFP was amplified from a GFP containing
plasmid111 by PCR. Amplified product was then introduced into the pET-Duet1 vector by restriction
enzyme cloning. The primers used for amplifying GFP are listed in Appendix A.1.
To C-terminal GFP label Atg31 and Atg29 a stop codon was removed to allow expression of the
GFP tag. Two additional primers were use to amplify a stop codonless Atg31 and Atg29 gene sequence
(see Appendix A.1). Atg31 and Atg29 constructs were then cloned into the C-terminal GFP vectors by
restriction enzyme cloning. This created the vectors
pGFP-C1:6xHis-Atg31GFP/Atg29 (pLC004) and pGFP-C2:6xHis-Atg31/Atg29GFP (pLC005).
2.2.3 Cloning Atg genes for recombinant expression using the pQLINK system
We used the pQLINK system112 to co-express a five component Atg1 pentamer complex. The
pQLINK system consists of a novel “LINKing” sequence that uses a LIC method to join a vector
fragment and an insert fragment. Three vectors are commercially available, the pQLINK-H, a N-terminal
His-tag version, pQLINK-G, a N-terminal GST-tag version and pQLINK-N, a tagless vector. To produce
a co-expression plasmid, we used restriction enzyme cloning to clone the genes for Atg17, Atg31-6xHis,
and Atg1 CTD (SGD YGL180W) into the pQLINK-N vector. Atg29 and various Atg13 (SGD YPR185W)
constructs (MD, CTD, FL) were cloned into pQLINK-N using a restriction-free (RF) cloning method113
as these genes contained internal restriction site. These cloned genes were then fused together in a single
vector using the novel LINK sequences.
To perform the linking step, acceptor pQLINK plasmid was digested with 10 units of SwaI (NEB,
R0604S) at 25oC causing linearization of the vector. Donor pQLINK plasmid was digested with 10 units
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of PacI (NEB, R0547S) at 37oC to excise the insert gene sequence to be linked. The linearized fragments
were then treated with 1.5 units of T4 DNA polymerase (ThermoFisher, EP0061) in reaction buffer
supplemented with 100 mM DTT and either 25 mM dCTP (for PacI treated inserts) or 25 mM dGTP (for
SwaI treated vector). The two components were annealed at room temperature followed by transformation
in DH5-alpah E. coli. These linking steps were performed sequentially until both the Atg17-Atg31-Atg29
complex and the five component pentamer were cloned into a single vector to produce:
pQLINK-N: Atg17/Atg29/Atg31 (pLC008)
pQLINK-N: Atg17/Atg29/Atg31-6xHis/Atg1 CTD/Atg13 MD (pLC009)
pQLINK-N: Atg17/Atg29/Atg31-6xHis/Atg1 CTD/Atg13 CTD (pLC010)
pQLINK-N: Atg17/Atg29/Atg31-6xHis/Atg1 CTD/Atg13 FL (pLC011)
Additionally, we developed a His-tagged maltose binding protein (MBP) label pQLINK vector dubbed
pQLINK-HMP that was used to clone His-MBP labelled Atg1 CTD and Atg13 CTD. These vectors were
used to construct:
pQLINK-N: Atg17/Atg29/Atg31-6xHis/MBP-Atg1 CTD/Atg13 CTD (pLC012)
pQLINK-N: Atg17/Atg29/Atg31-6xHis/Atg1 CTD/MBPAtg13 CTD (pLC013)
All vectors were subsequently used for co-expression of the pentamer assembly in E. coli.
2.2.6 Cloning of Atg11 into the pESC yeast expression system
The pESC series of vectors are a galactose-inducible expression system for use in S. cerevisiae
cells. Each of the vector contains two multiple cloning sites suitable for co-expression of a maximum of
two proteins. More proteins can be expressed in a single system through the use of vectors with different
auxotrophic markers. In total, four vectors containing histidine, leucine, tryptophan or uracil (Ura)
selectable markers are available. The multiple cloning sites use conventional restriction digestion cloning
to insert the gene(s) of interest. However, Atg11 contains many cut sites that were not compatible with
the pESC system. Therefore, to clone Atg11 into the pESC vector, we used RF-cloning113. Atg11 (SGD
YPR049C) was amplified by PCR using primers containing compatible ends to the pESC-Ura vector.
Subsequently, the PCR product was used as primers for amplification of the pESC-Ura vector along with
insertion of Atg11. This cloning produced the vector pESC-Ura:Atg11 (pLC014).
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2.3 Recombinant expression and purification
To facilitate EM studies purification of adequate amount of homogenous protein was essential.
All of the following described proteins were expressed in the background E. coli strain BL21* or BL21*
Rosetta. Several purification strategies were used but generally consisted of a single or two step affinity
chromatography step followed by separation of bound complex by either gel filtration or glycerol gradient
centrifugation. All SDS-PAGE gels were 12%, unless otherwise stated, and were visualized by either
Coomassie Brilliant Blue or silver staining. Molecular weight markers used were Precision	
  Plus	
  Protein	
  
Ladder	
  (BioRad).
2.3.1 Purification of recombinant Atg17-Atg31-Atg29
To purify recombinant Atg17-Atg31-Atg29, His-MBP-tagged Atg17 (pLC001) was co-expressed
with 6xHis-Atg31 and Atg29 (pLC003) in E. coli BL21 Star TM (DE3) (Life Technologies, C6010-03).
To express the complex, transformed BL21* E.coli was grown at 37oC until an OD600 = 0.6 and were
induced using 0.25 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) at 16oC for 18 hours. 15-20 grams
of cells were resuspended in lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 8.0, 1 mM PMSF) and
lysed by sonication. The lysate was clarified by centrifugation at ~30,000 xg for 30 min, and the
supernatant was incubated with HisPur nickel-NTA resin (Pierce, 88221) for 1 hour at 4oC followed by
washes with buffer (150 mM NaCl, 50 mM Tris-HCl) and imidazole elution (150 mM NaCl, 50 mM TrisHCl, 250 mM Imidazole). Ni2+ elutions were then incubated with amylose resin (New England Biolabs,
E8021S) for 1 hour at 4oC followed by elution with amylose elution buffer (150 mM NaCl, 50 mM TrisHCl, 10 mM Maltose) We then removed the His-MBP tag by TEV protease cleavage for 18 hours at 4oC
in dialysis buffer (150 mM NaCl, 50 mM Tris-HCl, 0.5 mM EDTA, 1 mM DTT). The cleaved complex
was then concentrated in an Amicon 10K cutoff concentrator (Millipore, UFC801024) then separated by
gel filtration chromatography using a Superose 6 column connected attached to an ÄKTAprime plus. The
peak fraction was then analysis by SDS-PAGE or used for EM analysis.
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We used the same procedure for purifying His-MBP-tagged Atg17-Atg31-Atg29 and His-MBPtagged Atg17, except that the TEV cleavage step was eliminated. Amylose elution fractions were
concentrated in an Amicon 10K cutoff concentrator (Millipore, UFC801024) then separated by gel
filtration chromatography on a Superose 6 column attached to an ÄKTAprime plus.
For expression of complexes containing GFP-tagged Atg29 or Atg31, we expressed GST-Atg17
(pLC002) with either 6xHisAtg31GFP/Atg29 (pLC004) or 6xHisAtg31/Atg29GFP (pLC005) in Bl21* E.
coli. The complexes were induced to express at 30oC for 5 hours. 15-20 grams of cells were resuspended
in buffer (150 mM NaCl, 50 mM Tris-HCl pH8.0) and lysed by sonication. Cell lysate was incubated
with glutathione agarose (Pierce, 16100) for 1 hour at 4oC and eluted in glutathione elution buffer (150
mM NaCl, 50 mM Tris-HCl, 10 mM reduced glutathione). The GST-tag was removed by PreScission
protease (GE Healthcare, 27-0843-01) incubation for 18 hours at 4oC. The cleaved complex was then
concentrated in an Amicon 10K cutoff concentrator (Millipore, UFC801024) and then separated by gel
filtration chromatography on a Superose 6 column attached to an ÄKTAprime plus. The peak fractions
were then analysed by SDS-PAGE or used for EM analysis.
2.3.2 Purification of recombinant Atg1 kinase pentamer complex
The pentamer complex was expressed using a single plasmid constructed using the pQLINK
system. In total, five purifications of the various pentamer assemblies were conducted and follow the
same general procedure. Atg31 was C-terminal 6xHistidine tagged to facilitate the purification procedure.
To initially assess stability of the complex with various Atg13 constructs, pLC009 , pLC010 and pLC011
were expressed in BL21* Rosetta E.coli. These complexes were expressed at 37oC until an OD600 = 0.6
and induced at 37oC for 3-4 hours. 1-3 grams of cells were resuspended in lysis buffer (150 mM NaCl, 50
mM HEPES pH 8.0, 1 mM PMSF) and lysed by sonication. The lysate was clarified by centrifugation at
~30,000 xg for 30 min, and the supernatant was incubated with HisPur nickel-NTA resin (Pierce, 88221)
for 0.5 hours at 4oC followed by washes with buffer (150 mM NaCl, 50 mM HEPES pH 8.0) and
imidazole elution (150 mM NaCl, 50 mM HEPES pH 8.0, 100 mM Imidazole). The Ni2+ elutions were
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analyzed by SDS-PAGE and it was decided that Atg13 CTD containing complexes would be purified on
a larger scale.
For large-scale purification, approximately 15-20 grams were used. The complex was purified
using the same protocol previously mentioned. The nickel-sepharose elutions were concentrated in an
Amicon 10K cutoff concentrator (Millipore, UFC801024), and separated by gel filtration chromatography
on a Superose 6 column connected to an ÄKTAprime plus. The peak fractions were then analysed by
SDS-PAGE and used for negative-stain EM.
2.3.3 GraFix protocol
The GraFix protocol was adapted from the method by Kastner et al.114 This modification uses a
glycerol gradient in combination with glutaraldehyde to improve complex stability in preparation for
analysis by negative-stain EM. In our method we studied the pentamer assembly by applying GraFix after
purification by affinity and gel filtration chromatography. In particular, the peak fractions from gel
filtration on a Superose 6 column were pooled and concentrated using an Amicon 10K cutoff concentrator
(Millipore, UFC801024). The protein sample was then overlaid on a linear 12-24% glycerol gradient (150
mM NaCl, 50 mM HEPES pH 8.0, 12% or 24% glycerol) either with/or without 0.05% glutaraldehyde
made using the Gradient Station (Biocomp Instruments). The gradients were centrifuged at 40,000 rpm
for 16 hours at 4oC. The gradients were then fractionated using the Gradient station and samples were
analyzed by SDS-PAGE and used for negative-stain EM.
2.3.3 Expression and purification of Atg11 using the pESC yeast expression system
Approximately 1 µg of pESC-Ura:Atg11 (pLC0014) plasmid was transformed into the BJ2168
yeast strain (MATa leu2 trp1 ura3 pep4-3 prb1-1122 prc1-407) by the lithium acetate method109.
Transformed yeast were selected on synthetic drop-out media without uracil (SD-Ura) for two days at
30oC. Putative colonies were screened by colony PCR. For expression, Atg11 starter cultures were grown
at 30oC on SD-Ura media with 2% raffinose as the sole carbon source. These cells were grown to an
OD600 = 1.0 and were induced by adding solid powder of 2% peptone, 1% yeast extract and 2% galactose.
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Cells were induced at 30oC for 16-18 hours. Endogenous expression of the tagged subunit was confirmed
by Western blot of whole cell lysate using anti-FLAG antibody (Sigma).
Approximately 10-20 grams of cells were resuspended in lysis buffer (250 mM NaCl, 100 mM
Tris-HCl pH 8.0, 5% Glycerol, 0.1% Triton X-100, 2 mM PMSF, 0.1 mM sodium vanadate, 2mM
benzamidine, 50 mM NaF) containing EDTA-free protease inhibitor (Roche, 11873580001) and lysed by
bead beating. The lysate was clarified by centrifugation at ~30,000 xg for 30 min, and the supernatant
fraction was incubated with M2 FLAG-sepharose (Sigma-Aldrich, A2220) for 2 hours at 4oC. The resin
was washed with buffer A (250 mM NaCl, 100 mM Tris-HCl pH 8.0, 5% Glycerol, 0.1% Triton X-100)
followed by buffer B (150 mM NaCl, 100 mM Tris-HCl pH 8.0, 5% Glycerol, 0.1% Triton X-100) and
eluted using 0.5 mg/ml FLAG peptide in buffer B. The elution was concentrated using an Amicon Ultra
10K centrifugation unit (Millipore, UFC901008) and was further separated by gel filtration
chromatography on a Superose 6 column connected to an ÄKTAprime plus. The peak fraction was
analyzed by SDS-PAGE and used for negative-stain EM.
2.4 Electron microscopy
Protein specimens were subject to negative-stain treatment prior to EM analysis115. Copper grids
were prepared by carbon coating with a 208C High Vacuum Turbo Carbon Coater (Cressington). Carbon
coated grids were hydrophilized with an easiGlow Glow Discharge unit (PELCO). Purified protein
sample were annealed to the glow discharged grids and then stained with 0.75% (w/v) uranyl formate.
Negatively-stained specimens were left to air dry prior to imaging. Raw images were recorded at a
nominal magnification of 49,000X on a 4K x 4K Eagle charge-coupled device (CCD) camera (FEI) with
a Tecnai Spirit transmission electron microscope (FEI) operated at an accelerating voltage of 120 kV.
Images for 2D analysis were collected using the same instrument with the same operating parameters and
at a defocus value of −1.2 µm. For tilt-pair data collection, the same specimen areas were recorded at tilt
angles of 55° and untilted under low-dose conditions at a nominal magnification of 49,000 and a defocus
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value of −1.2 µm on the 4K X 4K Eagle CCD camera. For image processing, 2 x 2 pixels were averaged
to yield a pixel size of approximately 4.6 Å at the specimen level.
2.5 Image processing
For two-dimensional (2D) analysis, particles for each dataset were interactively selected using
Boxer116 and windowed into a specified box pixel image. These selected particles were then
translationally aligned, and subjected to ten cycles of multi-reference alignment using SPIDER117. Each
round of alignment was followed by K-means classification specifying either 20, 50 or 100 classes.
The particle number and box sizes used for image processing of each data set are summarized in Table
2.1.
Table 2.1 Summary of processing parameters for data set
Particle
Data Set
Number
Atg17-Atg31-Atg29
10,251
MBP-Atg17-Atg31-Atg29
8,209
Atg17-Atg31GFP-Atg29
1,991
Atg17-Atg31-Atg29GFP
2,290
MBP-Atg17
5,922
Atg17-Atg31-Atg29[3SD]
4,671
Atg17-Atg31-Atg29[20STA3SD]
6,588
Atg17-Atg31-Atg29+GraFix
1,968
Atg17-Atg31-Atg29-Atg1 CTD-Atg13 CTD
3,700
Atg17-Atg31-Atg29-Atg1 CTD2,787
Atg13 CTD + GraFix
Atg17-Atg31-Atg29-MBPAtg1 CTD1,471
Atg13 CTD + GraFix
Atg17-Atg31-Atg29-Atg1 CTD-MBPAtg13 CTD
1,702
+ GraFix
Atg11
2,636

Box Size
(Pixels)
112
140
120
120
140
112
112
112
120

Number
of Classes
20
50
50
50
100
50
50
50
50

120

50

132

100

132

100

100

100

For three-dimensional (3D) reconstruction, particle pairs were interactively selected from both the
untilted and 55° tilted images using WEB117. The selected particles were windowed into a specified box
pixel image, and the particles from the untilted specimens were classified into 20 classes. 3D
reconstruction was calculated for the largest class from the tilted specimens using the backprojection and
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angular refinement procedures in SPIDER. The final resolution of the structure was estimated by the
Fourier shell correlation (FSC) function of 0.5. Docking of crystal structures was performed by UCSF
Chimera118.
2.6 Length and curvature analysis
Measurements of particles were performed on CorelDRAW5. Only class averages containing two
visible MBP-labels were selected for analysis. 17 class averages for His-MBP-Atg17-Atg31-Atg29 and
18 class averages for His-MBP-Atg17 met these criteria. The length of each particle was measured as the
junction-to-junction length beginning at the boundary of the MBP-Atg17 linker and ending at the next
MBP-Atg17 linker boundary. Measurements of the cord length and height for each arc of a monomer of
Atg17 were measured separately. The cord-length of an arc was determined to begin at the junction of the
MBP-linker-Atg17 and end at the center of the Atg17 dimer, while the height was measured at the edge of
the arc apex to the arc chord. Curvature was calculated using the derived arc radius formula;
!

!!

!

!!

𝑟𝑎𝑑𝑖𝑢𝑠 =    +   

, where H is the arc height and W is the cord length. The ratio of the radius was

calculated by dividing one arc radius by the second arc radius in the same dimer.
2.7 Bioinformatics
Sequences were obtained either from the Saccharomyces Genome Database
(www.yeastgenome.org)119 or UniProt (www.uniprot.org)120. Sequence alignment was performed using
ClustalW2 (www.ebi.ac.uk/Tools/msa/clustalw2)121,122. Coiled-coil prediction was performed with the
coiled-coil prediction server (http://embnet.vital-it.ch/software/COILS_form.html)123. Identification of
IDPs was performed using the IUPRED server (upred.enzim.hu)124,125
2.8 Construction of figures
Paint.NET was used to perform image contrast manipulation while InkScape was used to render
and organize all figures.
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Chapter 3. Results
3.1 Analysis of in vivo purification of TAP tagged Atg17-Atg31-Atg29 ternary subcomplex
As an initial step to purify the Atg17-Atg31-Atg29 complex, we attempted to isolate the native
complex from S. cerevisiae using the tandem affinity purification (TAP) method108. Endogenous Cterminal TAP-tagged Atg17, Atg31 and Atg29 were purified by incubating yeast cell lysate with IgG
sepharose followed by TEV protease cleavage. The only purification to exhibit bands corresponding to
Atg17, Atg31 and Atg29 was that of Atg29-TAP (compare Figure 3.1 A with Appendix B.1). The protein
complex was further purified by gel filtration chromatography, which eluted at a size corresponding to a
600-kDa protein on a Superose 6 column. This fraction was analyzed by 12% SDS-PAGE which
confirmed the appearance of several bands which corresponded to the correct molecular weights for
Atg17, Atg31 and Atg29 (Figure 3.1A). The identities of the proteins in these fractions were analyzed by
mass spectrometry that further confirmed these fractions were enriched for the ternary complex (see
Appendix B.2).
The peak gel-filtration fractions were visualized by negative stain electron microscopy.
Preliminary EM analysis provided a first glimpse into what the believed Atg17-Atg31-Atg29 complex
looked like (Figure 3.1B). Observed particles adopted an elongated shape analogous to the letter “S.”
However, despite these promising results, the particle yield was relatively low with few particles (<3)
being observed per image. This low yield made it difficult to analyze the data in an effective manner and
thus we sought an improved purification scheme to isolate the Atg17-Atg31-Atg29 complex.
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Figure 3.1 Purification and negative stain EM analysis of native Atg29-TAP tagged complex. (A)
Analysis of native Atg17-Atg31-Atg29 complex purified from S. cerevisiae by silver-stained 12% SDSPAGE. Estimated sizes for the Atg proteins are labelled. (B) Representative raw image of negativestained native Atg17-Atg31-Atg29-CBD. Particles are dotted in circles (scale bar = 50nm).
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3.2 Recombinant purification of the Atg17-Atg31-Atg29 ternary subcomplex
Previous studies have shown that the Atg17-Atg31-Atg29 complex could be recombinantly
overexpressed and purified from E. coli88. To improve upon our purification the ternary complex was
reconstituted in an E. coli expression system. We co-expressed N-terminal hexhistidine-MBP-tagged
Atg17, cloned into the pET28b-HMT vector, with N-terminal hexahistidine-tagged Atg31 and untagged
Atg29, both cloned into a pET-Duet1 vector. This two vector system was expressed in BL21* E. coli
followed by two-step nickel-sepharose and amylose-sepharose affinity chromatography followed by
cleavage of the His-MBP tag using TEV protease. The complex was separated by gel-filtration
chromatography and the peak fraction was analyzed by 12% SDS-PAGE (Figure 3.2A). Similar to the
native purification, several bands were observed that were believed to correspond to Atg17, Atg31 and
Atg29 in stoichiometric quantities (Figure 3.2A). When these fractions were examined by negative stain
EM, we observed morphologies similar to what was observed from the native purification (Figure 3.2B).
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Figure 3.2 In vitro purification and negative stain EM analysis of recombinant Atg17-Atg31-Atg29.
(A) Native Atg17-6xHis-Atg31-Atg29 complex analyzed by Silver-stained 12% SDS-PAGE. Estimated
size for the Atg proteins are labelled. (B) Representative raw image of negative-stained Atg17-Atg31Atg29. Particles are dotted in circles (scale bar = 50 nm). (C) Class average analysis of 10,251 negatively
stained particles. Major representative class, from ~1000 particles, is shown and exhibits a S-shape
architecture with two-circular shaped domains attached to the terminal regions of the complex. (D) The
3D reconstruction of Atg17-Atg31-Atg29 viewed in several orientations (scale bar = 5 nm)
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3.3 Electron microscopy analysis of the recombinant Atg17-Atg31-Atg29 ternary subcomplex
We conducted two-dimensional (2D) class average analysis of the ternary complex. The negativestain procedure caused the Atg17-Atg31-Atg29 complex to preferentially orient itself on the carbon
support layer, which aided in the analysis to produce an “average” view of the particle and greatly
increases the signal-to-noise ratio. From a total of 10,251 particles from negative-stained images picked
using WEB, the particles were classified into 20 classes using SPIDER117. The most dominant class
average shows that the Atg17-Atg31-Atg29 ternary complex forms an extended S-shape architecture
(Figure 3.2C). The overall shape appeared to contain a central scaffold making up most of the density of
the “S,” while two globular densities were localized at the concave side of the arc. The ternary complex
was elongated with an end-to-end distance of 345 Å. Its structure further hinted at a dimeric assembly due
to the two-fold symmetry observed which agreed with previous biochemical findings88.
To gain even further structural insight, we conducted a 3D reconstruction of the complex by
applying the random conical tilt approach to our dataset. By collecting pairs of images at an untilted and
55o tilt angle, angular information was obtained which SPIDER could use to produce a 3D structure.
Overall, the 3D reconstruction showed two arcs joined by a central tube region (Figure 3.2D). Each arc
had a radius of curvature of approximately 90 Å with each arc orienting in an opposite directions to
produce the S-shape. Near the terminal regions of the arcs was the previously observed globular density.
This reconstruction exhibited a 37 Å resolution (Fourier shell correlation = 0.5 criterion) with a tube
diameter of 35 Å. These models provided a foundation to further understand the overall subunit
organization. However, due to the low resolution of the electron density map, an alternative approach was
required to delineate the subunit organization of this complex.
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3.4 Subunit localization of Atg17, Atg31 and Atg29 using GFP and MBP fusion labels.
To determine the subunit organization and interaction interfaces of the Atg17-Atg31-Atg29
complex, a covalent fusion label approach was used. A large protein label is used to tag a subunit of
interest, followed by the purification of the tagged complex, and analysis by 2D negative stain EM.
Comparison of the labelled complex versus the unlabelled complex would reveal the location of the
terminus of that subunit. This approach has been used successfully in previously studied protein
complexes. For this study, a GFP111,126,127 or MBP128,129 tag was fused to the terminus of Atg17, Atg31 or
Atg29.
As the purification of this complex involved expressing an N-terminal labeled His-MBP-Atg17, a
logical first step was to examine the MBP-labeled Atg17 complex. The complex was purified without the
MBP label. A dataset of 8,209 particles from negative-stained images was classified into 50 classes. The
most dominant classes that emerged exhibited the same elongated S-shape structure with two additional
globular densities localized to the tips of the S-shape (Figure 3.3A). From a subtracted difference image
of untagged Atg17-Atg31-Atg29 from tagged His-MBP-At17-Atg31-Atg29, two additional terminal
densities were clearly observed, supporting a dimeric assembly.
To facilitate labelling of Atg31 and Atg29, the pET-Duet1vector was reengineered by
incorporating an enhanced GFP (eGFP) sequence into the multiple cloning sites in the C-terminal
positions. The pET-Duet-GFP (pGFPC1 and pGFPC2) vectors were used to express GFP-labelled Atg31
or Atg29. C-terminal GFP labelled Atg29-GFP and Atg31-GFP complexes were separately purified and
subject to analysis by 2D negative stain EM. From the class averages, a single additional density were
observed to localize to the convex side of the arc opposite to the globular densities in both Atg29-GFP
and Atg31-GFP complexes (Figure 3.3B and C). The reason why only a single density was observed
could be explained by flexibility either within the GFP moiety or linker (~ 12 amino acids in length) or
through dynamics in the tagged subunit. The instability of GFP as a tag has been observed previously126.
Nevertheless, In comparison to the untagged complex, a difference density overlay confirmed the
observed GFP density. Together, these results further provide a model whereby Atg17 forms the major
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backbone of the scaffold while Atg31-Atg29 are likely appended to the terminal globular regions. To
further probe the structural role Atg17 has within the complex, analysis of the Atg17 dimer was
conducted.

Figure 3.3 Mapping of Atg17-Atg31-Atg29 complex subunits. Tagged complexes (left panels) are
representative class averages of negatively-stained samples. Difference density (middle panel) is a
difference image generated from subtracting the untagged Atg17-Atg31-Atg29 average from the tagged
complex average. The overlay (right panel) is the overlay of the difference density map and untagged
Atg17-Atg31-Atg29 indicating the location of the tag (red). (A) Localization of Atg17 with MBP-Atg17
obtained from 8,209 particles in 50 classes. Side length = 59nm (B) Localization of Atg31 with Atg31GFP obtained from 1,991 particles in 50 classes. (C) Localization of Atg29 with Atg29-GFP from 2,290
particles in 50 classes.
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3.5 Atg17 mediates dimerization and forms the central scaffold of the complex.
From the localization analysis it was proposed that Atg17, the largest protein in this complex,
likely mediates dimerization. To test this hypothesis, His-MBP-Atg17 was expressed and purified by twostep nickel-sepharose and amylose-sepharose affinity chromatography followed by gel filtration on a
Superose 6 column. The globular MBP tag was left on Atg17 to aid in visualizing the particles, as Atg17
on its own would have less contrast and have been difficult to image. MBP-Atg17 was purified to
homogeneity and was further visualized by negative-stain EM and analyzed by 2D class average analysis
(Figure 3.4A). A total of 5,922 particles were classified into 100 classes. The most dominant classes
showed that Atg17 does indeed account for most of the density in the Atg17-Atg31-Atg29 complex and
more than likely forms the central S-shape scaffold (Figure 9B). This result was further confirmed by
analyzing the difference density map between Atg17 versus the Atg17-Atg31-Atg29 complex (Figure
3.4B). From these results, it is clear that globular densities are composed of Atg31 and Atg29. Another
interesting feature from the 2D analysis was that Atg17 is capable of adopting several distinct
conformations (Figure 3.4C). Atg17 was observed to adopt the familiar S-shape conformational but
could also form a long “extended” form and an intermediate “asymmetric” form somewhere between the
compact and extended conformations (Figure 3.4C). Together, these results indicate that the Atg17 dimer
is conformationally dynamic. To better understand these dynamics, analysis of the dimensions of these
particles was conducted.
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Figure 3.4 Purification and EM analysis of the MBP-Atg17 dimer. (A) Purified MBP-Atg17 analyzed
by silver stained 12% SDS-PAGE. (B) Representative class average of MBP-Atg17 dimer obtained from
5,922 negative stained particles in 100 classes. Difference density is shown compared to MBP-Atg17Atg31-Atg29 complex. Overlay shown is the difference density map over the untagged At17-Atg31Atg29 complex. (C) Structural segregation of class averages from classification of 5,922 in 100 classes.
MBP-Atg17 particles exhibiting a range of conformations Atg17 can adopt: S-shaped, asymmetric, and
extended conformations. Side length of each panel is 64 nm.
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3.6 Analyzing the conformational flexibility of the Atg17 dimer
To further investigate the conformational flexibility of Atg17 dimers, the radius of curvature and
length of MBP-labeled Atg17 particles was compared to MBP-Atg17-Atg31-Atg29 particles. For this
analysis, all selected class averages contained two discernible His-MBP densities because these averages
showed well-defined boundaries for measurements. The length of a particle was measured as a junctionto-junction length at the boundary of the His-MBP linker and Atg17 (Figure 3.5A). The junction-tojunction lengths of His-MBP-labeled Atg17-Atg31-Atg29 particles fell within a narrow range between
275 Å to 310 Å, while the distribution of lengths was much broader for His-MBP-Atg17 and ranged from
158 Å to 345 Å (Figure 3.5B). Despite this variation in the range of lengths observed, the median values
of length were 293 Å and 285 Å for the ternary complex and Atg17 respectively. These results indicate
that the observed flexibility is an inherent property of Atg17 and is not significantly influenced by the
presence of the His-MBP tags.
The radius of curvature was calculated from the measured cord length and arc height (Figure
3.5A). The measured curvature showed a narrow distribution of values for the His- MBP-labeled Atg17Atg31-Atg29, with a median radius of 75 Å, whereas His-MBP-Atg17 exhibited a broader distribution,
with a median radius of 213Å. In fact, a large number of His-MBP-Atg17 particles exhibited little to no
measurable curvature. Furthermore, when the radius of each arc was compared in a single dimer, we
observed much lower correlation between the curvatures of each arc, indicating inherent flexibility of the
two halves within the Atg17 dimer (Figure 3.5C). This was not observed in the context of the full
complex as the radii of the two arcs correlated well, indicating a high degree of symmetry (Figure 3.5C)
Collectively, results from this analysis confirm that Atg17 is capable of adopting multiple
conformations, and implicate a structural role of Atg31 and Atg29 in restricting this flexibility and
maintaining the ternary complex in a rigid S-shape with well-defined curvatures.
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Figure 3.5 Analysis of Atg17 dimer flexibility. (A) A representative particle of MBP-Atg17-Atg31Atg29 depicting measured parameters. (B) Distribution of junction-to-junction lengths measured for 17
class averages (1,029 total particles) of His-MBP-labeled Atg17-Atg31-Atg29 (black) and 18 class
averages (1,099 total particles) of His-MBP-Atg17 (white). Median length was 293 Å and 285 Å for HisMBP-Atg17-Atg31-Atg29 and His-MBP-Atg17, respectively. (C) Distribution of the ratio of curvature
measured for the two arcs within each ternary complex and Atg17 dimer. 17 class averages (1,029 total
particles) of His-MBP-labeled Atg17-Atg31- Atg29 (black) and 9 class averages (539 total particles) of
His-MBP-Atg17 particles (white) were analyzed. Median radius was 75 Å and 213 Å for His-MBPAtg17-Atg31-Atg29 and His-MBP-Atg17, respectively.
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3.7 Analysis of an “autophagy-induced” complex with phosphomimetic Atg29
Atg29 is phosphorylated in response to autophagy activation with several putative Atg29
phosphorylation sites being mapped to S197, S199, and S20199. Thus, complexes harbouring
phosphorylated Atg29 should represent an “autophagy active” complex. To further study structural
changes to the Atg17-Atg31-Atg29 complex during autophagy induction, Atg17-Atg31-Atg29 complex
harbouring a phosphomimetic Atg29 mutant were purified and subject to negative stain 2D EM analysis.
These Atg29 mutants were generated by mutating S197, S199, and S201 to an aspartate residue, and
either leaving the first 20 serine/threonine residues unmutated (Atg29[3SD]) or mutating them to alanine
(Atg29[20STA/3SD]). Two galleries of class averages were obtained from the classification of 4,671
Atg29[3SD]-containing and 6,558 Atg29[20STA/3SD]-containing particles, respectively (Figure 3.6A
and B). Compared to the wild-type complex these averages indicated that the phosphomimetic mutations
did not induce significant changes to the overall structure of the ternary complex as observed by EM.

Figure 3.6 Analysis of phosphomimetic Atg29 containing complexes. A representative class average of
Atg17-Atg31-Atg29 is on the right for reference. (A) Representative class averages obtained from
classification of 4,671 negatively stained Atg29[3SD]-containing particles into 50 classes. (B)
Representative class averages obtained from classification of 6,588 negatively stained
Atg29[20STA/3SD]-containing particles into 50 classes.
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3.8 Purification of the Atg1 kinase complex pentamer
The Atg1 kinase complex is composed of Atg1, Atg13, and the Atg17-Atg31-Atg29 ternary
subcomplex. This complex is an important regulator of autophagy during starvation in yeast. Previous
work identified the interaction interface of Atg1, Atg13, and Atg17, which mediates complex
formation63,76,77,78,91. The Atg1 C-terminus (CTD) contains the binding site for Atg13, while the Atg13 Cterminus (CTD) contains the binding site for Atg1. The interaction of Atg17 with Atg1 is likely bridged
through Atg13, indicating Atg13 is likely important for complex integrity. Another group recently
showed that a minimal Atg1 kinase complex, consisting of small domains of Atg1 and Atg13 with fulllength Atg17-Atg31-Atg29, could be reconstituted in an E. coli system92.
To gain structural insight into how Atg1 and Atg13 assemble with Atg17-Atg31-Atg29, we
reconstituted a minimal Atg1 kinase complex. More specifically, full-length Atg17-Atg31-Atg29 was coexpressed with Atg1 CTD (residues 589-897) and either Atg13 middle domain (MD; residues 384-602),
Atg13 C-terminal domain (CTD; residues 384-738), or Atg13 full-length (FL; residues 1-738) (Figure
3.7A). Compared to the previously mentioned pentamer assembly, our strategy uses much larger
fragments of Atg13 (compared to Atg13 residues 350-550), which we believed would aid in visualization
by EM.
To facilitate expression of this complex, we devised a new purification strategy using the
pQLINK system112. This system takes advantage of a novel multiple cloning site which can “link”
separate genes by ligation-independent cloning into a single plasmid. Using this system all five genes,
Atg17, Atg31, Atg29, Atg1 CTD and the various forms of Atg13 (MD, CTD and FL) were cloned into a
single vector. Atg31 was C-terminal His-tagged for purification purposes. To determine which pentamer
assembly would be the most stable, the different forms of Atg13 were co-expressed with Atg17-Atg31Atg29-Atg1 CTD in E. coli and purified by a single-step nickel-sepharose pull down followed by elution
with 100 mM imidazole. The results of these preliminary purifications were analyzed by 12% SDS-PAGE
gel (Figure 3.7B).
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Purification of the pentamer should yield five distinct bands corresponding to the different
components of the Atg1 kinase complex. Previous purification of the Atg17-Atg31-Atg29 (Figure 3.1A,
3.2A) shows that three bands are clearly observed at around the correct molecular weight for Atg17
(50kDa), Atg31 (22.1 kDa), and Atg29 (24.7 kDa). The expected sizes for these bands are annotated by
arrows to the right of the gels (Figure 3.7B). Atg1 and Atg13 have not been purified previously, and thus
an approximation of their molecular weight is depicted. Atg1 CTD is approximately 35.7 kDa and shown
on the right of the gels by an arrow while the different constructs of Atg13 are as follows; Atg13 MD
(23.7 kDa), Atg13 CTD (39.1 kDa), and Atg13 FL (83.3 kDa), and are labeled as a * beside the
corresponding gel.
From Figure 3.7B, purification of all pentamer complexes exhibited the presence of bands
corresponding to the Atg17-Atg31-Atg29 in relatively stoichiometric levels. Another observation is that
bands that correspond to the approximate molecular weight of the Atg13 constructs co-purified with
Atg17-Atg31-Atg29 (Figure 3.7B), although the Atg13 MD is questionable due to the band being
observed in all fractions. Looking more closely at the purification of Atg13 MD and Atg13 FL complexes,
these purification did not exhibit a co-purified band corresponding to Atg1 CTD, due to the absence of a
band around 35.7 kDa in size. The only purified complex that exhibited a presumed Atg1 CTD band was
that of the Atg13 CTD pentamer assembly (Figure 3.7B). Thus, we moved forward to large-scale
purification and structural characterization by EM of the Atg1 kinase complex pentamer containing
Atg17-Atg31-Atg29, Atg1 CTD (residues 589-897), and Atg13 CTD (residues 384-738).
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Figure 3.7 Expression and purification of Atg1 kinase complex assemblies. (A) Constructs of Atg1
and Atg13 used in pentamer assembly. CTD; C-terminal domain. HORMA95; Hop1p, Rev1p, and Mad2,
MD; Middle-domain, FL; Full-length. (B) Ni2+ imidazole elution of purified Atg1 kinase pentamer
complexes expressed in E. coli. Coomassie-stained 12% SDS-PAGE. Predicted size of protein is shown
on the right. * indicates predicted Atg13 construct.
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3.9 Structural analysis of the Atg1 kinase complex pentamer
With the identified Atg1 kinase complex assembly in hand, we sought to further structurally
characterize the complex by single-particle EM. The Atg17-Atg31-Atg29-Atg1 CTD-Atg13 CTD
complex was expressed in E. coli and purified by single-step nickel-sepharose chromatography. The
complex was further separated by gel-filtration chromatography and the peak fraction was analyzed by 12%
SDS-PAGE (Figure 3.8A). The results show that the complex does indeed purify as a pentamer assembly
with five bands observed. Importantly, the complex eluted at a similar size to the Atg17-Atg31-Atg29
complex showing that the Atg1 and Atg13 components do indeed interact with the ternary complex. It is
noted, however, that the stoichiometry of the complex was not readily determined from the observed gel.
All components appear in stoichiometric quantities except for Atg13 CTD, which was less intense.
Nevertheless, the complex was visualized by negative-stain EM and analyzed by 2D analysis.
The most dominant classes showed that the pentamer complex was structurally similar to the Atg17Atg31-Atg29 complex (Figure 3.8B, -Glut Atg17-Atg31-Atg29-Atg1 CTD-Atg13 CTD). Indeed, almost
no distinguishing features could be observed between the Atg17-Atg31-Atg29 and Atg17-Atg31-Atg29Atg1 CTD-Atg13 CTD complexes. Therefore, we attempted a modified protocol using a mild protein
cross-linker to promote stability of the complex and provide a sample that is more amenable to analysis
by EM.
We employed gradient fixation (GraFix) 114 to further study the Atg1 kinase complex pentamer.
GraFix uses a combination of a glycerol gradient centrifugation with the addition of glutaraldehyde.
Glutaraldehyde is layered as a gradient in the glycerol gradient and thus a protein sample which travels
into the glycerol gradient during centrifugation will encounter an increasing level of glutaraldehyde.
Glutaraldehyde non-selectively crosslinks free amino groups and as a consequence too much fixative can
result in the formation of artefacts. To test whether the GraFix protocol would cause artificial changes to
the pentameric assembly, we performed a mock analysis of GraFix treated Atg17-Atg31-Atg29.
Atg17-Atg31-Atg29 was purified by single-step nickel-sepharose and gel filtration
chromatography. The protein sample was then loaded onto a 12-24% glycerol gradient containing a
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0-0.05% glutaraldehyde gradient. The tube was centrifuged at 40,000 rpm for 16 hours and the entire
gradient was fractionated. The peak fraction was visualized by negative-stain EM and analyzed by 2D
class average analysis. Our results show that the GraFix treated complex adopts a similar structure to the
Atg17-Atg31-Atg29 complex and shows that the use of glutaraldehyde does not appear to significantly
alter the structure of the complex (Figure 3.8B, +Glut Atg17-31-29).
The GraFix protocol was then used on the Atg17-Atg31-Atg29-Atg1 CTD-Atg13 CTD pentamer
assembly. Again, using a 12-24% glycerol gradient with a 0-0.05% glutaraldehyde gradient, the purified
pentamer assembly was subject to 2D class average analysis (Figure 3.8B). The GraFix treated pentamer
assembly exhibited a similar overall structure to the Atg17-Atg31-Atg29 complex. When compared to the
ternary complex and the unfixed pentamer complex it was observed that the terminal regions of the Sshape were enlarged and appeared to have additional density. These results indicate that our method
allowed for observation of additional features in the structure. However, interpreting these observations is
hindered by our inability to definitively localize the Atg1 CTD and Atg13 CTD from these images,
despite each subunit being >30 kDa in size. These observations are likely due to inherent flexibility of the
components leading to an “averaging” out of density or could suggest that Atg1 CTD and Atg1 CTD lay
extremely close to the S-shape structure. To circumvent this problem, we applied the fusion-label
approach by fusing large, “bulkier” tags to the Atg1 CTD and Atg13 CTD.
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Figure 3.8 EM analysis of the Atg1 kinase complex pentamer. (A) Analysis of the purified Atg17Atg31-Atg29-Atg1 CTD-Atg13 CTD pentamer complex by silver-stained 12% SDS-PAGE. Predicted
sizes are labelled on the right. (B) EM analysis of the Atg1 kinase complex pentamer. Representative
class average of Atg17-Atg31-Atg29 and Atg17-Atg31-Atg29-Atg1 CTD-Atg13 CTD complexes with
(+Glut) and without GraFix (-Glut). Pentamer 3,700 particles. GraFix Pentamer 2,787 particles. Atg17Atg31-Atg29 1,968 particles. Side length of each panel is 55 nm.
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3.10 Subunit localization of Atg1 and Atg13 in the pentamer assembly
Despite obtaining adequate quantities of the Atg17-Atg31-Atg29-Atg1 CTD-Atg13 CTD
pentamer complex for EM analysis, we were unable to definitively localize Atg1 and Atg13. To facilitate
localization of these components in the EM structure, we fused a His-MBP tag to the N-terminus of Atg1
CTD or Atg13 CTD. These His-MBP-labelled genes were cloned with Atg17-Atg31-Atg29 and either
unlabeled Atg1 CTD or unlabeled Atg13 CTD using the pQLINK system. The pentameric complex was
then expressed and purified by single-step nickel-sepharose and gel filtration chromatography followed
by the GraFix protocol. Both complexes were purified and subsequently analyzed by 12% SDS-PAGE.
The addition of a His-MBP-tag should increase the observed molecular weight of tagged
components by approximately 42.5 kDa. Analysis of the purified complex showed that indeed the
addition of the His-MBP tag shifted the molecular weight of both Atg1 CTD and Atg13 CTD to exhibit a
band between the 72 kDa and 100 kDa molecular weight marker (Figure 3.9A and 3.9B). In the HisMBP-Atg1 CTD purified complex, bands corresponding to Atg17, Atg31, Atg29, and Atg13 CTD were
clearly observed. While the His-MBP-Atg13 CTD containing complex only had bands corresponding to
the Atg17-Atg31-Atg29 subcomplex. These results may indicate that the presence of the bulky His-MBPtag at the N-terminus of Atg13 may interfere with interaction with Atg1 CTD.
The purified complex was visualized by negative-stain EM and subject to 2D analysis. For the
His-MBP-Atg1 CTD purified complex, a total of 1,471 particles were analyzed. These results showed that
the complex formed an S-shape structure with additional densities observed appended to the terminal ends
of the S-shape, similar to what was observed with the His-MBP-Atg17 labeled complex (Figure 3.3A and
3.9A). This analysis indicated that His-MBP-Atg1 CTD is localized close to the terminal regions of the Sshape but not along the tubular central region.
For the His-MBP-Atg13 CTD containing complex, a total of 1,702 particles were analyzed. The
averages for this dataset were much more well defined and clear densities were again observed appended
to the terminal regions of the S-shape indicating that MBP-Atg13 CTD is localized in this region (Figure
3.9B). These labelling results further broaden our model for Atg1 kinase complex assembly. Atg17 forms
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a central scaffold while Atg31 and Atg29 contribute to the globular densities localized at the terminal
regions of the S-shape. Atg1 CTD and Atg13 CTD likely only interact with the extreme terminal regions
of the S-shape.

Figure 3.9 Mapping of Atg1 CTD and Atg13 CTD in the Atg1 kinase complex pentamer.
Minimal Atg1 kinase complex pentamer assemblies were expressed with either His-MBP-labeled
Atg1 CTD or Atg13 CTD. The complex was purified and subject to GraFix. SDS-Page analysis of the
purified complex is shown. (A) His-MBP-Atg1 CTD containing pentamer. Representative class averages
from 1,471 negatively stained His-MBP-Atg1 CTD particles from 100 classes. (B) His-MBP-Atg13 CTD
containing pentamer. Representative class averages from 1,702 negatively stained His-MBP-Atg13 CTD
particles from 100 classes. Side length of each panel is 55 nm.
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3.11 Purification and EM analysis of Atg11
As a further extension to study the Atg1 kinase complex, we decided to characterize the Atg11
protein scaffold. In yeast, Atg11 is essential for the Cvt pathway but has also been found to play a
significant role in organization of the PAS during basal autophagy and in the absence of Atg17.
Importantly, Atg11 directly interacts with components of the Atg1 kinase complex. Studying Atg11
would provide insight into how the Atg1 kinase complex contributes to autophagy and organization of the
PAS during nutrient rich conditions.
Atg11 has a predicted mass of 135 kDa, which made expression in bacterial systems particularly
challenging. To facilitate expression of Atg11, we decided to use the pESC yeast expression system. This
expression system uses a 2-micron plasmid that contains a two multiple cloning sites driven by a
galactose inducible promoter. In this case, we only used one cloning site to insert Atg11 in frame with a
C-terminal FLAG tag. The Atg11 containing pESC-URA vector was transformed into the proteasedeficient BJ2168 yeast strain followed by growth on 2% raffinose containing uracil-minus media prior to
induction with 2% galactose. Atg11 was purified by Anti-FLAG M2 resin chromatography followed by
elution with 0.5 mg/ml FLAG peptide. The protein was separated by gel filtration chromatography and
the peak fraction was analyzed by SDS-PAGE gel.
Results of our purification showed the presence of a single band between the 100 kDa and 150
kDa marker (Figure 3.10A). The observed band is a similar size to the predicted 136 kDa size of FLAGtagged Atg11. This fraction was then visualized by negative stain EM. A heterogeneous mixture of
particles was observed, and these particles appeared to exhibit an extended architecture (Figure 3.10B).
Atg11 was then subject to 2D analysis, and a total of 2,636 particles were analyzed. The observed class
averages showed that Atg11 adopts an elongated architecture indicative of a coiled-coil containing protein.
Intriguingly, Atg11 can adopt an S-shape structure analogous to the Atg17-Atg31-Atg29 subcomplex, but
is also inherently more flexible as alternative conformations were observed (Figure 3.10C). Further
inspection of the gallery of averaged image revealed that a subset of Atg11 particles adopt a dimeric state.
This observation is supported by previous biochemical analysis showing that Atg11 homodimerizes101.
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Although the majority of Atg11 particles appeared to exist in a monomeric state, these observations
remain to be confirmed as potential artefacts might arise from a dataset with heterogeneous particles.
Nevertheless, these results provide the first glimpse of the molecular architecture of Atg11.

Figure 3.10 Purification and EM analysis of Atg11. (A) Atg11-FLAG was overexpression in yeast and
purified by Anti-FLAG M2-resin and gel filtration chromatography and analyzed by 12% SDS-PAGE
visualized by coomassie staining. (B) Representative raw image of negative-stained Atg11-FLAG.
Particles are dotted in circles (scale bar = 50nm). (C) 2D analysis of 2,636 negatively stained particles.
Major representative classes are shown and exhibit an elongated architecture. Potential monomer and
dimer forms of Atg11 were observed. Side length of each panel is 42 nm.
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Chapter 4: Discussion
In this study, the structure of the Atg1 kinase complex was analyzed by single-particle EM.
Results from my studies provided the first EM structure of the S. cerevisiae Atg17-Atg31-Atg29
regulatory subcomplex, and generated novel insights into the subunit interaction between Atg1 and Atg13
with Atg17-Atg31-Atg29. During the course of this study, the X-ray crystal structure of the Atg17-Atg31Atg29 complex from the thermophilic yeast L. thermotolerans was determined92. Here the various models
of Atg1 kinase complex formation will be consolidated and further discussed. I have also carried out
preliminary structural studies on the important PAS organizer and protein scaffold Atg11.

4.1 Structure of the Atg17-Atg31-Atg29 regulatory subcomplex
4.1.1 The EM structure of S. cerevisiae Atg17-Atg31-Atg29
Atg17, in complex with Atg31 and Atg29, function in the very early steps of autophagosome
formation. Together, the Atg17-Atg31-Atg29 subcomplex functions as a positive regulator of the Atg1
kinase complex through mediating recruitment of Atg proteins to the PAS. The EM structure of Atg17Atg31-Atg29 shows that the complex adopts a highly extended dimeric “S-shaped” structure with an endto-end distance of 345 Å. Analysis of purified Atg17, confirmed that Atg17 made up a large part of the
density of the complex and was likely mediating dimerization. The observations of two additional
globular densities appended to the terminal regions of the “S-shape” were proposed to consist of Atg31
and Atg29, as seen from GFP-labeling experiments. The strikingly similar overall morphologies between
recombinant and native Atg17-Atg31-Atg29 supported the physiological relevance of the model
generated from the recombinant complex. Our model presents several key features that would mediate the
function of the Atg17-Atg31-Atg29 subcomplex.
The complex adopts an elongated structure composed mostly of Atg17. In Atg17’s identified role
as a protein scaffold, this extended architecture would provide a larger surface area for accessibility to
docking interfaces on the complex. Indeed, other elongated protein scaffolds have been identified in the
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literature130,131. Additionally, the dimeric nature of the Atg17-Atg31-Atg29 complex would functionally
double the interaction sites and generates two modules, further promoting protein-protein interactions.
The two regulatory subunits, Atg31 and Atg29, localize to the terminal regions of the S-shape and
make up the globular densities observed. The globular density is appended to the concave side of the
Atg17 arc. As both proteins are phosphorylated during autophagy, this configuration would orient Atg31
and Atg29 in such a manner that would potential promote accessibility of their phosphorylation motifs to
kinases. Although our EM studies on complexes containing phosphomimetic Atg29 show that
phosphorylation likely does not appear to alter the overall architecture of Atg17-Atg31-Atg13, the
structural changes induced by phosphorylation could be too subtle to be clearly distinguished by our
techniques.
4.1.2 The crystal structure of L. thermotolerans Atg17-Atg31-Atg29
Recently, Ragusa et al. reported a structure of Atg17-Atg31-Atg29 based on crystallographic
analysis of the Atg17-Atg31-Atg29 complex from the thermophile L. thermotolerans (Figure 4.1A).
Notably, the crystal structure matched the EM structure of Atg17-Atg31-Atg29 from S. cerevisiae, despite
relatively low sequence homology between the proteins from each species. Indeed, the high-resolution
structure of the L. thermotolerans complex was unambiguously docked into our EM density map, which
supports the physiological relevance of the high-resolution structure (Figure 4.1C).
The crystal structure of Atg17 is composed of four α-helices forming a three-helix bundle. Atg31,
on the other hand, adopts a β-sandwich motif with a single C-terminus α-helix mediating interaction with
Atg17 to form a four-helix bundle. In contrast, Atg29 is predominantly unstructured and only a single Nterminal β-strand that is engaged in an interaction interface with the N-terminus β-sandwich of Atg31
could be clearly defined from the electron density map. Atg31and Atg29 forms stable heterodimers that
interact with Atg17 through Atg31 and further localize to the concave side of the Atg17 arc.
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The observed interaction interfaces from the crystal structure matches well with our predicted
subunit organization determined from labeling experiments (Figure 4.1C). The N-terminus of Atg17 is
found at the terminal region of the observed arc. The exception is the location of the
C -terminus of Atg31, which in our EM analysis was localized to the convex side of the arc while in the
high-resolution model it is localized to the concave side of the arc. This difference may be due to the ~12
amino acid linker joining Atg31 to GFP. As the diameter of Atg17 is ~35 Å, the linker joining the GFP
moiety would be long enough to localize in the observed region. The C-terminus of Atg29, on the other
hand, lacked resolvable electron density in the high-resolution model, and we were not able to compare its
localization to the EM structure. The crystal structure suggests that the C-terminus of Atg29 likely points
outward and away from Atg17. The docking analysis shows there is no apparent unaccounted density
observed for Atg29. This observation further indicates that the C-terminal region of Atg29 is either
completely unstructured or adopts a multitude of conformations that single-particle EM is unable to
resolve.
The high-resolution model also confirmed that Atg17 mediates dimerization of the complex,
which matches what we observed from studying the Atg17 dimer. The C-terminus of Atg17 mediates
dimerization through several coiled coils. Furthermore, Ragusa et al. determined that Atg17 dimer
formation was physiological relevant for the autophagy response by expressing C-terminal Atg17
truncations. Both localization of Atg17 and Atg8, to the PAS, and autophagy was impaired in cells
expressing these mutants. Overall, both the crystal structure and EM structures support that the
physiologically relevant form of the Atg17-Atg31-Atg29 is the dimeric form.
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Figure 4. 1The crystal structure of L. thermotolerans Atg17-Atg31-Atg29. (A) Crystal structure of L.
thermotolerans Atg17-Atg31-Atg29 (PDB accession code 4HPQ) with labeled Atg17 (orange), Atg31
(blue), Atg29 (cyan). (B) Localization of the N-terminus of Atg17 (orange) and C-terminus of Atg31
(blue) in the surface model of Atg17-Atg31-Atg29. (C) Docking of the crystal structure of the Atg17Atg31-Atg29 complex into the EM density map of the S. cerevisiae complex. Docking was performed
using UCSF Chimera and the panels represent the docked solution viewed in various orientations.
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4.1.3 The business “N” of Atg17
Atg17 forms the bulk of the Atg17-Atg31-Atg29 complex and mediates its dimerization.
Structural analysis of the purified Atg17 homodimer revealed that it is inherently dynamic and can adopt
a range of conformations. The largest variability occurs at the terminal regions of the dimer. From
analysis of particle dimensions, we showed that this observed flexibility contributes to variable lengths
and curvature of the Atg17 arc. When compared to Atg17, in complex with Atg31 and Atg29, we further
showed that Atg31 and Atg29 reduce conformational flexibility of Atg17, restricting the terminal region
to a curved architecture. Thus, we propose a model in which Atg31 and Atg29 have a structural role in
maintaining curvature of Atg17 (Figure 4.2A).
Previous studies identified critical regions required for Atg17’s interaction with Atg1 and Atg13,
key components of the Atg1 kinase complex63,76,77,78,91. According to the high-resolution model, these Nterminal regions localize distal to the point of contact of the Atg31-Atg29 dimer, where curvature is most
prominent. These findings were further confirmed by sequence alignment of Atg17 from nine yeast
species (see Appendix C.1 and Figure 4.2B; red residues). In total, several highly conserved regions were
identified: an Atg31-interaction interface, a dimerization interface, and the N-terminal region of Atg17.
Importantly, the conserved N-terminal region contained the proposed Atg1-Atg13 interaction interfaced
mapped by previous biochemical analysis76,91.
Together, these observations highlight a role for the N-terminus of Atg17 as an important
interface for interaction and formation of the Atg1 kinase complex. Additionally, Atg31 and Atg29 induce
the observed curvature of this region. It is therefore possible that the distinct curvature is required for
Atg17-Atg31-Atg29 binding to Atg1 and Atg13 in the context of the Atg1 kinase complex.
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Figure 4. 2 The N-terminus of Atg17 forms a curved interaction interface. (A) A model for regulation
of Atg17 conformational dynamics. In the absence of Atg31 and Atg29, Atg17 was observed to possess a
high degree of flexibility. When Atg31 and Atg29 are present, the conformational flexibility of Atg17 is
restricted into a curve, “S-shaped” architecture. (B) Identified interaction interfaces of Atg17. A single
protomer of Atg17 (Grey) in complex with Atg31-Atg29 (transparent blue) in several orientations. Red
residues are highly conserved between nine yeast species (see appendix C.1) and make up several
interaction interfaces: putative Atg1-Atg13 interaction interface, Atg31 interaction interface, dimer
interface.
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4.2 Structure of the Atg1 kinase complex
4.2.1 Purification of the Atg1 kinase complex pentamer
The Atg17-Atg31-Atg29 subcomplex is part of the much larger Atg1 kinase complex. To
determine how this complex assembles, we attempted to purify a limited pentamer assembly consisting of
Atg17, Atg31, Atg29, Atg1 and Atg13. Previously, Ragusa et al. identified a minimal Atg1 kinase
complex from Kluyveromyces lactis consisting of Atg17, Atg31, Atg29 and small domains from Atg1
(residues 562-831) and Atg13 (residues 350-550)92. This study laid a framework for us to identify the
boundaries of Atg1 and Atg13 in the S. cerevisiae system for recombinant purification. We attempted to
purify complexes containing Atg17-Atg31-Atg29 and the C-terminal domain of Atg1 (589-897) with
several constructs of Atg13: Atg13 MD (residues 384-602), Atg13 CTD (residues 384-738) and Atg13 FL
(residues 1-738). From the preliminary purifications, we observed that only complexes containing the
Atg13 CTD construct purified as a pentamer assembly. Although Ragusa et al. purified their ”mini
pentamer” containing the middle domain of K. lactis Atg13 (residues 350-550), we did not obtain the
same results using the analogous S. cerevisiae MD domain. This may indicate that our proposed construct,
designed by sequence alignment of K. lactis and S. cerevisiae, is likely missing some regions required to
bind the Atg17-Atg31-Atg29 complex and/or Atg1. The actual region in S. cerevisiae Atg13 that
promotes complex integrity is likely located closer to the C-terminus, as the complexes containing the
larger Atg13 CTD construct appears to be more stable. An additional interesting observation was that the
Atg13 FL construct did not purify as a pentamer but rather only a single weaker band for Atg13 FL was
observed with Atg17-Atg31-Atg29. This may indicate that the N-terminus of Atg13 might inhibit
interaction with the C-terminus of Atg1. Additionally, as the E. coli system used may not have been
adequate for expression of full-length Atg13. Previous attempts at purifying full-length Atg13
overexpressed in E. coli showed that the protein was highly unstable and likely misfolded (see Appendix
C.2). This instability, and perhaps poor expression, may explain the absence of Atg13 MD and the
decreased intensity of Atg13 FL.
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4.2.2 The EM structure of the Atg1 kinase complex pentamer
With the purified pentamer assembly of Atg17-Atg31-Atg29-Atg1 CTD-Atg13 CTD in hand, we
analyzed the complex by single-particle EM. Initial attempt to characterize the overall structure of the
pentamer complex by EM was hampered by our inability to unambiguously locate the densities
contributed by Atg1 and Atg13. We therefore applied limited glutaraldehyde cross-linking with the goal
of improving the stability and integrity of the complex. 2D analysis of the cross-linked species showed
that additional densities are present near the terminal regions of the Atg17-Atg31-Atg29 S-shape structure,
which result in an overall enlarged and swollen look to these regions. This observation does not appear to
be artificially induced by the glutaraldehyde, as a mock analysis of similarly cross-linked Atg17-Atg31Atg29 did not result in any morphological changes to its overall architecture. In spite of this promising
result, we were unable to clearly distinguish Atg1 CTD and Atg13 CTD from the weak additional
densities.
A major factor that hampered our ability to visualize Atg1 CTD and Atg13 CTD from the Atg1
pentamer is the intrinsically disordered/unstructured nature of these fragments, which has been confirmed
by sequence analysis with the IUPRED server (Figure 4.3). In particular, the entire C-terminal region of
Atg13 (Residues 267-738) is predicted to be highly unstructured while central regions of Atg1 (residues
350-650) are moderately unstructured. When compared to our purified constructs, at least Atg13 CTD
(residues 384-738) and the first 100 residues of Atg1 CTD (residues 562-831) are predicted to be highly
unstructured. On the other hand, the N-terminal region of Atg13 predicted to be highly structured
according to IUPRED has recently been crystallized95.
Intrinsically disordered proteins (IDPs) have been studied by electron microscopy previously in
the literature132,133. These studies have shown that IDPs are typically not amenable to conventional EM
analysis. When studied by single-particle EM, and subject to class average analysis, predicted IDPs
exhibit partial or complete loss of density in observed particles. As a result, significant portion, if not the
entire, IDP will be absent in the obtained image. This is what was observed in our analysis of the
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untreated pentamer complex, in which very little additional density could be observed. With gradient
fixation, specifically limited cross-linking, we had hoped to promote the occurrence of observing Atg1
CTD and Atg13 CTD, which was the case, despite the density appearing washed out and blurred. Indeed,
a similar observation was seen using GraFix to study a complex of the IDP histone-chaperone
nucleoplasmin with its histone H3-H4 substrate133. Their analysis revealed that the EM structure of the
IDP nucleoplasmin exhibited a wider overall structure compared to the solved crystal structure. Thus, the
potential to obtain meaningful structural data of the pentamer complex by EM appears to have reached a
limit without the use of larger fragments.

Figure 4.3 Intrinsically disordered protein prediction of Atg1 and Atg13 by the IUPRED server.
Values of disorder tendency above 0.5 are considered to be highly disordered124,125.
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To determine where Atg1 CTD and Atg13 CTD localized in the pentamer assembly we used
fusion labels. We labelled Atg1 CTD or Atg13 CTD with an N-terminal His-MBP tag and the complexes
was purified. His-MBPAtg1 CTD containing complex purified as a pentamer while His-MBP-Atg13 CTD
containing complex purified as a complex with substoichiometric quantities of the Atg1 CTD component.
These results suggest that the His-MBP-tag might occlude a potential binding site on Atg13 CTD that
resulted in loss of Atg1 CTD. While the N-terminal region of the Atg1 CTD construct might have less of
a role in complex integrity.
The purified His-MBP-labeled complexes were subject to single-particle EM and 2D class
average analysis. The result of this analysis showed convincingly, unlike the unlabeled complex, that
additional densities were localized in close proximity to the N-terminus of Atg17, as we have predicted.
The densities observed for His-MBP-Atg13 CTD were conclusive with clear double-labelled particles
indicating both Atg17 N-termini were interacting with His-MBP-Atg13 CTD. The densities observed for
His-MBP-Atg1 CTD were less well defined but still reproducibly exhibited localization to similar areas at
the N-terminus of Atg17. Together, these results support that the N-terminus of Atg17 does indeed form
an Atg1-Atg13 interaction interface and further provides a basis for understanding the Atg1 kinase
complex assembly. The Atg17-Atg31-Atg29 ternary complex constitutes a scaffold. As the complex is
dimeric, this creates two nucleation points for complex assembly with Atg13 and Atg1 both localizing to
the terminal regions of the S-shape scaffold (Figure 4.4). A result of this subunit organization is that two
functional modules are formed. This structural configuration has broader implications in understanding
the functions of the Atg1 kinase complex in both vesicle tethering and activation of Atg1 kinase activity.
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Figure 4. 4 Model of Atg1 kinase complex assembly. The EM structure of the dimeric Atg17-Atg31Atg29 complex is shown; Atg17 (orange). Atg31 (blue), Atg29 (blue) is shown in complex with Atg13
(pale blue), depicting the crystal structure of the HORMA domain (PDB 4J2G) with an unstructured Cterminus (black), and Atg1 CTD (brown). Red residues from the Atg13-HORMA domain highlight
putative PI(3)P interacting regions.
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4.2.3 Models of Atg1 kinase complex function
Our structural data suggest a working model of how the Atg1 kinase complex functions to
mediate autophagosome formation. During autophagosome formation, assembly of the Atg1 kinase
complex is thought to have two important roles: tethering Atg9 vesicles and in activating Atg1 kinase
activity. In yeast, Atg9 is a transmembrane protein found in high curvature 30-60 nm vesicles. During
autophagy, Atg9 vesicles are localized to the PAS and provide the first membrane source for the growing
autophagosome32. We propose that the Atg1 kinase complex can tether Atg9 vesicles that are mediated by
the Atg17 and Atg1 components. Firstly, Atg17 can directly interact with Atg934. As Atg17 is dimeric, the
assembled Atg17-Atg31-Atg29 ternary complex can bind two Atg9 vesicles to mediate this tethering.
Secondly, the Atg1 CTD domain has been shown to possess an intrinsic property to directly interact with
high curvature vesicles92. Thus, assembly of the full Atg1 kinase complex can mediate Atg9 vesicle
tethering through both a protein-protein interaction mediated by interaction of Atg17 with Atg9 and by an
intrinsic property of Atg1 CTD to associate with membranes (Figure 4.5A). Furthermore, Atg1’s
association with the long-range TRAPPIII membrane-tethering complex may further promote Atg9
vesicle tethering at the PAS93. The positioning of Atg9 vesicles in the Atg1 kinase complex would place
these vesicles into close proximity such that a SNARE protein complex would mediate the vesicle fusion.
The exocytic Q/t-SNAREs, Sso1/2 and Sec9, have been implicated in the very early steps of
autophagosome formation137.
Atg1 kinase activity has been shown to be indispensible for autophagosome formation in
yeast83,84. Atg1 kinase activity is dependent on its association with Atg13 and Atg1783. Atg13’s
interaction in particular has been shown to promote Atg1 ability to auto-phosphorylate a key residue in
the activation loop of the kinase83. This autophosphorylation event was essential for autophagy83,84. The
subunit organization model generated from our structural studies suggests that assembly of the full Atg1
kinase complex could bring into close proximity two Atg1 subunits to promote autophosphorylation and
activation of the Atg1 kinase (Figure 4.5B).
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Figure 4.5 Models of Atg1 kinase complex function. (A) Model of vesicle tethering. High curvature
Atg9 vesicles are tethered to the Atg1 kinase complex through two mechanisms; Atg9’s association with
Atg17 and through Atg1’s intrinsic property to associate with membranes. Atg13 likely mediates a
bridging interaction with Atg17 and Atg1 CTD. SNAREs likely have a role in mediating fusion of
tethered Atg9 vesicles. (B) Model of Atg1 kinase activation. Dimeric Atg17-Atg31-Atg29 ternary
complex can bring into close proximity two Atg1 subunits to promote autophosphorylation and Atg1
kinase activation.
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4.3 The EM structure of Atg11
To characterize proteins that interact with the Atg1 kinase complex, we determined the structure
of Atg11. Atg11 is an important autophagy protein required for facilitating formation of the PAS during
both vegetative growth and starvation conditions. Atg11is predicted to perform this through recruitment
of proteins to the PAS in its function as a protein scaffold. In this role Atg11 has a similar function to
Atg17. Indeed, secondary structure prediction predicts that Atg11 consists entirely of coiled-coils, similar
to Atg17 (see Appendix C.3).
To facilitate this study we purified Atg11 from a yeast expression system. A eukaryotic
expression system was necessary to express this 135-kDa protein as expression in E. coli showed that
Atg11 mis-folded into large aggregates (unpublished data). Atg11 was purified and subject to singleparticle EM and 2D class average analysis. Our results showed that Atg11 adopts an elongated and highly
flexible architecture. Interestingly, these observed further suggest that Atg11 can homodimerize.
Literature has predicted that the central domains of Atg11 are responsible for dimerization100, however we
are unable to localize these particular regions in the observed images. Atg11 dimers do appear to
transiently associate, as stable monomer forms of Atg11 were also observed.
The structure of Atg11 is indicative of coiled-coil containing protein134. Intriguingly, Atg11
adopts a remarkably similar architecture to the Atg17-Atg31-Atg29 complex. As both sets of proteins
function in a similar role it is not surprising that they have similar structural features. Although the
architecture of Atg17-Atg31-Atg29 is composed of three proteins Atg11 adopts a similar molecular
architecture entirely on its own. The functional implication of this structural similarity remains to be
discovered.
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Chapter 5. Conclusions
The Atg1 kinase complex, consisting of Atg1, Atg13, Atg17, Atg31 and Atg29, is an important
hub for regulating autophagosome formation. However, structural insights into complex formation were,
only until recently, completely unknown. We have determined the EM structure of the Saccharomyces
cerevisiae Atg17-Atg31-Atg29 ternary complex. The entire complex is that of an “S-shaped” dimer with
an elongated architecture ~ 345Å long. Atg17 was found to form the central scaffold while Atg31 and
Atg29 made up smaller globular domains appended to the S-shape. Additionally, Atg17 was found to
mediate dimerization while Atg31 and Atg29 are suggested to have a structural role in restricting
flexibility of Atg17. We further showed that a minimal pentamer composed of Atg1 CTD (residues 589897), Atg13 CTD (residues 384-738) and Atg17-Atg31-Atg29 could be purified. Through localization
experiments, the structure of this minimal Atg1 kinase complex showed that both Atg1 CTD and Atg13
CTD localized to the N-terminal region of Atg17. Additionally, an interacting partner of the Atg1 kinase
complex, Atg11, showed an elongated architecture indicative of its role as a coiled-coil protein scaffold.
Our work provided supportive evidence for the physiological relevance of the recently published crystal
structure of L. thermotolerans Atg17-Atg31-Atg29. Collectively, results from this thesis provide a
framework for understanding Atg1 kinase complex assembly and how it functions to promote
autophagosome formation.
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Chapter 6. Future Experiments
Despite the work presented in our study many questions still remain concerning Atg1 kinase
complex formation. Importantly, we have only determined a low-resolution interface for interaction of
Atg1 and Atg13 but have not fully determined the molecular details behind this interaction. One way to
determine the contribution of individual residues contributing to the interaction interface is by way of
chemical crosslinking and mass spectrometry135. This technique would be useful in resolving distinct
residues required for interaction without the use of structural analysis.
We have proposed that Atg31 and Atg29 likely restrict Atg17 into an S-shape with well-defined
curvature of its N-terminal region. It has yet to be shown whether the curvature of Atg17 has any role in
mediating interaction of Atg1 and Atg13 or what the role Atg31 or Atg29 has in this interaction. Thus,
simply a reconstitution of an Atg17-Atg13-Atg1 complex would provide insight into how Atg31 and
Atg29 contribute to complex integrity.
Looking more closely at regulation, nearly all components are differentially phosphorylated in
response to autophagy activation. Atg31 and Atg29 have increased phosphorylation88.99, Atg1373 is largely
dephosphorylated, while Atg1 is both phosphorylated and dephosphorylated73,74,75. As such, the
complexes that we purified, except in the case of the phosphomimetic Atg29 mutants, represent nonphysiologically relevant complexes. To further understand the role of post-translational modifications,
identifying the phosphorylation state of each component and studying what effect that has on complex
formation would be essential.
Studies in the yeast system provided useful insight into the mechanism of complex formation and
function in higher eukaryotic systems. The ULK1 kinase complex80 has been identified as an ortholog to
the Atg1 kinase complex. Importantly, as autophagy has a role in human disease, modulation of
autophagy at the level of induction would be an important target for future therapeutics. Ultimately,
obtaining a structure of the ULK1/Atg1 kinase would provide the necessary foundation to propel
development of small molecules targeting this important autophagy regulator.
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Appendix
Appendix A: Cloning
Appendix Table A.1 Primers used for cloning
Primer Name

Sequence

Vector

Expressed
Construct

Atg17NdeIF

CCA CGG CAT ATG AAC GAA GCA GAT GTT ACA AAA TTT GTT AAT
AAT GCC AG

pET28bHMT

HMT-Atg17

Atg17BamHIF

CCA CGG GGA TCC ATG AAC GAA GCA GAT GTT ACA AAA TTT GTT
AAT AAT GCC AG

pGEX6P1

GST-Atg17

Atg17NotIR

CCA CCG GCGGCCGCTA AGG ATT CTT CAC GTT GTA ATT TAA AGT
GTA CAG GGA AG

Atg31BamHIF

CCA CGG G GAT CCG ATG AAT GTT ACA GTT ACT GTT TAT GAT AAA
AAT GTC AAG TAC AGA

Atg31HindIIIR

CCA CCG AAGCT TCA TAC GGA ATT GGA GAG CAT TTG TAA TTG TTC
ATT

Atg29NdeIF

CCA CGG CAT ATG ATT ATG AAT AGT ACA AAC ACA GTT GTA TAT
ATC AAA GTT AAG GGT AG

Atg29XhoIR

CCA CCG CTC GAG TCA GAA TTG CAA TCT GTC CAT TAG CGC TTC
TTC

TEVeGFPNotIF
eGFPAflII
TEVeGFPXhoIF
eGFPAvrIIR

cca cgg GCGGCCGCA CTC GAA AAC CTG TAC TTC CAA TCC GTG AGC
AAG GGC GAG GAG C
cca cgg CTT AAG TTA CTT GTA CAG CTC GTC CAT GCC G
cca cgg CTC GAG CTC GAA AAC CTG TAC TTC CAA TCC GTG AGC AAG
GGC GAG GAG C
cca cgg CCT AGG TTA CTT GTA CAG CTC GTC CAT GCC G

pGex6p1
pET28bHMT
pET Duet1
pColADuet1
pET Duet1
pColADuet1
pET Duet1
pColADuet1
pET Duet1
pColADuet1
C-terminal GFP in
MCS1
C-terminal GFP in
MCS1
C-terminal GFP in
MCS1
C-terminal GFP in
MCS1

HMT-Atg17

6xHis-Atg31

6xHis-Atg31

Atg29

Atg29
-----

Atg31NotIRnostop

CCA CCG GC GGC CGC TAC GGA ATT GGA GAG CAT TTG TAA TTG
TTC ATT

pGFPC1

Atg31-GFP

Atg29XhoIRnostop

CCA CCG CTC GAG GAA TTG CAA TCT GTC CAT TAG CGC TTC TTC

pGFPC2

Atg31-GFP

pQLINK

Atg31-6xHIS

pQLINK

Atg1

pQLINK

Atg1

pQLINK

Atg13FL

pQLINK

Atg13CTD/FL

pQLINK

Atg13MD/CTD

pQLINK

Atg13MD

Atg31Not1R
Atg1BamHIF
Atg1NotIR
Atg13-RF1F
Atg13-RF738R
Atg13RF384F
Atg13RF602R

CCA CCG GC GGC CGC TAGTGATGGTGATGGTGATG TAC GGA ATT
GGA GAG CAT TTG TAA
cca cgg GGA TCC
AATACTAATATCGTTAGTATTTTGGAATCTCTGGCCGCAAAG
CCA CCG
GCGGCCGCTAATTTTGGTGGTTCATCTTCTGCCTCAATATTTTCAAC
CATTAAAGAGGAGAAATTAACTATG
GTTGCCGAAGAG GACATCGAGAAG
CTTCATGCATGCGAAGACTGGATCC
TTAACCTTCTTTAGAAAGGTTCATATCACTCATG
CATTAAAGAGGAGAAATTAACTATG
AGTGCGAGCAGAAATCCCTCTAATTCATCG
CTTCATGCATGCGAAGACTGGATCC TCA ACT CTC TCC ACC AAA AAT
AGG AGG TAA GC

Atg11RFf

catccaaaaaaaaagtaagaatttttgaaaattc ATGGCAGACGCTGATGAATATAGCAC

pESC

Atg11

Atg11RFr

Gtaatccatcgatactagtgcggccgc AACTCCCTGGTATGAAACCACAAC

pESC

Atg11
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Appendix Table A.2 Plasmids for bacterial expression
Plasmid

Insert

pLC001

pET28bHMT

Atg17

pLC002

pGEX-6p1

Atg17
Atg31/Atg29

Cloning
Restriction
Digest
Restriction
Digest
Restriction
Digest

Cloning Cut
Sites
NdeI/NotI
BamHI/NotI
Atg31:
BamHI/HindI
II Atg29:
NdeI/XhoI
Atg31:
BamHI/HindI
II Atg29:
NdeI/XhoI
Atg31:
BamHI/NotI
Atg29:
NdeI/XhoI
Atg31:
BamHI/HindI
II Atg29:
NdeI/XhoI
Atg31:
BamHI/HindI
II Atg29:
NdeI/XhoI
Atg31:
BamHI/HindI
II Atg29:
NdeI/XhoI

pLC003

pET-Duet1

pLC003

pColA-Duet1

Atg31/Atg29

Restriction
Digest

pLC004

pGFP-MCS1C-Duet1

Atg31GFP/Atg29

Restriction
Digest

pLC005

pGFP-MCS2C-Duet1

Atg31/Atg29GFP

Restriction
Digest

pLC006

pET Duet1

Atg31/Atg29[3SD]

Restriction
Digest

pLC007

pET Duet1

Atg31/Atg29[20SA3SD]

Restriction
Digest

pLC008

pQLINK-N

Atg17/Atg29/Atg31

pQLINKing

--

pLC009

pQLINK-N

Atg17/Atg29/Atg316xHis/Atg1CTD/Atg13MD

pQLINKing

--

pLC010

pQLINK-N

Atg17/Atg29/Atg316xHis/Atg1CTD/Atg13CTD

pQLINKing

--

pLC011

pQLINK-N

Atg17/Atg29/Atg31-6xHis/Atg1CTD/Atg13FL

pQLINKing

--

pCL012

pQLINK-N

Atg17/Atg29/Atg31-6xHis/MBPAtg1CTD/Atg13CTD

pQLINKing

--

pCL013

pQLINK-N

Atg17/Atg29/Atg31-6xHis/Atg1CTD/MBPAtg13CTD

pQLINKing

--

pCL014

pESC-Ura

Atg11

Restriction Free
Cloning

--
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Appendix B: Results

Appendix B.1 In vivo purification of Atg17-TAP and Atg13-TAP strains. analyzed by 12% SDSPAGE visualized by silver-stain. Analyzed by negative-stain EM. (A) Atg17-TAP (B) Atg31-TAP.

Appendix Table B.2 Mass spectrometry of TAP purified Atg17-Atg31-Atg29.
Number of Peptides
Coverage by amino acid account (%)
Atg17
27
66.43
Atg29
9
63.38
Atg31
9
63.78
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Appendix C: Discussion
CAGL
ZYRO
SACE
LATH
KLLA
ASGO
SCPO
YALI
CAAL

-------------MPESLAERARSTLLKAQVLCREVESRIAEVKDRLSQWE-KNRHTLRF
---------MSNEVTDIFVSNARNFLVEAQVLCEEASMRIVGAKGELSKWQ-QDVSKLRF
---------MNEADVTKFVNNARKTLTDAQLLCSSANLRIVDIKKKLSSWQ-LSISKLNF
---------MNEAVIEKLLENSRKFLTGAKLICQESNDHLTTTKLRIREWQ-KFQSKLHF
--MSDAATTIPSDEIDKLWNKARNQLVEAQVECEESLKILSKVRTEMDSSQ-KSRFKLKF
--------MSSSNQVKGFYFNAQRRLSRAQALCQNSQDTLHNMQLLLVRWQ-RTVSKLQF
-----------MELLQQWTQQAKAALTQARQLCGDAHKFNEDAKTDLRNSI-KQHQQLKE
--------------MEQLFREAQDALAAAGPLCQESQDVLARARQNLEVAV-HLGIRTQF
MTNEINSATVTQDEVIKWSREAQSTLEKTQKICTDAQSSMQKTAQELTILIPDKLQAIEF
.:: * :
* .
:
.

46
50
50
50
57
51
48
45
60

CAGL
ZYRO
SACE
LATH
KLLA
ASGO
SCPO
YALI
CAAL

LVSCLEHQLG-FLEQCALRQGIGRALIETEWSQVVLVDLVNEMKLWYDKIQLRLERLDQV
MISCLKSQGD-FLYKNVLKVGIGENLIKTEWSQVMLVDLIKTMKYWQDQISARVAQLNNI
LIVGLRQQGK-FLYT-ILKEGIGTKLIQKQWNQAVLVVLVDEMKYWQYEITSKVQRLDGI
VLDCIQQQTK-FLSEILLREGIGRNLIEEEWSQTVLVRLVNDMKFWQNEITKMMNKLDNI
ILNCLVNQVE-FFKNIMLEKCISTELIDNEWSKLVLVEIVNDVSYWQNEITTKMKILQGT
TIHCICNQTV-FLAECILKKTVGQQLIETEWKRMLLDELQGEMQRSQEEITGKIDALRRT
LAKLTASQCT-RLDS-------STALIKQLLDLVQNYPTFNQLNVLHDRLESSLKRLRDC
LAKAHAHQWT-LASK-----FYSNALTRTKKSLETVTRQQTRFQAARGALEEALGELAAT
LFKSYREQYDSILKQIETTKIYLHTNIDKVFNDIKDLLDPSLARLNNILLELKKTRVPSI
*
.
:
:

105
109
108
109
116
110
100
99
120

CAGL
ZYRO
SACE
LATH
KLLA
ASGO
SCPO
YALI
CAAL

ENILVADN------KHLSHYISQEQALVLKKRLDEVPIIRPQIENIQTQYDTMCKRVRQK
NNVLVSGNDTNDDQLNLGDFIPKENTHILDERLKEIPIIKQQIENITSQYHNMTKKVGEQ
VNELSISEKDDTDPSKLGDYISRDNVNLLNDKLKEVPVIERQIENIKLQYENMVRKVNKE
TNEIDQQHN-----SKLGDFISRDSSHILDSKLNEIPTIRKQVENITRQYQTMLAKVQSQ
KYDLTDDHS------SLSDFICMDHVDILQQKIDEIPIIKQQVTNIRQHYKSIKDRIENQ
KNELDGSG------ATLADFISMENIFLLGDKLKDVPVVQEQVEHIKVQYESLVDKVVEQ
TLDPALGSEY----TNLYAFVDDTALEDLKTRLRGV------TDGVWNAFEKLAGLLEED
PVQLRVNNG----AHNLREFVDEDLISAQVQGKGWNEVHEEALNVFRVLLPEIQR--HGD
VVEGTSEGK------TLFDFTSIQSINLLKENIGIFKSNCSKIKNLLDLEVKEKLNIEQD
* :
.
.

159
169
168
164
170
164
150
153
174

CAGL
ZYRO
SACE
LATH
KLLA
ASGO
SCPO
YALI
CAAL

LINKRLTE----------IKTIFDSQFGDELTET--AELTEVKPRDLDSIELELVDYINS
LIFTRIKT----------VEATFNKNLGSESLEN--KTLSIELPEEMDNLEHELVEYINS
LIDTKLTD----------VTQKFQSKFGIDNLME--TNVAEQFSRELTDLEKDLAEIMNS
LVESRMKG----------LRDEFSSKFGDQCREN--LKLNEEFTNEADQLEQELADFLKS
LVAVKLKK----------LRTYFDSHFSRDSKNNLFKLLESDYVTELNEFENELADFLRS
LQNNRVRK----------LEADFAAAFRSGKNDF--NAFSMKYLQKIRQLETDLADILKS
LCANYHKR----------LEAVSLDFLPPAYNDT----------------AEELADLLLQ
IVNRSKKE----------FEREKAEQTELLIHQTS-DSGIYDLLNSAEACSEDMANLLQS
RMNSRWNKSVKMYDLIAPLQLELRALIHGASNES--NSFMGTILRENQALENELVSILEM
.
::.. :

207
217
216
212
220
212
184
202
232

CAGL
ZYRO
SACE
LATH
KLLA
ASGO
SCPO
YALI
CAAL

LTDHFDKCQ---ALEKGLFNDSNE--YDELLKIVSADDSQLDDIMKHLLNTIDSTNHQID
LTDHFDKCK---LLQSKKLEGPS---YQELLKVVTKDNGELGSILETLKDTIRDVDQVLE
LTQHFDKTL---LLQDKKIDNDE---REELFKVVQGDDKELYNIFKTLHEVIDDVDKTIL
FTDHFDKCS---ALSSRSVSPED---AQNLFEIVERDDKDLAAINSLLQDAAIDVASFVR
ITDHFDKCT---ILKEQQIPLPD---LKELFQIVKKDDTQLENIRELVFETGLEVKAFSK
LTDHYDKCS---LLKAGDLPAAE---QAELFEVVKNDDQELDSIMGVLEVIVRDIKSLAK
VAQHYDQCS---EALNIYDTLSDA-EKKDLQEVLQSDSNHVPSVLTELRSGLDQTIHYFN
LARHYDLCERGQDLSTGAIEAEDVNELGELRAVLENDAQQLPDVLDELQERLDEVKQGCQ
QTNHFDQCMKAVELISSGNGCDMN------LGVLKNDAQELPEVFKELTTIYDIILRNEE
: *:*
:: * .: :
:

262
271
270
266
274
266
240
262
286

CAGL
ZYRO
SACE
LATH
KLLA
ASGO
SCPO
YALI
CAAL

KVYEILDIKTKQKTILHGKINELIANCTKY------------SEYLAIFKGIATSIEKFK
NFKNLLERKTIDKVNLHSQINKLINEFHKH------------QEYLMIFKDISELISTFK
NLGQFLQAKIKEKTELHSEVSEIINDFNRN------------LEYLLIFKDISNLIDSFK
KVNMLLDERDADKAKMQATLSKLLTELRKH------------EEYISVFEGISALIQKFK
KVNETISEIMDKIGGFHLLASKIVTELEKC------------EEYLSIFQKIANLVFVYK
NVSIRLRQKERDKQQLKNAMGKAHSELLKY------------EEHLTVFQGIDDLIRNFK
AVQSYKSKVDSATSILEALAEELNKNQLTN------------QRHEAAHELMRAQTG--GVHNHMTQMYHSYSLEVRQLEGIQAVEKTM------------DATLEICETQQRDTKEYL
RSKKFLATHMPNIEKISDIVKEELAVFRKFKTEEIPRYTFLIAECENKLKECSMPVKSDQ
:

310
319
318
314
322
314
285
310
346
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CAGL
ZYRO
SACE
LATH
KLLA
ASGO
SCPO
YALI
CAAL

EGCMQDIQLTKELYKFYDEFENSYNKLLQEVQRRRALSQK---MLGIIKNCENELKTLHD
ESCLQEVKLTKELCEFYQNFKTSYYNLLDEVERRRSVAQE---MTIVLQESQQKLHALHT
NSCTQDIQTTKELCEFYDNFEESYGNLVLEAKRRKDVANR---MKTILKDCEKQLQNLDA
ASCLEDIRQTRNLLDFYANFERSYHNLLKEVKRRKETAAK---LSQILKSCETQLEQINT
ESCIKKIEQVQQLCEFYDKFKLGYKNLLRERDRRKATALQ---MEKILKECQEKLQALSD
ASCLHNVSKVRELCEFYDNFLNSYQVLLREVERRRRVAKQ---MEDILQACEGQLMALSD
LEIPQLAQELVQLERHYTHFAKAYTALLQEIHRRQTYENC---VRSIVDEFVGRLEKEQQ
LKVQRYVSETSAVVTHYQTFLNSYKALLHEAERRNAAEAK---MKDYVTEVNAKLAQMSI
SPSQVYTQTLQELTEHYVKFINIYKTKYLAELHHQQFTYPRKFLKKLTEFLNEDIYRIQI
: .* *
*
::.
:
:

367
376
375
371
379
371
342
367
406

CAGL
ZYRO
SACE
LATH
KLLA
ASGO
SCPO
YALI
CAAL

EDQKLRTHFLSENGAFLP-ETIWPGEIDDLSPLYALDYHIKEI----------------QDQKAREGFLSENANYLP-ETIWPGKIDDLTPLYSLDYTIKDI----------------QDQEERQNFIAENGTYLP-ETIWPGKIDDFSSLYTLNYNVKNP----------------ADLRERQMFLLENGNYLP-ETIWPDEIGSLSPLYTLNYEVRKV----------------ADLDQRQQFLLENGDYLP-ENIWPGYIDDMESMYSFEYSIHNVPN--------------TDLKQRQQFLMRHGDYLP-ENIWPGNIDDLSPLYDLEYRIKKV----------------AEAKCRIDFFNQYGDYLP-QTLWGAVTDPPLHFEIIEHQYTELPNVKVIPDKNDKKSKQR
QETNRRQDFVAQQGDYLP-ADIWDELLLPSRRFEARELDGEL-----------------EESERRRQWTSRYGEFIPSEFKLPGEHELPVIVQIITEGLEYIQKEDGQEEEPNIGNEKE
:
* : . . ::*
.

409
418
417
413
423
413
401
408
466

CAGL
ZYRO
SACE
LATH
KLLA
ASGO
SCPO
YALI
CAAL

------------------------------------------------------EKSSTTASKR 411
---------LMDMITGSNK 476

Appendix C.1 Alignment of Atg17. Alignment was performed with using ClustalW2121,122. SACE: S.
cerevisiae. CAGL: Candida Glabrata. ZYRO: Zygosaccharomyces Rouxxi. LATH: Lachaenea
Thermotolerans. KLLA: Kluveryomyces Klactis. ASGO: Ashbya gossypii. CAAL: Candida albicans.
YALI: Yarrowia lipolytica. SCPO: Schizosaccharyomyces pombe
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Appendix C.2 Purified Atg13 exhibiting multiple bands.

Appendix C.3 Coiled coil prediction for Atg17 and Atg11. Prediction was performed using the
coiled-coil prediction server123. Atg17 (Top) and Atg11 (Bottom)
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