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Abstract  

Molecular Mechanisms of Autophagy and its Cellular Functions  

by  

Mary Grace Lin 

Doctor of Philosophy in Molecular and Cell Biology  

University of California, Berkeley  

Professor James H. Hurley, Chair   

 

 

Autophagy is an essential process in cells whereby, paradoxically, destruction of cellular components 
is necessary for cellular renewal, homeostasis, and survival under stresses ranging from starvation to 
infection. Substrates of autophagy, either bulk cytoplasmic contents or selectively targeted proteins 
and organelles, are engulfed in a growing double-membraned structure known as the phagophore. 
The phagophore matures and closes to form into the autophagosome, whose contents are degraded 
upon fusion of the autophagosome with the vacuole or lysosome.  Autophagy occurs in all 
eukaryotes and many components of the autophagic machinery are conserved among yeast, animals, 
and plants. Many open questions remain as to how these individual components mechanistically 
work together to orchestrate autophagy, as well as how autophagy then functions in specific cellular 
contexts. Here, I study two protein complexes that are necessary for autophagy initiation, the Atg1 
kinase complex and the phosphatidylinositol 3-kinase complex. In the first study, I use super-
resolution, quantitative imaging of live cells coupled with structure-based mutational analysis to 
show that the Atg1 C-terminal domain has an essential function in autophagosome expansion that is 
downstream and separate from its Atg13-dependent role in autophagy initiation. The Atg1 C 
terminus is strikingly dynamic in the absence of Atg13, a phenomenon of unknown significance 
given that Atg1 and Atg13 have been thought to function in complex.  The identification of an 
Atg13-independent role for the Atg1 suggests that these dynamics may be important for Atg1 
function, particularly in autophagosome maturation. The second study examines the remarkable 
dynamics of the VPS34 kinase domain in context of the autophagic phosphatidylinositol 3-kinase 
complex. Using electron microscopy and both in vitro and in vivo assays of autophagy activity, we 
show that the dynamic dislodging of the VPS34 kinase domain is essential for autophagy initiation 
and that this movement is sterically inhibited by the VPS15 scaffold. Taking a step back from 
mechanistic intricacies and examining the ever-growing functions of autophagy in cellular context, in 
the last chapter I show that autophagy functions in organelle biogenesis. Specifically, autophagy 
degrades the protein OFD1 at centriolar satellites and promotes growth of the primary cilia, a 
sensory organelle. We identify a previously unknown substrate of autophagy and show that 
autophagic degradation of OFD1 can induce the formation of primary cilia in cancer cells, setting 
the stage for further investigations of the function of primary cilia and autophagy in cancer and 
other ciliopathies.  Thus, this work spans studies of the molecular mechanisms of autophagy as well 
as its cellular functions.   
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Chapter 1: Introduction  
 

The emergence of research in autophagy   
As a graduate student studying the fascinating cellular process we call “autophagy,” I have 
experienced firsthand the rapid development of research in this field. In the year that I started my 
undergraduate studies, ~50 papers on autophagy were published, one being a paper establishing a 
nomenclature for the growing number of autophagy-related genes being identified at this time.  
Research interest in autophagy has exploded over the past decade, and in the last year alone, ~3,000 
papers on autophagy were published.  Autophagy now has a dedicated research journal, and at a 
recent conference I had the pleasure of meeting graduate students who were enthusiastic members 
of France’s autophagy club (Club Francophone de L'autophagie).  

The term “autophagy” was coined by Christian De Duve at the 1963 CIBA Foundation 
Symposium on Lysosomes.  He had previously identified “lysosomes” by tracking the enzyme acid 
phosphatase and finding it enriched in specific cellular compartments [1].  Following this, studying 
hydronephrotic rat kidney cells, Novikoff observed vacuoles containing products of the acid 
phosphatase reaction as well as cytoplasmic contents including mitochondria [2]. Similarly, Ashford 
and Porter, studying rat hepatic parenchymal cells by electron microscopy, observed lysosomes 
containing mitochondria at various stages of structural decay, small vesicles, ribonucleoproteins, 
cisternae of endoplasmic reticulum, and additional unidentifiable components [3]. They suggested 
that “lysosomes represent portions of the cytoplasm (mitochondria included) set aside for hydrolysis 
with the general purpose of providing the protoplast with breakdown products for use in a 
reoriented physiology”  [3]. This suggestion was prescient, as we now know that autophagy is indeed 
extensively intertwined with the lysosomal system.  

These early studies also made observations relevant to the regulatory mechanism of 
autophagy. Ashford and Porter showed that cells treated with glucagon, which is released in 
response to low blood glucose levels and stimulates the conversion of glycogen to glucose, had 
increased number of lysosomes, and that nearly all these lysosomes contained parts of mitochondria 
[3]. This effect of glucagon in inducing autophagy was confirmed by De Duve [4].  In subsequent 
years, it was shown that insulin, which acts counter to glucagon and lowers glucose levels the 
bloodstream, has an inhibitory effect on autophagy [5].  Taken together, these results showed that 
autophagy is regulated in response to cellular glucose levels. Notably, the same year that the 
inhibitory effect of insulin was reported, another paper by Mortimore and Schworer reported the 
inhibitory effect of amino acids on autophagy [6]. Synthesizing these lines of study was the seminal 
finding by Alfred Meijer’s group that mTOR is a negative regulator of autophagy [7].  We now know 
of mTOR as a “master regulator” that integrates information regarding cellular energy status, 
nutrient availability and other environmental cues [8].   

Progress towards a molecular-level understanding of autophagy began with identification of 
specific genes involved in autophagy. This was made possible in large part by studies in model 
organism Saccharomyces cerevisiae.  In 1992, Yoshinori Ohsumi’s group reported spherical bodies in 
yeast vacuoles that they termed “autophagic bodies,” containing cytoplasmic ribosomes, rough 
endoplasmic reticulum, mitochondria, lipid granules and glycogen granules [9]. Notably, the 
accumulation of these autophagic bodies was stimulated by nutrient starvation. The establishment of 
yeast as a genetically tractable model organism in which to study autophagy allowed for the 
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development of genetic screens to identify genes involved in this process [10]. The first gene to be 
identified was Atg1 [10]. Originally characterized as a serine/threonine kinase essential for 
autophagy initiation, it also has roles in later autophagosome expansion, as I will present in chapter 2 
of this dissertation. In 2003, following the first Gordon Research Conference on “Autophagy in 
Stress, Development, and Disease,” scientists in several laboratories conducting pioneering research 
in autophagy proposed a unified nomenclature for autophagy genes [11].  A core set of ~20 proteins 
orchestrating autophagosome formation has been identified, with another ~20 proteins also carrying 
out functions related to autophagy [12,13]. 

Interest in autophagy has also been fueled by discoveries of its relevance to disease. In 1999, 
Beth Levine’s laboratory found that Beclin 1 (BECN1), a mammalian ortholog of yeast Atg6, 
induces autophagy and inhibits tumorigenesis [14]. They reported that BECN1 is monoallelically 
deleted in 40-75% of sporadic human breast and ovarian cancer [14]. Beclin 1 is a component of the 
phosphatidylinositol-3 kinase complex, the focus of the research I will present in chapter 3 of this 
dissertation.  Other early studies linked bacterial infection by Rickettsia with increased 
autophagosome formation [15]. The function of autophagy in cancer, neurodegenerative disease, 
bacterial and viral infection, and a growing list of pathophysiological conditions is now being 
intensely studied.  

 

Molecular components of autophagy  
We now know of autophagy as an essential cellular process in all eukaryotes. Autophagosomes form 
de novo adjacent to the vacuole in yeast, visualized as a punctate structure termed the phagophore 
assembly site (PAS) [16]. In mammalian cells, autophagosomes have been observed to form 
proximal to the endoplasmic reticulum [17]. Some 40 proteins have been identified to orchestrate 
the nucleation, elongation, and closure of the autophagosome. We will briefly outline the main 
molecular machinery here and discuss the Atg1/ULK1 complex in depth in the next section.   

The Atg1/ULK1 complex recruited to the site of autophagosome formation, initiating 
autophagy in response to cellular cues. The yeast Atg1 complex consists of Atg1, Atg13, Atg17, 
Atg29, and Atg31. Atg17-Atg31-Atg29 form a constitutive scaffold for PAS assembly [18,19]; 
notably, Atg17 has a crescent structure that is proposed to be necessary for the nucleation of a 
curved membrane. Upon mTOR inhibition, Atg13 is dephosphorylated and this triggers the 
assembly of Atg1-Atg13 with Atg17-Atg31-Atg29 to form the complete initiating complex [20].  The 
human ULK1 complex consists of the ULK1 kinase itself, the FIP200 scaffold (FAK family kinase 
interacting protein of 200 kDa, also known as RB1CC1), and HORMA (Hop/Rev7/Mad2) domain-
containing proteins ATG13 and ATG101 [21–28]. Mammals have four ULK1 homologs, with 
ULK1 and ULK2 showing the most extensive conservation in the kinase and C-terminal domains 
[29]. ULK1 and ATG13 have orthologs in the yeast Atg1 complex, and FIP200 is the functional 
counterpart of the two yeast scaffold proteins Atg17 and Atg11. ATG101 is absent from budding 
yeast, while the budding yeast Atg1 complex subunits Atg29 and Atg31 have no orthologs in the 
mammalian complex. The mammalian ULK1 complex is constitutively associated, and regulation 
occurs on the level of mTOR association and disassociation from the complex and resulting changes 
in phosphostatus [25]. Atg1/ULK1 kinase activity is essential for activation of the complex and 
recruitment of downstream machinery.  

One direct target of Atg1 is Atg9, the only integral membrane autophagy-specific protein 
[30]. In yeast, Atg9  has been visualized in ~30-60 nm vesicles that surround the phagophore 
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assembly site [31,32].  Because of the relatively low abundance of Atg9-containing vesicles, they are 
thought to only contribute a fraction of the lipids necessary for autophagosome expansion [31]. 
Atg9 is recruited to the PAS by the Atg13 HORMA domain [33]. Its phosphorylation by Atg1 is 
necessary for its localization to the PAS and recruitment of downstream machinery [34].  In 
mammals, it has been found that Atg9 is necessary for phagophore expansion, but it only interacts 
transiently and is not incorporated into the autophagosome [35].  It was recently found that 
mammalian ATG9 is phosphorylated by both ULK1 and SRC kinase and that these phosphorylation 
events are necessary for autophagy function [36].  

The class III phosphatidylinositol kinase complex is also involved in vesicle nucleation. In 
yeast, PI3KC3 complex 1 consists of the lipid kinase Vps34, the putative serine/threonine kinase 
Vps15, Atg6 and Atg14; PI3KC3 complex 2 contains Vps38 instead of Atg14. These two complexes 
function differentially in either vacuolar sorting or autophagy, with Atg14 targeting complex 1 to the 
PAS and Vps38 targeting complex 2 to endosomes [37,38]. The PI3K complexes are highly 
conserved in mammalian cells, which also contain VPS34, VPS15, and BECN1 (ortholog of yeast 
Atg6). As in yeast, different variants of the complex have been identified, containing either ATG14 
or UVRAG (ortholog of yeast Vps38). Complex 1 functions in autophagy initiation, whereas 
complex 2 is thought to function in downstream events later in autophagy [39–42].  The structure of 
PI3KC3 complex 1 resolved by negative stain electron microscopy and crystal structure of yeast 
PI3KC3 complex 2 determined by x-ray crystallography show a V-shaped architecture with dynamic 
movements critical for complex function and regulation [43,44].  PI3K produces PI(3)P, which is 
necessary to recruit downstream effectors to the forming autophagosome, namely,  DFCP1 in 
mammals and Atg18/WIPIs [45]. 

PI3P effectors include Atg18, Atg21 and HSV2/Ygr223c in yeast (only Atg18 specific for 
macroautophagy) [45,46] and WIPI1-4 (“WD-repeat protein interacting with phosphoinositides) in 
mammals [47,48].  These proteins have a characteristic seven-bladed β propeller and an FRRG motif 
that recognizes phophoinositides, and are called “PROPPINs.”  The structure of yeast PROPPIN 
Hsv2 shows how this family of proteins specifically recognizes PI3P [49–51]. WIPIs have been 
shown to be necessary for phagophore maturation, in part by initiating LC3 conjugation [47,52]. 
Atg18 functions in autophagy in complex with Atg2 [45];  it is recruited to the site of 
autophagosome biogenesis via PI3P and functions in recycling Atg9 [53].  

Atg8/LC3 has often been used as a “marker” for the autophagy because it is covalently 
conjugated to phosphatidylethanolamine on the autophagosome membrane. It has roles in 
phagophore expansion and determination of autophagosome size [54,55], as well as in cargo 
recruitment, in which cargo or adaptors bind Atg8/LC3 via an  LC3-interacting region (LIR motif) 
or Atg8-interacting motif (AIM) [56,57].  This motif has been identified to be the hydrophobic 
WXXL sequence, often preceded by acidic residues [58]. In mammals, there are 9 LC3 orthologs, 
the LC3 family and the GATE16/GABARAP family [59–63]. It has been shown that the LC3 
family participates in early autophagy while the GABARAPs mainly function in later autophagy 
events [63]. Atg8/LC3 is conjugated to the autophagosome membrane in a way that resembles 
ubiquitin conjugation. First, Atg8 is cleaved by Atg4 to reveal a C-terminal glycine [64,65]. This 
processed form of Atg8 is then activated by an E1-like protein, Atg7 and transferred to an E2-like 
protein, Atg3; it then is conjugated to phosphatidylethanolamine in the autophagosome membrane, 
facilitated by the E3-like complex Atg12-Atg5 [66,67]. Notably, Atg12-Atg5 is itself formed via a 
ubiquitin-like conjugation system, with E1-like Atg7, E2-like Atg10,  and final conjugation to Atg5 
[68–70]. Atg12-Atg5 then interacts with Atg16, which recruits Atg12-Atg5 for Atg8 conjugation. 
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Supporting the importance of these conjugation systems, mice knockouts of Atg7, Atg3, and Atg5 all 
result in neonatal lethality, with death at day 1 after birth [71–73].  

 

Structure and function of the ULK1/Atg1 complex  

This section is taken from a previously published review: Lin, Mary G. & Hurley, James H. 
Structure and function of the ULK1/Atg1 complex. Current Opinion in Cell Biology 39: 61–68 
(2016).  
The ULK1 complex initiates autophagosome formation, linking cellular nutrient status to 
downstream events in autophagy. Recent work suggests that the ULK1 complex might also be 
activated in selective autophagy independent of nutrient or energy status.  Here we will discuss our 
current understanding of how the ULK1 complex is regulated by different signals, as well as how 
this complex then regulates other components of the autophagy machinery.  Recently obtained 
structural data both on ULK1 and the orthologous yeast Atg1 complex are beginning to shed light 
on the higher-order organization of ULK1 complex. Ultimately, these insights might make it 
possible to understand how cargo organization and structure recruits and regulates ULK1 in 
selective autophagy initiation. 

Autophagy can degrade substrates both in bulk and selectively.  In yeast, the cytoplasm-to-
vacuole (Cvt) transport pathway uses autophagy machinery to selectively transport hydrolases to the 
vacuole to be cleaved and activated [74]. Cargos are recognized and linked to the autophagosome 
membrane protein LC3/Atg8 by adaptor proteins, including Atg19 in yeast, and p62, NBR2, and 
optineurin in mammals [75].  The best-known mammalian autophagy adaptors bind to ubiquitin 
modifications on cargo, but cargo can also be recognized directly or via other modifications [75]. 
Taking together data from yeast and mammalian systems, we will frame the current picture for how 
ULK1 integrates signals that promote both bulk and selective autophagy.  

 

Upstream regulation of the ULK1 complex 

ULK1 is regulated by amino acid and energy status via the mTORC1 (mechanistic target of 
rapamycin-1) and AMPK (AMP-activated protein kinase) kinases. mTORC1 integrates input from 
growth factors, oxygen levels, amino acid and energy status and promotes protein synthesis and 
other anabolic processes involved in cell growth and metabolism [8]. When mTORC1 is active, it 
inhibits autophagy by phosphorylating both ULK1 and ATG13 (Table 1), reducing ULK1 kinase 
activity [24–26,76,77]. Chemical inhibition of ULK1 prevents rapamycin from triggering autophagy, 
demonstrating that regulation of ULK1 is a key step in autophagy induction downstream of 
mTORC1 inhibition [78]. When mTORC1 is inhibited under starvation conditions, it dissociates 
from ULK1 [25]. ULK1 is also regulated by AMPK, which senses cellular energy status and is 
activated when intracellular AMP increases, reflecting decreased availability of ATP.  By inactivating 
mTORC1, AMPK indirectly activates the ULK1 complex. AMPK also directly phosphorylates 
ULK1 at multiple sites in the linker region between the kinase and C-terminal domains, and this has 
been shown to stimulate autophagy in most cases, although one study has shown an inhibitory effect 
[76,79–81]. AMPK also phosphorylates ATG13 [77].  

In yeast, TORC1 regulation of autophagy initiation is thought to occur on the level of Atg1 
complex assembly. Atg13 is an TORC1 substrate [20], and its dephosphorylation upon TORC1 
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inhibition promotes the assembly of the Atg1 complex and subsequent progression of autophagy.  
Alanine substitution of TORC1 phosphorylation sites on Atg13 is sufficient to trigger Atg1 complex 
assembly in nutrient-rich conditions [20].    

Selective autophagy can be induced even in non-starved conditions during which mTORC1 
may be active. How is the ULK1 complex activated in these cases? Rui et al. identified the protein 
Huntingtin as a scaffold that activates selective autophagy in fly and mammalian cells [82]. 
Huntingtin is encoded by the gene mutated in Huntington’s disease, and itself is a substrate of 
autophagy [83]. Huntingtin specifically functions in selective autophagy by interacting with cargo 
adaptor protein p62 [56,84] and enhancing its recognition of ubiquitin K63-marked cargo. 
Huntingtin was found to promote three different selective autophagy pathways (mitophagy, 
aggrephagy, and lipophagy) by directly binding ULK1 and competing it away from mTORC1 [82].  

In an example of a scaffold promoting Atg1 activation in yeast, Kamber et al. found that the 
Atg1 kinase is activated via Atg11 in selective autophagy [85]. They deduced that Atg1 exists in a 
complex with Ape1, a selective autophagy substrate, and its receptor, Atg19, with Atg11 bridging the 
interaction between Atg1-Atg13 and Atg19-Ape1. Cells lacking Ape1, Atg19, or Atg11 showed 
reduced Atg1 kinase activation under nourished conditions, as measured by autophosphorylation. 
They reconstituted activation of the Atg1 kinase through Atg19-Atg11 interactions and showed that 
damaged peroxisomes and peroxisome-receptor Atg36 operate analogously, again using Atg11 to 
activate the Atg1 kinase.  

In mitophagy, ULK1 is recruited to mitochondria downstream of autophagy adaptors. The 
ubiquitin kinase PINK1 is involved in marking mitochondria for uptake and destruction by 
mitophagy. PINK1 triggers the recruitment of the adaptors optineurin and NDP52 to mitochondria; 
this in turn triggers the recruitment of core autophagy machinery, including ULK1 [86]. The 
mechanism whereby optineurin and NDP52 communicate with ULK1 and other core autophagy 
components is an important question. The mitochondrial outer-membrane protein FUNDC1 also 
recruits ULK1 to damaged mitochondria, where ULK1 then phosphorylates FUNDC1 [87]. These 
studies begin to offer mechanistic insight into how ULK1/Atg1 can be activated in response to a 
range of signals – from nutrient or energy stress to the presence of specific substrates.   

 

Substrates and inhibitors of the ULK1 complex  

How does ULK1 then transduce cellular signals to downstream events in autophagy? Russell et al. 
found that ULK1 phosphorylates Ser14 in BECN1, activating the PI3KC3 complex and promoting 
autophagy [88].   Egan et al. determined the ULK1 consensus phosphorylation motif and found that 
ULK1 has a strong preference for serine as the phosphoacceptor and for hydrophobic residues 
surrounding the phosphorylation site. This group identified ULK1 substrates including components 
of the ULK1 complex, with two phosphorylation sites in ATG101 and multiple sites in FIP200 and 
ATG13 [89]. The ATG101 phosphorylation sites occur at the extreme N- and C-termini of the 
protein, at Ser11 and Ser203. Ser11 is at the start of the ATG101 HORMA domain, and Ser203 in a 
flexible region just past the end of the HORMA domain. The functional consequences of these 
phosphorylations are unknown.  In the downstream VPS34 complex, two additional ULK1 
phosphorylation sites were identified in BECN1, and the previously identified Ser14 site was 
confirmed. VPS34 was also found to contain a single robust ULK1 phosphorylation site at Ser249. 
Ser249 is in a loop connecting the catalytic domain of VPS34 to a motif called the CHIL domain, 
which seems to anchor the catalytic domain to the rest of the complex [43]. The location of this site 
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suggests it could affect how the catalytic domain binds to the rest of the PI3KC3 complex, and 
thence regulate its activity. However, no functional role for this site has been demonstrated to date. 
In addition to phosphorylating proteins involved in autophagosome formation, ULK1 was recently 
found to phosphorylate adaptor protein p62 upon proteotoxic stress, increasing the binding affinity 
of p62 for ubiquitin [90].  

 The past year saw several reports of ULK1 inhibitors [78,89,91,92]. Petherick et al. describe 
the compounds MRT67307 and MRT68921, and used them to conclude that ULK1 kinase activity is 
important in autophagosome maturation as well as initiation. Egan et al. identified a small molecule 
inhibitor of ULK1, SBI-0206965, which inhibited phosphorylation of previously identified ULK1 
sites in VPS34 and BECN1, and selectively inhibited endogenous ULK1 kinase activity in vivo. 
MRT67307 and several inhibitors developed by Lazarus and Shokat inhibit both ULK1 and ULK2, 
whereas SBI-0206965 selectively inhibits ULK1. Because ULK1 and ULK2 show functional 
redundancy, molecules that target both may be more potent inhibitors. Molecules that are selective 
may be used to decipher differences in ULK1 and ULK2 function and regulation. Small-molecule 
inhibitors of ULK1/2 have potential use in cancer treatment, as some tumors become “addicted” to 
autophagy [93]. There has been less discussion of the possible use of ULK1/2 activators, but in 
principle these might be useful in neurodegeneration and infection, where autophagic function is 
compromised by disease [94,95]. 

In yeast, Atg1 regulates the localization of Atg9 to the phagophore assembly site [53]. Atg9 
decorates vesicles that are thought to contribute to nucleation of the autophagosome [31,32]. 
Papinski et al. used peptide-array based consensus screening to determine the Atg1 consensus site, 
which, similar to the ULK1 site, is characterized by preference for hydrophobic residues 
surrounding a serine phosphoacceptor, and identified Atg9 as a direct substrate of Atg1 [34]. The 
phosphorylation of Atg9 is essential for its recruitment of Atg18 and Atg8 to the PAS and the 
subsequent expansion of the isolation membrane. It is unclear whether human Atg9 is also an ULK1 
substrate, particularly given the lack of amino acid conservation between the cytosolic domains of 
yeast versus mammalian Atg9. 

 

Structural aspects of ULK1 complex components  

How is the ULK1 complex turned on in response to starvation or selective autophagy signals? How 
does the ULK1 complex carry out its non-catalytic functions in organizing phagophore biogenesis?  
How does the complex interact with other regulatory partners, from mTORC1 upstream, to its 
many substrates downstream, to its partners in the core autophagy machinery? How do all of these 
events lead to the higher-order remodeling of membranes to form the phagophore? These are 
inherently structural questions, and their answers ultimately need structural biology approaches.  

ULK1 has a serine-threonine kinase domain at its N terminus and two microtubule-
interacting and transport (MIT) domains at its C-terminus. Both the kinase and MIT domains are 
conserved among yeast and mammals [96]. The first crystal structure of ULK1 bound to inhibitors 
was recently reported [91]. As with all eukaryotic kinases, it shows a kinase fold similar to that of 
protein kinase A, with conserved catalytic and regulatory residues. It also contains a large, positively 
charged activation loop between N and C terminal lobes that may function in substrate recognition 
and regulation of kinase activity. In the crystalized on-state, from protein expressed in bacteria, 
phosphorylation of Thr180 in the activation loop is observed. Substitution of this residue with 
alanine blocks kinase activity, showing that autophosphorylation is important in regulation of ULK1 
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kinase activity.  As kinases show conformational plasticity [97], the key question to be elucidated is 
how interactions with other components of the complex, such as FIP200 or ATG13, activate kinase 
activity, possibly by induced conformational changes. However, it should be noted that the kinase 
domain itself represents only 10% of the mass of the complex, and the ULK1 complex may have a 
non-catalytic role independent of the kinase domain, as in the yeast Atg1 complex. The C-terminal 
early autophagy targeting/tethering (EAT) domain consists of two three-helix bundles arranged as 
microtubule-interacting and transport (MIT) domains [98]. These MIT domains bind to ATG13 and 
may also mediate interactions with membranes [21,23,99].   

Both ULK1 and Atg1 interact with Atg8/LC3 through a conserved motif (LIR, LC3-
interacting region in humans; AIM, Atg8-interacting motif in yeast) in their intrinsically disordered 
regions [58,100,101]. Human ATG13 also contains a LIR motif [58]. The crystal structures of the 
ATG13 LIR bound to LC3A, B, and C have recently been determined [102]. The structure showed 
that the FVMI peptide sequence of ATG13 binds in an essentially identical manner to the 
corresponding WTHL peptide of p62. Thus LC3 family proteins use very similar interactions to 
bind both cargo adaptors and core autophagy initiation components. 

Recently, crystal structures were determined for the ATG13-ATG101 heterodimer [103,104]. 
ATG13 has a HORMA domain at its N terminus [105]. The HORMA domain mediates protein-
protein interactions and has been well characterized in mitotic spindle checkpoint protein Mad2, 
where it can fold into two structures, acting as a conformational switch [106,107].  ATG101 is a 
HORMA domain in its entirety, and also has a protruding loop of conserved phenylalanine and 
tryptophan residues termed the WF finger [103]. The WF finger was crystalized in both a protruding 
and a sequestered conformation, suggesting that it may have a regulatory function in binding 
interaction partners. It will be important to identify the interaction partners of the WF finger and 
ATG13 HORMA domain. 

It is currently thought that assembly of the human ULK1 complex is constitutive; however, 
the possibility of a regulatory mechanism like that in yeast bears further study. In yeast,  Atg17-
Atg31-Atg29 form a 2:2:2 subcomplex that is constitutive regardless of nutrient status and that 
scaffolds the PAS assembly [18,19]. Atg17 dimerizes via its C-terminus, forming a S shape with a 
radius of curvature of around 10 nanometers [99,108]. The Atg1-Atg13 subcomplex then binds 
Atg17-Atg31-Atg29, via Atg13, with affinity two orders of magnitude lower than Atg1 binding to 
Atg13 [109]. This suggests that in yeast, regulation may occur at the level of Atg1-Atg13 binding 
Atg17-Atg31-Atg29. Interestingly, in mammalian cells, it has recently been reported that autophagy 
occurs even when the ULK1–ATG13 interaction is disrupted [110], suggesting that ATG13 may 
function independently of ULK1 and challenging the view of the ULK1 complex as necessarily 
constitutive.  

Using small-angle x-ray scattering, Kofinger et al. modelled the Atg1complex to exist as a 
tetramer [111].  Unpartnered Atg17 and Atg13 binding sites at the ends of each tetramer suggest that 
they may function in branched interactions, potentially tethering Atg9-positive vesicles at the PAS.  
This is supported by recent findings that the yeast Atg13 N terminal HORMA domain mediates 
Atg9 recruitment and that the interaction between Atg13 HORMA and Atg9 is enhanced upon 
autophagy induction [33].  The implication is that human ULK1 complex organization may be 
similar, with FIP200 also as an S-shaped scaffold, but more structural information will be needed 
(Figure 1). At least one autophagy adaptor, p62, has been shown to form a higher-order assembly 
[112]. It would not be completely far-fetched if assembly of higher-order assemblies of adaptors 
were to promote oligomerization and activation of ULK1. 
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Conclusions and perspective  

Recent studies have shown that ULK1 can be activated and/or recruited by inputs from both 
nutrient and energy status as well as selective autophagy substrates. It then phosphorylates a growing 
list of substrates. The functional significance of ULK1 phosphorylations is fairly clear for BECN1 
and FUNDC1, and for Atg9 in yeast, but has yet to be elucidated in many other cases. A low-
resolution solution model for the Atg1 complex assembly has been obtained in yeast. The pieces are 
beginning to come together to build up an analogous understanding of the structural organization of 
the human ULK1 complex. FIP200 would appear to be an ideal candidate for transmitting cargo 
signals to the ULK1 kinase. For this reason, a better structural understanding of FIP200 is 
particularly pressing.  

The analogies to the role of Atg17 in scaffolding the yeast Atg1 complex and the newfound 
role of Atg11 in activating Atg1 in selective autophagy are exciting but essentially untested. More 
specifically, it will be important to resolve how intermolecular interactions within the ULK1 
complex affect the conformation of the ULK1 kinase domain and thereby control its activity. 
Additionally, our expanded understanding of ULK1 regulation beyond mTORC1 and AMPK raises 
the question of how the kinase is differentially activated by nutrients or selective cargoes.  

 

Autophagy in human disease 
Autophagy has a critical role in maintaining cell homeostasis. Health decline with age may in part 
result from a decline in autophagy function. Indeed, decreased transcription of autophagy-related 
genes has been observed in aging human brains [113,114]. Stimulation of autophagy has been found 
in model organisms to lengthen lifespan, and is a key molecular mechanism underlying the beneficial 
effects of calorie restriction [115–117].  

Aside from the gradual decline of autophagic function with age, defects in autophagy have been 
implicated in several diseases. The discovery that 40-75% of human breast, ovarian, and prostate 
tumors had monoallelic disruption of BECN1 put autophagy on the map as having tumor-
suppressive function [14,118–121].  Several other autophagy proteins have also been found to be 
tumor suppressors, including UVRAG, ATG5, and ATG7 [122,123]. However, all tumors formed in 
mosaic deletion Atg5–/– and liver-specific Atg7–/– mouse models were benign, suggesting that 
autophagy may in fact be necessary for cancer progression past the benign state [123]. Similarly, in a 
mouse model of breast cancer, deletion of the gene encoding FIP200 (ortholog of yeast Atg17) 
reduced proliferation of cancerous cells [124].  High autophagy activity was observed in pancreatic 
cancer primary tumors and cell lines, and in fact it was observed that these tumors depend on 
autophagy for growth [125,126]. Autophagy likely has both tumor-suppressive and tumor-promoting 
functions. By maintaining cellular homeostasis, autophagy may prevent conditions that lead to 
cancer, but in already established tumors, it serves to enhance the survival of tumor cells [127].  

Aging leads to neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and Huntington’s 
disease. A shared characteristic among neurodegenerative diseases is the buildup of protein 
aggregates:  amyloid-beta plaques in Alzheimer’s, alpha-synuclein aggregates in Parkinson’s, and  
polyglutamine expansions in Huntington’s [128]. Autophagy in neurons contributes to preventing 
protein aggregates from building up in the first place, and neurons show robust basal autophagy 
initiating at the distal tip with autophagosomes maturing during transport towards the cell body 
[129]. Decline of autophagy with age may contribute to higher incidence of neurodegenerative 
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disorder in older persons. Indeed, suppression of autophagy in mouse models leads to 
neurodegeneration [130,131].  Electron microscopy and immunogold studies of biopsies from 
Alzheimer’s disease brains showed accumulation of autophagosomes, and spinal cord motor 
neurons in sporadic amyotrophic lateral sclerosis also show increased numbers of autophagosomes 
[132,133], suggesting that defects in autophagy in these pathologies may manifest in later stages of 
axonal transport or fusion with lysosomes.  

Autophagy also functions in fighting infection by pathogens. In a mouse model, it was shown that 
M. tuberculosis is specifically targeted and destroyed via autophagy and that autophagy-deficient 
macrophages are more susceptible to M. tuberculosis infection [134]. Moreover, it has been shown that 
autophagy inhibits human immunodeficiency virus type 1 (HIV-1) infection in CD4+ T lymphocytes 
by degradation of Tat, an HIV-specific protein necessary for viral replication and virion production 
[135,136]. Autophagy induction via rapamycin or vitamin D3 treatment has been shown to have 
anti-HIV-1 effects, though the mechanism of inhibition is not fully known [137,138].  

 

Notes on this dissertation  
The research presented in this dissertation was carried out in two laboratories. Research on 
molecular mechanism of autophagy initiation was done in James Hurley’s laboratory and is 
presented in Chapters 2 and 3. Research on the cellular function of autophagy in primary ciliogenesis 
was done in Qing Zhong’s laboratory and is presented in Chapter 4.  
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Table 1: Phosphorylation sites on components of the ULK1 complex 

Protein  Residue Kinase Location in 
structure 

Functional effect 

ULK1 T180 ULK1 
autophosphorylation 

Activation loop in 
catalytic domain 

Stimulates ULK1 kinase 
activity 

 S317 AMPK IDR Stimulates ULK1 kinase 
activity 

S467 AMPK IDR Required for mitochondrial 
homeostasis during starvation 

S555 AMPK IDR Required for mitochondrial 
homeostasis during 
starvation, regulates Atg9 
localization 

T574 AMPK IDR  Required for mitochondrial 
homeostasis during starvation 

S637 mTORC1 IDR Promotes ULK1-AMPK  
interaction 

AMPK Required for mitochondrial 
homeostasis during 
starvation, regulates Atg9 
localization 

S659 AMPK IDR Regulates Atg9 localization  
S757 mTORC1 IDR Inhibits ULK1 kinase activity 
S777 AMPK IDR near N-

terminus of EAT 
domain 

Stimulates ULK1 kinase 
activity 

ATG13 S224 AMPK IDR Inhibits ULK1 kinase activity 
S258 mTORC1 IDR Inhibits ULK1 kinase activity 
S389 ULK1 IDR Unknown 

ATG101 S11 ULK1 HORMA Unknown 
S203 ULK1 Flexible region 

just past C-
terminus of 
HORMA  

Unknown 

FIP200 S943 ULK1 Coiled coil  Unknown 
S989 ULK1 Coiled coil  Unknown 
S1323 ULK1 Coiled coil  Unknown 
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Figure 1. Structure of the ULK1 complex. Model of the ULK1 complex. The ULK1 (orange) 
kinase and EAT domains are conserved in mammals and yeast. ATG13 (green) and ATG101 (cyan) 
heterodimerize through their HORMA domains, and a newly discovered WF finger in ATG101 
(cyan) may regulate interactions with partner proteins.  On the basis of the yeast Atg17 structure, 
FIP200 (yellow) has been modeled as an elongated S-shaped scaffold.  Crystal structures are shown 
for the human ATG13-ATG101 HORMA dimer (pdb: 5C50), with the WF finger residues shown as 
sticks; the human ATG13 LIR bound to LC3B (pdb: 3WAO), with the LIR shown in a stick model; 
the human ULK1 catalytic domain (pdb: 4WNP), bound to N~2~-(1H-benzimidazol-6-yl)-N~4~-
(5-cyclobutyl- 1H-pyrazol-3-yl)quinazoline-2,4-diamine (“compound 6”), with the compound shown 
in a space-filling sphere model in the active site; yeast Atg17 (pdb: 4HPQ), with the Atg29 and 
Atg31 subunit omitted, shown as a stand-in for FIP200, whose structure is unknown; and the yeast 
Atg1 EAT domain-Atg13 MIM complex (pdb: 4P1N), as a model for the likely structure of the 
ULK1 EAT domain. ULK1 is likely a dimer in this complex; however, only the EAT domain of the 
second ULK1 molecule is shown for clarity. By analogy to the yeast Atg1 complex, a second ULK1 
dimer (not shown) might associate with the opposite tip of FIP200, leading to a molecular chain. 
There are many phosphorylation sites in the complex, as listed in Table 1.  
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Chapter 2: The dynamic Atg13-free conformation of the Atg1 EAT 
domain is required for a late step in autophagosome expansion  

 

This work was done with contributions from Christopher Davies, who carried out isothermal titration experiments, 
Johannes Schoeneberg, who wrote Python scripts to analyze time-course videos of autophagy proteins, and Xuefeng Ren, 
who did western blot of Atg1DD expression. I carried out yeast strain construction, all microscopy, analysis of 
structured-illumination phenotypes, in vivo autophagy assays, and vesicle tethering experiments.  

 

Introduction  
Yeast macroautophagy begins with the de novo formation of a double membrane phagophore at the 
preautophagosomal structure (PAS), followed by its expansion into the autophagosome responsible 
for cargo engulfment. The kinase Atg1 is recruited to the PAS by Atg13 through interactions 
between the EAT domain of the former and the tMIM motif of the latter. Mass spectrometry data 
has shown that in the absence of Atg13, the EAT domain structure is strikingly dynamic, but the 
function of this Atg13-free dynamic state has been unclear. We used structure-based mutational 
analysis and quantitative and superresolution microscopy to show that Atg1 is present on autophagic 
puncta at on average twice the stoichiometry of Atg13. Moreover, Atg1 co-localizes with the 
expanding autophagosome in a manner dependent on Atg8 but not Atg13. We used isothermal 
titration calorimetry and crystal structure information to design an EAT domain mutant allele 
ATG1DD that selectively perturbs the function of the Atg13-free state. Atg1DD is capable of near-
normal localization to the PAS and growing autophagosome, yet does not support autophagosome 
expansion. These data show that the EAT domain has an essential function in autophagosome 
expansion that is downstream and separate from its Atg13-dependent role in autophagy initiation.   

Autophagy is an essential process in cells whereby destruction of cellular components 
supports cellular renewal, homeostasis, and survival under stresses ranging from starvation to 
infection [1,2]. Autophagic cargoes, either bulk cytoplasmic contents or selectively targeted proteins 
and organelles, are engulfed in a growing double-membraned structure known as the phagophore. 
The phagophore matures and closes to form into the autophagosome, whose contents are degraded 
upon fusion of the autophagosome with the vacuole or lysosome [3]. Autophagy occurs in all 
eukaryotes and many components of the autophagic machinery are conserved among yeast, animals, 
and plants [4–6]. Since the identification of components of the autophagic machinery beginning in 
yeast in the late 1990s, autophagy proteins have been broadly classified into functional clusters [7–9]. 
In yeast, initiation occurs through the Atg1 complex [10], which consists of the Atg1 protein kinase 
and the Atg13, Atg17, Atg29 and Atg31 regulatory and scaffolding subunits. Phagophore nucleation 
involves the phosphatidylinositol class III complex I, the Atg18:Atg2 complex, and transmembrane 
protein Atg9-containing vesicles [5,11]. This set of early steps in autophagosome biogenesis occurs 
at a punctate structure referred to as the PAS (preautophagosomal structure/phagophore assembly 
site). The subsequent expansion of the phagophore and recruitment of cargo relies on the 
conjugation of the ubiquitin-like protein Atg8 to phosphatidylethanolamine. Atg8 conjugation is 
carried out by the Atg12-5-16 ligase complex [12]. Atg8 conjugation commences at the PAS, but 
then continues throughout autophagosome expansion. In yeast, autophagosome expansion depends 
on Atg8, and the size of yeast autophagosomes is correlated with the availability of Atg8 [13]. One 
of the essential roles of Atg1 in autophagy initiation is the phosphorylation of Atg9, which leads to 
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recruitment of Atg18 and triggers the lipidation of Atg8 [14]. The Atg1 complex also has essential 
non-catalytic roles in autophagy initiation, which could include tethering and scaffolding of vesicles 
at the PAS [11,15]. 

The Atg1 complex initiates autophagy in response to starvation and inhibition of the master 
growth regulator mTOR. Under growth conditions, mTOR phosphorylates Atg13; upon starvation 
and inhibition of mTOR, dephosphorylation of Atg13 stabilizes the assembly of the pentameric Atg1 
complex [16]. Atg13 directly interacts with both Atg1 and Atg17, bridging the two subcomplexes 
[17,18]. The pentameric complex forms higher-order structures by tetramerizing [19] and by forming 
a meshwork through multiple Atg13 binding sites on Atg17 [18]. Reports based on biochemical 
interaction differ as to whether Atg1 and Atg13 are constitutively associated regardless of cellular 
nutritional status, or whether they associate only under starvation conditions [20,21]. Imaging of 
artificially enlarged autophagosomes in Ape1-overexpressing cells showed that Atg1 and Atg13 have 
distinct localization patterns, with Atg1 and Atg13 both found at the PAS, but Atg1 present alone on 
the growing phagophore [22].  It has been shown in yeast that expression of an Atg13 mutant that 
cannot bind Atg1 only partially reduces autophagy [21]. Similarly, mammalian cells expressing an 
ATG13 variant that cannot bind ULK1 in an ATG13 knockout background still shows some 
autophagic activity [21,23]. Because so much emphasis has been placed on Atg13 as the major activator 
of Atg1, the nature of the putative Atg13-independent functions of Atg1 is important to clarify and 
could have important implications for understanding the regulation of Atg1 and how it contributes to 
autophagosome biogenesis. 

Atg1 domain structure is conserved from yeast through mammalian ULK1, with an N-
terminal protein kinase domain, a central IDR linker that includes phosphorylation sites and an 
Atg18-interacting motif (AIM; known as an LC3-interacting motif (LIR) in mammals) [21], and C-
terminal tandem MIT (microtubule-interacting and transport) domains [24] that are collectively 
referred to at the EAT (early autophagy targeting and tethering) domain [25].  The EAT domain is 
best known as the locus of Atg13 binding [16,26,27]. The EAT domain binds to the dihelical 
“tMIM” motif in the C-terminal IDR of Atg13 [20]. The EAT domain is also capable of tethering 
high-curvature vesicles through its C-terminal domain [25,28]. Atg9-containing vesicles have been 
observed at the phagophore assembly site and may serve to nucleate the formation of the 
phagophore [29,30], and the idea that Atg1 could be involved in organizing vesicles at the PAS is 
appealing. However, tethering is observed with the isolated EAT domain, and the stoichiometric 
complex with Atg13 does not possess this activity [25]. Consistent with the different properties of 
the EAT domain in the presence and absence of Atg13, the EAT domain has very different dynamic 
characteristics under these two conditions. By hydrogen-deuterium exchange coupled to mass 
spectrometry (HDX-MS), the EAT domain alone is highly dynamic, yet upon binding of Atg13, the 
EAT domain is rigidified into a normal folded domain [31].  Many autophagy proteins consist of a 
mixture of ordered and disordered regions [32,33]. Some of the disordered regions can become 
ordered upon ligation, however, this does not necessarily mean that they function only in their 
ordered state. The question of whether disordered states of autophagy proteins are merely inactive 
or latent versions of their ordered forms, or whether they have functions of their own, has been a 
difficult one to address. The main goal of this study was to probe whether the dynamic, Atg13-free 
form of Atg1 exists in vivo and whether it has a physiological role in vesicle tethering or other 
functions. 

Atg13 consists of an N-terminal HORMA (Hop1, Rev7, Mad2 fold) domain that mediates 
downstream Atg14 recruitment [34] followed by a much larger (residues 269-738) intrinsically 
disordered region. This region includes mTOR phosphorylation sites, the binding site for Atg1 
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(residues 460-521, MIM motif) [20,31], and two binding sites for Atg17 [18]. Isothermal titration 
calorimetry results show that Atg1-EAT and dephosphorylated Atg13-tMIM have a high affinity for 
each other, on the order of ~100 nM [31].  The sequences involved are reasonably well conserved in 
human ULK1 and ATG13. The Atg1-Atg13 subcomplex in turn associates with Atg17-Atg29-Atg31 
with a lower affinity [20,31], although avidity effects presumably increase the effective affinity [18]. 
Clearly Atg13-tMIM binding is a central role for Atg1-EAT, yet evidence described above for 
possible Atg13-independent function of Atg1, and a report of an ATG13-independent role for the 
human ULK1 EAT domain [28], led us to probe more deeply. 

Here, we used a combination of live-cell imaging and structurally driven biochemistry to show 
that the Atg1 EAT domain has an essential function late in autophagosome biogenesis that is 
independent of Atg13. By tracking and computational analysis of a population of cells over time, as 
well as imaging live cells with structured-illumination microscopy, we show that under physiological 
conditions Atg1 colocalizes with Atg13 only at the PAS. While Atg13 is confined to the PAS, Atg1 
colocalizes around the entire autophagosomal ring. On the basis of the Atg1-EAT:Atg13 tMIM crystal 
structure [20], we engineered a mutant Atg1 EAT variant Atg1DD that has normal Atg13 binding and 
stability, but severely compromised autophagic activity. We show that Atg1 localization to the 
expanding autophagosome is dependent only on the AIM motif.  Thus the Atg1DD mutation interferes 
neither with PAS formation nor autophagosome localization of Atg1, yet completely blocks 
autophagosome expansion. This confirms a functional role for the dynamic Atg13-free form of the 
EAT domain. 

 

Results  
Distinct localization of Atg1 and Atg13 on the expanding phagophore 

We imaged growing autophagosomes in yeast strains expressing either Atg1-3xEGFP or Atg13-
3xEGFP together with mCherry-Atg8 (Fig. 1 and Supplementary Figure 1). The Atg1 and Atg13 
signals reached their peak intensity (Fig. 1A, D) at the same time as Atg8, which was set as the 
reference time zero. The full width half maximum (FWHM) of the Atg1 signal grew together with 
the Atg8 signal over the subsequent 300 s (Fig. 1B), increasing from ~250 to 400 nm. By 
comparison, the FHWM of the Atg13 signal remained steady at ~250 nm over the ensuing 300 s 
(Fig. 1E). This analysis is based on conventional diffraction-limited microscopy. Thus, the 
structures of apparent 250 nm size correspond to diffraction-limited puncta and thus to the PAS. 
The apparent ~400 nm structures were inferred (and subsequently verified below) to correspond to 
completed autophagosomes. These data are consistent with previous observations [22] and 
suggested to us that the population of Atg1 on the expanding autophagosomes is not bound to 
Atg13. 

 We used structured illumination microscopy (SIM) to obtain high spatial resolution images 
of yeast cells chromosomally expressing the combinations Atg1-3xEGFP and mCherry-Atg8, and 
Atg13-3xEGFP and mCherry-Atg8. Autophagy was induced with rapamycin. As autophagy initiates 
asynchronously, we observed a mixture of initiating phagophores and complete autophagosomes. 
We selected complete Atg8 rings for comparative analysis. Atg13 showed a punctate localization 
adjacent to the ring (Fig. 2A).  In contrast, Atg1 was present as a ring and completely colocalized 
with Atg8 (Fig. 2A). This is consistent with results obtained with overexpressed Ape1 cargo [22].  
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 Wide-field quantitative imaging to determine stoichiometry of autophagy proteins has been a 
useful tool for understanding the composition of the PAS [35]. We verified that Atg1 is more 
abundant than other proteins in the Atg1 complex, Atg13 and Atg17 (Fig. 2B), as previously shown 
[19]. These measurements encompassed all observed puncta and thus represent an average over 
puncta corresponding to the PAS and to autophagosomes.  In order to control for the possibility 
that the excess Atg1 might reflect a separate pool involved in the Atg11-dependent constitutive Cvt 
pathway [36], we repeated the analysis in an atg11Δ strain (Fig. 2B).  The loss of Atg11 made no 
difference to the stoichiometry. Thus, three lines of evidence from time-resolved imaging, super-
resolution imaging, and molecule counting lead to the same conclusion that there is a separate pool 
of Atg1 involved in phagophore expansion that is independent of Atg13.   

 

Engineering an Atg1 variant to probe Atg13-independent function  

Atg13 itself [37], and Atg1 binding to Atg13 [20], are both important for initiation of the 
autophagosome, thus simply deleting ATG13, or even just crippling the Atg13 binding site on Atg1, 
are not suitable tools for fine-grained mapping of Atg13-binding independent functions of Atg1. 
Any effort to identify other functions of Atg1, such as lipid-binding, must decouple the roles of 
Atg1 in lipid binding and Atg13 binding. Previously, it was shown that yeast Atg13 knockouts 
rescued with an Atg13 mutant unable to bind Atg1 still showed partial autophagy activity [21].  We 
took the reciprocal approach of engineering a variant with intact Atg13 binding but intended to 
impair other putative functions. Our initial hypothesis was that high curvature vesicle binding might 
be another function of the EAT domain [25]. Because Atg13 binding inhibits vesicle binding [25], 
we reasoned that these binding sites must overlap. A series of surface-exposed hydrophobic residues 
protrude from the EAT domain helices involved in Atg13 binding. We reasoned that in the dynamic 
Atg13-free conformation of EAT, these residues could bind to liposomes and mediate vesicle 
tethering. We sought to minimize the impact on Atg13 binding by mutating residues peripheral to 
the Atg13 binding site as defined in the K. marxianus co-crystal structure [20] (PDB ID 4P1N, Fig. 
3A).  

 The hydrophobic residues Leu666, Met676, Met760, and Met811 were mutated in the 
context of the K. lactis Atg1 EAT domain, which we have established as a well-behaved biochemical 
system [31]. These residues are highly conserved in the crystallized K. marxianus, where they 
correspond to Leu671, Met681, Met765, and Met816 [20] (Fig. 3A). Targeted residues were changed 
to Asp in four pairwise combinations in order to maximally disrupt the putative lipid binding 
function. In order to screen interactions quantitatively and avoid even minor perturbations in Atg13 
binding, mutants were screened by isothermal titration calorimetry (ITC). Three of the double 
mutants, L666D/M676D, L666D/M760D, and M676/M760D, decreased affinity by a factor of 4-6 
compared to the wild-type Kd of 100 nM (Fig. 3B).   These were discarded from further 
consideration. M760D/M811D (referred to henceforward as Atg1DD), however, bound to Atg13 
with a Kd of 150 nM (Fig. 3B). This is essentially wild-type affinity, and we judged this variant to be 
an appropriate tool to probe for putative Atg13-independent functions. 

 

Atg1DD is defective in phagophore expansion 

We constructed the S. cerevisiae version of as Atg1DD by incorporating the mutants L809D and I874D 
that correspond to positions 760 and 881 of K. lactis identified as described above. We applied the 
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Pho8Δ60 assay to determine if Atg1DD was defective in nitrogen-starvation induced autophagy. This 
assay measures the vacuolar transport of a phosphatase whose normal vacuolar transport signal has 
been crippled and is thus dependent on autophagy induction for its transport [38].  ATG1DD has 
negligible starvation-induced autophagic activity, comparable to that of atg1Δ cells transformed with 
an empty vector (Fig. 4A). The Atg1DD protein is expressed at the same level as wild-type, however 
(Fig. 4A). We had initially hypothesized that this mutation would lead to impaired vesicle tethering. 
However, the ability of the Atg1DD mutant to tether lipids in vitro was unaltered (Supplementary 
Figure 2).  Many exposed hydrophobic residues remain at adjacent positions of the EAT domain 
helices, and it appears that these residues must be sufficient to maintain lipid tethering.  It is possible 
that the lipid-binding domain and the Atg13 binding domain of Atg1 overlap so extensively that is 
will not be possible to decouple them mutationally. Despite that the Atg1DD mutant data do not 
resolve whether vesicle tethering is a physiological function of the EAT domain, the mutation does 
demonstrate an EAT domain mutant with normal stability and full Atg13 binding is still by some 
means able to cripple autophagic activity.  

To examine whether the Atg1DD autophagy defect was linked to a change to its recruitment 
and localization in vivo, an atg1Δ:ATG1DD-3xEGFP mCherry-ATG8 yeast strain was generated. The 
strain was imaged using SIM after 1h rapamycin treatment to induce autophagy. Only punctate 
Atg1- and Atg8-labelled structures were observed, reflecting that phagophores did not grow beyond 
the PAS stage (Fig. 4C). Moreover, only ~15% of cells showed puncta formation as compared to 
~30% for wild-type, indicative of a decrease in recruitment even to the PAS (Fig. 4C).  To 
investigate the possibility that Atg1DD was defective in localization to the growing phagophore, we 
restored autophagy progression by rescuing the mutant with unlabelled, wild-type Atg1 expressed on 
a yeast centromeric plasmid. In the rescued cells, mature Atg8-labeled ring structures were 
abundantly observed. Atg1DD was observed on the rings and co-localized with Atg8 on essentially all 
of the rings seen (Fig. 4C). These data show that ATG1DD is not dominant negative and that the 
defect in autophagy is not due to an inability to localize to the growing phagophore. 

 Given that Atg1DD does not interfere with localization to the growing phagophore, and that 
Atg13 is not present, we used SIM to follow up on the previous proposal that the AIM motif of 
Atg1 is important for autophagosomal localization [10,21]. Mutant Atg1 with substitutions V432A 
and E433A (Atg1VE) cannot bind Atg8 [21]. Moreover, Atg1-VE shows a strong autophagy defect in 
vivo, as measured by Pho8Δ60 processing (Fig. 5A), as seen previously [21]. Notably, this mutant is 
still be recruited to the PAS [21]. Indeed, Atg1 is recruited to the PAS upstream and independent of 
Atg8 [9]. We then asked whether Atg1 localization to the mature autophagosome is mediated by 
interaction with Atg8.  We imaged atg1Δ:ATG1VE-3xGFP mCherry-ATG8 cells and found that, 
consistent with the severe in vivo autophagy defect, no mature autophagosomes were observed. In 
order to observe the effect of the VE substitution on Atg1 localization at the ring, we again carried 
out a rescue experiment, transforming the atg1Δ:ATG1VE-3xGFP mCherry-ATG8 cells with plasmid-
encoded unlabelled wild-type ATG1. This restored the formation of Atg8-labeled mature 
autophagosomes, but Atg1VE remained punctate, confirming that the Atg1 AIM is necessary and 
sufficient for its localization to the growing phagophore (Fig. 5B).   
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Discussion  
Atg1 and Atg13 have well-characterized roles in autophagy initiation [10,15,39–41]. Here we report 
evidence for a function of Atg1 in autophagy distinct from its function in the initiating complex. 
Imaging of live cells showed marked difference in localization of Atg1 and Atg13 relative to Atg8 
marking the growing phagophore, supported by population-level analysis showing the expansion of 
the full-width half maximum of the Atg1 signal only. Atg1 is often depicted as functioning within an 
obligate Atg1-Atg13-Atg17-Atg29-Atg31 complex throughout the course of autophagy. Quantitative 
(molecule-counting) microscopy shows that averaged over the whole course of autophagy, Atg1 is 
twice as abundant as Atg13. SIM imaging showed that in addition to its localization at the PAS, 
which it shares with Atg13, Atg1 is distinct from Atg13 in that it completely surrounds the mature 
autophagosome. These results are consistent with previous observations in an engineered version of 
the Cvt pathway expressing giant ApeI complexes [22]. These results also extend the implications of 
the studies that first identified the interaction between Atg1 and Atg8, which proposed that Atg1 
remained associated with the autophagosome past the initiation stage [21,42]. Here, by using super-
resolution microscopy that can distinguish between different stages of autophagy, we show that 
Atg1 is indeed retained in later stages of autophagy, and importantly, that its behavior at this later 
stage is independent of binding Atg13.   

The natural question following these observations is: what is the function of the Atg8 and 
AIM-dependent Atg1 association with the growing autophagosome? This stage is downstream of 
the best-understood functions of Atg1 in phosphorylating Atg9, which is upstream of Atg8 
recruitment [14]. It is also downstream of the putative activation of PI3K by Atg6 phosphorylation 
[10]. We initially hypothesized that Atg might function in tethering small vesicles to contribute to 
phagophore expansion, given previous findings that the Atg1 EAT domain tethers small liposomes 
in vitro in the absence of Atg13 [25]. We identified a double-aspartate mutant, Atg1DD, that shows 
wild-type binding to Atg13 by ITC, but a dramatic defect in bulk autophagy activity in vivo as 
measured by the Pho8Δ60 assay.  ATG1DD cells show somewhat reduced recruitment of Atg1DD and 
Atg8 to the PAS, but the more dramatic effect is a complete block in phagophore expansion. This 
effect cannot be explained by a change in in vitro lipid tethering, however. These finding show that 
there is a critical function for Atg1-EAT that is independent of both its known Atg13 binding 
function and its speculative lipid tethering function.  

Some aspects of these observations may be pertinent to mammalian ULK1. The EAT 
domain structure of Atg1 and ULK1 is highly conserved and many of the hydrophobic residues 
protruding from the EAT helices are conserved in ULK1. An ATG13-independent dominant 
negative phenotype has been reported for kinase-dead ULK1 [28]. One difference is that ATG13 
localizes to the growing phagophore in mammalian cells [43] , in contrast to yeast. ATG13 contains 
its own LIR [44], unlike yeast Atg13. Therefore, the apparent colocalization of ULK1 and ATG13 at 
the mammalian phagophore does not necessarily imply that all of this material is mutually exclusive 
of ULK1-independent function [23]. Moreover, Atg8 is vital for autophagosome expansion in yeast 
[13], while recent reports suggest that the cognate LC3/GABARAP family in mammals is much less 
important for expansion than had been previously supposed [45,46]. LC3/GABARAP proteins in 
mammals are now proposed to be important mainly for cargo selection, and degradation of the 
inner autophagosomal membrane subsequent to autolysosome formation [45,46]. In light of this 
new perspective, it is now unclear why Atg8 is so important for autophagosome expansion in yeast. 
Our results suggest that part of the explanation could be that Atg8 is essential for directing a late 
phase of some unidentified lipid- or protein-binding activity of Atg1 activity that is vital for 
associating with the source of incoming lipid for growth.  



 28 

It is widely thought that IDRs and protein dynamics are a central feature of autophagy 
proteins. Yet techniques are lacking for directly measuring and controlling protein dynamics in living 
cells. As appealing as these concepts are, establishing the functional significance of disorder and 
dynamics in autophagy has been challenging, and there are only a handful of examples. Dynamic 
transitions from order to disorder have been shown to be relevant for BECN1 function in 
autophagy [32]. The Noda and Ohsumi groups were able to show that the yeast Atg13 IDR is 
important for the meshwork organization of the PAS [18]. We previously showed that both the 
human PI3K complex I involved in autophagy induction and the yeast Atg1 EAT are dynamics 
entities [31,47]. In the absence of Atg13, the Atg1 EAT domain, and its helices 4 and 6 in particular, 
sample a highly dynamic “R” (relaxed state). Our engineered probe of the EAT domain includes a 
mutant located within helix 6 in this dynamic region. In addition to providing insight into an 
unappreciated facet of autophagosome expansion, our data add another example to the small but 
growing list of proteins with functionally essential dynamics in autophagy. 

 

Methods 
Structured-illumination microscopy  

Atg1-3xEGFP pRS304-mcherry-Atg8 and Atg13-3xEGFP pRS304-mcherry-Atg8 are derivatives of W303 
(gifts from J.Nunnari, UC Davis) [48]. Endogenous Atg1 mutants were made by first replacing Atg1-
3xEGFP with a NATMX6 selective cassette via PCR-based targeted homologous recombination. 
Using the Atg1::NATMX6 pRS304-mcherry-Atg8 knockout strain, we then introduced the 
endogenous mutants via in vivo homologous recombination of PCR fragments containing the Atg1 
mutation and the remainder of the cassette (3XEGFP-ADH terminator-CaURA).  Positive 
recombinants were selected for on –ura plates and sequenced. 

Yeast cells were grown overnight and then diluted to OD600 = ~0.2 the following morning in –trp 
media and grown for 4-5 h until OD600 = ~1.0.  Meanwhile, cover glasses were cleaned via 
ultrasonication for 30 min in 1:1 ratio of water and isopropanol, rinsed with water and isopropanol, 
and air-dried; cover glasses were then coated in 2 mg/ml concanavalin A.   

One hour before imaging, 1 ml of yeast cells were treated with 0.2 ug/ml rapamycin to induce 
autophagy. For imaging, cells were placed on concanavalin A-coated coverslips and incubated for 15 
minutes. Excess cells were washed off, and the cover glass was loaded onto an Attofluor chamber 
(Invitrogen); -trp media with 0.2 μg/ml rapamycin was added to the chamber to continue the 
autophagy-inducing treatment condition during imaging.  

Structured-illumination microscopy was done using the Zeiss Elyra PS.1 with 100x objective. GFP 
and mCherry signals were captured by lasers at 488 nm and 561 nm, respectively, used at 5% 
intensity and 100 ms exposure time. For each sample, z stacks were collected at 0.101 μm per slice, 
spanning 0.5 μm, and three 60 degree rotations were acquired.  

For imaging wild-type Atg1 rescued strains, mutant strains were transformed with yCPLAC111-Atg1 
and selected for on –leu plates. Transformants were re-streaked then grown overnight in –leu media. 
The next day, they were diluted to OD600 = 0.2 in –trp media, grown 4-5h to OD600 = 1.0 and 
imaged as described above.  
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Tethering assays 

Liposome tethering assays were done with 3 μM protein and total concentration of 2.5 mg/ml 
liposomes. DSPE-PEG2000-Biotin and rhodamine-PE liposomes were made with 23.4% POPC, 
20.3% POPE, 17.7% PI, 33.6% POPS, 3.9% DOPA, 0.1% Rhodamine-PE and 1% Biotin-PE 
(Avanti Polar Lipids). DID (1,1’ dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine) liposomes 
were made with 24.5% POPC, 20.3% POPE, 17.7% PI, 33.6% POPS, 3.9% DOPA and 0.1% DID 
(Avanti Polar Lipids). For each sample, 50 μl of protein and 25 μl each of Biotin and DID 
liposomes were incubated with 50 μl pre-equilibrated MagStrep resin (Novagen) for 30 min and 
washed with buffer 20 mM Tris pH 8, 200 mM NaCl. Liposomes and protein bound to resin was 
analyzed on SDS-PAGE and the resulting gels were imaged with a Typhoon scanner. All samples 
were normalized to rhodamine fluorescence to account for the total amount of lipid bound to the 
resin.    

 

Quantitative imaging of autophagy proteins  

For quantitative imaging, the yeast strains MATahis3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ATG1-
GFP, ATG13-GFP, and ATG17-GFP were grown in YPD media supplemented with 2% glucose. 
To specifically study macroautophagy, the cytoplasm-to-vacuole transport protein Atg11 was 
knocked out and replaced by a NATMX cassette. The strain JBY404, expressing dimeric LacO 
binding protein LacI-GFP binding to 128 LacO repeats, was used as a standard.  

Yeast cells were grown overnight and then diluted to OD600 = ~0.2 the following morning in –trp 
media and grown for 4-5 h until OD600 = ~1.0.  Meanwhile, cover glasses were cleaned via 
ultrasonication for 30 min in 1:1 ratio of water and isopropanol, rinsed with water and isopropanol, 
and air-dried; cover glasses were then coated in 2 mg/ml concanavalin A.   

One hour before imaging, 1 ml of yeast cells were treated with 0.2 ug/ml rapamycin to induce 
autophagy. For imaging, cells were placed on concanavalin A-coated coverslips and incubated for 15 
minutes. Excess cells were washed off, and the cover glass was loaded onto an Attofluor chamber 
(Invitrogen); -trp media with 0.2 ug/ml rapamycin was added to the chamber to continue the 
autophagy-inducing treatment condition during imaging.  

Wide-field fluorescence imaging was done on a Nikon Ti-E-based microscope with 100X TIRF 
NA1.49 oil objective.  

 

Yeast autophagy assays 

TN124 Atg1::NATMX cells were transformed with yCPLAC33, ATG1- yCPLAC33, ATG1VE- 
yCPLAC33, or ATG1DD-yCPLAC33 and grown to mid-log phase. Cells were then switched to 
nitrogen-starvation media for 4h to induce autophagy and the Pho8Δ60 assay was carried out as 
previously described [38].  

 

Western blotting 

To quantify the expression levels of Atg1 constructs, TN124 Atg1::NATMX was first transformed 
with ATG1-GFP (wild-type or mutants) subcloned into pJK59. Overnight cultures were split to 
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OD600 = 0.2 and grown to OD about 0.9 in –Ura medium; 45 ml of yeast cells were harvested. The 
pellet was resuspended in 220 ul of 50 mM Tris (pH 8.0), 1% SDS, 7 M urea,1 mM EDTA and 
2mM PMSF, lysed in 0.13 g of 425–600 mm glass beads (Sigma G8772), and vortexed vigorously for 
4 min at 4°C. Cell lysates were subjected to western blot analysis using a mouse anti-GFP antibody 
(Santa Cruz sc9996) at 1:1000 ratio, anti-mouse IgG-HRP (PerkinElmer NEF822001EA) at 1:5000 
ratio, and Pierce ECL western blotting substrate (Thermo scientific 32209). Antibody to PGK1 
(Invitrogen) was used as a loading control.  

 

Isothermal titration calorimetry 

Proteins were dialyzed in 20 mM Tris-HCl (pH 8.0) and 200 mM NaCl, with 1 mM Tris(2-
carboxyethyl)phosphine added for Atg1-EAT.  ITC was conducted with a MicroCal Auto-iTC200 
apparatus (GE Healthcare) at 20 C with 20 total injections of 2 μl per injection.  The binding affinity 
between K. lactis Atg13 350-525 and Atg1-EAT was determined by using 10 μM maltose-binding 
protein (MBP)-tagged Atg13 350-525 in the cell and 100 μM Atg1-EAT in the syringe. MBP alone 
plus Atg1-EAT was used as a control.  

 

Image processing and analysis 

Image processing consisted of the following steps. The input for image processing are wide field 
microscopy image stacks that show on average ~300 cells on a 2560 x 2160 px (166 μm x 140 μm) 
field of view in ~50 frames, recorded at 10 fps for a total observation time of ~8 min. For each 
labeled species, candidate puncta were identified by using the Fiji [49] plugin TrackMate v2.8.2 [50], 
using a Laplacian of Gaussian detection (LoG) for the average puncta size of ~12-15px. TrackMate 
was then used to filter the list of candidates by tracking the puncta and retaining only those that 
persisted for at least five consecutive frames. This initial list of puncta candidates was exported as an 
XML file for further processing. A custom written Python v2.7.12 code was used to match found 
puncta traces from labeled conditions with each other to further refine the list of puncta (i.e. a trace 
was accepted if both labeled species could be identified on a PAS for at least 5 consecutive frames). 
For this list of puncta, custom made Python v2.7.12 and iPython v4.0.1 scripts were used to subtract 
the background (see Supplemental Figure 1) and to fit a two dimensional (2D) Gaussian to the 
microscopy intensity at every time point in each trace. The reference species Atg8 was used to align 
the fitted 2D Gaussians for each trace. The peak intensity of Atg8 was chosen as the alignment time 
point. From the aligned traces, the average punctum intensity and width over time were extracted by 
calculating the full width half maximum (FWHM) of the fitted Gaussian at each time point.  
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Figure 1. Kinetic analysis of Atg8, Atg13 and Atg1. A. Normalized intensity of Atg8 (red) and Atg1 
(green) over time shows Atg1 peaks about 20s before Atg8. B. FWHM fit shows that Atg1 puncta 
show the same widening behavior as Atg8 after peak intensity, in contrast to Atg13 which stays 
punctate (see b). Solid lines: mean, shaded area: standard deviation; N=27 traces. C. Representative 
fluorescence trace showing one puncta. D. Normalized intensity of Atg8 (red) and Atg13 (green) over 
time shows both proteins peak at the same time in PAS formation. E. Full width half maximum 
(FWHM, i.e .puncta width) fit of the puncta shows that both Atg8 and Atg13 are punctate before their 
intensity peak (time < 0 frames). While Atg13 stays punctate, the Atg8 punctae start to widen and 
eventually form rings. Solid lines: mean, shaded area: standard deviation; N=38 traces. F. 
Representative fluorescence trace showing one puncta. 
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Figure 2. Structured-illumination and quantitative microscopy of Atg13 and Atg1. A. 
Structured-illumination microscopy of Atg13 or Atg1 (3XGFP, green) or Atg8 (mCherry, red) shows 
that Atg1 colocalizes with Atg8 at the mature autophagosome while Atg13 remains punctate. Scale 
bar, 1 μm. B. Estimated copy number of autophagy proteins determined by quantitative microsopy 
using strain JBY404, which expresses dimeric LacO binding protein LacI-GFP binding to  
128 LacO repeats, as a standard (Brickner et al., 2004; Köfinger et al., 2015; Teis et al., 2008). Values 
are based on integrated intensity of the puncta and are an average of three independent experiments. 
Error bars, s.d.  
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Figure 3. Identification of Atg1 double-aspartate mutant that binds Atg13 with wild-type 
affinity. A.  Structure of K. marxianus Atg1 EAT domain and Atg13 interaction showing mutated 
residues. Atg1 EAT domain, gray; Atg13, blue; mutants that decreased binding to Atg13 (L671, M681), 
green; mutants that retained wild-type binding to Atg13 (M765, M816), red. B. Representative 
isothermal titration calorimetry thermograms showing binding affinity of Atg1 mutants with Atg13. 
 

 



 34 

 

Figure 4. Atg1-DD shows severe autophagy defect. A. Pho8Δ60 assay monitoring bulk autophagy 
was carried out in rich media (YPD) or nitrogen-starvation (SD-N) conditions. Samples were 
normalized to the activity of cells rescued with wild-type under autophagy-inducing conditions. 
Results are average of two independent experiments. Error bars, s.d. Western blot showing expression 
of wild-type and double-aspartate mutant Atg1. Loading control, PGK1.  B. Structured illumination 
microscopy of endogenous Atg1-DD mutant and mutant rescued with wild-type Atg1. Quantitation 
of distribution of structures found in mutant and rescue cell lines. Quantitation of wild-type and rescue 
strains was done via structured illumination; quantitation of the DD mutant was done in wide field 
after confirming the existence of only punctate structures via structured illumination. Wild-type n=98; 
rescue n=30; DD mutant n=168. Scale bar, 1μm.  
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Figure 5. Atg1 interaction with Atg8 at the mature autophagosome. A. Structured illumination 
images of endogenous Atg1-VE mutant and mutant strain rescued with wild-type Atg1. Scale bar, 1 
μm. B. Quantitation of distribution of structures found in mutant and rescue cell lines. Quantitation 
of wild-type and rescue strains was done via structured illumination; quantitation of the VE mutant 
was done in wide field after confirming the existence of only punctate structures via structured 
illumination. Wild-type n=98; VE rescue n=67; VE mutant n=126. 
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Supplementary Figure 1. Image processing. A. Epi-fluorescence image of yeast cells. Proteins 
Atg1, Atg13 or Atg8 were labeled and display the PAS as punctate structures in the cells. B. 
Cropped example PAS structures. C. The PAS puncta displayed in b,iii) with its intensity in the x 
dimension (white line) plotted on the bottom. Note that there are three layers of signal convoluted 
in the image. Dark blue: imaging background, light blue: cell background, red: PAS signal. D. The 
PAS structure after removal of both imaging and cell backgrounds by taking the derivative of the 
image intensity and retaining only those pixels in the high slope area (red bar, bottom of puncta 
image).  
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Supplementary Figure 2. Vesicle tethering. Sonicated small unilamellar vesicles containing either 
biotin or DID fluorescent label were mixed with either wild-type or DD mutant EAT domain. The 
mixture was then passed over streptavidin resin, capturing biotin labeled vesicles, and the amount of 
fluorescently labeled vesicles was quantified. These data show that the DD mutation has no effect 
on the ability of the EAT domain to tether vesicles in vitro.  
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Chapter 3: Vps15 and Vps34 kinase domain dynamics regulate the 
autophagic phosphatidylinositol 3-kinase complex  

 
The work presented here is a collaborative project with Goran Stjepanovic and Sulochanadevi Baskaran. Goran 
carried out in vitro biochemical assays, and Sulo captured the negative-stain electron micrographs of the complex. I 
carried out the in vivo autophagy assay. This work is currently in review at Molecular Cell.  

 

Introduction  

The class III phosphatidylinositol 3-kinase complex I (PI3KC3-C1) is required for the initiation of 
essentially all macroautophagic processes. PI3KC3-C1 consists of the lipid kinase catalytic subunit 
VPS34, the VPS15 scaffold, and the regulatory BECN1 and ATG14 subunits. The VPS34 catalytic 
domain and BECN1:ATG14 subcomplex do touch, and it is unclear how allosteric signals are 
transmitted to VPS34. We used EM and cross-linking mass spectrometry to dissect five 
conformational substrates of the complex, including one in which the VPS34 catalytic domain is 
dislodged from the complex but remains tethered by an intrinsically disordered linker. A “leashed” 
construct prevented dislodging without interfering with the other conformations, blocked enzyme 
activity in vitro, and blocked autophagy induction in yeast cells. This pinpoints the dislodging and 
tethering of the VPS34 catalytic domain, and its regulation by VPS15, as a master allosteric switch in 
autophagy induction. 

 Autophagy is eukaryotic catabolic pathway that delivers cytoplasmic material to lysosomes 
for degradation. Autophagy thus provides a short-term supply of amino acids in starvation [1].  
Moreover, autophagy removes aggregated proteins, damaged organelles and intracellular pathogens 
[2]. The dysfunction of various components of the autophagy pathway has been implicated in cancer 
[3], heart disease, liver disease and several neurodegenerative diseases including Alzheimer’s disease, 
Huntington’s disease, and Parkinson’s disease [4]. Autophagy begins with double membrane, also 
known as a phagophore that is likely derived from lipid bilayer contributed by the endoplasmic 
reticulum and other sources [5]. The initiation of the phagophore is regulated by the ULK1/Atg1 
protein kinase complex [6–9] and the VPS34-containing class III phosphatidylinositol 3-kinase 
complex I (PI3KC3-C1) [6,10,11].   

 The class III lipid kinase that generates PI(3)P, Vps34, was first described in yeast [12]. 
Vps34 is the only PI3-kinase in yeast and is essential for protein sorting to the vacuole via the 
endolysosomal pathway [10,12]. PI(3)P that is generated by the Vps34 is localized to the endosomal 
compartments and required for recruitment of downstream effector proteins that contain specific 
PI(3)P binding domains [13]. Vps34 is part of a constitutive complex with Vps15, a 150 kDa protein 
containing a putative serine/threonine protein kinase domain, and HEAT and WD40 repeat 
domains [14]. Vps34 and Vps15 are essential for autophagy in yeast, where the function as part of 
the PI-3 kinase “complex I” (or PI3KC3-C1) which also contains Atg6 and Atg14 [11,15]. The 
complex responsible for endolysosomal sorting is known as complex II (PI3KC3-C2). PI3KC3-C2 
shares Vps34, Vps15, and Atg6 in common with PI3KC3-C1, but Atg14 is replaced by Vps38 [11]. 
These complexes are conserved in mammalian cells, where complex I is also critical for autophagy 
initiation and complex II has an additional role in autophagosome maturation [16–18]. The 
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mammalian ortholog of Atg6 is BECN1 (or Beclin-1) [19] and the Vps38 ortholog is UVRAG [16–
18,20]. Vps15 is the largest subunit and is essential for the formation both complexes I and II. The 
integrity of the protein kinase catalytic site of Vps15 is important for vacuolar sorting in yeast [14] 
and for the stability of yeast PI3KC3-C1 [11], yet substrates of this site have not been reported. 
Vps15 is thus central to all of the manifold biology dependent on autophagy and endolysosomal 
sorting, yet in comparison to the extensive literature on the other subunits, remarkably little is 
known about its function.  

 The electron microscopy (EM) structure of the four-subunit human PI3KC3-C1 revealed a 
V-shaped architecture [21] and provided insight into how VPS15 scaffolds the assembly to the rest 
of the complex. These findings were confirmed and expanded upon by a crystal structure of yeast 
PICKC3-C2 [22]. The short arm of the complex (the right-hand arm in the standard view, Fig. 1A) 
contains the helical and lipid kinase domains of VPS34  (collectively “HELCAT”) and the protein 
kinase domain of VPS15. The long left-hand arm includes the parallel coiled-coils and C-terminal 
domains of BECN1 and ATG14, and the C-terminal WD40 repeat domain of VPS15. The base 
where the arms meet includes the N-terminal C2 domain of VPS34 and the helical domain of 
VPS15. The N-terminal regulatory sequences of ATG14 and BECN1 have not been visualized in 
either the EM or crystal structures, but are presumably attached to the base. These regions contain 
the binding sites for important regulators of PI3KC3 such as Bcl-2 [23,24] and NRBF2 [25,26] and 
important sites of regulatory phosphorylation by ULK1, AMPK, DAPK, MAPKAP2, and PGK1 
[27–30]. The VPS34 catalytic subunit makes almost no contacts between the regulatory BECN1 and 
ATG14 subunits. Presumably the same holds for the UVRAG subunit, which takes the place of 
ATG14 in PI3KC3-C2. UVRAG is the binding site for PI3KC3-C2 regulators Rubicon [18,31,32] 
and Pacer [33].  Thus, the assembly of the complex is entirely dependent on VPS15, and the 
regulatory communication appears likely to dependent on VPS15 as well. One of the most striking 
structural findings, and one with important implications for regulation, was the extensive direct 
interaction between the Vps34 and Vps15 kinase domains [21,22]. This direct interaction between 
the VPS34 and VPS15 kinase domains appeared to us to be the best candidate for the “missing link” 
between regulatory inputs to BECN1 and ATG14 on the one hand, and the catalytic output of 
VPS34 on the other.  

The EM analysis of human PI3KC3-C1 and C2 revealed that these complexes are highly 
dynamic. The V-shaped structure that we refer to as the “classic” conformation, which the state that 
crystallized [22], still represents less than 50% of the population in the EM conformational 
ensemble. Other conformational states include a class in which the VPS34 HELCAT domain breaks 
its contacts with the VPS15 kinase domain and is thus dislodged from the rest of the complex. The 
HELCAT region is tethered to the VPS34 C2 domain and so to the rest of the complex by a ~90 
residue linker. All but 20 of these residues are intrinsically disordered on the basis of hydrogen-
deuterium exchange [21]. The crystal structure suggests that the VPS34 catalytic site is blocked in the 
classic conformation. In this study, we sought to determine whether the dislodged conformation is 
the active state. We used a hybrid structural biology approach combining negative stain electron 
microscopy and cross-linking coupled to mass spectrometry (CX-MS) to characterize the full range 
of human PI3KC3-C1 conformations in solution. We were able to engineer a “leashed” variant of 
the complex the locked out the dislodged state and thus determine the functional role of this 
conformation in vivo and in vitro. Our findings shed new light on the central roles of VPS15 and 
protein complex dynamics in the regulation of the PI3KC3 complexes.  

 



44 
 

Results 
Dynamics of PI3KC3 and the VPS34 HELCAT domain 

We sought to classify and quantitate the different conformational states for the PI3KC3-C1. We 
recorded a dataset containing 104,286 particles. Particles were sorted into several distinct 2D class 
averages. The largest group, 42% of the total, belong to the classic conformation, corresponding to 
the conformation previously characterized in detail by three-dimensional reconstruction and 
crystallization. The second-largest group, 24%, have the HELCAT interacting with most distal C-
terminal face of VPS15, which has the appearance of an open, symmetric V-shape. In effect, the 
right arm of the V is elongated, making it equal in length to the left arm. Another 15% belong to a 
conformation in which the VPS34 HELCAT is sandwiched between the VPS15 WD40 repeat and 
kinase domains, which we denote the “WD” conformation. A smaller group, 6%, find VPS34 
HELCAT interacting with a density feature at the base of the complex that we believe corresponds 
to N-terminal regulatory domains in BECN1 and ATG14. We refer to this region as the “paddle” 
and therefore denote this conformation as the “paddle” state. The remaining 13% of particles 
manifest a VPS34 HELCAT that is completely dislodged from the rest of the complex. In most 
cases, they appear to completely lack the density for VPS34 HELCAT. Where density can be 
observed for VPS34 HELCAT, this feature is distributed across a ~270º wedge comprising almost 
the entire circumference of the complex except for the quadrant near the tip of the left arm (Fig. 
1B). 

 

VPS34 kinase dynamics assessed by CX-MS 

To study protein interactions in PI3K in solution by a complementary approach, we subjected the 
intact complex to CX-MS [34–36]. A similar approach was used to confirm some of the contacts 
observed in the classic conformation [37]. We incubated the complex with the lysine-specific cross-
linker CBDPS, followed by trypsin digestion [38]. We identified 35 cross-linked peptide pairs 
spanning all four subunits (Fig. 2A). The cross links were mapped onto a structural model of human 
PI3KC3-C1 in the classic conformation. The CBDPS cross linker has a maximum span of 14 Å, 
adding to this 24.4 Å for crosslinked lysine sidechains and allowing for conformational dynamic of 
the protein yields a maximum Cα distance of 38 Å. All intra-protein crosslinks could be projected 
onto this homology model well below this distance maximum (Fig. 2B, shown in blue). Pairwise Cα 
distances between BECN1 and ATG14 pairs (Lys214: Lys 145, Lys 237: Lys 161 and Lys 237: Lys 
164) are as well within this distance limit and consistent with the parallel arrangement of the CC 
domains. Similarly, cross-links between ATG14 and VPS15 (Lys 79: Lys 786, Lys 124: Lys 713 and 
Lys 341: Lys 1081) are consistent with the structural model and general topology of the complex.  In 
contrast, nine of the 16 inter-subunit crosslinks involving the VPS34 HELCAT domain were greater 
than 38 Å apart (Cα - Cα) as measured in the classic conformation. These crosslinks reached base of 
the complex (VPS15 Lys 721 and Lys 786), WD40 domain (VPS15 Lys 982) and BECN1 (Lys 416) 
and ATG14 (Lys 328) C-terminal domains. These findings indicate long-range contacts and are 
consistent with the ability of the VPS34 HELCAT domain to make multiple interactions within the 
complex. It is remarkable that the only long-range contacts (relative to the classic conformation) 
observed involve VPS34 HELCAT. The multiple interactions reveled by our crosslinking are 
consistent with the idea the VPS34 HELCAT samples a wide range of positions, deviating by large 
distances from the classic conformation, and thereby corroborating the observations of dynamics 
from EM.  
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VPS15 allosterically inhibits the VPS34 lipid kinase 

In order to relate the different conformation states of the VPS34 HELCAT domain and its activity 
at the membrane we sought to trap VPS34 in distinct conformational states by generating construct 
that “leashed” the C-terminus of VPS34 to the N-terminus of VPS15 via a flexible 4xGGS linker 
(Fig. 3A). This proved feasible because in the three-dimensional structure, the C-terminus of VPS34 
is only 19 Å from the N-terminus of VPS15 [22]. Including a single disordered residue at the C-
terminus of VPS34 and 25 at the N-terminus of VPS15, and the 12-amino acid linker, the 
intervening sequences are more than capable of spanning this gap. The leashed construct was 
intended to inhibit the wholesale dislodging of the VPS34 HELCAT domain without impairing 
more subtle conformational dynamics. The leashed complex, including the 2300 amino acid, 260 
kDa VPS34-(GGS)4-VPS15 fusion construct, was overexpressed and purified at levels similar to the 
wild type complex. 

The leashed PI3KC3-C1 complex was subjected to EM analysis of its conformational 
distribution and a 102,749 particle dataset was compared to wild-type. Particles were sorted into 
distinct 2D class averages as described above for the wild-type complex. Of the leashed complex 
particles, 47% were assigned to the classic conformation, 33% to the symmetric V conformation, 
15% to the WD conformation and 5% to the paddle conformation. Importantly, no dislodged 
conformation was detected in the leashed construct, indicating that the design was successful  (Fig. 
3B).  This provided us with a key probe for the functional consequences of preventing VPS34 
HELCAT from dislodging. 

We next assessed the leashed construct for its ability to phosphorylate PI to PI(3)P using 
thin layer chromatography. For this experiment we used small unilamellar vesicles (SUV), for which 
both PI3KC3-C1 and PI3KC3-C2 have their highest activity. PI(3)P synthesis was essentially 
completely blocked by the Vps34-Vps15 fusion (Fig. 3C). The C-terminal helix of VPS34 is 
important for lipid interactions and catalysis [39], and we sought to determine whether the fusion of 
the linker sequence to the C-terminus of VPS34 might inhibit activity. We refer to the control 
VPS34-(GGS)4 construct as “unleashed”. On the basis of a 102,547 particle dataset, the unleashed 
control complex had a population of dislodged conformational states similar to wild-type. The 
unleashed VPS34 complex had catalytic activity in vitro that was also very similar to wild-type (Fig. 
3B, C). These data provide strong support for the hypothesis that the dislodged conformation of 
VPS34 HELCAT is the catalytically active conformation of the complex, and that the interaction 
between the VPS34 HELCAT and the VPS15 kinase domain is the main mode whereby the 
dislodged state is negatively regulated. 

To test the functional significance of the fusion in vivo, we used the Pho8Δ60  processing 
activity [40,41]. The appropriate Δvps34 yeast strain was transformed with plasmids containing wild-
type VPS34, the VPS34-VPS15leashed, and VPS34unleashed. The VPS34-VPS15leashed transformed cells 
showed low levels of Pho8 processing activity under nitrogen starvation, consistent with a defect in 
autophagy (Fig. 3D). Transformation of Δvps34 with the VPS34unleashed control plasmid restored Pho8 
processing activity to near wild-type levels (Fig. 3D). Thus in vivo data in yeast leads to similar 
conclusions as in vitro data with the human complex, suggesting this mode of regulation is a general 
one for the PI3KC3-C1 complex. 

 Finally, we wished to ascertain the contribution of the entire VPS15 protein to VPS34 
catalysis. We expressed and purified full-length VPS34 in the absence of VPS15. PI(3)P formation 
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was essentially completely inactive as judged by an in vitro lipid kinase assay as compared to the  fully 
assembled complex (Fig. 3E).  

 

Discussion 
EM and crystal structures of the PI3KC3 complexes showed that the massive but little-studied 
subunit VPS15 had a central role in scaffolding complex assembly, begging the question as to the 
deeper role of VPS15 in regulation. VPS34 on one hand and the BECN1:ATG14 subcomplex and 
the other have minimal to no direct interactions. Rather, VPS15 is the bridge between these 
elements. Most regulatory signals impinging on PI3KC3-C1 act on the BECN1:ATG14. In the 
context of PI3KC3-C2, the same generalizations can be made about the BECN1:UVRAG 
subcomplexes. Thus, some means needs to exist whereby VPS15 communicates regulatory 
information from the BECN1:ATG14/UVRAG subcomplexes to VPS34. EM studies have also 
highlighted how conformational dynamics is a central feature of this complex. In particular, 
dislodged conformations of the VPS34 catalytic domain exist. One hypothesis stemming from 
structures of PI3KC3 complexes is that VPS34 catalytic domain “dislodging” releases it from steric 
inhibition by the VPS15 kinase domain. Here we showed the dislodging can be suppressed in a 
leashed construct in which activity is, in turn, suppressed. This observation strongly supports the 
idea that the dislodged conformations represent the active state of VPS34. 

 The leashed VPS34-VPS15 construct was deliberately tethered with a longer linker than 
necessary, so as to gently prevent complete dislodging of the VPS34 catalytic domain without 
preventing other modes of dynamics. The leashed construct shows similar proportions of classic, 
symmetric V, WD, and paddle conformations to wild-type. The symmetric V, WD,  and paddle 
conformations can be considered in a sense as partially dislodged states. The connection to the 
VPS15 kinase domain is broken, but the attachment to the rest of the complex is not. Despite 
accessing all of the conformations, except for dislodged, in near-normal proportions, the leashed 
construct is inactive. We interpret this to mean that only the fully dislodged conformation is 
maximally active. It has been widely noted that autophagy complexes are rich in intrinsically 
disordered regions [42–45]. The key role of complete dislodging in the activation of PI3KC3 
highlights how critical it is that there be a long linker between the VPS34 C2 and HELCAT regions. 
The linker seems likely to allow the VPS34 catalytic domain to reach its lipid substrates. This is 
something not readily achievable in the context of the classic conformation, which we have now 
confirmed to be an inhibited state. 

 Collectively, the EM, CX-MS, leashing, and activity data presented here fill in a number of 
gaps in knowledge of VPS15, the largest yet least studied subunit of the PI3KC3 complexes. Not 
only is VPS15 the bridge that connects the regulatory subcomplexes to the catalytic subunit, here we 
showed how it serves as a steric brake on the activity of the lipid kinase domain. VPS15 has to some 
extent been the “dark matter” of the PI3KC3 complexes. These observations now shed considerable 
light on the central role of VPS15 in both positive and negative regulation of PI3KC3 (Fig. 4). EM 
and other methods have previously shown that the PI3KC3 complexes are very dynamic, but the 
functional importance of dynamics has been unclear. Here, we have shown that dynamics, and more 
specifically, VPS34 catalytic domain dislodging, is central to PI3KC3 activation, and so central to the 
initiation of autophagy. 
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Methods 

Protein expression and purification 

Protein expression and purification was performed essentially as described previously [21]. Synthetic 
genes encoding PI3KC3 subunits and mutants were amplified by PCR and cloned into the pCAG 
vector coding for an N-terminal twin-STREP-FLAG tag using KpnI and XhoI restriction sites. The 
pCAG vector encoding an N-terminal GST tag followed by a TEV restriction site was used for 
expression of ATG14. HEK293 cells adapted for suspension were grown in Freestyle media 
(Invitrogen, Grand Island, NY) supplemented with 1% FBS (Invitrogen) at 37°C, 80% humidity, 5% 
CO2, and rocked at 140 rpm. Once the cultures reached 1.5–2 million cells ml−1 in the desired 
volume, they were transfected as followed. For a 1 l transfection, 3 ml PEI (1 mg ml−1, pH 7.0) was 
added to 33 ml Hybridoma media and 1 mg of total DNA in another 33 ml hybridoma media. 1 mg 
of transfection DNA contained equal mass ratio of PI3KC3-C1 complex expression plasmids. PEI 
was added to the DNA, mixed and incubated for a further 20 min at room temperature. 66 ml of the 
transfection mix was then added to each 1 l culture. Cells were harvested after 3 days. 

Cells were lysed by gentle shaking in lysis buffer (50 mM Tris, pH 8.0, 200 mM NaCl, 2 mM 
MgCl2, 10% (vol/vol) glycerol, 1% (vol/vol) Triton X-100, 1 mM TCEP, and EDTA free proteinase 
inhibitors [Roche, Basel, Switzerland]) at 4°C. Lysates were clarified by centrifugation (18,000×g for 
60 min at 4°C) and incubated with 10 ml glutathione Sepharose 4B (GE Healthcare, Uppsala, 
Sweden) for 1 hr at 4°C with gentle shaking. The glutathione Sepharose 4B matrix was applied to a 
gravity column, washed four times with 50 ml wash buffer (50 mM Tris, pH 8.0, 200 mM NaCl, 2 
mM MgCl2, and 1 mM TCEP), and purified complexes were eluted with 50 ml wash buffer 
containing 50 mM reduced glutathione. Eluted complexes were treated with TEV protease at 4°C 
overnight. TEV-treated complexes were loaded on a 2.5 ml Strep-Tactin Sepharose gravity flow 
column (IBA GmbH, Göttingen, Germany; at 4°C). The Strep-Tactin Sepharose column was 
washed five times with 2.5 ml wash buffer, and purified complexes were eluted with 6 ml wash 
buffer containing 10 mM desthiobiotin (Sigma-Aldrich, St. Louis, MO). Eluted complexes were 
purified to homogeneity by injection on Superose 6 16/50 (GE Healthcare) column that was pre-
equilibrated in gel filtration buffer (20 mM Tris–HCl, pH 8.0, 200 mM NaCl, 2 mM MgCl2, and 1 
mM TCEP). 

 

Electron microscopy  

Negatively stained samples were prepared on continuous carbon grids that had been plasma cleaned 
in a 10% O2 atmosphere for 10 s using a Solarus plasma cleaner (Gatan Inc., Pleasanton, CA). 4 μl 
of PI3KC3 complex at a concentration of 25 nM in 20 mM Tris, pH 8.0, 200 mM NaCl, 2 mM 
MgCl2, 1 mM TCEP, and 3% trehalose were placed on the grids and incubated for 30 s. The grids 
were floated on four successive 50 μl drops of 1% uranyl formate solution incubating for 10 s on 
each drop. The stained grids were blotted to near dryness with a filter paper and air-dried. 

 Negative stained data of the wild-type, leashed and unleashed PI3K protein complexes were 
collected using a FEI Tecnai 12 electron microscope (FEI, Hillsboro, OR) operated at 120 keV.  
Data collection was done with an electron dose of 35 e−/Å2 at a nominal magnification of 49,000 
(2.18 Å calibrated pixel size at the specimen level) using a defocus range of −0.7 to −1.5 μm. Images 
were acquired on a TVIPS TemCam F-416 4049 × 4096 pixel CMOS detector (TVIPS GmbH, 
Gauting, Germany) using the automated Leginon data collection software (Suloway et al., 2005). 
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Image processing and classification were performed using the Appion image processing 
environment [46]. Template-based automated particle picking was performed using the FindEM 
program [47] and the contrast transfer functions (CTFs) of the micrographs were estimated using 
CTFFIND [48]. CTF correction of the micrographs was performed by Wiener filter using ACE2 
[49]. Particles were extracted using a 192 × 192 pixel box size and binned by a factor of 2. Each 
particle was normalized to remove pixels whose values were above or below 4.5 σ of the mean pixel 
value using the XMIPP normalization program [50]. Images whose mean or standard deviation 
deviated a lot from the typical values of the dataset were removed to filter improperly selected 
protein aggregates and other artifacts. The remaining particles were subjected to five rounds of 
iterative classification using multivariate statistical analysis (MSA) and 2D multi-reference alignment 
(MRA) in IMAGIC [51]. 2D class averages thus generated were manually inspected to remove 
protein aggregates, contaminants and lower-resolution classes. The remaining particles were 
subjected to another five rounds of classification and MRA to produce the final 2D class averages 
with an average of 100 particles per class to fine group the particles. The generated class averages 
were manually inspected and grouped into five conformations (classic, V-shaped, paddle, WD and 
dislodged) based on the position of the HELCAT domain of the Vps34 protein. 

 

Protein-protein crosslinking 

Protein complexes were incubated in a 1:1 mixture of 50-500 µM deuterated and non-deuterated 
cyannurbiotindipropionylsuccinimide (CBDPS, Creative Molecules) or only non-deuterated CBDSP 
for 30 min at room temperature with gentle agitation. The crosslinked samples were then unfolded 
with urea and digested with trypsin. Crosslinked peptides were affinity-enriched using monomeric 
avidin-agarose bead slurry (Pierce) as described previously [38]. Tryptic peptides were separated by 
nano-flow reversed-phase HPLC and directly analyzed by LTQ-Orbitrap Discovery mass 
spectrometer (Thermo Scientific). The LTQ-Orbitrap was operated in data dependent mode. 
Precursor full scans were acquired in the orbitrap at a resolution of 30000. The most intense ions 
were selected for CID MS/MS fragmentation in the linear ion trap.  Dynamic exclusion of 
previously selected ions was performed for 60 seconds. Singly charged as well as ions with 
unrecognized charge states were also excluded. Crosslinks were identified by using the MassMatrix 
Database Search Engine [52]. Potential crosslinks were validated by presence of isotopic peak pair in 
the MS spectra and by quality of MS/MS spectra. 

 

PI 3-kinase assay 

Recombinant PI3KC3-C1 and –C2 were pre-incubated at a concentration of 25 nM in 73 µl reaction 
buffer (20 mM Tris–HCl, pH 8.0, 200 mM NaCl, 10 mM MgCl2) containing 50 nmol sonicated or 
extruded lipids at a molar ratio of 1:1 phosphatidylserine:phosphatidylinositol (PS:PI) (Avanti Polar 
Lipids, Alabaster, AL) for 20 min on ice. The reaction was started by adding 6 µl cold ATP (0.5 mM 
in reaction buffer) and 1 µl ATP [ γ-32P] (10 µCi, PerkinElmer). After incubation at room 
temperature for 20 min, the reaction was terminated by addition of 20 μl 8 M HCl. The organic 
phase was extracted with 160 µl methanol/chloroform (1:1, vol/vol). Extracted phospholipid 
products were resolved by TLC using a silica-coated gel (Whatman, Little Chalfont, United 
Kingdom) and a solvent composed of chloroform:methanol: 4.0 M ammonium hydroxide 
(vol/vol/vol, 9/7/2), followed by visualization with a phosphorimager (Typhoon Trio, GE 
Healthcare). 
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Yeast strain construction and autophagy assays 

TN124 MATa leu2-3 112 trpI ura3-52 pho8::PHO8Δ60 phoI3::LEU2 was used for the Pho8Δ60 
processing assay [40]. Δvps34 and Δvps15 cells were generated in this background via targeted PCR 
homologous recombination, replacing the entire VPS34 or VPS15 genes with an NATMX selective 
cassette. For the leashing experiment, TN124 vps34::NAT cells were transformed with yCPLAC33, 
VPS34-VPS15 yCPLAC33, VPS34unleashed yCPLAC33, or wild-type VPS34 yCPLAC33, and grown to 
mid-log phase. Cells were then switched to nitrogen-starvation media for 3 h to induce autophagy 
and the Pho8Δ60 assay was carried out as previously described [40]. 
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Figure 1. EM analysis of the conformational dynamics. (A) 3D reconstruction of the PI3KC3-
C1 complex with the docked structures shown in a ribbon representation. (B) Representative class 
averages of the PI3KC3-C1 complex with the VPS34 HELCAT in range of different conformation 
states. (C) Percentage of well-resolved particles sorted into 2D class averages with a classical, V-
shaped, WD, paddle and dislodged VPS34 HELCAT. Schematic and representative class averages of 
the PI3KC3-C1 complex showing the conformations of the VPS34 HELCAT.  
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Figure 2. CX-MS analysis of the conformational dynamics. Pi3KC3-C1 was cross-linked with a 
lysine-specific bifunctional cross-linker, then fragmented by proteolysis, and cross-linked peptides 
were identified by mass spectrometry. (A)  Inter-subunit cross-links between subunits of the 
PI3KC3-C1 complex. (B) Overview of cross-links observed within the PI3KC3-C1 complex 
corresponding to the model generated based on crystal structure of yeast complex I (PDB 5DFZ). 
The intermolecular and intramolecular cross-linked lysine residues are presented in red and blue, 
respectively.  
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Figure 3. Leashing of the VPS34 HELCAT to VPS15. (A) Schematic of the PI3KC3-C1 
complex showing leashed and unleashed construct of the VPS34 HELCAT. (B) Percentage of well-
resolved particles sorted into 2D class averages with a classical, V-shaped, WD, paddle and 
dislodged VPS34 HELCAT in context of leashed and unleashed construct. (C) Quantification of 
PI(3)P generated by leashed and unleashed PI3KC3-C1 from PI and [γ-32 P] ATP. (D) Pho8Δ60 
assay to monitor autophagy in yeast was carried out in rich (grey) or nitrogen starvation (black) 
media. Samples were normalized to the activity of Vps34 in rapamycin-treated cells. (E) 
Quantification of PI(3)P generated by fully assembled PI3KC3-C1 and as compared to isolated full-
length VPS34. 
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Figure 4. PI3K complex assembly and activation model. Schematic of the PI3KC3-C1 complex 
showing the role of VPS15 in the assembly pathway and in regulating the dynamics and activity of 
the VPS34 HELCAT.  
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Chapter 4: Autophagy promotes primary ciliogenesis by removing 
OFD1 from centriolar satellites  
 

This work has been published: Tang Z, Lin MG, Stowe TR, Chen S, Zhu M, Stearns T, Franco B, Zhong 
Q. Autophagy promotes primary ciliogenesis by removing OFD1 from centriolar satellites. Nature 2013, 502:254-
57. I contributed to biochemical and cell biology experiments presented in Fig. 1g,h; Fig.3, and Fig. 4a–d.  

 

Introduction  

The primary cilium is a microtubule-based organelle that functions in sensory and signalling 
pathways.  Defects in ciliogenesis can lead to a group of genetic syndromes known as ciliopathies 
[1–3].  However, the regulatory mechanisms of primary ciliogenesis in normal and cancer cells are 
incompletely understood.  Here we demonstrate that autophagic degradation of a ciliopathy protein, 
OFD1 (oral-facial-digital syndrome 1), at centriolar satellites promotes primary cilium biogenesis. 
Autophagy is a catabolic pathway in which cytosol, damaged organelles and protein aggregates are 
engulfed in autophagosomes and delivered to lysosomes for destruction [4].  We show that the 
population of OFD1 at the centriolar satellites is rapidly degraded by autophagy upon serum 
starvation.  In autophagy-deficient Atg5 or Atg3 null mouse embryonic fibroblasts, OFD1 
accumulates at centriolar satellites, leading to fewer and shorter primary cilia and a defective 
recruitment of BBS4 (Bardet-Biedl syndrome 4) to cilia.  These defects are fully rescued by OFD1 
partial knockdown that reduces the population of OFD1 at centriolar satellites.  More strikingly, 
OFD1 depletion at centriolar satellites promotes cilia formation in both cycling cells and 
transformed breast cancer MCF7 cells that normally do not form cilia.  This work reveals that 
removal of OFD1 by autophagy at centriolar satellites represents a general mechanism to promote 
ciliogenesis in mammalian cells.  These findings define a newly recognized role of autophagy in 
organelle biogenesis.  

 

Results  

During autophagy, the membrane-anchored LC3 (microtubule-associated protein 1 light chain 3, 
also known as MAP1LC3B) interacts with cargo and cargo-adaptor proteins, recruiting cargoes to 
the autophagosome for subsequent degradation upon fusion of the autophagosome with the 
lysosome [5–11]. We carried out a tandem-affinity purification using tagged LC3 as bait to search for 
its interacting proteins (Fig. 1a).  In addition to known LC3-interacting proteins (MAP1B, FYCO1, 
p62 (also known as SQSTM1) and KEAP1[12]), we identified a set of centriolar satellite proteins, 
including PCM1, OFD1 and CEP131 (also known as AZI1), that had not previously been shown to 
associate with LC3.  PCM1 was also pulled down by LC3 orthologues GATE16 (also known as 
GABARAPL2) and GABARAP (Extended Data Fig. 1a).  PCM1, OFD1 and LC3 co-
immunoprecipitated with each other, indicating that they are in the same complex (Fig. 1b–d). 
PCM1 probably enhances the interaction between LC3 and OFD1, as the OFD1-LC3 interaction is 
compromised in PCM1-depleted cells (Fig. 1e,f).  
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 Depletion of PCM1 by RNA interference had no significant effect on autophagy activity as 
determined by LC3 lipidation and p62 degradation (Extended Data Fig. 1b).  We then examined if 
any of these centriolar satellite proteins is an autophagic substrate. OFD1 protein levels were 
reduced by serum starvation and this reduction was compromised in autophagy-deficient Atg5–/– 

mouse embryonic fibroblasts (MEFs) compared to Atg5+/+ MEFs, whereas PCM1, IFT88, and 
BBS4 protein levels were not altered by serum starvation or in Atg5–/– MEFs (Fig. 1g). The 
messenger RNA levels of OFD1 were not significantly changed upon serum starvation in Atg5+/+  
and Atg5–/– MEFs (Extended Data Fig. 1c), indicating that OFD1 protein level reduction upon 
serum starvation is through protein degradation rather than transcriptional downregulation.  
Blocking autophagic flux by lysosomal inhibitors bafilomycin A1 (Baf) or chloroquine resulted in 
increased OFD1 accumulation upon serum starvation (Fig. 1h).  Taken together, these data indicate 
that OFD1 is degraded via the autophagy-lysosome pathway upon serum starvation.  

 OFD1 is the gene underlying the human disease oral-facial-digital syndrome type 1 (OFD1), 
an X-linked ciliopathy characterized by morphological abnormalities and renal cysts, as well as 
Joubert syndrome and Simpson-Golabi-Behmel syndrome type 2 [13–18].  OFD1 localizes to the 
distal ends of centrioles and is necessary for distal appendage formation, IFT88 recruitment and 
primary cilium formation [18,19].  OFD1 also localizes to centriolar satellites, interacting with 
proteins associated with human ciliary disease, PCM1, CEP290 and BBS4 [20].  However, the 
function of this OFD1 population remains unclear.  

 The centriolar satellite localization of OFD1 is determined by PCM1, because OFD1 was 
lost from satellites when PCM1 was depleted (Extended Data Fig. 2a, b). LC3 partially colocalized 
with PCM1 upon serum starvation in a majority of U2OS cells expression Myc-LC3, but rarely in 
unstressed cells (Extended Data Fig. 2c, d). LC3 activity is blocked by Baf or chloroquine treatment 
(Extended Data Fig. 3a, b). This colocalization was limited to centriolar satellites, as LC3 did not 
colocalize with the centriole marker γ-tubulin (Extended Data Fig. 3c, d).   

 OFD1 was present at both centrioles and centriolar satellites in untreated retinal pigment 
epithelial (RPE) cells. Remarkably, the centriolar satellite pool of OFD1 was much reduced upon 
serum starvation, whereas the population of OFD1 at centrioles remained unchanged (Fig. 2a).  This 
serum starvation-induced OFD1 degradation from centriolar satellites was blocked in Atg5+/+ MEFs 
treated with the lysosome inhibitor chloroquine (Extended Data Fig. 4a, b).  Notably, PCM1 protein 
levels are not controlled by autophagy and the centriolar satellite distribution of PCM1 is not altered 
upon serum starvation (Fig. 1g and Extended Data Fig. 4c–e), indicating that the autophagic 
degradation is specific to OFD1 at centriolar satellites rather than centriolar satellites as a whole.  
This notion is further supported by our observation that OFD1 remained at centriolar satellites 
upon serum starvation in Atg5–/–  MEFs but was lost from centriolar satellites in Atg5+/+ MEFs (Fig. 
2b).  

 The loss of OFD1 from centriolar satellites was significantly faster than the loss of OFD1 
from centrioles, and the rate of loss of OFD1 in Atg5–/–  MEFs was slower than that in Atg5+/+ 

MEFs (Extended Data Fig. 5a). The centriolar satellite pool of OFD1 in  cells was lost within 6 h of 
serum starvation, whereas this pool of OFD1 in  cells remained stable even after 24 h of serum 
starvation (Extended Data Fig. 5b). These data confirm that OFD1 at centriolar satellites has a faster 
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turnover rate than OFD1 at centrioles, and this serum starvation-induced accelerated degradation is 
controlled by autophagy. 

 We next sought to understand how OFD1 regulation might affect ciliogenesis.  We observed 
that the percentage of Atg5–/–   cells that form a primary cilium, as compared to Atg5+/+  cells, was 
significantly reduced and the cilia that did form were shorter (Fig. 3a).  This difference was not due 
to cell cycle regulation (Extended Data Fig. 6a).  Lysosome inhibition also compromised primary 
ciliogenesis in Atg5+/+   MEFs (Extended Data  Fig. 6b-d). The defective ciliogenesis phenotypes 
were not limited to Atg5–/– MEFs, as similar phenotypes were also observed in MEFs lacking 
another essential autophagy gene, Atg3 (Extended Data Fig. 6e-g).  

 We next investigated if the ciliary recruitment of BBS4, a critical event for ciliogenesis [21], is 
affected in autophagy-deficient cells.  We observed that BBS4 accumulated at centriolar satellites in 
Atg5–/–   MEFs; more than 50% of cilia had detectable BBS4 in Atg5+/+   MEFs, whereas only about 
10% of cilia were positive for BBS4 in Atg5–/– MEFs (Extended Data Fig. 7).  These data indicate 
that BBS4 recruitment to cilia is also defective in autophagy-deficient cells.  

 If OFD1 accumulation at centriolar satellites is responsible for the ciliary defects in Atg5–/–  
MEFs, we would expect that depletion of OFD1 by RNA interference might rescue these defects.  
In Atg5–/– MEFs stably expressing OFD1 short hairpin RNA (shRNA), with about 50% efficiency 
of overall depletion of OFD1 (Extended Data Fig. 8a), OFD1 remained at centrioles but was lost 
from centriolar satellites (Extended Data Fig. 8b-d). Primary cilium formation upon serum 
starvation was fully restored in these cells; nearly 70% of cells formed a cilium and the length of 
these cilia was comparable to those formed in Atg5+/+  MEFs (Fig. 3b). Hence, the centriolar satellite 
pool of OFD1 indeed plays a key role in suppressing primary ciliogenesis in Atg5–/–   MEFs. 
Notably, with OFD1 knockdown, nearly 45% of the Atg5–/–   cells formed cilia even without serum 
starvation (Fig. 3b), indicating that OFD1 degradation is likely to be required for serum starvation-
induced primary ciliogenesis.  This notion is supported by the observation that primary cilia formed 
efficiently even in the cycling Atg5+/+  MEFs depleted of OFD1 without serum starvation (Extended 
Data Fig. 9a).  The presence of cilia in MEFs was further confirmed by the positive staining of the 
cilium marker ARL13B (Extended Data Fig. 9b), which specifically decorates the ciliary membrane 
[22].   

 Primary cilia are formed in normal breast epithelial cells, but not detected in breast cancer 
cell lines such as MCF7 [23].  Restoration of primary cilia in human cancer cells might be beneficial 
to reduce malignancy, because cilia are required for proper functions of several signalling pathways 
(hedgehog, etc.) that have crucial roles in many types of cancers [24].  We further tested if OFD1 
reduction could restore primary ciliogenesis in MCF7 cells. We generated an OFD1 stable 
knockdown clones (C19) in MCF7 cells, which showed 44% OFD1 depletion efficiency (Fig. 4a).  
Similar to OFD1 knockdown MEFs, the centriolar satellite population of OFD1 in C19 cells was 
markedly reduced, whereas the centriole pool remained stable (Extended Data Fig. 10a-c). 
Remarkably, primary cilia formed in about 20% C19 cells upon serum starvation, but were 
completely absent in parental MCF7 cells (Fig. 4b).  The length of these cilia ranged from 2 to 6 um 
(Fig. 4c,d).  As expected for normal primary cilia, these cilia extended from basal bodies and were 
positive for ARL13B, acetylated-tubulin and the intraflagellar transport protein IFT88 (Fig. 4e and 
Extended Data Fig. 10d-f).  Finally these cilia could be directly visualized under the scanning 



61 
 

electron microscope (Fig. 4f).  Thus, by manipulating the expression of one protein, OFD1, it is 
possible to reverse the cilia-defective phenotype of a transformed breast cancer cell line. Primary 
ciliogenesis remains inefficient in C19 cells, indicating that additional factors are required to reach 
full capacity.  Nevertheless, these data confirm that OFD1 at centriolar satellites functions as a 
crucial suppressor of primary ciliogenesis in human cancer cells.  

 

Discussion   

We show here that autophagy is linked to primary ciliogenesis, by controlling the degradation of 
OFD1 at centriolar satellites. We propose that autophagy deficiency serves as a potential underlying 
mechanism of ciliopathies, and that autophagy modulation might provide a novel means of 
ciliopathy treatment.  We demonstrate that OFD1 at centriolar satellites has a crucial role in 
suppressing primary ciliogenesis, whereas OFD1 at centrioles has been shown to be essential for 
primary ciliogenesis.  Removing OFD1 from centriolar satellites promotes ciliogenesis in autophagy-
deficient cells, wild-type MEFs without serum starvation, and human breast cancer MCF7 cells that 
normally completely lack cilia, suggesting a general role of OFD1 in suppressing ciliogenesis.  
Primary ciliogenesis is defective in human breast and pancreatic cancer cells, but activated in the 
corresponding normal tissues/cells [23,25].  The contribution of primary cilium function to 
tumorigenesis is complex [26,27]; however, our results suggest that dissecting the regulatory 
mechanisms of OFD1 will provide insight into these functions and potentially offer new therapeutic 
tools for treatment of ciliopathies and cancers.  

 

Methods  

Tandem affinity purification of LC3 complexes 
 
This protocol is adapted from what was described before [12,28,29]. Stable cell lines expressing ZZ–
Flag–LC3, ZZ–Flag–GATE16, or ZZ–Flag–GABARAP, upon doxycycline induction were treated 
with 10 ng ml−1 doxycycline for one day. The collected cell pellet was washed with chilled PBS three 
times and suspended in TAP lysis buffer. Resuspended cell pellets were incubated on ice for 30 min 
and then gently vortexed for one minute. Homogenates were centrifuged for 20 min at 10,000g. The 
supernatants were transferred to fresh tubes containing 0.8 ml of packed IgG beads followed by 
gentle rotation overnight at 4 °C. Bound protein was eluted using TEV protease cleavage and further 
purified by anti-Flag M2 Affinity Gel (Sigma). Bound protein were eluted with elution buffer 
containing 200 µg ml−1 3×Flag peptide (Sigma) and resolved by SDS–PAGE on a 4–12% gradient 
gel (Invitrogen), then visualized by silver staining (Invitrogen). Distinct bands were cut and 
subjected to mass spectrometry analysis. 

Reagents 
 
Rabbit anti-OFD1 antibody, EGFP–OFD1 and Flag–OFD1 were described before [18,30,31]. 
Another rabbit anti-OFD1 antibody was a gift from J. F. Reiter. Rabbit anti-IFT88 antibody was a 
gift from B. Yoder. To generate BBS4–MycHAHis (pTS1686), BBS4 was PCR-amplified, verified by 
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sequencing and cloned into a pEGFP-N1-derived plasmid (Clontech Laboratories) in which GFP 
was replaced with a Myc–HA–His tag created as BBS4–MycHAHis [32]. Primary antibodies used for 
western blotting and immunostaining are rabbit anti-PCM1 (Cell signaling), mouse anti-PCM1 
(Sigma), mouse anti-β-tubulin (Sigma), rabbit anti-p62 (MBL), rabbit anti-LC3 (Sigma), mouse anti-
acetylate tubulin (Sigma), mouse or rabbit anti-γ tubulin (Sigma), Rabbit anti-BBS4 (Santa Cruz), 
chloroquine (Sigma), bafilomycin A1 and rapamycin (LC Laboratories), and MG132 (Alexis). 

Cell culture and transfection 
 
HEK293T, MCF7 and MEFs were cultured in DMEM with 10% FBS and 1% penicillin and 
streptomycin in a 5% CO2 incubator (Thermo). RPE1 cells were cultured in DMEM/Hams F12 
with 10% FBS and 1% penicillin and streptomycin in a 5% CO2 incubator (Thermo). Lipofectamine 
2000 (Invitrogen) was used for mammalian cell transfection. Cells were incubated in OPTI medium 
(GIBCO 51985091) for 1 h before transfection. 10 μg or 5 μg plasmid was used for each 150-mm or 
100-mm tissue culture dish, respectively. U2OS cells stably expressing Myc–LC3 were described 
before [28]. Atg5+/+ and Atg5−/− MEFs were gifts from N. Mizushima 
[33]. Atg3+/+ and Atg3−/− MEFs were gifts from M. Komatsu [34] . PCM1 shRNA knockdown was 
carried out using a 19-mer shRNA targeting human PCM1 with the sequence: 5′-
GTATCACATCTGAACTAAA-3′ (pTS2063). PCM1 shRNA oligonucleotides were designed using 
pSicoOligomaker 1.5, annealed and subcloned into the lentiviral vector, pSicoR-puro, which confers 
puromycin resistance. Stable depletion of PCM1 was carried out by infection of cells with shRNA-
expressing lentiviral particles and selection with puromycin (3 μg ml−1); positive clones were 
screened by western blotting. Stable depletion of OFD1 was carried out by infection of cells with 
shRNA-expressing lentiviral particles (sc-91245-V, from Santa Cruz) and selection with puromycin 
(1 μg ml−1 or 10 μg ml−1) for MCF7 cells or MEFs, positive clones were screened by western 
blotting. The OFD1 lentiviral particles are a pool of 3 different shRNA plasmids, targeting the 
OFD1 sequence: 5′-GGAUGACUACAUCAUUAGA-3′, 5′-CUACUCAGGUUGCCGAUUU-3′, 5′-
GAACGAAGAGAACUAGAAA-3′. 

Primary cilia biogenesis assay 
 
Equal numbers (3 × 105 for serum rich medium and 4.5 × 105 for serum-starved medium) 
of Atg5+/+MEFS and Atg5−/− MEFs were seeded into 6-well dishes. After cells were attached on the 
coverslips for 8 h, they were incubated in either fresh normal medium (10% FBS, 1% P/S DMEM) 
or serum-starved medium (0.5% FBS, 1% P/S DMEM) for 24 h. Cells were seeded at different 
numbers at beginning to ensure that these cells reach the same confluence 1 day after treatment. 
Cells were then fixed for immunofluorescence staining. For western blotting, cells cultured in 10-cm 
dishes were serum-starved alone or in combination with 50 nM bafilomycin A1, 20 μM chloroquine 
or 1 μM MG132 treatment for 24 h and lysed with TAP buffer. 

Immunofluorescence staining 
 
Cells were treated according to the protocol described above with or without serum starvation or 
compound treatment. Cells were fixed with cold methanol for five minutes at −20 °C. Cells were 
then washed three times with PBS and then blocked with blocking buffer (2.5% BSA + 0.1% Triton 
X-100 in PBS) at room temperature for 1 h. Cells were incubated with primary antibodies at 4 °C 
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overnight, washed five times with PBS buffer and then incubated with appropriate secondary 
antibodies conjugated to Alexa 488-Alexa 549 (Molecular Probes) for 2 h at room temperature. 
DNA was stained with DAPI. Slides were examined using a laser scanning confocal microscope 
(Zeiss LSM 510 META UV/Vis). 

Autophagy analysis 
 
Autophagy was induced by serum starvation or rapamycin treatment, or blocked by lysosome 
inhibitors, chloroquine or bafilomycin A1. For rapamycin (LC Laboratories) treatment, cells were 
incubated with 500 nM rapamycin in complete medium for 16 h at 37 °C. To block autophagy flux, 
50 nM bafilomycin A1 (LC Laboratories) or 20 μM chloroquine (Sigma) was added to normal 
complete medium or serum-starved medium and incubated for 24 h at 37 °C. Autophagy activity 
was assessed using two approaches, LC3-II formation and p62 degradation. For LC3-II and p62 
detection, cell lysates were prepared as described above and subjected to standard western blotting 
protocols using 1:10,000 dilution of the antibody against LC3 (Sigma) and 1:1,000 dilution of the 
antibody against p62 (MBL). 

Establishment of stable RNA interference cell lines 
 
Human MCF7 cells or Atg5+/+ and Atg5−/− MEFs were seeded into 12-well dishes at 50% 
confluency before transfection. 24 h after seeding, cells were incubated with normal complete 
medium containing 5 μg ml−1 polybrene (Santa Cruz), and infected overnight with lentiviral particles 
carrying short hairpin RNA OFD1 (Santa Cruz). 24 h later, cells were selected with puromycin 
(Invitrogen) (1 μg ml−1 for MCF7 or 10 μg ml−1 for MEFs) until positive clones were identified. 
Single clones were picked and identified by western blotting or immunofluorescence analysis. 

Cell cycle analysis 
 
106 cells were centrifuged at 485g for 5 min, washed once with PBS, and pellets were resuspended in 
1 ml PBS and fixed overnight in 75% ethanol at −20 °C. Fixed cells were washed three times with 
10 ml PBS, resuspended in 200–400 μl PBS with 10 μl RNase (Qiagen) at 37 °C for 30 min in the 
dark. Cells were subjected to FACS analysis using DAKO-Cytomation MoFlo High Speed Sorter at 
the Flow Cytometry Facility at UC Berkeley. 

Immunoprecipitation and immunoblot 
 
Transfected cells were lysed in TAP lysis buffer on ice for 30 min, and centrifuged at 13,000g for 
15 min. For immunoprecipitation, cell lysates were incubated with primary antibody overnight at 
4 °C, and then incubated with IgG beads for 2 h at 4 °C. The beads were washed 5 times with 1 ml 
of lysis buffer and eluted with elution buffer containing 200 µg ml−1 3×Flag peptide (Sigma) or 
resolved with SDS sample buffer. Co-immunoprecipitated proteins were resolved by SDS–PAGE, 
transferred to PVDF membranes (Bio-Rad), and detected with antigen-specific primary antibodies 
followed by horseradish peroxidase-conjugated secondary antibodies. 
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Quantitative RT–PCR 
 
Total RNAs were extracted with TRIzol reagent (Invitrogen), from which 1 μg was used for reverse 
transcription in a 20-μl reaction system with the RNA PCR (AMV) kit (Promega). Quantitative RT–
PCR was performed with SYBR-Green PCR Mastermix (Applied Biosystems), and amplification 
was real-time monitored on a MicorAmp optical 96-Well Reaction Plate (Applied Biosystems). The 
level of transcript abundance relative to reference gene (termed ΔCt) was determined according to 
the function ΔCt = Ct (test gene) − Ct (reference gene). To compare untreated and treated expression 
levels, the function ΔΔCt was first determined using the equation 
ΔΔCt = ΔCt(treatment) − ΔCt (control) where control represented mock-treated cells.  The induction 
ratio of treatment/control was then calculated by the equation 2–ΔΔCt. Gene expression  levels were 
normalized with the Atg5+/+ untreated sample. 
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Figure 1. OFD1 is an autophagic substrate. a, Silver staining of LC3 complexes purified from 
U2OS cells expressing ZZ–Flag–LC3 in normal medium or Earle’s balanced salt solution (EBSS) for 
2 h. Asterisks mark centriolar satellite proteins. b–d, Co-immunoprecipitation (IP) of OFD1 with 
LC3, LC3 with PCM1, or OFD1 with PCM1 in HEK293T cells. HA, haemagglutinin. e, Western 
blotting analysis of PCM1 and OFD1 protein levels in control or PCM1 knockdown (KD) 
HEK293T cells. f, Co-immunoprecipitation of OFD1 with LC3 in control or PCM1 KD HEK293T 
cells. IP efficiency is calculated as the ratio of immunoprecipitated OFD1/LC3. g, h, Western 
blotting analysis of protein levels of indicated proteins in MEFs with indicated genotypes in normal 
medium or subjected to 24 h serum starvation (SS), 50 nM bafilomycin A1 (Baf), 20 µM chloroquine 
(CQ) or 1 µM MG132. Quantified OFD1 level was normalized with β-tubulin. Similar results were 
observed in three independent experiments. 
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Figure 2.  Autophagy specifically degrades OFD1 at centriolar satellites upon serum 
starvation. a, Representative confocal images of endogenous OFD1 puncta with cilium marker 
acetylated tubulin (Ac-tubulin), or centriole marker γ-tubulin in hTERT-RPE1 cells in normal 
medium (Un) or subjected to 24 h serum starvation (SS). b, Representative confocal images of 
endogenous OFD1 and acetylated tubulin in Atg5+/+ and Atg5−/− MEFs subjected to 24 h serum 
starvation. a, b, Data shown represent mean ± s.d. percentage of cells with centriolar satellite OFD1 
for 100 cells per well in triplicate samples. ***P < 0.001, two-tailed unpaired student’s t-test. Similar 
results were observed in three independent experiments. 
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Figure 3. Autophagy promotes primary cilia biogenesis by regulating OFD1 levels. a, b, 
Representative confocal images of cilium marker acetylated tubulin from MEFs with indicated 
genotype subjected to 24 h serum starvation. Data shown represent mean ± s.d. percentage of cells 
with primary cilia or length of the cilia for 500 cells or 100 cells per well, respectively, in triplicate 
samples. ***P < 0.001, two-tailed unpaired student’s t-test. Similar results were observed in three 
independent experiments. Un, untreated; SS, serum-starved. 
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Figure 4. Forced OFD1 reduction promotes ciliogenesis in human breast cancer MCF7 
cells. a, Western blotting analysis of OFD1 protein levels in control or OFD1 knockdown MCF7 
(C-19) cells, quantified OFD1 level was normalized with β-tubulin. b, Quantification of percentage 
of cells with primary cilia in MCF7 or C19 cells subjected to 72 h serum starvation. Data shown 
represent mean ± s.d. percentage of cells with primary cilia for 500 cells per well in triplicate 
samples. ***P < 0.001, two-tailed unpaired student’s t-test. c, Quantification of length of primary 
cilia in C19 cells subject to 48 h or 72 h serum starvation. d, e, Representative confocal images of 
primary cilia with variable length formed in MCF7 or C19 cells subject to 72 h serum starvation. 
Data shown represent 100 cells per well in triplicate samples. f, Scanning electron microscope 
analysis of primary cilia (marked by arrows) formed in C-19 cells subject to 72 h serum starvation 
and cycling Atg5+/+ MEFs in normal medium for 24 h. Similar results were observed in three 
independent experiments. 
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Extended Data Figure 1. LC3-interacting protein PCM1 is not required for autophagy. a, 
PCM1 associates with LC3, GATE16 and GABARAP. Silver staining of LC3, GATE16 or 
GABARAP complexes purified from U2OS cells that stably express ZZ–Flag–LC3, ZZ–Flag–
GATE16, or ZZ–Flag–GABARAP in normal medium or subjected to 2 h Earle’s balanced salt 
solution (EBSS) starvation. Both PCM1 and p62 were identified by mass spectrometry analysis. b, 
PCM1 is not required for autophagy. Western blotting analysis of p62, LC3-I/II, PCM1 levels in 
control or PCM1 shRNA knockdown U2OS cells in normal medium or subjected to rapamycin 
treatment; quantified LC3-II level was normalized with β-tubulin. c, OFD1 messenger RNA levels 
remain unchanged upon serum starvation. Quantitative analysis of messenger RNA levels of OFD1 
in Atg5+/+ and Atg5−/− MEFs in normal medium or subjected to 24 h serum 
starvation. OFD1 mRNA levels were detected by quantitative RT–PCR and plotted after 
normalization. Similar results were obtained in three independent experiments. 
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Extended Data Figure 2. PCM1 is required for OFD1 centriolar satellite localization. 
a, Representative confocal images of OFD1 and PCM1 localization from control or PCM1 
knockdown U2OS cells in normal medium. Data shown represent 100 cells per well in triplicate 
samples. b, Quantified percentage of cells with PCM1 positive centriolar satellite OFD1 in a. Data 
shown represent 100 cells per well in triplicate samples. ***P < 0.001, two-tailed unpaired 
student’s t-test. c, LC3 partially colocalizes with PCM1 upon serum starvation. Representative 
confocal images of Myc–LC3 and PCM1 colocalization in U2OS cells expressing Myc–LC3 in 
normal medium or subjected to 24 h serum starvation. Arrows denote colocalized LC3 (green) and 
PCM1 (red) puncta. Data shown represent 100 cells per well in triplicate samples. d, Quantified 
percentage of cells with colocalization of Myc–LC3 and PCM1 in c. ***P < 0.001, two-tailed 
unpaired student’s t-test. Similar results were observed in three independent experiments. 
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Extended Data Figure 3. LC3 partially colocalizes with OFD1 but not with γ-tubulin. 
a, LC3 colocalizes with OFD1 when the lysosome activity is blocked. Representative confocal 
images of Myc–LC3 and OFD1 colocalization in U2OS cells that stably express Myc–LC3 in normal 
medium or subjected to 2 h 50 nM bafilomycin A1 (Baf) or 100 µM CQ. Data shown represent 100 
cells per well in triplicate samples. b, Quantified percentage of cells with colocalization of Myc–LC3 
and OFD1 in a. c, LC3 does not colocalize with centrioles. Representative confocal images of LC3 
and γ-tubulin colocalization in U2OS cells in normal medium or subjected to 24 h serum starvation. 
Data shown represent 100 cells per well in triplicate samples. d, Quantified percentage of cells with 
colocalization of LC3 and γ-tubulin in c. Similar results were obtained in three independent 
experiments. 
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Extended Data Figure 4. OFD1 but not PCM1 at centriolar satellites was degraded by autophagy. 
a, OFD1 accumulates at centriolar satellites in CQ-treated cells. Representative confocal images of 
EGFP–OFD1 and PCM1 colocalization in Atg5+/+ cells expressing EGFP–OFD1 subjected to 24 h 
serum starvation or 20 µM CQ. b, Quantified percentage of cells with centriolar satellite OFD1 in a. 
Data shown represent mean ± s.d. for 100 cells per well in triplicate samples. ***P < 0.001, two-
tailed unpaired student’s t-test. c, PCM1 is not degraded upon serum starvation. Representative 
confocal images of PCM1 centriolar satellite staining in Atg5+/+ cells in normal medium or subjected 
to 24 h serum starvation. Data shown represent mean ± s.d. for 200 cells per well in triplicate 
samples. d, Quantified percentage of cells with PCM1 centriolar satellite staining in c. e, OFD1 but 
not PCM1 is degraded from centriolar satellites upon serum starvation. Representative confocal 
images of PCM1 and OFD1 colocalization in Atg5+/+ cells in normal medium or subjected to 24 h 
serum starvation. Data shown represent 200 cells per well in triplicated samples. Enlarged images 
were shown in the left bottom panels. Similar results were obtained in three independent 
experiments.  
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Extended Data Figure 5. The turnover rate of centriolar satellite OFD1 is faster than OFD1 at 
centrioles. a, Centriolar satellite OFD1 has a shorter half-life compared to OFD1 at centrioles. 
Quantified percentage of cells with OFD1 at centrioles or at centriolar satellites 
from Atg5+/+ and Atg5−/− MEFs in normal medium or subjected to 75 µM cycloheximide (CHX) 
with indicated time points. Data shown represent 200 cells per well in triplicate samples. b, 
Centriolar satellite OFD1 but not centriole OFD1 degrades upon serum starvation. Quantified 
percentage of cells with OFD1 at centrioles or at centriolar satellites 
from Atg5+/+ and Atg5−/− MEFs in normal medium or subjected to serum starvation with indicated 
time points. Data shown represent 200 cells per well in triplicate samples. Similar results were 
obtained in three independent experiments. 
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Extended Data Figure 6. Autophagy regulates primary ciliogenesis in a cell cycle independent 
manner. a, FACS analysis of Atg5+/+ and Atg5−/− MEFs in normal medium or subjected to 24 h 
serum starvation. Data shown represent 106 cells per well in triplicate samples. b, Primary 
ciliogenesis is less efficient when the lysosome activity is blocked in MEFs. Representative confocal 
images of primary cilia formed in Atg5+/+ MEFs subjected to 24 h serum starvation alone or 
combined with 20 µM CQ treatment. c, Quantified percentage of cells with primary cilia in b. d, 
Quantified length of primary cilia in b. e, Degradation of OFD1 is also blocked in Atg3−/− MEFs. 
Western blot analysis of OFD1, p62, LC3-I/II and BBS4 protein levels in MEFs with indicated 
genotypes in normal medium or subjected to 24 h serum starvation; quantified OFD1 levels were 
normalized with β-tubulin. f, g, Primary ciliogenesis is also defective in Atg3−/− MEFs. f, Quantified 
percentage of cells with primary cilia in Atg3+/+ and Atg3−/− MEFs in normal medium or subjected 
to 24 h serum starvation. g, Quantified length of primary cilia formed in Atg3+/+ and Atg3−/− MEFs 
as described in f. c, d, f, g, Data shown represent mean ± s.d. for 100 cells per well in triplicate 
samples. ***P < 0.001, two-tailed unpaired student’s t-test. Similar results were obtained in three 
independent experiments. 
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Extended Data Figure 7. BBS4 recruitment to primary cilia is defective in Atg5−/− MEFs. a, 
Representative confocal images of Atg5+/+ and Atg5−/− MEFs expressing Myc–BBS4 subjected to 
24 h serum starvation. Scale bar 5 µm. b, Quantified percentage of cells with Myc–BBS4 
translocation into primary cilia in Atg5+/+ and Atg5−/− MEFs. Data shown represent mean ± s.d. for 
100 cells per well in triplicate samples. ***P < 0.001, two-tailed unpaired student’s t-test. Similar 
results were obtained in three independent experiments. 
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Extended Data Figure 8. Partial shRNA knockdown of OFD1 leads to depletion of OFD1 from 
centriolar satellites in Atg5+/+ and Atg5−/− MEFs. a, Western blot analysis of OFD1 in MEFs with 
indicated genotypes in normal medium. Quantified OFD1 levels were normalized with β-tubulin. 
KD, knockdown. b, Quantified percentage of cells with centriolar satellite OFD1 in MEFs with 
indicated genotypes in normal medium. Data shown represent mean ± s.d. percentage of cells with 
centriolar satellite OFD1 for 100 cells per well in triplicate samples. ***P < 0.001, two-tailed 
unpaired student’s t-test. c, d, OFD1 was depleted from centriolar satellites but not centrioles in 
OFD1 knockdown MEFs. Representative confocal images of OFD1 and axoneme marker 
acetylated tubulin in c or centriole marker γ-tubulin in d in MEFs with indicated genotypes in 
normal medium. Data shown represent 100 cells per well in triplicate samples. Similar results were 
obtained in three independent experiments. 
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Extended Data Figure 9. Knockdown of OFD1 in wild-type MEFs promotes primary ciliogenesis. 
a, Representative confocal images of primary cilia formed in MEFs with indicated genotypes in 
normal medium (Un) or subjected to 24 h serum starvation (SS). Quantified percentage of cells with 
primary cilia and the length of primary cilia from MEFs with indicated genotypes were shown in the 
bottom panels. Data shown represent mean ± s.d. for 100 cells per well in triplicate samples. b, 
Representative confocal images of primary cilia formed in MEFs with indicated genotypes subjected 
to 24 h serum starvation. The primary cilia formed are positive for both axoneme marker acetylated 
tubulin and ciliary membrane marker ARL13B. Data shown represent 100 cells per well in triplicate 
samples. Similar results were obtained in three independent experiments. 
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Extended Data Figure 10. Partial knockdown OFD1 in MCF7 cells depletes OFD1 from centriolar 
satellites and promotes primary ciliogenesis. a, b, OFD1 was depleted from centriolar satellites in 
OFD1 shRNA knockdown MCF7 cells. a, Representative confocal images of relative localization of 
OFD1 with axoneme marker acetylated tubulin in MCF7 OFD1 knockdown clone (C19). Data 
shown represent 100 cells per well in triplicate samples. b, Representative confocal images of OFD1 
and centriole marker γ-tubulin from C19. Data shown represent 100 cells per well in triplicate 
samples. c, Quantified percentage of parental MCF7 and C19 cells with centriolar satellite OFD1. 
Data shown represent mean ± s.d. for 100 cells per well in triplicate samples. ***P < 0.001, two-
tailed unpaired student’s t-test. d–f, Primary cilia formed in OFD1 knockdown C19 MCF7 cells are 
positive for ciliary markers. Representative confocal images of primary cilia formed in C19 subjected 
to 72 h serum starvation. Cilia were positive for ciliary membrane marker ARL13B, axoneme marker 
acetylated tubulin and intraflagellar transport protein IFT88. Similar results were obtained in three 
independent experiments. 
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Chapter 5: Concluding remarks  
Autophagy is an essential process that cells use to maintain balance between catabolism and 
anabolism both in basal states and in response to changing environmental conditions. The process 
can be also be targeted to degrade selective substrates, whether they be proteins, whole organelles, 
or invading microorganisms. Research interest in autophagy has exploded over recent decades. 
Mechanistically, autophagy is a fascinating process to study—from autophagosome nucleation de 
novo to the encapsulation of specific and varied cargo to its fusion with the lysosome, a process that 
is orchestrated by some ~40 proteins. Functionally, autophagy influences the course of multiple 
human disease conditions, including cancer, neurodegeneration, and viral and bacterial infection. 
Research into understanding autophagy function in disease is motivated by the potential of 
modulating autophagy for therapeutic benefit. This dissertation spans both mechanistic and 
functional studies of autophagy. In the first half, I presented research on two protein complexes that 
initiate autophagy. In the second half, I presented research on autophagy function in primary 
ciliogenesis.  

Several crystal structures of individual autophagy-related proteins have been solved. 
However, many of these proteins act in complexes with other proteins—so it is necessary to build 
upon detailed structural characterization and move towards understanding higher-order organization 
of the protein complexes and how they scaffold and regulate autophagy progression from nucleation 
to fusion. The Atg1 complex is the first group of proteins to be recruited to the phagophore 
assembly site. Studies using small-angle x-ray scattering and quantitative microscopy have proposed 
that the complex forms a branched chain that tethers vesicle contributors to phagophore nucleation. 
In chapter 2, I presented a study that probes two components of the Atg1 complex, Atg1 and 
Atg13, in detail. I use super-resolution structured-illumination microscopy, live-cell time-course 
imaging, and quantitative microscopy to show that Atg1 and Atg13 have distinct localization 
patterns on the expanding phagophore.  This was surprising given that Atg1 and Atg13 bind each 
other with high affinity and, indeed, the association of Atg1 and Atg13 is necessary for autophagy 
initiation.  Furthermore, I show that an engineered mutant of the Atg1 C terminal ‘EAT’ domain 
that binds Atg13 with wild-type affinity, Atg1DD, shows a strong autophagy defect, and 
endogenous Atg1DD yeast strains have a defect in phagophore expansion and cannot form mature 
autophagosomes. I also show that Atg1 localization to the growing phagophore is mediated by its 
Atg8-interacting motif. These findings show that there is a critical function for Atg1 that is 
independent of both its known Atg13 binding function and its speculative lipid tethering function.  

These findings also contribute to our understanding of the growing list of proteins and 
protein complexes in autophagy that have intrinsic disorder or that show dynamic movement. The 
Atg1 EAT domain has been shown to be a dynamic entity that is markedly rigidified upon binding 
Atg13. The identification of an Atg13-independent role for the Atg1 suggests that these dynamics 
may in fact contribute to Atg1 function in autophagy.  Intrinsic disorder and dynamic movement 
allow for an additional level of regulation and increased flexibility in response. Further study will be 
needed to examine why intrinsic disorder and dynamics are important for Atg1 function and how 
conserved these findings are in the mammalian system. The ULK1 complex is thought to be 
constitutively associated in human cells. However, ATG13 has its own LC3-interacting motif, so the 
presence of ATG13 on expanding phagophores in mammalian cells is not mutually exclusive of 
ATG13 and ULK1 having functions independent of each other. So far, our understanding of 
Atg1/ULK1 complex higher-organization is based on characterization of the yeast proteins. Work in 
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the Hurley laboratory is ongoing to obtain structural information regarding the mammalian 
counterparts of the Atg1 complex.   

In chapter 3, I presented a study of the dynamics of another protein complex that is essential 
for autophagy nucleation, the phosphatidylinositol 3-kinase complex. Negative-stain electron 
microscopy of the complex shows that it is organized in a ‘V’ shape with VPS15 as the scaffold 
bridging ATG14-BECN1 on one arm with VPS34 on the other. Moreover, the VPS34 kinase 
domain was shown to have remarkable dynamics spanning an almost 270-degree range of 
movement. This study identified the different states of the complex and the probed the functional 
significance of the dynamic range by constricting movement via a 12 amino-acid linker between the 
C terminal VPS34 kinase domain and the N terminal VPS15 putative kinase domain. I showed in vivo 
that linking the kinase domains and thus restricting the movement of the VPS34 kinase domain 
abolishes autophagy activity. These results are supported by in vitro biochemical assays showing that 
VPS34 lipid kinase activity and ability to produce PI(3)P is completely blocked when the kinase 
domains are fused. Taken together, these data show that the autophagic PI3K complex is strikingly 
dynamic and that the movement of the VPS34 kinase domain is necessary for complex catalytic 
function, likely by allowing the VPS34 kinase domain to access membrane and lipid substrates. 
These findings also provide insight into VPS15, which, despite making up 40% of complex mass, 
occupying a central location in the complex and having a conserved kinase domain, remains a 
relative mystery.  VPS15 may regulate PI3K complex activity, in part by sterically inhibiting the 
movement of the VPS34 kinase. VPS15 may also function to transmit information from the 
regulatory branch of the complex, ATG14-BECN1, to the catalytic subunit, VPS34.  Work in the 
laboratory is ongoing to further probe putative VPS15 kinase activity and its regulatory effects on 
complex formation and activity.  

 In chapter 4,  I shifted from studies of autophagy mechanism to a study identifying a cellular 
function of autophagy in organelle biogenesis.  We found that ciliogenesis-associated protein OFD1 
is present in two populations, at the centrioles and at centriolar satellites, and that the population of 
OFD1 at centriolar satellites is specifically degraded by autophagy upon serum starvation. In 
autophagy-null cells, fewer cells form cilia and the cilia formed are shorter, corresponding to 
accumulation of OFD1 at centriolar satellites. Further solidifying the connection between autophagy 
regulation of OFD1 levels and ciliogenesis, we show that knockdown of OFD1 promotes 
ciliogenesis in autophagy null cells, even in the absence of serum starvation. Healthy breast epithelial 
cells form primary cilia, whereas breast cancer cell line MCF7 does not. We show that OFD1 
knockdown in MCF7 cells induces the formation of primary cilia, indicating that OFD1 suppresses 
formation of primary cilia in this cancer cell line. How these findings inform autophagy modulation 
as a potential therapeutic avenue for cancer and ciliopathies awaits further study.  

 The studies presented here have contributed insights into both autophagy molecular 
mechanism and cellular function. It is fascinating to better understand how an inherently destructive 
process is necessary for cellular survival, and how disorder and dynamics in the protein machinery of 
autophagy contributes to regulation and function. Many questions remain—and have newly arisen— 
and it will be exciting to see how research in autophagy develops in the coming years.     
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